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Resumen 

En esta tesis doctoral se propone, diseña, construye y demuestra un 

dispositivo de alta resolución para posicionado en una carrera larga para 

entornos criogénicos. Este dispositivo está basado en levitación magnética 

superconductora de manera que, un conjunto de superconductores de alta 

temperatura (superconductores de tipo II) permiten a un imán permanente 

levitar de manera estable sobre ellos y, al mismo tiempo, ser guiado. De hecho, 

se establece un par cinemático de deslizamiento entre el imán y los 

superconductores gracias a la alta simetría traslacional del campo magnético 

aplicado en estos últimos. Además, la posición de la deslizadera puede ser 

controlada mediante una estrategia de control en bucle abierto de la corriente 

circulante en un par de bobinas diseñadas específicamente para esta tarea, 

obteniéndose una excelente resolución y un consumo de energía muy reducido. 

Así mismo, se proponen una serie de reglas de diseño que fueron verificadas 

a una temperatura de operación de 77 K. Estas reglas demuestran que hay una 

serie de parámetros característicos del desempeño del mecanismo como la 

sensibilidad, la rigidez, la frecuencia natural, las desviaciones o el consumo 

energético que pueden ser modificados mediante un diseño apropiado. 

Tras obtener estas reglas de diseño, un par de prototipos de un 

nanoposicionador de larga carrera han sido diseñados en consecuenCIa, 

construidos y probados en un ambiente relevante (T ~ 15 K, alto vacío < 10 6 

Pa). Una resolución nanométrica en el posicionamiento de una masa de 170 

gramos ha sido demostrada en una carrera de hasta 18 mm. 
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Abstract 

In this thesis, a novel device for precision positioning in a long stroke 

suitable for cryogenics environments has been proposed, designed, built and 

tested. 

The device is based on superconducting magnetic levitation. A set of high 

temperature superconductors allows a long permanent magnet to levitate stably 

over them. Furthermore, due to the high translational symmetry of the 

magnetic field applied on the superconductors for any position of the slider in 

its path, the superconductors not only provide stable levitation to the slider, 

but al so guide it. Therefore, a sliding kinematic pair is established between the 

permanent magnet and the superconductors. Finally, using a pair of coils, the 

position of the slider can be controlled with an open-Ioop control strategy of the 

current in the coils with nanometre resolution and reduced power consumption. 

Besides, a set of design rules has been proposed and experimentally verified 

at 77 K. Parameters of the performance of the mechanism such as the stroke, 

sensitivity, stiffness, natural frequency, run outs or the power consumption can 

be modified and optimized by an appropriate designo 

After this, two prototypes of a long stroke nanopositioner based on these 

design rules have been built and tested in a relevant environment (T~15 K, in a 

high vacuum < 10 6 Pa). Nanometre resolution in the positioning of a mass of 

about 170 g has been demonstrated in a stroke up to 18 mm. 
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Chapter 1: Introduction and objectives 

1.1 Introduction and motivation 

It is usually accepted that nanotechnology is the SClence of understanding 

matter and the control of matter at dimensions of 100 nm scale or less. 

Otherwise, it is more accepted to talk about micrometre, typically ranging 

between 1 mm and 1 ]lm, or sub-micrometre technology, (1 ]lm to 100 nm). All 

these technologies from, over the last few decades, part of the most active 

technical fields in mechanical engineering [1]. 

One key challenge in very small scale technology (i.e. nano and 

microtechnology), is very high precision positioning. Significant requirements for 

these types of device include high accuracy, resolution, range of motion and 

bandwidth [2]. Despite sorne mature technologies that are nowadays available, 

sorne problems still remain to be solved. One of the most challenging tasks is 

achieving very accurate positioning (in the order of nm) within a long motion 

range (of the order of tens of mm). In addition, the difficulty of this task 

increases when the positioner must operate in cryogenic environments and 

overcome all the tribological problems associated with these conditions [3], [4]. 

However, vacuum and cryogenic conditions are mandatory requirements in sorne 

applications for optical, aircraft, military and space industries. Sorne examples 

of these applications were very precise positioning in a long range is required are 

in cryogenic environments are, for example: optic alignment in space telescopes, 

filter wheels and cryogenic optical microscopy [5-7]. 

An application of particular interest for the device presented in this thesis 

which represents the main motivation for this research is infrared interferometer 

spectroscopy. This technique is used in space telescopes with the aim to answer 

sorne of the most challenging questions of science such as: how are stars, 

galaxies and other planetary systems born? What is the chemical composition of 

the atmosphere on these planets? And possibly one of the most exciting 

questions ever asked by human beings: can these exoplanets contain life? [8]. 

The instrumentation for Fourier Transform Infrared Spectrometers requires a 

mirror to be positioned with extreme precision within a long stroke [9]. In 

Fig.1.1, a diagram of the SAF ARI instrument for the SPICA JAXA-ESA 

mission is shown, including the positioning mechanism for Fourirer Transform 

Spectroscopy (FTS). 
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Fig. 1.1 SAFAIU instrument (configuration 4) fOI the .lAXA-ESA SPICA mission. 

It is noteworthy that the lower the temperature at whic:h the infrared 

sensor operates, the higher the sensitivity the device will have [8]. Thus, 

cryogenic conditions are a desirable requirement for these kinds of devices. 

Moreover, very low energy consumption is also necessary to reduce the cooling 

power required. In this context of extreme precision positioning in cryogenic 

environments, there are two main tec:hniques c:urrently used to achieve the 

extreme precision requirements of the aerospace, manufacturing and medical 

industries: 

Firstly, actuators based on piezoelectric materials. These materials modify 

their shape clue to changes in their crystalline struc:tures when an electric fielcl is 

applied. Their use is widely extended for "short" mnge applications of a few 

hunclrecls of mic:rometres, but they are limited for use in long mnge applications 

in cryogenic environrnents. They present strong hysteretic behaviour, have high 

power requirements ancl its stroke ancl resolution are highly temperature 

clepenclent. 

Another solution available for long mnge nanopositioning in cryogenic 

environments is active magnetic levitation. Devices basecl on this technology use 

electrornagnetic forces to rnove and stabilise a rnagnetic source (typically a 

permanent magnet) with extreme precision. In c:omparison to piezoelectric and 

magnetostrictive positioners, they can achieve similar positioning resolution in a 

larger motion range. However, their high current requirements, their inherent 

instability ancl their highly complicatecl control stmtegies are some of their 

disadvantages. 

The mechanism presentecl in this thesis is based on superconclucting 

magnetic levitation. Some previous attempts have been carried out using this 

technology in precise positioning. However, as far as we know, they are only 

29 



 

 

Chapter I: Introduction and objectives 

able to achieve positioning resolutions in the 11m scale in a stroke of just a few 

millimetres in the best of cases. 

Additionally, sorne other positioning technologies available like diamagnetic 

levitation, magnetostrictive actuators and acoustic levitation will be introduced, 

as well as a wide ranging discussion on the state-of-the-art and advantages and 

disadvantages of all previously mentioned technologies that will be introduced 

in chapter II of this thesis. 

Finally, it is our aim to provide a new perspective on the nanopositioning 

issue in cryogenic environments and present a novel nanopositioner based on 

superconducting magnetic levitation with unprecedented performance for 

superconducting precision positioners. This mechanism is the fruit of a 

collaborative development between Universidad Carlos JII de Madrid and the 

aerospace company LIDAX Ingeniería S.L. and has been partially funded by 

the Comunidad de Madrid (ref 12/09). 

1.2 Objectives and goals 

The main objective of this thesis is to design and demonstrate a mechanism 

able to position with a very high resolution (nm range) within a long linear 

stroke (tens of mm) a mirror in a relevant cryogenic environment. This 

mechanism will be called the FTS mechanism from now on and will be based on 

superconducting magnetic levitation. Below, the objectives of this thesis are 

introduced: 
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To demonstrate that a one DoF positioner based on superconducting 

magnetic levitation can be used as a high-precision device for long-stroke 

positioning in cryogenic environments 1Il accordance to technology 

readiness level (TRL): TRL 6. According to ESA, this requires a 

"system/ subsystem model or prototype demonstration in a relevant 

environment (ground or space)" [10]. A relevant environment is defined in 

this thesis as: Temperature ~15 K, High vacuum < 10 4 Pa. Moreover, a set 

of goals were defined in order to place the performance of the device in a 

real setting of long-stroke high-precision cryogenic positioners. These goals 

are summarised in Table 1.1. 
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Chapter III. Theoretical foundations: The theOl'etical principIes ancl 

considerations fOl' the design of a non-contact linear slider based on 

sllpercondllcting magnctic levitation for high-precision positioning in a long 

stroke are presented in this chapter. The special properties of the magnctic 

interaction between a type II superconductor in the rnixed state (stator) 

and a long permanent magnet (slider) in this invention provide a sliding 

kinematic pair. IVIOl'eover, the system is stable ancl presents an equilibrium 

position of the slider. Finally, this initial equilibrium position can be 

rnodified (without contad) by controlling the CUITent cin:ulating through a 

couple of coils. 

Chapter IV. Design and preliminary test of a prototype: In order to 

test the working principIe of the FTS rnechanisrn, a prototype with a 

± 9 rnm stroke was designed, built and tested. A detailed description of the 

design of this prototype is given. A sirnplified model based on FEIVI 

calculations supported the design of the actllation system. Once designed 

and built, a first prototype of the FTS rnechanisrn Wfh~ tested in a bath of 

liquid nitrogen at arnbient pressure ami the results of these tests are 

discussed in this chapter. Lastly, conclusions fOl' the irnprovement of the 

device are detailed. 

Chapter V. Engineering of the FTS mechanism: In this chapter, it is 

dernonstrated how the rnost relevant characteristics of the FTS rnechanisrn -

such as the stiffness and run outs- can be tuned, rnainly by rnodification to 

the geomctry of the prototype. An experimental study of a real prototype 

ane! FEIVI calculations are in good agreement and support of the design rules 

given in this chapter. 

Chapter VI. Test and demonstration in a relevant environment: 

An improved prototype of the FTS mechanism (FTS2) was designed and 

tested in a relevant environrnent in a cryostat (T~15 K ami a high vacuurn 

<10-6 Palo The experimental set up ancl procedure of these tests are 

presented in this chapter, as well as a discussion of the results and 

conclllsions of the tests. A sub-micromctre resolution of about 230 nm with 

a syrnrnetric stroke of around 18 rnrn and a current requirernent below 

± 450 mA was demonstrated. Finally, the dynamic behaviour of the FTS 

lllcehanislll "Vva"s eharaetcriscd. 

Chapter VII. Long stroke nanopositioning device for cryogenic 

applications: A prototype of a long stroke high-precision positioning 

device for cryogenic applications was designed, built and tested in a rclevant 



 

1.3 Structure of this document 

environment as demonstrated in in the previolls chapter. In this chapter, 

additional improvements are rnade ami an improved prototype (FTS3) has 

been tested in a relevant environment. Results and a discllssion of these 

experiments acre conducted in this chapter. 

Chapter VIII. Conclusions and contributions: This chapter lists the 

conclusions ami main original contributions of this Ph.D thesis. Finally, 

some items for fllrther research are propnsed. 

Following these chapters, a bibliography that contains the essential 

literatllre rcferences llsed dllring devclnpment nf this thesis is presented. 
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Chapter JI: Superconductivity and nanopositioning. State-of-the-art 

2.1 Superconductivity 

2.1.1 Historical review 

Superconductivity is a macroscopically measurable quantum effect. It 

consists on the loss of all the electric resistivity in the material when it is in the 

superconducting state; thereby, any electric current can flow through it with no 

resistance or losses of energy for an infinite time. Superconductors are in the 

superconducting state only at a temperature lower than that which is called the 

transition or critical temperature Te. For example, the sudden vanishing of 

Magnesium Diboride (MgB2) resistivity at a temperature Te = 39 K [11] is 

shown in Fig. 2.1. 
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Fig. 2.1. Resistivity of MgBh vs. temperature [1]. 

Superconductivity was discovered in 1911 by a group of scientists 

commanded by Heike Kamerlingh Onnes; one of the most brilliant students of 

J.D. van der Waals. He found that the resistivity of mercury drops almost to 

zero (in fact, nowadays we know it was zero) when cooled with liquid helium to 

below 4 K [12]. Two years later he won the Nobel Prize for his great 

contributions to the study of matter at low temperature, mainly because he was 

the first to liquefy helium in 1908. Within two years of the discovery of 

superconductivity in mercury, Onnes noticed that there was a threshold value of 

the current density that destroyed superconductivity. In the following years, he 

also reported on the influence of the magnetic field in the superconductivity of 

mercury. Nevertheless, it was Silsbee who reported that the [13]: 

"threshold value of the critical current is that at which the magnetic field 

due to the current itself is equal to the critical magnetic field". 
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:¿.1 Supercomludivity 

The discovery of a :=lllb:=leqllent fundamental phenomenon of 

snpercondl1ctivity hacl to wait llntil 19:¡:1. \\'alter fI..1ei:=l:=lner aml Hohert 

Oshchellfeld [14] were measurin¡¿; the rnagnetie flux distribut.ion outside two 

cylillders made of lead and tin irnmersed in an applied rna¡¿;uetic field \vhen they 

cliscovered sornething very revcalillg to the understauuing of superconductivity. 

Thcy founu tlmt thc applicd nmguctic flux \vas totaUy expclled fwm thc insidc 

of the sHmple at thc supcrconductillg statc; this is known tod.ay a,'::i the Iv1cissncr

OSChCllfclu dfed ol' just thc :t\1cissncr cncet.. 

Snpen:ondllctivity was first theorised by the London 13rothen; (Frinz ami 

lleinz London) two years later. A major t.rimnph of the London equations is 

their ability tu explain the 11eissner effect [15]. l'rom 19:15 to 1950, advances in 

the supen:onductivity ficld \VCH.' allllost limited to tIte discovery of ncw 

supcrcollduet.iug nmtcrials with highcr t.ransition tcmpcruturc'S. ..1\ gnlphical 

hist.ol'ical rcvicw of this dcvdoprncllt, is ISItown in Fig. 2.2. Dul'illg t.holSc ycnl's, 

lllauy giant physicist.s wcrc unsuccclSCful iu post.ulahng a rnicroscopic theory of 

sllpercondllct,ivi\'y: R. Fnirntlnd, N. Dohr, \V. Hci:=lenberg aml A. Eimdcin tl.mong 
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Fig. 2.2. Hi"l..orical <-vo]I.lUon oI l.,randUon temper<'ll.l.lr<- oi' ~111*f(,Olldl1Ct.illg Ilw.l.eriak 

It was in 1!J50 \",Itcn Vitnly Cin:¿1mrg aud Lev Lanuau gcucmliscd t-hc 

Lonclon cquaUotls n.nd dcvc10lxxJ a Sl1o:cs, ... I"l1l phcnomcllologicn.l Chcory l,hal 

cxplnins Che macroscupic lx~haviuur 

Alc'xci A. Abrikosov (hasc,d on 

uI" supcrconducl,ors 

Landn.ll's ¡,heory) 

:17]. Two ycn.rs ln.lcr, 

expln.iwxJ how 1,[w 
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magnctie ±1ux pcuctratcs thc supcrcouductiug samples in t-hc shapc uf nmgnctie 

http://en.wikipedia.org/wiki/Meissner_effect


GhrlpÜT JI: S'upr;rcourlttdiF'Íty und IH17Wli08Üú¡uing. S'tatr;-oj-fhc-alt 

yortcxc::: gClleratillg ti mixcd :::tate, Ol" a::: it i~ al:::o linowll, t.lll' VOl'tCX :::tate. Theil' 

,vork wa;> rin'l ll.v recognised in 200;; when lIw linee or lIwlll won Ihe _\obel 

Pri7.f'. Tlmnks tn nmp;nf'tn-optkal imaging r.f'(:lmiq11f~s, t.his vnrtf'X can r.c~ay ]-)f' 

obsel'ved, as shown in Fig. 2.o, 

• • t •• ...... .. I 

• "·'··1 I •••• ".. .. ..... , .~"" . 
" •• .."" I " "'. .-
• ." " .. .- .. ,,¡ ~ .. '. " •• " , ·c!4' t".. • • ,,, "" ' 

""" " "" • .. I ... "" ...... , • • • ".10 lo •• ',¡ .. ..".. ". , . " " ,," "" ." ... ~ 
", • '" " .. "~10 llm ~ "" "'.~ lO. '" # • 

Fig. 2.3, Vonox irnaging oi' :'\b'3<." ,,1, -1 r\: rl!!1. 

HOI'.'eveL Ü \\'ab Hol ulIL-il El!)7 vdlell .Jolm 13anleeu, Leoll Cooper ami .Jolm 

Schierrer developecl I-he rirsl I-hecll"y "cceIAed lo expl"in lIw superconduning 

qnanr,nm star,c :20]. Thc t.hcn)"y wnoS givcn tllC not, Yery inmginativc namc of r.l1<: 

BeS thcOl'Y, Tlwy won t.lw :\'obd Pl'i7.c in 1972 fOl' this cxtmol'dinary 

contribut.ioll. Thc r.lwory is bm;(xl on thc fact. t.lmt t.lw dc(:tnms an~ hOllnd inw 

Cooper' pain"_ TIICH' ;; COOTJtT P(lir's" are cOlTehüed dlle lo lhe l'auli ExciLlsiun 

l'riflCil)le rol' (,he elen,r'OIlé', rnHlI which Lile)' Me IXHrIf-losed. Thereror'e, ill onler' 

lo brea.k ¡J pa.iL olle has lo change lile energies or ,di lile olhel' Imirs. ']'his tneans 

that t.lWl'(' is an PllCl'RV gap for singlc-partidc exdtatioll, _Au cxampk of this 

cncrgy ga.p is shnwn in fig. 2.4, 

38 

8 

~ 6 

'" 8 4 
> 
~ 
u 

" 2 O 

j 
, ~ 

Occupied 
states 

. "" -10 -5 o 5 
Bias voltage (mV) 

Empty 
states 

10 15 

Fig. 2.4. Z .. ro Fi .. ld "upercxmductini\ fp'·ct-nnn 1'0l' \lgH2 "t :::20 mK_ Ku .. 1",_1ol'ono ""',lll 

l'"",ide b,,,tw('<"n the ('üh .. rellc(' 1""11.1:" 01' 1 2_9m\-' 21_ 

http://en.wikipedia.org/wiki/Pauli_exclusion_principle
http://en.wikipedia.org/wiki/Pauli_exclusion_principle


 

 

 

 

2.1 Superconductivity 

In 1962, Brian D. Josephson observed that an electric current appears 

between two superconductors separated by a potential barrier due to the tunnel 

effect [22]. This is called the Josephson effect, which is the basic principIe of the 

ultra-sensitive magnetic field detector SQUID [23]. In the same year, the first 

commercial superconducting wire was developed by scientists from the 

Westinhouse company. 

A great advance in the superconductivity field was made in 1986 when Alex 

Muller and George Bednorz detected superconductivity in a ceramic material 

BaLaCuO at a temperature of around 30 K [24]. They won the Nobel Prize for 

this discovery one year later. In 1987, the first superconductor magnet was used 

in a particle accelerator at the FermiLab. It was also in 1987 when Wu et al. 

replaced Lanthanum in Muller & Berdnor's compound by Yttrium. This was 

the birth of YBaCuO. This superconducting material presents a transition 

temperature of 93 K [25] and therefore, it can be cooled using liquid nitrogen 

(77 K). The importance of this discovery for the technological applications of 

high temperature superconductors cannot be overemphasised. 

Finally, at the present time, the global market and applications of 

superconductors includes: coil windings and superconducting wires, 

transformers, magnetic resonance imaging (MRI) and nuclear magnetic 

resonance (NMR) medical equipment, mass spectrometers m particle 

accelerators, superconducting magnets, fault-current limiters, flywheels for 

energy storage, electric motors and generators, railway transportation and 

superconducting magnetic bearings, etc. [26-29]. 

2.1.2 Classification of superconductors 

There are different criteria used to classify superconductors. They can be 

differentiated by: 

1. Their magnetic behaviour 

a) Type I superconductors: When an external magnetic field is 

applied on the superconductor, the field is completely expelled 

from the superconductor. In other words, it is at the Meissner 

state until the external magnetic field breaks down the 

superconductivity. Pure metals, such as lead or mercury 

normally exhibit this behaviour. 

b) Type II superconductors: They present a mixed state where 

the magnetic field and the superconductivity can coexist 
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inside the superconduc:tor. They are usually made of metal 

alloys or oxide ceramics. 

c) Type "1.5 superconduc:tors" or semi-Meissner state: In 2005, 

E. Babaev and M. Speight showed that the classic 

classification of type I and type II superconductors is 

insufficient for sorne rnulticornponent superconductors, such as 

MgBr2. More information regarding this superconductor can 

be found in [30] . 

A qualitative comparison of both types of superconductors is shown in Fig. 

Type-1 Type-2 Type-1 .5 
-M -M -M 

H Hc2 H 

Fig. 2.5. Magnetic behaviour of type l, type II and type 1.5 superconductors [30]. 

2. Their critical temperature 

a) Low temperature superconductors (LTS): Although there is 

no common agreement in the use of this term, those 

superconduc:tors with a transition temperature of less than 30 

K are commonly considered low temperature superconductors. 

b) High temperature superconductors (HTS): Those 

superconduc:tors with a transition temperature of aboye 30 K. 

It is also widely accepted to call those superconductors with a 

transition temperature aboye the boiling point of liquid 

nitrogen, 77 K HTS. 

3. The theory that explains their behaviour 

a) Conventional superconduc:tors: Their behaviour 

explained by the BCS theory (see section 2.1.1). 

superconductors usually belong to this group. 

can be 

Type I 

b) Exotic superconductors: Their behaviour cannot be explained 

by the BCS theory. Phenomenological theories are used to 

explain their behaviour, such as the Landau theory (see 

section 2.1.1) and the Beam model [31]. Most type II 

superconduc:tors belong to this group. 



 

χ

2.1 Superconductivity 

2.1.3 The Meissner effect and superconducting magnetic levitation 

The Meissner effect is the total expulsion of an applied magnetic field from 

a superconductor at the superconducting state (see Fig. 2.6). Therefore, a 

superconductor at the Meissner state can be considered as a perfectly 

diamagnetic material ( =-1). 

B:t-O 

T > Te 
X =0' K ::::: l 

N RMA 

H H 

ooling 

Fig. 2.6. Meissner state. The magnetic field is expelled from inside the superconductor. 

The Meissner effect is commonly assumed to be responsible for the 

apparition of repulsive forces between a magnetic source (e.g., the magnetic flux 

generated by a permanent magnet) and a superconductor. For type II 

superconductors, the Meissner state can superpose to a quantum magnetisation 

of the superconductor in a state known as the mixed state. Superconductors at 

the mixed state are widely used for stable levitation systems, such as flywheels 

or superconducting magnetic bearings [27]. 

The applied magnetic field over which the Meissner state is no longer 

available in type II superconductors depends not only on the temperature of the 

superconductor but also on the magnetic field applied. The threshold value of 

the magnetic field applied is commonly known as the first penetration field or 

first critical field (Hp or Hel ). If the applied magnetic field is further increased 

over the so-called superconducting critical field or second critical field (H'2) , 
superconductivity is totally destroyed. Both, the first and the second critical 

fields are very temperature dependent, as shown in Fig. 2.7. 
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Fig. 2.7. Critical rnagnetic field VP. critical temperature in type II sllpercondllctOl'f-i. 

From the mechanical engilleering point of view, a permanent magnet 

lcvitating over a superconductor at the IVIcissner state presents a very different 

behaviour to the sarne perrnanent rnagnet levitating over a superconductor at 

the mixed statc, as it can be appreciated from Fig. 2.8. 
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Fig. 2.8. Levitation force (ud) vs. levitation height for a Fe at o (ud). Both the lVIeissner 

statc and thc mixcd statc are rcprcscntcd. 

It can be seen in Fig. 2.8 that the superconductor in the lVIeissner state 

produces completely reversible cycles, whereas a hysteretic behaviour appears 

when it is at the mixed state. This is thought to be mainly due to the presence 

of dcfects in the crystalline structure and chemieal impurities in the 

superconductor that prevent the free rnobility of the vortex at the rnixed state 

in the superconductor [32], [33]. 
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2.1 Sllp<:rr:ondllr:tivity 

In spite of this disadvantage, the lnixed state presents several lnechanical 

aclvantagcs "\vith rcspect to the ~\Icissncr statc. \Vhcn a superconductor is coolcd 

clown in the presence of a lnagnetic fielcl flOlllTe (e.g., a perrnanent lnagnet) and 

Lhe fiT8l pene{nü,üm, field (Hp) of Lhe superconclucLing rna,Leria,] is exceeclecl 

(Field Cooleu 01' FC procel:ls), the pennanent lnagnet will levitate stably over 

the superconductor, as was first observed in 1947 by V. Arkadiev [34]. 

After the cooling proceSfl, if the pennanent Inagnet is lnoved froln the initial 

FC posiLion, drag forces will appear Lrying Lo resLore 1.he iniLial equilibriurn 

position of the pennanent lnagnet. This is trlle provided that the IlIagnetic fielcl 

seen by Lhe superconducLors changes due Lo Lhe rnoLion of Lhe permanenL 

lnagnct. in any dcgrcc of frccdOln (DoF) [35]. In thc ca .. <';c of a supcrconduct.ing 

111agnctic bearing, whcrc there is an a,.."Xial rotational sy111111ctry of the lnagnctic 

field applied on the fluperconductor, no drag forcefl appear for lnotion in this 

symmetric DoF of the system (e.g., Z axis rotation in Fig. 2.9). Henee, the 

pcnnmlCnt lnagnct is ahle to spin arouncl the sylnlnctry (l,xis vvith vcry littlc 

friction [36]. However, drag forces appear if there is a displacelnent in any other 

c1irect,ion [:37]. 

Permanent Magnet 

\ Superconductor 

:====:---~20(""") 

Fig. 2.9. Supcrconduct.ing rnagnctic bcaring 3D (lcft) and rrmgnctic flux dcnsit-y in 2D 

axis-symmetric representabon (right). 

On the other hand, the Inagnitude of the levitation forcefl involved in the 

lnixed state are considerecl to be significantly higher than those in the rvIeissller 

state [38]. 
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2.2 Long range micro and nanopositioning: state-of

the-art 

It is usually accepted that nanotechnology is the science of understanding 

matter and the control of matter at dimensions of 100 nm or less [1]. Otherwise, 

it is more accepted to talk about micrometre, and sub-micrometre positioning. 

The last two decades have witnessed the emergence and explosive growth of 

nanotechnology and nanoscience [1], [39]. The motivation for this has been the 

increasing demands of microelectronics, optics, biomedical and precision 

engineering [40]. Given this context, ultra precision positioning with sub

micrometre and nanometre accuracy in a range over a few millimetres has 

become an important part in the development of precision mechanisms and 

devices. 

Ultra precision manufacturing and inspection systems in micro-automating 

semiconductor fabrication, copying machines, stepper stages for 

photolithography, small-scale measuring machines (CMMs) for large area 

scanning, surface imaging in scanning probe microscopy (SPM), nanopositioning 

and nanomeasuring machines (NPM-Machine), development of micro-assemblies 

and micro and nanoelectromechanical systems (MEMS and NEMS) and servo 

systems of hard-disk drives (HDD), are just a few examples of the wide range of 

applications where micrometrejnanometre positioning within a long range is 

required [1], [40-43]. 

Additionally, in sorne applications, cryogenic environments are a desirable 

or mandatory condition. These environments involve very low temperatures 

(below 120 K, the boiling temperature of Krypton) and typically high or very 

high vacuums. Under these conditions of very low temperature and high 

vacuum, conventional mechanisms that are usually based in gears and kinematic 

chains present severe tribological problems, such as backlash, cold spots, cold 

welding, fatigue or wearing. In addition, only solid lubrication is available at 

these temperatures with a reasonably good quality [3], [4]' [44]. Consequently, 

technologies applicable under these conditions are limited to non-conventional 

mechanisms. The most representative technologies and mechanisms for very 

precise positioning and their performance and suitability for cryogenic 

applications will be discussed in the following sections. 

As it has been mentioned in chapter I, a field of particular interest for the 

device presented in this thesis, where high-precision positioning is required in 

cryogenic environments, is infrared interferometer spectroscopy. This technique 
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is used in satellites for analysing the Earth's troposphere [45] and the 

composition of the planets of the solar system [46], [47]. In addition, this 

technique is used to analyse the formation and evolution of galaxies and stars 

[48-50]. The instrumentation for far infrared interferometer requires a mirror to 

be positioned with extreme precision along a large stroke [9]. It is noteworthy 

that the lower the temperature the infrared sensor operates at, the higher the 

sensitivity the device will have [8]. Thus, cryogenic conditions are a mandatory 

requirement for these kinds of devices. Moreover, very low energy consumption 

is also desirable in these short of devices, not only to reduce the power 

consumption of the mechanism itself, but also to reduce the heat generated. 

Ultimately, it may be noticed that the European Space Agency (ESA) 

considered the development of long-range positioning devices with extreme 

accuracy and resolution as a hot research objective in the list of urgent actions 

of 2009 [9]. 

2.2.1 Devices based on piezoelectric materials 

Piezoelectricity was discovered by brothers Jacques and Pierre Curie in 

1880 [51] and is a linear interaction between mechanical and electrical systems 

in non-centric crystals or similar structures. A material is said to be 

piezoelectric if the application of an external mechanical stress gives rise to 

dielectric displacement in this material. Very related is the reciprocal effect 

whereby a piezoelectric crystal becomes strained (and therefore may suffer 

deformation) if an external electric field is applied (see Fig. 2.10). Most common 

piezoelectric materials are: quartz; lithium compounds, such as lithium niobite 

(LiNbO:l), lithium tantale (LiTa03) or lithium tetraborate (LbB407); polymeric 

materials, such as polyvynilidene fluoride (PVDF) and probably the most 

extended in piezoelectric actuators, piezoelectric ceramics (PZT) like lead 

zirconate titanate (Pb [Zrx Ti1-x] 0 3) [51], [52]. 
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Fig. 2.10. Dircct ami rcvcrsc piczoclcctric cffcct [51]. 

Pie:welectric actuators are widely used in applications at room temperature 

where precise positioning is required. They have good characteristics of 

performance in controlling precise motion, high-frequency response, high 

efficiency in conversion between electric and mechanical energy anci reiative 

small size. In addition, they can achieve outstanding accuracy between 1-10 nm 

within a short range [39], [53]. As a result, papers and patents related to 

precise-positioning piezoelectric ac:tuators are numerous [54-56]. 

Nevertheless, piezoelectric actuators have several limitations for high

precision positioning within a long range. For example, they are sensitive to 

environmental changes, such as temperature [57] and sometimes they require 

voltages of the order of hundreds of volts for operation [58]. Furthermore, it is 

highly probable that one of their principal limitatiom; is that they present 

hysteresis between the voltage applied to the ac:tuator and the ac:tuator output, 

nonlinearities and creep [59], [60]. Thus, it is irnpossible to derive a linear 

relationship between an input voltage and the actuator output [61]. However, 

the main disadvantage of pie:welectric: actuators remains the very limited 

rnotion rangc, usually no longcr than a fcw hundrcd rnicrornctrcs [39], [62]. 

Despite these lirnitations, piezoclectric based actuators are now widcly used 

in applic:ations where highly ac:c:urate positioning is required within a short 

range at roOl11~ temperature. However, relatively few c:ompanies are able to 

providc suitablc cryogcnic piczoclcctric actuators with a strokc in thc rangc of 

millimetres anci a guarantee of a long lifetirne, as is required by sorne industrial 

and spac:e applic:ations. 
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2.2.2 Devices based on piezoelectric materials for cryogemc 

environments 

Stepping piezoelectric actuators (SP A) and amplified piezoelectric actuators 

(APA) (See Fig. 2.12), are used in positioning in aircraft, optical, space and 

defence applications that include, among others: multi-axis positioning stages, 

tip-tilt mechanisms, Z rotation devices, refocusing mechanisms or stepper 

actuators. However, they present sorne limitations regarding high-precision 

positioning within a long range in cryogenic conditions: 

The relationship between the input voltage and the induced mechanical 

strain (and going beyond the induced relative displacement) show a strong 

temperature dependence in piezoelectric materials and actuators [57], [63]. 

This dependence can be appreciated from Fig. 2.11. In sorne cases, the drop 

of the maximum displacement can be of the order of a 1000% for very low 

temperatures with regard to reference room-temperature displacement. 

Position resolution is temperature dependent too [64]. Single crystal 

piezoelectric actuators exhibit significantly higher performance at both, 

room and cryogenic temperatures. They can be used for applications 

requiring stroke < 100 ]lm at temperatures < 20 K to 300 K [65]. Although 

single crystal piezoelectric actuators show promise for high-precision 

positioning applications, the temperature dependence of the strain (Le., of 

their stroke) is a very limiting factor that must be taken into account. 

0.02 

~ 0.0 18 
c: 

0.0 16 .; ... 
~ 0.0 14 
:; 
.~ 0.012 
c: 
:; 

0.01 .c 
u 
:J 

0.00 e 
~ 

0.006 ~ 
u 
::1 
~ 0.004 c: 

0.002 

o 

a) 

· . o .. Cryo-PLZT 0 .. - k pplmm 
~ • • -6: • • Cryo-PLZT 0. 1 k pplnun 

· . o . · Cryo-PLZTO.OI k pp/mm -
. .... C PZN-8PT 0. 1 k pp/mm -
• . • •. se PZN·RPT 0.0 1 kVpp/m r 

l.· ·· . 
. 

CJ . 
, . , .' 

b ' ....... ' • ' • j 

, . · . ' 

16 ', . ~ , • Do' ........ .. ' ~ ,~ . ,. : · .. ........ · .. . .. 

E 0.9 

É O. 
c;; 

e 
~ 

E 
~ o. 
~ 

Q. 0..1 
.~ 
~ 
~ 

.~ 

referencc di~p l accmel1l al 300 K---,""'f--j 
before cooling 

~ 11lea.~uring -o- PIe 255 humple 1) 

o:: 0.1 direclion -o- Ple 25- hample 2) 

o L-~~-===r====I~ 
o 50 100 150 200 250 300 o 100 200 :lOO 

Temperature [K] b) Temperature [K] 

Fig. 2.11. a) Induced mechanical stress vs. temperature in 5 different 

piezoelectric materials. b) Relative induced displacement (1st Harmonic) vs. 

temperature for 4 different piezoelectric stacked actuators [63]. 
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As has been previously mentioned, they require high voltages for operation. 

This is a big limitation for some applications where low levels of power 

dernands are required. 

Sensitivity of piezoclectric materials to humidity is still a limitation, which 

must be carefully considered in the lifetime of the application [7]. 

Additionally, there are abo rnechanical issues to solve: rnultilayer 

pie7.oeledric actuators (MLA) can bear high corn¡Jression fon:es but they 

are fragile components when sllbmitted to tensile stress [7]. 

Fig. 2.12. View of different standard APAs [7]. 

Even though piezoclectric actuators present several limitations for cryogenic 

environrnents, they are (in sorne cases) a lightweight solution for precise 

positioning in the short range in cryogenic environrnents. Exarnples of 

applications can be found in the literature and most of them are carefully 

surl1rna,rised in [7]: 
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Refoc1Jsing rnech(wiisrns to overcome a possiblc deviation of the laser source 

in light detection and n1nging (LIDAR) instrurnents, typically for Meteosat 

and Emth observation. These devices can rneasure the distance or other 

properties of a target by illuminating it with light, uSllally llsing pulses 

frorn a laser that rnust have a very accurate frequency. Then, the hh~er 

oscillator is dynmnically refocused with a pie7.o-actuator with a bandwidth 

of 10 kHz and a lifctime of 1011 cycles. See Fig. 2.13. 



 

 

2.2 T.ong rnng" mino nnrl n"nopo.~il.iollillg: "1."1.r~()r-11H'-nl·1 

Fig. 2.13. Rdoeusin~ rncdlUniolll in LUJAR ALAD[', un l~)é\l'(l of AEOLUS ,p'ler_'u'alt 11', 

OptJ:rai¡)()fh áiffaenci' rldw¡fn1'8 (OI'DA) llSl'<l in In.~"r mr,,11l1atinn 1111it.~ nf 

lhe Li~a-Pal-lüillller illlerl'el'ume(.el' Imve 1-"""'1l develuped in urder LU llluve a 

triph~ prislll, lt IH'cHcnts a Hh'olw of 60 jllll, A lIIaxlllllUll (kvi n.tioll of 10 ¡un 

fol' tue elltil'e Jife of tue meclmllÍ~lll uad tu he. provided, S+>e _Fig. 1.14. 

"'ig, 2.U, ()l'llA wirh ir" triple primm _7j, 

,~'ml.: p':'~w-m()l(i1'8 bnill'r] nn I.lw combinal,i()n r,l- pi('~.(K,k,·:l.I'i(: acl,lml.ol's nnr] 

lIIf'<'.hani('.al cOllllXHlentH wel'e de."e1oped with Wllle. snppol't fl'OIll tüe F'l'ellch 

SpiICC Agcncy C'\ES. ThC,\' C;l.1l oITr.r· long Sirokc, (> 10 mm) and lligll 

lIIiniatlll'iHutioll low IX)we.l' I'equil'e.llle.nt~, a m\llOllle.tre. re~)lutioll aml H]Jace 

(A)mpalÍ]-¡ili(,y. Tlw long-~il'Ok" 1ll0,iOIl i~ ,v-l,icv,xl by 8(cP ,v'('\lIll\l]¡,(ion 

witil al! appropriate. ()-1;jli V sigllal pane.l'lI. 'llte.y op.~mte by &TUlllllht.ion 

(,1' slllall ~(q)!< IISillg i¡wr(.inl Ill(),k, impnel. rnn~r,., nnrl I.lw ~(i"k-slip "IT,'d_ 

~'ke l'ig, ~,lij, 

49 



 

 

 

 

Chapter JI: Superconductivity and nanopositioning. State-of-the-art 

Fig. 2.15. SPA based on the APA60SM befare (a) and after (b) motion [7]. 

In addition: 

In a work founded by NASA, Xiang et al. developed a piezoelectric stack 

actuator for cryogenic optics applications with a stroke of 35 11m at 77 K 

(65 11m). They also presented a flextensional actuator with a stroke of 

258 11m at room temperature (~50% remaining stroke at 77 K). N othing is 

said about the resolution of such devices [65]. 

In 2008, Hogele et al. proposed a very high-precision XYZ positioning stage 

for a fibre-based confocal microscope for cryogenic spectroscopy using 

piezoelectric actuators with a motion range of 7.5 mm, a resolution of 5 nm 

and suitability for temperatures of 4.2 K [66]. 

Sorne goniometers for cryogenic environments have been developed too. 

They can typically reach a stroke of around ± 2 mrad with 1 % accuracy in 

a closed loop [67]. 

2.2.3 Dual stage piezoelectric positioning systems 

A special case of piezoelectric actuators are hybrid or dual-stage positioning 

systems based on piezoelectric actuators. In sorne applications, they can reach a 

long stroke with impressive accuracy in a closed loop. Such hybrid devices 

combine one motion actuator for a coarse step motion and friction piezoelectric 

actuators to achieve a high level of precision of between three and a few tens of 

nanometres [68]. 
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However, hybrid systems present positioning problems, such as track seek 

and track follow [1] and although their performance in long-range precise 

positioning is higher than that of plain piezoelectric actuators, the piezoelectric 

solution itself is typically three to five times lighter than voice coil solutions for 

comparable-performance mechanisms [7]. 

Currently, the friction type piezoelectric stage can be integrated with a 

linear motor system to achieve a resolution in the nanometre range and a 

motion stroke over 10 mm. They are available for use in industrial applications 

too. The most recent advances in cryogenic piezoelectric devices can be followed 

in companies like Attocube systems [69] and Physic Instrumente [70], which are 

owners of US Patent 2010,259,760(A1), US patent 2008,148,589, US Patent 

5,424,597, DE Patent 20,2005,020,928 and DE 10 2006 034 162 Al among 

others. Attocube systems can provide piezoelectric actuators with a motion 

range over 10 mm and a sub-micrometrejnanometre resolution suitable for 

cryogenic environments. N o published tests on the fatigue and lifetime of these 

devices were found. 

Ultimately, a great summary of hybrid systems that combine piezoelectric 

materials and friction-inertial actuators is reported in a paper published in 2011 

by Zhang et al., which also includes a wide discussion of the present situation 

and future of these devices [71]. 

2.2.4 Devices based on giant magnetostrictive materials (GMM) 

Magnetostriction was discovered in 1841 by James Joule [72] and his work 

was published ayear later. Magnetostriction is a property of ferromagnetic 

materials that causes them to change their shape during the process of 

magnetisation. This effect has been used by many researchers to build high

precision positioners. A very descriptive explanation of this effect is shown in 

Fig. 2.17, in which the magnetostriction (i.e., the deformation in ppm), is 

represented as a function of the applied magnetic field (JI) in a sample made of 

Terfenol-D. Both, experimental and predicted results are shown. 
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Lemperalure condlliom :7:3]. 

Tn 1992, \Vang anc1 Buch-Vishniac reponed a posilion repeaLability or 
;)0 l1lll III an XY stage capable of addressing a 100 x 100 lllll "\vorkspace i11 an 

open-Ioop using lllag11etostrictive a.ctuators. HO\vever, the supply current needed 

<-ll'OILlld Lhe <":o11s nf 800 t.urns cach \Vi)."; of 1.he nrdcr of 1.5 A [74]. 

In 1997, Tsodikov and Rakhovskii publishcd a rcvlC"\V on nmgnctostriction 

pmver actnators for snper-prcC'isinn positioning [7;')L [7G] .. Ac('ording' to t.his 

pape!', t.here are Lhree stLch inst.nLmen(.s: magneLns1.ricLlnn power posiLinners 

(Í\'IS~)), Trlagnetostriction nanoscrews (\'IN) alld maglletostrictiOlI actuator

vibrators. Thc main performance of thesc clevices at that tinlc l,va .. '"i reported and 

is shown in Table 2.1. 
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Table 2.1. lvlain technical characterü,ties nf hybrid devieeH combining PZT IllotOl'f-i and 

magnetostrktive materials reported in magnetostrktion pmver positioners (:l\.fSP) and 

magnctostriction nanoscrcw positioncrs (1..IN). 

Parameter MSP actuator MN actuator 

Linem' stroke com'se (PZT) [mm] 30 30 

Linem' stroke fine (Magn.) [¡1m] 15 9.2 

Resollltion coarse [nm] 5 5 

Resollltion fine [nm] 0.01 0.01-0Jl2 

Maximum velocity coarse [mm/s] 1 1 

Maximum velocity fine [¡un/s] 1 1.3 

Power consurnption [\V] 5 5 

Mass [kg] 2 

Overall dimensions [mm"] 120x90x38 

Similar results have been obtained in later wOl'ks. In 2006, Yang et al. 

presented a long-stroke positioning device with nanometre resolution over a 

range of some millimetres, composed of an inchwOl'm controlled by software fOl' 

comse positioning and a magnetostrietive actllator made of Tcrfelon- D. The 

prototype can move with a velocity of up to 97.2 ¡11n/s fUI a 7 A, 10 H7, current 

signal with a 15 lUIl step. Eventually, they dernonstrated a fine step resolution 

of the Ol'der of 4 nrn (noise ratio around 5 nrn) with a current resolution of 

0.01 A [77]. In 2007, Ueno and Higllchi, wOl'king at the Predsion Machinery 

Engineering Departrnent at The U niversity of Tokyo, published a hybrid 

contactless positioning device based on a cornbination of piezoelectric and 

magnetostrietive materials. They achieved a motion resollltion oI 1 ¡un fOl' a fcw 

rnillirnetres nmge using integral control. It is noticeable that they were able to 

maintain the levitation gap with alrnost zero-power consurnption [78]. 
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2.2.5 Devices based on giant magnetostrictive materials (GMM) for 

cryogenic environments 

The magnetostriction properties of sorne materials, as for example 

Tbo6DY!)4ZnOl, are increased when working at low temperatures [79], as can be 

observed in Fig. 2.17. Based on this effect, the use of magnetostrictive actuators 

for precise positioners in cryogenic applications has already been proposed [6]. 

In 2000, Voccio working for the American Superconductor Corporation, 

presented a prototype of cryogenic magnetostrictive actuator designed to 

operate at temperatures ranging from 20 to 80 K. In this paper, it is clearly 

explained that there is a strong dependence of the stroke and resolution of the 

magnetostrictive actuators with regard to the working temperature. They 

reported a short stroke around a few tens of 11m. The excitation system was 

composed of an HTS coil with 320 A/turn. Maximum currents of 20 A were 

reached during tests [80]. This high requirement of current makes this sort of 

mechanism only available using superconducting coils with very low power 

dissipation. In addition, the required current is a disadvantage for sorne space 

applications where the power generation possibilities are very limited. 

Furthermore, the dependence of the displacement and the applied magnetic field 

is far from linear, which makes position control more complexo 

In the same year, Horner et al. mentioned again the potential of these 

devices for cryogenic applications and especially for their use in optical 

applications in the Next Generation Space Telescope (NGST). A new 

mechanism for precise positioning was proposed, once again using HTS for the 

excitation system and low temperature magnetostrictive materials. They 

claimed a resolution of 20 nm in the displacement of the device but no tests or 

results have been presented [81], [82]. A cross-section diagram of the actuator is 

show in Fig. 2.18. 
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Fig. 2.18. Cross-section diagram of the magnetostrictive acuator in [81], [82]. 

In summary, actuators based on magnetostrictive materials present sorne 

characteristics that make them less than suitable for long-range preCIse 

positioning (especially in cryogenic environments). For example, they require 

high power requirements (sometimes over 10 A), the magnetostriction is very 

temperature dependent and moreover, the deformation of the magnetostrictive 

materials is not linear dependent on the applied magnetic field, which makes 

position control more complexo Finally, magnetostrictive-based actuators 

themselves are usually only able to reach short strokes. Dual-stage precise 

positioners, based on magnetostriction materials for the fine step positioning, 

can reach long strokes with nanometre resolution but they present the same 

problems and additionally, the disadvantages that may be associated with the 

coarse step positioner. 

2.2.6 Devices based on active magnetic levitation (Maglev) 

Magnetic levitation (Maglev) is a very good available solution for long

range nanopositioners, either for room temperature or cryogenic environments. 

These kinds of devices, being contactless, eliminate the strain, backlash and 

hysteresis that limit the precision of position control, while also minimising 

durability and fatigue problems. In comparison with the piezoelectric and 

magnetostrictive positioners, active magnetic levitation systems can offer the 

same accuracy for a longer motion range and good performance at very low 

temperatures. Additionally, they can be used to build multiple DoF 

nanopositioners. 
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shows the requirements for the SPICA Far Infrared Instrument, an imaging 

Fourier transform spectrometer [8]. 

Table 2.2. Summary of FTS requirements for SPICA mission, Optica Dealy Line (ODL) 

requirements for Darwin and measured performance of ODL prototype [88]. 

Parameter 
ODL ODL 

requirement measured 

Linear stroke [mm] >20 20.2 

Mirror location accuracy [nm] <0.5 <0.5(RMS) 

Mirror location resolution [nm] <0.1 

Mirror velocity [pm/s] >250 0-10000 

Minimum step [nm] <0.5 <0.1 

Minimum angular run outs [prad] <25 

Minimum lateral run out [pm] <50 <1 

Lifetime in flight [cycles] 

Operational temperature [K] 40 tested at 25 K 

Mass [kg] <10 <1.7 

Dimensions [mm:l ] < 1 OOx 1 00x300 < 114x116x216 

Despite their impressive performance, the main disadvantage of these active 

magnetic levitation devices is that great effort is required to control them 

because they are naturally unstable, as was first proposed by Earnshaw's 

theorem [27]. This requires a complex control method and consequently, 

complex electronics [89]. In addition, greater electrical consumption, even up to 

a few Watts [89] in a cryogenic environment, causes extra heat and therefore, 

additional cooling power might be needed. 

2.2.7 Devices based on superconducting magnetic levitation (SML) 

Neither devices based on piezoelectric or magnetostrictive materials (due 

mainly to their short motion travels, high power requirements), nor active 

magnetic levitation devices (due to the complexity of the control systems 
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l evilated 

~;;r'''' 
StlllO< 

Fig. 2.20. Sct up nnd principIe of actuacr.iOll of che convcyor in [95]. 

In 2007, aJlOthcr approach Lo precise positioning using supcrconducLing 

rnagnetic levitatioIl \vas presented by Lin et al. They lllodified the height of 

levitatioll of a pennanellt lnagn8t over él, field-cooled superconductor bll1k by 

changing thc opcrating Cllrrcnt in a properly locatcd Hchnholtz coi1. 10laxinllllll 

precisioIl übtained by the authoI's \vas in the rallge of 11lH and the total stroke 

rea,checl in this experirn8nt ",vas aroulld 14011111 [97]. 

It "va.;; in thc smnc yCaJ.' whcn 110ri, Inouc and KOlllOri pllblishcd a 

protütype of superconducting cOIlveyor fOI use in clean-rüorIl applications, as 

required, for exaTTlple~ 1Tl the i:iemiconductor manufacturing induHtry [98]. 

I'vIagl1etic levitation iH eHpeciall)' interesting for these applications becallse of the 

la,ck of contact bet"\veen part.i:\. Thii:\ makeH it pOHHible to pla,ce the Htator outHide 

Lhc dcan-roOlll ancl Lhc lllOving parL illRiclc iL, ¡-1,';; 8hown in vigo 2.21. No/'icc LhaL 

in thb prototype, the IIlotion control wa.':) carried out Vv a conventional 

posiLioning sLagc. In Lhc cnd, nOLhing is said rcgarding Lhc prccision 01' thc 

dcvicc but it is cleaJ' that supcrcondllcting lllagnctic lcvitation can be uscful not 

only for cr:yogenic-envirOlllIlent applications but also for other applicatioIlS 

\vhcrc high-prccision pmütioning iR rcquircxl at a diffcrcnt rangc of tClllpcratllrcs. 

The only elenlents of the syi:iteln that IIlUSt be at a very lenv tenlperature are the 

sllpercolldllctors. Furthenllore~ high telnperatllre sllpercollductors, such as 

YUCa, can be cooled using liquid nitrogen, "\vhich ii:\ not a very expensive 

coolant. 
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Fig. 2.21. Schematic ilustration of the conveyor in [98]. 

Sorne other patent claims have been made in recent decades using a 

combination of permanent magnets and/ or coils and superconducting parts [99-

101]. However, the performance of all superconducting devices found in the 

literature is far inferior to that of active maglev systems and piezoelectric or 

hybrid devices. 

2.2.8 Devices based on other technologies 

Even though magnetic levitation (Maglev), piezoelectric actuators (PZT 

actuators), giant magnetostrictive actuators (GMM actuators) and 

superconducting magnetic levitation (SML) are the main technologies available 

for micro and nanopositioning, other scientists have focused their research on 

new positioning techniques. 

Sorne researchers have focused on magnetic levitation using diamagnetic 

materials instead of superconducting materials. This idea was explored by 

Moser and Bleuler in 2002, to build a contactless rotatory motor for precise 

positioning [102]. Since 2007, a Japanese team from Fukushima National College 

of Technology, have developed and improved a contact-free micrometre 

resolution motion XY stage using diamagnetic graphite and Halbach arrays of 

permanent magnets [103]. However, no deep studies on the motion range and 

accuracy of such devices have been found. Despite diamagnetic materials not 

requiring cryogenic environments, the magnitude of the magnetic interaction is 

various orders of magnitude lower than in superconductors and therefore, the 

load capacity of these devices can be expected to be lower. 

Another interesting approach is based on the use of acoustic levitation. 

Ultrasound waves can be effectively used to control the positions of various 
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samples in an atmosphere of inactive gases [1041. Using this technology, a mass 

of over lO kg can be suspended. Speeds in the order of 0.5 mis and positioning 

resollltions arollnd hllndreds of ¡un can be achieved. In 2000, U eha et al. 

presented a 690 mm conveyor using near-field acoustic levitation. However, no 

intention of precise control of the motion is presented in this papel'. In 2007, Ide 

et al. presented a linear bearing ancl actuator via ultrasonic levitation but once 

again, no positioning considerations were presented [1051. Some disadvantages 

that may be present fOl' these kinds of deviees are the high power dissipation, 

the high vibration induced in the levitating object and the requirernent of a gfh~ 

interface bctween the stator and the moving object. 

62 



 



 

 

 

 

Chapter JII. Theoretical foundations 

3.1 Introduction 

The proposed FTS mechanism will reqmre a one DoF sliding kinematic 

pair. Therefore, high stiffness to any other motion or rotation of the slider is 

required, so that low run outs are presento Run outs of the order of a few 

microns are usually required for those applications for which this mechanism is 

intended. Additionally, the mechanism must be able to work in extremely low 

temperatures and in very high vacuum conditions. Low power consumption is 

also desirable in order to reduce the power requirement of the cryocooler (see 

chapter I). 

Lubrication options are very limited at cryogenic temperatures. In order to 

avoid all the tribological problems arising in this sort of environment, the best 

option is to find a non-contact actuation system for positioning the slider. 

Therefore, as there is no contact, no lubrication would be necessary. The lack of 

contact between those parts of the mechanism with relative motion would also 

improve the lifetime of the mechanism; a key factor for space missions. 

As was introduced in chapter II, magnetic active levitation systems achieve 

non-contact guiding and positioning using a set of controlled closed-Ioop active 

coils. Superconducting magnetic levitation, due to its inherent stability could 

provide a natural guiding system that reduces the issue of control to simply the 

positioning of the slider. 

3.2 Advantages of using superconducting magnetic 

levitation 

The main advantages in the use of superconducting magnetic levitation for 

the FTS mechanism are the following: 
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1. Inherent stable levitation can be achieved if a type II superconductor 

in the mixed state is used. This would considerably simplify the 

control of the position of the levitating part and reduce the power 

consumption. 

2. The symmetry of the magnetic field provides a naturally self-guiding 

system. Most likely, the best example of this is superconducting 

magnetic bearings [35]. As has already been explained in chapter II, 

these mechanical devices take advantage of the revolution symmetry 

of a magnetic field generated by a permanent magnet to spin. 

However, high drag forces appear when the permanent magnet is 
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moved away from the Fe position. These forces try to restore the 

initial equilibrium position, as shown in Fig. 3.1. 
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Fig. 3.1. Vertical force for Fe at z = 1 mm and lateral force at a levitation height of 5 

mm [35]. 

3. Very low temperatures are required for type II superconductors to 

operate; therefore, cryogenic environments 

Moreover, the lower the temperature is, 

superconducting properties become. 

are very suitable. 

the better the 

4. Lack of contact provided by superconducting magnetic levitation is a 

perfect solution for all tribological problems m cryogenic 

environments, reducing wear and fatigue and improving the lifetime 

of the mechanism. 

3.3 Invention basis 

3.3.1 Brief description of the FTS mechanism 

The basic idea of the FTS mechanism proposed here is the following: 

1. A stator comprising a set of high temperature superconducting parts 

(HTS) (1). 

2. A slider with a long bar permanent magnet (PM) (2), magnetised 

parallel to the Z axis in Fig. 3.2. Magnetic interaction between the 

slider and the stator form a sliding kinematic pair due to the 

translational symmetry of the magnetic field applied on the 

superconductors. 
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3.3.2 Working principIe 

This section describes the interaction between the PM and the 

superconductors. First, the field cooling position (Fe position from now on) 

must be defined. It is the position of the PM when the superconductors are 

cooled down. In the case of the FTS mechanism, a very convenient Fe position 

seems to be the point at which the centre of mass of the PM is located at the 

intersection of the imaginary line that passes through the centres of both coils 

and the YZ symmetry plane of the stator. In addition, the axis of the PM must 

be aligned with the imaginary line that passes through both centres of the coils, 

as shown in Fig. 3.4. 

Fig. 3.4. Reference system in the FTS mechanism. 

The PM must be initially held in the Fe position. Once the 

superconductors are cooled below their critical temperature, the PM and the 

HTS form a contactless sliding kinematic pair that allows the PM to move in 

the X direction in Fig. 3.4 with very low resistance [106], [107]. In other words, 

a sort of "magnetic guideway" is established on the superconductors when they 

are at a temperature below their critical temperature. An interpretation of this 

"magnetic guideway" can be derived from Fig. 3.5, where the magnetic flux 

density on the superconductors at the normal state for different X positions of 

the PM in its path is plotted. 
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Chapter JII. Theoretical foundations 

Thus, the slider would find low resistance to its motion in the X direction, 

provided that magnetisation changes and magnetic flux gradient variations in 

the superconductors are small. Even though these magnetic variations due to 

the motion of the PM are small, they are relevant enough to generate drag 

forces, which try to restore the initial symmetry of the magnetic field in the 

superconductors. In summary, it can be said that the FC position is an 

equilibrium point of the slider. In contrast, the gradient of the magnetic field is 

considerably higher in the Y and Z direction of the mechanism than it is in the 

direction of the motion of the slider. Bence, if the permanent magnet is moved 

in any other direction but the sliding DoF, high magnetic gradients are present 

and stronger drag forces arise, according to eq. 3.1, guaranteeing good stability 

of the permanent magnet in its path. 

In this invention [110], drag forces that try to re-establish the initial 

equilibrium position are overcome by magnetic forces exerted on the permanent 

magnet by two coils placed at either end of the stroke. This makes it possible to 

modify the equilibrium position of the PM and hence, control the position of the 

slider just by modifying the current circulating in the electromagnets. The 

design of these coils will be discussed in depth later. 

In summary, it can be said that a contactless sliding kinematic pmr lS 

established between the permanent magnet and the superconductors at the 

mixed state. Lastly, by means of magnetic forces generated by a couple of coils, 

the permanent magnet can be positioned along the sliding DoF with very low 

resistance. 

3.3.3 The superconductors 

One of the fundamental requirements of the FTS mechanism is the use of 

type II superconductors at the mixed state. Thus, a permanent magnet would 

be able to stably levitate over the superconductors. For the superconducting 

part, YBaCuO disks were selected. The transition temperature of this material 

is 93 K and presents a relatively high critical current that provides strong 

levitation forces and magnetic stiffness [111]. Melt-textured YBCO disks of the 

required dimensions are found easily in the market. 

The basic condition for the superconductors to be at the mixed state is that 

the applied magnetic field is somewhere in between their first critical field (Hc1 ) 

and the upper critical field (HrQ). Both of these critical fields present high 

anisotropy with respect to the direction of the applied magnetic field. In other 
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H 

200{mm) 

Fig. 3.8. CAD figure of the aduation systcrn ami the PYI. 

Fig. 3.9. lvIagnctic ficld and tlux lines in FTSl actuation systcm. 

The proposed configuration of the actuation systeln and the PM presents 

the following advalltageS: 
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Syrnrnctry variation~ of the nmgnctic flux den~ity B in the Z aXIS can be 

appreciated in Fig. 3.10 in which the magnetic flux lines ancl the magnetic 

flux density are plotted. Therefore, the vertical force exerted on the 

permanent magnet is null, provided a good aligllment betweell the coils alld 

the PM. 
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Chapter IJI. Theoretical f01Lndations 

the magnetisation axis of the permanent magnet for any X position of the slider. 

Therefore, . In addition, the centres of both coils are aligned with the 

geometric centre of the pennanent magnet and therefore, 

Thus, thc total torquc ( ) cxcrtcd by thc coils in thc pcrmancnt rnagllct is null 

when the symmetry of the mechanism is considered. However, there is an 

alignment or misaligmnent effect in the PM if it is misaligned with respect to 

the magnetic axis of the coils. In [116], it has been proposed that angular and 

lateral run outs could be caused mainly by these misa1ignments, as is ShOWIl in 

Fig. 3.11. This can be a1so understood, if good alignment is provided, as the 

actuation system preventing run outs due to the self-alignment effect of the 

magnetic fields generated by the coils and the PM. 
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Fig. 3.11. Mechanism generation of yaw, rol! and lateral mn out due to misalignments 

(exagerated) between the c:oils find the PlVI. 



 

3.4 Conclusions of chapter III 

3.4 Conclusions of chapter III 

A slider based on superconducting magnetic levitation with a long 

permanent magnet as the slider and a stator composed of type II 

superconducting disks in the mixed state theoretically forms a sliding kinematic 

pair. The sliding kinematic pair is established provided that the magnetic field 

seen by the superconductors presents a high translational symmetry for the 

motion of the slider in the sliding DoF. Movement in any other directions but 

the sliding one present a high stiffness because high gradients of the magnetic 

field applied on the superconductors are presento In addition, the slider will 

presumably present an initial equilibrium position at the origin of coordinates. 

This fact, together with the stable levitation and the guidance provided by the 

superconductors, considerably simplifies the control of the position of the slider. 

A couple of coils symmetrically located at either end of the stroke of the 

FTS mechanism can move the slider without contacto An appropriate design of 

these coils will provide self-alignment properties to the system, which is very 

desirable in reducing run outs of the moving parto 
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Chapter IV. Design and preliminary test of a prototype 

4.1 Description of the FTS prototype 

According to the theoretical foundations discussed in chapter III, a 

prototype of the FTS mechanism is designed, built and tested. From now on, 

this first prototype will be called the FTSl prototype. In order to make the 

prototype suitable for use in far infrared interferometer, the following design 

specifications were considered: 

1. A stroke of 18 mm. 

2. A maximum circulating current in the coils of about ± 500 mA is 

required. 

3. The slider must carry an optic mlrror cube made of polished 

aluminium with an approximate weight of 40 grams. 

4. The prototype will be tested in a bath of LN 2 so that the 

superconductors will be cooled down to 77 K, i.e., below their critical 

temperature. 

As it was introduced in previous chapters, stable levitation required in the 

FTSl prototype will be provided using type II superconductors and a long 

permanent magneto Not only stable levitation will be provided by the 

superconductors, but also the guidance of the PM in its path. Then, two 

polycrystalline YBa2Cu:107-x disks (HTS) 45 mm diameter and 13 mm thickness 

(1) (see Fig. 4.1) will be used as the stator of the device. This material can be 

cooled using liquid nitrogen, which is very convenient for developing preliminary 

tests on the prototype without the requirement of a cryostat. In addition, the 

slider is mainly composed of arare earth permanent magnet (2) made of 

Nd2Fe14B. This material presents high magnetic performance with energy 

products usually higher than Sm-Co permanent magnets [117]. Furthermore, 

N dFeB permanent magnets are usually les s expensive and present better 

mechanical properties [118]. The permanent magnet in all FTS prototypes is a 

bar 160 mm in length classified as a N42 magnet (Tlllax = 80 oC; 

(BH)rnlll = 42 MGOe) with a magnetic remanence El = 1.3 T and a coercivity 

He = 900 kA/m. Notice that the magnetisation direction is parallel to the Z 

axis in Fig. 3.4. 

As explained in chapter III, in order to move the slider along its path, two 

coils (3) are placed at either end of the designed stroke of the mechanism 

(± 9 mm). These coils are designed following the criteria introduced in the 

previous chapter. In addition, it was defined that each of the coils would move 

the permanent magnet in opposite directions (e.g., coil 2 in Fig. 3.11 for + X 

and coil 1 for -X direction). Ultimately, the coils in the FTSl prototype are 
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4.1 Description of the FTS prototype 

composed of a 110x60 mm' rectangular solenoid with a thiekness of 10 mm and 

an inner ahllniniurll core of 80x30 nun2 (negligible rnagnetic interaction) 

surrounded by 150 turns of wire. The jacket of the wire is made of 

Polyvinylidene Fluoride (PVDF) with Polyolcfin for grcater flexibility and 

improved heat resistance. The jacket material is a!so considered vacuum

suitable due to its good outgassing properties [119]. Finally, the resistivity of the 

wire was measured to be around 1.8xl(]-' nm. Other interesting properties of the 

wire used in the FTS prototype are summarised in Table 4.1. 

Table 4.1. SOlne propertief-i of the "vire that ¡-iUrrollnds the coib in the FTSl prototype. 

Wire data sheet 

AWG 18 

Uuter diamcter [mm] 1.04 

Shcath material PVFD 

Cross section area [mm2] 0.25 

Minimum number of conv. passes 5 

Conductor material Tinned copper 

The hcight were the coils are located can be modified with high preClSlOn 

using a set of three M4 screws and nuts. By regulating the hcight of each pair of 

nut and screw individually, a plane can be dcfined for the positioning of the 

coils. 

The material fOl' the construction of the renminder ¡mrts of the FTSl 

prototype (e.g., base plate, nuts, screws and so on) was carefully selected. 

Because of the cryogenie and vacuum conditions, along with the presence of 

magnctic ficlds, it is required that the material has good mechanical properties, 

good thermal conductivity ancl low magnetic susceptibility at cryogenic 

temperatures. Aluminium alloy 6061 was sclected because it presents the best 

mechanieal strength to mass ratio of the materials used in cryogenie 

applications [120], has very good machinability [121]' the outgfh~sing of 

aluminium is low when exposed to high vacuum [120] and it presents low 

magnetic interaction [122]. A picture of the FTSl prototype can be seen in 

Fig. 4.1. 
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Choptcr IV De8ign (lud prelúnin,(J.'('y te.~t of (l ]J'('ototype 

Fig. 4.1. l'icturc of thc FTSl prototypc. (.~o lIürror) 

Finally, an aut.o-collimat.or <l.nd a la,'icr intcrfcromd.cr \vcrc llscd to mca,,'llll'C 

the rotation deviation and the positioll of the clider, respecti-vely. Both 

instrmllcnt.s rcquirc a rdlccting surfacc 'Nith vcry lmll f1at.ncs..,> amI roUghllCSS 

elearanees. 01" Lhe order 01" a I"ew nanOlneLreB. The required minor (see Fig. 4.2) 

was providcd by LIDAX S.L. in thc shapc of an almuinimll cubc \vith onc-inch 

side lenglh and approximaLely 40 gran1S in weighL. TL was f"ixec1 t.o lhe 

pennanent nmgnet \vith its celltre aliglled \vith the centre of ma.sses of the 

permanent. magnet within a positioning accurae,')"' 01" 0.U5 mm. 
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Fig. 4.2. Opt.ic cllh(~ ll~(~d for rdlcctioIl of bcam lascr hom anto-collimator and 

inler[eromeLer 



 

 

4.2 Finite Element Analysis (FEA) 

4.2 Finite Element Analysis (FEA) 

Computer-based calculations with magneto-static analysis using the finite 

element method (FEM) were carried out in order to determine the dimensions 

of the actuation system of the FTS mechanism. The finite element analysis 

(FEA) is discussed below. 

4.2.1 Decoupled model for the FEA 

If the whole FTS mechanism is considered for FEA, it must be considered 

that there are two main problems to be solved. Firstly, the action of the 

actuation system in the slider (PM) and secondly, its interaction with the 

superconductors and the simulation of the forces exerted by the superconductors 

on the slider. This second issue is a very complicated task; no commercial 

software can be found that considers mixed state in HTS. 

On the other hand, if a superconductor in the mixed state is considered as a 

perfect diamagnetic body (]lr = O), the forces exerted on the permanent magnet 

by the superconductors will be higher than the real ones. A simple way to 

estimate the forces involved in the mixed state with higher accuracy is to set a 

value of the relative permeability between O and 1, in what is usually called the 

non-perfect diamagnetic model. At the same time, a very high electric 

conductivity must be used in the superconducting material [123]. However, the 

evaluation of the relative permeability is a problem which is frequently solved 

by comparison of FEM simulations and experimental studies [124] and 

situations that agree accurately with experimental results are limited. In 

addition, relative permeability has been demonstrated to be highly dependent 

on the shape of the superconductor and the permanent magnet and the 

temperature of the samples [125]. Additionally, simulations are limited by the 

speed of the motion of the PM [123]. Methods that are more precise, based on 

the critical state model [126], [127], the frozen field model [128] and the flux

flow-creep model [129] have al so been tested in good agreement with 

experimental results for many different situations. 

However, one must consider the time consumption not only in programming 

the routine to calculate the superconductors at the mixed state but al so the 

computational requirement for such a complicated scenario that contains the 

PM, the coils and the superconductors at the mixed state. A simplification of 

the system could make simulations much more efficient if we are only interested 
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ChapteT' IV. Desígn and pT'elímínaT'y test of a pTOtotype 

in calculating the force in the sliding direction. 'Vith this in mind, a decoupled 

model is proposed for the FEA. 

If we assume that the magnetic interaction between the coils and the 

superconductors is small compared with the main interaction between the 

superconductors and the perrnanent rnagnet, the presence of the 

superconductors could be neglected when calculating the force exerted by the 

actuation system on the slider. This model will considerably reduce the time 

and cOInputational requirements for the calculations if other models are 

considered. In order to validate the model and to estimate its accuracy, let us 

consider the three following scenarios: 
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1. Scenario I: A first system to be analysed is composed of the 

permanent magnet and the superconducting disks without the 

presence of the coils, as shown in Fig. 4.3. 

8O(mm) 

Fig. 4.3. Model for FEA of Scenario 1. Only the PM ami the ~uperconductor~ are 

considered. 

2. Scenario II: The second system is composed of the permanent 

magnet and the coils without superconductors. See Fig. 4.4. 



 

    
      

    

4.2 Finite Elernent Analysis (FEA) 

100(mm) 

Fig. 4.4. Ylodel for FEA of Scenario II. Only the PM and the coils are considered. 

3. Scenario III: A third scenario includes which is a full representation 

of the rnechanisrn. This systern contains all the parts of the 

mechanisrn, i.e., the superconductors, the permanent rnagnet ami 

the coils. See Fig. 4.5. 

100(mm) 

Fig. 4.5. Model for the study of Scenario III with FEM. Al! elements considered. 

If the influence of the superconductors on the force exerted by the coils on 

the PM is small, it nlay be a good approximation to say that drag forces in 

Scenario II are equal but opposite to those acting forces found in Scenario 1. 

Then, equilibriurn positions of the PM, for a driven current in the coils, are 

those where the sum of the forces and moments on the PM are null. In the 

sliding direction of the mechanism, it can be said that: 
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Chal'ter 1 V. Desí.(Jn and pTdiTninaTY test of a [J'rototype 

Table 4.3. Charil.ct('ri~tk:'l of t1w FEA of SC(~llario 11. 

FEA pararnctcrs 

P!vl cocrciti"vity [kA/m] \lOO 

P1I remanence [T] 1.:¡ 

Numhcr of t.urns in each coil 150 

1-Iaxlml1m energy error 

T\Tininnml n1.l1nber of elcments 400000 

l\liniIlllllll lllllllbcr of conv. pa.'-lS(~<'; ,5 

Refinement per pa.ss 20% 

Estirnat<~(i (:(lllV(~rgclH:(~ (~rnn' 

Thc rdinccl mcsh ill thc coils alld thc pCl"lnallcnt magnct IS sho\vn in 

Fig. 4.7. The red arrow in coi] "1 in Fig. 4.7 reprcscnts thc dircdion of the 

flmving" Cllrn:llt in thc coils and thc grccn arrmv indicatcs thc dircct.ion of thc 

orlentation oI" ¡he magnetk 1ll1x generaLed in the axis oI" Lhe coil. On Lhe other 

hand, thc magnctisation of thc pcrmancnt Hlagllct wa." sct in thc diredion of 

thc + Z axis, a.s has aIready been 8tated. 

B 

Coil! 

Fig. 4.7. Rdined mesh in Seenario 11. 

The magnetic flux c1ensity generated by each of the coils at its centre lS 

88 



 

 

4.2 Finite Element Analysis (FEA) 

4.2.2 Convergence and optimization of the FEA 

Obviously, the force exerted on the PM by the coils must be equal but 

opposite to the force exerted in the coils by the PM, as a consequence of 

Newton's third law applied to scenario 1. However, a much faster convergence of 

the results in forces calculated in the coils was observed, compared with those 

calculated by the software in the PM. See Fig. 4.8. 

500.0 

450 .0 

400.0 -

350.0 -

300.0 

Z 
250.0 -E ...... 

>< 200.0 u. 

150.0 -

100.0 

50.0 

0.0 
o 2 3 4 5 6 7 8 9 10 11 12 13 

Pass 

Fig. 4.8. Comparison of convergence of Fx in coil 1 and the PM for X = O mm with a 

circulating current of 500 mA in this coil. 

A very similar behaviour was observed for aH positions of the PM in its 

path. Therefore, it is much less computationaHy demanding to calculate the 

force on the coils rather than the force on the permanent magneto 

4.2.3 Results of the FEA and discussion 

Forces were calculated for different positions of the permanent magnet in 

its path and different magnitudes of the current circulating in the coil. Errors in 

these simulations were estimated with the convergence error of the two last 

passes in the coils and can be considered below 3% in aH cases. Forces in the Y 

and Z directions and the torque exerted on the permanent magnet (or on the 

coil) are almost zero «10-5), as was expected. Magnitude of Fx on the coil vS. X 

position of the PM for a driven current of 500 mA is plotted in Fig. 4.9. 
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4.2 Finite Element Analysis (FEA) 

III. Yet again, the circulating current in the coil is 500 lIlA for each X position. 

Relative permeability of the superconductors was also modified between ~O and 

1. Results of these sirnulatiolls are shown in Fig. 4.10. 

Z 
.§. 
o 
u 
CI> 
oS 

" )( 
!!: 

160.0 

140.0 

120.0 

• 
100.0 • • 80.0 , 

• 
60.0 

40.0 

20.0 

• , , . . , 

e Meissner 

... ~r=O.3 

_ 1-10-0.7 

.1-Ir=1 

• • • • • 
0.0 +-~~~-~~~~-~+-~~~-~~~~-,-----1 

-9 ·8 ·7 ·6 -5 -4 ·3 ·2 -1 o 1 2 3 4 5 6 7 8 9 

Position X [mm] 

Fig. 4.10. Magnitude of Fx on the coi! vs. X position of the PM for different values of 

relative permeability in Scenario III a11<1 for Scenario 1. 

It mllst be noticed that the divergence of the reslllts of the calc1l1ation of 

the force exerted on the acting coil in creases for higher values of the relative 

magnetic permeability of the superconcluctors. In aclclition, calculations of the 

clifference of both results (scenario 1 ancl scenario III) revea.l that Fx increases 

when the permanent magnet is far from the acting coil ancl the intluence of the 

superconcluctors is more significant. A cleeper analysis shows that the maximum 

error is always below 8% for any X position of the PM in its path when a 

Meissner state is consiclerecl, as shown in Fig. 4.11. 
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Chapter IV. Design and preliminary test of a prototype 

9.0 
• Meissner 

8.0 • · w=O.3 
• · W=O .7 

7.0 • 
• ...... 

:::::1 6.0 • 
~ • 
~ 5.0 • o • CI) 
(J .. 
e 4.0 
CI) .. • ... • CI) .. .. 
lI: 3.0 .. • • i5 .. .. .. • • 

2.0 
.. • .. 

• .. .. • • .. 
1.0 • • • .. .. • • • • • • • • • • 0.0 

-9 -8 -7 -6 -5 -4 -3 -2 -1 O 1 2 3 4 5 6 7 8 9 

Position X [mm] 

Fig. 4.11. Estimated error of the Fx calculated using Scenario 1. 

Therefore, a maximum uncertainty of the force calculations in the proposed 

simplified model for the FEA was estimated to be always lower than 8%. In 

addition, no programming for the calculation of the superconductors at the 

mixed state would be required and time and computational requirements will be 

considerably reduced. Lastly, conclusions obtained from simulations using this 

decoupled model will be very helpful for the dimensioning of the coils and for 

the interpretation of sorne characteristics of the device, as will be demonstrated 

in the next chapters. 

4.3 Technical issues 

As explained in a previous section, aluminium alloy 6061 was selected as 

the material with which to build the structural parts of the prototype (i.e., 

superconductors housing, base plate, coils, screws, nuts, etc.) not only for its 

diamagnetic nature but al so for its good properties for cryogenic and space 

applications. Aluminium 6061 also presents good thermal conductivity and low 

specific heat in the range of temperatures of interest (15-300 K) as shown in 

Fig. 4.12. This means lower power consumption in the cryostat and a faster 

cooling process. 
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Chapter IV. Design and preliminary test of a prototype 

4.4 Preliminary Tests: Experimental setup and 

procedure 

Once the FTSl prototype was designed and built, sorne preliminary tests 

were carried out in order to check both the validity of the working principIe of 

the device and to evaluate its performance. For these preliminary tests, the 

superconductors were cooled using LN2 and the whole prototype was placed in 

an environment at ambient pressure, as has been already introduced in previous 

sections. 

The experimental setup for the FTSl preliminary tests is shown in 

Fig. 4.15. All measurements, except for the X rotation of the slider were 

performed as shown in Fig. 4.15. (setup A). The measurement of the rotation 

angle around the X axis (roll) needed a second configuration with the auto

collimator laser beam parallel to the Y axis (setup B). 

Fig. 4.15. Experimental setup A for the preliminary tests: 1) Superconducting disks; 2) 

NdFeB permanent magnet; 3) Coils; 4) LN2 container; 5) Laser auto-collimator; 6) Optic mirror 

cube; 7) Lab jack stand; 8) Optic tableo 

First the prototype was placed inside an extruded polyurethane vessel (4) 

that contained the LN2 coolant. This vessel is fixed to a lab jack stand (7) that 

was used to fix the height of the whole prototype with respect to the ground, in 

order to provide correct alignment with the laser from the auto-collimator (5). 

The whole system (auto-collimator plus prototype) was fixed to an optic table 

(8) that provided an adequate flat base and vibration insulation. 
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4.4 Preliminary Tests: Experimental setup and procedure 

4.4.1 Reference system and disposition of the PM 

The static reference system used in this thesis is shown in Fig. 4.15. The 

YZ reference plane is coincident with the Y'Z' symmetry plane of the FTS 

mechanism. In addition, the symmetry axis of the PM was carefully aligned 

with the X axis in Fig. 4.15 and its centre of mass positioned at the origin of 

coordinates in the FC initial position. Therefore, if lateral deviations are 

neglected, the motion of the slider always follows the direction of the X axis of 

the reference system. N otice that the reference system used in the preliminary 

tests described here, is coincident with the reference system described in chapter 

III. 

On the other hand, the XY plane of the reference system was set at 10 mm 

over the top surface of the superconductors using spacers with a low thermal 

contraction coefficient. This means, the levitation height was +3 mm between 

the top surface of the superconductors and the bottom surface of the PM with 

an estimated uncertainty of the order of ± 0.25 mm. 

4.4.2 Instrumentation 

In order to measure the X and Y position of the slider, scales with 250 ]lm 

resolutions were used. The interferometer could not be used due to technical 

reasons in any of the experiments with LN2• 

Additionally, a Newport LDS vector auto-collimator was used for the 

measurement of the relative angular deviations of the slider. The resolution of 

the auto-collimator is 0.1 ]lrad and its accuracy 2% for a measurement field of 

± 2000 ]lrad. The angular deviations measured by the auto-collimator were 

recorded using a 16-bit acquisition card model NI PCI-6230. 

The supply current in the coils was generated by a dual-channel power 

source and measured with two independent digital multimeters with 10 ]lA 

resolution for the measurement field in these tests. Therefore, the supply system 

is able to provide a different current signal to each of the two coils. A picture of 

the experimental set up is shown in Fig. 4.16. 
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Chapter IV. Design and preliminary test of a prototype 

Fig. 4.16. Real picture of the experimental set up. 

4.4.3 Experimental procedure 

Once the prototype was set up and all the instrumentation was ready, the 

superconductors were cooled in a bath of LN2 at ambient pressure to guarantee 

their temperature below their critical temperature (Te ~ 93 K). It should be 

noted that there was no contact between the LN 2 and the PM at any time 

during the experiments. 

As the magnetic field applied on the superconductors is well over the 

penetration field (Hp ) and below the second critical field (Hc2), the Field Cooling 

process (FC) will lead to a mixed state in the superconductors. After the FC 

cooling process, the flux-trapping effect makes the PM levitate stably over the 

superconductors [35] and the sliding kinematic pair is established. 

Following that, the spacers used to fix the levitation height were removed 

and the position of the PM was smoothly modified using either coil 

independently. Then, the amplitude of the current in the coils and X, Y and Z 

positions of the slider were registered. At the same time, the angular deviation 

in the Y and Z axes of the slider was recorded by the NI PCI-6230 acquisition 

card in setup A. 
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4.4 Preliminary Tests: Experimental setup ancl procedure 

Aftcr thcsc mcaSllrcmcnts wcrc rccordcd, thc sctllp was modificd to sctllp 13 

III order tu measure the 1'011 uf the slider. A flux diagrmn of the experimental 

proccdurc is shown in Fig. 4.17. 

1\0 

Fix height of levitation 

HFC=:3 mm 

P:l'vI-alignment 

Prototypc-auto

eollimator laser bearn 

aligmuent 

Current variation in 

the coils 

:tvIeaBurementH 

x~ y and Z position of 

thc slidcr 

Current in the C'oils 

Y, Z angular deviations 

Experimental proecdurc FT81 

:-'..fecl."illrernents 

X position of thc slidcr 
Z angular dcviation 

EI\D OF THE 

EXPERI:VIE'ITS 

Fig. 4.17. Experimental procedure in the preliminary teHts. 

Results of these measurements are presented and discussed in the following 

sectÍol1. 
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Chapter IV. Design and preliminary test of a prototype 

4.5 Preliminary tests results 

Sorne requirements and conclusions can be derived from the experiments 

and are summarised in the following sections. 

4.5.1 Horizontality requirement 

It was observed that the Fe position is an equilibrium position of the slider, 

provided that the inclination of the base of the prototype is lower than 5 

minutes of arco For inclinations higher than 5 minutes of arc the slider becomes 

unstable in the sliding direction. Therefore, a very fine horizontality must be 

provided to the base of the prototype to preserve the initial equilibrium 

position. 

4.5.2 Position vs. current in the coils 

The X position of the slider along its path versus the current in coil 2 is 

shown in Fig. 4.18. Only one direction (+ X) is represented due to the symmetry 

of the results. 
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Fig. 4.18. X position of the slider vs. current in the coil. 

For the FTSl prototype it was noticed that the total stroke measured was 

about 11.5 mm (± 11.5 mm if considering both directions) and the current 

required to reach this stroke was below 225 mA. It can also be appreciated that 
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4.5 Preliminary tests results 

4.5.4.3 Roll us. X position 01 the slider 

Ron versus the X position of the slider is shown in Fig. 4.22. Due to the 

finitc si:r,e of thc optic: mirror cubc (one cubic inch) , thc maximum ficld of 

measurement for ron is reduced to approximately ± 7 mm. 
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Fig. 4.22. Yaw vs. X position of the slider measured in the FT81 prototype at 77 K. 

The maximum measured ron was of the order of 250 llrad (around 400 llrad 

when linearly extrapolated until the measured stroke of 11.5 mm). 
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Chapter IV. Design and preliminary test of a prototype 

4.6 Conclusions of chapter IV 

Based on the idea of translational symmetry of the magnetic field generated 

by a long permanent magnet levitating over two superconductors at the mixed 

state, a prototype of a magnetic slider for long-stroke nanopositioning was 

designed, built and tested immersed in a bath of liquid nitrogen (77 K) at 

ambient pressure. 

A decoupled model for actuation and levitation has been proposed and 

supports the design of the actuation system. The forces exerted by the coil in 

the PM were calculated by using FEA. In this model, the influence of the 

superconductors in the calculations of the actuation force on the slider is 

neglected. A deviation of less than a 8% of the actuation force was estimated for 

the FTSl prototype for any X position of the slider if the presence of the 

superconductors is neglected. The proposed model considerably reduces the 

computational time and the resources required for calculations. 

The working principIe was proved successful in the experiments. Results of 

the tests reveal that the prototype achieves a stroke over ± 11 mm with a 

current requirement of ± 225 mA. A summary of the prototype performance is 

presented in Table 4.5. 

Table 4.5. Summary of the FTSl prototype performance. 

FTSl prototype performance 

Temperature [K] 77 

Pressure [atm] 1 

Stroke [mm] 11.5 

Hysteresis [11m] <250 

Lateral and vertical run our (Y and 

Z axis) [11m] 
<250 

Pitch (Y axis) [l1rad] ±4500 

Yaw (Z axis) [l1rad] ±200 

Roll* (X axis) [l1rad] interpolated to 
±400 

a 11.5 mm stroke 

Even though the conceptual idea of the mechanism turned out to be 

successful, several improvements are still required: 
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4.6 Conclusions of chapter IV 

1. Angular mn out s should be reduced, especially the piteh of the slider. 

This nmkes it very difficult to use the interferorneter to rneasure the 

position of the slider accurately. These rotation cleviations rnust be also 

reduced to improve the performance of the mechanism. 

2. The equilibrium position is very sensitive to the inclination of the 

prototype. Even a very srnall tilt of the rnechanisrn nmkes the PlVI rnove 

away from the central ec¡uilibrium position. An improvement of the 

ec¡uilibrium position stability woulcl be very clesirable. 

3. An ampli(ying system must be devcloped to supply the demanded 

current in the coils. The available elata acquisition ami generation carel 

(NI PCI-6230) only provicles an output current of ± 5 mA ancl the 

current requireel through the experirnents was up to 200 rnA. 

In summary, a prototype of a positioner based on superconducting magnctic 

levitation has been designeel, built anel testeel. The conceptual ielea of the linea;¡' 

positioner has been clemonstratecl ancl the initial performance has been 

evaluatecl. Stuclies ancl conclusions of this chapter will be usecl in the next 

chapter in oreler to irnprove the perforrnance of the rnechanisrn. 

107 





 



 

 

 

Chapter V. Engineering of the FTS mechanism 

5.1 Introduction 

Chapters III and IV presented how a prototype of a superconducting 

magnetic slider (FTS1) was designed built and tested. Experimental results on 

the test developed on the FTSl prototype were very successful and the working 

principIe of the FTS mechanism was demonstrated. A large stroke over ± 11 

mm was proved with a maximum demanded current in the coils of about 

± 225 mA. In addition, angular run outs were demonstrated to be always lower 

than a few mrad. Lateral and vertical run outs were also measured and lower 

than 250 ]lm. However, in order to achieve a performance of the FTSl 

prototype closer to the requirements for a cryogenic long-stroke nanopositioner, 

further investigation is required. 

It is the aim of this chapter to establish a set of design rules so the 

aforementioned parameters of the FTS mechanism can be modified 

Furthermore, an experimental study of different modifications on the FTSl 

prototype and FEM calculations were carried out to prove the suggested design 

rules. 

5.2 Theoretical considerations and design rules 

In this section, theoretical considerations for the FTS mechanism are 

considered and a set of design rules introduced. A model for the pitch and 

theoretical considerations of yaw and roll are presented. In addition, how the 

sensitivity, stiffness and stability of the FC equilibrium position can be modified 

is discussed. 

5.2.1 A model for the pitch 

A mechanical model for the pitch of the PM is proposed. First of all, sorne 

hypothesis must be assumed: the pitch is small and the PM is a rigid body; the 

self-alignment of the PM with the magnetic field generated by the coils is 

neglected due to the small pitch angles involved; the interaction between the 

coils and the superconductors is also neglected. Lastly, the displacements of the 

centre of masses of the PM in the direction of the Z axis (see Fig. 5.1.) are 

neglected. 
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Chapter V. Engineering of the FTS mechanism 

The magnetic field that they generate is such that pitch can be corrected by 

modifying the driven current in these auxiliary coils. 

Fig. 5.3. CAD representation of the correction coils installed. 

Results of this strategy for the correction of the pitch of the slider can be 

found in section 5.3.3 of this chapter. 

5.2.3 Reduction in the run outs 

As has already been suggested, yaw and roll are mainly caused by 

misalignment between the PM and the coils (more specifically, by the magnetic 

alignment of the magnetisation direction in the PM and the direction of the 

magnetic field generated in the coils). In the case in which there is a 

misalignment, a torque would be exerted in the PM as introduced in eq. 3.7, 

and an angular run out will appear. The same rules can be applied to the lateral 

run out of the FTS mechanism. In this context, a few considerations can be 

taken into account in order to reduce both, the yaw and roll of the slider: 
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1. As introduced in the previous sections, a reduction in the HFC leads 

to an increase in the levitation force and vertical magnetic stiffness. 

It is also expected that stiffness of the slider in any other DoF are 

also improved, and therefore, angular run outs are reduced. 

Obviously, vertical and lateral run outs are also reduced if the 

vertical stiffness provided by the superconductor is increased. Then, 

a reduction in the HFC will reduce all run outs of the slider. 

2. If an improved alignment between the coils and the PM is provided, 

it is anticipated that the angular run outs and the lateral run out 

will be reduced. 



 

 

 

5.2 Theoretical considerations and design rules 

5.2.4 Sensitivity and stiffness of the slider and stability of the initial 

equilibrium position 

Sensitivity and stiffness to the motion of the slider in the sliding direction 

are quite related. If the stiffness of the mechanism is increased, then, the 

sensitivity will be reduced provided the same coils are used. It has been shown 

that the force exerted on the slider by the superconductors in the FTS 

mechanism is related to the gradient of the magnetic induction and the 

magnetisation of the superconductors in the sliding direction. The magnetic field 

in the sliding direction of the FTS mechanism is caused by boundary effects, as 

has been already introduced in chapter nI. 

As is well known, a magnetic field increases quadratically when the distance 

to the magnetic source is reduced. In view of this two strategies to increase the 

stiffness of the mechanism (and consequently reduce the sensitivity of the 

system) are: 

1. Reduce the HFG. 

2. Increase the distance between the superconductors (d) so that the 

distance from the superconductors' edges and the PM ends is 

reduced. 

Despite a loss m sensitivity, being considered permclOUS m sorne 

applications, in this case it may be a benefit. If one wants to locate a slider with 

nanometric resolution (100 nm) in the range ± 9 mm, a resolution of around 

18 bits is required1• Therefore, in the case of the FTSl prototype, a "noise-free" 

current resolution of about 1 ]lA with a maximum demanded current of about 

225 mA is needed. However, it may be useful to have a les s demanding 

minimum current step even if the maximum current demanded is increased. In 

summary, it is not necessarily detrimental for the performance of the FTS 

mechanism to reduce its sensitivity due to technical limitations. The stability of 

the initial equilibrium position will also be highly influenced by the stiffness of 

the slider to its motion in the sliding direction. Therefore, the same rules can be 

applied. 

1 18 bits are equal to 262144 divisions, greater than the 180000 at least required to achieve 100 nm 

resolution. 
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Chapter V. Engineering of the FTS mechanism 

5.3 Experimental study 

An experimental study was carried out in order to verify the design rules 

given in the previous sections of this chapter. With regard to the experimental 

study, different geometric configurations of the FTS mechanism were tested. In 

other words, different variants of the FTSl prototype were tested. Sorne 

geometric parameters in the FTS mechanism modified during these experiments 

are: 

1. The distance between the superconductors (d), defined as the total 

distance between the centres of the superconducting disks (HTS). 

2. The height of levitation (HFC) , defined as the distance between the 

upper surface of the superconductors and the bottom surface of the 

PM. Both HFC and d are represented in Fig. 5.4. 

3. The elevation of the coils in the Z axis (He) defined as the vertical 

distance between imaginary line that pass though both centres of the 

coils and the axis of the PM as shown in Fig. 5.9. 

4. An active magnetic correction system, based on two auxiliary coils 

(9) as show in Fig. 5.4 was built with the aim to reduce the pitch of 

the slider. 

In addition, different electric connectivities of the coils were considered and 

studied. 

Regarding the FEM calculations, the decoupled model proposed in chapter 

IV was used. From the X position vs. current function obtained in the 

experimental study, the forces on the slider were calculated. Then, sorne 

parameters like the stiffness of the slider to its motion in the sliding direction of 

the FTS mechanism will be estimated. 

5.3.1 Experimental set up and pro ce dure 

The experimental set up in these experiments is ver y similar to the 

experimental set up described in of chapter IV and is shown in Fig. 5.4. 
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5.3 ExpcrinlClltal study 

Fig. 5.4. Experimental ser. up during the test". -1 )TTTS: 2) P\'f: :3) eoils: 4) 3l1tO

col1iumtor; 6) optic cubc; 6) lab-jack ~tand; 7) optic tablc: 8) LI\,Yc¡,;~d ami 9) COITcctiou coik 

1'0 seL multiple c1islanCeS bel.ween l.he slIperconducLors (d). severa,] board s 

made of cxtrudcd polystyrene -wcrc constructed. Thc superconductors -wcrc 

properly fixed to thcse boardR amI the:\' \verc Gu:efnlly fixed to the prototype 

base. In order to set the levitatioll height (HFC), spacers were agaill used and 

reLired when l.he P1\-f \-vas slabl.)-' levil.ating over Lhe slIperconduclors. 

The elevaLion 01" Lhe coils (He) wilh respecL Lo l.he axis 01" t.he P1\-T was f"ixed 

using three pairs of scre-ws and nuts on the 1"1'81, already described in chapter 

IV. Additionall:\') in order t.o meai:;nre t.he maxinmm Rtroke of t.he prot.otype, eme 

of the coils ,vas removed \vhen needed, thus the Pl\l couId travel further than 

the designcd stroke of ± 9 Hnn. Finally, it should be highlighted that uncertain 

01" l.he position 01" eilher HFC, d and He, is considered ± 25U 11m in a11 results 

prescnted in this chaptcr. It lnust be also notcd that, for all eXlx:riments 

reported in this chapter, only one geometric parameter \vas lllodified at a time. 

After a concrete cOllfiguration is achieved, the prototype \va.s coüled III a 

bath of liquid nitrogen at mnbicnt pressurc (T= 77 K). Once thc 

superconc1uct.ors are al. a t.emperaLlIre below lheir critical l.emperalure 

(Tr:=93 K), the P:l\{ \vas able to stably lcvitate over the sUlx:n:onductors. Then, 

t.he posit.ion of the slider \\,¡1.'l modified by variat.ionR in the ClllTent. snpplied to 

the coils, once again generated by a dual-channel power supply. For lllOst data 

prcRented in thiR chapter, only eme pURhing coil (the force exerted by t.he coil 

pushes away Lhe P1\'f) is active. whilsL lhe ot.her is swil.ched off The Cllrrenl. in 

the coils \\'1'1." Inel'k"lUred with indepcndent IXllymers \vith a resolution that IS 

c1epenc1ent. on lhe f"ield 01" meaSlIrelllenl. The posiLion 01" Lhe slic1er in each axis 

(X, y mId Z) \Vai:; meaRurcd uRing scalcR \vit.h 2;")0 lnn rcRolnt.ion. 

The Ne\vport. ant.o-collimator llsed for t.he preliminary t.eRts \va.'l nRed again 

to measure the allgular run outs of the slider. lt abo has to be melltiüned that 
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ChapteT V. Enginee'ring (Jf the FTS mechanisTII 
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Fig. 5.7. Pitch Rensitivity vs. diRtance hetween sllpercondllctors. HFC= :3 mm and HC=O 

mm in al! cases. Temperature of the prototype, T= 77 K. 

Yaw was also analysed for different values of d. The results of these 

meaSllrements are plotted in Fig. 5.8. Yaw vs. X position shows good linearity 

for all mcasurcmcnts. In addition, wc scarchcd for a rclationship bctwccn yaw 

and d but found none. This fact reinforces the idea that this angular run out is 

ciue to a rni,;alignrnent between the rnaglletisatioll axi" of the PIVI ami the axis 

oI the magnetic field generated by the coils. 

120 

Fig. 5.8. Yaw vs. X position of the slider for different valnes of d. HFC= 3 mm and 

HC=O mm in al! cases. Temperaturc of the prototype, T= 77 K. 



 

5.4 Test results and discussion 

5.4.1.2 Red'/Lction in pitch by rnean8 of rnagnetic 8elf-alignrnent 

Te8ts were developed for a configuration of the prototype of HFO- 3 mm 

and d= 84 mulo Firstly, an elevation of the coils between ° and 9 111m has to be 

considered. Then, the current through the coil was such that the magnetic field 

generated exerted an attractive magnetic force on the PM. It was observed that 

the total pitch of the slider was reduced for a higher elevation of the coils. The 

maximum pitch for a travcllength of 9 mm is prcsented in Fig.5.9. 

1050 ,--------------------------------------, 

1000 

1;' 950 
~ 
2-
.<:: .B 900 
¡¡: 
E 
~ 850 
.¡¡ .. 
::;: 800 

750 

I 
- e-

I I - e-

I + -L ¡ 

700+---,---,---,---,---,---,---~--~--~~ 

o 2 3 4 5 6 7 8 9 10 

Elevation of the coils (Hcl [mm] 

Fig. 5.9. Maxirnum pitch for a 9 lmIl ~troke VS. elevation of the coils (H} HFC= ::l mm 

and d= 84 mm. Temperature of the prototype, T= 77 K. 

A significant reduction in the pitch can be achieved simply by elevating the 

coils a few millimetres from the reference position. Nevertheless, the reduction 

in the pitch hecornes rnuch rnore significant when the PM gets do ser to the 

pulling coil as can be deduced from Fig. 5.10, where pitch vs. rclative X position 

of the slider i8 plotted for elevations of the coils of ° ami 8 mm. 
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ChapteT V. EngineeTing o.f the FTS rnechanisrn 

9000 ~---------'Z-----------------------------'I-.~HF~C~~~6-m"m 

If(====,==:c¡.",-c="","," ... ~.... o HFC= 5 mm 
_ _ e HFC=3mm 

... .+.... . HFC= 2 mm 

8000 

7000 

Position X [mm) 

Fig. 5.12. Pitch v~. X po,ition of the ,lider for different values of HFC. d= 47 Inrn aud 

HC=O rmn in a11 cases. Terrrperature of the prototype. T= 77 K. 

It is clcar in Fig. 5.12 that. t,hc pitch is rcduccd by dccrcasing t,hc hcight. of 

levit.at.ion of the PM. Yaw is also dependent. on the HFC. as can be deduced 

from Fig. 5.13. Rcduction in thc yaw of about. a factor of 2 in a st.rokc of 

± 9 mm can be achieved by reducing t.he HFC from 6 mm t.o 2 mm. 

350 -·r------------------------------------,'-.~HF~C~-~6 -mm-, 

)Z + o HFC= 5 mm 

300 - ~====!:::=:¡:xx:=-==-:::I -f- . HFC: 3 mm 
_ _ _ ~ . HFC= 2mm 

250 -

...... 200 
'C 
E 
:lo 
- 150 
~ 
~ 

100 

50 -

2 3 4 5 678 9 

Position X [mm) 

+ + 
++ 

10 11 12 

Fig. 5.13. Yaw vs. X position of the slider for different values of HFC. d= 47 mm and 

HC=() mm in a11 caSeRo Tcmpcraturc of t.ho prot.otypc. T= 77 K. 

Having 6een t.he result.6 in Fig. 5.12 anel Fig. 5.13 it. 6eemB clear that. t.he 

lower the HFC, t.he bet.ter the performance of the prot.ot.ype in terms of angular 

run out.s. 
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5.4 Test results anc! discussion 

Thc first stcp in ordcr to charactcrisc thc lllagnctic stiffncss of thc slidcr to 

its lllotion in the sliding DoF to llle3SUIe the sensitivity to the lllotion of the 

PM by using a pushing coil (the coil repeals the PM) for different distances 

between the superconductors, d. See fig. 5.16. 
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--+--d= BOmm 
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Curren! [mAl 

Fig. 5.16. X position of the slider VS. current in the pmhing coi!. HFC= 3 mm aud 

Hc= O mm in a11 cases. Temperature of the prototype, T= 77 K. 

AhhOllgh the sensitivity of the slider to its lllotion in the sliding direction 

shows a high dcpcndcncc on thc position of thc slidcr in its path for valucs of d 

greater than 70 rmn, good linearity is observed in al! cases for a stroke smal!er 

than ±3rnlll. I3oth, the estirnated sensitivity and the conseqllent rninirnulll 

required CUIrent step for a 100 nrn resolution are sUllllllarised in Table 5.1 for 

different values of d. 

Table 5.1. Estinlatcd valucs of s('nsitivit~y (±:3 mnl fltroke) and lnininlulll currcnt stcp 

[eqllircd for nanomctrc rcsolutioll. HFC= :3 nun in aU cases. 

d [mm] 
~S ~Minimum 

[nm/llA] current step [llA] 

47 78.4 1 

66 54.9 2 

70 31.4 3 

74 20.7 5 

80 12.4 8 

84 10.1 10 

90 7.7 13 
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5.4 Test results and discussion 

eq.5.11 

Calculated stiffness vs. X position of the slider is presented in Fig. 5.18. 

30 n------------------,------------------~r~d~=n,90~m=m~ 
.¡ 

28 - d=84mm 
·x - d=80mm 

26 _ _ - d=74 mm 

24 ~ - d=66mm 

22 

20 

E 18 
E 16 

Z 14 
E 
-; 12 

~ 10 
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~ ~~~~~~~~~~~~ 
·9 ·8 -7 ·6 ·5 ·4 -3 -2 ·1 O 1 2 3 4 5 6 7 8 9 

Posilion X [mm) 

- d=47mm 

Fig. 5.18. Cakulated stiffness vs. X position 01' the slider for different values 01' d. HFC= 

:3 mm and Hc= O mm in al! cases. Temperature of the prototype, T= 77 K. 

According to Fig. 5.18, two effects ca.n be clea.rly identified when the 

distance between the superconductors is illcrcased. First, the initial stiffness of 

the mechanisIll is increased (see Table 5.2) from aroulld 1 rnN/mrn for 

d=47 mm to around 8 mN/rmIl for d=90 mrn. 

Table 5.2. Stiffness 01' the FTS meChftllism at the initial position (X= O mm) lor different 

valuctl of d. HFC= 3 lIlIn in all ca.'::iCs. 

K¡ [mN/mm] d [mm] 

1.06±0.02 47 

1.44±0.06 66 

3.l±0.2 74 

5.7±0.3 80 

5.9±0.3 84 

8.2±0.6 90 
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5.4 Test results and discussion 

13 .-----------------------------------~----_. 

12 

11 

10 

9 

E 8 
~ 7 
x 
s::: 6 
O 
;e 5 
VI 
O 
c.. 

3 

2 

-,-

.. HFC=6mm 

~ -o HFC=5mm 

-e-HFC= 3 mm 

/ 

-o ~--~--_r--_.----._--~--_r--_.--~ 

O 30 60 90 120 150 180 210 240 

Current [mAl 

Fig. 5.20. X position of the slider vs. current in the pushing coil for different values of 

HFC. d= 84 mm and Hc= O mm in all cases. Temperature of the prototype, T= 77 K. 

Sensitivity and the minimum current step needed to reach a position 

resolution of 100 nm for different values of HFC are summarised in Table 5.3. 

Table 5.3. Estimated values of sensitivity (± 3mm stroke) and minimum current step 

required for alOa nm resolution. d= 47 mm in all cases. 

HFC ~S ~Minimum 

[mm] [nm/llA] current step [llA] 

6 422 0.2 

5 293 0.3 

3 78 1 

It can be also concluded that the stiffness and the stability of the initial 

equilibrium position decrease for an increasing HFC. 

5.4.3 Current required in the coils 

It is clear, looking at Fig. 5.15 that the current requirement increases for 

higher values of d. The maximum current needed in the only active coil 

(pushing coil) for a full stroke motion (±9 mm) vs. d is plotted in Fig. 5.21. 

There, it is shown that the maximum current required drastically increases for 

values of d greater than 70 mm. 
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Fig. 5.21. Current requirement vs. distance between the superconductors. HFC= 3 mm 

ami Hc= O IlIIl1 in al! cases. T= 77 K. 

In addition, the peak power consumption is also int1uenced by the HFC. 

Peak current requirernent venms HFC to achieve a ± 9 mm is plotted in 

Fig. 5.22 in a prototype with d= 47 mm and H.=O mm. It is clear that the 

current requirement increases exponentially when the HFC is reduced. 
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Fig. 5.22.Pcak currcnt requireIllcnt vs. HFC in a prototype with d= 47 mm and 

H,= O mIlI. 

In order to design or optirnise the prototype a COlllprOlIn"e rnust be lllade 

between the different effect" of selecting a different value for d. On the one 

hand, the higher the stiffness of the sliding DoF, the more stable the initial 
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5.4 Test results and discussion 

equilibrium position and the higher the minimum current steps. But on the 

other, the stiffer the slider, the larger the maximum current required and, 

consequently, the higher the power consumption. Therefore, each of these rules 

must be considered when making the decision on the optimised prototype. 

5.4.4 Optimization of the actuation system 

Different electric configurations in the coils were tested. In addition to the 

characterisation of the force exerted by one coil pushing away the PM, three 

further configurations were characterised: 

1. Intermittent pushing coils: Only one of the coils was switched on at a 

time. The slider is moved by one of the coils from x= O to 

x= + 9 mm and by the opposite one from X=O to X= -9 mm. The 

magnetic field generated by it is what makes the PM move away 

from the acting coil. Maximum value of force exerted on the PM is 

reached around the central equilibrium position (X=O mm) and it is 

of the order of 50 mN for a circulating current of 500 mA. 

2. Intermittent pulling coils: Either of the coils pulls the PM from the 

initial position. One of them from X= O mm to X= -9 mm and the 

other one from X=O to X= 9 mm. The maximum current demanded 

can be drastically reduced by using pulling coils instead of pushing 

coils as can be observed in Fig. 5.23. In that figure, the magnitude of 

the demanded current versus X position of the slider for a pushing 

and a pulling coil configuration is presented. It is estimated that the 

current demanded can be reduced by about four times and the power 

consumption of the mechanism can be reduced by around 16 times. 

The maximum value of force exerted on the PM is now reached at 

either end of the stroke of the mechanism (X=±9 mm) and is of the 

order of 140 mN for a circulating current of 500 mA. 
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Fig. 5.23. X position of the slider vs. magnitude of the eurrent in a pushing aud a pulling 

eoil. HFC= 3 lIlIn, d= 84 rIlrn and Hc= O 1I1IIl in both C('k")es. Pllshing coils rnea¡.mred at 77 K, 

pulling coi! at 15 K. 

3. Anti-serial ¡mlling-pushing coi!: Both coils are conneded in an anti

serial configuratioll, i.e., when one of the coils pulls the PM 

(attractive force), the other one pushes it away (repulsive force). 

Then the direction and magnitude of the motion is defined by only 

one input signa!. In additioll, the force exerted on the PM is 

increased with resped to the intermittellt pullillg coils configuration 

as shown m Fig. 5.23. It has to be considered that maximum 

sensitivity of the slider in its path is expected to be increased by 

about a factor of 2 when llsing this connedivity betweell the coils. 

Finally, a redudion in the demanded Cllrrent of about a 10-15 % is 

cstimated, ami bcyond which a rcduction in thc powcr consumption 

of about a 20-30% by using an anti-scrial configuration rathcr than 

intermittent pulling coils. 

The magnitude of the force exerted on the PM for each configuration for a 

driving current of ±500 rnA is presented in Fig. 5.24. 
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Fig. 5.24. FEM Calculated lllagnitude of Fx exerted on tite p:vr by tite coilo fOl' different 

configurations. Hc= O l1lnl in aH cases. l\.faxin1ulll error in Fx of about 5% based 011 convergence 

analysis of tite residllals. 

135 



 

 

 

 

 

 

 

Chapter V. Engineering of the FTS mechanism 

5.5 Conclusions of chapter V 

An experimental study and FEM calculations have been carried out in 

order to prove the theoretical considerations proposed to improve the FTS 

mechanism's performance. A set of prototypes of the FTS mechanism were 

tested, cooling the superconductors with LN2• FEA was done using the 

decoupled model proposed in chapter III of this thesis. By comparison of the 

theoretical predictions and the experimental and FEM results, sorne design rules 

for the FTS mechanism can be derived and proven. In summary, this design 

rules are: 
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According to the proposed and empirically-improved model for the pitch 

(see eq. 5.10) pitch of the slider can be reduced by increasing the vertical 

magnetic stiffness, reducing the mass of the slider or by increasing the 

distance between the superconductors, d. Additionally, the vertical stiffness 

can be improved by a reduction of the levitation height or HFG. 

Magnetic self-alignment of the slider by elevation of the coils can reduce 

the maximum pitch by about a 25 % for an elevation of Hc= 8 mm (Z axis) 

from the position where the axis of the PM and the imaginary line that 

passes through the centres of the coils are aligned. 

Pitch can also be reduced by applying active magnetic force. A couple of 

auxiliary coils were installed to achieve this reduction. A correction of the 

pitch that is dependent on the current in the coils and the position of the 

slider in its path were observed. A correction of the maximum pitch of 

about a 20% was measured for a driven current in the coils of ±1 A. 

However, these coils also cause a modification in the position of the slider, 

needing two variables to control the position of the system. 

Yaw seems to be mainly caused by a misalignment between the PM and 

the coils. It can be reduced by increasing the magnetic stiffness of the 

slider, for example, by reducing the HFG. 

Lateral and vertical run outs were always below 250 ]lm for all prototypes 

tested. Hysteresis is also lower than this value in all cases. 

Force vs. X position of the slider in its path calculated using the decoupled 

model in FEM described in chapter III, fits a cubic polynomial equation 

with a R2 greater than 0.997 in all cases studied. The cubic coefficient 

results are always about two orders of magnitude, or more, lower than the 

linear termo 



 

 

5.5 Conclusions of chapter V 

Sensitivity, stiffness and the stability of the initial eqllilibrillm position can 

abo be rnodified by geornetric rnodificatioIls to the prototype, such fh~ 

modification to the HFC or the distance between the sllpercondllctors, d. 

The current requirernent ancl the power consurnption of the rnechanisrn are 

highly dependent on the configllration of the actllation system. A redllction 

of abollt a 4 times in the Cllrrent reqllirement and 16 times in the peak 

power COIlSurIlptioIl can be achieved if aIl anti-serial cOIlIlectioIl of the coils 

is established instead of using only a pushing coi!. This connection also is 

better than a connection of intermittent pulling coils in terms of current 

and power cOIlsurnptioIl. The anti-serial cOIlfiguration abo sirnplifies the 

control of the !Josition of the slider to jllst one variable. 
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Chapter VI. Tests and demonstration in a relevant environment 

6.1 Introduction 

A prototype (FTS1) of a long-stroke and high-precision positioner was 

designed and built. An experimental study and FEM calculations, introduced in 

chapter V, supported the definition of reliable design rules for the FTS 

mechanism. A reduction in the angular run outs, the enhanced stiffness of the 

motion of the slider and a greater stability in the initial equilibrium position 

were made possible by following these rules. 

Therefore, a second prototype (FTS2 prototype from now on) was designed 

following these rules, built and tested in a relevant environment according to a 

TRL 6. This new prototype was tested in a cryostat at an approximate 

temperature of 15K and in a high vacuum (pressure under 10-6 Pa). Results and 

discussion on these tests are presented in this chapter. 

6.2 Description of the FTS2 prototype 

The prototype is essentially composed of a static guideline made of two 

45 mm diameter superconducting polycristaline YBaCuO disks (1), a slider, 

mainly composed of a NdFeB vertically-magnetised (Z axis) permanent magnet 

(2) 160 mm in length carefully aligned on the X reference axis in Fig. 6.1, and 

two coils (3) placed at either end of the stroke. A CAD representation and a 

picture of the real FTS2 prototype are shown in Fig. 6.1. 

The superconductors are contained within an aluminium vessel (5), located 

with their axes separated a distance d away from one another. Based on the 

design rules presented in chapter V, a reduction in the pitch can be achieved by 

increasing the distance between the superconductors, d. This will also generate a 

loss of sensitivity in the sliding of the FTS2 prototype and a consequent 

increment of the minimum current step required. Besides, an elevation of the 

coils He has been demonstrated to reduce the pitch of the slider. A value of 

Hc= 5 mm is selected as the optimum value. An elevation higher than this 

would cause an excessive reduction in the reflection surface for the laser beam in 

the optic cube from both, the collimator and the interferometer. A reduction in 

the HFC also reduces the angular run outs. However, the minimum HFC 

achievable was 3 mm due to technical limitations on the operation of the launch 

& lock system. 

At either side of the vessel containing the superconductors, two calibrated 

class-A PT -100 temperature sensors (4) are placed in order to measure the 
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G.2 Descriptioll of the FTS2 prot.ot.ype 

ternperatnre uf the I:lupercollducton; throughout the experilllellt.s. IndiuIll layem 

\vere used in onler to a,ssure good t.hennal cont.act. behveen t.he ha,se of the 

sllpercondllcton-i and t.he í':\lperCondllctors, and between t.he hase and the 

PT-1UO sensors. [n addit.ion, thermal st.raps \Vere used to enhance the therma[ 

exchange bebveen the cold plat.e of the cryostat. and t.he prototype, and to make 

the cooling pl"OCCSS fast.or and more efficiellt. Ult.imatcly, the t.emperaJ-ul"e 

reg;iSLcl"cd b.J' L11e PT-lOO sensors was n.lwn..ys well bclow Lhe crH.k:nl Lempcrn.Lure 

01' 1.he sUJx~rconduc\ors. 

Fiually, the coils \vere COllllected in an Clut.i-serial confignratiou in onler t.o 

reduce the Ixnver dissipat.ion inside the cryostat and t.he CUlTent. demanded for 

the opC'ration of t.he F'I'B:! prot.ot.ype. An imn.ge and CAD representat.ion of the 

FTS2 proLot.)·pe insLn.Ucd in Lhe cl".yosLnt. can Ix' seen in .F"ig. G.l. 

Fig. 6.1. 1) Sn~r('ondn('ting did:s (llTS";I; 2) P.\l (PSI): :3) Coik 4) PT-lOO 3C1HJrS,;)) 

~ulx'n:ull(ll!ct.or~ bn¡,;c '.i1ld ti) Opt.k milTor el! 1x'. Left: CA n uf t.r¡c FTS2 pl"{)tot.n)(.~· TIü.\"ht: Trl!C 

hWJge uf the FT.':>'? pl'ut.utype. 
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Chapter VI. Tests and demonstration in a relevant environment 

6.3 Experimental set up and procedure 

The FTS2 prototype was installed in the cryostat. In this section, the 

experimental set up and procedure used are discussed, including the description 

of any auxiliary system, such as the launch & lock system or the amplifier. 

6.3.1 Launch & lock system 

Stable levitation can only be obtained when the superconductors are cooled 

below their critical temperature (Te=90 K). Therefore, a launch & lock system 

was designed and built in order to keep the PM in the field cooling (FC) 

position (X=O mm, Z= HFC) while the superconductors are at a temperature 

aboye their Te. The PM was kept in position by a polyoxymethylene holder 

(from now on the Delrin holder) that was designed specifically for this purpose. 

The Delrin holder stands in two symmetric aluminium structures that al so 

work as the base of the stepper motors. Each of these structures contains a 

couple of springs (see Fig. 6.2) that provide the required pre-Ioad to maintain 

the slider in the appropriate FC position. 

Fig. 6.2. Springs in the launch & lock system. 

In addition, the position of the Delrin holder was modified with two 

cryogenic linear stepper motors from Micos which were symmetrically placed at 

either side of the prototype. The stepper motors were controlled by SMC Pollux 

drivers from the same company. By this means, the height of field cooling 

(HFC) was carefully fixed within an uncertain of around ± 100 11m. The whole 

launch & lock system is shown in Fig. 6.3. 
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6.3 Experimental set up and procedure 

Fig. 6.3. Launch & lock system installed inside the cryo-chamber. 

Once the temperature of the cryostat reaches a stable temperature (~15 K) 

the linear motors push down upon the Delrin holder until the PM is launched 

and able to levitate stably over the superconductors. Sorne space is required 

between the Delrin holder and the superconductor' base to allow the Delrin 

holder to retreat and launch the PM. The minimum gap required for the 

operation of the launch & lock system was estimated to be around 3 mm in 

order to assure there is no interference between the PM and the Delrin holder 

while the device is in operation. Hence, the HFC was set to 3 mm between the 

HTS top surface and the PM bottom surface. 

6.3.2 Signal generation and data acquisition 

In order to generate the input voltage signal, a 16 bit NI 6230 card (1) was 

used. The minimum voltage resolution of the NI 6230 card is 3.1 m V for a 

± 10 V signal field. The generated signal (0-10V) was then amplified (2) and 

transduced to a current signal (±500 mA) before supplying the coils using a 

current amplifier described in section 6.3.3 in this chapter. 

A second voltage signal for the fine positioning of the slider was provided 

using an independent output channel in the NI 6230 cardo This second parallel 

voltage signal was not amplified at all, instead having the circulating current 

controlled by an adjustable precision resistor (3) before supplying the coils. 

Then, by modifying the equivalent impedance of the electric circuit in the coils, 

the input current resolution was modified between 100±1 and 15±1 pA. As will 
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ChapteT VI. Tests and dernonstmtion in a 7'elevant enviTOnrnent 

be demonstrated in the following sec:tions: the better the c:urrent resolution, the 

finer and the positioning resolution of the slider. 

The c:urrent in the c:oils were measured using two independent NI 4070 

FlexDMM multimeters for cither the c:oarse (4.a) or fine step (4.b) motion with 

1p-A resolution and 100 p.p.m ac:c:urac:y and 10 nA resolution and 10 p.p.m 

ac:c:urac:y respec:tively. 

In order to c:harac:terise the behaviour of the slider, it was nec:essary to 

sync:hronise data from the c:urrent/voltage signals with data from the 

interferometer and the auto-c:ollimator (4). The c:ontrol of all instrumentation 

and data ac:quisition, inc:luding monitorisation of the temperature inside the 

c:ryostat and the c:ontrol of the stepper motors of the launc:h & loc:k system (5), 

were devcloped using NI Labview software. Finally a diagram of the clec:tric: 

c:onnec:tivity of the instrumentation for these tests is shown in Fig. 6.4. 

1 NET 1 I 
OUTPUT 

I 1 L 1 N 1 ~ I 
DATA 

t t t 

1 ~ ~ ~ .----------; 
Coarse 

L I N I * L I * I N Input * 1 NI PXI-I042.labview 8.0 1 L 1 N 

Cooling ~ I COM I DC Current O-lOV NI 6230 I NI 4070 I NI 4070 Ilnterfe romete; 1 Launch and 
System Amplifier (2) r- (1) DMM (4.b) DMM (4.a) /Co lli mator (5) lock system (6) 

r Fine Input 

±10V 

(3) P Current Fine 

±500mA 
~ 'l ±5mA 

Current Coarse 

I 

1 COIL+ COIL - 1 
1 FTS 1I prototype 

Fig. 6.4. Electrie connection diagram of the experimental set up. FTS2 prototype 

144 



 

6.3 Experimental set up and procedure 

6.3.3 Current Amplifier 

Due to the low current that the NI 6230 can provide, a current amplifier 

was designed and built to supply the coils with the required current of 

±500 mA. It was necessary to generate a current with the lowest noise to signal 

ratio possible. An electric diagram of the device is presented in Fig. 6.5. 

+15 V 

R2 

+15 V 
R1 

XTR 110 KP 

SOurce r~slstor .Vec 

Common Vref force 

Vrl!:fln Gate drlve 

Vin 1 Source sense 

Vin 2 Vref sen se 

+ 
Offset Adjust Vref adjust 

Vin (0, 10] V -= Offset Adjust 4 mA span 

I 
Span Adjust 16mA span 

+15V 

lout [-0.5,0.5] A 

R4 

Fig. 6.5. Electric diagram of the current amplifier. Rl=2 kD, R2=15 kD, R3=2.2 kD, 

R4=R7=10 kD, R5=100 mD, R6=22 kD and R8=3.3 kD 

In a preliminary prototype of the current amplifier (see Fig. 6.6), a nOlse 

signal with a magnitude of about 35 mA was measured. In addition, a high 

thermal drift of the output current signal was registered mainly due to self

heating of the transistors. At this point, it was clear that an improvement in 

the current amplifier was needed. 
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ChapteT VI. Te8ts o/fui !lernon8tmtion 'in a n:levant envinm/rnent 

Fig. 6.6. Preliminary protütype of the current é\mplifier. Cüurte~:v uf Juán Sánchez 

GarcÍa-Casarrubios 

It has long been known that electronic devices like transistor s or amplifiers 

moclify their response with their working temperature [142]. Thns, dne to the 

self-heating of the electronic cornponents while in operation, a thel'rrml dl'ift can 

appear in the output current. "Ve soon l'ealisecl that forced convention was not 

enollgh for heat dissipation, ancl to conseqllently avoid the lIndesired thermal 

dl'ift in the 01ltpllt ClIrrcnt of thc ClIrrcnt amplificr. In addition, the lowel' thc 

opel'ation temperature of the amplifiel', the lower the noise in the output signal 

[143]. 

In oIClel' to reduce both, the OUt]lUt current therrnal drift and the nOlse 1Il 

the current signal, a cooling systern basee! on PID-controllee! Peltier cells was 

designed and developed. This technique has been previously explored for the 

noise l'eduction amI therrnal control of mnplifiel's [144]' [145]. As a result, the 

ternperature of the transistors was controlled within ±O.l oC l'esolution, and the 

thermal clrift of the outpnt current was minimisecl. Without regard to other 

rnodifications done in the eady CUlTent arnplifiel', the use of this cooling systcrn 

turned out to be very cfficient not only in therrnal dl'ift reduction but also in 

reducing the noise ratio of the signa!. A picture of the final current amplifier is 

provided in Fig. 6.7. 
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6.3 Experimental set up and procedure 

Fig. 6.7. Final prototype of the current amplifier used in FT8. Courtesy of .Tuán Sánchez 

GarcÍa-CasétITubios 

In addition to the Pcltier cooling systern, sorne noise-reduction measures 

wcrc takcn III thc final amplificr. For cxamplc, installatioIl of dccoupling 

capaciton;, an appropriatc grounding design, magnetic insulation of the 

amplifier and optirnisation of cornponents distribution inside the amplifier [146], 

[147]. Due to thc prcviously rnentioIlcd mcasures, thc Iloisc in thc signal was 

rcduccd to a maximum of 50 llA at any working point of thc amplificr bctwccn 

±500 rnA. Thercfore, it can be said that the noise was reduced by almost three 

orclers of magnitucle from arouncl 70000 p.p.m to 100 p.p.m. The noise in the 

prelirninary prototype and in the final current amplifier are shown in Fig. 6.8. 
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Chapter VI. Tests and demonstration in a rclevant cnvironmcnt 

3,OE-02 
------ Early prototype (70k p.p.m) 

2,5E-02 ------ PID Peltiercooled De amplifier(100 p.p.m.) 

2,OE-02 

1,5E-02 

~ 
1,OE-02 

-c: 
~ 5,OE-03 
~ 

" <.) 
O,OE+OO 

-5,OE-03 

-1 ,OE-02 

-1 ,5E-02 
o 0,1 0,2 0,3 0,4 0,5 0,6 0,7 0,8 0 ,9 

Time [sI 

Fig. 6.8. Noi"c "ignal rneasurcd in both. the prclirninary pwtotypc and the PID Pcltier 

cooled amplifier. 

Finally, it has to be mentioned that the amplifier was designed so that the 

relationship between input voltage and output current in the amplifier was 

linear alld almost inclepellclellt from the output equivalent irnpeclance. In the 

begillllillg, it was clesigllecl to provide a rnaxirnurn drivillg currellt of aroulld 

± 1 A. The output current in the amplifier vs. input voltage from the NI 6230 

card is shown in Fig. 6.9. 
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Fig. 6.9. Output current in the current amplifier vs. input voltage from "r 6230. 



 

6.3 Experimental set up and procedure 

6.3.4 Position and rotation measurements 

The X and Y position of the slider were measured using an Agilent 10706B 

High Stability Plane Mirrar Interferometer with an accuracy of 0.62 nm. The 

laser from the interferometer passes through an optical window in the cryostat, 

it is reflected in the mirrar cube mounted on the slider, and then returns to the 

interferometer where the measurement of the position is developed. A picture of 

the experimental set up is introduced in Fig. 6.10. 

a) 

x 

v-J 

• • I .. 

.... • • • lO 

. .. • lO • lO 

. . . • . .. lO 

I • • • lO ti \t ... 
Fig. 6.10. a) Position and angular run outs measurements experimental set up V, picture 

courtesy of LIDAX, b) Picture of the experimental set up in LIDAX laboratories: 1) cryostat, 

2) optic window, 3) interferometer and 4) laser head. 
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Chapter VI. Tests and dernonstration in a relevant environrnent 

In order to measure the angular run out of the slider, the Ncwport LDS 

Vector (mto-colliTnator was used. As was previously mentionecl in clmpter III, 

the resolution of such an instrument is 0.1 ¡ll'ad and its accuracy is within 2% of 

the measurement. Only the interferomcter or the auto-collimator, was used at 

one time. Thercfore, for al! measurements presented in the fol!owing section 

regarcling the HUI out s of the clevice, the X position of the slicler is obtainecl by 

a piecewise polynomial fitting curve of the position X of the slider vs. current in 

the coils measured with the interferometer. A maximum uncertainty in the X 

position in al! angula;¡' HUI out charts lower than 50 ¡un was estimatecl. 
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Final!y, a diagram of the experimental procedure is shown in Fig. 6.11. 
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X and Y position of 

the slider 
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Fig. 6.ll. Experimental proceclure of the FTS2 prototype. 



 

 

 



ChapteT' VI. Tests and demonst'ration in a relevant enviTOnment 
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Fig. 6.12. X pODition of thc illidcr VD. currcnt in thc coilo. Currcnt incremcntD around 11 

mA. 

Fig. 6.12 shows that the stroke of the mechanism is about ± 9 mm and the 

currcnt rcquircmcnt is lowcr than ± 450 mA. Although thc scnsitivity of thc 

rnotion is not constant along the entire stroke, it can be approxirnated to be 

29±2 11m/mA in a range of ±3 mm around the origin of coordinates. Sensitivity 

vs. X position of the slider is presented in Fig. 6.13. 
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Fig, 6,13. Sensitivity vs. X position of the slicler. 
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ChaptrT VI. Tests and dernonstm.tüm 'ln a r-elevant enviTrJT/:rnent 

amI is a frcqucncy clcpcnclcnt timc clclay (scc cq. 6.2), clcfinccl ta nmkc thc 

periodigram insensitive to time shift [148]. See eq. 6.2. 

eq.6.2 

The Lomb-norrnalised periodigram on the signal shown in Fig. 6.14 leads to 

the spectral power density plotted in Fig.6.15: 

8.E-04 

7.E-04 

6. E-04 

~ 

::J 
¿ 5.E-04 

~ 
QJ 
;: 4.E-04 o a.. 

3.E-04 

2. E-04 

1.E-04 

O.E+OO I 

0.1 10 100 

Frequency [Hz] 

Fig. 6.15. Power spectrum of the position vs. time signal when the s!ider of the FTS3 

prototype is not yet launched. T- 15 K, acquisition frequency= 200 Hz. 

A major contribution to the spectrum was found at about 36 H7,. A second 

cOInponent can be fOllnd at 5.5 Hz. 

After this first analysis of the vibrations, the vibration in position was 

rneasllred with the slider floating at different points along the stroke. The X 

position of the slider versus time fDI an acquisition frequency of 1kHz and no 

current in the coils is shown in Fig. 6.16. 
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Fig. 6.16. X poeition of the elidel' ve. time in the initial equilibriurn position. T~ 15 K, 

acc¡uisition fl'ec¡uency= 200 Hz. 
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Fig. 6.17. Spcctl'al analysis 01' thc signal in Fig. 6.16. 

The rnain contribution can be located around 5.6 Hz, as shown in Fig. 6.17. 

Note that when the slider is launched, lower frequencies are amplified and 

higher frequencies are damped. This suggests that the FTS2 prototype behaves 

like a low-pass vibration filter with a cut-off frequency below 10 Hz. 

X position stability was also measured a.long the en tire stroke of the 

mechanism and very sirnilar results were obtained fOl' other positions a.long the 
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ChapteT' VI. Tests and demonst'ration in a relevant enviTOnment 

st.roke, as can be seen in Fig. 6.18. Aclclit.ionally, a very similar frequency 

spcct.rum of t.hc signal was found. 
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Fig. 6.18. X position of the slider vs. time around different positions in the stroke of the 

FT82 lTIechanism. 

In aclclition, the Y position stability of the slider was also measured. In this 

casc, thc instability of thc Y position was also found to bc indcpcndcnt of thc X 

position of t.he slicler fOl' the rneasurement. range. The arnplitucle of t.he vibrat.ion 

in the Y axis was founcl to be one orcler of magnitucle higher than in the case of 

the X stability as shown in Fig. 6.19. 
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Fig. 6.20. X position of thu ,lideI vs. curwnt in the milo C=100±1O pA 

Fine step mot-lon: 

F or the fine "tep motion in thi" chapter, only one of the coil" wa" u"ed. The 

X position of thc slidcr vs. CllIrCnt in thc coil is prcscntcd in Fig. 6.21. Thc 

position resolution under t.his operating condition was calculat.ed to be about 

1.5±O.2 p.m. The measured position resolution is just half of the calculated 

position resolut.ion for the comse st.ep motion. This is due t.o t.he fact that. only 

one pulling coil (attract.ive force) is acting. Thus, the force exerted on the PM 

is, approxirllat.ely, half t.he force of t.he comse step rllot.ion. 
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Fig. 6.21. X position of the slider vs. measurement sample. No registered time. 

C= lOO±l pA. 
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6.11 Tests reslllts and discllssion 

After this first experiment, the c:urrent supplied to the eDil was rec\ucec\ 

f:-Jirnply by increa..<üng the equivalent iInpedance of the coils Uf.;ing a precision 

variable resisLor in serial connect.lon \o,"¡Lh tJlC coils. Fine sLep nlOLion resolutloll 

was calculatee! to Le 230±30 IlIIl aIOune! the central positioll for a currellt 

reflolution of around 1511A. Very good linearity can be observed in Fig. 6.22. lt 

has to h<: llOt<:O that, yd agaill, tlw s<:llsitivity of tlw nlotioll is half of th<: 

coarfle step reflolution flensitivity becaufle only one coil \vas used. 
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Fig_ 6.22. X position of the slider ys. current in the coil:,:. Good linearity fol' ww.ll t rayel 

length~ can be observed. 

Thc RMS rcsolution for thc minimum currcnt incrcmcnt of 15±lpA is 

ploLf,ed in Fig. 6.23. Only RMS vallles are represenLed Lo clariIy Lhe figure, 

hccaus<: thc vibratioll lnagnituclr; is of thc ordcr of thc nlc<1..o;;urcd I<:solutioll. 
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ChapteT VT. Te8t~ mal dnnO'l/.8i'r'atio'll. in (J nlcuant e'llvinm'rrI.ent 

1"1 o,· 

.. -
s ..... . -••• .. ---l ..... 

a) 

X=9mm X=Omm X=·9 mm 

;=======~========~.,~ .............. ~., .. X=9mm 

Fig. 6.25. AhsolllLP magni1.ih[p oI i.lw magnPI.k DIL>; dplhüv in t.lw X din~("tion in I.hp JJTS' 

in I.hp normal SI.itLP ror a) d- 47 mm (rLS'--l) itlld b) d- S4 mm (},:JS:2). 

In onler Lo e.sLilllaLe Lhe [orce iu Ihe p:\.l, Ihe same pro(:edure illLrodllced in 

ehapter TV \va<; follc)l,ved. TTowever, here l)oth coils lTl an ant.i-serial configl.1rat.ion 

,yere COlli":idered in t.he cakulatioIls. Force Vi":. X positioIl on the sE(ler is 

prcscnt.cd in Flg. G.2G. 
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6.4 Tests results and discussion 
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Fig. 6.29. Different signals used for the analysis of the dynamic behaviour of t.he FTS 

1118chanisrn. 

The damping ratio of the syst.em can be determined using the logarithmic 

decrement met.hod. The damped frequency of t.he syst.em can be determined 

using spectral and tirne analysis. 

Spectral analyses basecl on the Lomb-normalisecl periocligrarn is considered 

a good detcctor for detcIInining thc frcqucncÍcs of intcracting oscillators in a 

nonlincar systcm [150]. It was uscd to find thc dampcd frcqllcncy of thc 

mechanisrn. Power spectrllrn for records of the same duration (3.5 s) with a 

freqllency acqllisition of lOO Hz (rernember the time unevenly of acquired 

datascts ) ami conscqucntly a frcqucncy rcsolut.ion aIOund 0.3 Hz. Thc 
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ChapteT' VI. Tests and demonst'ration in a relevant enviTOnment 

normalised spectral power density for clisplacernent.s of 2.4 llIll and 8669 11m are 

prcscnt.cd in Fig. 6.30. 
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- 6X=2.4±O.25 ~m 

100 

Fig. 6.30. Lomb-normalised periodigram (with normalised spectral power density), for 

rnotion uf 2.4 lun (red) and 8669.5 lllIl (black) di~placerncnts. 

Despite t.he frequency resolution being relat.ively low, a clear peak around 

1 Hz could be identitled. No presence of significant. harmonics in the signal was 

found. Spect.ral analysis was developed for other displacements of the slider 

arollnd the ccntral cqllilibriurn position showing vcry similar bchaviollL 

In addition, a diffcrcnt approach to calclllatc thc dampcd frcqllcncy was as 

follows. The period of t.he signal can be ca1culated at clifferent. relevallt. points in 

the motioll of the slider in Fig. 6.29. A time-uncertainty in the time of the 

relevant peaks of 5 ms produces an uncert.aillt.y of 10 rns in the periodo Results 

frorn these analyscs of thc signal are slllIlInarised in Tablc. 6.1. 
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Chapter VI. Tests and demonstration in a relevant environment 

Table 6.4. Apparent and maximum velocity of the slider for different motion histories. 

Trajectory Xinitial ± X final ± 
name 0.25 [pm] 0.25 [pm] 

A o 5731.2 

B 5731.2 o 
C O 7462.4 

D 7462.4 O 

E 16.0 O 

Maximum 

velocity ± 
1 [mm/s] 

28 

24 

40 

30 

7±1x10-2 

t± 
0.1 [s] 

1.8 

5.8 

2.1 

6.1 

1.9 

V ap 

[mm/s] 

3.2 

1.0 

3.6 

1.2 

8x10 3 

The apparent velocity of the slider could be a useful tool to evaluate the 

real speed of the modification of the position of the slider. However, because the 

FTS2 prototype is an underdamped system, its apparent velocity could be 

improved by implementing an appropriate PID control or an input shaping 

strategy. 

In summary, the FTS2 prototype is an underdamped oscillator. The elastic 

force provided by the spring in the mechanical model in Fig. 6.28 can be 

represented by a nonlinear function of the X position of the slider, as already 

demonstrated. In this context, the calculated natural frequency of the system is 

about 0.90±0.03 Hz and the damping ratio about 0.32±0.01. Apparent velocities 

over a few mm/ s were measured for millimetre travel lengths. 

6.4.2 Run out of the FTS2 prototype 

After the characterisation of the motion of the mechanism in the X 

direction, the experimental set up was modified so that the Y position of the 

slider could be measured. In order to do so, it was necessary to relocate the 

interferometer with the laser aligned in the Y direction. 

The run out vs. X position of the slider is presented m Fig. 6.32. Clear 

hysteretic behaviour can be appreciated. In addition, the lateral run out of the 

slider is of the order of ± 4 p.m for a full stroke motion (± 9 mm). 
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6.4 Tests results and discussion 

6.4.3.3 Roll 

Roll versus X position of the slider is represented in Fig. 6.35. The roll was 

the higher of the angular run outs measured. After analysing the problem, we 

concluded that the high value of the roIl was mainly caused by a misalignment 

between the magnetisation of the PM (Z axis) and the magnetic axis of the 

coils. 
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Fig. 6.35. Roll vs. X position of the slider in the FTS2 prototype. x< 5011ffi. 

6.4.4 Power consumption 

Resistivity of the wire in the coils was measured to be around 1.8x10-8 !lm 

and the resistance of each of the coils was 3.1±0.1 !l at room temperature 

(300 K). In arder to calculate the power consumption of the device, different 

values of residual resistance ratio (RRR) between 30 and 3000 on the copper 

wire were considered far calculations. Reduction in copper resistivity as a 

function of its RRR is shown in Fig. 6.36. 
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6.5 Conclusions of chapter VI 

6.5 Conclusions of chapter VI 

In this chapter, it has been demonstrated that a device based on 

superconducting magnetic levitation, designed as described in the previous 

chapters, can achieve sub-micrometric positioning resolution in a long motion 

range of ±9 mm. This new technology has been tested in accordance with an 

ESA TRL 6: A prototype of such a device was successfuIly tested in a relevant 

cryogenic environment (~15K and high vacuum < 10-6 Pa). The measured 

performance of the device is summarised in Table 6.6. 

Table 6.6. Summary of the performance of the FTS2 prototype. 

Performance of the FTS2 prototype 

Device temperature [K] ~ 15 

Cryostat inside pressure [Pa] ~ 10-6 

Stroke [mm] ±9 

Sensitivity coarse/fine step 31/15±1 

motion in the initial equilibrium respectively 

position (X=O mm) []lm/mA] 

Resolution coarse []lm] 3.3±0.4 

Resolution fine RMS [nm] 230±30 

Accuracy []lm] ~ 1 

Power consumption (15K) for ~5 

RRR=300 [mW] 

Hysteresis (X=O) []lm] 60±2 

Damping ratio 0.32±0.01 

Damped frequency [Hz] 0.91±0.02 

Maximum measured velocity ~40 

[mm/s] 

Lateral run our (Y axis) []lm] ±4 

Relative pitch (Y axis) []lrad] ±650 

Relative yaw (Z axis) []lrad] <100 

Relative roIl (X axis) []lrad] <4000 
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Chapter VI. Tests and dernonstration in a relevant environrnent 

The performance of the FTS2 prototype is slightly influenced by the 

working temperature. Despite sorne parmneters like the sensitivity of the 

mechanism being affectecl by temperature, this influence is much lower than the 

dependence observed in piczo-clectric actllators (see chapter II). It is also 

notieeable that the stroke of the mechanism is not in±lllenced by the working 

temperature. 

Dynmnic belmviour was found to be in a very good agTeement with tlmt 

preclictecl using a nonlinear stiffness obtainecl with FEM calculations clescribecl 

in previous chapters. The FTS2 prototype can be properly clescribecl as an 

underdamped harmonic oscillator with very low dependence of its natural 

frequency with respect to the amplitucle of clisplacements within the length of 

the clesignecl stroke. The FTS mechanism has been clemonstratecl to behave as 

an llnderdamped osdllator with a non-linear stiffness The measllred damping 

ratio was 0.32 for a natural damped frequency of around 0.91±0.02 H7, (not 

significantly clepenclent on the amplitucle of the clisplacement). In aclclition, the 

angular frec¡uency of the mechanism can be tunecl simply by acljusting the 

stiffness to the motion of the slider, for examplc, by modifying the distance 

between the superconcluctors d. 

The measured lateral run out Wfh~ more than three orders of rrmgnitude 

lower than the stroke of the meclmnism. Angular HUI outs (pitch, yaw and 1'(11) 

were also low ancl below a few milliraclians. Therefore, it can be statecl that the 

stability of the contact-Iess gllidance provided by the sllpercondllctors is high. A 

hysterctie loop for fllll-stroke motion with maximllm deviation at the centre of 

the stroke of 60 pm was measurecl. 

Finally, the FTS2 prototype showed out standing performance m 

comparison with other high-precision positioning instruments basecl on 

sllpercondllcting magnctie lcvitation (see chapter II). Despite the motion 

resolution being well aboye nanopositioners based on other technologies (such fh~ 

active magnetic levitation or piezoelectric actuators) it was clemonstratecl that 

the performance of the device cOllld be improved by providing better vibration 

inslllation to the device and a bctter Cllrrent resollltion. In addition, a low 

power consurnption of only a few milli\Vatts can be achieved using a low RRR 

winding in the coils. 
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Chapter VII. Long-stroke nanopositioning slider for cryogenic applications 

7.1 Introduction 

A sub-micrometre positioning resolution was demonstrated by the FTS2 

prototype. This prototype of the FTS mechanism was successfully tested in a 

relevant environment (temperature ~ 15K and pressure <10 6 P). Regarding the 

run outs of the mechanism, roll is the greatest one with a value of around 

± 2000 ]lrad for full stroke motion (± 9 mm). 

In order to improve the performance of the FTS mechanism, sorne 

modifications were carried out to the FTS3 prototype. The new prototype was 

tested again in a relevant environment inside a cryostat. The description of the 

prototype and a discussion of the test results are introduced in the following 

sections. 

7.2 Description of the FTS3 prototype 

The FTS3 prototype was built following the same design rules in chapter V. 

A current demanded in the coils lower than ± 500 mA should be achieved. 

Nanometre resolution must be demonstrated «100 nm RMS) and angular 

deviations must be as low as possible. The FTS3 prototype is mainly composed 

of three different parts: 

A stator, made of two 45 mm diameter and 13 mm thickness 

polycrystalline YBaCuO disks (HTS) and a third central disk of 36 mm in 

diameter and 12 mm thick (1). The HTS were contained in an aluminium base 

(5) with a distance 84±0.1 mm between the centres of larger disks. The smaller 

one is located with its axis coincident with the Z axis, as shown in Fig. 7.1. Pt-

100 sensor s were al so fixed to the superconductor's base in order to measure the 

temperature of the superconductor at any momento 

The same Nd2Fe14B PM (2) described in the previous chapters mainly 

compose the slider of the mechanism, with its magnetisation direction oriented 

parallel to the Z axis in Fig. 7.1. In addition, the PM carries an optic mirror 

cube (6). Now, two levitation heights or Height of Field Cooling (HFC) must be 

defined. The first HFC¡ from the PM to the 45 mm superconducting disks is 

2.0±0.1 mm, and the second HFC2 is 3.0±0.1 mm between the PM and the 

36 mm superconducting disk. This difference is required for operation of the 

launch & lock system as will be introduced later. Finally, the base of the 

superconductors (5) was re-manufactured including the housing of the central 

disk and a mechanisation to remove 3 mm of material in the upper surface. This 
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7.2 Description of the FTS3 prototype 

last operation will be required as well for the operation of the launch & lock 

system. 

, , , , 
I , , , 

(a) 

(b) 

Fig. 7.1. a) 3D CAD representation of the FTS8 prototype: 1) Sl1pereondueting disks 

(HTS); 2) PYI (PM); :J) YIa.in coils, 4) PT-lOO sensor, 5) superconductor s base; 6) Optic mirror 

euhe and 7) Secondary eoils. Left: CAD of the FTS2 prototype. h) Lateral representation of the 

FTS8 prototype. 

Lastly, thc actllation systcm is again composcd of two eoils (3) with its axis 

parallel to the Z axi~ in Fig. 7.1, placed at either end of the stroke. As has 

alrcady bccn dClIlonstratcd in chaptcr V, thc CUITcnt dcrnandcd in thc coil" will 

be increased due to the reduction in the levitation height because the magnetic 

field and the magnetic field gradient in the superconductors will be greater due 

to the reduction in the HFC. Increase of the magnetic field and the magnetic 

field gradicnt in thc ~liding dircction whcn thc supcrconducting disk~ arc at thc 
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Chapter VII. Long-8troke nanopo8itioning 8lider for cryogenic application8 

normal state are shown in Fig. 7.2. Note that the magnitude of the magnetic 

flux density on HTS in the FTSS prototype in the X direction (B,) is higher 

than the one calculated in the FTS2 prototype (-48 mT amI -61 mT 

respectively) 

In this figure, it can be also seen that changes in the magnetic field in the X 

axis are very low in the central disk for any X position of the slider. Therefore, 

despite this third superconductor contributing to a reduction in the run outs of 

the FTSS prototype, it is considered that its presence does not significantly 

adjust the current required in the coils. 

Fig. 7.2. Absolllte magnitude of the magnetie flux density in the X direetion in the HTS 

at the normal state for a) the FTS2 prototype and b) the FTS3 prototype. 

In accordancc with thc cstirnatcd incrcasc in thc stiffncss of thc slidcr, thc 

coils were redesigned in order to provide the extra current required. 

Electrornagnetic calculations dernonstrated that the new coils with a rectangular 

shape 1l0x60 mm2 and 10 rnm thickness and an inner alurniniurn core of 

68x17 lIlm2 surroundcd by 190 turns of thc wirc dcscribcd in chaptcr IV could 

provide enough strength to move the slider in a fun stroke motion of ± 9 mm 

with a clemancled current lower than ± 500 lIlA. 

Additionally, two auxiliary coils (7) with 5 turns each were installed 

surrounding the principal ones in order to provide a fine step motion control of 

the slicler. These coils were al80 connected in anti-serial configuration. They 

were fed with a voltage signal between ± 10 V generated in the NI 6230 voltage 

generation card. In order to fix the current in the coils, an adjustable resistor 

located outside the cryostat was used. 
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7.3 Experimental set up and procedure 

7.3 Experimental set up and procedure 

The FTS final prototype was installed inside the cryostat and cooled to a 

temperature of around 15K. High vacuum ~ 10-6 Pa was also achieved inside the 

chamber. A real image of the FTS3 prototype installed inside the cryostat is 

shown in Fig. 7.3. 

Fig. 7.3. Picture of the FTS3 prototype inside the cryostat. 

Once a stable temperature of around 15K was reached and the sliding 

kinematic was established, the slider was launched. Experiments developed in 

this chapter are similar to the experiments introduced in chapter VI. Therefore, 

the experimental procedure of the experiments in the FST3 prototype are the 

same as the one described in chapter VI. However, there are sorne small 

differences in the experimental set up which are described in the following 

sections. 

7.3.1 Electric diagram 

The electric connection diagram was modified in order to provide a second 

input independent signal to the auxiliary coils for the fine positioning as show in 

Fig. 7.4. 
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Chaple'f' VII. Long-slTOke n,anoposü'Üm:ing slideT JOT cTl!0genic applicalions 
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Fig. 7.4. E1cctric conncction diagl'a.m of thc FTS':J Pl'ototype. 

Regardillg the amplifier, r,he prototype \Velf, modified so it sllpplies abollt 

± 500 lIlA current for an input vohage of O-lO V. Current Vf:i. input voltage in 

jJle amplifier is plotLed in Fig. 7.ó. 
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Note that in thb chapt.er, the maxuIlulIl achievable current rCf:iolution in 

the COClJ"f:ie step motion is ClJ"ound 3D pA in spite of around lOO pA of the current 

resolution bcing uf:ied for lIleCl..'3uring thc position rcsolution in the FTS2 

prototype. 



 

 

 

7.4 Tests results and discussion 

7.3.2 Launch & lock system 

The holder of the launch & lock system was modified to reduce the HFC of 

the slider. Together with the modifications to the base of the superconductors, 

the new holder was manufactured of Al-6061 T6, which provides better rigidity 

and improves the alignment of the PM and the coils. In addition, two cuts were 

made in the holder so that it can be dropped and elevated without contact with 

the 45 mm superconducting disks. Finally, due to the different HFC for the 

45 mm disks and the 36 mm disks, the HFC for the 45 mm disks could be 

reduced from 3 mm to 2 mm. A sketch of the new holder and a top view of the 

prototype are shown in Fig. 7.6. 

o o 
(" (" 

00 

(" 
o 

6\ 

(" -o 

Fig. 7.6. Left: Top view of the prototype inside the cryostat; right: sketch of the holder 

of the launch & lock system 

In addition, sorne modifications were made in the holder and the FTS3 

prototype in order to provide a better alignment between the PM and the coils. 

Consequently, run outs were expected to be reduced. 

7.4 Tests results and discussion 

7.4.1 Positioning performance 

The performance of FTS3 is discussed in this section. The main parameters 

that characterise the positioner are presented: X position vs. input current, 

position stability and accuracy, position resolution, hysteresis, stiffness and 
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Chapter VII. Long-8troke nanopo8itioning 8lider for cryogenic application8 
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Fig. 7.9. X position vs. time fol' the sUl'l'Oundings of the central position of the FTS3 

prot,ot,ype. 

In addition, thc Y position stability of thc slidcr was al80 Illcasurcd. In this 

casc, thc oscillation of thc Y position was found to bc indcpcndcnt of thc X 

position of the slider throughout the llleasured range. The alllplitude of the 

vibration in the Y axis was found to be one mder of lllagnitude higher than in 

the case of the X as shown in Fig. 7.10. 
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7.4 Tests results and discussion 
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Fig. 7.13. X position (RMS) of the elider ve. currcnt etep ( C=100±1O). Samplce 

111easured consecutively with no tirne registered. 

In addition, X position of the slider vs. CUITent in the auxiliary coils for the 

fine motion was measured. The ICsults are plotted in Fig. 7.14. 
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Fig. 7.14. X position of the elider ve. current ( C=lOO±lO) in the FTSS prototype. 

From Fig. 7.14 it can be noted that sensitivity for the fines-step motion 

using the auxiliary coils is about 1.2 ]lIIl/mA, which is almost 30 times lower 

than the sensitivity in the coarse-step motion. Thercfore with a current 

resolution bclow 80 pA, a nanornctric resolution could be achieved. \Vith a 

55±9 pA rninirnulIl current step, a nanornetre resolution of 70±20 IllIl in the 

191 



∆

∆

Chapter VII. Long-8troke nanopo8itioning 8lider for cryogenic application8 

surroundings of the central position (X=O mm) was obtained. Results of these 

measllIeruents are plotted in Fig. 7.15 and Fig. 7.16. 
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Fig. 7.16. X position of the slider vs. eurrent ( C=55±9) in the FTS3 prototype. 

Therefore, if a better current resolution is provided, a better position 

resolution could be expected. 
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7.4 Tests results and discussion 

the current in the coils was suddellly switched off at t=l s in the measurements 

presented in Fig. 7.19. X position of the slider vs. time for these displacements 

was determined. 

9000 

8000 

7000 

6000 

E 5000 

a 4000 
x 
'" 3000 

~ 2000 .¡¡; 
o 

Q. 1000 

o 
-1000 

·2000 

·3000 
o 0.5 1.5 2 2.5 3 3.5 4 4 .5 

Time [5] 

Fig. 7.19. X position VH. tiIne foI' rnotion historie¡..; OH the FTS3 prototype. Coils are 

s\vitchcd off at t= 1 s in aH cases. 

Spectral analyses of the positiolls using the Lomb-normalisecl periodigram 

mcthod reveal that the main damped frequency is obtained at around 1Hz. 
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Chapter VII. Long-stroke nanopositioning slider for cryogenic applications 

were measured. Apparent velocities for the minimum coarse positioning step 

around the central position were found to be around 1.4 11m/s. See Table 7.3. 

Table 7.3. Speeds measured for different motion histories in the FTS3 prototype. 

Xinitial X final Maximum velocity t± V ap 

±0.2 [11m] ±0.2 [11m] ±1 [mm/s] 0.1 [s] [mm/s] 

-8869.9 O -31 4.5 2.0 

O 6040.2 19 3.6 1.7 

6040.2 8920.9 16 2.8 1.0 

2857.4 O 17 2.6 1.1 

1691.1 O 9 2.8 0.8 

O 162.1 0.4 2.0 0.08 

7.4.2 Run out of the FTS3 prototype 

Lateral run out of the FTS3 prototype has been reduced to around 3.5 11m 

with respect the FTS2 prototype for any X position of the slider. This 

represents a reduction of a factor of 2 with respect to the FTS2 prototype. 

Hysteretic behaviour is still present in Fig. 7.22. 
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Fig. 7.22. Lateral run out (Y axis) vs. X position of the slider in the FTS3 prototype. 

198 



 

 

 



 



 

7.4 Tests results and discussion 

300 ,-------------------~------------------~ 

200 

100 a 

" • • 

a 
.,," 

& 

.a 

,,'" ,," aa 

S' • 
~ O ~----------------~~.L-----------------~ .= J. ~ 

Vi' 'x -100 
ro 
~ = -200 
O o:: 

-300 

-400 
. aa 

• • 
.a 

• & 

• • • 
• 

... 
a 

1 
1 

• /lX<O .. /lX>O 

-500 +-----r------;-----r----r----+-------.-------r------r-----r-------j 

-7500 -6000 -4500 -3000 -1 500 O 1500 3000 4500 6000 7500 

Position X [lJm] 

Fig. 7.25. Roll vs. X position of the slider in the FTS3 prototype. 

7.4.4 Power consumption 

The measured resistance of the coils at room temperature (300 K) was 

3.8 O. The increase in the equivalent resistance is due to the greater number of 

turns in the coils in the FTS3 prototype compared to the FTS2 prototype. 

Therefore, the power consumption of the mechanism at a certain temperature 

can be estimated using e.q. 6. 10. 

Therefore the peak power consumption at 15 K, for a required current of 

500 mA and different RRR copper wires [134] is summarised in Table 7.4. 

Table 7-4 Estimated power consumption of the FTS3 prototype for different RRR copper 

wires in the coils. 

RRR [134] [134] 
Power consumption 

estimated [mW] 

30 95 

100 19 

300 6 

1000 2 

3000 <1 
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7.5 Conclusions of chapter VII 

The FTS3 is an improved version of the FTS2 in which a lower HFC is 

used and an additional piece of superconductor is added. For the FTS3 a 

nanometre resolution in a stroke of about ±7.5 mm has been demonstrated. A 

comparison of FTS2 and FTS3 is summarised in Table 7.5. 
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Table 7.5. Comparison between the FTS2 and FTS3 prototypes performance. 

Prototype 

Device Temperature [K] 

Cryostat inside pressure [Pa] 

Stroke [mm] 

Sensitivity around X=O mm 

for the coarse step motion 

[p.m/mA] 

Sensitivity around X=O mm 

for the coarse step motion 

[p.m/mA] 

Resolution coarse [p.m] 

Resolution fine RMS [n m] 

Accuracy [p.m] 

Power consumption (15K) for 

RRR=300 [mW] 

Hysteresis (X=O) [p.m] 

Damping ratio 

Damped frequency [Hz] 

Maximum measured velocity 

[mm/s] 

Lateral run our (Y axis) [p.m] 

Relative pitch (Y axis) [p.rad] 

Relative yaw (Z axis) [p.rad] 

Relative ron (X axis) [p.rad] 

FTS2 FTS3 

~15 

~10-6 

±9 ± 7.5 

31±1 

31/15 ±1 1.24±0.04 

3.3±0.4 0.8±0.2 

230±30 70±10 

~1 ~1 

~5 ~6 

60±2 100±2 

0.32±0.01 0.37±0.01 

0.91±0.02 0.93±0.02 

~40 ~30 

±4 <3.5 

±650 ±70 

<100 <120 

<4000 <700 



7.5 Conclusions of chapter VII 

The red uction in the stroke of the mechanism Wfh~ caused by dmnage to a 

superconductor, probably due to the thermal stress generated by the large 

number of cooling and warming processes it had suffered by this point. In spite 

of the damaged superconductor, the FTSS prototype is able to work with good 

performance, and a nanomctre resolution was demonstrated in a stroke oI 

± 7.5 mm. This out standing resolution fOl' a superconducting positioner WfhS 

possible by using a fine-step system composed of two auxiliary coils with a few 

turns. 

Due to the reduction III the HFC, the stiffness of the slider has been 

increased. This fact not only increfh~es the power consumption of the 

mechanism, but also increases its angular frequency and its damping ratio and 

reduces its sensitivity. 

Angular deviations ancl the mn out of the mechanism were also reduced 

due to the reduction in the HFC, the addition oI a third superconducting disk 

ami the fact that a better alignment between the PM and the coils Wfh~ 

provided. 
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Chapter VIII. Conclusions and contributions 

8.1 Conclusions and contributions 

206 

The main conclusions and contributions of this Ph.D thesis are listed below: 

A one DoF mechanism able to operate in cryogenic environments based on 

stably superconducting magnetic levitation has been proposed and 

demonstrated for high-precision positioning in a long-stroke in cryogenic 

environments. Different prototypes mainly composed of a long permanent 

magnet (PM) carrying an optic mirror cube as a slider, a set of high

temperature superconducting disks (HTS disks) in the mixed state as the 

stator and a set of coils as the actuation system were designed, built and 

tested. 

A set of HTS in the mixed state provides stable levitation to a PM. In 

addition, a self-guiding system is inherent to the FTS mechanism. 

Moreover, displacements in other directions present high stiffness because 

of the relatively high gradients of the magnetic field. A sliding kinematic 

pair is established between the PM and the HTS disks in the mixed state 

when the temperature of the superconductors is below their critical 

temperature. FinaIly, it is very noticeable that the mechanism presents an 

initial equilibrium position. 

Due to the symmetry of the magnetic field applied to the superconductors, 

the position of the PM can be modified with very low resistance and 

without contact between moving parts. A couple of coils properly designed 

and placed at either end of the stroke of the mechanism provide the acting 

force required on the PM to modify its position along the stroke. 

A decoupled model for actuation and levitation has been proposed. The 

forces of actuation are calculated using FEM calculations. Actuation force 

versus the X position of the slider can be described by a cubic polynomial 

(R2>0.997 in aIl cases). 

A preliminary prototype of the FTS mechanism (prototype FTS1) was 

designed based on the theoretical bases introduced in chapter III. It was 

also built and tested at ambient pressure with the YBaCuO 

superconductors cooled with liquid nitrogen. A stroke of ±11.5 mm, a pitch 

of around ±4500 llrad, a yaw about ± 250 llrad, a roll of ±400 llrad 

(extrapolated to a ±11.5 mm stroke) as weIl as a hysteresis and lateral and 

vertical run outs below ± 250 llrad have been determined. 
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Chapter VIII. Conclusions and contributions 

Table 8.1. Summary of the performance of the three FT8 prototypes tested. Parameters 

of lateral run out, rclativc pitch, rclativc yenv and rclativc ro11 are rclatcd to thc full-shokc 

lllotion of each protot:ype. 

Prototype FTSl FTS2 FTS3 

Device Temperature [K] 77 ~15 

Pressure [Pa] Ambiellt pressure ~ lO" 

Stroke [rnm] ±11.5 ±9 ± 7.5 

Sellsitivity around X=O mm for 
~78 3l±1 

the coarse step motion [¡un/mAl 

Sensitivity around x=o mm for 
15 ±l 1.24±O.O4 

the fine step motion [¡un/mAl 

Resollltion comse [¡un] <250 3.3±O.4 O.8±O.2 

Resollltion fine RlvIS [nm] 230±30 70±1O 

Accuracy [jlm] ~l ~l 

Power consumption (15K) for 
~l ~5 ~6 

RRR=300 [mW] 

Hysteresis (X=O) [pm] < 250 60±2 lOO±2 

Dampillg ratio O.32±O.01 O.37±O.01 

Damped frequellcy [Hz] O.9l±O.O2 O.93±O.O2 

lvImcirnum rneasured velocity 
~40 ~30 

[mm/s] 

Lateral mn our (Y axis) [¡un] < 250 ±4 <3.5 

Rdative pitch (Y axis) [¡lIad] ±4500 ±650 ±70 

Relative yaw (Z axis) [jlrad] ± 200 <lOO <120 

Relative rol! (X axis) [jlrad] ± 400 < 4000 <700 
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8.2 Future developments 

8.2 Future developments 

Given the results of this thesis, the following are suggestions for possible 

future developments: 

To develop a mathematical model for the motion and levitation of the 

mechanism. 

To determine the stiffness to the motion of the slider for all the generalised 

coordinates. 

Due to the fact that the hysteresis of the mechanism is higher than the 

position resolution and the position stability is no better than 1 p.m, a close 

loop control strategy would improve the overall performance of the control 

of the position and will provide enhanced position repeatability. Moreover, 

due to the low damping of the system, an appropriate closed loop strategy 

or an input shaping strategy would improve the apparent velocity of the 

slider. 

To develop a full-Meissner levitation device. Therefore, no hysteresis would 

be present in the superconductors. 
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