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Abstract: This paper presents a precision centimegege positioner based on a Lorentz force actuator using flexure guides. An
additional digitatto-analog converter (DAC) and an operational amplifier (op amp) circuit together with a suitable controller are
used to enhance the positioning accuracy to the nanometer level. First, a suitable coil is designed for the actuatdhdased on
stiffness of the flexure guide model. The flexure mechanism and actuator performance are then verified with an FEA. Based on
these, a means to enhance the positioning performance electronically is presented together with the control scheme. Finally,
prototype is fabricated, and the performance is evaluated. This work features a range of 10 mm with a resolution ofel0 nm. Th
proposed scheme can be extended to other systems.
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1 Introduction infinite resolution as therds no contact between the
stator and the mover. A classic example of this-act
Electromagnetic actuators operating under thgtor is the voice coil motor (VCM). Apart from these
Lorentz force principle are often utilized in medium advantagesa precision platform mploying such
to longrange precision positioning (Shan et al., 20153ctuators can be affected by the excessive heat ge
A sample application domain inclas XY precision erated by the coil if it is not properly designed (Shan
postioning platforms of 10 mm range for biologicalet al., 2015; Teo et al., 2015and performance
sample manipulations (Leung et al., 2010), millimetefradeoffs often need to be made (Hiemstra et al.,
range platforms (Lin et al., 2019; Wang et al. 2021)2014). Additionaly, the control of nanopositioning
micro assembly (Probst et al., 2009), opticalralig platforms leads to significant challenges as surveyed
ment (Yang et al., 2021), gt performance autama by (Devasia et al., 2007).
tive transnssions (Baronti et al., 2013) and intake For precision positioning, the motion must be
valves control for combustion engine (Dimitrova eTadequate|y confined along a predefined axis by some
al., 2019; Gao et al., 2019; Mercorelli, 2016) andorm of guideway. Traditional contatgpe linear
magnetic levitations (Kim and Ahn, 2020). Thesehearings,althoughwidespread, suffer fromonpe-
actuators are ideal for sucppiications as they offer dictablefrictional forces and the stiellip phenan-
backlasHree and cogree notions with theoretically enon, which becomes dominant over minuts- di
placements, making nanopositioning challenging
3 Corresponding author (Christiansen et al., 2008; Lin et al., 2012; Takrouri
" Project supported by thélational Key Research and Developme and Dhaouadi' 2016)' To circumvent theﬂencm'
Planof China(No. 2017YFB1303101 tactguideways, such as magnetic levitation (Choi and
ORCIP: E_Simal Jeet GOTEEAhttp_s//orcid.org/00090002-3101- Gweon, 2011; Kim et al., 1998; Zhu et al., 2019) and
1584 Qianjun ZHANG https://orcid.org/00080002-98625695 aerostatic bearings (Shinno and Hashizume, 2001;

Wei DONG,https://orcid.org/00000002-1211-6444 B
© Zhejiang UniversityPress2022 Tan et al.,, 2011)can be utilized however these
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guidewaysare not only costly andoluminousbut nanolevemeasurement system for the semiconductor
also require additional control to mpensate for the industry. However, such cogfirations for precision
multiple degrees of freedothatthey exhibit. positioning are infrequentlyeported. The proleim
Flexure mechanismspn the other handoffer  with employing a micro coil is the additional space
repeatable frictiofree and backlasfree motions required to install it, which may or may not be
confined ove a compliant axis for much cheaper,available. Moreover, if additional space isoaited,
making them ideal for precision positioning overin a traditional setup, the main coil will be placed
shortmedium ranges. They also have long servicturther away from the magnetahich will terd to
lives and are vittally maintenance free, provided thereduce the magnetic field strengdtiatit experiences.
material is not dformed beyond its elastic limit and Furthermore, for the micro coil, which is usually
fatigue poin (Howell, 2013). Recently, the potential wound in the middle of the main coil to minimize
of flexure mechanisms and electromagnetic actuatomsagnetic interference, to be effective, it mustdran
have been combined into a single unit as in (Teo et alate within the length of the air gawhich might not
2007) and (zhu et al., 2018) to offer nanometer re be possibleespecially if the main coil is overhung.
olution overa few millimeter range for embryonic In this paper, we propose a method to electro
and cell manipulations, micro/nano feature probingcally create a micro coil to achieve losubmicron
(Teo et al., 2010) and UV lithography processes (Temot mean square error (RMSE) tracking for a ieent
et al., 2014). meter range with 10 nm step resolutions dgrob-
Even though a Lorentzased actuator has tie type 1D postioner. The principle can be applied to
retically infinite resolution, it is difficult to achieve multidegreeof-freedom (MDOF) positioners.
high resolution and longange simultaeously as the The remaining sections of the manuscript are as
performance also depends on the underlying subsyfollows: The design of the flexures, coil and cele
tems such as the drives, controllers, sensors &nd tronic coil circuit as well as FEA simulations of the
some extent the skills of the experimenter force and vibration modes are presented in section 2.
(Makarovic, 2006). This can be overcome using duadllext, the controller design is introduced in section 3,
actuator stages configured im@acromico configu-  followed by experimental verification of the proposed
ration (Sharon et al., 1993), which is usually heter system in section 4. Section 5 finally discusses the
geneous in nature, mtining actuators such as thefindings and concludes this paper.
VCM for long range and a Lead Zirconate Tiranate
(PZT) for short range (Dong et al., 2009) for a-di
mond polishing application, or a linear mofor long 2 Mechanical, electromagnetic and elec-
range and a VCM for short range for a precision tablgonic design
(Shinno and Hashizume, 2001) and an tpirecision
scanning system (Kim et al., 2006). The heterog
neous nature of these actuators usuallyplcates Based on the relatively small 48 mm diameter of
the control and assembly. Additionallgoutions the stator of the VCM, three multiple compound-pa
relying on piezo stack actuator®SA9 need to allelogram flexuresNICPF9 arranged in parallehs
compensatéor the complex hysterestiatthey s  shown in Fig. 1, wittmotion directed in the x dice
fer from (Gu et al., 2014). There can also be tvom tion, were used for the guiding mechanism building
geneous solutionsfor example in Cheung and on the works of (Pham and Chen, 2005) and (Xu,
Cheung (1997) where two individual VCM were 2011) forMCPFs
usedback to back to form a macro micro system for a
wire bonding machine for semiconductor packaging.
However, that system suffered from low stiffness and
required complex adrol. Another means is to use a
dual coil arrangement as by (Yoo and Kwon, 2007)
who achieved a range less than 35 pm for the macro
coil and a resolution of 2 nm for the micro coil for

2.1 Design of flexure mechanism
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into Eqg. (1),h is calculated to be 0.39 mmhich is
rounded to 0.4 mm owing to manufacturingn€o
straints.
Each flexure has a calculated stiffness of 612
| N/m, resultirg in a theoretical stiffness of 1836 N/m
1 — . B L . (612 x 3) for the asgembly, whi_ch is withinl %o of _
Fig. 1 (a) Design of one flexure unit, (b) Top view of the the 1781 N/m obtained by finite element analysis

positioner with 3 flexures connected in parallel. Flexure (FEA).
unit, 2. Motion platform (head), 3. Flexure holder. . .
2.2 Design of the VCM caoll

The flexure can be decomposed into 6 beams
that can be simplified by applying the $ding
model. Each beam is subjected to a combined m
ment,M, axial reaction forceR, and driving fore, F,

The objective is to design a coil capable ef d
livering at least 10 N/A to defm the flexures and
produce the desired stroke. By having the forae co
i ) ) ) stant greater than the required force, a current co
when a forcd is applied to the primary side of the sumption of less than one ampanill be needed,

f!exurg asshovymn Fig. 1a. Th's_ results in a Sti,i{' which resultin less heat being generated by the coil
tically indeterminate beanand with the appropriate due to Joules heating?R), as the square of numbers
boundary conditions, the resulting esided ds- ’

placementcgpxbecomes & x+ xiti wherel xs the

less than unity are smaller than the number itself. An

. ; . existing stator made of 6 astiaped magnets was
displacement of the beam having length n d isd used to provide a near uniform radial magnetic field

Er tr}etgea;ln having Iengtm Thle rlnct)tlgnsl St'zness’t perpendicular to the coil for the electromagnetie a
» OF Ine flexure can be calculated based on hﬁjation scheme. The aeged mgnetic field strength,

bending moment and is equalrto:g, with F =%, B, in the air gap was 0.27 T and from the Lorentz
force equationF =iffiL 3B which can be conwve

FI° FI? bk’ o
T = Ry and | BT Substiing these iently rewritten asF = BIIN whereF is the generated
into K yields: force inNewtons | is the current irmmperegl is the
averaged circumference of the coil nmeters (30.5
K= 2EbK’ 1) mm), N is the number of turns of the coil in the
(5|3+|j) magnetic field,andthe number of turns can belca

culated.N was found to be 393 turns. For impleme

in terms of the geometry and material properties dfition,N was ncreasedy 20% to 480 turns to ensure

the flexure, wher&€i s t he Youngok HSHEGe sonstapt wi peat ledd N/A as the
is the moment of inertia in kgirb is the width,h is magnetic field due to the 6 arc shaped magnets is not

the thickness aridandl; are the lengths dhe flexure €ntirely uniform due to magnetic fringing ane-a
beams. sembly tolerances. With these 480 turns, the coil has

Aluminum 2A21 was used for the flexurgmd @0 averaged indicative force constant of 12.6 N/A.
it has a Youngé6s modul ul§e cgilfwasywpungd with .35 mmamel coppP§r ¢ s i |

strength of 470 MPa. The density is 2780 Kgand with a hexagonal winding pattern over 4 layers. The
thePois oné6s ratio is 0. 33 coiliscurrentdrivenand based on the stiffness of the

For a compact design and to meet the desirdifxure assembly, DAC (Digital to Adog Converter)
stroke with tle force produced by the VCM, a smallVoltage output and resolution and the transcoRduc
work envelope is desired. The peak force for on@NC€ Of the current drive, aguation can be form
ampere of current is estimated to be 9aNd the lated to calculate the minimum open loop displac
desired onesided translation is 5 mm. Based on théN€NtXmin_open asfollows:
diameter of the VCM stator and coil bobbin, thé fo aa L8, ook,
lowing paranatersof the flexure were determinel: P — -
=4 mm,| = 22 mm and; = 18 mm. Substituting these

)

K

OB SB;%
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whereN is the resolution of the DAC in bjteshich is  that the coils are to be current driven with linear
16 in this caseYpac is half the voltage range of the transconductace amplifiers, the micro coil can be
bipolar DAC which is10 V, T is the transconductance emulated electronically.
of the linear current drive in A/NMvhich is 0.4 Ky is The desired open loop resolution is 20 nm as the
the indtative force constant of the VCM in N/A and displacement will be measured with 10 nm resolution.
K is the stiffness of the flexure mechanism in N/mBased on Eq. (2), such a resaat per DAC LSB
Substituting in the appropriate values, the minimunnequires the micro coito havean indicative force
open loop diplacement is 864 nm. With a suitableconstant of 0.29 N/A for a 16 bit DA@nd if realized
feedforward and feedback controller, the resolutioit would requireapproximatelyl2 turns. This implies
was at best 50 nmas shown irsection4.4. that the micro coil will use 43.3 (12.6/0.29) times
more current to produce éhsame forceeffectively
increasing the resolution at which the force can be
generated. Wemplement this coilwith a set of op
The desired resolution ofi¢ system is 10 nm amps and an additional DAC. For the rest of this paper,
and a means of increasing this resolution from 50 ntthis coil and associateslibsystenwill be called the
is needed There are various ways of achieving thisglectronic coil.Since the same linear current drive
such as using another actuator imacromicrocon-  and a similar resolution DAC are being used, this ratio
figuration to perform these small displacemestgeh is also equalo that of the actual open loop resolution
as a PZT, or a micro coiDn the electronics side, a and the desired open loop regmn. We call this ratio,
higher resolution DAC can be employed. HoweverA, as in Eq. (3).
they all have their disadvantages. Adding another
actuator requires phigsal space for the actuator and
mounting fixtures and this also requires a differentyhereA is the amplifi@tion and attenuation factog,
drive technology to beised in case the actuationijs the actual resolution angis the desired resolution.

system becomesonhomogeneoudo keep the 8¢  This scheme ismplementedusing the electronic
tem homogeneous, winding a micro coil is a feasiblgjrcuit shown in Fig 2.

route but it requires having enough space in the air
gap and its efficacy depends on it being in the effe
tive air gap over thevhole stroke. Additionally, r& Voacy

IO
other linear current drive iseeded,and the force [ '5'%.
generated by the micro coil also needs to be properly Voaca ™| Ii R b Ve

2.3 Design of an electronic micro coil to overcome
the positioning limitation of the actuator

A= (3)
X4

R;

chaacterized. Using a higher resolution DAC has its
own disadvantageas such DACs aresually sub-
stantially more expesive and depending on the
manufacturer, they can suffer from integral nogin
arity (INL) and differential nonlinearity (DNL) noise The circuit comprises of three op amps: and
up to 4 least gnificant bits (LSB)swhich can make 2 are used as voltage followers to buffer the output
them perform worse than lower resolution DACs. voltages Voac1 andVpacy) of the two DACs and the
However, the idea of irsg a micro coil ish-  fingl op amp,and U3 is configured as an inverting
teresting as it keeps the actuation system ho&og symming amplifierthat scales and adds these two
neous. In this situatigthe micro coil and the coil of voltages to produce the final drive voltagsive. This
the VCM (macro coil) each produce a fothatadds s equivalent to summing the two coil currents.
up, due to the principle of superposition, to displace  \yjith respect to the controller in section 3.3,
the flexures and cae the required displacement. They, ., is responsible for reproducing the forcemeo
micro coil is made to produce small corrective forcegaanded for the coil by the main feedforward and
thatthe macro coil cannot due to the resolution of thesedback contiters. As such, it is only buffered. The
voltage Worive) Used to drive its current amplifier. grive voltage,Vpacz for the electronic coil, on the
Based on the principle of superposition and the fagher hangis amplified in software by factoA and is

Fig. 2 Schematic of the summing circuit
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Fig. 3 (a) Simulated force generated by the coil. (b) Resulting simulated force constatc) Normalized magnetic field
strength in the center pole.

output via the second DAGQvhich can properlya- shown in Fig 3a with the resulting pushing and-pul
produce it. Once output, it has to be converted back iog force constants shown in Fig 3b. The following
its original manitude. This is done by theesistor materials were used for the simulation: NdFeB42 for
pair Re/R. of U3, which attenuates the drive voltagethe magnets, carbon steel 1020 for the motor case,
by factorA once it has been buffered b. back plate, outerasing and center polend alum-

A negation of the voltage outputs of the DAEs num 6061 for the custom bobbin copper for the coil.
performed in software to produce the correct outpuThese are best guesstimates of the ones used by the
The choice of the op amps is important in tthety manufacturer. The bulk of the pushing and pulling
must exhibit the least nutiffset voltage (errorps forces is due to thedrentz force and the remaining
muchas possible as they multiply and sum the-vol forces aredue b magnetic attraction and repulsjon
agesand any offsets will produce a nonlinear outputwhich are inherent to the motor structure. 2D
For the implementation, the AD817 was choben magnetostatic axis symmetry FEA simulaticait-
cause it haa high bandwidth and high preice op  hough computationally less demanding, was not
amp with a null offset trim functionality. This allows performed as it would have modelled the six
the output of each op amp to be trimmed to zero voétrcshaped magnets as a hollowinger, resulting in
when the inputs are zero and to minimize disturbandbe simulated force being greater dugheincrease
d7 (w.r.t. section 3.3). The op amps are powered withia magnetic volume and decrease in magnetig{rin
standard #15 V to allow the outy to follow the £10  ing.

V DAC output. Although the desired attenuation As seen in the aforementioned figures, the
factor is 43, this ratio was conveniently set to 4pushing and pulling forces for a given current are not
based on standard resistor values with 1% tolerantige sameand their magnitudevary along the stroke.
byhavingRat 470 KkaYt wliOyiblséiRo This is due to the magnetic field generated by the
10 kY to pr ocdereadizatiomis shown guaentnflowinf into the coil interacting with the
in Fig. 4¢ and the final drive voltage is given by Eq.magnetic field flowing into the center pole due to the
4). permanent magnets. The normalized magnetic field
o L strength flowing into theenter pole at a distance of
V. = 'gé/ & Q_Va E (4) 7.87 mm from theenterling(which is incidentally in
brive PR 0 Dgaz R the middle of the metal portion of the latter) is shown
in Fig. 3c. This explains the shape of the pushing and

. Re _ R 1 1 pulling force curves. As the direction of this magnetic
with —=1and —=— =—. o R
A 47 field is set by the permanent magnets, it will either
attract or repel the one setup in the coil due to current.
2.4 FEA Force Simulation These forces are near vertical mirror images of each

A 3D magnetostatic FEA simulation was Carriedother about the averaged force constant. In addition,

out for the generated force by the VCM with <:urrent%he tm;q[netttl}c ﬂ; Idkgeln G:rated_ by th; oellalso_ & th
of 0.5 A, H A, £ A and 838 A, and the results are racg 0 the bac pqeausmg a ecr.ease n . €
pushing forcdout an equivalent increase in the pulling
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force. There is also magnetic saturation of the iron in  The harmonic behavior of the system wage#

the motor when high currents are usasiseen ithe tigated through the first five vibration modes obtained

increasing gap between theushing and pulling from FEA. The first two modes occur at 23.37 Hz and

forces in Fig. 3a. 117.47 Hz respectivelyand as seen in Fig. 5, the
The force simulation shows an average forceeformation is mostly contained along the axis of

constant of 12.4 N/Awhich is slightly lower than that motion making the system suitable for naog-

theoretically calculated (12.6 N/A). This forceneo tioning where the operating frequency is typically less

stant also ensures that less than one ampere of curritrain 10 Hz. The remaining vibration modes occur at

will be required to produca maximum stroke of #5 122.14 Hz, 203.5 Hz and 203.5 Hespectively.

mm.

2.5 Assembly 3 Electrical parameters, force constant,
The assembly is made of aluminum 6061 whitn controller design and op amp circuit

exception o.f the flexures apd head (w.r.t. .F.lg. 4b)3. 1 Electrical

Nonmagnetidasteners and fixtures were utilized to

minimize magnetic interference. Special side@a-

tions were given to allow air trapped between the The 480turnc o i | has a resistanc

inner suface of the bobbin and the center pole t@an inductance of 1.045 mHtesulting in a cut off

escape to minimize dampingspecially at 10 Hz frequencyR/(2pL)of 1.787 KHz. The linear c¢u

reciprocating motions. For cable managemé rent drive used has an output currehttp input
assembly features eirt slots to allow the exit dhe \oiage §) relationdip of 1=0.421% -0.00tin-

multistrandpure copper wires wita supple silicone g4 of the ideal transmuctance of 0.4 AV and has
coating to minimize wirenduced disturbances , pandwidth of 5Hz. Based on theseesults the

which can be significanes in Devasia et 22007 gampling and actuationefjuency of the controller
andHiemstra et al(2014) for nanopositioning based,, o< set to kHz.

on moving coil actuators. Aoncontactinglinear
incremental encoder was used for displacement
measuremenas it is both robust and has good noise
immunity. These together minimize thestdrbances
on the positioner.

The flexure assembly has a measured stiffness of

parameters and current drive
transconductance

1655 N/m which is within 7.1% ofthe FEA value. 1"

According to FEA, the maximum veldisses stress 7

in the flexures is 158.41 MPa and based on the 0.2% 2 ®

yield strength of 325 MPa for aluminum 2A21, the Fig. 5 First two vibration modes with motion in the y d-
assembly has a respectable safety factor of 2.05. rection. (a) 23.37 Hz, (b) 117.47 Hz.

Fig. 4 (a) Realized positioner, (b) Exploded view of positioner, 1. Back plate, 2. Motor case, 3. Center pole, 4.
Arc-shaped magnets x6, 5. Coil, 6. Bobbin, 7. Flexure Assembly holder, 8. Xlees, 9. Head, 10. Encoder ruler holder,
11. Encoder Holder, 12. Encoder, (c) Summing amplifier board.
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3.2 Force Constant motion reverses when the force changes from la pul

The actual force constant of the VCM Wasmg to a pushing one and vice versa. This is a majo

measured using a T3BDN sensor with a contributor to tracking erors.
T0O98HG 10V bridge amplifier from Right Co. Ltd. As 3.3 Controller Design
expectedthe pushing and pulling forces are n_ot the The controller schematic is shown in Fig. 7. The
sameand they vary alongnhe strokeasshownin Fig.

; ain controller consists of a feedforwakf; and a
6a. The averaged measured force constant is %

higher (13.5 N/A vs 12.6 N/A) than the calculate E\Afe'?g:?ﬁ{ Ef?ﬁgtrgii:otr?indny erigfmceoétl) OIthe
valuein section 2.2 and is 8.9% higher than the a ' P gme y

eraged FEA force simulation (12.4 N/A) in section ZIJ_e'edforward controllerand discrepancies are redu.ced
; . . with the PID controller. These track a reference signal,
This validates the calcaitions and the electroma

. . ) . ) r, and pr for mmarwhich is then co-
netic FEA simulation. These discrepancies can be du’ea d P oduce a force commanenich 1S then co
rted into a current via &rceto-current block,

to measurement errors and an uneven magnetic fie\@. L .
which compesates for the variatiom the pushing

n t_he air gap due to mml_Jte assemt_)ly errors Whezgnd pulling forces in the VCM and is finally rco
gluing the magnets and differences in the magnetic . ) .

. . verted into a drive voltage via @rrentto-voltage
material properties.

A forceto-currentblock is used to equalize the block, which compensates ftire nonideabehavior

) . . . of the linear current drive. These two blocks ame i
pulling and pushindprcesby calculating the required erative to make the svsterm as lingare invariant
current to reproduce the desired force by the VCM b . y .
taking into account the stroke and the appropria LTl) as possibleand they are the nverse models of
pushing or pulling force constant. The importance oerztzguéal gaDriv(\;a(r;.r dT?II\ISI (érzl\éeg \i;g?gvir:;ghgg:ge
this block can be seen in Fig. 6b andhich can- puts a dr>i/ve voltage within £10 V’and is then fed into
pares the tracking of a 2.5 mm 1 Hz sinusoid&l re

. . . o da linear current drive (Trust viomation, TA115)
erence with the coil and electronic coil with and . . . :
. . . hich then converts this voltage into a current in the
without compensating for the uneven pushing an

pulling forces along the stroke. When this block Warange of 14 A which the CO_”. finally converts |n.to a
X orcethatdisplaces the positioner due to the stiffness
renoved, the averades (13.5 N/A) was used instead. . .
. on the flxures. This displacemeny, is measured
The PID values and\ are as per section 4.3. The . ) . .
. . with a linear increrental encoder (Renishaw
RMSE error with the block in place was 0.104,umn L
. - RG240x, 10 nm). The current drive is powered by a
and without it, it was 3.775 purand the correspah linear power supply (UAT, UTP8305B). This d
ing MAXE was 0.2937 um and 10.37 pmespe- P bply (LAl :

) . . lacement is influenced byammeter uncertainties
tively. Theseerrors are orders of magnitudéfeient. P

Additionally, of interest is the shape of the error curvearlOI external disturbancesto d;, whereds andds are
Y. P yrimarily due to the resolian of the DACsfds is any

Without this block, one can see large errors when t Socti L
electrical noise in the power supply of the current

Averaged with Force-to-Current Block — w/o Force-to-Current !3719931'7'}%‘{{
< 17 15 0»4—‘ 3 25000
Z 16 £ 01 E 2/ A ! /" \
Z 1|5 Pushing 210 "0 | E 2496y
g 5 A 456575 = 1 1 624  6.26
Z 14 g 51 |\ NV 5 7T
g 5 il \,“kl\‘ o2 ol r [ / \
o 13 2 AL \)I Yh H \f\- ‘ '\_}" 8 | /
8 12 . £ “‘J‘ mav/aail AN M SV |
£ Pulling S 5|V MM U M & 5 [\ | \/1 / J
= 1“ = a4V VvV V
2% 5 4 6 s 0 YT s 9 0 35 6 7 8 9 10
Stroke (mm) Time(s) Time(s)

(2) (b) ©
Fig. 6 (a) Actual force constant of the actuator. (b) Tracking error with and without theforce-to-current block. (c)
Tracking with and without the force-to-current block.
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Fig. 7 Controller schematic

drive and noise in the current drive itsedfich as reasons for this: 1. The Q filter is difficult to build for
Johnson noisedue to heating of the active comp a nonminimal phase system (Lee and Tomizuka,
nents,ds is due to parameter uncertainties in the forc&996), and 2. The Q filtexcts as a lovpass filter and
constant of the V@ and ds is mostlydueto envi-  attenuates the higinequency noise, which needs to
ronmentalnoise,which makesit through the Lyseiki be suppressed by the electronic coil. These
Co. Ltd vibration isolation table QDO1. Thesesdi high-frequency noises are due to the quantization of
turbances are usually small. the reference signal and tracking when the trajectory
The measured displacement is converted intoia near the encoder selution. Removing these
force via aG(s)* block, which is the inverse nitel of  prematurely degrades pemfieance.
the positioner. This force is compared with the The Z transformis usedo implement the fek
commanded force by thEF and FB controllers for forward, controllerug(k), plant inverse,G(s)'and
the coil. Any discrepancies between thesedvealue feedback PID controllengiqd(k). These are defined as
to disturbances and parameter uncertainties. Thisllows:

force discrepancy is then fed into a P feedbem- (z- 2) ( 1) ol

troller. This commanded force is then converted toan ~ Yr(K = @“ﬁ T.Z k g and
appopriate drive voltage after going through the . ' .
forceto-currentblock and thecurrentto-drive volt- s 1 N o

age block. These blocks are identical to the eafor Upid(K) = Kpad +KiTST Ky 8 The
mentionedblocks,as the same coil and curtedrive E;% NI 8

are used. However, since this force discrepancy fgedforward controlleand the plant inversg(s)! are
small, as it has already been previously reduced by tigntical. Ts is the sampling time of the controllen,

FF andFB controllers, the output drive voltage by thec andk are the mass, damping coefficient and spring
DAC is small. This output voltage is amplified by acoefficient, respectivelyK,, Ki andKgqare the usual
factor A in the software before beg output by a p|D coefficients,N is the filter coefficient for the

second 1&it DAC, which also produces a distdr  derivative calculations and subscripis the sample
anceds. The op amp buffering and summing circuitnymber.

first attenuates this drive voltage signal by the same

factor A to restore it and adds it with that of the coil

drive VOItage from the first BC. This scheme efte 4 Experimenta| performance evaluation
tively overcomes these disturbances. The op amps

will also introduce a minute disturbandedue to any 41 System Identification

offset errors or noise in the op amps. ~ The transfer function of the displacement of the
_ Although the feedback control for the electronipositioning stage was identified with respect to the
coil resembles that of a disturbance obse(DOB), applied force following thenassspringdamper g-

it is not the same as it does natkeuse of a Q filter. namic modelik, =mx +bx +wheremis the motional

The disturbance is fed to a Pl controller. There are Mr%assp is the coefficient of dampingis the stiffness
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of the flexure mechanismandx, ‘Cand0 are the di- compiled in Table I.
placement, velocity and acceleratioaspectivelyks

is the force constant of the VGMndi is the applied 501
current. A force swept sine wave of 0.1 N amplitud(ﬂ 03} /\

------- Ref Coil only Coil with elec. coil

and frequency ranging from 0.1 to 100 Hz was-ge % . WM R 50'4 / \ ;?':?;465_25'5,254
erated and applied by the actuator. The identifieZ o | /| | IV I B of .
parameters were aslliovs: m = 0.085 kg (actual 32 MV ¥ MY _g

mass 0.08%g), the damping coeffientc = 9.243 &° 3 a4 vV VvV Vo
Ns/m and the spring coefficienk = 1691 N/m el
(measured 1650 N/m). The calculated naturat fr © @

quency of the positioning stage is 22.45 Hz (theore _____ Ref cuilily S ———
ical 23.29 Hz). The transfer function has a fitting o ! pyesn

93.4% and is given in Eq. (5) with théigse and £, 04/ 0.4996)

megnitude response shown in FR) : 6746756 26

Tracking Error (um)
S
— =
: g.
Displacement (mm)
=

11.76 ) 04
s“+108.7s +1872( 56 7 8 9 10 5 6 7 8 9 10
Time (s) Time (s)
(a) (b)
0 - ' N | —===- Ref Coil only Coil with elec. coil
. 2 0.5
- a2 —_ - & ,‘ . . 7
3™ = 70, E Boatf\ i [04% /\
3 I S K ; ; ; g |\ [} 0496\
= .90 R s LN PN N L PN L E T b 50122 5128
2 £ = INCINTINC NS 8  EY 4 Y e
e & -80 & ot\ / K I U RIS RS+ S | v T 1
Z-135 4 iR WIRWIRWIR : |
~-135 s CEB \ \/ / \ ] \
£ S
180 -90 g Zo4f
1 10 100 1 10 100 BN | A : : v
Frequency (Hz) Frequency (Hz) 5 51 52 53 54 55 5 51 52 53 54 55
(a) (b) Time (s) Time (s)
(e) (f)

Fig. 8 Phase and magnitude response of the positioning

stage with respect to the applied force. Fig. 9 (a),(c), (e) Tracking error for 0.5 mm 1 Hz, 5 Hz and

10 Hz respectively, (b), (d), (f) Tracking displacement for
0.5 mm 1 Hz, 5 Hz and 10 Hzrespectively.

4.2 Tracking of sinusoidal references " "°°° e Lotlzaty Sl
, : g .
0.4 i
The PID values were as follows: for all 1 Hz 5 I 09)9;
= .5

experimets, Kp 15, K; 11500 andq 1. For 5 Hz and

10 Hz,K, was increased to 125 and 1v&spectively

to canpensate for the phase lag. The PID values f(

the eletronic coil (elec. coil in the figures) were kept :
. . 6 7 8 9 10 7 8 9 10

atKp 1, K 19 andKq O for all experiments. Thgain Time(s) Time (s)

and attenuation factof, was set to 47. The subimi @ ®)

Coil with elec. coil

674675626

km;> Error (pm)

=

g——f
=
=

Dlsplacemem (mm)
C =4
wn <

S
J:-'N

n L
N ———

(=}

limeter tracking performance of the system wa: os 3 12,5005
measured by following sinusoidal references rof a 50_4 E 2/ 2~499g| N
plitude 0.5 mm with fquencies of 1 Hz, 5 Hz and 10§ OW vM h A *’. 5 (; " Yy 74 :_ 626
Hz, as shown in Fig. 9. For lor@nge performancd = Wl W Wt WA M g

mm, 2.5 mm and 5 mm sinusoidaferencest 1 Hz Z@ e §.z
were tacked and plotteds shownin Fig. 10. The .5 ¢ 5 0 35 6 7 % o 1o
performance indices were the RMSE and maximur T hms)

absolute error (MAXE) which are defined as

RMSE= f%a ¢ ; MAXE=max{ B . The results are
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----- Ref Coil only Coil with elec. coil
0.4- 61 5.001y
Eoon £ 4f 3
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‘g i IF' w = 2 ;.‘ 6.246.25 6.26
; JMWN /- B T A O B T R R A
Ii 0 WHJ H Nﬁ '*hm’ H‘v § 0 | —
= 2 9l
£-0.2 &
& L a -4
F 04 -6
5 6 7 8 9 10 5 6 7 8 9 10
Time(s) Time (s)
(e)

Fig. 10 (a),(c), (e) Tracking error for 1 mm, 2.5 mmand 5
mm at 1 Hz respectively, (b), (d), (ffTracking
displacement for 1 mm, 2.5 mm and 5 mm at 1 Hz
respectively.

4.3 Step response

Ref Tracking
80 400
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0246 8101214161820
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Fig. 12 Resolution: (a) Coil and electronic coil, (b) With
coil only.
As a means of validating ¢hchoice ofA, an
experiment was conducted wiffsetto 1, 2.2, 4.7, 10,
27, 47, 68 and 10@nd the corresponding RMSEs for

The step response of the positioner wassavetracking the 10 nm resolution experiment were
tigated by following a 5 mm step reference modified“easurec! 3”0! plotted. ABownin Fig. 13, the RMSE
to a 0.0625 m/s ramp to accommodate the maximufalls logarithmically to 5 nm asA reaches 47 and

tracking velocity 0f0.065 m/s of the RGH240x seriesthereafter dcreases marginally as the resolution of
of linear encoders. Without the electronic coil, thdéhe encoder and environmental disturbances become

main error band was 50 nnand with it, the error

band was reduced to #10 nras seen in Fig. 114
gether with the lowpass filtered displacement.

Low pass filtered tracking with
Coil Coil + elec. coil

| Coil only
15.000 OS5 JEETmRTE IR j
: 5 AR AN A pa by

|'4.999 95| It
r 2 25 3 35 4 45 5

ESS

%)

' Coil and elec. coil |
15,000 02 e e e L

; 5y*"WHH‘”"[‘(VI\\N\A’J‘Tﬁ>.‘\N‘J]")\”f‘{q}w Ay ;

14,999 98 Lo 1
|2 2 E

[S)

Displacement (mm)

Time (s)
Fig. 115 mm step tracking.

4.4 Resolution and validation of amplification
factor A

With the electronic coil, the resolution was 10

nm and 50 nm without it, ashown in Fig.
12.

dominant.

0 20 40 60 80 100
Amplification Factor, A

Fig. 13RMSE for 10 nm tracking with varying amplific a-
tions factor A.

4.5 Random trajectory tracking

To test the generig} of the controller and aat
ator, a random pathvas generated and tracked with
and without the electronic cpias shown in Fig. 14
The PID values ané were as per section 4.2. The
RMSE without the electronic coil was 0.1331 pm and
0.0631 pm with it, while the MAXE was 0.597 pm
without the electronic coil and 0.3057 pm with it.
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Coil with elec. coil Table 1RMSE and MAX error with and without op amp.
Percentage improvement wih the op amp are show in

0.6 il ‘ brackets
- 4,042 I Coil only Coil + electronic

------- Ref Coil only

H
S
B
Y

g ; 2} 619 621 Stroke  Freq. coil
L
=l £, Sriea (mm) (Hz) ~ RMSE MAXE RMSE MAXE
5 2 e \/ (m  m  m)  m)
£ A2 7 N 1 0.119 0394 0043  0.207
90 20 30 40 50 60 alk 1(‘)/ 20 30 4:;”;:“(70 (63.4%)  (47.5%)
& - O/ &} D/

Time(s) Time (s) 05 5 0280 0547 0134  0.228
(a) (b) (52.1%) (58.3%)

10 1.280 2.010 0.637 0.939

Fig. 1 (a) Tracking error for a random path (b) Tracking of (50.2%) (53.2%)

the random path

1 0166 0555 0061  0.234
(63.4%) (57.8%)

25 1 0357 0889 0117 0312

, , , , (68.4%) (64.9%)

5 Discussion, comparison and conclusion 5 0732 1700 0226 0561

(69.1%) (67.0%)

5.1 Discussion

The resulting medwanical assembly is relatively Such performance is feasible if the system is as
compact as it is slightly larger than the diameter ofLTl as possible. One major contributor nonideal
the VCM. It has a stiffness within 10% of the the behavior is the difference in the pushing and pulling
retical and FEA simulation and allows tracking of ugforces generated by the VCM due to magnetic &ttra
to 10 Hz, with the first vibration mode occurring attion and repulsionwhich is inherent to the VCM
22.3 Hz. The ssembly also offers a relatively high construction. The discrepancy in the current drive
safety factor of 2.05. Additionally, the stiffness modefransconductance must also be accounted fdr. Al
of the flexure is within 3% of FEA. The averaged hough noshown, this discrepancy is easily visible in
force of the VCM is withirf% of the theoretical and the resolution trackingespecially when the oo
electromagnetic FEAimulations manded displacement is zero. Additionally, care must

The tracking performanocesults show that the be taken in minimizing external disturbances, such as
RMSE error for sinusoidal trajectories can be reducetiosedue to the stiffness of the wires, especially for
by 50%to 69% depending on the amplitude and-fr submillimeterdisplacements. With everything being
quency while the MAXE can be reduced #7%to equal, the RMSE for tracking a 2.5 mm 1 Hz sinu
67%, as seen in Table I. With the electronic coil, thedidal reference showed a reduction of 36 tinze=l
RMSE was kept well below 1r, while the MAXE  the MAXE showed a reduction of 35 times when the
was below 1 pm for all trajectory tracking. The hysteresis and nonlinearity in the foraere com-
MAXE is more sensitive t@nvironmentaldistub- pensatd. Once the system is LTI, it softens tlee r
ances. The resolution was improved fivefold from 5@uirements for a sophisticated controller such that
nm to 10 nmwhich is also evidenced by the 5 mmfeedforward and feedback PID and PI controllers
step trajectory tracking where the erraand was proved sufficient.
reduced from 150 nm to 10 nm. When the system This method is suitable for linear current drives
was made to track a random path, the RMSE erravithout a dead band and for most commelyial
was reduced by 58%,while the MAXE was reduced available VCMs including those using an axial
by 488%. Thesaesultsshow the effectiveness of the magnet with a flux poléhatorients the magnetic field
use of the electronic coil and the controller im e into the air gap. Such VCMs usually have overhung
hancing longrange nanopositioning without resortingcoils, that isthey are longer than the effective air gap
to an additional physical micro actuator. Additionally,and retrofitting a micro coil is not aiable option
the optimal amplification factor, was verified B- becauseonce it moves out of the air gap, it loses its
perimentally. effectiveness. Additionally, because the volume of the

coil is much larger thathat ofa hypothetical micro
coil, it is less affected by small variations in the
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magnetic field, which enses more uniform force 5.3 Conclusiors

generation. Based on equation 2, a lower resolution
DAC can be utilized for the electronic coil, which canble f

reduce the implementation cost.

Table 2 Comparison with previous work
Resolution

Ref. Stroke Value Percentage FrNeaclltLL: ;ilcy
(mm)  (nm) of stroke (Hz)
(%0)
(Hiemstra 10 20 0.0002 25
etal.,
2014)
(Xu, 11 250 0.0023 234
2013a)
(Xu, 11 200 0.0018 29.3
2013b)
(Yang et 10 20 0.0002 38.99
al., 2021)
This work 10 10 0.0001 22.45

5.2 Comparison with previous works

The performance of this system with respect to
the resolution and stroke is comparable if not better

The proposed actuator and positioaeg suita-

or nanopositioning over a £5 mm stroke with a
10 nm resolution. The imp@nce of suppressing
nonlinearityin the force was also demonstrated. The
electronic coil and associated controller provéd e
fective in substantially reducing the tracking errors,
and the performance compared favorably with other
recently published workgCurrently, a more sopsi
ticated controller capable of automatically compe
sating for the phase lag is being investigated.
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