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System and Control Design of a Voice Caoll
Actuated Mechanically Decoupling Two-body
Vibration Isolation System

Ernst Csencsics, Markus Thier, Reinhard Hainisch, and Gedgt&c Senior Member, IEEE

Abstract—Structural modes such as decoupling of a me- is considered rigid at slow speeds shows internal structura
chanical subsystem are in general unwanted effects in high modes, meaning additional system dynamics [1]. They arise
precision positioning systems. This paper introduces intentional either from structural modes of the individual components

decoupling as a design choice by using a connecting flexure- . . . .
damper configuration that allows high bandwidth control of a of the positioned structure, or their interconnections,iras

stiff first subsystem and lower bandwidth control of a bulky the case of a decoupling sub-mass [10]. To cope with such
second subsystem at the same time. An experimental setup of aunwanted effects strategies like active damping [11] are re
single DoF system with one body intentionally decoupling above ported, which, however, requires an extended control sirac

190 Hz is developed and analyzed, showing good agreement withapgiher way to remove unwanted dynamics is overactuation

the analytical modeling. A model-based H.-controller to actively . . . . .
control the position of the first body is designed and the damping [12], such as active suppression of vibrational modes with

in the system is revealed as an important design parameter to Pi€Z0 actuators [13]. There are also control approaches for
reduce the control effort around the decoupling frequency. Itis MIMO systems employing block decoupling algorithms to
demonstrated that with the derived controller the first and the decouple vibrating structures into independent subsirast
second body of the resulting prototype can simultaneously be ; ; [
controlled with bandwidths of 1.4 kHz and 180 Hz, respectively, LL-- 1€ related drawback in these cases is clearly an in
When exposed to a disturbance profile with 12.4/im rms value in creased system Complex'lty. Further reported in Ilt_eramtlae

the laboratory environment the remaining rms positioning errors ~ Placement of actuators in nodes of the respective unwanted
for the actively and passively controlled subsystems are as small mode [15] to avoid its excitation, which requires a rather

as 0.12um and 0.81 um, respectively. complex preliminary system analysis and has disadvantages
Index Terms—Vibrations, Optimal control, System analysis N the case of a broadband external excitation.
and design In contrast to active vibration isolation structural decou

pling mechanisms are deliberately introduced in strustfioe
passive vibration suppression, that in some cases outiealan
active solutions with respect to costs, complexity andareli
H IGH precision production, positioning and metrologyijity [16]. To decrease the system transmissibility a kstat
systems require a high control bandwidth ensuring go@fcoupling mechanisms with alternating layers of stiff sess
disturbance rejeCtiOn, in order to achieve the reqUireeHﬁVand Comp”ant Springs with inherent viscoelastic dampmg i
of precision [1]. Since high precision tasks are in genergtoposed [17]. With slightly displaced resonance freqigmc
sensitive to disturbances, external vibrations are a commge transmissibility of all layers is summed up to the entire
problem [2]. Widely used countermeasures in these fields afgstem transmissibility. A similar approach with a two stag
passive [3], [4] and active vibration isolation systems, [Sktacked decoupling mechanism is also reported [18]. Both
[6], equipped with sensors and actuators to actively rejegfstems have the drawback, that due to the additional stacke
external vibrations. Active concepts that employ closemblo masses they become very heavy and thus require extremely
control to maintain constant distance between a probe afgh spring stiffness. In addition, mechanically decougli
a sample are also reported [7], [8]. Voice coil actuatoib-masses are used to decouple structural modes in a four
are frequently used in such systems as they provide laiggyree of freedom micro-machined gyroscope to simplify
stroke and have no mechanical connection between stator gadign requirements and minimize instability and drift][19
mover [9]. This results in low stiffness systems that até#8u Recently also structures incorporating nonlinear stifnand
external vibrations significantly [7]. The control bandwicf gamping have been proposed for passive vibration isolation
these systems typically lies above the suspension mode (3} the transmissibility of such systems has been investiga
resonance) of the system. [20]. Besides a nonlinear spring mechanism incorporating a
For such closed loop controlled active vibration isolatiopjstable composite plate [21] and an Euler buckled beam used
systems structural modes represent a challenge, as theyadmegative stiffness corrector [22] also a scissor-likecstire
general may limit the achievable closed loop bandwidth gfith quasi-zero stifiness, beneficial nonlinear dampingl an
the system. At higher frequencies every lumped mass thafjustable vibration isolation performance is reporte@].[2
) ) ) Such nonlinear structures are however rather complex in
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designed structural decoupling mode, known from passive actuator
systems, to improve the performance and versatility of an t’-7 Sus1 1 ogt
active vibration isolation system for a combined high psixi T
metrology system. The system configuration considered is [
. C
a metrology platform for inline metrology (see [7]) that
comprises one position sensor, one compact high-precision
metrology subsystemMS1) and one bulky low-precision
metrology subsystemMS2, as shown in Fig. 1. A classical
rigid design for this system configuration includes several
performance limiting factors such as (i) the entire platfor
needs to fulfill the high precision requirements, (i) a &rg ’
moved mass (current limitations), and (iii) structural resd
of MSZ at frequendes below the target bandwidthM81, Fig. 1. Concept of positioning a high precision metrologytsysin constant
are impairing the performance ®iS1 The separation into distance to a sample. The system comprises a compact subsyisiefigid

two mechanically loosely coupled subsystems, as alte/matPPiy Wig‘ TH) and a bulky S”bSYStG'"TSZT(rhigid bgdy with ms), feq“gin_g
P . . an ower precision, respectively. e subsystems ammexted via
to a rigid system design, allows the spectral separation ?designed spring-damper structures (and da). MS1 is via ki and dy

the two subsystems, meaning that different target banti&idtonnected to mechanical ground and actuated by the fBicéis position
fulfilling the individual precision requirements are erehl iSh meaS,Uf?d by a Se"for: (';fs) a"g aC“"eg’ gg&gg'r'fd (G‘fgag,d zzbafe

. - - . the vertical posmons of the first and secon as goo isturbance
This approach h_as_ f_urther the potentlal to avoid the exortat rejection up tof> and decouples froriviS1above this frequency, leaving only
of performance limiting structural modes fS2that lie above Ms1for improved disturbance rejection up 3.
the target bandwidth oMS2 (i.e. the decoupling resonance

frequency) and below the target bandwidthM$1

| sample '

////////////////IVilorations

This paper provides an analvtic description of a single a flexure-damper structure. The high precision metrologyesys
paper p Y P g€ G5t is directly connected to the actuator and a positioning

vibration isolation system with an intentionally decongli o ST
. . sensor measures its distance to the sample, which is désturb
subsystem and its design parameters, and shows that diffefe Lo
¥ external vibrations. The flexure-damper structure can be

control bandwidths can be achieved simultaneously for eaéesigned such that the bulky subsyststs2 decouples from

zg:tsr)(/jlt:rm d:;imr? ?nsiﬂgles ii;lﬁtc;rn;?g;;h?r: ggztignsﬁlt?hs&systemSlabove a defined decoupling frequency. Decou-
gn. Y y . eIing thereby means that MS2 can no longer follow the motion

damping in the system is identified as an important desi 0 Vst leaving only the small body for high bandwidth

parameter to shape the system mechanics, in order to provide _ -
vibration cancellation.

good robustness against variations of the decoupling digsam To model the dynamic behavior of a mechanical system

and to maintain good transient performance of the decotglpliﬁ1alt is decoupling along a single degree of freedom a two-

subsystem. The single axis prototype is developed in Sec- ; . ; .
tion Il and analyzed in Section IV, matching the requiremssen%Ody mechanical lumped mass model (see Fig.1) is considered

derived in the analytic section. Based on identiﬁcatiorada-trhe first rigid body with mass, is connected to mechanical

a controller is designed vi#l ,.-synthesis in Section V. Sec_groundyla a sprlngkl and a dampedl'. The secpnd rigid
: : body with massn, is connected to the first body via a second
tion VI evaluates the controlled system in terms of closexblo

bandwidth, robustness against plant variations, dishaba spring; and a se_cond dampés. The system is _ac_tuated via
S . e . a force F’ on the first body by an actuator that is installed in
rejection, resulting positioning error and change of ofiega

. - arallel to the spring:;. The coordinates; and z, represent
point. Experiments demonstrate that for the proposed syst e vertical positions of the first and second body, respelgti

the designed SISO feedback controller can be used to posi . - . - )
the two bodies of the system with a high and a low bandwid?tg:r;siedslﬁaerr:,m'al equations describing the motion for the tw

respectively, at the same time. .
mi21(t) = F—ky121(t) — ka(z1(t) — 22(t)) )
Il. SYSTEM MODELING FOR SINGLE AXIS DECOUPLING —d17(t) — d2 (21(t) — 22(1)) ,
SYSTEM and

Fig. 1 shows a high precision metrology system, that needs ;2 (t) = ky(21(t) — 22(t)) + da (Z1(£) — 22(2)) . (2)
to be positioned in constant distance to a measurement eam_lpl . .
while compensating external vibratidng comprises two sub- | "€ transfer functions (TFs) from the applied forEeto the

metrology-systems with (i) subsysteMSL1 (e.g. an atomic vertical positions:; anc_izz can be obtained by compining 1)
force microscope) being compact and mechanically stiff, r@nd (2), and by applying the Laplace transformation for null
quiring high precision and bandwidth, and (i) subsysterffarting conditions 4 (0)=2(0)=0). This results in

MS2 (e.g. a white light interferometer) being bulky, with  Z;(s) mas® + das + ko 3)
structural modes around 300 to 400 Hz, requiring only low  F(s) = mymas* + D3s3 + Das? + Dys + ki ko

precision and bandwidth. The subsystems are connected vig 3y, position of the first body, and in
1Projec'( "Automated in-line metrology for nanoscale produrti ZQ(S) _ das + ko (4)
www.aim4np.eu F(s) mimast + D383 + Dos? + Dys + kiks’
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for the position of the second body, with the movement of the second body at this frequency is such,
that the corresponding strain of the spring creates a force
Dy = diky + doky, ®) that exactly compensates the external force acting on tsie fir
Dy = dydy + kymg + kamy + kamy, (6) body. Meaning that the first body stops movingfatand all
D3 = dymg + domy + dams. (7) force is directly transferred to the second body. 4203 Hz

. . ) both bodies show the decoupling resonance. Thereafter the
The relation between the position of the first and the secogg ¢ the first body continues with a -40 dB mass line (phase

body is obtained by dividing (4) by (3) resulting in at -180) determined by its own mass only. The TF of the
Zs(s) das + ks second body continues in the undamped case with a -80 dB
Gao,1(s) = Z1(s) = Ms? & dgs + kg ®) slope and a phase at -360meaning that the two bodies are

. . . . moving in counter phase above the decoupling resonance. Thi
As damping does in general not dominate the dynam|csi fgbility of the second body to follow the movement of the

][nechatronlc pOSIt!OnI?g syst;emsl 24], ':j IS neglecteéj fw ttﬂrst body at frequencies above the decoupling resonance is
requency approximations of poles and zeros made in cglleddecoupling of the second bof].

following. The TF of the first body has an anti-resonancer(pai The mass line of the first body aboyeis vertically lifted to

of conjugate complex zeros) at a higher level compared to the mass line before the decayplin

_ 1 as only the massn; of the first body remains when the
Ja= 2m Fafma, © second mass has decoupled. The vertical shift depends on the
while the TF of the second body has a zero at ratio of m; + mo to m; and is 12 dB for the chosen model
1 parameters. This effect represents a design parametenahat
f-= o ko/ds. (10) the potential to reduce the energy consumption of the entire

. vibration isolation system.
The poles are the same for both TFs and with the mass ang;

spring ratiog,, = my/my and g, = k1/ko their frequencies
can be modeled by

can be seen that a higher damping valiie reduces
the peak heights of the anti-resonance and the decoupling
resonance of both bodies. This design parameter is imgortan

_ 1 \/ki 11 for the controller design and will be revisited in Section V.
fi= o 1/ (ma +ma), an Assuming a fixed spring constart the dampingd, also
and determines the location of the zefo of the second body’s TF
fo="fa V(Gr + 9m + 1) /gm. (12) (see. (10)). With increasing values éf the zero is shifted to

lower frequencies (e.gl,=100 — f,=2.706 kHz), resulting
The shapes of the TFs of the first and the second body ofnaa 3rd order system behavior with a -60 dB slope (phase
theoretical system model with different values &f can be approaching -270 above f.. Compared to the -80 dB slope
obtained from the simulated plots in Fig. 2(a) and Fig. 2(0er low damping values (e.gl,=10 — f.=27.06 kHz), this
respectively. The parameters for the depicted model aexlis means that for high damping values, Asapproaches; e.g.

in Table I, wherem; andm, correspond to the masses 0f},=800— f,=338.2 Hz), the decoupling between both bodies
the experimental setup. The resulting system dynamicsrcarid decreased.

general vary significantly depending on the different pagtemn
combinations of masses, springs and dampers [25]. For th(?”
considered case of a low stiffness actuated system with & sma™ "
inner, a large outer mass and a desired decoupling mode aboveo demonstrate the principle of mechanical decoupling
the suspension mode, the dynamics will, however, always loa single axis experimental setup is used. Fig.3 depicts a

SINGLE AXIS DECOUPLING EXPERIMENTAL SETUP

as shown in Fig. 2. schematic of the setup. It consists of a voice coil actuator
(Shaker S51110, TIRA GmbH, Germany) that is placed on

TABLE | mechanical ground and is used for vertical actuation of the

PARAMETERS OFTHEORETICAL TWO-BODY SYSTEM MODEL. entire mechanical frame on top. The actuator is driven by

a custom made current amplifier (Amplifier type MP38CL,
Apex Microtechnology, Tucson, AZ, USA). The amplifier

Parameter  Value Unit

Z; 411:‘31 Eg is controlled by a current controller with a bandwidth of
1 23e3 N/m 10 kHz, implemented on the FPGA of a dSpace-platform
52 1;35 NN//m (Type: DS1005, dSPACE GmbH, Germany). The controller
1 -s/m

implementation is done on the processor of the dSpace-
platform running at a sampling frequency of 20 kHz.

The TFs of the first and the second body show a resonancdieferring to Fig. 1 thé:; andd; correspond to the stiffness
(suspension mode) arounf=10 Hz, followed by a -40 dB and damping inside the actuator, connecting the actuateemo
line, which is the mass line of the total mass +m. (rigidly A,; to the stator partAs. The mechanical structure on top
moving single body system), with a related -18thase. At comprises an inner aluminium block (1.4 kg, connected to the
around f,=100 Hz the first body shows an anti-resonancectuator) and an outer aluminium frame (4.3 kg), which are
which lifts the phase. In the undamped cagg=0Q, ideal case) connected via two leaf springs (brass, 2 mm thick, 300 mm
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Fig. 2. Simulated influence of the damping coefficignt(in N-s/m) on the decoupling behavior. (a) shows the TF of the firdlybwith a resonance of the
suspension mode gt =10 Hz, an anti-resonance #=100 Hz and a decoupling resonancefat203 Hz. The mass line after the decoupling is vertically
shifted. An increased: reduces the peak heights at the anti-resonance and thepliegoresonance. (b) shows the TF of the second body with pesisson
mode and a decoupling resonancefatand f2, respectively. An increasedh reduces the decoupling effect.

sheet of damping material (Sorbothane) in-between on both
sides (see black blocks in Fig.3).

JSPACE For measuring the position of the inner body an eddy
DS1005 current sensorSy (eddyNCDT DT3702-U1-A-C3, Micro-
T Epsilon GmbH, Germany) with a resolution of 1.3 nm is used.
| Monitoring the position of the outer body; is performed by
,,,,,,,, an optical triangulation sensatr (optoNCDT 2300, Micro-
current Epsilon GmbH, Germany). External disturbances like floor
amplifier vibrations are considered to affect the position of botk th

inner and the outer body. The input of the system is the input
of the current amplifier;, which via the motor constant exerts
a force on the moving masses. The TF franto the position

of the inner bodyz; and the outer body is defined by
G;p and G,p (see (3) and (4)), respectively. The distance
between sensor and inner bogly= z; — z, is considered as
the controlled system output.

IV. SYSTEM IDENTIFICATION
To identify the dynamic behavior of the experimental setup

) ) ) the current of the power amplifier is driven by a sinusoidal
Fig. 3. Schematic of the experimental setffyy and Sy are sensors for . . . . . . . .

measuring positions; and zo, respectivelym, andms represent the inner Signal V_Vh'Ch IS |Ogar'thm|(_3a"y Increasing In frecluenc)orl_:_
and outer bodyks the spring constant of the connecting leaf springs antheasuring the TF of the inner and outer body, the position

d the damping between inner and outer body.and k1 are the damping of the respective bod or vs. is the corresponding system
and spring constant inside the actuator. The amplifier dtivesactuator with P Y1 Y2, P g sy

stator Ag and moverA . z, is the position of the sensor system, affecte®UtPUt. The magnitude and phase response are determined by
by external vibrations. the lock-in principle using the dSPACE-platform running at
20 kHz [26]. Fig.4 depicts the measured frequency response
of the inner and the outer body and the manually fitted system
long, 40 mm wide) forming the spring,. Two leaf springs models. The resonance/anti-resonance frequencies avedier
are used to provide guidance in vertical direction while mirby identifying the local maxima/minima in the magnitudetplo
imizing torsional movement of the outer body. To introducdata.
additional dampingl, the profiles of the outer body parallel The measured frequency response of the inner body in
to the leaf springs are clamped to the inner body with a singiég.4(a) has the same shape as the model derived in Section I
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Fig. 4. Measured and modeled frequency response of the imuetha outer body. (a) shows the TF of the inner body, with @eosion mode at 10 Hz.
The anti-resonance is located at 100 Hz and the decouplsapaace at 190 Hz. (b) shows the TF of the outer body with thees@sonance frequencies
as the inner body. A -60 dB slope can be obtained above theate388 Hz. The time delay of the optical sensor prevents anredien of the recovering
phase.

up to a frequency of about 3 kHz. At higher frequencies adbove this frequency a forth order behavior with a -80 dBelop
ditional structural modes can be observed. The first resnaan be obtained. The zero due to the damping,at338 Hz
peak due to the actuator suspension and the entire moved nfase (10)) reduces the slope to -60 dB. The noise floor for the
appears at 10 Hz. The anti-resonance and resonance of dbter body is located around -100dB. Based on the measured
decoupling are located at around 100 Hz and 190 Hz, respdeta the fitted system model for the outer body

tively, and are both well damped (modeldgd=800 Ns/m). _

Structural modes of the outer body (e.g. around 400 Hz)glyin Gon(s) = K- Gaop - Pao(s), (14)
above the target bandwidth ®1S2 (equals the decoupling With G2  from (4) and parameters according to Table Il is
resonance) and below the target bandwidthM$1, which obtained.Pa,(s) is a second order Pade-approximation [27]
would affect the dynamics of a rigid design, would practical that is used to model the phase lag due to the delay of the
not be observable in the TF of the inner body of the decouplifgptical sensor of about 2 ms below 500 Hz. This time delay
design, as their excitation is reduced by the decouplingiévents an observation of the recovering phase as would be
According to the measured data and the mass ratio the m@xgected from the theoretical model (see Fig. 2), since the
line is lifted about 12 dB after the decoupling resonanceeia noise floor of the sensor is reached.

on the measured data the fitted system model for the inner

bod TABLE Il
y COEFFICIENTS OF THE FITTED SYSTEM MODELS FOR THEFS DESCRIBED
G,B(Q) =K- Gzl,F . Pa,(?), (13) IN (13) AND (14).
with G, p from (3) and parameters according to Table Il Parameter  Value Unit
is obtained. Pa;(s) is a second order Pade-approximation my 1.4 kg
[27] that accounts for the sampling delay ®t=50 us of ma 4.3 kg
the digi i i k1 23e3 N/m
gital system. The dynamics of the current amplifier T 1765 N
are neglected. Considering the targeted control desigichwh a 200 NS/m
at low frequencies is influenced by the suspension mode do 800 Ns/m
K 1.686e4 -

occurring at 10 Hz, the model is deliberately shaped in this
frequency range.

Fig.4(b) shows the frequency response of the outer body,
with a shape corresponding to the theoretical model - CONTROLLER DESIGN FOR SINGLE AXIS DECOUPLING
Fig. 2(b). It shows the suspension mode, as the inner body, SYSTEM
at 10 Hz followed by a -40 dB mass line. At about 190 Hz From a controls perspective aiming to position the first body
the outer body decouples, which is indicated by the seconith a bandwidth above the decoupling frequency two system
strongly damped resonance and a related phase drop, stichdeaign aspects are favorable:
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AIC]IIN

(i) High damping coefficient,, for anti-resonance af,: A as shown in Fig. 5b witbvy= 6.28e3 rad/syp= 6.28e7 rad/s,
low ¢, would be compensated by a high resonance and (=0.7, acting as an upper limit of the uncertainty. The
the controller which is not recommendable in the facarger error at 10 Hz is neglected, as it is due to the over-
of the mechanical system properties, robustness agaidamped suspension mode in the system model (see Fig. 4)
plant variations and controller saturation. and significantly lower than the targeted cross over frequen
(ii) High damping coefficient, for resonance af; (decou- The modeled suspension mode is deliberately higher damped
pling frequency): To avoid extensive excitation of the se¢e avoid cancellation of this resonance in the controller de
ond body at this frequency, due to external disturbancesign. This anti-resonance would compromise the rejection o
The dampingd, between first and second body is thus a@xternal vibrations at this frequency, so that it is benafit
important design parameter for increasing the contrditgbi employ the high gain at the resonance to improve robustness
of the proposed system, as it can be used to increase thagainst external disturbances. In the sense ofStmall Gain
damping coefficients (see Fig. 2). This leads to a tradeoff fheoremthe functionWr is used as a lower border for all
the system design ag, needs to be chosen such that thgotential weighting functions fofl'(s) = C(s)P(s)/[1 +
peaking is sufficiently reduced, while the decoupling of th€'(s)P(s)] [29]. For shaping the disturbance rejection a first

second body is not too much compromised. order function with inverted highpass characteristic issgn
for the weighting function ofS(s) = 1/[1 + C(s)P(s)):
A. Contr9||er Design We(s) = 0.2- s+ 6.2863‘ an
To design a controller fo&; 5 (see (13)) anH, approach s +0.628

is used [27]. Starting from &lixed Sensitivity Probleni28] To enforce a reduced control effort at higher frequencies th
the extended model shown in Fig. 5a is employed for corequirement orl/(s) = P(s)/[1 + C(s)P(s)]) is formulated
troller synthesis. To ensure robustness of the controfjairst by a first order function with inverted lowpass charactarist

5 + 1.26e3
Wi Way Wy (s) = 0.7071 - 2222 18
3 ! uls) s + 1.26e7 (18)
1'”“’”: 1'”“’”: Given the system model defined in (13) and the weighting
Lv\‘/@ WU functions, the resulting controller is of 7th order:
A
: : 2
r e ! u Z1 a7 L Ws 2 2
5 C > GiB > WT;“' 1 5%+ 20w, 8 + w3,
- \—1 ***** C(S) = KH T - 5 ’ (19)
52+ 2Cp,wp, s +w - [] s+ wp,
(a) Extended model. i=1 pee b 11;[3 v
with K=6.5912e16 and coefficients according to Table III.
50
= P TABLE Il
D Oleieidiainie e A e B COEFFICIENTS OF THE DESIGNED CONTROLLER.
3
’E Index wrnder [rad/s]  (rna
g -50p - S 180 Gw)] 7 3.6 0.55
= Wi 2 1270 0.38
100 ‘ ‘ r= W) m 631 0.15
10" 10 10° 10t gi 1?)2500 0.36
Frequency [Hz] p‘4 20'500
(b) Multiplicative model uncertainty. D5 471200

Fig. 5. H controller synthesis. (a) shows the extended model @itl)
being the controllerG;5(s) the plant andiWgs, Wy, and W being the
weighting functions. (b) depicts the multiplicative modelcartainty (solid,

g(r)erg)era‘;;:;rdmg to the model error of the inner body model asdufiper B. Controller Implementation

] For implementation in the processor of the dSPACE system
unmodeled system dynamics the error between the measugd controller is discretized usingole-Zero-Matching[30],
plant dataP(s) and the fitted plant modeP(s) is introduced sych that poles and zeros of the digital and continuous

in the form of a multiplicative system uncertainty: controller are matching over the entire frequency rangg.6Fi
P(s) — depicts the measured TF of the obtained controller.
P(s) — P(s) :
Ap(s) = PGy (15) At frequencies below 200 Hz the shape of the controller

o ) . ) _almost equals the inverse plant dynamics with an additional
For considering this uncertainty in the controller de5|gqigain below 10 Hz, dudVs(s). It can be seen that due to
Ap(s) is approximated by the function the modeling there is no notch in the controller at 10 Hz to
52+ 2Cwns + w¥ cancel the suspension mode. Due to the damping between

Wr(s) = 0.67e8 - 52+ 2(wps +wd’ (16) inner an outer body there is a highly damped pair of zeros
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Fig. 6. Measured controller frequency response of the desigontroller to Fig. 7. Measured open loop frequency response of the systiém the
control the position of the inner body. With the applied systmodel there designed controller for controlling the position of the énrbody. It shows a
results no notch filter at the suspension mode (10 Hz). Thewe héghly cross over frequency of 550 Hz with a phase margin of.45
damped pair of zeros at the decoupling frequency 190 Hz amdaatsghly
damped pair of poles at 100 Hz to compensate the anti-resanance
possible by introduction of higher damping. The large phase

. . deviations above 100 Hz result from the unmodeled delay of
at the decoupling frequency of 190 Hz and more |mportanttﬁae ontical position sensor of about 2 mMs
highly damped pair of poles at 100 Hz to compensate for the P P . )

- ) This shows that the bandwidths of the two subsystems can
anti-resonance. Due i’y (s) the controller gain decreasesbe designed independently from each other for a given appli-
rapidly above 3 kHz. desig p y 9 pp

cation, as long as they are well separated and the bandwidth
of the inner body is the larger one. The bandwidth of the inner
body is determined by the controller design itself, while th

The measured open loop TF with the implemented cobandwidth of the outer body is determined by the designed
troller is depicted in Fig. 7. It shows a cross over frequeoicy decoupling frequency.

550 Hz with a phase margin of 4%nd a gain margin of 5dB. To demonstrate the importance of the damping parameter
The additional structural mode of the plant at around 5.5kHiz for the system performance, Fig. 9 compares /1)

(see Fig. 4(a)) was not modeled during system identificatiatep responses of the experimental systehv§00) and a
and does not impair the closed loop system stability. weakly damped decoupling systery£10). Fig. 9a shows the

The measured complementary sensitivity function for reftep response of the inner bodies of both systems, corrolle
erence tracking of the inner and the outer body is shown with related feedback controller€’(s) for the experimental
Fig. 8. Additionally the TFs computed from the system modefg/stem). The controller design (see Section V) for the weakl
and the designed controller are depicted (dash dotted)linetamped system yields a controller with a sharp inverse notch
Both measurements are in good agreement with the modetdhe anti-resonance. It can be seen that both responses are
response. The inner body shows a -3 dB bandwidth of 1.4 kidamparable, with the weakly damped system, however, show-
and follows a -40 dB slope right above it. The deviationsig long but small transient oscillations with the frequenc
between model and measurement around 5 kHz result fraih the anti-resonance. They result from slight mismatches
the unmodeled structural mode of the plant (see Fig. 4(apetween plant anti-resonance and controller resonandehwh
The measured complementary sensitivity function of theoutwill always be present in a practical system. Looking at the
body shows a -3 dB bandwidth of around 180 Hz, which is istep response of the outer body in Fig. 9b, reveals that there
the range of the designed decoupling frequency. It residta f are significantly higher and longer transients in the weakly
a multiplication of the complementary sensitivity functiof damped system, preventing a fast repositioning of the outer
the inner body withG., .1 (see (8)). This clearly explainsbody. These large transients are due to the high peak in the
its shape, the resulting bandwidth, the gain peak of abardmplimentary sensitivity function of the outer body, cadis
12 dB below, and the -40 dB slope right above the bandwidbly the weakly damped anti-resonance (compare Fig. 8), which
until the zero due to the damping #t =338 Hz. This zero also impairs the disturbance rejection performance of thero
reduces the slope to a -20dB slope until the poles from thedy (compare Fig. 11). A simulation study also shows that
complementary sensitivity function of the inner body irase assuming a slightly deviating anti-resonanee3%), which
it again. A reduction of the gain peak would thus only bean easily happen due to e.g. thermal or mechanical drét, th

VI. VALIDATION AND RESULTS
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Fig. 10. Measured step responses of the inner (grey) and utex body
-1000 (black) for an input step of 1@m. (a) shows the step responses and (b) the

1 102 10° 1‘04 zoomed areas around the step. The inner body follows the stépawise
time of 1.2 ms and shows small overshoot. The rise time of the duatdy
is 3 times longer, the overshoot is with 34% higher, and thtirsgttime is

longer.

10
Frequency [Hz]

Fig. 8. Measured and modeled complementary sensitivity fonsti The

position of the inner body is controlled. The inner body ha3 dB bandwidth

of 1.4 kHz while the outer body has a -3dB bandwidth arounddeupling . . . .

frequency at 180 Hz. The measured TFs show good matching with tfOr @ laboratory environment with vibrations of 2.24n rms)

modeled system response. shows a standard deviation of 113 nm for the inner body and
514 nm for the outer, not actively controlled, body. Fronsthe

results it can be seen that the slower and less precise motion

20 20 of the outer body does not impair the performance of the inner
=15 15 body, which is clear, as the interaction between the twodsdi
= is already included in the dynamic model and is thus handled
% 10 — ] " Vo by the position controller.

2 5 1 The measured sensitivity function of the controlled inner

body is shown in Fig. 11 together with its inverse weighting

00 001 002 003 004 0050 0 0.05 01 015 function W. It crosses the 0 dB line at 380 Hz and attains a
Time [s] Time (5] peak of about 10 dB, due to tiaterbed effedtl], right after

@ ®) at about 700 Hz. Due to the controller design the suspension
Fig. 9. Simulated 1Qum step responses of experimental and weakly dampgflgge of the system is not canceled, such that its high gain
system with related feedback controllers. (a) shows th@oreses of the . . . L
actively controlled inner bodies. (b) shows the responseeouter bodies €SUItS in an improved disturbance rejection around 10 Hie. T
with significantly longer transients in the weakly dampedteys disturbance rejection performance of the outer body camaot
measured but only estimated using the derived system models
(see (3)-(8)) with the fitted parameters and the controller T
weakly damped system already becomes unstable. Thisyclediith external disturbances affecting both bodies it resirit
validates the importance ak in the system design. .G
The measured response of the inner and outer body of the Souter(8) = GZZ,ZIHc,ilg - L (20)
experimental system to a step of 1@n height is depicted (B
in Fig. 10. It corresponds to the case of repositioning thsbove 10 Hz it shows a decreased disturbance rejection as
two bodies of the system, as in the case of changing thempared to one of the inner body, crossing the 0 dB line at
operating point of the combined metrology system introduc€0 Hz and attaining a peak around 100 Hz.
in Section I. From the zoomed image in Fig. 10(b) it can be To evaluate the disturbance rejection performance in the
seen that the response of the inner body has a rise timetiofe domain a displacement disturbance profile is derived.
about 1.2 ms and an overshoot of 12.4%. The response of T disturbance profile is calculated using the spectral BBN
outer body shows a time delay according to the delay of tR&C-A criterion [31], assuming a constant velocity magnéud
used optical sensor. It has a rise time of about 3.3 ms aaldove the defined frequency range of the criterion (4-80 Hz)
an overshoot of 34.1%. The inner body, the high precisida calculate the displacement disturbance signal. Thdatiep
part, thus shows good tracking (repositioning) perforneanenent disturbance signal is used as reference, while the erro
with none of the significant oscillations of the outer bodpetween reference and current position is considered asibut
observable. The outer body, the low precision part, alsavshoThis relation results in an equal TF as the disturbanggtp
good but slower tracking of the reference with increaseslitput () relation. The resulting positioning error of inner
overshoot and oscillations. The remaining positioningorerrand outer body is depicted in Fig. 12. The positioning erfor o
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isolation with a bandwidth of 1.4 kHz for the inner body and

20 . . . . .
N 180 Hz for the outer body, respectively, by the designeg-H
ol LS e NN s controller. Thereby the system enables a significant rémfuct
) Re of vibrational disturbances for both bodies of the vibratio
= ¢ i i
2 o0l . , | isolation system.
=] N
5 .l 1 | VIl. CONCLUSION
= sy '173\7“0"3’ In this paper a decoupling mechanism is proposed as
“eob il o o ts body 1 a design choice for a combined metrology system with a
‘ ‘ e body high and low precision subsystem and a controller design to
10" 10° 10° 10* actively control the position of the high precision subsyst

Frequency [Hz] is introduced. The system analysis and design reveal and

) . ) explain that the damping in the system as an important design
Fig. 11. Measured sensitivity function of the closed loofsten. The f h b f the feedback d th
sensitivity function of the inner body (solid, grey) crosstae 0 dB line Parameter for the robustness of the feedbac _SyStem and the
at 380 Hz and has a peak value of 10 dB. The inverse of the vieight performance of the outer subsystem. An experimental sdtup o

function Wy (dash-dotted, grey) represents an upper bound. The modettbay «; i i i
estimation of the disturbance rejection of the outer bodlfeldotted, black) a Smgle DoF deCOUp“ng system with a deCOUplmg frequency

from (20) shows a reduced performance above 5 Hz.

40

20

20

Distance [um]
o

40 2 5 10

20

of about 190 Hz is developed, showing good agreement with
the analytical description. The designed model-bagkd-
controller actively controls the position of the inner bpdy
and is designed based on a system model with a deliberately
overdamped suspension mode, resulting in an improved dis-
turbance rejection of the closed loop system. It is showh tha
with this controller the inner and the outer body of the built
prototype can simultaneously be controlled with bandvgdth

1.4 kHz and 180 Hz, respectively. Exposed to a disturbance
profile according to the BBN VC-A criterion with 12.4m

rms value in the laboratory environment, it is shown that the
remaining rms positioning errors for the actively and pasgi
controlled body can be reduced to 0.12n and 0.81um,
respectively. For matters of integration, ease of tunind an
the further experimental investigation of the effects afimas
damping values, nicely tunable compact damping mechanisms
are required in the future.
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