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Abstract— To improve the resolution of the Very Large Tele- the different control laws to be applied to the DDL, followed
scope Interferometer (VLTI) a two-stage mechanical systema by some simulation and experimental results in section 1V.
so called Differential Delay Line (DDL), is developed jointy
by the EPFL and the Observatory of Geneva. The system is Il. MODELING
designed to reach nanometer accuracy at high bandwidth over . . L
large displacements. The coarse stage features a permanent The model of the DDL is divided |nto__. i) the coarse
magnet (PM) stepper motor driving a lead screw connected to a Stage, formed by the PM stepper motor, ii) the lead screw
double-parallelogram flexure with notch-hinges (blade) giding  and iii) the blade guiding system (a double-parallelogram
system, and the fine stage features a stacked piezoelectrievice,  flexure with notch hinges), and iv) the fine stage, featuring
combine to one single measurable output. the piezoelectric actuator.

This paper compares different control approaches for the
DDL with their respective advantages and disadvantages. h  A. Coarse stage

developed control methods are based on modern linear and Mainlv d i ti . h ‘ect
nonlinear control theory. The performance of the control ainly due to energy consumplion issues, he projec

schemes s illustrated via simulation and measurement on ¢ hardware was modified from voltage control, as presented
available prototype. The new developed methods are compate in [13], to current control. The standard model for a PM
to the currently implemented decoupled SISO design which stepper motor can thus be reduced to:

features a direct-coil controller for the coarse stage and aimple w0

PID-controller for the fine one. T = w
dw Ko s o K, -
& = —8mg,sin(NO) + 24, cos(NO)
I. INTRODUCTION “ S ! @
—TY T
Earthbound astrometry is limited by atmospheric turbu- Yo = O

lence, the reason for which extra-solar planets and Oth%herez‘ andi, are the two inputs applied on phaseand
a b

faint objects are currently out of reach. Therefore, th ) . ) S
European Southern Observatory (ESO) is developing t%(l; of the motor; Ky, is the electromagnetic coefficienty

phase-referenced imaging and micro-arcsecond astrome ﬁg numb_er of steps per revol_ut|on per phaseh_e |_nert|al
(PRIMA) facility for the VLTI to solve this problem. To oad relative to the rotation axig;; the viscous friction and

enable full performance of PRIMA the Differential Delayz;gatrr;?a ?t(;eglaarfgrg?ieil!‘oide/i@nls ttr?: I'gg?ﬂggovsvﬁgrne Or]:c:r:‘f)rce
Line (DDL) is needed. It dynamically compensates fot 9 g g b

the differential Optical Path DifferenceAOPD) to reduce 's applied to the blades) related hyto the corresponding
the effect of atmospheric disturbance and give stabilize%nglee'

. : . . The blade guiding system induces a reaction force on
interference fringes for phase-referenced imaging [4], [5 . . : .
(7], [14]. the coarse stage actuator, which varies drastically wiéh th

. osition (the force varies from -150 N to 150 N). The
The proposed design of the DDL corresponds to a du_ orce-deformation characteristic can be modeled with mlthi

stage double-input single-output (DISO) system, which i der polynomial [9, page 150]. The torque-deformation

also seen in hard-disk drives (HDD). Presently, a decoum%ﬁiaracteristic is assumed to be of the same form, thus the

SISO control scheme [13] is implemented on the DDL proto- .
type. Without changing this structure, two knew approacheesXternal torque is modeled as

for the coarse-stage control are introduced, one using a T, = (kl + k292) 0. (2)
flatness based controller [8], [6], [3] and the other a ctadsi The effects of the lead screw are included in the parame-

PI controller. Furthermore, two global control structuval -
be designed. One of them uses the PQ method dedica{(gcrissteor;t&eogglﬂ stepper motor model and the blade-guiding-

to dual-stage systems and mostly used in HDD controﬁyl) Parameter identificationParameter identification was

[12], [14]. Furthermore, an optimal linear quadratic regaf ) .
[10], [15], which controls both stages, is proposed. Al theundertaken in two steps, so as to capture the fast dynamics

' ' : ’ —._ . of the motor as well as the effects of the blade guiding
new methods benefit from an exact feedback linearization

technique for the PM stepper motor similar to the Par ystem. The final parameters are presented in table I. The
transformation [2], [1], [17] identification process showed that = 0 and therefore a

. : . linear model for the external torque load is sufficient:
The paper is organized as follows. In section Il, a dynam-

ical model of the DDL is developed. Section Il introduces Ty = k10 . 3)
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2) Linearization: The PM stepper-motor model for volt-

. . . Fig. 1. Decoupled SISO design with undefined coarse stageotien
age control is often linearized by the Park-transformaft&gn

[1], [17]. For the new model (1), this transformation can be Ge
simplified through setting; = 0, so as to get the linearizing J
inputs:
ic, = —sin(NO)I ( : . la
i 4) Ter oy —1 nonlinear
iy, = cos(NO)I Controller - Feedback ‘
. . L . T
With the new input/, model (1) is linearized to b
Coarse stage controller
By
dt (5) Fig. 2. Coarse stage controller based on feedback linéarnza
do _  _Er, kg Kug
dat 7 J 7

B. Fine stage 1) Direct sine/cosine coarse-stage controllérhe direct-

The piezoelectric actuator available is a tripod designoil controller proposed in [13] also applies to current
of three parallel-mounted piezo-stack actuators. Driftl ancontrol. Consequently, the following controller is propds
hysteresis can be compensated in two ways:

. . . . . ia = Ipeaksin(a) @
1) by internal electronics, provided by “Physik Instru- ,
mente” (P1), so that the input-output behavior is almost i = Ipeakcos(a) (8)
linear. ec = Te— e 9)
2) by adding a feed-forward loop containing the inverse 1 [t
model of the hysteresis [16]. @ = i‘/o ec(t)dt (10)

Currently, the first of the above methods is used, whiclyhere o is the phase of the stator magnetic fielday is
makes black-box identification very convenient. For thighe peak current applied to the coils of the moter; is

purpose, a pseudo-random binary signal (PRBS) was appligth coarse-stage tracking error, i.e the difference betwee
to the system and the data were collected with a samplinge estimated position of the PM stepper mojorand the
frequency of 5000 Hz. An ARX model with Coeﬁ'c'emslow-pass filtered reference.. To avoid de-sychronisation

ne = 3, my = 2 andn, = 1 gave a reasonable simple hetween rotor and the generated magnetic field, the vamiatio
and good model. The ARX model obtained is given by ¢ the controlled anglex has to be limited [13].

Since the peak current is constant, this particular cdetrol
A t) = B t— +e(t T ¥
(@)y(?) (Q)u(il ne) +elt) . dissipates power constantly, even if the PM stepper motor
Alg) = 14ag +...+anqg "™ (6) is at rest. Deriving the RMS power dissipation leads to
B(g) = big '+ +by,g ™! following relation:
The identified parameters can be found in table II. Prys = 2RI§eak (11)
lll. CONTROL STRATEGIES 2) Coarse-stage controller based on feedback lineariza-
' tion: To avoid the constant power dissipation a new coarse
A. Decoupled SISO design stage controller has to be designed. Using the concept of

exact feedback linearization the coarse stage contradier ¢

The overall structure described in Fig. 1 is equivalent t% o : :
. oo e divided into a control part and a part reconstructing the
the one presented in [13], as well as the specific fine-stage

controller. For the coarse-stage control several metheels g putsi, andlb,,(F'g' 2). Erom a theoret|::al p(_)mt of view, the”
. . : . ' coarse stage”-block (Fig. 1) and the "nonlinear feedback
designed, which are presented in the following sections.

block (Fig. 2) build exactly the linearized motor model (5).

TABLE II a) Pl-linearized: A classic Pl-controller with the fol-
IDENTIFIED FINE STAGE PARAMETERS lowing transfer function is the first choice:

Parameter a1 a2 as b1 ba 1
Value -1.715 | 0.9232 | -0.1405 | -0.002362| 0.2073 PI(s) = Kp - (1 tT S) (12)
1




An integrator anti-reset windup (ARW) is introduced, of theas a transfer function:

simple form:
Ko,
B , Gy= — (19)
U, = 0 if ep>e€ (13) J82+Ffs+k1
Ui, = Uiy, + %ek if ep<e

The numerical values fo¥,,, J, Fy and k; are given in
b) Flatness based controlThe flatness property of a Tgple |.

system is characterized by the existence of a flat output
which parameterizes the inputs and the system states Wmﬁf’épper motor's contribution should be limited, so that it

finite number of its derivatives. By pIanmng_ the trajeatsti keeps the piezo actuator within saturation range. Instéad o
of th? flat out_put, one gets.the cor_respon.dmg syst_em Statmf‘ering the reference for the coarse stage, the PQ method
and inputs without integrating a differential equation.eTh allows to choose the relative actuator-output allocatign b
parameterized input linearizes the system and thus the ﬂ@étting the 0-dB crossover frequency of th&) transfer
ness property is similar to dynamic feedback Iinearizatior}unction whereP — Sz andQ — <2 [12], [14]. Typically
therefore the ternexact feedforward linearization based ony. . 5_4B crossover ?rlequency i bhosen at around 10 Hz
dlffe_rentlal flatnesss also used [6.]’ [8], [.3]' L ._Moreover, an integrator for each actuator is added so as to
Since the coarse-stage model is considered in its lin@hrizg); inate the residual steady-state errors
form (5), the simplest flat output to the system is '

1) Actuator-output allocation:As proposed in [13], the

The uncompensated systdtin Fig. 3 has a phase margin
yr =0 (14) of 88 at 0-dB crossover frequency 115 Hz. Because the

relative-output allocation should take place at around 0 H
From the desired trajectorigg, y; andyj} the nominalinput  the 0-dB crossover frequency needs to be lowered, which is

I* to the system (5) is constructed: achieved with a small static gain. So as to have integrators
1 Y on both actuators, the following is proposed:
Y m v Ti1s
Q==— (20)

To stabilize the system around the trajectory the new input Tios’

v is designed as . .
g This induces a slow integrator on the coarse stage and a

v =1} — 2k (g5 —u}) — k* (vr — ¥}) (16) fast one on the fine stage. The static gain compensation is
] ] o equivalent to% In Fig. 3, one can see that the compensated
vv_herek > 0 is a design parameter. Combining (15) and (16%ystemPQ has a phase margin of 8%t 0-dB crossover
gives the control law 8.2 Hz, where the phase margin fulfills the requirement for
1 » ) . " y; constructive interference [12], [14]. With this choice @f
I'= Ko J (7 — ke — 2ké) + Frij + k17 . (17) " the PQ system is not stable since the identified fine-stage
model G; happens to be non-minimum phase.

with e = y; —y; andé = gy — y5. The simplestC;, so thatCs is proper, is
B. PQ controller 1
The PQ method is dedicated to dual-stage DISO systems, G = Tiis (21)
which is mostly used for the control of HDDs. The method
reduces the DISO design problem into two SISO desigh? then becomes
problems [12], [14]. Cy = 1 , (22)
To apply the PQ method, linear models of the fine stage Tias

and coarse stage are needed. Converting the identified fine-. . .
stage ARX model into a transfer function yields the foIIow-V%ICh Is realizable.

ing function 2) Loop shaping for overall performancéesigningCy,

the overall performance of the system can be improved. The
bas? + b1s + by (18) closed-loop bandwidth ofisiso = C1G1 + CoGo (Fig. 4)
3+ ass? +ajs+ag’ needs to be increased to achieve the demanded performance.
where the transfer function coefficients are given in table | A simple static gain is not enough, because the new phase

The linearized coarse-stage model (5) can easily be writtéfardin 1S negatrve. Therefore, an additional Iegd_compen-
sator is incorporated, which contributes to the missingspha

TABLE IlI so as to _stabilize the loop. The following transfer function
for Cy arises:

G =

FINE STAGE CONTINUOUSTIME TRANSFER FUNCTION COEFFICIENTS

Nominator bo by bo s+ Ti

Value 63-1010 | —2.2.10° | -423.2 Co=K, | —F— (23)
Denominator ao a1 az s+ BTz

Value 2.1-1010 2.3-107 9814
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Fig. 5. PQ control structure for the DDL
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the error between the referenceand the estimated coarse-
stage positionj. with the fine stage, where the coarse stage
estimate is provided as in (24). So as to reject perturbstion
and model errors, an integrator term on the error is added to
the fine-stage reference. Hence, the equation¥ of

L L
10 10

Fig. 3. Influence of the Q transfer function

Bode Diagram

200 U’Z = r- (KC)71 (25)
: wp o= (r—getie) (Kp) (26)
H i = / (r —y)dt 27)

where K. and K represent the closed-loop static gain of
the coarse stage, resp. fine stage.

The weighting matrices of the linear quadratic regulator
are chosen in a way to enforce the dual-stage nature of the
system. This means that, on one hand, the coarse stage is
tuned quite softly, so that it gently follows the referenioet,
on the other hand, the fine stage is tuned very aggressively
SO as to give the necessary tracking precision.

In simulation, the classical Kalman estimator of the LQG
controller is used. From an implementation point of view, a
Kalman filter is not applicable, due to computational burden
Instead, the fine-stage states are estimated by simuldiéng t

3) Overall control structure: The controller designed in Model in parallel and the coarse-stage position is estiinate
sections 11-B.1 and 11I-B.2 is based on a linear model ot!Sing (24). The coarse-stage velocity is estimated through
the plant. As seen in section II-A the coarse-stage modBHmerically differentiating the estimated coarse-stagsi-p
has highly non-linear dynamics, hence its linearization inion. In this case no LQ estimator is in the loop, therefore
corporates the variable transformation (4). In practide ththe design corresponds to a LQR controller.
linearization is inverted through reconstructing the itspy Since the proposed exact feedback linearization (4) does
and i, with the relationship (4). To do so, an observer g0t affect the system states, only the inpisteindi, have to
needed to provide an estimate of the coarse-stage positi®. reconstructed. Alltogether this gives the control stre
It is sufficient to use the static observer proposed in [13]: in Fig. 6.

T
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where Pp¢ is a static gain model of the piezo. Thus, the -ujy
PQ controller is implemented based on the control structure 2

. . . Linear Quadratic
appearing in Fig. 5. Regulator I

& nonlinearlZ
feedback|7,]

System

Differential Delay Line

C. LQ controller

To guarantee tracking, the reference is fed to the plant Ectimator
inputs through the block “N” in Fig. 6. Considering the
benefits of the dual-stage design, the reference is split by
tracking the actual reference with the coarse stage and Fig. 6. LQG overall control structure



D. Overview

There are five different methods to be compared by
simulation and tested on the real system. Three are based
on the decoupled SISO structure tagged; “direct coil”, “PI-
linearized” and “flatness based” (section IlI-A). Furtheot
global structures, “PQ” (section IlI-B) and “LQG”, resp
“LQR” (section 11I-C), were designed. In the next sections,
only one of these tags will be used to refer to one particular
control law.

All methods, except the direct-coil controller, use theatxa
feedback linearization technique. The driving force, resp
the torque generation, of the methods using exact feedback
linearization and the direct-coil control is fundamentall
different. Linearizing the model (1) reduces it to a SISO
system (5) with the single inpuf. Using this input to
reconstructi, andi,, only the amplitude of the inputs can
be influenced. The phase of the stator magnetic field is fixed
at 90 with respect to the actual rotor positigh In case
of direct-coil control, the amplitude of the input curreigs
fixed to Ipeaw but the phase of the stator magnetic field can
be altered so as to generate the necessary torque.

Position [um]

sH - - - Flatness based

— Reference
— Direct Coil
30 - - - Flatness based

--PQ
LQG

I . , . ,
0.6 0.165 017 0175 018 0.185 0.9
Time [s]

(a) Detail of the DDL output position

— Reference
— Direct Coil

--PQ
LQG

IV. RESULTS

In pure tracking mode, a realization of a stochastic
Kolmogorov process (with a frequency content up to 250
Hz) is used as a reference. This signal is representative
of the atmospheric disturbances encountered. In redligy, t
reference is not a pure Kolmogorov signal. From time to

Position [um]

L L L L L L L L L
0 0.05 0.1 0.15 02 025 03 035 04 045 05

time, there is a brusque change in position or even a switch Time [s]

in stroke from one end to the other. The behavior of the (b) Detail of the coarse stage position

system in such cases can be tested through performing step

responses with displacements of different amplitudes.
The controllers need to track the reference with less than

70 nm RMS error, in pure tracking, and cover the whole | Tphe power dissipation

bandwidth of 250 Hz. In addition, they need to be robust

all over the stroke range and for all the different kind of Privs = 2R (iiRMs +il27RMS)' (31)

references.

A. Simulation results

1) Kolmogorov tracking: To analyze the quality of the
tracking performance, several characteristics are etedua

« The root mean square error

RMSE = (28)
wheren is the number of samples.

o The maximal absolute error

le|maz = max |e;]. (29)
« The mean absolute error

1 n
€= — 7 30
e=— Zj el (30)

wheren is the number of samples.

Fig. 7. Kolmogorov tracking in simulation with different wol methods

with R = 0.5 Q.

Each controller is simulated over 2 seconds in tracking
mode. In Fig. 7(a) a detail of the DDL output position
is given and in Fig. 7(b) the corresponding coarse-stage
position on a different time scale. One can see, in Fig.
7(a), that the PQ controller shows the largest deviations
from the reference especially at the beginning, whereas in
case of the LQG controller the DDL tracks very closely
the reference. This is perfectly in line with the results in
columns 1 to 3 in Table IV. All the different errors of the
PQ controller are larger than for the LQG, with the other
three controllers being somewhere in between. The direct
coil, flatness based, and Pl-linearized controller shoakkth
similar coarse-stage action, since their coarse-stageatien
is given the same filtered reference. Fig. 7(b) shows that
the direct-coil controller has a small delay with respect to
the coarse-stage action under flatness-based controlhwhic
arises from the pure integration control (same effects as a
low-pass filter) of the direct-coil controller (section-i.1).

The low-pass filter property of the integrator also has pasit



TABLE IV o

—‘Reference
TRACKING RESULTS IN SIMULATION T precteal |
RMSE [nM] | |€lma= [NM] | & [nM] | P [W] LOR

Direct Coil 23 103 18 2.25 7

Pl-linearized 33 149 26 2.4e-5

Flatness based 27 118 21 4.5e-5

PQ a5 207 35 | 4.3e5 T

LQG 15 84 20 4565 5

effects. The inaccurate coarse-stage position estimaied d
not affect the direct-coil controller, but induces a sligtier

of the coarse stage, which affects the tracking performance
terms of RMS, absolute and mean error (Table IV columns
1-3). Interesting to mention is that the coarse-stage mactio ] otz

Time [s]

of the PQ and LQG controller are almost equal (Fig 7(b)),
despite their different design approaches. Furthermee, t
PQ controller shows worse performance for RMS, absolute ‘ ‘ ‘ S
and maximal error (columns 1-3 Table IV). This means that
the optimal LQG controller treats the fine-stage action much
better than the PQ controller.

As expected, all methods based on exact feedback lin-
earization need much less energy as the direct-coil strictu
(Table IV column 4). However, the power dissipation is
almost zero, which is not very realistic, but is explained by
the absence of a detailed static-friction model. o

(a) Detail of DDL output position; time scale 0 s to 0.025 s

Position [um]
7

. B
RN~ vmim wn A ML s vt — Reference
\ - Aty & ) :
Direct coil

- - - Pl-linearized

B. Experimental setup

1) DDL prototype and laser metrologyfhe DDL proto- p "o
type available at the EPFL is built from a PM stepper motor B — .
NEMA 23 from “Ultramotion”, combined with a lead-screw Time (s

which covers a full stroke of 70 mm. The motor is powered (b) Detail of the estimated coarse-stage position; timdesca

by current a amplifier developed by the PRIMA consortium O_S toI 4 s; the fine-stage saturation limits are marked by the
.y . . ' triangles

Also, the blade guiding system is a tailor-made product. The

piezoelectric S-325 is from Pl with a course of 3th and Fig. 9. Kolmogorov signal tracking experience with diffiereontrol laws

a bandwidth of approximately 300 Hz.

The output is measured with an Agilent laser metrology. ) )
2) Data acquisition hardware: o NI PCI-MXI-2: This board is connected to the NI

VME-MXI-2 board, so as to access the position mea-
surement and to establish the real time control loop.

NI PCI-6025E and NI PCI-6251: These cards provide
the 3 analog outputs to control the piezoelectric actuator
and the stepper motor. One of them is also used as
timing source to synchronize the measurement and the
excitation of the actuators.

3) Software:LabView 8.2 is used to implement the con-
trollers. In a timed loop all the necessary operations are
executed, where the loop is timed with the clock of one of the
NI DAQ boards. To achieve good closed-loop performance,
the sampling rate is selected to be 5kHz.

In Fig. 8 a schematic representation of the complete
installation is given.

o VME rack: Two cards are installed into the VME rack
to get access to the laser metrology: the Agilent 10897B
laser board, which gives the position measured with sub- *
nanometer resolution, and the NI VME-MXI-2 board.
The VME rack interfaces the memories of both boards,
so that the measurements are available to a PC.

C. Experimentation results

1) Kolmogorov tracking:Kolmogorov-signal tracking was
Fig. 8. Experimental setup: 1) Stepper motor, driving tharse stage; 2) executed over 19 seconds. I!'] _flgure 9, only a detail is given in
Piezoelectric actuator, driving the fine stage; 3) Doublalfilogram flexure  Order to make differences visible. The tracking perfornganc
with notch-hinges; 4) Laser metrology with sub-nanomeésolution is evaluated with the same relationships as in section t/-A.



— Reference
— Direct Coil
-- Flatness based

In Fig. 9(b) one can see that all the controllers guarantee
that the coarse stage keeps the fine one within its saturation 77 Flaness basod
limits, which is necessary for the functionality of the gyt LOR
In case of the PQ controller the coarse-stage action is quite
at the limit of what is allowed (Fig. 9(b)); nevertheless the
performance is similar to the one of the LQR controller in
terms of RMS and mean error (Table V column 1 and 3).
Furthermore, the three controllers based on the decoupled
SISO design (direct coil, flathess based and Pl-linearized)
have similar RMS and mean errors (Table V column 1 and .
3). Since they all use the same fine-stage controller, which
gives the precision to the system, this is not surprising.
In Fig. 9(a) the LQR shows a sort of oscillatory behavior
and bigger deviation from the reference than the rest of the
controllers. Checking the maximal error of the controllers
(Table V column 2), one can see that just the LQR controller
has the largest maximal error. Whereas for the direct cal an
PQ controller the deviation peaks are less marked (Fig),9(a)
also the maximal error of these controllers is smaller thoan f
the LQR (Table V column 2). The PI-linearized controller
does not show any oscillations around the reference (Fig.
9(a)), which is also confirmed by the smallest maximal
error of all controllers (Table V column 2). In case of the
PQ controller, one can also clearly see the effects of static
friction on the coarse stage action (Fig. 9(b)), which leads
to a sort of stepping behavior. The other controllers show
a smoother coarse-stage movement especially the dirédct-co
controller (Fig. 9(b)). This controller also injects cosstly e
a lot of energy into the system (section IlI-A) and thus the
static friction does not affect the coarse-stage movement.
Column 4 in Table V shows that all the controllers based
on exact feedback linearization dissipate much less pawer i
tracking than the direct-coil controller. Fig. 10. Tests of sudden large displacements in the tradidfegence

Based on the tracking performance in Table V the PI-
linearized controller is rated best, since it has lowestesin
RMS, absolute and maximal error and additionally the power
dissipation is much less than for the direct-coil contmolle direct-coil control performed best, since it allows thehegt

2) 5000um step responseTo test the system for sudden speed without destabilizing the system (Fig. 10(a)). Irecas
large displacements in the reference, step displaceméntsod the LQR controller, no such speed limitation can be
5000 um are applied to the DDL. One experience is donitroduced, which leeds to a random behavior caused by de-
in the center of the stroke, where no force is applied to thgynchronization between rotor and the generated magnetic
blades (Fig. 10(a)), and another towards the end of theestrokield (Fig. 10(a)). Similar behavior was also observed for
where a big reaction force acts on the coarse-stage actuatioe other methods based on exact feedback linearization de-
(Fig. 10(b)). pending on position and moving direction of the coarse stage

In order to obtain the results illustrated in Fig. 10, stricfTowards the extremities of the stroke they also have prablem
rate limitations for speed have been introduced, for the coto follow the reference. As one can see in Fig. 10(b), if the
trollers based on the decoupled SISO structure, as mentiorgystem is driven by a controller based on linearization, the
in [13]. With these measurements, taken the system witbDL suddenly stops to move. The controllers do not allow
the motor to generate enough torque to make the table move.
With the direct coil controller, the system has no problems
to follow the reference (Fig. 10(a)), because as soon as
the difference between the reference and the real position

4000

Position [um]

| . . .
0 02 04 06 08 1 12 T4
Time [s]

(a) DDL output position for a 500@m step displacement at
the center

— Reference
— Direct Coil
- - Flatness based
- - -Pl-linearized ||
PQ

8

8
8

Position [um]

0 02 04 06 08 1 12 14
Time [s]

(b) DDL output position for a 500Q:m step displacement
towards the extremity of the stroke

TABLE V
TRACKING RESULTS IN IMPLEMENTATION

I R'V'SzE [nm] \elmggg[nm] e [32] Pz[\ZN] increases a bigger torque is generated due to the particular
Direct Coi 5 19. .25 . . .
Flainess based 266 1475 0.7 10016 structure of the cgntroller. The input saturation is préssn
Pl-linearized 228 133 17.7 | 0.017 imposing a ramp instead of the true step reference. In case of
PQ 40 270 31 0.012 a controller based on feedback linearization, this is chffie.
LOR 448 640 30.7 [ 0015 The input! already saturates at the beginning of the ramp in



TABLE VI
QUALITATIVE CONTROLLER COMPARISON

Decoupled SISO structure | Global structure
Amplitude = fixed Amplitude = controlled
Phase= controlled Phase = fixed
Direct coil Pl-linearized]| Flatness| LQR | PQ
RMS error ++++ ++++ ++++ ++ ++
€max +++ ++++ ++++ + +++
Power dissipation| - ++++ ++++ +++4+ | +++4+
Step response +H++ + - - ] --
Robustness +H++ - - oo- B
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