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High bandwidth nano-positioner: A robust control approach
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This article presents the design, identification, and control of a nano-positioning device suited to
image biological samples as part of an atomic force microscope. The device is actuated by a
piezoelectric stack and its motion is sensed by a linear variable differential transformer. It is
demonstrated that the conventional proportional-integral control architecture does not meet the
bandwidth requirements for positioning. The design and implementation dfl.arcontroller
demonstrates substantial improvements in the positioning speed and precision, while eliminating the
undesirable nonlinear effects of the actuator. The characterization of the resulting device in terms of
bandwidth, resolution, and repeatability provided illustrates the effectiveness of the modern robust
control paradigm. ©2002 American Institute of Physic§DOI: 10.1063/1.1499533

I. INTRODUCTION positioning with high accuracy. They achieve repeatable na-
nometer and subnanometer resolution at relatively high
The advent of new techniques to explore properties obandwidth since they have no sliding parts and thereby pre-
near atomic-scale structures has led to the development efude undesirable effects such as backlash and stick—slip
the new field of nanotechnology. In the past decade, it hamotions. Also, they can generate large fortas high as few
become evident that nanotechnology will make fundamentalens of kN, have very fast response tim@celeration rates
contributions to science and technology. Inevitably, mosiof 10* g can be obtained are not affected by magnetic
schemes of nanotechnology impose severe specifications dields, and are operable at wide ranges of temperattiieg
positioning. As is evident in scanning probe microscopyare functional even at near zero Kelvin temperatures albeit
(SPM), which is one of the success stories of this new techwith reduced sensitivity Furthermore, they require very
nology, precision in the order of angstroms is often desiredlittle power and no maintenance since they have no wear and
This demand for ultrahigh positioning precision forms a piv-tear.
otal requirements in many applications of nanotechnology. However, the positioning is adversely affected due to
For example, micro/nano-positioning systems are essential inonlinearities such as hysteresis, especially when the piezo-
auto focus systentstast mirror scanners, and image steeringactuators are used in relatively long range positioning appli-
deviceg in optics; disk spin stands and vibration cancellationcations. For instance, the maximum error due to hysteresis
in disk drives3>® wafer and mask positioning in can be as much as 10%—-15% of the path covered. Another
microelectronicS: micropumps’, needle valve actuation, lin- detrimental effect is the drift due to creep. These effects be-
ear drives, and piezo hamm@ia precision mechanics; and come noticeable when piezoactuation is required over ex-
cell penetration and microdispensing devicés medicine  tended periods of time, i.e., during slow operation modes of
and biology. Besides this requirement of high precision, ther¢he positioning device. Most of the commercially available
is also an increasing need for high bandwidth in such posiepen loop devices circumvent these nonlinear effects by us-
tioning systems. For example, in the field of cell biology,ing “harder” piezo ceramics. The nonlinear effects are
there are attractive proposals to employ nano-probes to tracdmaller in these ceramics, but so is the travel generated.
events in the cell. These events often have a time scale in the In the recent past, some effort has been made to address
microsecond regimes. This necessitates high bandwidth pahese nonlinear effects. In Ref. 10, charge corfirotontrast
sitioning systems. to voltage contrglhas been proposed to diminish the hyster-
To meet the dual goal of high precision positioning atesis effects. However, these techniques lead to increased drift
high bandwidth, novel sensors and actuators have been studnd saturation problems and lead to further reduction of the
ied and developed. Most of the current high precision positravel range and the positioning bandwidth of the piezoac-
tioning devices utilize piezoelectric materials for actuation.tuator. In Ref. 11, postcorrection techniques for removing
The crystal lattices of these materials deform on the applicaereep and hysteresis effects from SPM images have been
tion of an electric field and these deformations are used fopresented. However, these postprocessing methods cease to
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be useful for applicationgsuch as cell biological studigm

which real time compensation is needed. In Ref. 12, the de- AFM Head

sign of a feedback controller using an optical sensor attach- )

ment to a commercial atomic force microsco@@M) to Actuation Flexure Detection
enhance its performance has been described. Another method System Stage System
utilized by commercial manufacturers is to restrict the mo-

tion to specific repetitive trajectoriee.g., raster scahs Control

where the nonlinear effects can be compensated. In Ref. 13, System

the problem of nonlinear effects has been addressed by a
careful identification/modeling of these nonlinearities and

then using a model based inversion approach to compensate ificati iah bandwidth ki .
for the adverse effects. The efficacy of this approach depencfgrmarlce specificationghigh bandwidth tracking, noise re-

on accuracy of modeling of the nonlinearities. However, thi§eCt'on) into an optimization problem that can be solved to

design methodology can be used in conjunction with theobtain a controller meeting the specificatidifssuch a con-

modern robust feedback control paradigm to achieve bettetttouler emits)dln atmﬁthodlgatlhand stlrt gamlmed malltr.me.r. Tge
performance and account for modeling uncertainties. impiemented controfier and the resuiing hanopositioning de-

In this article, we present a nano-positioning device with"'°€ have considerably higher bandwidftB0 Hz, contrast

a piezoelectric actuator and a linear variable dif'ferentialto Iess_ than_3 H.Z with the optimized P! control Ihw_ .
This article is organized as follows. The description of

transformer(LVDT) sensor. The device described here is anthe device and its desian is presented in Sec. II. The ident
independent unit, and is not a modification or an enhance: . . g pres -
. . . . -fication of this model and the design of the feedback control-

ment of an already existing device. The architecture is moti- . .
N . . . . lers to address the nonlinear effects are presented in Secs. Il

vated by applications to imaging biological samples where

there is a need for an optical path through the sample. Thfemd v, respect|vely..The resyltlng Improvement in 'the. ber
. ) . 4 .__formance of the device and its complete characterization in
piezoactuator used here is a stack piezo, in contrast to piez

electric tube in Ref. 12 and Ref. 13. The stack piezos argerms of its bgndmdth, resolution, Imeanty, and travel range
. . s presented in Sec. V. The comparison of performance with
cheaper and yield much larger forces and dlsplacemenfs . : S .

. .~ _and without controllers is also presented in this section.
when compared to tube piezos. In contrast to the tube piezo
nanopositioner in use in most commercial scanning probe
microscopes, the stack piezo based design has less coupliigDEVICE DESCRIPTION
n the different d|reF:t|ons of posmonmg. However, the non- A schematic of the device is shown in Fig. 1. It consists
linear effects mentioned earlier are considerably more pro- .

of a flexure stage with a sample holder, an AFM head, an

nounced for the stack piezos. Another challenge imposed bXctuation system, a detection system, and a control system.

the device architecture is the presence of right half plane-l_he base platésee Fig. 2)] is 20 cmX 20 cmx5 cm and
zeros in the model of the system. is made of steel. From its center protrudes a cylindrical block

As indicated before, the attractive feature of piezo baset
e ' . PI€ or holding the sample. This part of the base plate that seats
positioning is the phenomenal achievable resolution. How- ) . . )
L . e : . . the sample holder executes the motion relative to its periph-

ever, it is considerably difficult and impractical to fabricate

sensors that can match the high resolutiparticularly for ery. This motion is obtained by the serpentine spring design

high bandwidth applicationsof the piezo based devices. (see Fig. 3where design groove@bout 150um wide) are

Thus the feedback action, if not properly designed, can de(-:Ut in the ba;e plate, making it possible for thg flexure stage
o : . to move relative to the frame. The top plate sits on the base
grade the open loop positioning resolution considerabl

Yplate and is of similar dimensions as the base -
- . ) plate. It pro
thereby for_f_e|t|r_19 one of the important features of the plezo\rjides support for the AFM head above the sanfsiee Fig.
based positioning.

2(b)].

On the other hand, the feedback action provides robust-
ness and is a powerful mechanism to guarantee performance
in the presence of nonlinearities and unmodeled dynamics
that have a significant adverse effect in piezo based devices.

Unlike the tube piezo configuratidsee Ref. 12 where
the proportional-integralPl) and the modern tools are com-
pared for a tube piedowhere the well tuned traditional
proportional-integral design can yield reasonable perfor-
mance, the need for a framework to design controllers where
the trade-off of the tracking bandwidth and the associated
resolution is more acute for the stack based nanopositioning sample holder '
device presented here. This article illustrates the ineffective- 1 SIBLI pISZOREIE S
ness of the traditional proportional-integral architecture used Hexure stage
predominantly by the scanning probe community and pro- (a) (®)
vides a basis for such a judgment. In contrast, we show howg_ 2. (a) Base plate of the flexure stagi) Exploded view of the flexure
the robust control framework allows for translating the per-and evaluation stages.

FIG. 1. Schematic block diagram of the device.

slot for LVDT

AFM head top plate

base plate
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lﬂl LVDT flexure stage
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flexure stage

grooves .

frame LS — |
% stack piezo piezo-stack  frame
o amplmer L*b_.lff—

FIG. 3. Schematic describes the serpentine design for supporting the flexure (’g
stage. This figure is illustrative and not drawn to scale.

7]

mple holder

e

—10 to OV x

An AFM head is positioned above the sample holder so (a) ()
that AFM measurements can be simultaneously made Withig 5 piezoactuation stagéa) Actuation of a piezo stackb) Arrange-
the LVDT measurements. Note that there is Bopiezo  ment of the piezo stacks.
present, so the AFM is operating in what is known as
“constant-height” mode. A basic schematic of the head is
shown in Fig. 4. A laser beam is focused on the back of th
cantilever near its free end and the reflected beam is direct s been adjusted so that it corresponds to the position of the
onto a bi-cell photodetector. The resulting voltage signal isflexure stage when an input 6f5 V is given to the actuation
taken and progessed fo infer the topography of the _sgrface ystem. Motion of the core from this null causes a larger
_The actuation system consists pf a_voltagt_e amplifier an(iwutual inductance on one coil and smaller on the other coil
a plezq-stgck arrangemgnt shown in Figa)5This amangé-  and the amplitude of the resulting output signal is a linear
ment sits in the slot adjacent to the flexure stégee Fig.

function of the core position for a considerable range on

2(3)]. The amplified voltage signal applied across the piezoeither side of the null. This amplitude modulated voltage

stack leads to its defo.rmanon which mpartg the mothn tosignal is passed through a demodulation circuit to retrieve its
the flexure stage. The input to the amplifigrhich has gain

. . . mplitude. Thus, the output signal from the demodulation
of —15) is restricted to be negative and to be less than 10 \Zircuit is proportional to the motion of the flexure stage.

i_n _magnitud_e since the piezo stack saiurates bey"?‘d this A block diagram of the control system is shown in Fig.
I5|mb|t. m_e piezo StaCk? Ere _th an an$@7'5ff_[$ei fF'g' ¢ 7. In the control algorithm, a reference sigriat the com-
(b)]. This arrangement, besides providing sufficient force tq and signalto be tracked is modified by a prefilter to regu-

the flexure stage, also achieves a mechanical gain Qhte the bandwidth of the device by removing the high fre-

1/sin(a). If the piezo stacks have different gains, there is aquency content in the signal, and/or appropriately shaping

possibility that the flexure stage is pushed out of the planethe signal to achieve better tracking. The design of the pre-

;rh? gu;—otfr—]plir;eMr?lotlzn EO f th(_a pIa'E[e cr::m, P:r?vzti;]/er, be dei‘ilters and control laws is described in Sec. IV. These laws
ected by the ead. Expenments show that there was nNgo e implemented on a Texas Instruments C44 digital signal

appreciable out-of-plane motion. rocessor
The detection system consists of a LVDT and associate In this article, we denote the input to the actuation sys-

demodulation circuit. It has a resolution in the order of a few, -
. o . ~tem byu, the demodulated output signal from the LVDT b
angstroms. The working principle of the LVDT is shown in y b g y

. o . . . - .y, and the system comprising the actuation, flexure, and de-
Fig. 6(@). The excitation signal is a sinusoidal voltage with y y P g

. . . tection stages b. Also, we refer tou as the piezo inputy
14 V amplitude and 10 kHz frequency. It induces in the twoas the LVDT output, an@ as the plant.

secondary coils a sinusoidal voltage having the same fre- Figure 8 is a block diagram of the closed loop system.

guency as excitation; however, the amplitude of the OUIpuHere r represents the reference or the command sigaal:
varies with the position of the core. The core is attached to '

the moving flexure stage and the coils are attached to the
stationary framésee Fig. 3. When the secondaries are con-

nected in opposition, there is a null position whose corre-
onding output is zero. In the apparatus, this null position

output (Vo)

‘/()SC(t)

laser diode RS-
A-B | - excitation % J LvbDT low pass|
AFB| UG support Vo(t) filter |yt
core—p g z(t) sin(wt) (aAcos¢/2)z(t)
l i X micro-cantilever
deflection signal 2 (a) (b)

FIG. 6. Detection stag&a) Working principle of LVDT. (b) Demodulation
FIG. 4. A schematic of the evaluation stage. of the amplitude modulated signal.
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TI M44 DSP 100 . :
to actuation system ) 50 — simulated VtG'ISPonse
r " 3 3 === gxperimenta
—| prefilter + C?Q&JOI DAC Y
T
— 3 0
‘c
ADC 2 _50t
v E
. -100
from detection system 0
FIG. 7. Schematic block diagram of the control system. 5 -100}
[
. . 3 200t
denotes the error signal, the difference between the referencg .|
and the output signals; arill stands for the controller trans- .§_ 400
fer function. Also, we represent the open loop transfer func- ~

tion GK by L; the sensitivity functionthe transfer function ‘50?02 0 4
fromr to e) by S, and the complementary sensitivity function frequency (rad/s)
(the transfer function fronm to y by T.

FIG. 9. Comparison of experimentally obtained and simulated frequency

IIl. IDENTIFICATION OF THE SYSTEM responses of the plant.

The modeling of the device was done using the black-, . . . "
box identification technique where a specific point in thed(:“S'gm:“d for the nominal plaawith the null position as the

operating range of the device was chog$ehere its behavior operating point show persistentrobus) performance even

is approximately linegrand a model of the device at this with inputs having large amplitudes.
point by studying its frequency response over a prespecified

bandwidth was obtained. For this purpose, we used a HR/, CONTROL DESIGN

3563A signal analyzer, which gave a series of sinusoidal in-

puts, u= —5+Asin(wt) (V), with frequencies spanning a
bandwidth of 2 kHz. An offset of-5 V was given to operate

The model inferred for the device at the null operating
point was employed to design the feedback laws. The pri-

the device about the null position. The amplitude,of the ~Mary objective of the control design is to achieve precise
signals was chosen to be less than 50 mV so that the piezt5ack|ng of arbitrary input signals with high bandwidth. The

response was approximately linear. The frequency respondgedback laws were constrained to provide control signals
of the device at this operating point is shown by the Bodethat were negative and within actuator saturation lirit40

plot (dashed linesin Fig. 9. A fourth order nonminimum to 0 V). Besides these implementation constraints, the pres-
phase transfer function ence of RHP zeros impose fundamental constraints. From

classical root locus analysisee Refs. 14 and 1%ve know
G(s) 9.7x10%(s—(7.2+7.4)) X 10%) that, as the feedback gain increases, the closed loop poles
- N N migrate to open loop zeroes, which implies high gain insta-
(s+(1.9%4.5)X10°)(s+(1.2£15.2) X 107) bility of the system. Hence high gain feedback laws are not
yielded a good fit to this data. Figure 9 shows the compariapplicable. They also impose a fundamental limit on the
son between the frequency response data and the one simichievable bandwidth of the closed loop system. A complex
lated from the modelG(s). The right hand plan€éRHP)  pair of RHP zeroesz; ,=x*iy (as in this case; ,=(1.72
zeros ofG(s) need to be noted as they pose limitations on+7.3@) x 10%), the “ideal” controller leads to the following

performance as described later. sensitivity function(see Refs. 15 and 16
This process was repeated to identify the system at dif-

ferent operating pointgby giving various dc offsejsspan-

ning the range of operation of the device. It was found that
there was not much variation in the frequency responses
(with A=50 mV) at higher frequencies and the responses
were slightly different in the dc rangesee Fig. 10 There

was considerable variation with respect to changes in the
operating point of the frequency response when the sine -40
sweep was done with large amplitude signals. However, we 0
shall see in the next section that the robust feedback law:  _;44l

n
o
T

0.

magnitude
(dB)

-20r

—2001

phase
(deg)

(reference) (control) (output)

e U Yy
T .O— -300f
+ “X(error K G
controller system (noise) -400 =
7

10 10 10* 10°

T frequency (rad/s)

FIG. 8. Schematic block diagram of the closed loop system. FIG. 10. Frequency responses of the pl@nat different operating points.
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25

0 0.5

1 :5
time (s)

3
x 10~

FIG. 11. Inverse response behavior®@fto the impulse function. This in-
dicates the presence of a pair of RHP zeroes.

o= 4xs
C(sHx+Hjy)(stx—jy)’

By the above criteria the achievable bandwidthe fre-
quency at whicHS(j w)| crosses—3dB from below is ap-

Salapaka et al.

\: k=0.4k

k=0.6k
T max

magnitude (dB)

-200

phase (deg)

~400

10° 10*
frequency (rad/s)

-600
10°

10°

FIG. 13. Bode plots of closed loop transfer function with different propor-
tional controllers.

part of the article we show that this architecture is not suit-
able for the nanopositioning device presented.

1. Traditional control architecture: Proportional (P)
and Proportional-Integral (Pl) controller design

From the analysis of the root-locus plot of the open loop

proximately 415 Hz for the system. This controller is ideal inSystem, it is seen that the closed loop system is unstable for

the sense, for a unit step reference), it generates an input
u(t) which minimizes the integral square tracking error

f:|y(t)—r(t)|2dt.

Note that such a controller might not be realizafgee Refs.
15 and 16.

Remark: It should be noted that flexible structures often
show the inverse response behavior, i.e., the output initiall
decreases before increasing to its steady state Values-
sponse to step or impulse given to the actuatbis behav-
ior is also a characteristic of systems with RHP zdee® the
impulse response of the device in Fig.)11

In industry, it is a common practice to design propor-
tional (P) or proportional-integralPI) controllers. In the next

6000

4000

2000

0

imag. axis

-2000

—-4000

-6000 ,

0

2000 4000 6000 8000

real axis

-4000 -2000

FIG. 12. Root locus of the open loop transfer functi@n,

feedback gains greater tan 0.168ée Fig. 12 As is evident

in Fig. 13, the gains at low frequency of the closed loop
transfer function(for different proportional controllers (0
<k<0.1674) are very low and hence the performance of the
device is far from satisfactory.

If we assume a PI architecturé+k;/s) for the con-
troller, we can determine the regions in tkg—k; plane
which guarantee closed loop stabilifgee Fig. 14a)]. It
should be noted that the regidin the k,—k; plang that
gives high bandwidtisee plot(d)] is the region with low
gain margin[see plot(c)]. Thus a trade-off between robust-
ness and performance has to be decided. We clgse
=0.01 andk;=75, which guarantee a gain margin of 1.57

0.25 0251
(a) | (b) S %%
= S
02— Unstabi 0.2/® RS
: nstable 1283
< 0.15 & 0.15H]
0.1
0.05° °
150 Y-
0.25 50 100 150
(d)

i ‘ ™
| m W” i

k 100
1

150 50 150

FIG. 14. (a) Region ink;—k, plane that guarantees closed loop stability.
Contour plots showingb) phase marging(c) gain margins, andd) band-
width of the closed loop systems corresponding to different points in the
ki—k, plane.
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6r 21 z3 -+

— output w z 2
,,,,,, 2
. . . ref(i-rence il

r.n
i
K

N
T

n
«—

(a) (b)

FIG. 16. (a) Generalized plant frameworkb) Closed loop system with
regulated outputs.

position (um)
(=]

|
N
T

The first step towardsl,, control design is to form the
generalized plant?. In the systenisee Fig. 169)], the ex-
ogenous inputv is the reference signa) the control input is
05 1 15 2 25 3 35 4 uandthe measured outpais the error signaé. In order to
time (s) reflect the performance objectives and physical constraints,
the regulated outputs were chosen to be the weighted transfer
function, z; =W, e, the weighted system output,=W,y,
and the weighted control inputg=W,u. The transfer func-
and a phase margin of 89° and the corresponding bandwidttion from w to z; is the weighted sensitivity functioWy; S,
of the closed loop transfer function is 2.12 Hz. This control-which characterizes the performance objective of good track-
ler was implemented and Fig. 15 shows trackifigadl Hz  ing; the transfer function fronwv=n to z, is the complemen-
triangular wave. We see that there is good agreement beary sensitivity function, whose minimization ensures low
tween the reference and the LVDT-output signals for thiscontrol gains at high frequencies, and the transfer function
input although the system has problems accurately trackinfom w to z; is KS, which measures the control effort. It is
the sharp turn around. also used to impose the control signals to be within satura-
It should be noted that the bandwidtk3 Hz) attained tion limits. The weighting functiondV;, i=1,2, and 3 are
with the PI architecturéthe bandwidth can be slightly im- used to scale these closed loop transfer functions to specify
proved at the expense of robustnessmuch less than the the frequency information of the performance objectives and
ideal bandwidti{~415 H2 as described in the previous sec- system limitations. The inverse of the weighting functions is
tion. This low bandwidth can be explained from the follow- an upper boundup to a constant scaling facjan the trans-
ing simplified analysis. We approximate the pl@by con-  fer function it is used to scaf€.The transfer functioi, , is
sidering only its slow modes+iy=(0.12+15.4) x10° and  chosen such that it has high gains at low frequencies and low
ignoring the fast modess(1.9+4.5) x 10%. This results in  gains at high frequencidsee Fig. 17. This scaling ensures
a third order closed loop system whose characteristic polythat the optimal feedback law is such that the sensitivity
nomial is given by function is small at low frequencies, thus guaranteeing good
tracking at the concerned frequencies. More precisély,
was chosen to be a first order transfer function

—4F

FIG. 15. Tracking of 1 Hz triangular signal with PI controller.

$°+26w,5%+ (Kp+Wa)s+k

where w,2\Xx?+y?=15.2 rad/s ands2x/w,=8x10"3.
For this system it can be shown that the bandwidth is in the 0.166%+ 2827
order of Sw,=12 rad/s= 1.9 Hz. This is in close agreement Wi (s)= Teio807
with the numerical analysis presented above. '
The main reason for the failure of the Pl design is that
the poles of the closed loop systépsven for the third order
system cannot be placed arbitrarily by choosikg andk; .
A higher order controller is needed to have full freedom in
the placement of poles.

magnitude (dB)

2. H,, controller design

The main advantage of using this design is that it in-
cludes the objectives of tracking and resolution in the prob-
lem formulation. More precisely, the control law is obtained
as a solution to an optimization problem which incorporates
the performance objectives like bandwidth and resolution in ~ _;qq
its cost function. This eliminates the tedious task of tuning 10
the gains in the PI architectufes illustrated later even the
optimally tuned gains fail to yield acceptable performance FIG. 17. Weighting transfer functions.

phase (deg)

L ! L
0 2 4

0 10
frequency (rad/s)
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100 100

This transfer function is designed so that its invef@e ap-  (a)

proximate upper bound on the sensitivity funcib@s a gain

of 0.1% at low frequencie$<1l Hz) and a gain of~5%

around 200 Hz. B —
The weighting functionW; puts a low bound on the

0 1
specify the roll off of the open loop system to prevent high _100\-[\\ -100 REP

(=]

L
S o
a3

phase (deg) mag. (dB)
o

bandwidth of the closed loop system but does not allow us ta

frequency noise amplification and to limit the bandwidth to . o1¢" o 10° 10’
be below Nyquist frequency. As already mentioned, piezoac-{c)g 200 \( ) oﬂﬁ
tuators do not have any backlash or friction and therefore é’ B

have very fine resolution. The resolution of the device, there- o —408 538

fore, depends on the experimental environment and it is lim- &

ited by thermal and electronic noise. In any closed loop & -500 Oﬁ[\
framework the high resolution of the piezoactuators may be &_ 4., -2001—

compromised due the introduction of the sensor n@is¢his 10° frequency (rad/e).

case the LVD7 into the system. Clearly this effect is absent

in the open |00p case. In theé, paradigm these concerns of FIG. 18. Closed loop transfer function&) controller, (b) sensitivity, (c)
. . . . . %Pmplementary sensitivityd) KS.

sensor noise rejection are reflected by introducing a weighte

measure of the complementary sensitivity functi®riywhich

is the transfer function between the noise and the posjtion

In this case, this weight was chosen to be W,S
W2T < ’y,
s+235.6 W5KS

]

W= 001+ 1414

which has high gains at high frequenciemte that noise is where y, is the optimal value. The controller was designed

in the high frequency region There is another interesting (USIng the function, hinfsyn in Matlatfor y=2.415 and the
interpretation of this weighting function. It decides the reso-eighting functions described above. The following sixth or-
lution of the device. Resolution is defined as the variance ofl€" controller transfer functiok(s) was obta|n7ed with a dc
the output signay, when the device is solely driven by the 9&in Of 2.259% 10%, its poles at—1.1495%< 107, —1.4137
noisen, i.e., resolution is equal to the variance™i. Thus, x10°, —5.643 10°, —2.8274, and { 1.5676+5.8438)

W, that guarantees lower roll off frequencies gives finerX10°, and its zeroes at—1.41371C°, (-1.8647
resolutions. In this way, the trade-off between conflicting de-+4.4958) X 10°, and - 1'171%10% 1.5205x 10°. i
sign requirements of high bandwidth trackifeharacterized ~__ 1he controller, the sensitivity, the complementary sensi-
by low S, T~1) and fine resolution&haracterized by low) tivity function, gnd KS transfer functions are s_h_O\_/vn in Fig.
is translated to the design of weighting transfer functidns 18- The bandwidth of the syste(from the sensitivity trans-
andW,. The transfer functiorkS was scaled by a constant fer function is found to be 138 Hz. It should be noted that
weighting W5=0.1, to restrict the magnitude of the input this is '?m enormous |m'provemen't over 'Fhe Pl controller.
signals such that they are within the saturation limits. ThigISO, this controlier provides a gain margin of 2.57 and a

weighting constant gives control signals that are at most sifnase margin of 62.3° as opposed to the values of 1.57 and
times the reference signals. 89° in the PI controller. This shows that the robustness is

In summary, the regulated outputs are given by considerably better witiH,, controllgr: !n this fi_gure[plot
(b)], we have compared the sensitivity function with the

Z; W, (r—Gu) ideal one introduced earlier in the section.
z=|2|= W,Gu The designedH.. controller was implemented and the
Z3 Wsu resulting closed loop bandwidth was similar to that obtained
theoretically. The performance of th&, controller is signifi-
and the generalized plaftis described by cantly better than the Pl controll¢see Fig. 19

W, —W.G Figure 20 shows the performance of this controller for a
L L 25, 50, and 100 Hz triangular and 100 Hz reference signals.
0 Wy It can be seen that the closed loop system tracks the 25 and

z| 0 W, 50 Hz signals wel[see plotga) and (b)]. The mismatch in
v [[-G] u the case of the 100 Hin (c)] signal is due to the accentua-
j tion of higher modes of the triangular wave. In contrast, the
_p 100 Hz sinusoidal signal shown {d) does not have higher

harmonics and the closed loop system shows much improve-
In practice it is computationally simpler to design a subopti-ment in its tracking. In addition to the above advantages, the
mal controller (i.e., one that is close to the optimal with design process was capable of incorporating the engineering
respect to théd., norm). In particular, for anyy> y,,>0 we  specifications in a streamlined manner in contrast to the often
can find a controller transfer functidf such that ad hocway of tuning parameters in the Pl design.
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(s) FIG. 21. Numerical quantification of hysteresis.

FIG. 19. Comparison of the performance of the closed loop system(aith

P1 controller, (b) H.. controller. sensors are used for relatively long ranges. Therefore, open

loop piezoactuators are typically operated in linear ranges to
avoid positioning effects. However, witH., design, these

In this section, we characterize the closed loop and th@onlinear effects are compensated and thus the closed loop
open loop device in terms of its resolution, bandwidth, and€vice shows minimal hysteresis. To study this, we first plot-
range. We also provide the comparison between Pltapd t€d hysteresis curves by operating the device in open loop
designs. First, the device was calibrated using a calibratiofonfiguration and then compared them with the curves ob-
sample which had 180 nm high grooves every. This t_alned_by repeatmg the experiment in t_he closed loop con-
grid was placed on the sample holder and probed by théguration. Input signalgless than 1 Hz triangular pulsesf
AFM head. A triangular input of amplitude 2 V was given Increasing amplitudegl—4 V) were given in open loop con-
and the resulting LVDT output showed the presence of 7.2éiguration and the corresponding output signals recorded.
grooves. This implies the device has a static sensitivity ofl '€ OUtput versus reference plots are given in FigaR2t is
18.15 um/V. It was seen that the input voltage of approxi- obse_rved that the hysteresis effects are Sjomlnan.t. at higher
mately 4 V can be given without reaching the limits of the @MPplitudes(longer travels The hysteresis is quantified nu-
actuator. This guarantees a travel range ofur. mencally in terms of maximum inputr outpu_} hysteresis
given as a percentage of the full scdkee Fig. 2L The
maximum output hysteresis varies from 0.75 to 4,93

The positioning precision of the piezoactuators is signifi-(7-2%—10% of corresponding travelsnd the maximum in-
cantly reduced due to nonlinear effects such as hysteresiBUt hysteresis varies from 0.14 to 0.73(9.8%-7.6% of
drift, and creep. Hysteresis effects are significant when th&rive inputs. A similar plot[see Fig. 2£b)] obtained for the
closed loop configuration shows that tHe design virtually
eliminates all hysteretic effects. In this case, the travel length

V. CHARACTERIZATION OF THE DEVICE

Elimination of nonlinear effects

(a) (b)
10 : 10
------ reference
— LVDT-output % (@) (b)
5 5 _
4 20

. . 20 3 R
= T 10 2 g
£ ! S
2 5 5L d ¢ S o 1 2 o0
g 0 0.05 0.1 0.15 0 0.02 0.04 0.06 0.08 ‘g '§
= o _
3 (c) (d) g o s
g 10 10 20 20

=00 0 > 2 -15 0 1.5
input (V) Reference (V)
open loop closed loop
max. out. hyst. max. inp. hyst.  max. out. hyst.:
3 1 074um(7.2%) 0.14V (5.8%) 62.3 nm (0.14 %)
2 2.09 um(9.3%) 0.36V (7.5%) max. inp. hyst.:
0.04 0 0.02 0.04 3 346 um(9.8%) 0.56V (7.7 %) 2mV (0.07 %)
time (s) 4 4.93 pm (10.0%) 0.73V (7.6 %)

FIG. 20. Tracking of@) 25 Hz,(b) 50 Hz,(c) 100 Hz triangular waves, and  FIG. 22. Hysteresis iffa) the open loop configuratiorib) its elimination in
(d) 100 Hz sinusoidal wave using th&, controller. the closed loop configuration.
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0.5 (a)

6=0.84nm (with H_ coniroller)

open loop
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FIG. 25. (a) Referencecalibration samplegeometry.(b) Mismatch in the
FIG. 23. Elimination of creep using., controller. position of grooves between the forward and the backward traverses in the
open loop.(c) Good match in the closed loop configuration.

is 45 um and the maximum output hysteresis was signifi-
0 ;
cantly reduced to 62.3 nitD.14% and the corresponding experiment conducted in the., closed loop(see Fig. 28

. ; : 0
maximum |_nput hysteresis was reducgd 0 2 4h07%. .shows that the feedback laws virtually eliminate this effect
Creep is another undesirable nonlinear effect common in .
and the system tracks the reference signal.

piezoelectric actuators. It is related to the effect of the ap- S ) L
. . . A significant adverse effect of the nonlinearities is that of
plied voltage on the remnant polarization of the piezo ceram-

ics. If the operating voltage of @pen loop piezoactuator is nonrepeatability. This was seen clearly in the calibration ex-

increaseddecreased the remnant polarizatiofpiezo gain periment described in the previous sectiqn. !n this case, .the
continues to increas@ecrease manifesting itself in a slow grooves that were observed when traveling in one direction

creep(positive or negativeafter the voltage change is com- were not _conpomitant with those in the other dire_ction. This
plete. This effect is approximately described by the equatiorllS show_n n .F'g' 24a). The corresponding hysteresis curve 1s
shown in Fig. 24c). These effects were removed wikh,

y(t)=yo[ 1+ ylog(t/ty)], design and in Fig. 2%4), we see that the grooves in the
forward and reverse directions are aligned with each other
(The PI performance is not provided as the scan speed was
T&\le” beyond the Pl bandwidihThe corresponding hysteresis

t is shown in Fig. 2dd). The mismatch in the open loop is
dnore clearly seen in Fig. 2B), where the image obtained in
one direction is positioned behind the one obtained in the
other direction for the sake of comparison. In Fig(@5the
near perfect match with thid,, design is demonstrated. This

nonrepeatability can lead to gross errors when the images are

satisfy the creep law with a creep factor of 0.55. The same

wheret, is the time at which the creep effect is discernible,
Yo Is the value of the signal &, andvy is a constant, called
the creep factor, that characterizes this nonlinear effect.
measure this effect, we studied the steady state step respo
of the device in open and closed loop configurations. Th
response/(t) in the open loop was found to approximately

tip position (nm)
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FIG. 24. Evaluation stage result&a), (c) mismatch in the position of

grooves between the forward and the backward traverses in the open lodflG. 26. (a) Calibration sampldtop). (b) Distorted image obtained by av-
and the corresponding hysteresis cy¢®, (d) A good match in the closed eraged data in the open loop configuratibottom lefy. (c) Faithful image
loop configuration and the corresponding hysteresis cycle. obtained by averaging in the closed loggmttom righj.
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