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Abstract—This paper presents a novel sensing technique which for high-bandwidth closed-loop control of nanopositiaer
uses a piezoelectric strain sensor for damping and accurate Furthermore, these sensors are typically expensive age lar

tracking of a nanopositioning stage. Piezoelectric elements have;, size, making the installation of the sensors to a compact
been used effectively as sensors for vibration control of smart o e
nanopositioner rather difficult.

structures. However, complications arise when one uses a piezo- ) . . . .
electric strain sensor in a feedback loop for tracking. This is  In this work, a piezoelectric strain sensor is used as a
due to the high-pass characteristic of the piezoelectric strain position sensor in a feedback loop to damp the first resonant
voltage at low frequencies which tends to destabilize a closed- peak and to provide accurate tracking of a nanopositioner.
loop tracking system. Here, we overcome this problem by using a pje;gelectric elements are small and compact which can be

low-frequency bypass technique which replaces the low frequency . . .
signal with an estimate based on the open-loop system. Once€asily bonded to flexures to measure displacements. Piezo-

the high-pass characteristic is accounted for, an analog Integia €lectric strain sensors provide a high sensitivity and badith
Resonant Control (IRC) and an integral tracking controller were ~ with low noise at high frequencies [12], [13]. This propeigy
implemented. The resultant tracking bandwidth of the closed- desirable for high-speed nanopositioning applicatioriszd?

loop system was measured to be 1.86 kHz. To evaluate the Closed'electric elements have been used effectively as sensors for

loop tracking performance of the nanopositioning stage, it was . .
forcped to tragclftriangular waveforms atp40 Hz ar?d 789Hz. The vibration control of smart structures [14]-[19]. Unforataly,

closed-loop system shows significant improvement where the non-there are difficulties in closed-loop tracking control dwe t
linearity of the system is effectively reduced. the high-pass characteristic of piezoelectric strainagst at

low frequencies. This high-pass characteristic is due ® th
piezoelectric capacitance and finite input impedance dhgel

The Atomic Force Microscope (AFM) is an important tooamplifiers and buffers.
in the area of nanotechnology including bioscience [1fctele In this work, the high-pass characteristic problem is sblve
cal characterization of semiconductors [2], nanomanifmria by implementing a low-frequency bypass technique where the
and nanoassembly [3]. In an AFM, a sample is placed onlaw frequency signal is replaced with an estimate signa¢tias
piezoelectric tube scanner [4]. A sharp probe located at tba the open-loop system dynamics [13]. The low-frequency
free end of a micro-cantilever is used to measure the samplgass technique facilitates the implementation of argiate
topography. The scanner moves the sample in a raster patteaicking controller.
over an area. The topographical image is then generated byt is documented in Ref. [13] that by suppressing the lightly
recording the interaction between the probe and sample adaaped resonance of a system, the bandwidth of an integral
function of position. tracking controller can be significantly increased. Theamef

Flexure-based, piezoelectric stack-actuated nanopositt an Integral Resonant Control (IRC) [20], [21] was imple-
have emerged as an alternative scanner for high-speedcatoménted together with an integral tracking controller toiach
force microscopy [5]-[9]. The two main drawbacks of flexurea high resultant tracking bandwidth of the nanopositioner.
based mechanisms are (i) the lightly damped resonant peaksThe remainder of the paper is organized as follows. A
and (ii) the non-linearity of piezoelectric stack actuatoA description of the experimental setup is provided in Sec. Il
triangular waveform that is used to generate the rasteenpattin Sec. 1, the characteristic of piezoelectric strain smn
tends to excite the resonant peaks of a nanopositioner vimichs discussed. The relationship between mechanical stran a
turn distorts the AFM images. The piezoelectric non-liitgar voltage of the piezoelectric sensor is also derived arcalii
causes positioning errors which induces image artifacés- VThe feedback control design is then discussed in Sec. IV
ious feedback control techniques have been successfully ifollowed by the open- and closed-loop performances of the
plemented to suppress vibration and to compensate for pasinopositioning stage in Sec. V. Sec. VI concludes the paper
tioning errors [7], [10], [11]. These feedback control nuth
use position sensors such as capacitive and inductive rsenso
which typically have a maximum bandwidth of 10 kHz. The The proposed sensing technique will be demonstrated on
first resonant peak of most high-speed nanopositionersaappihe fast-scanning axis (i.e. Y-axis) of an XYZ flexure-based
at above 10 kHz [5]-[7]. These sensors are clearly inadequatnopositioner. As pictured in Fig. 1. The X- and Y-axis of

I. INTRODUCTION

Il. EXPERIMENTAL SETUP
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mid-point is known, Eq. (1) can be simplified to:

8 3 3. l
y(z) = —dl—3 <2£E - ilm > for0 <z < 3 (2
Once the deflection is known, the induced piezoelectricagat
can be derived. Since the sensor is thin compared to the host
structure, the strai§; in the sensor is assumed to be uniform
through its thickness. That is,

Piezo strain

sensor 3 Si = —cy’(2), 3)

wherec is the distance to the neutral axis. The induced voltage
v, can be shown to be [23]

Figure 1. A XYZ nanopositioner with piezoelectric straimser.

E
Up :K%/Sl dx, (4)
p

the nanopositioner are driven by Noliac SCMAPO7 piezoele@here K is a correction factorf, is the Young's Modulus of
tric stack actuators (5 mmx 5 mm x 10 mm, 380 nF). the piezoelectric materialy, is the sensor widthds, is the
The Z-axis is driven by a Noliac SCMAPO6 stack actuatditrain-charge coupling coefficient, aifd, is the capacitance
(3 mm x 3 mm x 6 mm, 70 nF). The nanopositioner has given by C, = l”“;% wheret,, is the piezo thickness,, is
motion range of 7um x 7 pm x 4 um in the X-, Y- and the piezo length, andss is the dielectric permittivity under
Z-axis respectively. The first resonance frequency of theeth constant stress. The correction factsr = K, K; accounts
axes is 11.3 kHz. for the lateral strain due to poisson coupling and the shear-
The piezoelectric strain sensor is dag effect of the bonding layer [23]. Sensors constructecfr
5 mm x 10 mmx 0.25 mm plate of PI PIC151 piezoelectricPZT are equally sensitive to lateral and longitudinal strab
ceramic bonded to the flexure with epoxy as shown i, = (1 — v) wherev is the poisson ratio for aluminium
Fig. 1. The induced piezoelectric voltage was buffered by (8-33) [23]. The shear-lag factdr}, is caused by the bonding
unity-gain amplifier with an input impedance of 500{M layer which reduces the strain experienced by the sensor. By
Due to the 4-nF source capacitance of the sensor, the repul@ssuming a bond layer thickness of 0.028 mm, the effective
high_pass cut-off frequency was 0.1 Hz. In order to Ca@ra{ength and width fractions of the proposed sensor are 0.6783
the piezoelectric sensor, a MicroSense 6810 capacitiveoserdnd 0.8385 respectively. The equivalent area factakjs=
with a sensitivity of 2.5:m/V was also used to measure thé.6783 x 0.8385 = 0.5688.
displacement of the nanopositioner. Since the deflection is symmetrical about the midpoint, the
The Y-axis piezoelectric actuator was driven by a charggérivation of induced voltage can be simplified by consiutgri
drive with a gain of 1QuC/V and an equivalent voltage gain of2 Piezoelectric sensor that covers only one half of the beam;
26. All frequency responses were recorded using a HP35678)&t is, the lengthi,, is halved. Due to the symmetry about
dual-channel spectrum analyzer. To evaluate the closgal-lghe midpoint, the induced voltage on the full sensor is equal
tracking performance, the nanopositioner was forced tektrat® the half-sensor but with twice the capacitance. Taking th

fast triangular waveforms at 40 Hz and 78 Hz. into account and combining Egs. (2) and (4) yields
ds1 Eyw 8 L
— K PP d* / 2 5
[1l. PIEZOELECTRIC STRAIN SENSOR Up Cp/2 s lv (x)]éf%” ®)
ds1 E 8 L
To measure the dynamic deflection of the nanopositioner, a vp = K%i;’;%cdl—g [63@2 — 3lm] 1y (6)
piezoelectric plate is bonded to the flexure as shown in Fig. 2 P ; 2
Since the deflection is proportional to strain, the induced _ g Epwy 8 (3l 3L, 7
piezoelectric voltage is also proportional to deflectiomisT P Cp/2 B\ 2 2 |

relationship is explored in the following. Eq. (7) demonstrates that the induced voltage is linearly

Sroportional to the deflection of the nanopositioner. The pa
rameters of the piezoelectric strain sensor and the flexure
dimensions are listed in Table I.
F 3, I From Eq. (7) and Table I, the estimated sensitivity is
y(@) = 577 (2333 — 5l ) for0<z<g, (1) 1.3 Vium of deflection at the mid-point. The experimentally
measured sensitivity was 1.06 pm, which is lower than

where F' is the applied forceFE is the Young’'s Modulus, the predicted value. The discrepancy is thought to be due to
and [ is the moment of inertia. Although the above equatiothe lower curvature caused by the 5-mm wide piezoelectric
describes only one half of the beam deflection, the deflectiantuator, which locally stiffens the structure and acts as a
is symmetric about the mid-point. If the deflectidnat the distributed force not the assumed point load.

point-load, the transverse deflectigf{z) of a fixed-fixed
uniform beam is known to be [22]



Table |
PROPERTIES OF THE PIEZOELECTRIC STRAIN SENSOR AND THE FLEXER

DIMENSIONS.
Ey ds1 Cp lp tp wp
GPa C/N nF mm | mm [ mm

66 | -210x10"12 | 4.25 5 0.25| 10

l t w c
mm mm mm mm
16 0.4 | 12.8 | 0.325

Displacementi{m)

F
A
Flexife t " 0 5 10 15 20
\

y
A
z Time (ms)
I.._ > x I | Il*
C
] T L Figure 3. The measured displacement in response to a fulerafg-Hz
-—> -—> triangle wave (200 V). The solid line is the displacement mezsent derived
from the piezoelectric strain sensbf (-) while the dashed line is from the
capacitive sensod (- -). Vs is plotted with a 1um positive offset for the
sake of clarity.

where the input is applied voltag€, and the outputs are
displacementd and the piezoelectric strain voltagg. This
SITO system is expressed as

Figure 2. Schematic diagram of a flexure with a bonded piezt@eplate.

Up G (8)
A second-order model was fitted to the measured frequency

Due to the capacitive nature of the piezoelectric sensor apgponses in Fig. 4 using the frequency domain subspace

the finite input impedance of electronics, the transfer fiomc algorithm [24]. The transfer functions of the two subsystem
from v, to V; resembles a first-order high-pass filtéy [13], e

[d}:G(s)u, and G(S)Z[Gd”(s)]. ©)

A. Sensor characteristics

that is Con (5 0166257 — 85695 + 2,684 x 10° |
S o) = 5
Vs = H, (s)v,, where Hy(s) = P (8) s2 + 5480s + 5.226 x 107
v, Is the piezoelectric strain voltage, and = 1/R;,C,, 0.01825s2 — 7453s + 1.105 x 10°

where R;,, is the input impedance of the voltage buffer and Gav (5) = $2 + 5480s + 5.226 x 109 - (1)

Cp is the piezoelectric sensor capacitance. This high-pagge measured and modeled frequency responses,pfand
characteristic causes a standard tracking controllerttoa®. ¢, are plotted in Fig. 4.

To evaluate the sensor characteristics at dynamic frequen- ]
cies, the frequency response functions (FRFs) of the nanofle Damping control
sitioning system were recorded from the input applied to thelt is known that the bandwidth and stability margins of a
charge amplifier to (i) the measured strain volta@g, (iw) standard tracking control system are proportional to thg-ma
and (ii) the measured displaceme@;, (iw). Note thatd nitude of the lowest-frequency resonance peak [25]. Hence,
is the displacement of the nanopositioner measured usingrder to maximize the closed-loop bandwidth of the nanopo-
capacitive sensor. The two FRFs are plotted in Fig. 4. Tls#tioner, an Integral Resonance Controller (IRC) was desig
first resonant peak of the system appears at 11.3 kHz in bethdamp the first resonance mode. A block diagram of the
plots. system with IRC damping control is illustrated in Fig. 5. The

To evaluate the linearity of the piezoelectric strain sgnsshaded box in Fig. 5 represents the damped systgn).
a 100-Hz triangular input signal of 200 V was applied to the The IRC damping controller was designed by following the
actuator. In Fig. 3, the measured capacitive sensor signaprocedure in Ref. [20]. This procedure begins by finding a
identical to the piezoelectric strain sensor signal to inithe sufficiently large feedthrough terl; so that the system zeros
limits of measurement. are lower than the resonance frequency. The new system with
added feed-through is referred to@s, (s) + Dy. A suitable
gain k can then be found using the root-locus technique [25].
In this case Dy = —1 andk = 7 x 10* were used.

To facilitate the controller design, a dynamic model is Due to the high mechanical resonance mode (11.3 kHz)
first required for the system. The nanopositioning system asd the limited sampling rate of the dSPACE prototyping
considered to be a single-input two-output (SITO) systesystem, the IRC controller was implemented in analog form

IV. MODELING, CONTROLLERDESIGN AND
IMPLEMENTATION
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Figure 6. Analog implementation of the IRC damping controller.

As k is positive andD; is negative, the equalities are
1

m.

The component values used to implement the controller are

listed below. The opamp is an LT1362, however almost any
general purpose high-speed opamp would be suitable.

1
T2qCo = E’ and’I’QbCQ = (14)

10" 162

T2q T2b C2
433 K2 433K) 3.3nF

B. Tracking control

As discussed in Sec. llI-A, the high-pass characteristic of
the piezoelectric strain voltage precludes the direct dsano
Figure 4. Measured (-) and modeled (- -) frequency resporfsés,p and  integral tracking controller. In this work, we use the low-
Cav- frequency bypass technique [13] that allows the piezoetect
S strain voltage to _be used for tracking. In this technique, th
Grs) complementary filterd.(s) and H(s) (see Fig. 5) are used
_TkD—’ﬂ Ga(s) i} to substitute the actual output with an estimate at fregi@snc
i G(s) —".@ % below the crossover frequeney, chosen to be 10 Hz. The
G(s) transfer functions of the complementary filters are

10" 10° 10° 10
Frequency (Hz)

(6]

Analog IRC H(s) = —,andL(s)=1—H,(s)H (s) (15

() = ey AL0) » (s) H (s) (15)
where H,, (s) is the high-pass filter associated with the piezo-
R electric strain voltage defined in Eq. (8) that has a cut-off
the low-frequency bypass control technique. . . .

sensitivity asV; by a constanf,. Providing K, is accurately

tuned, the transfer function fromto V; is

[25]. Although the transfer function can be implemented by Vs _ C(s) Gow (s) (16)
a single op-amp, the dual configuration, shown in Fig. 6, is r o 140 (s) (K L(s) Nz (S)H(s))’
simpler to tune if necessary. g v

The first stage of the circuit in Fig. 6 is a unity-gain differawhere C (s) is a negative integral controlle€; (s) = —k;/s.

ential amplifier. The controller IRC controller is implemied The transfer function from to d is

by the inverting integrator stagé,, where d C(s)O
C, - % . 12) T C(s) (KoL (s) + Go () H (5))
! Piezoelectric stack actuators exhibit significant hysiere
The circuit transfer function is when driven with large voltages. This can cause the system
L sensitivity andk, to be dependent on the voltage magnitude.
"~ Taace (13) However, in this work a charge drive [26] was used to
-

s+ effectively eliminate hysteresig(, was successfully tuned to

T2pC2
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system with IRC and the closed-loop system with IRC and nategacking
control.

-1.05. An alternative method to account for the presence of
hysteresis involves the inclusion of a non-linear modekin
The Preisach model [27], Prandtl-Ishlinskii operator [281
Maxwell resistive capacitor model [29] have all been used to
effectively model low-frequency hysteresis. ‘ ‘ ‘ ‘ \

The experimental frequency responses of the open-loop, 0 5 _lr?me (%155) 20 25
damped, and closed-loop system are plotted in Fig. 7. The ‘
resulting tracking bandwidth of the closed-loop system is
1.86 kHz (453 phase lag) when using an integral gain of
k; =15000. The gain and phase margins are 11.3 dB and
58.6 ° respectively. Without the IRC damping controller,
the maximum tracking bandwidth is reduced to 956 Hz
(k; =12000) with a gain margin of only 2.7 dB. Thus, by
using a damping controller, the tracking bandwidth and gain
margin are successfully increased by a factor of 2 and 2.7
respectively. 0 2ie (ms) 10

The closed-loop time-domain performance was evaluated by
driving the nanopositioner with a full-range (200 V) tridédg Figure 8. Open-loop tracking performances at 40 Hz (a) and Zg)
wave. The open- and closed-loop response is plotted in Fig_O_nged-Ioop tracking performances at 40 Hz (c) and 78 Hz (efeiRnce

. . Lo . signals are plotted in dotted-line and displacement measuntsnaee plotted

At 78 Hz line-rate, the non-linearity is effectively supgsed i, solig-line.
with negligible tracking lag. Good tracking performanceswa
observed up to around ten-percent of the bandwidth, or ap-

Fast axis displacementrfi)

Fast axis displacementrf)

proximately 180 Hz. completely eliminated. The remnant non-linearity is nediole
in the measured displacement plot. The measured closed-
V. OPEN- AND CLOSED-LOOP PERFORMANCES loop displacements show significant improvement due to the

To demonstrate the efficacy of the proposed control strate§jimination of non-linearity. With the high tracking banitith
this section presents the open- and closed-loop trackirfgrpe @chieved by the proposed control strategy, the closed-loop
mances of the nanopositioning stage. Fig. 8 plots the medsupyStem does not exhibit tracking-lag while following a 7&-H
open- and closed-loop displacements of the nanopositionifiiangular reference.
stage when the stage was forced to trace triangular inputs at
40 Hz and 78 Hz. VI. CONCLUSIONS

In open-loop, the hysteresis effect of the piezoelectric In this paper, a piezoelectric strain sensor was bonded to
stack actuator is minimized by the charge drive but nat flexure-based nanopositioner as a displacement sensor for



damping and tracking control. Compared to existing sensorsl]
such as capacitive sensors, piezoelectric strain sensers a
extremely low-cost, simple, compact, have a very high band-
width, and produce low-noise at high frequencies. However?]
they also exhibit a high-pass characteristic at low fregiem
which precludes their use in a tracking control system.

In this work, problems associated with the high-pass chais]
acteristic of a piezoelectric sensor are eliminated by gisin

pair of complementary filters to replace the piezoelecigoa [14]
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An analog IRC damping controller was designed and inht>!

plemented to suppress the first resonance mode of the nanopo-
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loop bandwidth of 1.86 kHz was achieved.

The closed-loop tracking performance of the nanopositiop7]
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