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High bandwidth, high resolution positioning is a significant enabling tool for nanotechnology.
Unfortunately, in a typical nanopositioner operating in closed loop, higher bandwidth results in
increased sensitivity to measurement noise and hence reduced resolution. In this article we present
a technique that allows high-precision tracking of repetitive, jitter-free reference signals without
being constrained by the reduction in measurement noise induced positioning resolution. The
technique works exceptionally well for scanners with high enough open loop bandwidth and in the
absence of high frequency external disturbances. Both simulation and experimental results are
presented to illustrate this concept using a triangular reference signal. © 2009 The American
Physical Society. �DOI: 10.1063/1.3160016�

Precise positioning is the enabling technology for a va-
riety of applications ranging from scanning probe micros-
copy and semiconductor manufacturing systems to data stor-
age devices.1–3 Positioners such as piezoactuated flexure
stages and Micro-Electro-Mechanical Systems �MEMS� mi-
croscanners are widely employed to perform fast scan opera-
tions in these devices. Significant effort has been devoted to
the design of high bandwidth feedback controllers for
nanopositioners.4,5 However feedback controllers make the
closed-loop system susceptible to measurement noise. The
positioning inaccuracies arising from the measurement noise
tend to increase with increasing bandwidth of the closed-
loop system. At some point this has the potential to signifi-
cantly impact the positioning accuracy thus defeating the
purpose of using a highly precise positioner in the first place.
Low bandwidth controllers on the other hand would not be
able to track the high frequency components of the reference
signals resulting in a highly undesirable tracking perfor-
mance. This is a fundamental tradeoff that needs to be ad-
dressed while designing feedback controllers for nanoposi-
tioning systems.

Consider a one degree of freedom control configuration
where P denotes the model of the positioner and K denotes
the controller. Let the signals r, x, and n denote the reference
signal, the position of the scanner, and the measurement
noise, respectively. The control objective is to have x track r
using the measured position, xm, which is x corrupted by the
measurement noise. The transfer function relating the posi-
tion to the reference signal Txr quantifies the extent to which
the closed-loop system is able to track the reference signal.
The transfer function relating the position to the measure-
ment noise Txn on the other hand quantifies the impact of
measurement noise on positioning. These two transfer func-
tions are given by

Txr = − Txn =
PK

1 + PK
. �1�

It can be seen that the magnitude response of Txr is identical
to that of Txn. This implies that an increased reference track-

ing bandwidth invariably leads to a greater sensitivity to
measurement noise.

A common approach employed to circumvent this
tradeoff is to reduce the high frequency content of the refer-
ence signal without substantially distorting it.6 However
there are always limits to which the distortions to the original
reference signal can be tolerated. For example in a triangular
reference signal, reducing the high frequency components
would substantially reduce the available linear region. An-
other approach is to design higher order controllers. Even in
this approach only partial decoupling of the reference track-
ing and noise sensitivity transfer functions is possible and
moreover, this approach results in significantly more compli-
cated controllers. In this article we propose a novel scheme
that tackles the problem of tracking repetitive reference sig-
nals. The essential idea is to transform the signals within the
feedback loop so that the tracking problem can be reduced to
that of tracking an alternate reference signal with much
lower frequency content.

The basic idea is to find a transformation and inverse
transformation between the repetitive reference signal and a
dummy reference signal with much less frequency content.
For example one can find a map that transforms a repetitive
triangular reference signal into a ramp signal with a constant
slope. The next step is to design a controller that tracks the
dummy reference signal with zero steady state error. In Fig.
1, a block diagram depicting the signal transformation
scheme is presented. The mapping relating the dummy ref-
erence signal with the actual reference signal is denoted by
� and the inverse mapping is denoted by �−1.

The map � which corresponds to a triangular reference
signal is shown in Fig. 2. Let i denote the index of half
periods of a triangular reference signal. If t denotes the time
and T denotes the period of the triangular signal, then i is
given by i= �2t /T�+1, where � . � denotes the floor operator. If
A denotes the amplitude of the triangular signal, then � is
given by
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y = ��x� = �− 1��i−1�x�t� + 2A�i/2� ,
and �−1 is given by

y = �−1�x� = �− 1��i−1�x�t� + �− 1�i2A�i/2� .
These functions, � and �−1 are specifically chosen so

that they translate the signals in the frequency domain. �−1

transformation ahead of the scanner P ensures that the scan-
ner sees a signal close to a triangular signal and the � trans-
formation on the measured position signal ensures that the
controller sees a signal close to a ramp signal.

The controller K is chosen such that the closed-loop sys-
tem tracks the dummy reference signal, ramp signal in this
case, with zero steady state error. Given that the reference
signal is a repetitive triangular signal, the dummy reference
signal is a ramp signal with a constant slope. To track a ramp
signal with zero steady state error we require a type 2 system
and hence K should have a double integral component. So a
possible control structure could be, K�s�=ki /s+kii /s2, where
ki and kii are integral and double integral gains.

The essential idea is that, owing to the blocks � and �−1

within the feedback loop, the problem of tracking a triangu-
lar signal �with high frequency content� is translated to that
of tracking a ramp signal �with low frequency content�. This
way from the perspective of the closed-loop system it would
be tracking a signal close to a ramp signal, which it can track
satisfactorily in the steady state irrespective of the slope of
the ramp signal. However, from the perspective of the scan-
ner, it will be tracking a signal close to a triangular signal.

Triangular signals are widely employed in a variety of
nanopositioning applications for the fast axis in an X-Y nan-
opositioner. Hence we focus on applying the signal transfor-
mation approach to tracking triangular reference signals.
However, it could also be extended to other reference signals
if the appropriate � and �−1 can be obtained.

Simulation results are presented to demonstrate the ef-
fectiveness of the scheme. In the case where P can be ap-
proximated by a constant gain, irrespective of the frequency
of the triangular reference signal, the closed loop system
asymptotically tracks the reference signal with a conver-

gence time given by the time it takes for the closed loop
system to track the corresponding ramp signal. Deviations
from a constant gain behavior would deteriorate the tracking
performance. The proposed controller will be incapable of
correcting for any higher frequency motion of the scanner
excited by the triangular signal. Most scanners used in nan-
opositioning applications are well modeled by a damped har-
monic oscillator model with the possible addition of higher
order resonances. So it is essential that the open loop scanner
resonances are significantly higher than the frequency of the
triangular signal being tracked and that they are well
damped. This is not a significant limitation as most of the
commercial scanners have the first resonance frequency in
excess of 500 Hz. Significant research has gone into having
the first resonance frequency as high as possible for both
piezoactuated scanners and MEMS microscanners.7,8 There
also exist a number of active9 and passive10 schemes to damp
the first resonance, which are marginally sensitive to mea-
surement noise. Note that these requirements are on the open
loop dynamics of the scanner. The closed-loop system can
have very low bandwidth and hence very low sensitivity to
measurement noise.

For simulation purposes a damped harmonic oscillator
model is chosen with resonance frequency of 1kHz and qual-
ity factor of 1. The model P used for the simulation is given
by P�s�=3.948�107 / �s2+6283s+3.948�107� and a double
integral controller K is designed given by K�s�=200 /s
+5000 /s2. The closed-loop transfer function relating the po-
sition with the reference, Txr, which is identical to the trans-
fer function relating the position with the measurement
noise, Txn, is shown in Fig. 3. The scan performance of the
closed-loop system is shown in Fig. 4. A 100 Hz triangular
signal is tracked with and without the scan signal transfor-
mation scheme. Note that since Txr has a �3 dB bandwidth
of only 35 Hz, it is hardly possible to track a triangular signal
of fundamental frequency at 100 Hz. However with the sig-
nal transformation approach within a few cycles, the closed-
loop system is able to track the 100 Hz reference signal.
Figure 4 also shows the tracking performance after 0.2 s.
With the signal transformation scheme, the controller with a
tracking bandwidth of just 35 Hz is able to track the 100 Hz
triangular signal remarkably well. Since the noise sensitivity

FIG. 1. �Color online� Block diagram depicting the signal transformation
based control scheme.

FIG. 2. �Color online� The map � transforms a triangular signal to a ramp
signal.

FIG. 3. �Color online� The magnitude response of transfer function Txr

which is also identical to that of Txn.
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transfer function is identical to the reference tracking band-
width, the closed-loop is equally less sensitive to measure-
ment noise. However note that the system’s sensitivity to
input and output disturbances and actuator noise will be high
if the closed-loop bandwidth is low. However, in many nan-
opositioning applications, because the systems are operated
under controlled environmental conditions, the sensitivity to
external disturbances is not a critical aspect. We present
some experimental results on a commercial nanopositioner to
further illustrate the merit of the scheme.

Experimental results obtained from a commercial nan-
opositioner are presented here. The nanopositioner is P517
from Physik Instrumente with built-in X-Y-Z motion capabil-
ity. We demonstrate the control of the scanner along the
X-scan direction. As mentioned previously, one would like to
have a scanner which has linear dynamic behavior and suf-
ficient damping for the scheme to work satisfactorily. We had
to shape the scanner dynamics such that these characteristics
were met. To avoid nonlinearities arising from hysteresis, a
charge amplifier �see Ref. 11� was used to drive the scanner.
A resonant controller9 was used to damp the nanopositioner’s
first resonance. Note that this damping could also be
achieved using sensor-less passive damping schemes such as
the ones described in Ref. 10. Either way the damping
mechanisms are marginally sensitive to measurement noise.
A controller was designed such that the magnitude response
of Txr is given by Fig. 5 �top�. The �3 dB bandwidth is
approximately 15 Hz. A 20 Hz triangular reference signal is
tracked using this controller and the signal transformation

scheme. As seen in Fig. 5, the system is able to track the 20
Hz reference signal within a few cycles. This experiment
clearly demonstrates the efficacy of the new approach in a
real experimental system.
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FIG. 4. �Color online� The scan performance while tracking a 100 Hz tri-
angular signal �top� and steady state scan performance �bottom�.

FIG. 5. �Color online� The experimentally measured magnitude response of
the transfer function Txr �top� and the scan performance while tracking a 20
Hz triangular signal �bottom�.
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