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Abstract—Nanopositioning is a key factor for a wide range

probe

of applications, such as surface imaging and ultra-high-desity |
probe-based data storage. These applications use scannimgbes probe \\7
in order to sense and alter the properties of the underly- holder sample
ing medium with nanoscale precision. Recently, new scannin 7 =
; . . a2l =
schemes were introduced that can lead to high-speed nanopos positoning mmm
tioning, if their inherent properties are properly exploit ed by the e 7
tracking control mechanism. The aim for high-speed operatin = =
poses stringent requirements to the controller architectoe, in jﬁ
terms of speed of execution and arithmetic accuracy. In thipaper Q
we present the dgsign ofa |ir_1ear tim_e-varying cpntroller fa_J high_— @ 2-axis controllers @ input
speed, constant linear velocity archimedean spiral scanng. This S Q:> ADC and DAC trajectory
effort includes the design and implementation of such a conol data acquisition
scheme, as well as a flexible multi-board hardware and softwa design
test-bed for nanopositioning systems. For proof of concept evaluation DSP/FPGA
the presented controller is applied to an experimental AFM-  "e-Programming logic
based scanning probe setup in order to track spiral trajectoies , ) . I
efficiently. Fig. 1. Overview of spiral nanopositioning.

Index Terms—Archimedean spiral, nanopositioning, control,
DSP, FPGA.
mechanical system. In this paper we present the design of

|. INTRODUCTION a linear time-varying controller that achieves precisehhig

Fast and ultra-precise positioning is of major significanc@eed constant linear velocity when used in tracking of
for rapidly emerging applications that use scanning pro& archimedean spiral trajectory. For proof of concept, the
techniques in order to observe, manipulate and alter nadgeriPresented controller is applied to an experimental Atomic
down to the nanometer scale [1], [2], [3]. In such a systerfiorce Microscopy (AFM) scanning probe setup, in order to
nanopositioning scanners with 2-D motion capabilities afvaluate the controller on tracking of fast spiral trajeiets.
used to displace a sample laterally and longitudinallygties An overview of the nanopositiong system is depicted in Fig.1
to a probe equipped with a nanometer-sharp tip [4]. The rest of this paper is organized as follows: Section Il

One Way to achieve high_speed Operation is to use tHgSCI’ibeS the experimental AFM'based Setup, Wh|le SeCtion
recently introduced spiral nanopositioning scheme, whese [l presents in brief the considered control architecturd the
tion starts from an initial point of radius,,;, from the control design process and the implementation of the pebos
Samp|e center and fO||0WS a Spira| trajectory of equidistaﬁontroller. Fina”y, Section \Y hlghllghtS the COI’ItI’OHSI”teSt
turnings around the center of the medium’s x/y-plane, unfind evaluation process along with its integration into the
a maximum radiusr,.., is reached. This type of spiral €Xperimental setup.
positioning results in a narrowband reference positiomadig
of variable frequency, which can be exploited by the control
architecture in order to enable high-speed operation. An inThe nanopositioning system under consideration is depicte
depth analysis of the spiral scheme and the control artbiec in Fig.2. It is based on a piezoelectrically actuated scanne
under consideration is presented in [5], [6], [7], [8] andtie capable of displacing the sample (thin polymer film) with
references therein. respect to the cantilever tip in the x and y axis. The travel

The aim for high-speed operation poses stringent requiranges are 10@m for both axes. Position information in the
ments to the controller architecture and implementatiam- F x/y plane is provided by two high-precision capacitive s#as
thermore, in order to test the controller in real condition®ne for each direction of motion.

a test-bed is necessary, with which one is able to efficientlyThe cantilever lying in a fixed position above the moving
implement and flexibly integrate the controller with the @le sample has thermomechanical read and write capabilities,

Il. EXPERIMENTAL SETUP



it : design of the time-invariant part of the controller, tf&,,
a“"'t‘::":“‘"-' control design was used. The sixth-order transfer fundiisn

of the experimentally identified scanner system used during
the controller synthesis produced eighth-oréey, controllers
in both axes.

The shape of the time-varying peak filter can be seen
in Fig.3. The filter's center frequency shifts continuously
time, adjusting to the corresponding shift of the centensca
frequency along the spiral trajectory. Its value at the time
instants of interest can be calculated in advance as a émcti
of the spiral radius along the trajectory. The filter pararet
M,N,A are selected according to the desired magnitude
response of the filter, and are illustrated qualitativelyig.3.
Specifically, M denotes the magnitude in dB at the instan-
taneous center frequency, aid the magnitude in dB at the
frequency points around that frequency, which are detexchin
by the value of the variatiokh. For a more thorough analysis

. . . on peak filters see for example [9].
although other sensing methods (like laser deflection) tsm a Fri)nally in order to compenpsatgz 1]‘0r any residual unmodeled
be used. When used as a probe storage system, informa};i '

is stored f indentati the thi | g@onances, a notch filter denoted BYyr is used. The
IS stored as sequences ol indentations on the thin po ymggulting overall x-axis sensitivity transfer functiorglating

film. Thermomechanical writing is performed by_ applying ag—\e reference input with the tracking error signal, and com-
eleff[:trqstat;ﬁ forc? to thle pol;l/)melr Ia;l/er: a?d swgultggqo:is lementary sensitivity transfer function, relating thérence
sottening the polymer fayer by ‘ocal healing. Readback J, o output, are depicted in Fig.3 (in fact, snapshotthef

achieved by measuring the local thermal conductance betw?lga sfer functions when the peak filter acts at around 20 Hz).
the probe and the sample. The presence or the absenc?\l(??

. X . . e that an in depth analysis of the loop design process can
indentations corresponds to logical 1s or Os, respectiidig P y P gn p

. . . o Pe found in [6] for a similar scanner system.
entire mechanical system lies on an anti-vibration table to . .
. ..~ "~ The cascaded controller structure of Fig.3 was implemented
prevent the system from environmental shocks and vibration

hich iously affect th itioni d ton a 300 MHz TMS320C6713 floating-point digital signal

\évslfem?:r; Seeigltl)use)r/foa:nfgncee positioning accuracy an rE)(IJ’ocessor (DSP) from Texas Instruments (TI). Although this
y v b B . .Is not the most efficient option in terms of execution time,
A custom base-board provides all the necessary circuitly hgp implementation offered a rather good trade off be-

for driving the mechanical sy_st_em with the appropriate mﬂ_nt tween implementation flexibility/complexity and perfornte.
analog signals and for acquiring the sensor feedback Sgnétsides that, the key aim of this work was not a fully

[1]. Moreover, the base-board hosts the digital signal @see timized controller im : .
; . plementation, but a flexible hardeva
ing (DSP) and field-programmable gate array (FPGA) boaraﬁd software framework for the fast prototyping and test

used for control implementation, data acquisition and hoec’ﬁvironment of such an architecture, that yet meets th@perf

communication. mance requirements imposed by high-speed nanopositioning
operations.

Based on the architecture described in Section Ill, an

In each axis, the constant linear velocity archimedean spiverall 12-th order controller was realized, resultingnirthe
ral reference signal is a very narrowband frequency-sigiftiindividual components of the loop, namely the 8-th order
signal with varying magnitude. Moreover, the way that botl/_, the 2-nd order notch and the varying-coefficient 2-nd
the center frequency and the frequency range of the sigoatler peak filters. The realization was in direct-1l secordko
depend on the instant spiral radius for a given constanatingections (biquad).
velocity is known a priori and is appropriately exploited by
the controller for increased spiral tracking efficiency. IV. EVALUATION AND EXPERIMENTAL RESULTS

Two individual controllers with identical architectureear In order to provide a flexible framework for integration,
used for the control of the nanopositioner, one for each axest and evaluation of the developed controller, a complete
of motion. Figure 3 shows the block diagram of the controllg¢est-bed was developed using a multi-board environment tha
and presents in brief the system identification and desigomprises of two daughter boards, each of which holds a
process of the loop’s components. Note that only the x-ax300 MHz TMS320C6713 floating-point DSP and a Xilinx
case is depicted here, but the results hold as is for the g/-a¥irtex || FPGA. Both daughter boards are hosted on the base
case. The first order loop comprises a frequency-sliding peamotherboard described in Section Il in a packed configunatio
filter, an H,, controller denoted byH.,, and a notch filter enabling the passing of a large number of signals used for

lv— M orobe, holder & positioning yd ' denoted byK y r, all connected in a cascade manner. For the
sample

Fig. 2. AFM-based scanning probe experimental setup.

IIl. NANOPOSITIONING CONTROLLERARCHITECTURE
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Fig. 3. Nanopositioning control architecture and desigaraew.

Data-Acquisition
and Interface Board

custom inter-board communication. The spatial arrangémen
of the two daughter boards and the motherboard is illugtrate
in Fig.4. It has to be mentioned, that this is the currentlydus
prototype for surface imaging, designed a few years ago, and
a new prototype is under development that is based on more
advanced V6 FPGAs and a multicore DSP engine with an
8-core C6678 floating-point processor, each of which runs at
1.25 GHz, and high-rate serial 1/O integrated peripherals.

The functional description of the overall system and testbe
is shown in Fig.5. The top layer daughter board (Data Acqui-
sition and Interface Board) implements the data-acqaisiti Fig. 4. Multi-DSP/FPGA controller test-bed.
modules that provide finite state machines (FSM), for syn-
chronously collecting a large number of signal data, initigd

ADC/DAC values, cantilever readings and control signais. Qas a versatile and fully parameterizable integration, et
the DSP side, the FireWire protocol stack is implemente@. TRontrol environment for a wide range of nanopositioning and
FireWire interface is used for the communication between tcanning probe systems.

daughter board and the host. That includes transfer of reyste Using a floating-point (FP) DSP engine for executing the

configuration parameters and the collected data back to ol algorithms is a flexible and user friendly approach
Matlab environment for evaluation and performance analyspt it has various limitations as the sampling rate increase

The main task of the bottom layer daughter board (ContrBkecution of a control algorithm in a DSP engine is based on
Board) is the implementation of the prospective contrellerthree distinct phases. At the initial phase the incomingdat
This is done on the DSP, while FPGA logic implements ADC and reference values) are retrieved, then the control
shadow lite version of the data-acquisition engine deedribloop is executed and at the final step, the new DAC values are
earlier responsible for clocking the data to be collectebgo provided to the system under control. In some cases overlap-
transferred to the top layer board. The system configuratiping of the initial and the final phases can be performed. The
parameters are passed from the Interface Board to the Con&xecution time of the two data transfer phases is indepé&nden
Board before the data-acquisition modules are initiatest. Ro the complexity of the control algorithm and is determined
parameter transfers, a dual-port RAM is used as shown in Firy. the used I/O technology. When high speed links are used
5. Moreover, a host PC running Mathworks’ Matlab/Simulinkor transferring the ADC/DAC values the transfer time is
environment and TI's Code Composer Studio (CCS) integratadnimized, but an additional protocol overhead is introghlic
development environment was used for the design of the camd the hardware complexity increases. As the sampling rate
trollers, the (re)programming of the DSPs and the configuracreases, the total execution time for the control alganit
tion of the overall system’s parameters via a custom Grabhidecreases, and hence, the available time for the contrpl loo
User Interface (GUI). The resulting configuration can beduselecreases drastically.

Control Board
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Fig. 5.

One approach for solving that problem is to increase tlim the design and the DSP implementation of the nanopo-

Data
acquisition

Overview of hardware and software prototyping platf.

DSP clock speed or to use a DSP engine with multiple coresitioning controller, a versatile and fully configurablstided
Another approach for implementing the floating-point cohtr was presented. In its current configuration, the test-batles
algorithms at high speed is by using custom floating poiefficient testing of a variety of prospective controllerslatata
modules which will be directly attached to the ADC/DACacquisition for signal analysis during testing and debnggi

units. FPGA vendors (e.g. Xilinx Floating-Point Operatér |
[10]) provide some basic building blocks for that case bet th
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