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Abstract—The paper presents the realization of the
nanopositioning control of activated sludge samplesbserved
under the microscope. To achieve the desired conirgoals, the
most typical and cheapest components of the positimg
system were used. It has been shown both experimalty and
numerically that one of the simplest control algoithms (in this
case the PI controller) can provide satisfactory gud results in
positioning control systems. Moreover, based on th&mplified
description of the microactuator, analytical stabilty conditions
of the closed-loop system have been given. Thenwias possible
to find the analytical and experimental stability regions on the
controller parameter plane and to compare them agaist each
other.
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l. INTRODUCTION

Nanopositioning control is a very essential issoe i

various fields of science and technology [1], [&].basic

positioning is a piezoelectric actuator (microatddausing

An interesting paper addressing this problem is the

survey paper by Fleming published in Sensors & aAftts
A: Physical [3]. This paper describes and compdhes
following sensors: piezoelectric and piezoresiststeain
sensors, resistive and capacitive sensors, eleetrotl
sensors, eddy current sensors, linear variabldadisment
transformers, interferometers and linear encodérs. quick
reference on the sensors used for nanopositiorontrat in
biotechnology can be found in [4].

In the literature, laser sensors are the most &eiy
described sensors for nanopositioning purposes ¢sge [5-
9]). In turn, the application of optical encoder foelay-
varying repetitive control of walking piezoactuatoein be
found in [10]. In [11], the strain gauge sensor waed for
hysteresis analysis of the piezostack actuators&iseudies
were performed for displacements in the range otrse
micrometers. In turn, the induction coil sensor t&nused
for positioning in the micro- (but not nano-) scHla].

In principle, for microscopic observations, it isora

¢ | . convenient to use the same microscope to measure th
device, which allows for very precise and accuratgosition of the microactuator stage.

Moreover,
microscope can also be used for calibration of tjposi

piezoceramic element that undergoes the phenomehon sensors for microactuators, because it can prowde

reverse piezoelectric effect. In most cases, theicay
operating range for positioning purposes is 20 ©
micrometers, and depending on the accuracy of diséipn

sufficiently high precision in position determirati during

3 microscopic observations. More precise positiorignkardly

observable be the experimenter, hence, in manys ¢Gaget

measurement, the device allows for positioning withnecessary. The application of microscope for pursitig

accuracy within a several nanometers.
piezoceramic actuators are often used in the paosity
control of mirrors on the optical table, in micropes, digital
cameras, etc.

Hence, thegontrol is also described in the literature. Fatance, in in-

vitro fertilization, two coaxial microactuator segare used
for appropriate positioning of the needle obsemnrader the
microscope [13]. This paper also gives a short esuref

Among the many areas, in which microactuators argarious positioning sensors used in the in-vitndilfeation

widely used, broadly defined biotechnology offerstang
application potential of such devices and the jpéxample
is the in-vitro fertilization. The second importafield of
application of microactuators is the precise positig of
mechanical parts in the laboratory equipment usedaf
proper conduction of micro-scale processes. Incase, we
will focus on the design of positioning control &\, which
can be used for precise positioning of samplesctVated
sludge observed under the microscope. However kéye
issue in the design of the positioning control eystis to
provide a precise and accurate measurement of
microactuator stage position.
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equipment. In turn, the paper [14] describes thdiegtion

of microscope to provide visual feedback in positig

control on the XY plane. It should be emphasized fome
papers describing advanced control algorithms (seg,

[15], [16]), provide only limited information on ¢hposition
sensor or measurement technique. Probably, theéioe
were mainly focused on the presentation of thesults

assuming that the position measurements are precide
accurate; hence, the measurement errors are rogligi

But, the main reason for which nanopositioning iis a

thAteresting control problem is the nonlinear natofethe

plant (microactuator), which manifests itself asteyesis in
the relation between position of the microactuatage and
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the control voltage. As a result, it is necessaryrtplement  micrometers, with an accuracy of several nanometers
closed-loop control system, for which accuracy pretision  order to measure a position of the movable stag¢hef
of positioning is only dependent on the applied sneament microactuator, the digital camera coupled with dpical
sensor. Although the application of microscope s a microscope is used.

expensive and complex solution (image processing is
required), only the image from microscope can plevan
accurate position of the microactuator stage. Qn dther
hand, other types of sensors provide indirect mfdfon on

the actual position of the microactuator stage.

Among the papers dealing with the influence of
hysteresis on the quality of positioning controljsi worth
mentioning earlier studies (e.g., [17], [18]), whidescribe
piezoelectric actuators. It should be emphasizet the
general properties of the closed-loop control systée.g.,
stability or quality of transients) for plants withysteresis
nonlinearity, have been well-known in the field afntrol
theory since the 1950s of the past century. In ritgjof
papers concerning nhanopositioning control probleie
hysteresis phenomenon is often taken into accokot.
instance, the latest attempts to model the hyssebehavior
can be found in [4], [11], [19] and [20].

Among various control algorithms that can be used f CCD CAMERA
positioning purposes, the simplest and historictilyfirst is (32 —
O D]

the classical PI (or PID) control algorithm. Thedgorithms
are frequently applied in the combination with fieedard
[13], fuzzy logic [15] or artificial neural netwosk21]. The
last cited paper [21] describes sliding mode corn&d1C) MICROSCOPE

algorithm showing its advantages over the classikia)

controller. But, the improvement of the control lifya PIEZOACTURTOR
achieved for the SMC is insignificant in comparigonthe

results for the PID controller. Hence, it leads tasthe jj_llL”l_D
conclusion that the simple PID algorithm is thetdredption. E

For instance, the in-vitro fertilization system ddised in T-CUBE SERVO PC WITH CONTROL

[13] uses two piezoactuators controlled by two petedent CONTROLLER APPLICATION

PID controllers. Moreover, many authors considee th Figure 1. The general scheme of the experimental set-up.
piezostack actuator to be an interesting nonlingant,
which can serve as a benchmark system for testewg n
control algorithms. At this point, it is worth mémting the
advanced delay-varying repetitive control (DVRCP]Dr

1

Fig. 2 explains how to receive information on thage
position. A small glass plate, on which the analygzample
is placed, has been mounted to the microactuagesBut,

repetitive control algorithm with feedforward [16]. to measure the stage position, a piece of tapebeas

In this paper, we present an experimental set-up foattached to the top s.urfgce of the glass plates_ Phece of
analysis and calibration of piezostack actuatore @ptical (@P€ iS @ graphical indicator used to determine stage
microscope is used to obtain the direct measurerognt POSition with reference to the microscope stage. Strepe of
position of the microactuator stage. We will shdwattthe the indicator should be sufficiently large to ohténe stage
classical PI controller is sufficient to obtain theceptable posﬁ:on in the wholelqran?el(]lof (1|splacer;1er.1t andicantly
control quality. The remainder of the paper is oiged as srt?a o maxw_nl_:qze t eh I€ld of view during m'(f:m:gg ”
follows. Section Il provides details on the laborgtsetup ~OPServations. Then, the microscopic image o X
and describes a way to obtain information on thegest PIXels is recorded by the digital camera and senthe
position, which is then used to manipulate thevaeid COMPUter via USB port. In the control applicatiereated in
sludge samples during microscopic observationsticeti| %abVIEW ﬁnl\gro_nment, the captured image r|15 g’m@ﬁ .
describes the control algorithm, which is basetheroptical € _threshold  image segmentation method, which s

feedback provided by the microscope. Finally, Secty ~ Performed on-ine. As a result, a 320x240 matrix
discusses the main resuls. corresponding to the processed image is filled wites and

zeros. Because, the range of displacement is 2®méaters,

Il.  EXPERIMENTAL SET-UP FORNANOPOSITIONING which is equal to 88 pixels, hence, one pixel gpoads to

CONTROL about 284 nanometers for total magnification of x4Q@0x

objective and 10x ocular). Since the diameter dfirmgle

sludge flock varies between 10 and 100 micrometies,
accuracy to 284 nanometers is sufficient for ouppses.

The general schema of the measurement set-upwansho
in Fig. 1. The presented system uses the microactua
which allows for positioning in the range up to 25
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y=ku 1)
Plate with a graphical Microscope
marker objective (x40) where: y — is the position of the microactuatogsta [um],
u — is the input voltage [V], k=1/3iin/V] — is the gain of the

Image capture

plant. It also means that the dynamical propertishe
+ dynamics of the controller. In other situationsmiay prove
necessary to take into account the dynamical ptiegeof
, the input voltage changes at high frequency. Uafately,
due to the time needed to process the captureceinitagas
milliseconds. Hence, it was not possible to analyze
behavior of the microactuator stage immediatelgrathe

closed-loop system will be entirely determined ke t

the controlled plant (microactuator system), esglgiwhen
Microactuator stage not possible to set the sample time less than 100

step change in the control voltage. It is worthingthat the

Rei;c;rd:d problem of control of a static system (without dyres) is
& rare and untypical, but can be quite complex, esfhec
when the controlled plant is highly nonlinear.
Figure 2. The idea of position measurement of the microactustage. Stage position [um]

251

Information on the stage position can be then usedny

control algorithm responsible for precise positigniof the 0-75[V]
microactuator stage. In turn, a single-channel beCservo 20} 0-60[V]
controller connected to the computer via USB poovigles 0-45[V]

a source of control voltage. The control voltage’ $(V])
changes the position of the microactuator stagetacah be 15+
generated either manually, i.e., in the T-Cube erv
controller or indirectly in the control applicatiowhich is
based on ActiveX components. The possibility ofngsi 107
ActiveX components facilitates the control systeesign
process, which is described in the next section.

0-30[V]

5 L
Ill.  DESIGN OFPOSITION CONTROLLER
Determination and analysis of the static charasties of 0 / , , ,
the controlled plant (microactuator) is a very impaot stage 0 20 40 60 80
in the controller designing process. In the considecase, Input voltage [V]

the static characteristics presents the relatidmwdeEn the
stage position in micrometers and the input voltageese
characteristics were obtained by cyclic changethefinput
voltage in steps of 2 volts. The obtained chareties are 30 : : . : 80
shown in Fig. 3. Irrespective of the range of inpoitage, a
hysteresis effect was observed. The hysteresis tigiaal
phenomenon for piezoceramic materials and it i© als
noticeable in Fig. 4, which shows the step resporae 160
microactuator stage. The analysis of these responsié
help us to determine the dynamical properties o th
controlled plant. It can be easily noticed that $hene levels
of the input voltage correspond to different stagsitions.
Moreover, the step changes in the input voltageseau
instantaneous changes in the microactuator stag#iqmo
(Fig. 4). Because, in our case, the microactuasmeswill be
applied for positioning of samples under the micope, —
hence, at sampling rate of 10Hz (the sample time
T=100[ms]), the much faster dynamics of the mictoaior

is negligible. In other words, it is assumed thae t 0 - : : - 0
microactuator is a static element and can be destiy the 0 20 40 60 80 100
following equation: tts]

Figure 3. Static characteristics of the controlled plant.

N
o

140

Stage position [um]
Input voltage [V]

-
o
T

120

Figure 4. Step responses (black) to step changes in inptag®(red).

Copyright (c) IARIA, 2013.  ISBN: 978-1-61208-303-2 73



ICQNM 2013 : The Seventh International Conference on Quantum, Nano and Micro Technologies

The simplified model of the microactuator (1) dowes also  information on the microactuator stage positioroligained
include the hysteresis behavior, but it will siffplithe from the segmented image according to the algorithm
controller design process. However, to take intwoant the  described in Section II.

hysteresis effect, a well-known Preisach model,[ZZ] can

be applied. Other models proposed in the literadneebased,

for instance, on artificial neural networks [24].

For positioning purposes, the classical PID colgralan g (
be used and its transfer function is as follows: g
K(s) = ko[ 1+ 1+ @ = =
sT sTp+1

where: ks — the proportional gain,; F the integral time, J—
the derivative time, J— the time constant in the derivative
part (D) of the controller.

Based on the equations (1) and (2), a simulatothef
closed-loop control system was created in LabVIEW
environment. The simulator allowed for appropriet®ice Figure 5. Front panel of the control application in LabVIEW.
of the controller structure and for tuning its paeers.

Based on the simulation runs, sufficiently goodultss i.e., Moreover, the implemented algorithm includes thepless
short settling time and no control error, were oigd for the ~ switching between the automatic and manual modes of
Pl (T,;=0) controller with the following parameters;=R.5  operation and the anti-reset windup, i.e., thegiratepart of
and T=0.5[s]. A more detailed analysis of the closedsloo the controller is disabled when the upper or lobeund is
system described by (1) and (2) will allow to deriv reached by the control voltage (the controller atiggnal).
necessary and sufficient conditions for stabilitf the

system. But, in order to determine the stabilitpditions, at IV." EXPERIMENTAL RESULTS ANDCONCLUDING

first, it is necessary to find a discrete time diggion of the REMARKS

closed-loop system. In our case, the input-outgstdption Fig. 6 presents step responses of the positioromgya
of the closed-loop system is as follows: system for the previously determined structure arémeter

values of the PI controller k0.5, T=0.5[s]). The obtained
T 2 T 2 results were compared with step responses of thelaied
y(2) EEZ + kpk[— — +1D =w(z) kak[— O0— +1] (3) closed-loop system described by equations (1) 2nfb( the
T z-1 Tioz-1 same controller parameters.

where: y(z), w(z) — are z-transforms of the actaadl set Stage position [um]

point stage position, respectively, « the proportional gain 25 y ' y

of the controller, T— the integral time, k — the gain of the

plant and T — the sample time. ,/'
Hence, the characteristic equation of the closeg-lo 20}

system (3) has the following form: \‘

2T+ 2 (kk T +kkT—T)—kkT=0 @ 5 4

The above equation can be easily transformed tdatep

domain by using the well-known relation z:=(s+Bi(x ! [
Then, by using the Routh-Hurwitz criterion, the essary k
and sufficient condition for stability of (3) is &slows:

T
2T,

0<k,<—20_t ®) \
T+2T k 0 jmarrr

0 20 40 60 80 100

The proposed control algorithm was implemented hia t t[s]
control application written in G language in LabWEand  figyre 6. Comparison of the real (black) and simulated (blst3p
its front panel is shown in Fig. 5. Owing to thebgation of  responses of the closed-loop system. Red line septe changes in the set
ActiveX components provided by the manufacturerttef  point position.
microactuator, the communication process between th ) ) )
microactuator and the control application is sifiedi. The ~ Although, there is a good conformity between experital

and simulated positions of the microactuator stabe,
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visible differences occur in the transients of contoltages
(Fig. 7). Most probably, this is due to the hystegesffect,

which is not included in the description of the siated

plant (1). It is also easy to notice that the hystis has an
influence on the plant gain, which is dependenthenactual
and previous values of the control voltage (Fig. 3)

Control voltage [V]
70 T T

60
50 - /’
40+
30 /
201

101

0

0 20 40 60 80 100
t[s]
Figure 7. Control voltage in real (black) and simulated (hlolsed-loop

control system.

On the other hand, it should be emphasized thatribygosed
controller ensures a complete elimination of theténesis
behavior in the relation between the actual andpsét
stage positions (Fig. 8), which is one of the vkelbwn
properties of the closed-loop system.

Stage position [um]

30 40 50 60 70
Set point position [um]

Figure 8. Steady state position in the closed-loop system.

0 10 20 80

Now, it remains to verify the stability conditiorb)(
which was derived in the previous section for timepsified
system (1)-(2). This can be achieved by analyzihg t
behavior of the positioning control system for Erglues of

Copyright (c) IARIA, 2013.  ISBN: 978-1-61208-303-2

the proportional gain K(closed to critical values of,k
determined from inequality (5)) and for fixed intalgtimes
T; in the controller. Fig. 9 presents the obtaineulilts on the
controller parameter plane,(K;) and compares the stability
regions obtained experimentally and analyticallgeh on
the condition (5). In this case, the set point galwere
changed by 5 to 10 micrometers to cover the whange of
possible displacements of the microactuator stage.

Tls]

Figure 9. Stability regions of the closed-loop system. Bl#ukk line is a
boundary of stability region computed from egat{dpand black dotted
line from experimental results.

The experimental stability region turned out to laeger,

than the region resulting from inequality (5). Mpstbably,
the reason for this behavior is due to the hysiereect,

which is not included in (5). Near the marginal btey

boundary, the control voltage changes very rapaalig, as a
result, the stage platform moves back and fortheay high

frequency. Hence, it is highly probable that thestbyesis
plays an important role in the behavior of the fasing

control system. However, this should be verified rhgre

detailed analysis. It should also be emphasized tia
analytical determination of the stability regiomist an easy
task for plants, which exhibit hysteresis behavion the
other hand, if the controller parameters satisggirality (5),
then the positioning control system is stable.

In conclusion, the presented system allows for
positioning of the observed samples with an acguod®ne
pixel (several nanometers). It means that the acguis
dependent on both the resolution of captured inzagkthe
total magnification of the optical microscope. Adrder
magnifications, the graphical indicator will be mlieced by a
distance of more pixels; hence, one pixel will
corresponding to a smaller distance in nanomeganslarly,
for a fixed magnification, but for a digital camegeoviding
images of higher resolution, there will be more etsx
corresponding to the entire range of stage dispiecé In
effect, the accuracy of positioning will be maititpited by
the current magnification of the optical microscofdde
greater the total magnification, the better accyrad

be
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positioning can be achieved. In the case of usiffgrent

types of position sensor (e.g., capacitive or strgauge
sensor), the accuracy of positioning control isitiah by the
accuracy of the applied sensor. Another importssiieé that
must be taken into account in the further develagroé the
system is the speed of positioning of the microgtciustage.
In the presented case, acceptable results werénettay
using the classical Pl controller. However, to @age the
speed of positioning, it is necessary either toetuhe
controller parameters again without violating thabsgity

condition (5) or to change the structure of coferol
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