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This paper describes the system for micropositioning of a 2 DOF mechanism with piezoelectric
actuators (PEAs) called a piezo actuated stage (PAS). The PAS is fabricated by a photo structuring
process from photosensitive glass and PEAs are built-on to meet the request for its precise movement.
The PAS is designed as a general 2 DOF stage. It can be used for different micropositioning or micro-
assembling tasks according to the selected end-effector. The other components of the closed-loop control
system for micropositioning of PAS are the high voltage drivers, the incremental position sensors and the
control processing unit. Due to the nonlinear behaviour of the system for micropositioning, the precise
position control of PAS with traditional PI controller is aggravated. Concerning the plant nonlinearities,
the feedforward neural networks (NN) are used as a tool for their compensation. After the training
procedure with the back-propagation (BPG) algorithm, the trained NN inverse model of plant
nonlinearities is used as a feedforward part of the proposed controller. The experiment results have

shown that the NN compensation improves the control performance of traditional PI controller.
©2010 Journal of Mechanical Engineering. All rights reserved.
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0 INTRODUCTION

Micropositioning is advanced technology,
which is used in many research laboratories and
companies, especially for the microscopy and
advanced  electronics  manufacturing.  The
micropositioning systems are also employed in
every day devices such as hard discs, camcorders,
cars, etc. The usability of these devices depends
on their precise movement, usually with
submicron resolution. A micropositioning stage
generally refers to a system which can
automatically move an end-effector in its
workspace with submicron resolution. For
micropositioning stages it is desirable that they
have high resolution, large workspace and
compact  size. The  applications  with
micropositioning stages have already been
reported [1].

There are several different materials and
actuation principles for the actuation of
micropositioning stages. Due to their nano-metre
resolution, high stiffness, big driving force, and
fast response PEAs are recognized as
fundamental elements for managing extremely
small displacements [2]. PEAs are compact and
rugged. They exhibit high stability and are
practically immune to electromagnetic

interference. However, the existence of nonlinear
multi-path hysteresis in piezoelectric material
aggravates the position control of PEAs in high
precision applications. When compared with the
maximal displacement of PEAs, the maximum
hysteretic error is typically between 15 to 20%.
The hysteresis makes it difficult to control the
displacement in a case of varying target position
because the voltage needed for the desired
displacement, is not constant but varies with each
actuation and also depends on the history of the
motion. Understanding hysteresis behaviour is a
fundamental step when designing the position
controller for PAS.

Control techniques to reduce the hysteresis
effect in PEAs can be divided into four
categories, i.e. electric charge control,
feedforward (open-loop) position  control,
feedback (close-loop) position control and
combination of feedforward and feedback
position control. The electric charge control
exploits the fact that the relationship between the
position of PEAs and the induced charge has less
hysteresis than that between position and applied
voltage, as shown in [3] and [4]. However, this
approach requires specialized equipment to
measure and amplify the induced charge. The
feedforward (open-loop) and feedback (closed-
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loop) controllers, which are utilized with high-
voltage drivers, are mainly studied with the
systems with PEAs.

The feedforward controllers are known for
their many advantages. The instability problem,
which is presented in feedback controllers, is
avoided with the feedforward controllers.
Furthermore, the accurate and usually expensive
position sensors are not needed. Instead of
measuring the actual submicron displacement, the
feedforward controllers are based on different
hysteresis models, which can be approximated,
for example, by the polynomial approximation
[5], least-mean-square  (LMS) algorithm
approximation [6] etc. Among the proposed
hysteresis models, the Preisach model [7] is by
far the most well known and widely used. The
subclass of the Preisach model is Prandtl-
Ishlinskii model [8], which is less complex.
Furthermore, the inverse of Prandtl-Ishlinskii
model can be computed analytically, thus making
it more attractive for real-time applications.
However, the feedforward controllers, which are
designed for hysteresis compensation, are
generally not appropriate for systems with
changing load and environment parameters, i.e.
changing plant model. Additionally, the creep of
PEAs, which can be described as a slow variation
of displacement wunder constant voltage,
aggravates the usability of open-loop controllers.

The feedforward controllers are known for
their many advantages, but with regard to the
described restrictions, they are usually employed
for positional control of systems with the PEAs.
The PI controller [9] is a proven -control
technique, which is, owing to its simplicity and
reliability, utilized with the majority of the
control applications. The parameters of PI
controller are usually tuned to match the
overshoot and rise-time criteria. According to the
hysteresis nonlinearity, the tuning of these
parameters is not a trivial problem for the systems
with PEAs. Furthermore, the constant parameters
of a PI controller cannot assure the optimal
performance of the controller over the whole
workspace.

In order to make a good use of
feedforward control (hysteresis compensation)
and feedback control, the authors have also
proposed the combinations of both techniques.
The inverse hysteresis model (e.g. Preisach
model) can be employed in parallel with the

close-loop PI controller [10]. The inverse
hysteresis model can also be modelled with the
neural networks as in [11]. As a result of this
research, authors propose the cerebellar model
articulation neural network controller, which can
be used for compensation of nonlinearities of the
piezo-actuated plant.

The proposed control approach, which is
described here, is conceptually similar to that
presented in [11], but with other important
differences. Instead of cerebellar model
articulation neural networks, the feedforward NN
are used for the hysteresis compensation. The NN
training by the back-propagation algorithm is
similar to that described in [12]. The proposed
training is executed before the control process as
a sort of controller calibration. The NN model is
used in combination with the linear PI controller.
It is proven by experiments that NN
compensation of plant nonlinearities improves the
control performance of linear PI controller.

Section 1 describes the PAS and other
components of the closed-loop control system for
micropositioning, i.e. the experimental set-up.
Section 2 describes the nonlinear characteristic of
the controlled plant. Section 3 describes the short
theory of the NN and the training configuration.
Section 4 describes the control results of PI
controller and PI controller combined with NN
hysteresis compensation. The control experiments
prove the usability of the proposed control
scheme. Section 5 gives some final conclusions.

1 SYSTEM FOR MICROPOSITIONING

The PAS consists of a parallel glass
mechanism (PGM) and two PEAs. The PGM is
similar to a parallelogram. It is designed to
transmit the displacement of PEAs on the tip
displacement of the PAS, where the end-effector
can be mounted. Due to its mechanical
construction with dual flexure hinges, the motions
are limited with only the actuated DOF, i.e. the
axes of PAS are not coupled. The PEA A actuates
the X DOF and PEA B actuates the Y DOF on the
workspace (Fig. 1).

The PGM [13] is made of a photosensitive
glass with a thickness of 1 mm. The photo
structuring process, with partial process steps
UV-lithography, thermal treatment, and etching,
forms the basis for producing micro-structured
glass components. The process is based on
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different etching rates of exposed and non-
exposed glass.
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Fig. 1. Operating principle of PAS
(ground plan view)

Two PEAs with dimensions 27 by 3 mm,
with a thickness of 0.2 mm are joined to the
PGM. The driving voltages for the PEAs must be
inside the maximal driving voltage interval, i.e.
from -100 to 100 V. According to the maximum
driving voltages, the theoretical displacement of
unloaded PEA is #3.3 pum. However, the
maximum displacement of the PEAs is not
reached when they are joined to the PGM,
because PGM generates a reactive/opposite force
similar to the spring force. When the maximum
voltage of +100 V is applied, the maximal
theoretical displacement of PEA is £1.1 um only.
By the transmission rule, the displacement of the
PEAs is multiplied by a transmission ratio of
PGM. The theoretical tip displacement over one
DOF is approximately =15 pm. Accordingly, the
theoretical workspace of PAS is equal to square
with 30 pm long sides as described in [12].

The PAS is designed as a general purpose
micropositioning device. Its practical usage
depends on the type of the end-effector on the tip.
The PAS can be mounted on the mechanical stage
of a microscope as the specimen holder in order
to guarantee an effective microscopy of the
specimen. The approximate positioning of PAS
with specimen can be provided with the fine
adjustment knob of the microscope, while the
precise positioning of the specimen can be
provided by PAS. The specimen positioning can
be referenced by using the graphical user
interface running on the desktop computer. The

other hypothetical use of PAS can be utilized by
using the micro-gripper, which is also made of a
photo-sensitive glass. The micro-gripper is
actuated with PEAs. The whole system can be
used as a tool for handling micro-sized objects. It
is described in greater detail in [14].

Precise micropositioning of PAS is a
complicated task due to the plant nonlinearities.
In order to guarantee the precise micropositioning
of PAS, the voltage drivers, incremental position
encoders and appropriate control processing unit
are developed as components of a close-loop
control system. Fig. 2 shows the close-loop
control system and the data flow between the
components. The host computer is used as a user
interface for programming the control processing
unit and for the user interaction with the PAS.

data transfer

with host
computer
PWM CVS-1456 step
signal counts
voltage drive linear
encoder

1

—
voltage  — displacement

Fig. 2. The close-loop control system with PAS

The Compact Vision System (CVS) from
the National Instruments is used as a control
processing unit [15]. Voltage drivers are
developed based on the operational amplifiers
from the Apex Microtechnology [16], and the
position measuring is established based on the
incremental encoders from NANOS Instruments
GmbH [17].

Developed voltage drivers have two parts,
i.e. signal electronics and power electronics parts.
The signal electronics part is designed to filter the
reference pulse width modulated (PWM) signal to
the corresponding voltage within +10 V. The
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power electronic part is designed to amplify the
voltage within £10 V to driving voltage by
differential pairing of operational amplifiers. Two
operational amplifiers with part number PA-78
from Apex Microtechnology are configured in a
bridge circuit [18]. In this configuration, the
operational amplifiers supply an output-voltage
swing twice that of a single operational amplifier.

The system for measuring the actual
position of PAS with submicron resolution is
based on the linear incremental encoders. The
linear encoder works on a magnetic principle with
a resolution of 0.061 um. Two magnetic scales
are fixed on the PAS perpendicularly, while two
belonging encoder sensors are fixed on the base.
The vertical distance between the magnetic scales
and the encoder sensors is less than 0.1 mm. The
magnetic scale moves under the encoder sensor
without any mechanical contact. Each pair of
sensor and magnetic scale is used to measure one
DOF. The photo of PAS with incremental
encoders is shown in Fig. 3.

encoder sensor
(X-DOF)

magnetic

Fig. 3. PEA with linear incremental encoders

The CVS is equipped with 15 digital input
lines and with 14 digital output lines. Two PWM
output signals with frequency 100 kHz are
generated for two voltage drivers. On the other
hand, two pairs of encoder signals are used to
sample the position of PAS. The maximal
sampling frequency of input signals equals 100
kHz. According to this, the maximum detected
speed of PAS in one direction is 6.1 mms™.

In order to make the system for
micropositioning robust and autonomous, the
CVS is configured as a stand-alone processing

unit. The communication with the host computer
is established through the Ethernet port with the
TCP/IP server-client communication protocol.

The user can manipulate with the PAS
through the user interface application which runs
on the host computer. The actual user interface
application is adopted to measure the control
performance with the proposed controllers. The
user interface can be simply adopted for other
micropositioning or micromachining applications
like the microscopy image acquiring.

2 DESCRIPTION OF NONLINEAR PLANT

The PWM duty cycle-displacement
characteristic of the PAS is mainly affected by the
highly nonlinear hysteresis effect of piezoelectric
material. The developed close-loop control
system was used for measuring the nonlinear
positioning behaviour of PAS. Fig. 4 shows 6
successive point-to-point (PTP) movements, i.e.
the movement trajectories for X DOF with respect
to the PWM duty cycle.

25— 0to10 pum [i it e
225 F -2 10100 pm |- gt ]
2l 5 0to25um| 1
T 251010 um
1751 =& -100025m [ ]
@ 45| |—— 25t00um [ 1
o AR S N : ;
..6 125 R P E" NN A N ......“ .
§ 0ff -
E 751 1
5F N S S . S——— -
25 i L e .
ot : 1

0 01 02 03 04 05 06 07 08 09 1
PWM (duty cycle)

Fig. 4. Graph of PWM duty cycle vs.
displacement (X DOF)

The above experiment shows that the PAS
displacement mainly depends on the PWM duty
cycle (driving value) and on the history of
motion. In order to describe and evaluate the
history of motion, the definition of extreme
points, i.e. position turning values, is introduced.
The turning values are classified into two

categories, i.e. as upper turning values ( X, or
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Yy, ) and lower turning values (X, or Y ).

Turning values indirectly describe the level of
saturation of PEAs, which depends on the
strength of the applied electrical field. Physically
it is presented as friction between the moving
crystals in the piezo material structure.

The hysteresis effect renders impossible to
precisely set the desired position of PAS without
using an appropriate position controller. This is
also proved with the experiment (Fig. 4), by
which it is clearly seen that the actual position of
15 pm, is achieved with different driving values
of PWM duty cycle, i.e. 0.79, 0.55 and 0.65.

The simple linear feedforward controller
(LFFC) is used in the following experiments as a
part of NN training configuration which is
described in the section below (Fig. 6). At the
beginning of the LFFC design, the size of the
PAS workspace is defined with four boundary
pairs, i.e. the lower and the upper boundary of
workspace for X DOF and the lower and the
upper boundary of workspace for Y DOF. For
each of these four boundary pairs, the
corresponding driving value (PWM duty cycle) is
measured. Accordingly, four boundary pairs are
defined as PX (bX v ), pX (bX av’ ),

min \ “min>“Ymin max > max

P (Bin dviin ) and Py (6

Y
min > min) max( max’dvmax)ﬂ where
b is a boundary and dv is a driving value. The
boundary pairs are used as the parameters of

LFFC, which is defined as:

X X dvé:ax — dvr)r;n
LFFC Zdein‘f'ﬁ'Xref, (1)
bmax - bmin
vt —dv
Y Y max min
LFFC' = Viin + Yafbyl . Yref . (2)
'max min

Egs. (1) and (2) define the LFFC output as
a straight line through two points (boundary
pairs). The LFFC cannot guarantee the
appropriate position control for most reference
positions on the workspace (Fig. 5).

When the reference position is selected at
10 pm, for example, the LFFC output (driving
value) is equal to 0.59. Considering the first ‘1’
and the second trajectory ‘2’ on the graph, the
required driving values to reach this reference
position are equal to 0.75 and 0.48, separately.
When the LFFC is used, the actual position in the
first case equals 6.4 um (the movement from 2 to

16 pm). In the second case (the movement from
16 to 2 um), the actual position is equal to 13.8
um. However, the LFFC is primarily not designed
for accurate position control of the PAS, but it is
used to train the proposed NN with BPG
algorithm. After the training, the NN are used to
generate the appropriate output to minimize the
position error of PAS. According to this, the
PWM duty cycles for driving PAS are defined as
follows:

PWMY = LFFC* + NN¥ | (3)
PWMY = LFFCY + NN7, 4)
where PWM™ and PWM?" are the driving

values, LFFC* and LFFC? are the outputs

from the LFFC and NN and NN' are the
outputs from the NN for both DOF. Based on NN
inputs, the trained NN are capable to generate the

appropriate driving values (NN* and NN). In
other words, the NN are capable of estimating
and compensating the nonlinear behaviour of
PAS.
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Fig. 5. The output of LEFFC with nonlinear
characteristic of PAS

3 NN TRAINING OF INVERSE MODEL OF
PLANT NONLINEARITIES

Any function can be arbitrarily closely
approximated by NN that has enough neurons, at
least one hidden layer, and an appropriate set of
weights [19]. The general modelling capability of
NN is a very attractive property for nonlinear
approximation problems. Our approach is to
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globally linearize the behaviour of the PAS, by
training the NN to compensate the hysteresis.

In regards to the observations from the
previous section, the plant nonlinearities are
mainly dependent on two values, i.e. the reference
position value and turning value. Therefore, the
input layer of the NN must be defined as:

T
NNIn:{XII;EF’YIgEF$X¥$YTn} ) (5)

n n :
where Xz and Yppr are normalized reference

position values and X7 and ¥ are normalized

turning values of PAS. According to the
experiments with the PAS, the accuracy and the
speed of the inverse nonlinearities estimation is
more effective with 2 NN (Fig. 7). Due to its
special mechanical construction with parallel
movement, the axes of PAS are not coupled.
Therefore, the estimation of inverse nonlinearities
with two NN is possible. In order to use two NN,
Eq. (5) is modified to Egs. (6) and (7), which
describe the NN input layer:

T
NNln:{XEEF»X;} > (6)
NNy, = (Ve 17 ™

According to [19], two equal NN with
three layers of neurons are proposed. The
activation function of nodes in the hidden layer
(Sy) is a widely used sigmoid function, which is
defined as:

Sy (netJ(j)):1/(1+e—netJ(.i))’ )

2
netd(j)= Y (wy;-NNp; Jij=l+n, (9
i=1

where wy;; is the matrix of weights in the

hidden layer and » is the number of nodes in the
hidden layer. The activation function of the node
in the output layer (Sp) is the linear function,
which is defined as:

So (metL(7))=0.1-netL(/), (10)

n
netL(l)=Z(ijl Sy (netJ(j))) , (11)
Jj=1
where wy, ; is the matrix of weights in the output

layer and 7 is the number of nodes in the output
layer, and it is equal to 1.

For an estimation of the inverse
nonlinearities of the controlled object (PAS), the
BPG [20] is used as a training algorithm of NN.
The BPG algorithm is summarized as:

NG :g-SO(netL(l))~e-SH(netJ(j)), (12)

where Awf ji is the matrix of weight’s variations

of the output layer and & is the learning rate
value. The error (e) is a measurement of how far
away a particular solution (output of NN) is from
a desired solution. Furthermore, the variations of
the weights in the hidden layer are defined as:

AwWY = &Sy (netJ(j))~NNIn ;e

-Z”:(e-S"O (netL (1))~WL i ),

J=1

(13)

where Awgi/ is the matrix of the weight’s

variations of the hidden layer. At the end of each
iteration step (p) the weight matrixes are updated
as:

p+l _ P 2

Wi —AwLﬂ+wLﬂ, (14)
p+l _ p p

Wi _AWJl_'i+inj‘ (15)

The updated weight matrixes are used in
the following iteration step (p+1).

The BPG is a supervised training
algorithm of NN. In the supervised training, the
actual output of NN is compared with the target
output, which is provided by the external teacher
(supervisor). Depending on those two values, the
error is defined and back-propagated in order to
decrease it in every iteration step of the training
process.

However, in our application we use a
gradually different procedure of training with
BPG algorithm. The error is not defined as the
difference between the target output and the
actual output of NN, but it is measured on-line,
based on the step response of LFFC (Fig. 6).

According to the proposed training
configuration, the errors are defined as:

e’ = Xpoe — X' for 1 NN and (16)
e’ =Ygpr —Yicr for 2 NN. (17
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Fig. 6. The NN training configuration

The errors are defined as the difference
between the reference position value and the
actual position value of the PAS for each DOF.

The NN training is executed by using the
train data set, which consists of randomly
distributed train data pairs defined as

T (Xjgr, X7y ) and T (Yg, ¥y ). During

the training, train data pairs are randomly selected
from the train data set and the BPG is repeated on
the selected train data pair. After a 100 repetitions
of the BPG training algorithm, the new train data
pair is selected and the BPG training procedure is
repeated.

The learning ability of NN is measured
with the sum square error (SSE), which is defined
by the following equation:

500

SSE™X :Z((XzEF_XZCT)2)7 (18)
i=1

500

s’ =3 (e Vi) o (19)

i=1

where i is the number of measurement. Due to the
maximum number of measurements (500), it is
evident that the SSE is summed-up for every five
successive train data pairs from the train data set.
Fig. 7 shows three different measurements of
SSE. The lower two lines show the measurements
of SSE* and SSE” separately. The upper line
shows the measurement of SSE’*" when only one
NN with 4 inputs and 2 outputs is used for the
estimation of plant nonlinearities. According to
SSE measurements, we decided to use two NN for
hysteresis compensation (each for one DOF).

70 _SSE?NN

_ — SSEX
o0 | - SSE

SSE

Time [s] —»
Fig. 7. Measurement of SSE

According to the SSE measurements, the
NN are unable to completely approximate the
inverse nonlinearities of PAS. The SSE values are
more than zero after 60 seconds of the
approximation process, and they do not decrease
significantly after this time period. However, at
SSE decreased to some minimal value, we
manually stop the learning and save the trained
weights of NN into a folder on a disc.

4 FEEDBACK POSITION CONTROL

Since LFFC, combined with the NN
compensation, is not able to completely remove
the control error of PAS, the LFFC is replaced
with a feedback PI controller. A PI and PID
controller, respectively, are robust control
techniques widely wused in the industrial
applications. PID controller involves three
separate parts, i.e. the proportional part (P)
determines the reaction to the current error, the
integral part (I) determines the reaction based on
the sum of recent errors, and the derivative part
(D) determines the reaction based on the rate at
which the error has been changing.

In the proposed control application, the
derivative gain value is eliminated because it does
not have a significant influence on control
performance. The optimal proportional gain value
(Kp) and the integral time value (77) must be
determined to assure the optimal control
performance of the selected PI controller.

The Ziegler-Nichols closed loop tuning
method [9] is a proven heuristic method for
online tuning of P, PI and PID controllers.
However, by involving the constant parameters
(Kp and Ti), the control performance of linear PI
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controller cannot be equal (optimal) over the
whole workspace of PAS. In order to avoid this
restriction, the PI controller is combined with the
NN compensation of plant nonlinearities (Fig. 8).

turning val, NORM
X DOF Xyor
NN |[NNX

Xeer [NORM]| |~ X
XREF + ACT=

Yacr
-

Yrer N‘?RM +
REF i

Y-DOF
turning val. NORM
Y DOF Yaer

Fig. 8. Feedback control scheme

By using the Ziegler-Nichols tuning
method, the approximate parameters of the PI
controller were first calculated. Furthermore, the
parameters of the PI controller and the PI
controller with NN compensation were manually
tuned on-line by using the step responses with
reference positions 5 and 10 pm.
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Fig. 9. PTP response of the controlled system
with PI controller and PI controller with NN
compensation (X DOF)

The following experiments show the PTP
responses of the controlled system with PI
controller and PTP responses of PI controller with
NN compensation for arbitrary reference
positions on the workspace for X DOF (Fig. 9)
and for Y DOF (Fig. 10). The aim of experiments
is to provide the PTP responses without an
overshoot over the whole workspace, as this is

significant for micropositioning with any
micropositioning device.
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Fig. 10. PTP response of the controlled system
with PI controller and PI controller with NN
compensation (Y DOF)

The PTP responses with PI controller at
1.5 and at 2.5 seconds are almost ideal, but the
PTP responses at 0.5 seconds and at 1.0 seconds
exhibit large overshoots (Fig. 9). When PI
controller is used, the overshoot is also obtained
in the Fig. 10.

When the PI controller with NN
compensation is used, the PTP response of the
controlled system is equal (without overshoot) for
all reference positions on the workspace.
Therefore, the NN compensation of plant
nonlinearities improves the step response of the
controlled system with PI controller.

Error [1cm]

0 01 02 03 04 05 06 0.7 08 09 1
Time [s] —»

Fig. 11. TT with PI controller and with PI
controller with NN compensation (X DOF)
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Figs. 11 and 12 show the trajectory
tracking (TT) errors of the system with the PI
controller and the PI controller with NN
compensation. The reference position is described
as a circular movement with a radius of 7.5 pm
and circular frequency 2 Hz.
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Fig. 12. TT with PI controller and with PI
controller with NN compensation (Y DOF)

The experiments show that maximum
error decreases by 20 % when NN compensation
is included into the control scheme.

The presented results show that the
proposed NN compensation of hysteresis
improves the control performance of the
traditional PI controller. The experiments have
shown that the control performance of linear PI
controller is more stable over the whole
workspace of PAS.

5 CONCLUSION

The first part of the presented research
focuses on the development of the system for
close-loop micropositioning. The presented
observations may provide readers with some
useful information when designing their own
micropositioning  systems. Furthermore, the
development of an appropriate position controller
of PAS is described. The experiments in section 2
clearly show that PAS displacement is a nonlinear
function of driving values (PWM duty cycle) and
position turning values. The proposed method
focuses on the development of the inverse model
of hysteresis, which is used as a feedforward part
of the proposed controller. However, the inverse

hysteresis model with the mathematical functions
is complicated to model thus, the NN are used.
The experiments in section 4 show the control
results of the linear PI and PI controller with the
NN hysteresis compensation. It is evident that the
additional NN  compensation of  plant
nonlinearities improves the control performance

of linear PI controller.
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