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Abstract - High resolution and precision servo
mechanism has played an important role in micre and nano
optics. TIts application includes projection systems,
head-mount displays, scanners, cameras, heat (racking
systems and so on... The servo mechanisms are often used to
enhance the optical resolution by driving the scanning
mirrors to reach position resolution far beyond the
conveational optical systems. It is often necessary for these
serve mechanisms to achieve high operation speeds while
maintaining extreme positioning accuracy. To achieve this
goal, this paper introduces a novel, high speed, high precision
servo mechanism [1] for an optical scanning platform. The
proposed design uses piezoelectric transducers (PZT) with
flexure joints. The use of the flexure joints not only eliminates
backlash to achieve smooth and continuous displacement but
also reduces friction to eradicate the need for lubrication. In
order to understand the basic dynamics of the platform, this
paper uses ANSYS for the finite element analysis (FEA) of all
the desirable physical properties of the mechanism. The FEA
analysis is also used for simulating the dynamic behavior of
the control system. Based on the simulation results an
improved controller is constructed for better scanning
resolutions.

Index Terms - optical scanning platform, PZT actuator, FEA
1. INTRODUCTION

Modern optical systems rely on scanning platform
not only to enlarge the field of view but also to enhance the
viewing resolution. Lately a new step-and-scan design
shown in Fig. 1 is getting increased attention, particularly
for systems design for long distance and large field
operation. As shown in fig. 1, there are 4n steps in the
step-scan path. It is evident that more scanning steps
resulted in slower scanning speed. The design concerns
thus turn to operating in a high frequency with a very fine
resolution. This is because the time duration between the
consecutive control steps must cover the signal acquisition
time and the image processing time. These kinds of image
processing systems usually try to first obtain a front view,
and then reconstruct the image by an array of area (or
linear) CCD (or COMS) detectors. The signal from a
single CCD or COMS detector scan can only represent a
portion of the front view. The accuracy of the scanning
platform is thus essential to the successful reconstruction
of a truthful picture. For a smooth operation, the servo
systemn has to incorporate certain amount of time delay
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during each servo step to allow for the image data
acquisition. Thus, the stepping motion requires not only a
precision positioning control but also a mechanism that can
release a very large torque upon request. On top of that the
high torque demand leads to an addition size difficulty.
From the conventional servo design point of view, high
torque actuator and drive mechanisms always take up large
spaces. It is thus desirable to come up with a design that
achieves fast movement without taking up too much space.
This paper describes a new optical scanning system design.
The proposed system uses PZT actuators with flexure
joints in place of the conventional servo actuators [2][3].
The PZT actuators are widely used in micro-manipulation
because of the convenient properties of small size, high
force transmission, rapid response and easy control [4]. To
understand the basic dynamic motion of the platform, the
study used the FEA software to conduct simulation and to
study the possible physical phenomena of the mechanism.
The simulation results and the experimental results are
compared. The comparisons suggested an improved PID
controller that mimics the behaviour of the popular
learning control. The experimental results with the
proposed algorithm showed better performances with
decreased tracking errors and shorter response times.
Stepping scanning way

Angle

Time

Fig.} Step-scan way.
II. THE ARCHITECTURE OF THE SYSTEM

The rough design chart of the novel high speed
optical scanning platform is shown in Fig. 2. The scanning



method is to control displacements of PZT actuators “A”,
“B” precisely by adding contrary voltages to PZT actuators
so that flexure joints "a” and “b” will move in opposite
directions. The platform motion is obtained by LVDT
position sensors “C”, “D” continuously to complete the
feedback control as shown in Fig. 3.

. Fig. 2 Design Chart. Fig. 3 Control process.

First, switch on the laser and the PSD detecting device
and then give the demand. The AD card transmits the
control output to the amplifier as the input of PZT
actuators. Get the position data from LVDT sensors and
then feedback 1o the controller. The resolution limit of
LVDT sensors are down to 10 nm. In order to verify the
precision simultaneously, the four phase PSD detecting
device also feedback the true position data of the reflected
laser points. The linear sensing range of PSD is around
2mm for that reason we put PSD sensor near the scanner.
Use DA cards to transform signals into the controller. The
marked rectangular area with dotted lines is the initial
designed system. The dimensions of the PZT actuator is 2
x 3 % 18 mm® and the material properties are provided in
Table 1. The stage is made of aluminum and the material
properties are provided in Table 2.

Table !, Material propertics of the PZT

N-10
§°)| 14.8x10°"? m’/N
sty 18.4x10°" m*/N
dys 930x10° m/V
dy; 28710 m/v
ds; 635x1072 mV
SSI 1/8() 5000
£ /ey 5440
Density 8000 kg/m®
Table 2. Material propertics of aluminum
7079 T2
Elastic modulus 7.17¢"° Pa
Yield stress 3.45¢" Pa
Ultimate tensile stress 4.83¢° Pa
Poisson’s ratio 0.33
Thermal conductivities 121 W/mK
Specific heat 963 NmvkgK
Density 2740 kg/m’

I11. FEA simulation software

FEM simulation was carried out using FEM sofiware
(ANSYS 8.0 [5]), which was used to create a solid FE
model for modal-frequency and harmonic
analyses. We use modal analysis to determine the natural

response
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frequencies and mode shapes of a structure. The natural
frequencies and mode shapes are important parameters in
the design of a structure for dynamic loading conditions.
They are also required if you want to do a spectrum
analysis or a mode superposition harmonic or transient
analysis. The simulated patural frequencies are illustrated
in Table 3. The mode shapes of a structure after modal
analysis are shown i Fig. 4 to Fig. 9. The dynamic motion
of the I* mode is the Z direction torsional oscillation of
flexure joints. The 2™ mode is the X direction torsional
oscillation of flexure joints and the PZT actuators. The 3™
mode is the Y direction torstonal oscillation of flexure
joints and the PZT actuators. The deformation of this mode
is larger than 1*" and 2" mode. The 4" mode is the up and
down oscillation of the diagonal apexes and the edges in
the different direction at Z direction and the deformation is
even larger than previous results. This oscillation way is
exactly like our scanning way. The 5™ mode is the same as
the 2* mode. The 6™ mode is up and down oscillation of
the edge in the same direction in Z direction,

Tablc 3.Modal frequency
Mode number | Frequency (Hz)
1 522.54
681.45
831.03
1184.2
2693.1
4061.6
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Fig. 4 Mode shape of made 1. Fig. 5 Mode shape of mode 2.

ANEYS, ANSYS

Fig. 7 Mode shape of mode 4.

ANSYS

Fig. 8 Modc shape of mode 5.

Fig. 9 Modc shape of mode 6.

Harmonic response analysis gives us the ability 1o
predict the sustained dynamic behaviour of structures, thus
enabling us to verify whether or not designs will
successfully overcome the resonance, fatigue, and other
harmful effects of forced vibrations. This analysis
technique calculates only the steady-state, forced
vibrations of a structure, The trapsient vibrations, which
occur at the beginning of the excitation, are not accounted



for in a harmonic response analysis. The harmonic analysis
result is shown in Fig. 10. The frequency range is from 1
Hz to 50K Hz with 500 sub steps, which means that every
100Hz calculate once. There are 5 main natural frequencies
which may make the structure fatipue especially the
resonance frequency within 20K-25K Hz. In view of the
fact the working speed is not so such big. We re-simulate
the harmonic analysis which is shown in Fig. 11. The
frequency range is from 1Hz to SK Hz with 100 sub steps.
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Fig. 11 Harmonic analysis result from 0 to Sk Hz.

500

The above analysis results express some thing. First, in
3™ mode the deformation in X direction may bigger than in
Y direction. We should avoid operating the platform
around the 3 natural frequency. The dynamic motion of
the 4" mode is exactly the same as our demanded scanning
way. May be we can iry to operate our system at this
resonance frequency to obtain larger scanning range.

The transient analysis solution method used depends
on the DOFs involved. For matrix coupling between first
and second order effects such as for piezoelectric analysis,
a combined procedure is used. We have to know that
whether the physical properties in transient analysis results
and the real implement results is the same or not, so as o
raise the reliability of the transient analysis results and to
prove the accuracy of the parameters. Hence we run a PID
control in transient analysis. The close loop control is to
get every sub step analysis results and saving it Lo be the
feedback of the next sub step analysis. The transient step

618

reference PID control is shown in Fig. 12. The physical
phenomenon is almost the same to the experiment although
the FEA simulation result had added a multiple. That is
because in real experiment we used multilayer PZT
actuators bul in analysis we take it as a stack PZT actuator.
It proves that the transient results are believable.
Consequently we tried to simulate the transient P1D control
under the step-scan mode reference and analysis results are
illustrated in Fig. 13.
PID control sesults : Step output wesponse
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Fig. 12 Transicnt analysis PLD control result with step reference.
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Fig. 13 PID control result with step-sean reference.

Iv. EXPERIMENT

Besides to use PID controller shown in Fig. 14 doing
the basic control and getting the control results, this paper
establishes an improved PID controller to acquire betier
contrel performance. The PID control results are itlustrated
in Fig. 15 and Fig. 16. Fig. 15 is the 1024 resolution steps,
1 Hz repeat scanning result. The control results appears
that that the feedback signals from LVDT and the PSD
sensors are almost the same. That means the settling
response of each step within 1/1024 s is sufficient.

Fig. 14 PID control block diagram.



Fig. 16 is the 128 resolution steps, 30 Hz repeat
scanning result. The control results appears that that the
feedback signals from LVDT and the PSD sensors are
different and not accurate. That means the settling response

k] = ulk]+ (k] )

The initial condition of u[0] is zero where Q and L

of each step within 1/(128*30) s is not sufficient.

Feedback Signals LYDT1 & LYDT2 and Signal PSD Contiolled by PID in 1hz
2

are the designed factor. Eq. (4) is the recursive calculation
of Eq. (1), we can get Eq. (4), and then add Eq. (4) into Eqg.
(3) which results in Eq. (5).

A i Al E::S%I; ulk] = L[Qe[k ~1]+ Q%elk - 2]+ ..+ Q*e[O]J (4)
AW ) } a k] = e[k]+ LJ_Qe[k 1]+ O%efk - 2] +...+le[0]} )
05 Take Z transform of Eq. (5) results in Eq. (6). The
g open look equation from v[k] to y[k] can be illustrated in
20 Eq. (7) and compare with simple PID controller which is
>
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Fig. 15 PID control, 1024 rcsolution steps, 1 Hz repeat scanning.

illustrated in Eq. (8).

Take Z-transform of Eq. (5)
V(z)

= E(z)+ L[Qz‘lE(z) + 02 B+ + OF R E(D)
= B+ L0z + Q%272+ + 0% )

- ik
] E(z)<1 L@

=

2Fe-sdh:-mk Signals LYDT! & LVDTZ and Signal PSD Controlled by PID in 30hz 1- QZ
Sl " J,.\ j - wgg | when k — w
/A / \ J = P50 ) Loz ! Y
N / \ ; 4 | V{zy=E(z)(1 + ) wherc]Qz ] <1 6)
S v L ~ Oz
ost/ A T Ny LQ:'
s | \ %(/ Ly \\ N..f Fe) = GEVE) = GEEEN+==)
5 o . N
g 19 Y
s \ ;). A z +(L 1o
a5t \ / e =G()———1] 7
1 \f’ y / \/’ 3 -0 g
L ¥(2)=G{z)E(z) 8)
A5t
) For the simple PID system we can rewrite Eq. (8) to

2
0 06 G02 003 004 005 006 007 008 009

Time(s)

01

Fig. 16 The PID control, 128 resolution stcps, 30 Hz repeat scanning.

The block diagram of the improved PID control is
shown in Fig. 17. It likes a learning control way to improve
the performance by the previous learning steps since our
step-scan motion can be taken as two different repeat
motions. One is the repeat stepping up and the other is the

Eq. (%) and it is observable that the response time is
defined at when G(z) is far greater then 1.
¥(2) = G{2)E(2) = G(2)[¥y(2) - ¥{2)]

= ¥{z}= G((;Z() ) ¥4(2)

as G(z)y>>1 = ¥(2)= ¥ (z)

®

repeat stepping down. The following equations describe For the impl:ov_ed P I[? system we can rewrite Eq. (6,)
the improved PID controller : to Eq. (10) and it is obvious that the response time is
defined at when G(z)[zH(L-1)Q] is far greater then (Z-Q).
For more strictly limit the response time is reduced when
G(z)(L-1)Q is far greater then —Q based on the simple PID
controiled result in Eq.{9).
Y2y
z+(L
o Y= G =R
L
~Ge @ - e
o G(z)z + (L -1)Q}
Fig. 17 Improved PID control block diagram. =¥(z)= (z—0)+ G{z)z + (L-DQ] fa(2) (10)
ulk] = Olulk — 1]+ Lelk —1]] M as G(z)[z + (L —NQ]>>(z — O) and le—1[<1
elk] =y lk]- yIk] @) =¥ (@)=Y,(2)
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The improved PID control has better performance
than simple PID control from the proof of Eq. (9) and Eq.
(10) since PID control will let G(z) >> 1 as times go on.
The improved PID control based on the PID control results
G(z) == 1 and then we can assume zG(z) >> z. Thus the
response time of the improved PID control is higher than
PID control because that it pluses another demand
GEz)YL-DOQ > Q which is designed to increase the
convergence speed. The improved PID control results are
illustrated in Fig. 18 and Fig. 19. Fig. 18 is the 1024
resolution step, 1 Hz repeat scanning result. The control
results appears that that the feedback signals from LVDT
sensors and the PSD sensors are almost the same. That
means the settling response of each step within 1/1024 s 18
sufficient. Fig. 19 is the 128 resolution step, 30 Hz repeat
scanming result. The control results appears that that the
feedback signals from LVDT sensors and the PSD sensors
are different and not accurate. That means the setting
response of each step within 1/(128*30) s is not sufficient.

The experimental results from the PID control and the
improved PID centrol are shown in Figs. 20~25, the
control error from the improved PID is better than the
simple PID control, which verifies the proof in the
previous section. The comparison of the control error for
1 Hz and 1024 steps scan is shown in Figs. 20, 21.
“Error}” represents the control error measured from the
LVDT sensor “C”. “Error2” represents the control error
from the LVDT sensor “D”. The comparison of the
control error for 30 Hz and 128 steps scan shown in Figs.
22, 23. 1t is apparent that the control error response of |
Hz 1024 resolution steps is better than 30 Hz 128
resolution steps, also confirming the earlier discussions.
The improved PID control exhibits the learning control
behavior. Thus, more leaning cycles resulted in better
system performance. Figs. 24, 25 show the PSD detector
signals, one also observes better control performance
from the improved PID control.
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Fig. 18 Improved PID control, 1024 resolution steps, 1 Hz repeat
scanning.
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Feedback Signals LYDT1 & LVDT2 and Signal PSD Controlled by ImpPID in 30hz
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Fig. 19 Improved PID contrel, 128 resolution steps, 30 Hz repeat
scanning.

V. CONCLUSIONS

This paper introduced a novel servo mechanism for
an optical scanner design and used FEA software to
analyze the structural mode shapes and the resonance
frequencies. The knowledge about the resulted
deformation also helps to form the basis of mechanism
design. The simulation results are then compared with the
experiments for validation. For the servo contro! design
this paper proposed a modified PID controller. The
modified PID contrel mimics the behavior of the learning
control, but with much less memory requirement. The
experimental results also show the superior performance
from the proposed control.
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Fig. 20 1 Hz repeat scanning control error compatison of LVDT “C”.
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Fig. 21. 1 Hz rcpeat scanning control error comparison of LVDT “D”.
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Fig. 22 30 Hz repeat scanning control crror comparison of LVDT “C™.
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Fig. 23 30 Hz repeat scanning control error compatison of LVDT “D”.
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Fig. 24 | Hz repeat scanning control PSD comparison.
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Fig. 25 30 Hz repeat scanning control PSD comparison.





