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Abstract

Active vibration control has been widely applied in precision mechanics. Using
accelerometer instead of displacement sensor as main sensor has been brought
up to the positioning stage when it is hard to find a reference place to mount the
displacement sensor. However, the phase displacement of integrated acceleration
introduced by integrator might collapse the feedback control and this approach
has not been applied to positioning stage yet. In this thesis, we designed long-
stroke compliant positioning stage that allow MEMS accelerometer being able
to measure reasonable acceleration signals. We processed the acceleration
signals with phase shifter and filter to allow signals to be used in feedback
control. By integrating above results, we successfully practiced both integrated
acceleration and direct acceleration feedback schemes on positioning stage.
Feedback control schemes have been practiced in 1- and 2-D.O.F. stage. Both
single and multiple frequencies signal have been taken as input signal. Through
these experiment results, we hope to offer references for using MEMS
accelerometer as main sensor for active vibration control and furthermore allow

these concepts been applied on precision machine.

Key words: MEMS Accelerometer, Phase Shifter, Integrated Acceleration
Feedback Control, Direct Acceleration Feedback Control, Compliant Positioning

Stage
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Vibration Control of a Cascaded Two-Degree-of-Freedom Precision
Positioning Stage Using Direct Acceleration and Integrated
Acceleration Feedback Schemes

Author: Ming-An Lin
Advisor: Kuo-Shen Chen
Department of Mechanical Engineering National Cheng-Kung University

SUMMARY

Active vibration control has been widely applied in precision mechanics. Using
accelerometer instead of displacement sensor as main sensor has been brought up to
the positioning stage when it is hard to find a reference place to mount the
displacement sensor. However, the phase displacement of integrated acceleration
introduced by integrator might collapse the feedback control and this approach has
not been applied to positioning stage yet. In this thesis, we designed long-stroke
compliant positioning stage that allow MEMS accelerometer being able to measure
reasonable acceleration signals. We processed the acceleration signals with phase
shifter and filter to allow signals to be used in feedback control. By integrating above
results, we successfully practiced both integrated acceleration and direct acceleration
feedback schemes on positioning stage. Feedback control schemes have been
practiced in 1- and 2-D.O.F. stage. Both single and multiple frequencies signal have
been taken as input signal. Through these experiment results, we hope to offer
references for using MEMS accelerometer as main sensor for active vibration control
and furthermore allow these concepts been applied on precision machine.

Key words: MEMS Accelerometer, Phase Shifter, Integrated Acceleration Feedback
Control, Direct Acceleration Feedback Control, Compliant Positioning Stage

INTRODUCTION

As semiconductor, biotech, micro- / nano-industry becoming the hit, the requirements
of accuracy become more serious in both manufacture and inspection. Automatic
optical inspection (AOI) systems adapted on a movable gantry have been widely used
in modern inspection tasks. To advanced production efficiency, the gantry should be
maneuvered as fast as possible. However, fast moving gantry might generate significant
motion-induced vibration. To solve this problem, active vibration elimination has been
brought up. Positioning stages [1,2] are designed to mount between gantry and CCD
camera to eliminate the relative vibration between the camera and the inspected objects.
Il



By using this approach, the effective bandwidth can be improved. However, when
trying to realize this concept, it is hard to find a place to mount the displacement sensor
that would not be effected by the gantry. In this case, the relative motion between the
sensor and the granite stage is not considered. In previous research [3], researchers used
an accelerometer which is easy to be mounted, to provide relative displacement by
integrating the measurable accelerations with anti-drift integrator. However, due to the
resolution of MEMS accelerometer, reasonable acceleration signal cannot be measured
on positioning stage, which means this approach has only been realized on compliant
structure but not positioning stage. Furthermore, there exist time-varying phase
difference between the displacement integrated by acceleration and the displacement
measured by displacement sensor which may lead to the collapse of feedback control.

This thesis is motivated by above problems, and determined to reach following goals:
compensating the phase difference by using a tabular phase shifter, direct using the
acceleration as feedback signal which would not suffered from the phase difference
problem induced by anti-shift integrator, and designing a relative long-term positioning
stage which is able to generate reasonable acceleration signal that can be measured by
MEMS accelerometer.

To achieve the goals, we set up the research plan shown as Figure 1. There are four
main parts in the plan: signal processing, stage realization, control system design, and
integration of above parts. By simulation, experimental investigation, integrated
acceleration and direct acceleration feedback schemes have been realized on designed
2-D.O.F. positioning stage.

Stage realization

& system setup
Acceleration test on the *  Design * Integrated acceleration
compliant structure *  Simulation feedback
Signal filtering *  Setup *  Direct acceleration
Phase shifter +  Static & dynamic test feedback
On stage test *  System modeling

A

[ Controller appliance on positioning stages J

v

[ Integration & Experiment }

Figure 1. Research plan
SIGNAL PROCESSING

By experiments, it is proved that the time-varying phase difference between the
displacement integrated by acceleration and the displacement measured by
displacement sensor is induced by anti-drift integrator. As the result, we designed a
tabular phase shifter which compensates the phase difference caused by anti-drift
integrator. Besides, to refine the results, we also designed a phase shifter which
compensates the phase difference caused by the system dynamic. By using previous
two phase shifter, there different phase shifting strategies are designed as Figure 2.
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Strategy I. Phase shifter (ref. anti-drift integrator)

Command + . XmEMS Phase XMEMS,PS-I
controTer T Shifter Adl

Strategy II. Phase shifter (ref. anti-drift integrator) in feedback loop

Command + XmEMS Phasc XmEMSs,Ps-1
controller H system Shifter AdI >

Strategy II. Phase shifter (ref. anti-drift integrator & system) in feedback loop

Command  + XMEMS Phase XMEMS_»'PS#
controller system Shifter AdI

Figure 2. There different phase shifting strategies

When practice direct acceleration feedback, it is known that either the exist of DC bias
or the high frequency noise of measured acceleration will lead to the failure [4]. As the
result, DC filter and low-pass filter are used to process the signal before feeding it to
feedback loop. I control term which might lead to DC bias cannot be used. Meanwhile,
a feedback parameter is needed to maintain a reasonable error to compensate the
absence of I control term. Furthermore, adding a band-pass / -stop filter (BPBS) might
refine the result of direct acceleration feedback. The overall block diagram of direct
acceleration feedback is shown as Figure 3.

command +

PD DC filter Band-pass acceleration
= — >
controller low-pass filer /-stop filter actuator stage

Sensor |«

Figure 3. Block diagram of direct acceleration feedback
STAGE REALIZATION

Due to the resolution of MEMS accelerometer, reasonable acceleration signal cannot
be measured on positioning stage in previous research [2,3]. Based on Lee’s stage [2],
we designed 3D printed cascaded 2-D.O.F. positioning stage which is able to carry
accelerometer and displacement sensor which is used as reference. The stroke of stage
is long enough to allow the accelerometer to measure reasonable acceleration under
determined operating frequency period. The designed stage is shown as Figure 4.
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Figure 4. The cascade;i 2-D.O.F. positibning stage (a) the operating direction
indicated diagram (b) the photo of actual stage

INTEGRATED ACCELERATION FEEDBACK

By applying three different phase shifting strategies designed in previous task to the
integrated acceleration feedback control to each stage of cascaded positioning stage, we
can get the results as Figure 5. In Figure 5, we can find out that the influence of each
strategy leads to similar result on different stage. By using strategy I that does the phase
shifting outside the feedback loop, the phase difference can be significantly eliminated
under low input frequency but the gain ratio remains the same as those not using phase
shifter. Using strategy II that processes the phase shifter in the feedback loop can not
only eliminate the phase difference but also suppress the gain ratio under low frequency
input. However, it also leads to the unfavorable, bigger gain ratio around the resonance
frequency. Using strategy III that compensate the phase difference contributed by both
integrator and stage dynamic eliminates both the gain ratio of low frequency input and
the unfavorable bigger gain ratio around resonance frequency.

Due to the preferable result, strategy III is used to process 2-D.O.F. integrated
acceleration feedback control. The circle tracking results that fixed the input tracking
diameter under varying input frequency are shown in Figure 6. Results of input
frequency around 14Hz are preferable due to the similarity between the response and
the input.
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Displacamant of X [mar

Figure 6. Fixed input amplitude (0.4mm) circle tracking under different input
frequency (a) 10Hz (b) 12Hz (c) 14Hz (d) 16Hz (e) 18Hz (f) 20Hz

DIRECT ACCELERTION FEEDBACK

Following the block diagram of direct acceleration feedback control we designed in
previous task, direct acceleration feedback control is practiced on cascaded positioning
stage. Furthermore, by the understanding of stage dynamic, band-pass / -stop filter is
designed for each stage to refine the closed-loop response. The comparison of direct
acceleration feedback control with and without BPBS filter is shown in Figure 7. Using
BPBS filter in direct acceleration feedback control does eliminate the gain ratio around
resonance frequency and makes up the gain ratio of low frequency input, which
improves the effective bandwidth and makes resonance frequency under control.

Due to the preferable results, BPBS filter is used in 2-D.O.F. direct acceleration
feedback control. The fixed amplitude acceleration circle tracking results under varying
input frequency are shown in Figure 8. Results of input frequency around 60Hz to 80Hz
are preferable due to the similarity between the response and the input., which are also
similar to the results of 1-D.O.F. direct acceleration feedback control.
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Figure 7. 1-D.O.F. direct acceleration feedback with and without the band-pass /
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Figure 8. Fixed input amplitude (0.4g) circle tracking under varying input
frequency (a) 20Hz (b) 40Hz (c) 60Hz (d) 80Hz (e) 100Hz (f) 120Hz

CONCLUSION

In this study, we have realized direct acceleration and integrated acceleration feedback
control on 2-D.O.F. compliant positioning stage. To accomplish this, we designed
several phase shifting strategies for integrated acceleration feedback, effective filter for
direct acceleration feedback and 2-D.O.F. stage that allow MEMS accelerometer to
measure reasonable acceleration signals. Although the acceleration feedback
controllers have gotten less effect than displacement feedback controllers, acceleration
feedback we brought up in this study do provide another option when displacement
sensor cannot be mounted in some situation. This study was motivated by the needs of
AOQI vibration control, but it is not limited in this application only. The methodology
proposed can widely be used in precision mechanism that only accelerometer can be
mounted.
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Calibration of Inductive Sensor (Ref: Laser Sensor) w/ regression
0 v r T r : v
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regression y=1.7426x-0.2742
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B 4.12 HePizsmT B b aﬁ%ﬁ!ﬁﬁiﬁ%&% B ~h: %A R #EEHEE
BT st s ER L @B ER M 4 [25]

24kMR
z = Tgpes (4.6)
k = 0.565= +0.166 (4.7)
__ Ebt3
" 6kRL2 (4.8)

FREE SRR LLEHELS BAR L BRE A TE SRS

e B S N B o PIE T SRS WF AT 4o (4.9)
A (4.10)#5 7 -

Ebt3

Kyp =4 X g (4.9)
Ebt3

Kgy =8 X KRLZ (4.10)
o 4T

A ul g BT 2 S oo d 4.8 ST 0 SN (4.9) ~ R

(41088 > AP FEFT L SRS B E 3.6969 N/mm 2 13.796 N/mm -
T OREE AVM24-10 R 4 5 265 N-~¥ 54 5 1482 N> a7 4

BT o R RS SRPHEE AT T SV EEE a5 0717 mm
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FRETEHE 0.719mm -~ B * =H 421 mm -

2048 BT SR AMCE H A
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FEPE&EHEIE R mm 2 2
T o K N/mm  3.6969 13.796
R Rg 4 N 2.65 9.93
R RE F4 N 14.82 58.05
T LRI mm 0.717 0.719
T LR EH mm 4.01 4.21
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* % B 5 & Akribis AVM40-20 » {44 4.11
RS

o T EHE PR Wenglor YPOSMGVLS80 » 2444 4.12

¢ TRNEHREPE I BALLUF BAW M18SME-ICC50B-BP03

¢ Fct% T 4eif 4L 0 Analog Devices AXDL327 » 4L 358 Fif 45—
A ELRIE A G

* 3 HIALK Labworks PA-138

L

.
L

S
F 3z~ B ! Labworks PA-151

o MEAEJT E : dSPACE DS1104 R&D #7414

il

¢ [RBliz4z3:" © ControlDesk 4 & #4425 ~ Matlab/Simulink 2010
ER
¢ ThERRE  MOTECH LPS-305
% 411 5 Bl 5 E R
Model AVM24-10 AVM40-20
Force sensitivity 3.90 N/A 1290 N/A
Stroke 10 mm 20 mm
Peak force 14.82 N 58.05 N
Peak current 3.80 A 450 A
Resistance 5.86 Q 12.10 Q
Inductance 1.23 mH 5.12mH
Coil assembly mass 165¢ 67.0¢g
Core assembly mass 450¢g 2262 g
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ICC50B-BP03

Working range 43-53 mm I-5 mm

Measuring range 10 mm 4 mm

Output 0-10V 4-20mA
Sensitivity I mm/V 0.25 mm/mA

. 50mm X 50mm @ 18mm

size
X 20mm L 36mm
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B 417 F%KXAB QT RERE OMEBT wER ()T R =48R B
EDTHEHBERE QI T BREE OT T -5 BIREE (299
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data pt.
Reg: y=0.7952x0.044519
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1 12 14 16 18 2

Command [V]
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14
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= 037284 B2y o 443 &0 > A

1%
wit [[F:

ST I L RE BRCE G B U B D= 49608 (5) 0 ffd #0
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FAR S Ao (4.12)2 0 @ SR 513305 N/mm -

F
Ky ==
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04r

02r

0

_F/V _ 49608 (N/V)
T X/V T 037284 (mm/V)

= 13.305 (N/mm)

Down Stage X-V

D

X
— = 0.37284 [mm/V]
4
/e O datapt.
/0/ regression y=0.37284x-0.010963
0 02 04 06 08 1 12 14 16 18 2
Command [V]
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Input Frequency = 3 Hz (b) 0s Input Frequency = 14 Hz

Command [V], Displacement [mm]
&
= °
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[= = = commans Laser ——— MEMS [= = - cCommand Lasar ——— MEMS]
03 03
0 01 82 03 U4 05 06 07 08 09 1 0 002 004 006 008 01 012 014 016 018 02
Time [s] Time [s]
( ) Input Frequency = 40 Hz (d) Input Frequency = 100 Hz
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Time [s] Time [s]
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Input Frequency f [Hz]
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Input Frequency = 16 Hz

Command [V], Displacement [mm)]
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| = = - command Lasar ——— MEMS [= =~ commans Laser —— MEMS
05
01 0z 03 04 05 06 07 0B 09 1 0 002 004 006 008 01 012 014 016 018
Time [s] Time [s]
Input Frequency = 30 Hz (d) Input Frequency = 80 Hz
-~

06

Gain ratio [dB]

Phase difference [degree]

= 03F 1 v [ '
3 ' \ ' 1 ' i
= 0zf i ] i Y ' 1
H [ v i \ E 1
£ o1k I 1 i 1 | '
8 ! 1 ! v | !
-1 | 1 | 1 i
7 0 P—‘NM
a T
= [ \ Il T J |‘
L il f 1 i
01 h \ | i | B
] | i | \ | \
Eozr f L i 1 i '
& ! 1 i V ; \\
S | i i 1 i
03 v Vo \
! v N oy A
04" - -
[= = - commang Laser —— MEMS [= = - Commana Laser ——— MEMS
05
001 002 003 004 005 006 007 008 008 01 0 0005 0.01 0015 0.02 0025 0.03 0035
Time [s] Time [s]

Input Frequency f[Hz]

g
)

2

2

2 o

&
.8
[=]

=)

Input Frequency f [Hz)

B 422 T 5@ E P R()F ~ 75 3 Hz (0% ~ 47 5 16 Hz (0)F
30 Hz (d)# » 4 5 80 Hz (e)ik 78

FIF o Nk RAF S B > AP

5
[N

p
0
R

N

93

- B FE gL A



40Hz » = T 5 b - f oKX

S e JEAR KR o + T T

bl

F=HAE F 5 30Hz -

Upper Stage
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40 |

-60
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Fé‘nf_

#4 (%) = x 100% (4.13)
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&

%413 T LEHLEBELCRE

3.6969 N/mm 13.796 N/mm
3.262 N/mm 13.527 N/mm
3.410 N/mm 13.305 N/mm

-7.7 % -3.6 %
36.779 Hz 29.341 Hz
40 Hz 30 Hz
8.8 % 2.2%

454 xRz fiE R

d P -] A PERFEH T T ST ARG DR A AT At )
T E A - FREE-IER 4 o (414) ~ R(@A15)5 R e

mx + bx + kx =F (4.14)
X+—= x+ x-x+2€wnx+wnx—:l (4.15)
Bl & sided R ¥ 4 B8 387 £ 7 4058 (4.16) 977 o

X(s) _ S2X(s) _ s?/m
F(s)  F(s)  s24+2fwnps+w2

Gstage (s) = (4.16)

95



24 RIS A P T o, = Jk/m o &N@.16)7F £ 7 5 N(4.17) -

Gstage (s) = Sk 4.17)

s2+28wps+w?

AE DT L oendE A Sk K,f 1T SRl s A i LR S g
PRIE R B ARAF S o BFE -EF -fE R K L HCEE > PR I JRE R A
1T H Erx il AP R PR i Bic® B2 (Logarithmic decrement
method)[26] % 247 LA fi #R3EH BT 4 7408 (4.18) 0 B ¢ 5 AR ibF -
ELIRW s S, p AMF s g b BRI ~padpind om 27 By

BREPF S hpF e Bl Ao R 4.25 A7or o d PR B Eenpr P L T H R R R
WT, 7 FHIER p AR F wgdoi8 (4.19)%777 » @ 4pHRHE B 0 p AR EciE

AR PR R T IS R R R e f A w02 B

FE R L 4osN (4.20) 97 0 o R B OARAE Aot (421) 5 o

x(t) = Ae~$®ntcos(wyt — @) (4.18)

|
VN A A,
Ul 32\/ \/ A !

Bl 425 FR fi 2456 S5 ]

Td =t2_t1 =2_T[ ﬁ(])d = 2n (419)
a)d tz-tl
_ e

§= I3 = SanTy = 7o (4.20)
w, = -2 4.21)
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(a) 6 Upper Stage Step

‘“ (0.0823,0.5437)

Command

(. oo
04} MEMS ]
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\/\A-ﬁ!wﬂ-mmw

Command [V]. Acceleration [g]
)

04 F U ;
-().() 1 1 () 1 '
0 0.05 0.1 0.15 0.2 0.25 0.3
Time [s]
(b) )5 Down Stage Step
0.4 (0.08375,0.2652) Command] .
dMIEMS
03} (0.1172,0.1141) |
0.1 :

\/‘”

Command [V], Acceleration [g]
; - &
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Time [s]
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% 414 T 5 S d

%
P Ty
B 0.86075 0.84341
FE R 1 0.1357 0.1330
B OHRAE & 40.37 Hz 30.27 Hz
L2 3410 N/mm  13.305 N/mm
4 4 4.14 chT 5 %

/g‘:@’;’ P4 ;\A a}\‘.ff’a

VEL ST XL adE A S ficde N
(4.22) ~ 7%(4.23)%F5F o
18870s? mm/s?
Gup stage = $2+68.865+64350 ( N ) (4.22)
G 2718.552 mm/s? (4. 23)
dw,stage — 2,50 605+36171 ( N ) :
FEM AT A RE GREE S FRIT L -RRIEZ 2304
ﬁﬁ; S ﬁ')t-rr Y, ik

Mok KLEn
a bt = R A SR A st (4.24) T o 2 ¢

3. e
el &Gactuator

&t B
42 & WP o BRI FES 5B Goensor B 57 8- 0 d B
WL A MeNBFAORE BBy AR B R EH i -
N mm/s? g g
Gsystem = Gactuator Gstage * Gsensor (_ TN m = ;) (4.24)

"

Mok SR HCE R Rk S andp B SRR SRR A S0 B Gy spem £
FRAAARE T o R R B4R BAr Bl 4.27 9755 o d B P AP g
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(a)

Down Stage, Multi frequency: 0.4xsin(2720t)+0.07xsin(2714t)
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(a) 08 Amp=02V, f=4 Hz (b) s Amp =02V, f= 14 Hz
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(a) X, Feedback Cirde Tracking (R = 0.4 mm, f =10 Hz) (b) X, Feedback Cirde Tracking (R = 0.4 mm, f = 12 Hz)
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Upper Stage, Multi frequency: sin(2x70t)+0.15xsin(2m20t)
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ek A B T 4o i . ADXL-327

ADXL327

SPECIFICATIONS

Ta=25C, Vs =3V, Cx=Cr = Ce= 01 pF, acceleration = 0 g, unless otherwise noted. All minimum and maximum specifications are
guaranteed. Typical specifications are not guaranteed.

Tahle 1.
Parameter [« Min Typ Max Unit
SEMNSOR INPUT Each axis

Measurement Range +2 +25 aq

Nonlinearity Percent of full scale 0.2 %

Package Alignment Error +1 Degrass

Interaxis Alignment Emmor 0.1 Degrees

Cross Axis Sensitivity' +1 %
SENSITIVITY (RATIOMETRIC)? Each axis

Sersitivity at Xour, Your, Zour Vi=3V T8 430 462 m\fg

Seruitivity Change Due to Temperature® V=3V +H.m T
ZEROD g BIAS LEVEL (RATIOMETRIC)

0gVoltage at Xaur, Your Ve=3V 13 15 17 v

0gVoltage at Zouwr Va=3V 1.2 15 18 v

0 g Offset vs. Temperature +1 g C
NOISE FERFORMANCE

Noisa Density Xaur, Yous Zowr 250 paHz ms
FREQUENCY RESFONSE®

Bandwidth Xour, Your® No external filter 1600 Hz

Bandwidth Zoor® No externzl filker 550 Hz

Rz Tolerance 32x15% k0

Sensor Resonant Frequency 55 kHz
SELF TEST®

Logic Input Low +0.6 v

Logic Input High +2.4 v

ST Actuation Current +60 pA

Output Change at Xour Selftest Oto 1 -210 —450 -850 | mV

Output Change at Your Selfrest 0o 1 +210 +450 +850 [ mV

Output Change at Zom SelftestOto ] +210 +770 +1400 [ mV
OUTPUT AMPLIFIER

Output Swing Low No load 01 v

Output Swing High No load 28 v
POWER SUFPLY

Operating Voltage Range 1.8 38 v

Supply Current V=3V 350 pA

Turn-On Timea? No external filter 1 ms
TEMPERATURE

Oiperating Temperature Range —40 +35 C

! Defined as coupling between any two axes,

? Sensitivity is essentally rtiometric to ¥

1 Defined as the output changs from ambi i perture ar ambi minimum tempe
* Actual frequency response controlied by user-supplisd extemal fiter capacitors (Cx, Cy, Col.

* Barchwidth with extemal capatitees - 112 7 % 32 K1 % C). For O, Cr — 0.003 o, bandwickh - 16kHz Fer G- 00145, i« Table 4. Filter Capacitor Selection, Cx, Cy, and Cz
bandwidth = 0.5 Hr. -

* Self test response changes cubically with Ve Bandwidth (Hz) Capacitor (pF)
"Turn-an time is depend s, €=, Crand is app ¥ 160 x Cx or Crar Co+ 1 ms, whers Cx Cr, Coare in oF.
1 4.7
10 0.47
50 0.10
FUNCTIONAL BLOCK DIAGRAM
100 0.05
+3V
200 0.027
500 0.01
Vg
ADXL327 N
o oo LI.
J_ QUTPUT AMP 1) 2 o
3-AXIS o | -l 34F  da
SENSOR g o T i3 E:
- (- M £ +— gox =
Cpe =— AC AMP DEMOD |— OUTPUT AMP F Slpel =Tk B
— — L g | N
)— g § £ non
—I_ 3 " e 0 " } o
OUTPUT AMP - z v X e 8T 1"
EVAL-ADXL327Z . 'E”B
coMm ST § ¢ K

TG00

Figure 1.
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