FRERTIEELE CLEF T 2L

FeEr SRR i 7 R e L F
%%Wﬁﬁ”(%ZE)
FLAEEL(RER)

AEMA LEHF

Rl S T I Y

% % % ¢ NSC 97-2221-E-216-013-MY2
#HoF HORF 98&E082 0l p3299E 07T 3P
HOoFHE P EAERRLES

S R

o2 B ARREERFLEREEF LG

Fe B2 5 D AP FHERIAA R FEMAE 1 ALV AR A

o R R 99 & 127 1T p



‘Tff % -

FrRRFLR A2 A7 B

‘:‘
v

B R BOR i A 2

LB 4T 4B B

& 5 4p 4
[l8p ¢ iR 4F 2

G

aaps clBEeAE LIFeIA R
33 %5 0 NSC 97—2221—E—216—013—MY2
HEHEF D 97TEEP 1 p299&TH 3P
s for ¥ B FUna g &
PRAIFEA R
LR
GERSEAR B~ R A B R E
G\'g‘ﬁﬁ'ﬁiif‘- J('Z;‘ES‘_F"I‘% L/FE%L«@»‘i) D‘H:Fs?fﬂzr- .%jfffﬂ;%
%ﬁLéﬁxai CRAR A s ¥R T AR FER
| NI RN S ol R U
(A A e R LY iR

R RE B g R TR
(R e TP g2 Moy R4
ﬁ@ﬂ"$:”$%§f*%5174F“ o @B A

[z & e

99 £ 10 *

1

rE e EMARE - Fl- #6672 439

1 n



P2 iR

p w25 B(Voice Coil) & #_7 £ % % (Electromagnetic Device) » i 5 4 & # % (Force Actuator) 4%
ERR xﬁ‘iva%cmi?»%t FEAFEUVALT IR FESRBRY ko RS B4 REBEEAT
BAEE 0 B E 2Rl o 4o A % (Dead Band) 0 2 B F i}f%(Hysteresm Effect) - i# 23k 3+
A hal k kLo %1 (¥2(Operating Point)si*qiT » 8-k 2ids i 2 A2V 2 (74 ]“' it R LM
Bard= 2 o e iE I B okt o LAY kSt g G %1 (Parameter Variation) » 2 £ 3 f §+ #(Load
Disturbance) » gl "”}5 A H o A BACRER BRI ARFEGE A iﬁ By s AL )il

AR R T GRAFAFSF o TP A gt > U A2 AT AR 0 TR PRS-
113 LF2cin™ iz o A3 2 VR4 %éﬂfif PR ORI RS 0 B 6B E R
(Dynamic Sliding Mode Control, DSMC) = ;2 » £ = & kLenjl ﬂ\l‘i';éa FH o M AAY P O B (K e~ 0
Wi B)EFHFEE LT H RPBORF UL > § Bl sk o AP Y A3 PIDROW
BAHIERSH T E > REFX - FREE T BUPIH E?Mrﬁﬂzrm iz o Bk A - BATOR
e

B 4Ese: O AR S B g B B S LS B S R R BB

FeH

This research is going to upgrade the previous work of a contact force- controlled scanning probe
microscopy system design, which had main parts as: XYZ-stage, force actuator (voice coil) and driving circuit,
Linear Variable Differential Transformer (LVDT), Linear Velocity Transducer (LVT), load cell (10 mg
accuracy), diamond probe (Ium accuracy), data acquisition board, and operating system programming. The
PID controller and LVT were applied to improve the inner-loop damping and the transient response of the
system that would be degraded by the dead-band as well as the hysteresis effects of the force actuator, the
contact-force of the probe was detected by a load cell and feedback to move the force actuator to make the
desired contact-force between the probe and the sample under test. Thus the force actuator dead-band as well
as the hysteresis effects can be minimized. Finally, the profile of the object surface is displayed on a 3D graph.
The accuracy of the system was 1um. The drawbacks of the previous method were that if one made a long
time test, then the temperatures of the voice coil as well as the load cell would be increased. Thus not only the
parameters of the system would be varied, but the load cell noise would be raised, then reducing the accuracy
performance of the system. This research is to integrate PID type fuzzy controller with the Dynamic Sliding
Mode Control (DSMC) to make the system more robust to the dead-band as well as the hysteresis effects of
the force actuator. Comparisons with a previous design with PI compensator are also made. This method is
more robust than PI compensator. In addition, this idea has been verified by practical implementation of a

surface profiler to reduce the hysteresis effect of the force actuator.

Keywords: Fuzzy Neural-Network Control, Dynamic Sliding Mode Control, Voice Coil Force Actuator,
Dead-band, Hysteresis Effect.
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Abstract: This research is to use an intelligent PID type fuzzy controller for a
scanning probe microscope system design. Comparisons with a previous design
with PI compensator are also made by simulation. In addition, this idea has been
verified by practical implementation of a surface profiler to reduce the hysterssis
effect of the force actuator.

Keywords: LVT. LVDT, load cell, surface profiler, PID type mtelligent fuzzy
controller, hysteresis effect.

1. Introduction

The Scamning Probe Microscopy (SPM) has been developed rapidly i the last two
decade [1-13]. Its usage is very extensive, for example. the measurements of physical
distribution and material property such as surface profile. roughness, static charge,
magnetic dipole, friction. elasticity, and thermal conductivity. As shown i Fig.1 for the
system structure of a previous research [14] with PI controller. a balance with stylus
probe, force actuator, LVDT (Linear Variable Differential Trans former). Linear Velocity
Transducer (LVT), load cell, personal computer, and XYZ-stages was integrated nto a
contact-force- controlled Scanning Probe Microscope (SPM) system. such that the
surface of the sample would not be destroyed by the contact force of the stylus probe.
This research is to use an intelligent fuzzy PID controller [15-17]. This improvement is
better than the previous one, and has been verified by MATLAB simulation and practical
implementation of a surface profiler to reduce the hysteresis effect of the force actuator.
The stylus probe is shown in Fig.3. The voice coil is applied as a force actuator
(Fig.4). which is integrated with LVT and LVDT (Fig.5) to measure the probe vertical
displacement and wvelocity. The load cell in Fig. 6 is used to detect the contact force
between the probe and sample to be tested. A leaf spring in Fig.7 is applied to mtegrate
the load cell with voice coil. LVT and LVDT meodule, the structure of probe module
mstallation and the practical implementation are as shown in Figs. 8(a) and 8(b).

* Corresponding author: Department of Communication Engineering, Chung-Hua University, Hsin-Chu,
Tarwan, Tel: +886-3-518-6483; E-mail: jmlin@chu.edutw.
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Fig. 1. The structure of a previous contact force-controlled SPM system.

Fig. 2. LVT. Fig. 3. Stylus probe. . Fig. 4. Voice coil.

Fig. 5. LVDT. Fig. 6. Load cell Fig. 7. Leaf spring

In addition to the XYZ-stages a piezo-stage in Fig. 9 is also put on the Z-stage to
improve the measurement accuracy and minal pomnt setting. The personal computer 15 the
central control unit for the whole system, such as setting contact force between probe and
the sample, taking contact force information from load cell. as well as dnving the force
actuator for balance-arm mitial leveling. Thus 1t 1s an automatic SPM system.

The block diagram of the previous PI compensator system design [14] 15 with
LVT for inner-loop feedback as shown m Fig. 10. However. the force actuator hysteresis
effect cannot be reduced for larger D's of hysteresis effect parameter. To eliminate the
hysteresis effect this research applied PID type intelligent fuzzy controllers [15-17]. This
improvement has been verified by MATLAB simulation and practical implementation of
a surface profiler. Comparisons with the previous PI compensator system design are also
made.
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Fig. 10. Block diagram of a SPM system with PI compensator in the previous research
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The orgamization of this paper is as follows: the first section 15 mtroduction, The
second and the third enes are for the review of previous research and the proposed PID
type fuzzy controller design. The test results and discussions are given in Section 4. The
last part 15 the conclusion.

2. Review of Previous System Design

The structire of the previous SPM system [14] 15 shown m Fig. 1. The major part 1¢ the
balanee, The stylus probe 15 on the left side. while force actmator and load cell are on the
right side. The force actator is consisted of a coil and a spring. As in Fiz.11 (a) the rod
retns to mitial place when force actuator is de-enerpized. However. if a voltage 15
applied across the coil, then cwrrent flows in the cail, and a force would be generated to
compress the spring and make the rod pull down as m Fig.11 (b). The relationship of the
applied voltaze and displacement 15 shown i Fiz 12, The block diazgram of the SPM m
the previous research is as in Fig. 10, Table 1 listed some PI compensators design. in
which, the comresponding gain margmns, phase margins of the mner (GMI, PM1) and
outer (GM2, PM2) loops as well as the phase cross-over frequencies mgare also listed.

Table 1. The results of the previous PI compensater design m Fig. 10,

o va PMI . PM2 o
Case KI K2 K3 Kb GML 0 G2 o
I 12 120 1 200 w 713 = 85 9840
2010 100 08 180 o= 75w 00 7500
30015 100 15 200 « 65 o« 88 20000
4200150 2 150 = 63w 805 40000
508 80 05 30 = 85 o 60 30000
6 18 200 13 220 = 70 = 90 30000

To evaluate the results of design, a saw tooth-shaped command {period 5 seconds) as
n Fig.13 15 applied to the mput of the system. The output responses of cases 1, 2. S and 6
for the system with hysteresis effect (backlash parameter D=0.1) are shown in Figs.14
-17. One can see that the larger the outer-loop phase margin, the lower the hysteresis
effect, but all the hysteresis effects are still very dominant.

De-Energized Energizead

(=) (b)

Fig. 11. De-energized and energized states of force actuator. (a.) De-energized state. (b).
Energpzed state.
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The reason 15 that e, are very large for these cases, and then the time and phase delays
produced by the hysteress effeet would be mmareased. Thus the stabality can even be
degraded by adding the hysteresis effect to push the resulting phase margine approaching

Zero.

[

Displacement (pm)
AN

950 F I B
a0 T R e ) WY = 1 b 1 L i L [ |
B I . R T B S R

Applied Voltage (V)

Fig. 12. Force actuator applhied voltage vs. displacement.

!
]
i
{
|

Fig. 14. Output of case 1 for D=10.1 in Fiz.10.
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Fig. 17. Output of case 6 for D= 0.1 m Fiz.10.

3. Fuzzy PID Controller Design

To reduce the hysteresis-effect thus paper applies an wtelligent fuzzy PID controller
[15-17]: the block diagram of the control system 1s shown m Fig. 18. The fuzzy control

desizn method 1s based on the IF-THEN RULE as follows:

E1: IF E 1s WNB AND AE 15 WB THEN 17 15 NB.
R2: IF E is WB AND AE 15 ZE THEN 1715 WM.
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B3:IF E 1s WB AND AE 1s PB THEN U s ZE.
B4: IF E 15 ZE AND AE 12 WB THEN U 12 WM,
RS: TF E 15 ZE AND AE 15 ZE THEN U s ZE,

RG: IF E 15 ZE AND AE 15 PB THEN U 15 PM,
R7:IF E 1s PB AND AE 1s WB THEN U s ZE.
E&: [F E 1z FB AWND AE 1= ZE THEN U iz PM,
R9: IF E 1s FB AND AE 15 FB THEN 15 PB.

where NB, WM, W5, ZE. PS, PM. and PB respectively stand for negative big, negative

waddle, negative small, zevo, positive small, posttive muddle, and positive big.

Fig. 18. The block diagram of an itelligent fuzzy PID controller for SPM system design.

The detailed eross reference rules for the inputs and output of PID fype fuzzy
controller are defined in Table 2. According to the fuzzy contral desizn method the
relationship fimctions of tracking emar E, AE (deviations of present E and the previous E).
and U (Control Input) are defined at first. which ave listed in Tables 3-3 and also as
shown in Figs, 1921 In order to reduce the computation fime, the twiangular distribution
functions are applisd instead of Ganssian ones,

Table 2. Cross reference mles of PID type fuzzy controller.

E.AE NB NM NS ZE PSS PM PB
NB NB WNB HWM WM NS NS FE
MM NB NM NM N§ NS ZE PS
NS NM NM N§ N§ ZE PS PS
ZE NM NS NS ZE PS PS PM
PS5 NS NS ZE PS5 PS PM PBM
PN WS F7E s Ps PM PM PB
PB ZE PS PS PM PM PB PB

Then the performances obtamed by PID type fozzy controllers are analyzed by
sumulation. By some tnal-and-aror the proportion and mtegration gans are respectively
set to 10 and 300 to speed up the response, and the gan of the dervative part 1s set to
0,06 to avoud the noise amplification problem. Fig. 22 shows the response for the
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backlash to be as 0.1. It can be seen that the result with D=0.1 is better than those
obtamed by the traditional PI controllers. Figs. 23-24 also show the responses for the
backlash to be as 0.3 and 0.5, respectively. One can see the responses are still quite well.
and the hysteresis problem can be reduced by the proposed method.

Table 3. Relationship functions of E in tabular form.

Item Type Parameter
Negative Big (NB) Trapmf [-1-1-0.75-0.3]
Negative Medium (NM)  Trimf  [-0.75-0.3 -0.15]
Negative Small (NS) Trimf [-0.15-0.10]
Zero (ZE) Trimf [-0.05 0 0.05]
Positive Big(PB) Trunt [00.10.15]
Positive Medium (PM) Trunt [0.150.3 0.75]
Positive Small(PS) Trapmf [0.30.7511]

Table 4. Relationship functions of AE in tabular form.

Item Type Parameter
Negative Big (NB) Trapmf [-4.5-4.5-3.375-1.35]
Negative Medium (NM)  Trimf [-3.375-1.35-0.72]

Negative Small (NS) Trimf [-1-0.50]
Zero (ZE) Trinf [-0.2500.25]
Positive Big(PB) Trinf [00.51]
Positive Medum (PM) Trimf [0.72 1.35 3.375]

Positive Small(PS) Trapmf  [1.353.3754.54.5]

Table 5. Relationship functions of U m tabular form.

Item Type Parameter
Negative Big (NB) Trapmf [-12-12-9.6-8.4]
Negative Medium (NM)  Trimf [-9.6-8.4-7.2]
Negative Small (NS) Trimf [-8.4-480]
Zero (ZE) Trimf [-4.8 04.8]
Positive Big(PB) Trinf [04.88.4]
Positive Medum (PM) Trunf [7.28.409.6]
Positive Small(PS) Trapmf [849.61212]

4, Test Results and Discussions

The signal flow graph of the system operation steps is in Fig. 25 and summarized as
follows. The first step 1s mnitial levelling of balance lever arm, which is achieved by
adjusting the current through the force actuator coil. Since the lever arm weight at the
stylus probe side 1s heavier than the other side (contact with actuator) mntentionally, thus
the force actuator should push down to make the balance lever arm even.
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Fig. 21. Relationship functions of fuzzy controller output in figure form.
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Fig. 24. Output with PID type fuzzy controller for D=10.5.

The contact point of the lever arm on the load cell is installed right at the
calibrated-levelling height. This adjustment process stops when the value of load cell
output increases from 0 mg to 40 mg as shown in Fig. 26. This value for the weight
discrimination can be lowered if the cirenit routing condition is better, thus the noise
amplitude at the load cell output can be reduced.

The next step 1s to load the sample on the holder which is fixed on the piezo-stage as well
as XYZ-stages, and then setting the XY-stages (the resolution 1s 34 nm in either axis) to
make the first sampled point just right under the tip of the stylus probe, then raising the
piezo-stage upward until the sampled point touching with the probe. The value of the
probe contact force on the sample can be obtained by the load cell. In order to make sure
that the probe contacts with the sample while not destroy it, the maximum contact force 1s
limited to 100 mg, i.e.. if the magnitude of contact force is smaller than 100 mg, then
moving the piezo-stage upward by one step (the resolution is 10 nm), otherwise, stop.
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Fig. 25. The signal flow graph of the system operation.

Then by scanning the XY-stages i either x- or y-axis, and finally, the surface profile
of the sample can be obtained as shown in Fig. 27 from LVDT. If one should like to see
the top view, the result is shown in Fig, 28.

4, Conclusion

This research applied PID type fuzzy control for a Scanning Probe Microscope (SPM)
system design.  In addition. the actuator hysteresis effect was taken into consideration.
Comparisons with a previous work with PI compensator are also made, it can be seen that
the system performances obtained by the PID type fuzzy controller are much better.
especially in elimmating the actuator hysteresis effect. This improvement has been
verified by MATLAB simulation and practical implementation of a surface profiler.
Finally, the profile of the object surface 1s displayed on a 3D graph.
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(# < ) This research is to integrate PID type fuzzy controller with
the Dynamic Sliding Mode Control (DSMC) to make the system more
robust to the dead-band as well as the hysteresis effects of the force
actuator. Comparisons with a previous design with PI compensator are
also made. This method is more robust than PI compensator. In
addition, this idea has been verified by practical implementation of a
surface profiler to reduce the hysteresis effect of the force actuator.
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(% L) This research is to integrate PID type fuzzy controller with the Dynamic Sliding Mode
Control (DSMC) to make the system more robust to the dead-band as well as the
hysteresis effects of the force actuator. Comparisons with a previous design with PI
compensator are also made. This method is more robust than PI compensator. In addition,
this idea has been verified by practical implementation of a surface profiler to reduce the
hysteresis effect of the force actuator.

EE

ERAETHRMEM X

AT/ B o & ) S [E)

AR~ FREBERARLETFEE LN MEERNRTRIFHIREER > ARR

&ﬁ@%v TH A

~2

= >

);]5(3171

Mk~ FERAXREFEE  MTHIE > BITHBE R AOAHIFRIR SR A B R
BRI BT 0 TR A TREL L EER » REITHMASE

=
by
s

B3 ﬁiﬁﬁ%%’%ﬁi HERARTAEA > FDBETFPREMNZIEIEZALE -



MNEREHFTHEFT S EFREL

PHEIBA

3 B f 97-2221-E-216-013-MY2

PR FEGH ERRE LIRS T ARM S L F FERRRK

g X
Y ek P &
5% p R LS s FERE | g SRR
B (s |Ik(z 75 AL = | B S
fegr) | ) #H oo o= ¥ ...
%)
R 0 0 100%
e PiEBREL |0 0 100% #
¥ E T
it g 0 0 100%
P 0 0 100%
o : ﬁ%f g 0 0 100% .
S 9 0 0 100%
B e 0 0 100% n
R I
B4 & 0 0 100% + A
L4 0 0 100%
fgrsih A4 [E A4 0 0 100% o
=X
(2R [BLumih 0 0 100%
LiEen 0 0 100%
L 0 0 100%
o e PALARRBATED |0 0 100% F
gﬁ‘nQ E T
it g 0 0 100%
L1 0 0 100% Y
%11 v ‘;i—ﬂ % ¥ 0 0 100% "
O 0 0 100%
1 ?P
" i 0 0 100% 2
A I
#1142 0 0 100% + A
L4 0 0 100%
P e 0 0 100%
A =
(hEE) LR 0 0 100% '
LiEmm 0 0 100%




His &
(i igz &
B YopRIl B s 6
HEE - LRREE
TRV =N [F 2L
UL Rk
Vo S AR
SR SVRIE ¥ SUS A

}ljo)

APEFEL AR S BT AR TR

(1). Jium-Ming Lin and Po-Kuang Chang, ° Applying Intelligent Fuzzy
Control to Reduce Hysteresis Effect of Force Actuator in a SPM,” WSEAS
Transactions on Systems and Control, Vol.4, Issue 7, pp. 271-285, July
2009. (EI)

(2). Po-Kuang Chang and Jium-Ming Lin, = Intelligent Fuzzy Control of
a Scanning Probe Microscope System Design,” ICIC Express Letters, Vol.
3, No. 4(A), pp. 951- 956, December 2009. (EI)

(3). Jium-Ming Lin and Po-Kuang Chang, '~ Eliminating Hysteresis Effect
of Force Actuator in a SPM,” WSEAS Transactions on Systems and Control,
Vol. 5, Issue 1, pp. 1-1b, January, 2010. (ED)

(4). Jium-Ming Lin and Po-Kuang Chang, °~ Integration both PI and PD Type
Fuzzy Controllers for a Scanning Probe Microscope System Design,” WSEAS
Transactions on Systems and Control, Volume 5, Issue 6, pp. 484-497, June

2010 (ED.

(5). Po-Kuang Chang and Jium-Ming Lin, Intelligent Fuzzy PID
Controller Design of a Scanning  Probe Microscope System,” Accept for
publication at International Journal of Electronics, Electrical and
Communication Engineering (IJEECE), 2010.

= % I8 p

£ i

Bl 5 (7 FReEl)

PRAR

TR RR KRB

LolEH

Ry w85

Fit e /1 iEp

AR e

PESRHAZ 2 (RE) i

OO O O (O o o o







R g AR 34 3 R 474 324

= 1
“M&ﬁ

NS R E A AR SR T R A kL B A Y
74’ +$%ETJ¥%~,&;§\I%‘@\§,§KE\ - HEEzZT ) 2 EGR
T A g j‘-gf'f OB R IRE ﬂé”ﬁ?&fﬁfﬁ%ﬁ » (T— LG

2
X Wik

ap %\L

™

=

FRELR FE R A AR Y PRS- F LR
W= Pk
DA+ p % (F&m > 12100 F 5 12)
= R fe
(517 & ¥ &
4 # R 5]
T E

2. F 3 Ak B g A R G % )
wm W FA JAgdza~f HER? &
B0 E® ¢ 57 e
A D i (esis WA
Hw (12100 F 5 '2)

Applying Intelligent Fuzzy Control to Reduce Hysteresis Effect of Force Actuator
in a SPM,

>

3. R R KRR AL BBE G P R R F A
B(HR A SRR a2 L a - RE - BPSE-HRRELTEAN) (1
500 % 3 ')

AR 2T ARG BRI RIS 0 8 & 8 B & 050 424 (Dynamic
Sliding Mode Control, DSMC)=i# » 2= ki seehfl A3k %4 L% PLAF of B(%
oo ORI R R R A AW M RE BRI 0 F B ok o &
B3 R PID Wi Bt it o @t o SR v @k P AT O B e )

k> BRI B A - BATTHFIR -




