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Abstract—This research is to use fuzzy controller in the
outer-loop to reduce the hysteresis effect as well as parameter
variations of a force actuator for a Scanning Probe Microscope
(SPM). This improvement has been verified by practical
implementation. Comparisons with a previous design for the
outer-loop with Pl compensator and inner-loop with Linear
Velocity Transducer (LVT) for feedback compensation are also
made. Thus the proposed system is more robust.

Index Terms—Fuzzy controller, SPM, Hysteresis effect, LVT.

I. INTRODUCTION

The SPM has been developed rapidly in last three decade
[1]-[10]. Its usage is very extensive, e. g. the measurements
of physical distribution and material property such as surface
profile, roughness, static charge, magnetic dipole, friction,
elasticity, and thermal conductivity. As the block diagrams in
Fig. 1 of previous research [11], a balance with stylus probe,
force actuator, LVDT, load cell, personal computer, and
XYZ-stages were integrated into a contact force-controlled
SPM, such that the surface of the sample would not be
destroyed by the stylus probe. To reduce the hysteresis effect
of the force actuator as well as parameter variations this
research in Fig. 2 applied a fuzzy controller [12]-[15] in the
outer-loop and LVT in the feedback loop to reduce the force
actuator hysteresis effect of a SPM.

This improvement has been verified by practical
implementation of a surface profiler. Comparisons with the
previous design for the outer-loop with PI compensator and
with LVT for inner-loop feedback are also made. Thus the
proposed system is more robust.

The organization of this paper is as follows: the first
section is introduction. The second and the third ones are
respectively for the review of previous research and the
proposed fuzzy controller design. The test results and
discussions are given in Section 4. The last part is the
conclusion.
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Il. REVIEW OF PREVIOUS SYSTEM DESIGN

The force actuator is consisted of a coil and a spring, as
in Fig. 3(a) the rod returns to the initial place when the force
actuator de-energized, when a voltage is applied across the
coil, then there is current in the coil, and a force is generated
to compress the spring and make the rod pull down as in Fig.
3(b).

The relationship of the applied voltage and displacement
is shown in Fig. 4. To reduce the hysteresis effect of the force
actuator in Fig. 4, this research is to use a fuzzy controller to
replace the PI compensator for a previous research, the newly
system model is shown in Fig.2. Table I listed the previous PI
compensators [11] for inner and outer loops design (steady
state errors are equal to zero for inner and outer loops) in Fig
1. In addition, the gain margins, phase margins of the inner
(GM1, PM1) and outer (GM2, PM2) loops as well as the
phase crossover frequency o, are also included.

Figs. 5-8 are the Bode plots of cases 1, 2, 5 and 6,
respectively. The outputs of LVDT for saw tooth shaped
input (as in Fig. 9) are shown from Figs. 10 to 13 for
comparison (with hysteresis effect parameter D be 0.3). 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. The reason is o, are very large for these cases, and
then the time and phase delays produced by the hysteresis
effect would be increased. Thus the stability can even be
degraded by adding the hysteresis effect to push the resulting
phase margins zero.

I1l1. Fuzzy CONTROLLER DESIGN
A. Relationship Functions Design
In this section a Proportion and Derivative (PD) type fuzzy
controller [12] — [15] is applied in the forward loop as in Fig.
2. It is well-known that fuzzy controller is based on the
IF-THEN RULE as follows:

RI1: IF E is NB AND AE is NB THEN U is NB,

R2: IF E is NB AND AE is ZE THEN U is NM,

R3:IF Eis NB AND AE is PB THEN U is ZE,

R4:IF E is ZE AND AE is NB THEN U is NM,

RS: IF E is ZE AND AE is ZE THEN U is ZE,

R6: IF E is ZE AND AE is PB THEN U is PM,

R7:1F E is PB AND AE is NB THEN U is ZE,

R8: IF Eis PB AND AE is ZE THEN U is PM,

R9: IF E is PB AND AE is PB THEN U is PB,

where NB, NM, NS, ZE, PS, PM, and PB respectively stand
for negative big, negative middle, negative small, zero,
positive small, positive middle and positive big.
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Fig. 2 Block diagram of SPM with a fuzzy controller in the outer-loop and LVT in the feedback loop of this research.
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Table I
Previous design results of system in Fig. 1.
PM1 PM2 [ON
C K1 K2 K3 K4 GM1 GM2
(Deg) (Deg) | (r/sec)
1 12 120 1 200 00 73 o0 85 9840
2 10 100 0.8 180 00 75 00 70 7500
3 15 100 1.5 200 00 65 o0 88 20000
4 20 150 2 150 00 63 o0 89.5 40000
5 8 80 0.5 300 00 85 o0 60 30000
6 18 200 1.3 220 00 70 00 90 30000
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Fig. 5 Previous Bode plot of case 1 in Fig. 1. Fig. 7 Previous Bode plot of case 5 in Fig. 1.
Bode Diagram Bode Diagram
150 T T T 150 T T T
. 100 E 100 i
) )
%; S0t - é" S0 1 .
L &
E I:I E I:I T T T
-50 e ———— Ll L1yl e —— 50 L IR Lol v
o T T T o T T T
a5 . 45 J .
'@1 "M-______ E
o Aot = o oo —
- E
= 1351 — e 135 i a
180k +ul 1l 1l s 180 | 1l 1l E 14
10’ 10° 10° 10 10° 10" 10 10° 10" 10°
Freguency (radizec) Freguency (radfzec)
Fig. 6 Previous Bode plot of case 2 in Fig. 1. Fig. 8 Previous Bode plot of case 6 in Fig. 1.
IMECS 2010

ISBN: 978-988-18210-4-1
ISSN: 2078-0958 (Print); ISSN: 2078-0966 (Online)



1
e
h

=1.0 ¢

o 2 4 i 8
Time (Imsec)
Fig. 9 A saw tooth shaped displacement command as input.
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Fig. 10 Previous design output of case 1 in Fig. 1 (D =0.3).
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The detailed cross reference rules for the inputs and output of
fuzzy controller are defined in Table II. According to fuzzy
control design method the membership function parameters
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Fig. 12 Previous design output of case 5 in Fig. 1 (D =
0.3).
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Fig. 13 Previous design output of case 6 in Fig. 1 (D =
0.3).

Table II. Fuzzy controller cross reference rules.
E/AE [ NB|[NM | NS | ZE | PS | PM | PB
NB NB NB NM NM NS NS ZE
NM NB [ NM [ NM [ NS | NS | ZE | PS
NS NM | NM | NS | NS | ZE PS PS
ZE NM | NS | NS | ZE | PS PS | PM
PS NS NS ZE PS PS PM PM
PM NS | ZE | PS PS | PM | PM | PB
PB ZE | PS | PS [ PM | PM | PB | PB

Table III. To reduce the computation time the triangular
distribution functions are applied in fuzzy controller
relationship functions calculation instead of using the

of error E, AE (deviations of present E and the previous E),  traditional Gaussian ones.
and U (control input) are defined at first, which are listed in
Table III. Fuzzy controller cross reference rules.
Item Parameter E Parameter AE Parameter U
Negative Big (NB) [-1-1-0.75-0.3] [-4.5-4.5-3.375 -1.35] [-12-12-9.6 -8.4]
Negative Medium (NM) [-0.75-0.3 -0.15] [-3.375 -1.35-0.72] [-9.6 -8.4 -7.2]
Negative Small (NS) [-0.15-0.1 0] [-1-0.50] [-8.4-4.8 0]
Zero (ZE) [-0.05 0 0.05] [-0.2500.25] [-4.804.8]
Positive Small (PS) [00.10.15] [00.51] [04.8 8.4]
Positive Medium (PM) [0.150.3 0.75] [0.72 1.35 3.375] [7.28.49.6]
Positive Big (PB) [030.7511] [1.353.3754.54.5] [8.49.6 12 12]
B. Fuzzy Controller Performance Analysis F=EBfi M

Fig. 14 shows the response (D = 0.3). It can be seen that the
hysteresis effect is almost disappeared, so that this method is
better than those obtained by the previous PI controllers.

In addition, if there is a parameter variation in the actuator
for larger backlash effect, e. g. D = 0.5, the result is still very
good as in Fig. 15. However, the result of the previous design
is as in Fig. 16, which is very bad.

On the other hand, since the force produced by the current
of voice coil is:

The applied force F produced by the current is also equal
to the spring constant k times the compression displacement
X:

F =kx 2)

The relationship of the phasor-voltage and phasor-current
for the voice coil is:

Wz} = L(R + jwL}
3)
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where R and L are the resistance and inductance of voice coil,  method is still very good.
respectively. Thus one has the transfer function of the voice
coil force actuator be obtained as:
IV. TESTRESULTS AND DISCUSSIONS

Bfk
X BEfk L The operation steps are summarized as follows. The first
W = R+ jwL = s+ R step of test is initi'al lgveling of the balance lever arm, which
L is achieved by adjusting the current through the coil of force

(4)  actuator. Since the lever arm weight at the stylus probe
(contact with the sample) side is heavier than the other side
(contact with actuator) intentionally, thus the force actuator
should push down to make the balance lever arm even. The
contact point of the lever arm on the load cell is installed right
at the calibrated-leveling height. This adjustment process
stops when the value of load cell output increases from 0 mg
to 40 mg. This value for the weight discrimination can be
lowered if the circuit routing condition is better, thus the
noise amplitude at the load cell output can be reduced.
The next step is to load the sample on the holder which is
- > ) e s 10 ﬁxgd on the piezo-stage as we11. as .XYZ-sta.ges,. and th§n
Time (msec) setting the XY-stages (the resolution is 34 nm in either axis)

Fig. 14 The output response with fuzzy controller (D =0.3). 0 make the first sampled point just right under the tip of the
stylus probe, then raising the piezo-stage upward until the

Displacement (um)

1.5 sampled point touching with the probe. The value of the

1.0 probe contact force on the sample can be obtained by the load

= cell. In order to make sure that the probe contacts with the
% 0.5 sample while not destroy it, the maximum contact force is
E o limited to 100 mg, i.e., if the magnitude of contact force is

> smaller than 100 mg, then moving the piezo-stage upward by

= -0.5 one step (the resolution is 10 nm), otherwise, stop. Then by
§ scanning the XY -stages in either x- or y-axis, and finally, the

-1.0 surface profile of the sample can be obtained as shown in
a5 Figs.19 (a) and (b) for side view and top view, respectively.
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Fig. 15 The output response with fuzzy controller (D = 0.5).

=
=
1.5 %
1.0 g
E =
= 3
= 0.5 =2
Z o : ' A
T o 2 o4 & s 10
E 0.5 Time (Mmsec)
& Fig. 17 The output response with fuzzy controller (D = 0.5
o -1.0) and R/L=3900).

4 [
Time (msec)

Fig. 16 The output response of the previous design (D =0.5).

If the resistance of the voice coil is increased for long time
operation and the temperate effect, then the value of R/L in
the denominator would be increased, i. e. the nominal value
of R/L is changed from 2600 to 3900. Then the output
response with fuzzy controller is as in Fig. 17, one can see the
result of the new method is still very good.

If the spring constant k is reduced by half, thus the

Displacement (pm)

Time (IMsec)

Fig. 18 The output response with fuzzy controller (D = 0.5

numerator BEk/L of (4) is reduced from the nominal value of and Bek/L = 500).

1000 to 500, and then the output response with fuzzy
controller is as in Fig. 18, one can see the result of the new
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Fig.19 The surface profile of a sample with the
proposed method

V. CONCLUSION

This research applied fuzzy control method for a Scanning
Probe Microscope (SPM) system design. In addition, the
actuator hysteresis as well as parameter variation effects were
taken into consideration. Comparisons with a previous work
are also made, it can be seen that the system performance
obtained by the fuzzy controller is much better. This
improvement has been verified by MATLAB simulation and
practical implementation of a surface profiler. Thus the
proposed system is more robust. Finally, the profile of the
object surface is displayed on a 3D graph.
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