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This research is 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, diamond
probe (1 um 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
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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.
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, such as coil resistance and the spring
constant would be varied, but the load cell noise
would be raised, which will reduce the accuracy
performance of the system. In this research the fuzzy
controller is moved to the outer loop instead of the
original one in the inner loop. The results show that
the fuzzy controller is more robust to parameters
variation and hysteresis effects of the force
actuator.

SPM, Fuzzy Control, Voice Coil Force Actuator, Dead-
band, Hysteresis Effect
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This research is 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, diamond probe (1pum
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. 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, such as coil resistance and the spring constant would be varied, but the load cell noise would be raised,
which will reduce the accuracy performance of the system. In this research the fuzzy controller is moved to
the outer loop instead of the original one in the inner loop. The results show that the fuzzy controller is more

robust to parameters variation and hysteresis effects of the force actuator.

Keywords: SPM, Fuzzy Control, Voice Coil Force Actuator, Dead-band, Hysteresis Effect
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This research proposes a wireless RFID-based thermal
bubble accelerometer design, and relates more particularly for
the technology to manufacture and package it on a flexible
substrate. The key technology is to integrate both a thermal
bubble accelerometer and a wireless RFID antenna on the
same substrate, such that the accelerometer is very convenient
for fabrication and usage. In this paper the heaters as well as
the thermal sensors are directly adhering on the surface of the
flexible substrate without the traditional floating structure.
Thus the structure is much simpler and cheaper for
manufacturing, and much more reliable in large acceleration
impact condition. In addition, the inner boundary shape of the
chamber is changed as a semi-cylindrical or semi-spherical
one instead of the conventional rectangular type. Comparisons
are also made, one can see the sensitivity of the proposed
semi-cylindrical design filled with inert gas such as Xe or the
traditional carbon dioxide is better.

The most distinguished one is that the device is direct
adhering on the substrate without making the floating structure
which will reduce the reliability as well as increase the cost of
fabrication. By the way the chamber is filled with inert gas
such as Xe or Ar to avoid the oxidizing effect produced by the
previous commercial ones with carbon dioxide or air that will
reduce the reliability as well as the life cycle of the heater. In
addition, the internal shape of the chamber uses semi-spherical
or semi-cylindrical one to speed up the fluid flow for heat
convection such that the bandwidth of the new structure is
larger than the traditional one with rectangular package. One
the other hand the outer shape of the package uses the
rectangular type for easy marking the part and series numbers.
Finally, the device is also augmented with RFID tag technique
to make the accelerometer as wireless one for easy application
in various fields, such as sports, hospital monitoring, air bag,
game, remote navigation and guidance, exercising, etc.
Comparisons with the conventional thermal bubble
accelerometer with rectangular-shaped internal chamber and




filled with carbon dioxide are also made. We have shown that
the sensitivity of the newly proposed semi-cylindrical design is
better. The paper organization is as follows: the first section is
introduction. The second one is fabrication and packaging
steps. The third one is simulation results and discussion. The
last part is the summary.
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Intelligent PD-Type Fuzzy Controller Design for
Mobile Satellite Antenna Tracking System with
Parameter Variations Effect

Jium-Ming Lin/Professor

Dept. of Communication Engineering,
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Abstract—This research applied both the traditional and the
fuzzy control methods for maobile satellite antenna tracking
system design. Firstly, the antenna tracking and the stabilization
loops were designed according to the traditional bandwidth and
phase margin requirements. However, the performances would
be degraded if the tacking loop gain is reduced due to parameter
variations. On the other hand a PD-type fuzzy controller was also
applied for tracking loop design. It can be seen that the system
perfarmances obtained by the fuzzy controller were better for
hoth low and high antenna tracking loop gains, and the tracking
loop gain parameter variations effect can be reduced.

Keywords-antenna tracking loop; stabilizdion loop;, PD-lype
Juzzy condroller; FI compensdator

I. INTRODUCTION

In order to cope with the satellite Ka-band and broadband
mobile communication requirements, the capacity is five times
of Ku-band before. The mobile antenna needs to lock on the
satellite in spite of disturbances, thus the performances of
antenna tracking as well as stabilization loops of Ku-band
ghould be raised [1-3], and e.g. the tracking rate, pointing
precision as well as stabilization should be upgraded. The
traditional PI (Proportion and Integration) compensator was
applied for the tracking and stabilization loops design of
mobile antennas to lock on the satellites [4]. The fozzy
controller was applied for the tracking loop design [5], and the
relationship functions of Gaussian distribution were applied for
gix degrees of freedom simulation, thus the computation
loading was very large. In addition, the noise and wind
disturbance was taken into antenna design consideration.

This paper applied both the traditional and the fuzzy control
methods [6-7] for mobile antenna tracking system design.
Firstly, the antenna tracking and the stabilization loops were
designed with the traditional bandwidth and phase margin
requirements. Then applying a simplified model for the
antenna control system design, both time and frequency
domain analyses are studied to obtain the key parameters of
antenna tracking and stabilization loops. The stabilization loop

978-1-4244-9901-4/11/$26 .00 ©@2011 |IEEE

Po-Kuang Chang /Ph. D student
Ph.D. Program in Engineering Science, College of
Engineering, Chung-Hua University
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was designed by using proportion and PI compensators for
comparison. Noted the performances with PI compensation
method were better. However, if taking tracking loop gain
degradation effect into consideration, then the performances
becomes worse for the cases of lower tracking loop gains.

Thus this research proposed an intelligent conirol law by
using PD-iype fuzzy controller. The results show that the
performances are better, and the tracking gain parameter
variation effect can be reduced. By the way to reduce computer
loading for practical implementation, the simplified triangular
distribution relationship functions of the fuzzy controller was
applied.

The organization of this paper is as follows: the first section
is introduction. The second one is for traditional design of
antenna tracking and stabilization loops. The antenna
performance analyses with a traditional design are given in
Section 3. The PD-type fuzzy controller design and
performance analyses are given in Section 4. The last part is
the conclusions.

1L TRADITIONAL ANTENNA TRACKING LOOP AND
STABILIZATION LOOP DESIGN

The detailed block diagram of a satellite antenna tracking
system is very lousy [8]. It is very difficult to obtain the key
parameters for analyses and simulation. Thus in general a
gimplified model of antenna pitching or yawing control system
is applied to speed up the design and obtaining the key
parameters, in which the tracking loop is modeled as a simple
gain, and the stabilization loop is replaced by a pure
integration, or PI compensators as in Figs. 1 and 2. Then this
research made the time and frequency domain analyses firstly,
to obtain the key parameters of anienma tracking and
gtabilization loops. The stabilization loop was designed by
using proportion and PI compensators for comparison as
shown in Figs. 1(a) and (b). The tracking loop time constant
(T)is set as 0.1 seconds of the practical value.
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Simplified block diagrams of antenna control systems for the
stabilization loop with a pure integration compensator.
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Figure 2. Simplified block diagrams of antenna control systems for the
stabilization loop with a PI compensator.

A. Stabilization loop with (a) pure inte gration compensator,
and (b) PI compensator.

Firstly, the stabilization loop is designed with pure
integration compensator. Let the integrator gain (K1) of
stabilization loop be 25, 50, 75 and 100, respectively, then the
Bode plots are in Fig.3. The gain margins are . Although the
phase margin would be increased with larger K1, the
increasing rate approaches saturation for K1=100.
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Figure3. Bode plots for K1 are as 25, 50,75 and 100.

B. Stabilization Loop Design with PI Compensator

Secondly, the PI compensator is applied for the
stabilization loop design. The gains of the proportion and
integration terms are denoted as K0 and K1, respectively. Fig.
4 shows the Bode plots for several K0’s with T=0.1 and
K1=100. The phase margin is larger for K0=5. Fig. 5 shows
that the phase margin is insensitive with K1 (T=0.1 and K0=5),
but the steady-state error can be eliminated with the larger K1°s.
By some trial-and-error one can see that the phase margins are
larger (132° and 133°) for the cases with K0=5, K1=50, T=0.1
and K0=5, K1=25, T=0.2, respectively. The former is chosen
for faster response.

Bode Diagram
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Figure 4. Bode plots for several KO’s with T=0.1 and K1=100.
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Figure 5. Bode plots for several K1’ s with KO=5.

III. PERFORMANCE ANALYSES WITH TRADITIONAL
METHOD

In this section the antenna performance is analyzed by
simulation with the block diagram in Fig.6. The input line-of-
sight angle is a triangle one with amplitude and period
respectively as 1 radian and 5 seconds. It can be seen that the



gimbal angle can track with the input line-of sight angle as in
Fig.7, thus the performance is very good.

—

Signal 1 1 double
.

TE)

Transfer Fen

Signal Builder

1
y Integrator

5s+50

double double

s

Transter Fent

double

Figure 9. Gimbal angle output obtained by traditional method with T=1.5.
Gain1

Figure 6. Block diagram of traditional system design. IV. PD-TYPEFUzZZYy CONTROLLER DESIGN AND ANALYSES

A.  Fuzzy Controller Relationship Functions Design

In this section a Propartion and Derivative (PD) type fuzzy
controller [6-7] is applied in the tracking loop as in Fig.10. It is
well-known that fuzzy controller is based on the IF-THEN
RULE as follows.

R1: 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 E is NB AND AE is PB THEN U is ZE,
R4: IF E is ZE AND AE is NB THEN U is NM,
R5: IFE is ZE AND AE is ZE THEN U is ZE,

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

Figure 7. Gimbal angle output with T=0.1 R7:IFE is PB AND AE is NB THEN U is ZE,
However, in general there is tracking loop gain parameter R8: IF E is PB AND AE is ZE THEN U is PM,
variation effect. The simulation results with this effect are R9: IF E is PB AND AE is PB THEN U is PB,

shown in Figs. 8 and 9 for the parameter T changing from 0.1 )
to 1 and 1.5, respectively. It can be seen that the tracking ~ Where NB, NM, NS, ZE, PS, PM, and PB respectively stand
performances of gimbal angles are reduced. Thus the for negative big, negative Il'].ldd_l(?, negative small, zero, positive
traditional method would not be applied for the systems with ~ small, positive middle, and positive big.

lower tracking loop gains.

@ Signal 1 In1 ot [Jowblg | 1 | doudle
T}
- - Transfer Fen
Signal Builder Fuzzy Controller
double Scoped
Integrator
A
55450
double s double
Transter Fen1
=b double
Gain1
Figure 8. Gimbal angle output obtained by traditional method with T=1. Figure 10. A PD-type fuzzy controlleris applied in the tracking loop design.



The detailed cross reference rules for the inputs and output of
the PD-type fuzzy controller are defined in Table I. According
to fuzzy control design method the relationship functions of
boresight error E, AE (deviations of present E and the previous
E), and U (control input) are defined at first, which are listed in
Table II. To reduce the computation time the triangular
distribution functions are applied in fuzzy controller
relationship functions calculation instead of using the
traditional Gaussian ones.

B. Performance Analyses with PD-Type Fuzzy Controller

Then the antenna performance is analyzed by simulation.
Figs.11-13show the antenna tracking responses for T to be as
0.1, 1 and 1.5, respectively. It can be seen that the results are
better than those obtained by using the traditional PI
compensators for all the three values of T.

TABLE L PD-TYPE 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 7ZE PS PS PM PM PB
PB ZE PS PS PM PM PB PB

TABLE II RELATIONSHIP FUNCTIONS OF E, AE 4ND U.
Ttem Parameter E Parameter AE Parameter U
Negative Big (NB) [1-10.75-03] [-4.5 4.5 3.375 1.35] [12 -12 9.6 8.4]

Negative Medium (NM) [0.75 03 0.15] [3375 -135 0.72] [96 8.4-72]
Negative Small (NS) [0.15-01 0] [10.50] [8.4-4.80]
Zero (ZE) [-0.05 0 0.05] [0.2500.25] [-4.804.8]
Positive Small (PS) [00.10.15] [0051] [04.884]
[7.28.49.0]

Positive Medium (PM) [0.150.30.75]

[0.721.353375]

Positive Big (PB) [0307511]

[13533754.54.5] [849.61212]

Figure 11. Gimbal angle output obtained by fuzzy controller with T=0.1.

V. CONCLUSIONS

This research applied both the traditional compensator as
well as the PD-type fuzzy control methods for mobile satellite
tracking antenna system design. Since the detailed block
diagram of a satellite antenna tracking system is very lousy, it
is very difficult to obtain the key parameters for analyses and
simulation. Thus, a simplified model of antenna pitching or
yawing control system is applied to speed up the design and

Figure 12. Gimbal angle output obtained by fuzzy controller with T=1.

obtain the key parameters. The antenna tracking and the
stabilization loops were designed firstly according to the
traditional bandwidth and phase margin requirements.
However, the performance would be degraded if the tacking
loop gain is reduced due to parameter variations. On the other
hand a PD-type of fuzzy controller was also applied for the
design. It can be seen that the system performances obtained by
the fuzzy controller were better for not only lower but higher
antenna tracking loop gains. Thus the tracking gain parameter
variations effect can be reduced.
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Abstract—This research is to use a Proportion and Integration
(PI) as well as a Proportion and Derivative (PD) type of fuzzy
controllers to reduce the hysteresis effect of a force actuator for a
Scanning Probe Microscope (SPM). This improvement has been
verified by MATLAB simulation and practical implementation to
reduce the hysteresis effect of the force actuator. Comparisons
with the previous designs with and without Linear Velocity
Transducer (LVT) for inner-loop feedback compensation are also
made. Thus the new design is cheaper and valuable.

Keywords- PI type fuzzy controller; PD type fuzzy controller;
SPM; Hysteresis effect

1. 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
Figs.1 and 2 of previous researches [11-12], 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 contact force produced by the
stylus probe. To reduce the hysteresis effect of the force
actuator this research in Fig. 3 applied a Proportion and
Integration (PI) as well as a Proportion and Derivative (PD)
type of fuzzy controllers [13-16] for the same SPM system
design.This improvement has been verified by MATLAB

Jium-Ming Lin
Ph.D. program in the Institute of Engineering Science
Chung-Hua University
Hsin-chu 30012 Taiwan, R. O. C.
jmlin@chu.edu.tw

simulation and practical implementation of a surface profiler.
Comparisons with the previous designs with LVT for inner-
loop feedback are also made. The concept of the new design is
valuable. The organization of this paper is as follows: the first
section is introduction. The second and the third ones are for
the review of previous researches and the proposed fuzzy
controller design. The test results and discussions are given in
Section 4. The last part is the conclusion.

II.  REVIEW OF PREVIOUS SYSTEM DESIGN

The force actuator is consisted of a coil and a spring, as the
left in Fig.4 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 the right of
Fig.4. The relationship of the applied voltage and displacement
is shown in Fig.5. To reduce the hysteresis-effect of the force
actuator in Fig.5, this research is to use only a fuzzy controller
the newly system model is shown in Fig. 3. 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 cross-over frequency @, are also included. The outputs of
LVDT for saw tooth shaped input (as in Fig.6) are shown from
Figs. 7 to 10 for comparison (with hysteresis effect parameter
D be 0.3).

Inner-Loop Pl Force Actuator
Compensator o)
>
1000s -
o 5 el ol
Signal Builder Transfer Fen Integrator3 Baddash
Quter-Loop PI
Compensator Hysteresis
Parameter D
e I
Load Cell 1
T

Figure 1. Block diagram of SPM with LVT for inner-loop feedback in the previous research [11].
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Figure 2. Block diagram of SPM without LVT for inner-loop feedback in the previous research [12].
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Figure 3. Block diagram of SPM with a fuzzy controller and without LVT in this research.
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Figure 4. Actuator operation states.

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 ®, 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. Now consider the second previous design
[12] without LVT for inner-loop feedback in Fig. 2. TABLE 11
also listed the inner and outer loop gains. In addition, the gain
margin, phase margin and o, are also included. In addition, the
outputs for saw tooth-shaped input are in Figs. 11-14 (D = 0.3).
One can see the hysteresis effect is lower for case 1 with larger
phase margin, while still bad for cases 3, 4 and 8. The reason is
that the phase margins as well as the magnitudes of «, are
larger for case 1, thus the system responses are quicker, and the

hysteresis effect and phase delay would be smaller as in Fig. 11.
However, the magnitudes of @, as well as the phase margin are
much smaller for cases 3 and 4, thus the hysteresis effects are
larger as in Figs. 12 and 13.
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Figure S. Actuator applied voltage vs. displacement.
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TABLE I. PREVIOUS DESIGN RESULTS OF SYSTEM IN FIG 1.

Case | K1 | K2 | K3 | K4 GM1 | PMI1(Deg) GM2 PM2(Deg) arisec)
1 12 | 120 1 200 o0 73 00 85 9840
2 10 [ 100 | 0.8 [ 180 00 75 00 70 7500
3 15 [ 100 | 1.5 [ 200 o0 65 00 88 20000
4 20 | 150 2 150 o0 63 00 89.5 40000
5 8 80 | 0.5 [ 300 ) 85 00 60 30000
6 18 [ 200 | 1.3 [ 220 o0 70 00 90 30000
E1o0| p
g 05 ;(:f‘)' - TABLE II . PREVIOUS DESIGN RESULTS OF SYSTEM IN FIG 2.
E O -/~
fct / PM 0]
-0.5 |-/ ¢
- Case | K1 | K2 | K3 | K4 | GM | pl | i
a o R 1 T | 0| 1 [200] = | 109 | 80
Time (msec) 2 0.5 0 1 ]1200]| 100 40
3 0251 0 1 [200] 98 20
Figure 6. A saw tooth shaped displacement command as input. 4 0.1 0 1 200 0 90 8
v 5 1 021 1 |200]| o 110 90
T \ 6 [ 0504 1 [200] o | 92 30
g 'o 7 025106 1 |200| = 89 20
B Ll 8 01 |08] 1 |200| = 50 9
g 1.0 ‘i j" . ""‘
° 2 s 0 8 10
Time (msec)
:5
Figure 7. Previous design output of case 1 inFig. 1 (D =0.3). %
=
1.0 Ty : A =
E 0.5 / \:' : / s
= : : i N Time (msec)
£ © :
g_ o l "‘{ P/ & Figure 11. Previous design output of case 1 in Fig. 2 (D =0.3).
100 | Nt
o 2 E3 : © 8 10 1:0 !
Time (msec) H
E LN
Figure 8. Previous design output of case 2 inFig. 1 (D = 0.3). g o
a
s T e E os H: :
E 0.5 \.‘\‘ / \\‘- _1'00 Z. \.‘;4!1- é 8 - 10
g o ./, \ j /£ ; Time (msec)
g -05& [ \
g | ; N Figure 12. Previous design output of case 3 in Fig.2 (D =0.3).
1.0} v,
= s 3 : : -
Time (msec)
E
Figure 9. Previous design output of case 5 inFig. 1 (D = 0.3). ;g:
1.0 o e z
E 0.5 £ _— i . .’7/ T.\.\\. .
= i N i/ N Time (msec)
g. 0.5 /// : '\\‘\‘ i ,/'/ : i \“\\ Figure 13. Previous design output of case 4 in Fig. 2 (D =0.3).
a / N ‘
i ‘ i i ‘ ‘ In addition, since the original phase margin as well as the
0 2 a 6 8 10

Time (msec)

Figure 10. Previous design output of case 6 inFig. 1 (D = 0.3).

magnitudes of @, are too smaller of case 8, thus as Fig. 14
shows that the stability can even be degraded by adding the
hysteresis effect to push the phase margin approaching zero.
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Figure 14. Previous design output of case 8 in Fig. 2 (D =0.3)

III. Fuzzy CONTROLLER DESIGN

A.  Relationship Functions Design

In this section a PD type fuzzy controller [13-16] is applied
in the forward loop as in Fig.3. It is well-known that fuzzy
controller is based on the IF-THEN RULE as follows:

R8: IF E is 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.

The detailed cross reference rules for the inputs and output
of fuzzy controller are defined in TABLE IIl. According to
fuzzy control design method the membership function
parameters of error E, AE (deviations of present E and the
previous E), and U (control input) are defined at first, which
are listed in TABLE IV. To reduce the computation time the
triangular distribution functions are applied in fuzzy controller
relationship functions calculation instead of using the
traditional Gaussian ones.

TABLE III. FUZZY CONTROLLER CROSS REFERENCE RULES.

R1
R2
R3:
R4
R5

R6

R7:

:IF E is NB AND AE is NB THEN U is NB,
:IF Eis NB AND AE is ZE THEN U is NM,
IF E is NB AND AE is PB THEN U is ZE,
:IF E is ZE AND AE is NB THEN U is NM,
:IFEis ZE AND AE is ZE THEN U is ZE,
:IF Eis ZE AND AE is PB THEN U is PM,
IF E is PB AND AE is NB THEN U is ZE,

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 IV. MEMBERSHIP FUNCTION PARAMETERS OF E, AE AND U.

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) [-0.15-0.10] [-1-0.50] [-8.4 -4.8 0]
Zero (ZE) [-0.05 0 0.05] [-0.25 0 0.25] [4.804.3]
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] [1.353.3754.5 4.5] [8.49.6 12 12]

B.  Fuzzy Controller Performance Analysis

After some trial-and-error method one has K1f=10,

K2f=10, K3f=0.001, K4{=10. Figs. 15 and 16 showed the
output response for D = 0.3 and D = 0.5, respectively.

Figure 16. Output response with fuzzy controller (D = 0.5).

It can be seen that the hysteresis effects are almost
disappeared, so that this method is better than those obtained
by the previous controllers.

Figure 15. Output response with fuzzy controller (D = 0.3).
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IV. TEST RESULTS AND DISCUSSIONS

The operation steps are summarized as follows. The first
step of test is initial levelling of the balance lever arm, which is
achieved by adjusting the current through the coil of force
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-
levelling 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
fixed on the piezo-stage as well as XYZ-stages, and then
setting the X'Y-stages (the resolution is 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 is 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. Then by scanning the
XY-stages in either x- or y-axis, and finally, the surface profile
of the sample can be obtained as shown in Figs. 17 and 18 for
side view and top view, respectively.

Figure 17. Side view of a sample with the proposed method.

Figure 18. Top view of a sample with the proposed method.

V. CONCLUSION

This research applied a PI as well as a PD type of fuzzy
control method for a Scanning Probe Microscope (SPM)
system design. In addition, the actuator hysteresis effect was
taken into consideration. Comparisons with two previous
works with and without Linear Velocity Transducer (LVT) for
inner-loop feedback compensation are also made, it can be seen
that the system performance obtained by the proposed fuzzy
controller is much better, especially in reducing 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 is
displayed on a 3D graph.
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