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ABSTRACT

Fuzzy control is a practical alternative for a variety of challenging control
applications, since it provides a convenient method for constructing nonlinear
controllers via the use of heuristic information. In this work, it is proposed a control
system based on fuzzy logic to control the tip-sample distance in a scanning near field
optical microscope (SNOM) using fuzzy control. The fuzzy controller design assumes
only one input signal defined as the difference of the sampled signal (tuning fork-tip)
and the reference signal, which are compared through designed software. This signal is
used as the rule-base of the fuzzy logic controller. It was used LabView 8.2 to develop
the set of rules on how to control the process. A basic data acquisition is used as
interface to manipulate the fuzzy controller as feedback scheme in the positioning
system (piezoelectric bimorph) for the shear force control. The approach curve of the
shear-force measurement of the piezoelectric bimorph was obtained using this scheme.
In conclusion, this approach can be viewed as simple and reliable as feedback scheme
based on fuzzy control for shear force control in a SNOM. However, in many cases, the
fuzzy control can be used to improve existing traditional controller systems by adding

an extra layer of intelligence to the current control method.
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1 PRESENTATION

1.1. Introduction

The scanning near-field optical microscope (SNOM) is an microscope used to
obtain resolution beyond the diffraction limit and it has overcome the resolution limit of
classical optical microscopy [1,2]. The acronym for SNOM [3] was appointed by Pohl
and his research team. An essential requirement in the SNOM is to obtain high
resolution images. In this case, tip must be carried and maintained at a constant distance
between the tip and the sample [4]. According to this, many alternatives have been
proposed to regulate the tip-sample gap to allow to provide a constant distance
sampling and then, the possibility to obtain additional information about sample
topography. Non-contact atomic force microscope is an attractive option to solve this
problem, especially if the sample is sensitive enough to have non-contact with the probe
in order to not damage either the tip or the sample, but this alternative is difficult to
implement using conventional optical fiber probes. Nevertheless there are cases where
this has been implemented using a sharp probe in a way that resembles a conventional
atomic force microscope (AFM) cantilever [5]. Anyway, the shear force technique
(SFT) [6,7] is a strategy that has proven to be a convenient option to establish a
mechanism for feedback control distance between a probe scanning and a sample
surface. The most widespread method has been proposed simultaneously by Betzig et al
[6] and by Toledo-Crow et al [7]. In both cases the amplitude detection is based on
optical means [8,9], they require dedicated laser whose beam has to be suitable
readjusted after each fiber replacement in order to sense the optical signal on probe tip.
However, the optical method used to detect the shear force can cause problems when
imaging photosensitive materials. Moreover, it is probably that stray light can perturb

detection of the generally weak optical signal.



1.2. Motivation and Justification

The manipulation system is based on the use of piezoelectric bimorph and due
to the nonlinearity characteristics of these actuators [19]; we propose the use of fuzzy
logic control, in order to provide robustness to the tuning fork-piezoelectric controller
system. In general, the proportional-integral control strategy in shear force distance
control is commonly used. Grober et. al.[20] showed that conventional proportional and
integral (PI) feedback control is a good option for most uses of tuning forks, comparing
the response of feedback loop with open loop resonator one. Although the PI offers a
quick response control in general, for high resolution imaging, it is necessary improve
the scanning rate. Most strategies to get this resolution have been focused on the
modification of tuning fork features like Q-factor [21] instead of controller design. In
this work it is proposed a shear force control mechanism based on a fuzzy control
design, using tuning fork as sensor and a piezoelectric bimorph as actuator in order to

reduce the effect of non-linearity of piezoelectric bimorphs.

At present, the development of new technologies in several fields, has a
tendency to produce smaller and more compact devices, such as BioMEMS, because of
this situation there is a need to sense, measure and inspect these devices. In this way,
particularly image-forming systems such as the microscope or profilometers, which
allow the reconstruction of the surface of an object with a resolution of the order of
nanometers, are increasingly required. SNOM is a system that provides this possibility
because of their capabilities mentioned above. Moreover, it is important to mention that
in Mexico the number of researchers working in the area of optical near-field is very
small, so that, this work offers the opportunity to represent an instrumentation of

collaboration.



1.3. Literature Review

In the literature review made it for this research were found it two areas of
opportunity to bring: The type of control used, which have been tested only with
Proportional-Integral controllers and how to implement the sensing system using a
tuning fork. In Appendix A the morphologic matrix is extended and summaries of each

of the studies reviewed.

Table 1. Literature review morphologic matrix

Leong et al (1995) None Capacitive Parallel
Walid et al (1996) None Parallel
Salvi et al (1997) None Current-voltage Prongs
Tuning fork
Karrai ef a/ (2000) Proportional-Integral Current-voltage Parallel
Tuning fork
Grober et al (2000) Proportional-Integral Current-voltage Parallel
Tuning fork
Ohkub et al (2003) Proportional-Integral Interferometry and Prongs
Current-voltage
Tuning fork
Gucciardi et al (2005) None Interferometry Perpendicular
Escamilla er al (2011) Fuzzy control Current-voltage Perpendicular
Tuning fork

It can be concluded that the previous work researches have been focused on
physical techniques to get a higher resolution in the scanning process by shear forces;
nevertheless, in this work fuzzy logic control is proposed to be used to improve the
distance control for a shear force technique and in a future work, to obtain a higher

resolution. On the other hand, there are several kinds of mechanical arrangement to use



a tuning fork piezoelectric as a sensing dispositive. Figure 1 shows the three main

techniques used and the chosen one to sense the shear forces.

Figure 2. Literature review morphologic matrix
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1.4. Objectives

For this thesis the main objectives are:
1.-Use the shear force physical phenomena and electronic instrumentation for function

and operation of a sensing process surfaces by shear force technique.

2.-Design and carry out the instrumentation necessary to perform the sensing and

control using the resources available in the laboratory at CICESE.

3.-Characterize tuning fork and calibrate the actuators to be used in the process.

4.-Develop a LabVIEW based virtual interface for configuration and control of the

profile sampling system.

5.- Design and implement a fuzzy controller to control a piezoelectric bimorph actuator
in order to maintain a constant distance between the fiber tip and the sample sensing to

obtain information from the scanned profile of the particle.
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2 THEORETICAL FRAMEWORK

2.1.  Shear Force Technique

Shear force technique (SFT) is a technique that consists of a fiber that maintains
a constant amplitude vibration through a control mechanism. Here a tip-probe is
oriented perpendicular to sample as it approaches to the surface, typically it vibrates
laterally at one of its fundamental mechanical resonance mode in the range of 10-100

KHz. The vibration is reduced due to presence of sear forces.

The tip presents a behavior where the tip oscillation signal shows a damping
tendency as the tip approaches to surface. In particular when the tip almost touches the
surface the amplitude signal decreases in a drastically way. Furthermore, a dither piezo
is used to drive the probe at one of its resonances, applying a small AC voltage and
very small forces causes the damping effect [6]. The origin of these small forces, that
cause this feature, is so far not entirely clearly defined. There are several proposals that
attempt to explain the origin of the physical phenomenon, the attenuation of a vibrating
probe when approaching a surface at a nanometer scale, can be explained with the Van
der Waals forces and capillary forces [7]. These shear forces reduce the amplitude of
the tip vibration and modulation and the characterization of this feature allows
designing the control strategy to regulate the position of the tip-sample. The idea is to
locate a reference point to compare the current distance from the reference point against
previously established and depending on the signal variations is obtained the
morphology information of the sample surface. The change through a manipulation of
control is directly proportional to the magnitude of the variation of the distance probe-

sample.

Once it has shown the physical phenomenon in the sensing system, is important
to note that the vibration of the fiber is usually done through a piezoelectric, capable of
transforming electrical energy into mechanical energy. As mentioned above, initially
the optical methods were used to detect shear forces and feedback, but through the
development and continuous improvement in measurement techniques, we began a

transition to non-optical methods of measurement because optical methods were

12



susceptible to external noise. According to Karrai et. al. [22] piezoelectric tuning forks
are measuring instruments that have been successfully implemented in force detection
schemes for scanning probe microscopy applications. Grober et. al. [20] proposed a

mechanical arrangement based on a parallel probe glued to a tuning fork, see Figure 2.

A
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2=0—>» j

Figure 2. Schematic of shear force technique based on a vibrating fiber.

The shear force distance control method belongs to the electronic detection: the
dithering is generated by a piezoelectric element and the perturbation due to the tip-
sample distance variations is measured the variation produced, optical or mechanical.
Different configurations have been already proposed to measure the shear forces and
the tendency is to use a piezoelectric element playing the role of excitation. Table 1
shows that the tip damping generally is measured by sensing changes in capacitance of
an electrodes pair or the voltage induced in a piezoelectric element (tuning fork) glued
onto the fiber [14], which is a very sensitive method and leads to excellent results [23].
Nonetheless, the tedious and critical gluing of the fragile tuning fork against the fiber is
one severe limitation because the sensitive (Q factor) of tuning fork is strongly glue
dependent and there is the possibility to degrade it by the migration of the glue along
the arms of the fork [24].

13



Salvi et. al. [24], proposed the use of a tuning as a vibrating device in order to
move the probe and detect the damping forces in a particular way, consisting in place
the probe in middle of the tuning fork. I decided to use a similar mechanical
arrangement, but it was not possible to achieve a suitable coupling for sensing changes
in our particular measurement system, then, after doing some tests it was decided to use
a set up based on a perpendicular design between probe and tuning fork, where a little
glue is used to hold the vibration movement, this was decided because it was not
possible to implement a suitable holding technique to hold the fiber firmly as Salvi et.
al.[25] did it. Figure 3 shows the Salvi’s proposal.

Fiber —
-
o __—— Metallic holder
Screws </ ] g
Piezoelectric
plate
"= Electrodes
- :’_;'_-_'"-'_‘]
P
Tuning fork

Figure 3. Schematic of the tuning fork and fiber arrangement (prongs).

The variant proposed by Salvi et. al [24], works around the gluing problem, so
that, the fiber is merely introduced between the two prongs of the tuning fork and held

against the prong’s junction.

Finally, they show two classical approach curves for tuning fork, using an

optical detection and the electronic proposal by them (see Figure 4).
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Figure 4. Approach curves: (1) detection through the tuning fork and (2) optical detection
(arbitrary units)

The research done by Simon et al. [25] shows that the use of fiber overtone
resonance modes up to 3 MHz for shear-force distance control has two advantages for
near-field microscopy. They explain that the higher frequency allows a shorter feedback
loop time delay, which in turn allows scanning speeds of 100 um/s on a sample with a
150 nm height variation over a 1 um distance. They made the experiments on a hard
semiconductor device and on a soft polymer sample to demonstrate a factor of 5
improvements in scanning speed when the dither frequency is increased by a factor of
20. The other advantage is a reduction of the minimum lateral force required for height
regulation, which is important for soft samples. Modeling the piezoelectric detection
system as a harmonic oscillator indicates a factor of 33 increases in lateral force
sensitivity when using the third overtone resonance of a typical fiber tip. The system

used in the experiments is showed in Figure 4.
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Figure 5. Near-Field optical scanning microscope head including fiber and shear-force
tip-height detection apparatus [25].

As it is shown in Figure 5. The system has a similar structure to the system
exposed in Figure 2. According to Simon et al. [25], a control loop such as their,
consisting of an actuator, a sensor, and a feedback circuit, is characterized by the loop
gain and bandwidth. The system becomes unstable if the loop gain is larger than 1, for
frequencies where the phase shift is greater than 180°. They mention that maintaining a
stable feedback loop puts an upper limit on the gain bandwidth product of the controller

and thereby determines the maximum scanning speed.

Bruner et al [26], introduced an improved piezoelectric shear-force feedback
system for tip-sample distance control in a scanning near-field optical microscope.
They glued a tapered glass fiber into a metal tube and both were integrated in a
mounting, sandwiched between two piezosegments. One of the piezoelements excites
the fiber tip at mechanical resonance while the other one is used for detection. During
the surface approach, the fiber resonance is damped by shear forces, which is registered
by the second piezoelement and used for distance control. The main attraction in this

setup is simplicity, compactness, and the lack of disturbing light sources. The fiber is
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easy accessible and tip exchange is simple. With acceptable fiber amplitude of 5-10 nm
(peak to peak) they obtained a topographical resolution of 5 pm/~/Hz . This geometry

allows the measurement of samples covered with a few millimeters of liquid, which is

important for applications in biology and medicine.

Frequency |
generator |
! lock-in I
metal tube f amplifier |
stimulation piezo
S

. detection piezo feed back
control

brass holder

Figure 6. Illustration of the piezoelectric shear-force detection setup. [26]

Figure 6 describes the detection setup used by Bruner et al. [26]. The tapered
glass fiber is glued into a metal tube and fixed with two set screws in a tiny brass
holder, sandwiched between two piezoplates. The stimulation piezo excites the tip at its
mechanical resonance. The response signal is registered by the detection piezo and
measured with a lock-in amplifier. The change in amplitude and phase during the

surface approach is used for distance control.

On the same research they say that the oscillation amplitude of the fiber tip is a
very crucial parameter in near-field microscopy, so it is important to use very small
fiber amplitude to preserve the optical resolution given by aperture. Another important
topic is calibration; this was done in the experimentation by comparing the signals of

the optical and the electrical shear-force setups as Salvi et. al. [25] did it.
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Additionally Brunner et al. [27], describe a mode of shear-force feedback in
which an additional vertical modulation is introduced. They refer to a modulated shear-
force technique that deals with problem due to the snap to contact and therefore
improves the mapping of soft and ductile materials, such as biological samples and soft
polymers. Furthermore the modulated shear-force technique that they propose allows a

simple comparison between effects in the optical far field an in the optical near field.
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2.2.  Quartz Tuning Fork

Quartz tuning forks (QTF) have been used in many applications as a means of
sensing signal, particularly for acoustic and force microscopy [28,15], due to its
physical feature consisting in a high mechanical quality factor Q, providing a very high
sensitivity. The main advantage of using the quartz tuning forks, as a means of sensing
shear forces, is that provides an electrical signal proportional to the shear forces that
attenuate the vibration of the probe making them simple to operate, implement and
control compared to optical force measurements techniques. Moreover, knowing the
characteristics of resonance tuning fork, it is possible to make it vibrate at one of its
resonance frequencies previously tuned, in order to get a high sensitivity, through a
mechanical coupling with the probe, QTF can transmit the mechanical vibration
necessary to use the shear force technique. The strategy is to characterize the frequency
response of tuning fork vibrating to find the frequency of resonance observing the
induced current. Figure 2 (a) shows a tuning fork package, which is used as a frequency

generator to synchronize electronic systems, (b) it is a tuning fork without covering.

QTF can be designed to resonate at any frequency between 10 and 150 KHz
range and beyond, in this experiment a 32.768 KHz QTF is used. Mechanical and
electrical properties were extensively studied by Karrai and Grober [15]. Typically, the
quartz tuning fork has a resonant frequency determined by its physical characteristics,

as well as the mechanical properties of quartz, and is determined as follows:

ﬁﬁ@_\/%, (D

L

where W is the thickness, width, and T the length of the arms of QTF, £ and p the
Young's modulus and density of quartz respectively, whose values are E=7.87E-10 y
p=2650 kg/m3. In this way, it is easy to verify that resonance frequency of a standard
QTF (L=3.12mm, W=0.352mm, 7=0.402mm) is approximately 32.768 KHz, this value

varies slightly because of manufacturing imperfections. Quartz is piezoelectric material
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that can be simulated as a RLC behavior as it is showed in Figure 7. The input and

output of circuit represents the QTF pins.

CTF LTF - I
| Y'Y RTE
I g
cP
[
I
*
Ip

Figure 7. Equivalent circuit of a quartz tuning fork. CTF, LTF, RTF, and I are the capacitance,
inductance, resistance and current, respectively, characteristic of QFT. Cp and Ip are the
capacitance and current parasitic. Finally I is the current generated by the system.

As it was established before, the quartz tuning fork can be simulated like an
electronic circuit with capacitance and current parasitic, this is because the capacitive
contribution interferes to piezoelectric current; in order to eliminate the effect of the
parallel stray capacitance, it was used the circuit shown in Figure 8, which is based on

the electronic circuit proposed by Karrai [22].

The voltage Vin in Figure. 8 is a Vac with a frequency defined by a signal
generator; varying the frequency in generator, it is possible identify the behavior of
tuning fork at certain values, in order to obtain the resonance frequency of tuning fork
that it is around 32.768KHz according to the fork type. The resulting current is
measured as a voltage Vout dropped across R, the load resistor. The response of circuit
is shown in Figure 9. Before experimentation, it is necessary to remove the tuning
cover, after that the fiber can be added to the tuning fork and experimentation can be

done.

20



QTF
Vin D + Vout
—
1 —
C R

Figure 8. The tuning fork is driven by a voltage source Vin through a signal generator, where
the QTF is the equivalent circuit of the tuning fork in Figure 7, C and R are the capacitor and
resistor of the bridge circuit that allows eliminate the capacitance parasitic of tuning fork.

T un nr T a1l
Freguency [kHz]

a) b) c)

Figure 9. Tuning fork encapsulated (a) and cover removed (b) and finally its resonance curve

obtained from experimentation (c).
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2.3.  Fuzzy Control Strategy Design

Fuzzy Logic is a paradigm for approximating a functional zapping [29]. In the last
years the Fuzzy Control has increased his popularity, especially for algorithms used in
the electronic, computing fields and others; such is the case of what occurs with some
digital cameras that handle complex algorithms to take photos in spite of the movement,
or in the case of the computing, with algorithms of web research. It is a strategy of
control that has showed to be a powerful tool, especially because it allows controlling
multi-variable processes with relative ease. The application of fuzzy set theory [30] is
used to control robots and nonlinear processes. Due to the nonlinear behavior of
piezoelectric bimorph used in the configuration, this control strategy is proposed in this

work to implement in the control distance by shear force.

Fuzzy logic was developed by Lotfi A. Zadeh [30], on which the fuzzy control
is based. This logic is inspired by the human thinking and natural language; it is
basically an effective means for obtaining real-world data and processes it in a system
of inferences. Practically it allows a relationship between number processing and
natural world based on human reasoning. For example stature can be classified as high,
very high, low etc. and based on this classification it is possible to process information
using fuzzy logic assigning membership values to each one. Unlike traditional Boolean
logic, this type of strategy covers the whole spectrum and not only absolute options (0
and 1, all or nothing) on the basis of a language such as referring to a color as medium
dark, very blue or a little gray; from this terminology, it applies nondeterministic
mathematical models to generate a solution to control a particular process. In other
words, through non-specific entries, a manipulation is obtained to control a system that
could be multivariable or nonlinear as in the case of this work. One of the most
important aspects of this control strategy are the membership functions, which can
locate a variable in a certain range, then, after a series of rules that depend on the
experience about the process and the inference designed, manipulation is determined to
be proportional to the system in order to obtain the desired variable process value.
Fuzzy control provides a formal methodology for representing a human’s heuristic

knowledge about how to control a process. Implementation of controllers based on
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fuzzy logic is motivated for their ability to capture qualitative control strategies and

their ability to implement a highly flexible control behavior.

The main concepts in fuzzy logic are Fuzzy sets, linguistic variables,
Membership function, Fuzzy set theory, Fuzzy if-then rules. The above concepts will be
described.

Fuzzy sets. A fuzzy set can be defined as a class of objects with continuous degrees
membership. As the boundaries of a fuzzy set are not defined, it is not possible to
determine the exact amount of component parts. To determine how much belongs to a
group, the values of belonging or membership that define the elements vary between 0
and 1, where those who have membership values close to 0 means that it is unlikely that
belongs to the set, and have membership values close to 1 means likely to belong to the

set. The membership function of a fuzzy set A is denoted as i, . A fuzzy set A in U is

expressed as a set of ordered pairs:

A={x, p, (Dx e U}, Q)

Linguistic variables. A linguistic variable is a variable whose values are words or
sentences in a natural or artificial language. The words are characterized by fuzzy sets
defined in the universe in which the variable is defined. Linguistic variables are used to
convert numerical values into qualitative ones; a numerical variable takes numerical
values: height=180 m; a linguistic variable takes linguistic values: height = tall. The
linguistic values of a linguistic variable can be described as follows [34]:

1.- qualitatively using an expression involving linguistic terms (adjective) and
2.- qualitatively using a corresponding membership function.

Membership functions. In order to define what is the value of membership of an
element with respect to a point using the membership functions, which mathematically
define the value of each item by using mathematical equations, there are several types

of membership functions, the most commonly used are:
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Triangular membership function. Triangular membership function is defined by 3

parameters a, b and c, where a < b < c are the points of each of the corners, the

equations that define the triangular membership function are shown in Equation 3. and

Figure 10.
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Figure 10. Triangular membership function
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Trapezoidal membership function. Unlike the triangular, this requires additional
parameter d, a <b <c <d as well as the triangular function points indicate the corner.

Trapezoidal function is shown in Equation. 4 and Figure 11.

trapmf (x;a,b,c,d)=<1,b<x<c L 4

Trapezoidal

A
H(x) 05" /

0.4 4 / \
0Z f

1 02 .4 a8 0.8 L
X

Fig. 11 Trapezoidal membership function

Gaussian membership function. This function is defined by parameters m and
o representing the center and width of the function respectively, it differs from the
above figures because it can be defined by a single equation that covers the entire range

of the membership function as it is shown in Equation 5 and Figure 12.
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gaussmf (x;m,o) = exp[—(ﬂ) ] . (5)
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Fig. 12. Gaussian membership function

Bell Membership Function. 1t is defined by the parameters a, b, ¢, where b is usually
positive for the bell pointing upwards and defines how the hood, for small values, the
bell tends to be pointed, and for large values, the bell tends to be square, to define the
width of the bell ¢ defines the center. This function differs somewhat from the Gaussian

and its width also varies and is defined as shown in Equation 6 and Figure 13.

bellmf(x,a,b,c)= ——— . (6)
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Fuzzy set theory. Fuzzy set theory generalizes the conventional set theory [30]. Then,
the axiomatic foundation becomes different from the classical set theory. Particularly,
two basic laws of Boolean algebra differ with Fuzzy set theory, the law of excluded

middle 4 U A =U and the law of contradiction AN A =¢.

In general, fuzzy control consists in four main sections [29]: The rule base
section has the knowledge arranged in a set of rules about how to control the system.
The inference machine classifies which control rules established on rule base section
are important and relevant, then in function of the rules that are activated, decides the
control action to perform at current. Fuzzification element modifies and transforms the
input variable in control system so that it can be compared and interpreted by the
inference machine according to the rules defined. Defuzzification block converts the
conclusions reached by the inference machine into the input range to the plant. Figure

14 shows the fuzzy controller scheme.
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Figure 14. Fuzzy controller scheme

The fuzzy controller can be viewed as an artificial decision maker that is able to
send control responses in real time. Basically, it compares the reference input with the
plant output data and according to the rule base on the inference machine decides and
sends the necessary manipulation of the plant to maintain the stable reference point.
The empirical knowledge, many times this experience comes from human operators
who process the plant and understand the plant dynamics to control it under a series of

human rules or perspectives.
Fuzzy if-then rules.

In the fuzzy design, these rules basically have the following structure: “If-
Then”, where if has the condition and then the control response action. According to

Passino [29], the general form of the linguistic rules is
If premise Then consequent (7)

The premises or antecedents are linked with the fuzzy controller input and are
located to the left side of the rules. The consequents or actions are associated with the

fuzzy controller output and they are on the right side of the rules.
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Otherwise, the inference engine takes place when the rules get on and it is
necessary to process the results on rules. First, the premises of all rules are compared to
the controller input to find which rules were applied at current process. Then, the
conclusions or the control actions are determined by a fuzzy set that indicates the
appropriate manipulation output in order to keep the error process around practically
zero, in other words, the control action necessary to have the desired set point through a

regulatory mechanism.

There are a number of relations that can represent the meaning of IF X is A then

Y is B. The most used implications in fuzzy sets are:

Implication of Lukasiewicz: This implication is based on the equivalence

p—q='"pvq. Torepresent OR is also possible to use the limited sum min (1, 1-p+q)
instead of the maximum max (p, ¢). This results in the relation called R, , defined as
i, (x,y) = min(L] =z, (x) + w5 (¥)). (8)

Implication of Mamdani: This is the most important implication known in
literature, with respect to fuzzy control. Its definition is based in the intersection. The

relation R, (x of conjuction) is defined as:

My (x,y) = min(u,(x), 5 (¥))- )

Implication of Zadeh: In logic of two values, p — ¢ has the same true values as

p AqVv' p. This equivalence was used by Zadeh in the next form:

Hp (X, ) = max(min(g , (x), pt5 (¥V))] = 12, (x)) (10)
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Inference engine. There are two basic types of approaches employed in the design of
the inference engine of a fuzzy controller: composition based inference and individual

rule based inference. The design parameters for the inference engine are as follows:
e Choice of representing the meaning of a single production rule,
e Choice of representing the meaning of the set rules,
e Choice of inference engine,
e Testing the set rules for consistency and completeness.

Fuzzifcation Module. The fuzzification module (FM), according to [31] performs the

following functions:

e FM-F1: Performs a scale transformation (input normalization) which maps the
physical values of the current process state variables into a normalized universe
(normalized domain). It also maps the normalized value of the output variable

onto its physical domain.

e FM-F2: Converts a point-wise (crisp), current value of process state variable
into a fuzzy set, in order to make it compatible with the fuzzy set representation

of the process state variable in the rule-antecedent.

Defuzzification. The functions of the defuzzification module (DM), according to [31],

are as follows:

e DM-F1: Performs the so-called defuzzification which converts the set of

modified control output values into a single point-wise value.

e DM-F2: Performs an output denormalization which maps the point-wise value

of the control output onto its physical domain.

Two of the most used defuzzifications operators are Center of Area and Mean of

Maximum.

Center of Area: The method of center of area or gravity center is the most

known defuzzification method. For a discrete case, it is defined as:
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Vi My ) B Z,zlyz Max, ey (V)

= ; == (11)
iy ) 21:1 Y, max, feya,(0,)
In the continue case, it is obtained as:
J.,u -ty (¥)dy J.Vy “Maxy fepy (V)dy
* = == (12)

y_[, u- py (y)dy J.y max, ey (»)dy

Mean of Maximum: This method determines the first and last values, where Y
has a maximum degree of membership and then it takes the mean of those two values.

Formally,

oty ey Luy () = hgt(D)}+suplinfy e 7 L, () = hgr(1)}

5 (13)
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3 EXPERIMENTATION

3.1. Schematic System

The schematic diagram of the system consists basically in a reference signal
input by a signal generator. This sinusoidal reference signal is sent to the tuning fork to
produce mechanical vibrations caused through a mechanical coupling with the fiber,
which permits sensing shear forces of sample. Furthermore, the sinusoidal reference
signal is previously conditioned by the data acquisition card (DAQ), in the same way,
DAQ receives the tuning fork sensing signal, thus comparison is made and then it sends
signals to the error signal software to block fuzzy controller, there was weighted the
error and sends a signal handling high voltage system, which amplifies it and sends it to
the piezoelectric bimorph, the actuator exerts finally mechanically control the action,
seeking compensate the error obtained by the tuning fork. Figure 15 describes the

schematic system.

|
Reference signal DAQ

(Signal generator)
Piezo electric -
system ~—| High voltage
Fuzzy Controller }'—

Fiber optics

Figure 15. Schematic of shear force control system.

In the previous schematic figure, the piezoelectric system is the actuator that
allows running physically the control action sent from controller block. In Figure 16, it
is possible to observe the real piezoelectric used in the practical experimentation, this
piezoelectric device has three piezoelectric bimorphs which have a hysteretic

phenomena characterized by Ando et al. [32]. Basically, piezoelectric bimorphs consist
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of two flat strip of piezoelectric elements joined one to each other, provided with
electrodes in such a way that when an electric field is applied, one strip elongates while
the other contracts [33], this characteristic is useful to manipulate the distance between
fiber and sample. Each piezoelectric represents an axis in the space such it is possible to
scan moving x and y axis and controlling z distance; in the middle of the three axis there
is a tube welded which contains the fiber probe; also there is a triangular prism to

obtain the reflect probe tip and calibrate the system.

‘Piezoelectric (actuator)

e - -'."_ §

=

Figure 16. Piezoelectric and probe set up.

The high voltage block in Fig. 15 has two main components: high voltage
amplifier and high voltage source, the first one needs the second one because the
operational amplifier used (PA88) needs up to 100 volts at direct current to operate the
bimorph piezoelectric in the operational zone. Fig. 17 shows the high voltage source
circuit implemented to feed the operational amplifier. It has basically two stages:
rectification and filtering. Rectification is realized by four electrodes that convert
alternating current to direct current. Filter stage consist in an resistor-capacitor
arrangement to eliminate the slight ondulation from rectification stage. The vdc at

output is around 170 volts; enough to operate the operational amplifier PASS.
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Figure 17. High voltage source circuit to operate the operational amplifier PA8S.

The DAQ output level is in a range of 0-4 volts dc so then, with a gain of 40 in
the operational amplifier electronic configuration, it is possible to obtain a high voltage
range between 0 and 160 volts to excite the piezoelectric bimorph and manipulate the
vibration on probe. Figure 18 describes the electronic configuration used to amplify the
signal sent by controller with the objective to feed the piezoelectric and compensate in a

mechanical manner the distance between tip and surface.

Figure 18. Operational amplifier PA8S electronic configuration.
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3.2. Calibration

The system needs to be configured and calibrated; therefore it is necessary to
find the resonant frequency of the QFT. As illustrated in Figure 19, the response of
tuning fork has a maximum and minimum when a voltage ac is applied to the input of
the circuit of Figure 8. If the signal frequency changes, the gain changes as well, prior
to tune the resonant frequency of the tuning and identify the area of operation where the
system is more sensitive. In the case of the QTF without the fiber this resonance must

be around 32.768 KHz, as shown in Figure 19.

Gain

0 | | | |
32.25 324 32.55 327 32.85 33 331
Frequency (kHz)

Figure 19. Frequency response of the tuning fork used without fiber.
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Once you have identified the resonance frequency, the fiber is attached to one
arm of the tuning fork at right angles. Subsequently, again using the circuit of Figure 3
to tune the resonant frequency of the system. It is expected that due to the weight of the
fiber, the frequency response suffers any change or modification. Figure 20 shows how
the tuning of the oscillation amplitude decreases strongly due to increased mass of the
arm; in addition the fall of the resonance amplitude is weaker compared to fiber-free
tuning of Figure 19 Additionally the resonance frequency decreases about 32.45 KHz

as can be seen it in Figure 20.

Gain

| | |
32 32.25 325 3275 33
Frequency (kHz)

Figure 20. Frequency response of the tuning fork used with fiber

On the other hand, Figure 21 allows the comparison of the frequency response
of a tuning fork with probe and without probe, previously listed, which shows that the

amplitude and resonance frequency of the tuning fork is amended by adding the probe.
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Figure 21. Frequency response comparison of the tuning fork.

Subsequently, after tuning the resonant frequency of the tuning fork with probe,
it is necessary to identify the operation range of the system composed by the fiber
coupled to the piezoelectric actuator and the sample surface. Tuning fork with fiber is
placed on a tube welded to the piezoelectric bimorph functions as the axis z to control
the tip-surface gap. Then, a prism is attached to a base with the objective of reflect the
tip and bring the chance to observe the tip approaching, after that, using a resort system
a first approximation is done and finally, using an external piezoelectric, a fine
adjustment is performed, this occurs due to the input voltage applied to the piezoelectric
bimorph. Figure 22 represents the physical set up of tuning fork and prism; using the
resonant frequency found in Figure 20, when the tip is close enough to the prism
surface to damp the vibration signal, the operation range zone takes place until the gap
between tip and sample surface is zero, and the slop change is reduced to practically

zero, therefore, the controller manipulation can be control the distance in that range.
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Figure 22. Probe and prism set up.

This interaction between the probe and the sample is mainly governed by shear
forces, which cause damping in the oscillation amplitude of the probe in a range that
goes from 0 to 20 volts, where 20 volts represents the position z = Onm. Due to the
limitations of experimentation is not possible to establish with certainty the position of
piezoelectric when it has an input voltage equal to zero and at the same time is situated
at the beginning of the sensitivity range of the tuning fork. Figure 23 represents the

shear forces interaction, which cause the attenuation in output system signal.

1" T T T T T T T T T

Gain

[ [ [ [

I i i i I
60 2 4 6 8 10 12 14 16 18 20

Voltage (V)

Figure 23. Attenuation of amplitude oscillation in the proximity of a surface clean and flat
glass
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3.3. Control Panel

The Human-Machine Interface (HMI) is configured on Labview software by
National Instrument (8.2). The panel has two pages, in the Page 1 are the commands
that allow to configured the system manipulation and control; there, the control mode
can be chosen between manual and automatic control mode; manual control mode
permits to modify the output manipulation OP according to user needs or configuration.
OP has a range located between 0 and 5 volts, but for safety reasons, the data
acquisition system (DAQ) is set to send 4 volts as maximum and 0 volts as minimum;
also it is possible to see the current process value (PV), set point (SP) and output (OP),
finally the panel has an emergency stop, see Fig.24; additionally, the control panel has
two waveform chart, at top left there is the chart including the process value PV (rms)
and the reference SP (rms); at bottom left is the chart showing the output manipulation
OP, and error. Error variable is the current difference between the SP and PV. Finally,
there are two control modes: Fuzzy control and Proportional-Integral-Derivative control

(PID), the last has a Proportional-Integral function through Kc and 7i parameters.
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Figure 24. Control panel interface created using Labview software by National Instrument
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On the other hand, there is a second page (Page 2) in the control panel. There is
the control design, the membership functions of fuzzy controller; it is possible to
observe that the three membership function chars (error, error derivate and output) are
defined by crossing points designed by user, through these crossing points the
membership functions are being established, in the particular case of the error and error
derivate variables is done by triangular functions. The output variable has singleton as

membership function as it can be appreciated on Figure 25.
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Figure 25. Fuzzy Control Panel
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3.4. Fuzzy Control Strategy Design

The control system is established by the modules shown in Figure 26. A
reference sinusoidal signal provides the desired set point of the system, the subtraction
of the process variable and the reference desired signal must be close to zero, so the
error is minimal. This is achieved by fuzzy controller, which receives the error signal,
and according to the controller design, we established the membership degrees given by
the previously defined membership functions. Subsequently inferences take place and
fuzzification process sends a signal to the system manipulation. The controller output
signal passes through a conditioning block; due to the characteristics of piezoelectric
bimorph used, it is necessary to have high voltages in the range of 0 to 140 volts in
order to produce the displaced required in the actuator, then, it is necessary to amplify
the output signal from the controller. After amplifying, the manipulation signal is
supplied to the piezoelectric. Finally, the electronic arrangement allows tuning fork
sensing vibration changes caused by shear forces in sampled surface; the measured

signal is conditioned to be compared again with the reference signal.

Pre Final
-Manipulation Manipulation Process Value
Ermor
> ) > — > e E—
Reference Controller Signal Conditioning System

Vibrating Signal

Figure 26. Control block diagram

According to the control design, It was established two input variables and an
output variable; input variables were called error and derror where error refers to the
difference between the desired value and the process value and derror correspond to the
error tendency; error membership functions has a domain from -5 to 5 volts, derror

from -4 to 4 volts, and output membership is configured using singleton functions, so
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the domain is -1.5, 0 and 1.5 volts. Singleton was because it brings the advantage to
process information in a reliable and practical form, mainly at defuzzification process.
Membership functions were chosen and designed according to the operation range
found it in experimentation; in this case the tuning fork has an operation range between
6 and 9 rms volts a.u. and the output manipulation is conditioned to operate in a 0-4
volts range. The membership functions were normalized with respect 5 volts. Figures

27, 28 and 29 shows the membership functions used in this work.

Membership function

T T T T T
1 [ NEG ZERO POS
0.5 - .
0 I | | I i | I | |
-1 -0.8 -0.6 0.4 0.2 0 0.2 0.4 0.6 0.8 1

Input variable “errer”

Figure 27. Normalized error membership function.
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Figure 28. Normalized error derivate membership function.
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Figure 29. Normalized output membership function.

The error equation is given by the following equation

er=yd—y (14)

where er is the error system, yd is the set point or the desired value and y the current
process value, so that when the error is positive then the process variable is below the
desired value, and when the error is negative means that the process variable has

exceeded the set point. Now, the error derivate (derror) is given by this equation:

de =er —ea (15)

where er is the current error and ea is the previous error. Below in Fig. 30 the inference
rules established in the controller design are shown, and Fig. 31 describes the control

surface of the fuzzy stabilization rule base for the distance control.
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1. If (ERROR iz NEG) and (DERROR is neg) then (OUTPUT is OUTPOS) (1)
2. If (ERROR iz ZERD) and (DERROR iz neg) then (QUTPUT is OUTZERO) (1
3. If (ERROR is POS) and (DERROR is neg) then (OUTPUT iz OUTNEG) 11
4. If (ERROR is NEG) and (DERROR is zero) then (OUTPUT is OUTPOS) (1)
5. If (ERROR is ZER(D) and (DERROR iz zera) then (OUTPUT is OUTZERD) (1)
B. If (ERROR is POS) and (DERROR is zero) then (OUTPUT is OUTMEG) (1)
7.1f (ERROR is MEG) and (DERROR is pos) then (OUTPUT is OUTPOS) 11
8. If (ERROR is ZER() and (DERROR iz pos) then (QUTPUT iz OUTZERO) (13
9. If (ERROR is POS) and (DERROR is pos) then (OUTPUT is OUTMEG) (1)

Figure 30. Fuzzy rule base for distance control by shear force technique

QUTPUT

DERROR

Figure 31. Surface of the fuzzy stabilization rule base
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The system trajectory of the fuzzy design is mapped on the partition space in
Figure 32. The illustration shows a tendency to cover the error domain. Nevertheless, it
has stabilization on the zero zones.
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Figure 32. System trajectory of the fuzzy design mapped.
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3.5. Experimental Results

In order to view the control action system, it has been used external
piezoelectric, which, by supplying a type excitation step, a movement that simulates a
surface relief, this experimental technique was proposed by Grober et. al. [20]. The
pulse is the system perturbation (discontinues line) and the control response
(continuous line) represents the compensation by the controller. It is important to
mention that the control designed in this work is focused on the regulation system; the
main objective is to maintain a constant distance between the sample surface and probe
and to have a control response as much as possible proportional to the perturbation in

the system.

4.5 T T T T T T T T

Control Response

Figure 33. Fuzzy control response.

In Figure 33, the fuzzy control response from the controller proposed has a
control effort which oscillates around 0.2 a.u. and it tends to stabilizes near of the
discontinuous line (3.9 a.u. and 3.1 a.u) which represents the perturbation in the system.
Figure 34 shows the dispersion in the control response.
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Figure 34. Dispersion of the fuzzy control response.

It was mentioned before that Grober et al [20] designed a similar
experimentation to simulate a sample surface. They used a proportional and integral
controller in order to keep the distance between the probe and the piezoelectric.
Nevertheless they obtained a control effort with oscillatory trend to compensate
perturbations. It results important to analyze the control response for a proportional
integral controller (PI), trying to have similar conditions that the fuzzy control
experimentation. It was necessary to tuning the PI controller; this was obtained by an
open loop experimental set up and trial and error method, because the actuator has a
non-linearity that modifies the PI parameters found it. The system was taken as a first

orden in a linear range and the results are shown in Figures 35 and 36.
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Figure 35. System response for a step change in manipulation in open loop.

The behavior of system in Figure 35 corresponds to the manipulation input in
Figure 36.

L L
0 0.5 1 15 2 25 3 3.5 4 4.5 5
Time (s)

Figure 36. Manipulation step in open loop.

Applying the Ziegler and Nichols method, the parameters for the PI were
obtained, but it was necessary to complement by trial and error, in order to improve the
tuning, this was done comparing the sum of the squared error (SSE).The recursive
equation used for the PI controller was a PID ideal where the derivative parameter is
practically zero in this case. The control equation iteration results as follows:

T T
u, =u, +Kc-(e, —e, +(T—)-e1 +(7"’)-(el—2-e2 +e,)); (16)

1

where Kc=-.5and r,=.2
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Figures 37 and 38 show the control response for the PI controller when a
perturbation pulse takes place in the system. It can be seen it that the control effort
varies around the 3.9 a.u. with a dispersion around 0.6 a.u. (see Figure 37). This
variation makes difficult reliable obtaining information from the manipulation control.
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Figure 37. PI control response.
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Figure 38. PI control dispersion.
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Finally, the SSE was registered from Fuzzy and PI controllers; the same frame time was

taken.

Table 2. Sum of Squared error

SSE
Fuzzy Controller 11.0655939
Proportional-Integral Controller 14.8218329

The above results do not mean that in general the Fuzzy control is better than
the PI, but they bring a perspective about the robustness for each one. (Fuzzy and PI
control); while the PI needs a model to work, Fuzzy control can regulate the system by
logic inferences, and in the particular case of this work, it represents an advantage

because the characteristics of the experimentation.

The dispersion shown in Fig. 34 and 38 is due possibly a noise presence. This
potential noise effect could be caused by the mechanical coupling and the small signal
of the system. Otherwise, the lack of an adequate sampling provided by the DAQ is a
serious limitation for this work. Nonetheless, the process variable chosen (rms) is a
parameter that can be handle it, because it does not depends directly on the frequency
signal, and then, although the sampling rate could have an aliasing effect, if the
frequency is not too slow, it is possible reconstruct a similar signal at lower frequency,
Certainly the scanning rate cannot be improved but it is possible to experiment in a
limit condition, control designs; but definitely is necessary to use another DAQ with a
higher frequency performance. The DAQ used in this work is the USB 6001 by

National Instruments, and it is focused on academic projects.
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4 CONCLUSIONS

4.1.

Conclusions.
The following conclusions are derived from this thesis work:

In order to solve the limitation given by the high frequency on tuning fork, it
could be an option to design and produce a particular tuning fork, because the

sensitivity of the tuning fork depends on its dimensions.

Fuzzy control strategy applied to the shear force technique allows representing
and reconstructing the topographic information of a sampled surface through the
control system consisting of tuning fork, fiber and piezoelectric bimorph as the
actuator. So that the nonlinearity does not influence the retrieval of information
and its representation through data processing, but it is necessary to find the

relation between voltages and distance displacement using optical methods.

RMS voltage as a measurement variable allows the sensing and control system

without the need for a lock-in amplifier.

To design the fuzzy controller first is necessary to identify the range of
operation of the system, not only that, it is also necessary through trial and error
to find the actuator operating range, to define the membership functions that will

be used , which will be within the range of the actuator previously found.

In order to obtain an optimum calibration process is necessary, first, to bring the
tuning fork (attached to the actuator) a first approximation to the sample surface,
then through an external piezoelectric to move the tip until the attenuation zone.

The approach can be viewed through a microscope and a laser beam.
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4.2.

Contribution

The research developed in this thesis contributes to the design of a distance

control system based on the technique of shear force, using a tuning fork as a sensing

device due to the following contributions:

4.3.

The design of a fuzzy controller for a micro-distance control, which can keep
the system error near to zero by a control action can capable of reconstructing
the topographic information of a sample surface. This driver control does not
need to know the control system model, only it is enough to know the operating
range of the actuator and through experimental tests to define and optimize the
control action, providing robustness to the control system and allowing the

commercial application through user interface software.

The electronic instrumentation used in this work provides a reference for
developing additional tests to improve and optimize the process of sensing and

control, to subsequently develop a practical commercial prototype.

Future work

The results of this study lay the groundwork for a future commercial

development of a device capable of controlling at nanometer-scale the distance between

a fiber tip sensing device and a sample surface. This potential application can be used in

a microscope SNOM, for the collection of information in nanostructures, topography

and composition, as long as the following observations are taken into account:

e [t is necessary to characterize the displacement-voltage ratio of the fiber,
in order to obtain accurate information of the relief sampled, so it will be
possible to make a better calibration of system control and then, improve
the accuracy of the controller, necessary for handling small electronic

signals.
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The fuzzy controller should be redesigned to improve the performance
parameters of the control response, proposing new membership
functions and using other fuzzy logic strategies in order to obtain a better

control response.

The signal filtering should be improved by using a data acquisition card

with a faster sampling capacity, at least a capacity of 100KHz.

Having identified the displacement-voltage relationship must be sought
sensing techniques to improve the resolution of the control system.
Previous works such as Thung et. al. [21] propose a solution focusing on
the change in the properties of tuning fork, particularly the quality

factor, for improving sensitivity and resolution.
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6 APPENDIX A

Appendix A shows the extended literature review.

Leong et al [1995].- In this research work it is proposed a non-optical method
to detect the shear forces, due to the disadvantage of optical methods like the situation
when imaging photosensitive material, it can optically pump the sample. They present

an approach using a shear force detection based on a capacitance sensing.

Walid et al [1996].- They propose a non-optical phase-locked shear-force
microscope using a quartz crystal tuning fork acting as a voltage-controlled oscillator.
A tuning fork with a tapered tip is mounted on one of the arms of the fork in a parallel
manner. The current through the quartz tuning fork is converted to a voltage and then

sent to the feedback circuit. The system scheme is illustrated on Fig. A.1

ammeter
[ A

reference U amp

input tuning fork

®_ fiber sample

phase probe -
detector XYZ
tripod
to
loop Z-piezo .
flter to display

Fig. A.1 Scheme proposed by Leong ef al.
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Salvi et al [1997].- The main contribution is an arrangement for mechanical
coupling of probe, tuning fork and piezoelectric actuator to detect shear forces without
any adhesive between the two prongs of the tuning fork. A proportional controller is
mentioned. The proposal is simple and easy to apply. Figure A.2 shows the

arrangement proposed by Salvi et al.

H
Fiber ?
§ (m - | Metallic holder
Screws H{
Y @
Piezoelectric
plate .
T —
=" . e Flectrodes
i
A
Tuning fork

Fig. A.2 Tuning fork and fiber arrangement schematic by Leong ef al.

Karrai et al [1995].- The characteristics of the tuning fork as well as their
properties are extensively discussed in this paper. It also suggests an electrical circuit
that converts the current into voltage tuning fork for conditioning in the feedback
system. As for the mechanical coupling between the fiber and the tuning, it is used a

parallel arrangement as it can be seen in Fig. A.3
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Fig. A.3 Tuning fork and fiber arrangement schematic by Karrai ef al.

Grober et al [1995].- The advantages of using a tuning fork as shear force
sensor is explained in this paper. It is a document that examines the characteristics of
the piezoelectric and also describes the electronic design used to condition the current
to voltage signal from the tuning fork. Paper also mentions the proportional integral
control strategy used in experimentation. Fig. A.4 represents the diagram used by

Grober.

- high voltage
height piezo |

P/l feedback
ref electronics

@7 lock-in amp]

I sample

e
tuning fork —l
and probe

Fig. A.4 Schematic representation of the control system proposed by Grober ef al.
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Ohkub et al [2003].- The study of this paper focuses on establishing a new
form of mechanical arrangement for the detection of shear forces by means of a tuning
fork, the configuration is based on inserting the fiber tip into the slit of the tuning fork,

also it was implemented the interferometry sensing method at same time.
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funing fork

optical fiber  mirror
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— optical oulput
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Fig. A.5 Schematic representation by Ohkub et al.

Gucciardi et al [2005].- Interferometry detection method based on the
synchronous detection of the interference between the tip and a glass sample

surface. The vibration source is an external piezotube. (See Fig. A.6).
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Fig. A.6 Experimental set up utilized by Ohkub ef al.

Escamilla ez al [2003].- In this work a fuzzy control strategy is proposed to
improve the scanning shear force resolution, instead of modify the quality factor Q
in tuning. Moreover a mechanical coupling is implemented, after try with other

mechanical configuration.

Fig. A.7Experimental arrangement for tuning fork by Escamilla ef al.
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7 APPENDIX B

In this Appendix the code programmed on Labview by National Instrument is

described.

A time loop was included on code, in order to synchronize the sampling rate.

@ ms

Fig. B.1 Time Loop

The control frame is created as follows:

Mumeri - o
plizs! ; ¥ m
0 =
p W
E DAQ Assistantd | | oo
data U
Mede de Control [f--{
H
v w
f— ; ,
9 DAQ Assistant3
El m * data

Fig. B.2 Control Frame
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For manual or open loop mode control:

K

=]

3
Vo
3
3
Mo

DAQ Assistant5 DAQ Assistant
data data ¥

N

- Te—

R

Modo de Control

;

uﬁlD

Fig. B.3 Open loop control

The automatic control is defined in Fig. B.2 which is similar to the open loop. A
DAQ acquisition toolkit is used to obtain in software the signal sensed from tuning
fork. The DAQ has a output range from 0 to 5 volts, so that it is necessary establish a
limit, 0-4volts in this particular case. (See Fig. B.4)

>
B

2l
Ei

Fig. B.4 Voltage delimiter
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In Fig. B.3 there is a RMS block, where the signal generated by tuning fork is
detected to identify the RMS value. Fig. B.5 shows the block interface to get the RMS

value.

= Configure Amplitude and Level Measurements [Amplitude and Level Measurements]

Amplitude Measurements Input Signal
[ DC
[&] RMS I SRR 1
[ Apply window < ol ll‘ 1] |f| L ||| ] r| || ||| |1 |l R ||
[] Maximum peak :E_ 0;: | H ‘ ||| |||| || |||
[] Minirmum peak E ||||H‘| | ‘|| |

-0.5-] |
[] Peak to peak

| Il
]l| Il i i |1|1I “ |||‘“H“ | ||

[] Cycle average

[T] Cycle RMS Time
Results Result Preview
Measurement Result 7-

|RMs ___ [1004862 |

(i
o il

= 7 IR 'L|| 'u' ||

[ QK ] [ Cancel ] [ Help ]

Fig. B.5 Voltage delimiter

The input and output DAQ USB 6008 configuration are illustrated on
Fig. B.6 and B.7.

Configuration | Triggering I Advanced Timing |

Detais “ | Voltage Input Setup
Voltage_0

E Settings

Max w| T
volts [=]

Terminal Configuration

Giick the Adid Channels button Differential =]
(+) fo add more channels fo Custom Scaling
the task. <Mo Scale> EI .r@
Acqui_sition M_ode Samples to Read Rate (Hz)
M Samples EI ik 10k

Fig. B.6 Input configuration for DAQ USB 6008
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Configuration | Triggering | Advanced Timing |
Channel Settings
E] mbgg “| Voltage Output Setup
VoltageQut
Signal Output Range
M Scaled Units
ax
volts [=]
Min a
Terminal Configuration
Click the Add Channels button RSE [=]
{+#) to add mare channels fo Custom Scaling
the task. <MNo Scale= E| /@
Timing Settings
Generation Mode Q Samples to Write Rate (Hz)
1 Sample (On Demand) E| ik 1k

Fig. B.7 Output configuration for DAQ USB 6008

Through a sequence frame the fuzzification error takes place as it is
illustrated on Fig. B.8

-EIEIEIEIEIEIEIEIEIEIEIEIEIEIEIEIEIEIEIEIEIEIEIL.lD[U2]vtll:ll:lEIEIEIEIEIEIEIEIEIE*:IEIEIEIEIEIEIEIEIEIEII':

ifle<=MNC1)

dumn=1;

elze

if{{e= NC1) 8B (e<=NC0])
dumn={-1/(NCO-NCL)*e+NCO*(1/{NCO-NCL));
elze

dumn=0;

end

end

dume=(1/{CCL-CC)) e+ CCO*(-1/{CCL-CCOY);
else

if{{e>=CCL)&8(e<=CC02))
dumec=({-1/(CC02-CC1) ) e+ CCO2*(1/(CCO2-CCL));
else

dumc=0;

end

1000000000000 00000000000000000000000000000000000000000¢L

Fig. 8B Sequence frame for fuzzy controller.
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Fuzzification error derivate:

'I:II:II:II:II:II:II:II:II:II:II:II:IDEII:II:IEIDI:II:II:II:IDL_.'II[U2]‘-tII:IDDI:II:II:II:II:II:IEIEIE*:II:IEIEII:II:IEIEII:II:IEIF:

if(e<=MNC1L)

dumn=1;

else

if (e NC1) 882« =NCO))

dumn=(-1/{MCO-NCL) e+ NCO*(1/(NCD-MNCL)):

else

dumn=0;

— end
end

m

“Jif((e> = CCO)ABUe2 = CC1Y)
dumes=(1/(CCL-CC0))*e+ CO0*(-1/(CCL-CCO)):
else
if((e> =CC1) &2 =CC02)
dumes=(-1/(CC02-CCL) e+ CCO2*1/(CC02-CCL)):
elze
dumc=0:

1000000000000 00000000000000000000000000000000000000000LC;

Fig. B.9 Sequence frame for fuzzy controller.

The membership functions are defined by the following Sub-VI's:

b= b
Error 2

Fig. B.10 Error membership Sub-VI
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Fig. B.11 Error membership Sub-VI
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Fig. B.12 Error derivate membership Sub-VI
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Fig. B.13 Error derivate membership Sub-VI
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Fig. B.14 Output membership Sub-VI

67



Salida

0.9-
0.5-
0.7
Ll
=
= 0.
£
=T [,
0.3
0.2-
01
Cero Positivo
- B

: Megativo

Fig. B.15 Output membership Sub-VI
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The defuzzification process for output is making with this labview code:

op=-(dumn*neg+dumc*cero+dump*pos
+ dumnd*neg+dumcd®cero+dumpd®pos)/
(dumn+dumc+dump+dumnd+dumcd+
durnpd)

1000000000000 0000000000000000000000000000000000000000¢0:

Fig. B.16 Sequence frame for fuzzy controller.

Finally, the file path code:

[z

ile path (dialog if empty)|

ooo
i

TB[%)
|

Fig. B.17 File path program
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