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Abstract—Vibration problems are inherent to most precision ~ the conventional controller, has proven that the fuzzydogi
positioning systems. These systems are lightly damped and controller shows better dynamics behaviour [3]. Further,
highly susceptible to mechanical resonance at any sudden iha fy77y |ogic controller can be used in conjunction with

change in the voltage applied to the nanopositioning platform. Hi I trol techni t t th dsi
These systems also exhibit nonlinearity, such as hysteresis and conventional control techniques to augment them and sim-

creep. The traditional approach uses a combination of damping  Plify their design [4]. In the case of nonlinear dynamics
controllers and tracking controllers to deal with nonlinearity or uncertainty, the fuzzy logic controller is preferred ove

and resonance respectively. The classical approach is based on classical control techniques. The design of the fuzzy logic

sole use of the integral controller (I) or proportional integral  qnyroller is uncomplicated and faster than conventional
(PI) as a tracking controller to treat nonlinearity; this paper trollers: it is in fact to impl L5
employs a hybrid feedback scheme, using the fuzzy logic con- controllers; it is in fact easy to implement [S].

troller as a correction tracking controller in in conjunction with The traditional approach uses the proportional integral
the conventional tracking controllers. The damping controllers ~ (PI) or integral (I) as a tracking controller to treat nonrlin

utilised in this work to damp the mechanical resonance of the  earity such as creep and hysteresis, and damping congroller

nanopositioning platform are the Integral Resonant Controller to treat the mechanical resonance of the platform [6]. This
(IRC), the Positive Velocity and Position Feedback (PVPF), P [61

and the Positive Position Feedback Controller (PPF). The paper 'employs the fuzzy Iog!c controller as a tracklng

proposed fuzzy logic controller delivers improved dynamic ~ correction controller in a multi-loop feedback scheme in

tracking performance characteristics with less vibration in  conjunction with three types of damping controller. The

comparison with the conventional tracking method because the  proposed damping controllers are the Integral Resonant Con

fgzzy logic controller can ha_ndle nohllnearlty and vibration troller (IRC) [7], the Polynomial Based Controller (PVPF)

via its rules and m(_ambershlp functlons._ The use of fuzzy [8] and the Positive Position Feedback (PPF) [9].

Gaussian membership function can alleviate the appearance . . . .

of mechanical resonance. The paper is organised as follows: Section Il describes

the background theory and the hysteresis nonlinearity. In

Section lll, tracking controllers, including the convemtal

and fuzzy logic controller, are explained. Fuzzy corrattio

is introduced as a tracking controller in section IV to prove
Nanopositioning systems are lightly damped and highlythe effectiveness of the proposed hybrid scheme and the

susceptible to mechanical resonance when there is amjamping controllers are presented in Section V. Section VI

sudden change in the voltage applied to the platform. Therovides results to validate the enhanced performanceeof th

existence of nonlinearity, such as creep and hysteregilsds scheme and section VII concludes the paper.

a m.ajor obstacle. Mgre robust dynamic performance can be Il. SYSTEM MODELLING

achieved using multiple feedback loop schemes as opposed , ) , i

to traditional single-loop schemes. This is because single 1he dynamics of the nano-axis has linear and nonlinear

loop feedback schemes are less sensitive to nonlineagty su €0mpPonents; thus, the axis is modelled as a linear second-

as hysteresis: this can be related to the fact that the singlé)rder transfer function and a Bouc Wen model for hysteresis.

loop feedback makes small corrections in order to trackA. Linear Dynamics Model

perfectly [1]. . o . ~ The mechanical system of the nanopositioning platform
Improving the dynamic characteristics of the piezoelectri s shown in figure 1(a) [10], which can be characterised

tracking performance in nanopositioning applicationseOn figyre 1(b) [11]. The axis of the nanopositioning platform is

of the most important goals of the fuzzy logic controller gquipped with a capacitive sensor for position measurement

is improving the dynamic characteristics of the system asne equation of motion for this system is given by:
compared with conventional controllers [2]. A comparative

analysis of the fuzzy logic controller and its counterpart, Myd+cpd+ (Ko +kyp)d = Fu @)

Keywords- Vibration; nonlinearity; fuzzy logic controller.

I. INTRODUCTION



The system dynamics is regulated by the piezoelectricsecond order model, as in the equation below:
actuator force that moves the nanopositioning stage. The o2
movement of the piezo actuators is manifested by expansion GBs)= 55— 3> (4)

and contraction in response to an input voltage stimulus. %+ 20wns +wy

Thus, () is the measured force acting between the actuatowhere ¢ is the damping ratiow,, is the natural frequency,
and the mass of the platform4,) in the vertical direction. ~ando? is selected to manipulate the DC gain of the platform.
The stiffness of the actuator is denoted bi,j and the This representation is valid only if the first dominant mode
force by (,). A force sensor is collocated with the actuator is considered. In the event that more than one mode is
and measures the load forcg,}. Equation 1 can now be considered, the overall transfer function for the piezoeie

rewritten as follows: platform can be represented by the summation of several sec-
} ) ond order systems for each mode. For reasons of practicality
Myd + cyd+ kg =F, (2)  other modes can be truncated.

) ) ] According to previous research, the transfer function of
The relationship between the applied forc€,X and the  the platform has been identified solely based on the first

dominant mode [12] and given by:

— e 2.025 % 107
T - H 52 +48.63s + 1.042 % 107
Two-plate 4 Stationary B. Hysteresis Model

Capacitive Frame . . .
Hensory Nonlinear effects are usually unmodelled and tracking is
|‘—[ — enforced in order to minimise the effect of nonlinearities
J Bicaelectiic | on the actual trace. Hysteresis is a dynamic characteristic
; l g present in many physical systems, such as piezo actuators.
H Flaktor, Hysteresis in piezo actuators can lead to problems such as an
‘:l |:‘
/ .

®)

ne—-—

increase in undesirable inaccuracy or oscillation andainst
bility [13]. Therefore, any control strategy must be design
Flexures to accommodate uncertain time-varying nonlinear systems.
@ Since the piezoelectric platform (nhanopositioning sy3tam
a nonlinear system, the hysteresis has been modelled using
L L L Ll Ll Vi Z the Bouc Wen [14]. The nanopositioning platform can be
represented as a mass-spring damper and the relationship be
tween the applied voltage and the displacement is nonlinear

Ii The equation of motion for the piezoelectric platform can be
M, described using the Bouc Wen through nonlinear differéntia
equations, as in (6) [15]:
| Fol |
mi + bx + kx = k(du — h) ®)
K, F, h = adi.— B i h — i |h)
where h represents the nonlinear relation between the lag
rad ravdayd TN dArardd

force and the displacement. The parameter§ and~ have
(b) been identified in order to represent the hysteresis loop’s
magnitude and shape, as in (7):
Figure 1. a- A simple schematic of a piezo-stack actuated wi®-a

nanopositioner; b- The equivalent mass-spring-damper modedrfe axis a=0.26
of the nanopositioner B =0.005
. . . . : ~v = 0.00068 %

displacement d) is described as in the following transfer

function: d=2 um per volt
d 1 The applied voltage can be denoted as u, and x as the

Gar,(s) = T m 3) displacement of the piezoelectric actuator; m, b, k and d rep

a p

resent the effective mass, damping coefficient, mechanical
In a nanopositioning system, the transfer function of thestiffness and effective piezoelectric coefficients retipely.
plant is identified using the frequency response analysis iThe selection of the Bouc Wen model, in preference to other
analogy with (3). The transfer function is represented by anodels was due to its simplicity and ability to capture the



major hysteresis cycles. The hysteresis has been reafised éxperimental and the modelling result, where the x-axis
MATLAB using a nonlinear differential equation represen- represents the input voltage and the y-axis is the generated
tation of the Bouc Wen simulated in Simulink to describe displacement. It can be seen from figure 2(b) that the open-
the hysteresis. loop exhibits strong nonlinearity. A system exhibiting Buc
The open-loop investigation of the modelling of hysteresishysteresis is severely limited in its performance. The hys-
is presented in figure 2(a) and (b), which is associatederesis loop provides a rate-independent relationshipdsest
with a single axis of the nanopositioning platform. The the applied voltage and the generated displacement.
deviation from linearity in tracking the triangle wave is  The following section aims to briefly explain the principle
clearly depicted in figure 2(a) in the open-loop. The pro-operation of tracking controllers and damping.
posed hysteresis model is investigated by applying a 50 volt
peak amplitude sinusoidal signal of H¥ to the platform ) i
and the hysteresis cycle is thereby generated as is clear fix Conventional Tracking Controllers
figure 2 (b). A nonlinear relationship was found to exist Controllability of the nanopositioning platform is a chal-
between the control voltages applied on the piezoeleatdc a lenging and difficult matter due to various control problems
its displacements. The generated displacements were foura$sociated with the platform; hence a combination of differ
to be different for the forward and backward paths under theent controllers is required. The initial approach in coltitng
same voltage and the induced nonlinearity hysteresis notetthie platform is to use a suitable damping controller for
displayed 10um of lag in the displacement, as shown in resonance and a well-designed tracking controller. There
figure 2(b). are different types of damping and tracking controllers, as
will be explained later in this paper. Figure 3 illustrathe t
‘ ‘ _ method by which the tracking and damping controllers are
N . Referonce combined and used together.

IIl. TRACKING CONTROLLER
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Figure 3. Schematic diagram illustrating the traditionadtdbution of
damping-tracking controllers

In nanopositioning, the classical tracking controllers ar
Experimental Resul generally either proportional-integral (PI) or integrd). (
5t 77 Modeling Result_|__ The conventional tracking controller that has been used in
conjunction with all the damping controllers is a simple
integrator with a transfer function given by:
Ctrack(s) = % (8)
This work has thus far focused on linear controllers; how-
ever, nonlinear controllers have begun to be implemented
in many studies. This research will investigate a nonlinear
control strategy for better performance. The fuzzy logic
controller will be used as a tracking controller to mimic the
e 40 w0 20 10 o 10 20 30 40 %0 integral action, as will be explained in the following secti
Input voltage (V) This paper proposes the fuzzy like PI, as the nonlinear
(b) tracking controller in conjunction with damping contralie
instead of a conventional (PI) or (I) tracking controller.

20

Displacement(psm)

Figure 2.  a-lllustrates the deviation from linearity in tbpen-loop in

tracking triangle wave of 5 Hz; b- Measured and modelled hgste loops B. Fuzzy Logic Tracking Controller

show that the hysteresis model accurately captures therbgiteof the . .
piezo actuator The fuzzy system is knowledge-based and human experi-

ence can be incorporated into its design by mimicking expert
In figure 2(b), a comparison can be seen between th&nowledge via the fuzzy rules [16].



In this work, the rules have been designed based onine rules in order to reduce complexity. The fuzzy rules
an analogy of the classical control system modelling. Theare linguistic rules characterised by and linked with con-
dynamic characteristics of the proposed control systene hawditional statements of 'IF-THEN’. These sets of linguistic
been considered as the fuzzy model and the linguisticonditional statements represent the control situations.
description of the dynamic characteristics can be used to

obtain a set of fuzzy rules. The conventional PI control la 1. If (Error is N) and (change of Error is N) then (increment Control is NB) (1)

. (Error is M) and (change of Error is Z) then (increment_Control is NS) (1)
is glven by 3_ (Error is Z) and {change_of_Error is N) then (increment_Control is NS) (1)
4. If (Error is M) and (change_of _Error is P} then (increment_Control is Z) (1)
U(t) = er(t) + KZ/ e(t)dt (9) 5_If (Error is Z) and (change_of Error is Z) then (increment_Caontrol is Z) (1)
6. If (Error is P) and (change_of _Error is N) then (increment_Caontrol is Z) (1)
. . . . . 7_If (Error is Z) and (change_of_Error is P) then (increment_Cantrol is PS) (1)
Wheree(t) is the error as function of timéy; is the mtegral 8. If (Error is P) and (change_ uf Error is Z) then (increment_Control is PS) (1)
gain, U(t) is the control output as function of timé{p is 9. If (Errar is P) and (change_of_Error is P) then (increment_Control is PB) (1)
proportional gain and; is an integral constant. The fuzzy @
logic incremental controller can be written as:
VU(k) = Kp 7 e(k) + Kie(k) (10)
The incremental fuzzy controller is a type of fuzzy logic
control system whereby the controller output is not the .
control actionU, but instead the change of the control action —
vU. An incremental controller adds a change in the contro
signalsyU to the current control signal, as in (11):
U(K) _ U(k _ 1) + U. (11) Figure 5. a-Fuzzy rules; b- Membership function of the prepoBizzy

logic controller
In figure 4 a clear illustration of the fuzzy logic controller
gains’ distribution is presented. From the figure, it can be The control input variables (crisp inputs) must be fuzzi-
seen that the fuzzy logic controller will generatel/ as  fied before applying them to the control algorithm of the
the nonlinear function of normalised error and normalisedfuzzy logic controller. Normally, inputs to the fuzzy logic

change of error. controller (state variables) include the error and charfge o
U (k) — 12 error. In order for the controller to continuously account
VUn(k) = flen, ven) (12) for the universe of discourse, a functional definition can

The actual output of the fuzzy logic controller is a nonlinea be used to clarify the membership function of a fuzzy set.
function of error and change of error. The functiris the ~ There are several types of membership function used in
input-output map of the fuzzy logic controller, as is clearthis regard, such as triangular, trapezoidal and bell shape
from (13): functions. These membership functions are the most popular
types in many engineering applications [17]. A Gaussian
VU(k) = f(GE e, GCE x ve) (13)  wave has been used in this design, as can be seen in figure
5(b). The proposed membership function in figure 5(b) is
a plot of functionp versuse(t) where the horizontal x-
. o axis represents the universe of discourse that covers the
» ‘ entire range of possible values for a chosen variable, whils
the vertical axis y represents the membership value of the
fuzzy set. When implementing the membership function,
Figure 4. Fuzzy incremental controller the universe of discourse for the fuzzy logic controller has
been normalised within [-1,1] for the leftmost and rightinos
The relationship between the scaling factors for the fuzzyrespectively. Further, the membership function of the yuzz
logic controller and the conventional controller has beenogic controller has been designed to saturate at a peak of
derived based on an analogy of the conventional controllef+1]. Gaussian membership functions are fuzzy membership
It has been found th&@CE muItipIied byGCU is equivalent  functions that represent the linguistic terms; these fonst
to K, and-SE GCE is equivalent t% In this design the fuzzy are relativity popular in the fuzzy logic literature and the
is imitating the integral action only, hence tB&€E gain has  output is very smooth. Hence, in this design it was decided
been set to a very small value. to use the Gaussian membership function to achieve a
The behaviour of the fuzzy logic controller is highly smoother control action and avoid the abrupt change in the
restricted by its control table decisions. It can be seemfro controller action. The reason for this is that the Gaussian
figure 5(a) that the proposed controller was formed usingnembership functions are smooth and non-zero at all points.

Integrator




Using the triangle membership function would lead the fuzzy IV. CONTROL STRATEGY

logic controller to mimic the behaviour of the conventional o o S
controller due to discontinuities in their derivatives. The controlobjectin nanopositioningapplicationss there

In the fuzzy logic, membership is a matter of degree; it_to keepthe_tracking.e.rrortlo a r_ninimum. Feedbaclcor)t.rol
varies from 0 to 1 depending on the percentage allocated t§ @PPlicationsrequiring high linearity, long term position
each control situation. The vertical axis represents certaintyt@Pility; repeatabilityandaccuracyjs crucial. Traditionally,
and the horizontal axis is referred to as the universe of distrcking, nanopositioningtracking is achievedthroughthe
course for the inpu(¢) since it provides the range of values US€0f single-loopfeedbackasis clearin figure 3. Although
of e(t) that can be quantified linguistically. Normally, the the smgIe-Ioopfeedpackcontrol techn!quecammprovethe
crisp values are normalised between -1 and 1 for simplicif¢curacyanddynamicresponsef the piezoelectriactuators
reasons. The function quantifies the certainty thatt) can USe€din nanopositioningsystemsthe useof feedbackcontrol

be classified linguistically as zero. Certainty here refers td@ iS limited in its performancg19]. In orderto overcome
the degree of truth. this problem,analysisof the multi-loop feedbackschemeis

The overlap of the membership has been considered to b(%roposedm this paper.Henpe,m this de&gnthg feedback
oes not flow through a single-loop. Exploration of the

25% and the membership function at the overlap is equal tg_ ; :
S X ; multi-loop closed-loopsystemis explainedhere.In orderto
0.5; this will keep the control action smooth in the case of a : : :
) ; . draw a comparisonwith a single-loopfeedbackcontroller,
sudden change. Figure 5(b) shows the implementation of th% . . . .
; . .~ themulti-loop feedbaclkcontrol systemis describedn figure
membership function for the error and change of error usin
three linguistic descriptions. Five linguistic descriptions have™
been used to quantify the control action (NB, NS, Z, PS and
PB), as is clear in the Table I. It must be kept in mind that
the membership functions for error, rate of error and contro

action have been selected to be the same (Gaussian).

r(t)

2 y(t)
- = -
s242Cwn s+w?)

Table |
THE LINGUISTICS OF THE PROPOSED FUZZY LOGIC CONTROLLER

Abbreviation NB NS ZE PB PS
Linguistics Negative Big Negative Small Zero Positive Big Positive Small Figure 6. Proposed multi-loop fUZZy correction feedback B'[é']e

The Mamdani inference and centroid defuzzification are The overall control algorithm consists of two controllers
used in this work. Here, error (difference between set poinfor tracking: the outer-loop uses the fuzzy logic controller
and actual process value) and change in error (differencéFy,...) and the inner-loop feedback use a first-order integral
between current and past error) are the inputs to the fuzzgracking (G.qck)-
system. In the case of the fuzzy rule, the conditions can also |t could be argued that the fuzzy logic controller as a
be partially satisfied (as opposed to crisp rules); this has thgacking can be used in the inner-loop feedback. Use of it
desired effect of being able to interpolate between two rulgn the inner-loop, however, has yet to be justified due to
conditions and achieving a smooth transition from one statémprovement in phase shift profile if it is used in the outer-
to the other in the induced fuzzy control surface. loop. The fuzzy logic controller could be applied to both

Scaling factors are important parameters to tune into théoops to provide comparable results, yet to be studied. As
fuzzy logic controller as they can scale the universe of disaforementioned, the fuzzy logic controller is preferred as
course. Changing the scaling factors will affect the meaningpposed to traditional controller in nanopositioning systems.
of the linguistics that forms the basis of the fuzzy logic This is due to the fact the system (piezoelectric platform)
controller definition, because it is redefining the horizontalexperiences the resonant mode inherently, and so the clas-
axis. It can be concluded that scaling factors play a similasical control will have clear limitations in damping the
role to the gains of the conventional controller; they can alsdransient resonant mode, particularly given the fast response
be a source of oscillation problems. Although selection ofof the piezoelectric dynamics characteristics. The transient
suitable values of scaling factors was used the trial and erralesonant mode will cause vibrations in terms of overshoot
method, this has been ruled out and the relationship betweeat any sudden change of the input signal. The occurrence
scaling factors and their conventional counterpart has beeof the transient resonant mode, in terms of the overshoot
derived [18]. The main advantages of the fuzzy incrementagenerated at the sudden change in the input signal, will lead
control are smooth control action and removal of the steadyo inaccuracy in the nanopositioning application. The fuzzy
state error. However, the disadvantage is that the controlldogic controller can improve the dynamic characteristics in
is slow. terms of reducing the overshoot.



For a typical nanopositioner, the damping rati) {s  the chosen locations of these poles. In fact, the real part of
around 0.001; this is an extreme constraint to accuratéhe open-loop poles can be sufficiently reduced to increase
tracking performance in nanopositioning. Therefore, the u the damping ratio and at the same time maintain the natural
of damping controllers is necessary. Although increadimg t frequency of the system [23]. The transfer function for the
tracking gain to the maximum allowable value will reduce proposed controller can be written as:
the maximum error, this reduction comes at the expense Dys + I
of vibration. Therefore, there is still a need for damping Cpamp-pPvpr(s) =
controllers due to the fact that the nanopositioning platf® . ) . ) . .
are lightly damped. This is despite the fact that the progoseFigure 8 illustrates the way in which the PVPF is applied to
control strategy has a proven significant increase in thdhe plant. The root locus investigation into the transfercfu

_— 14
82+ 2ywes + w? (14)

closed-loop bandwidth for the tracking gain. tion of the proposed system has determined the maximum
allowable tracking gain in order for the system to become
V. DAMPING CONTROLLERS stable. A trial and error method has been used to examine the
A. IRC performance of the controller, resulting in choosing theiea

The IRC controller is an effective and successful schem@f the tracking gain to provide high tracking performance
for vibration damping and it can be used in a wide range oPY increasing the linear part required to obtain accurate

nanopositioner applications [20]. This also has the dekira S¢21NING.
property of not exciting the higher frequency dynamics [21]
The IRC can provide the appropriate damping to the system .., . v(t)
without providing tracking performance. _>@ RT3 -
The IRC scheme consists of a feed-through term and
integral in the feedback, as is clear in figure 7. The addition |
of the feed-through term provides the capacity to introduce CDamp—PVPF
zero that can be placed at the desired frequency. The IR
can exploit the interlacing property by introducing intsgr Figure 8. Schematic diagram for the PVPF
feedback, which can result in changing the phase of the
system. The new phase loop lies between -90 and 90 degrees, .
providing the capacity for a 90 degree phase margin and™ PPF Design
infinite gain margin. According to previous research [18§t  PPF is a second-order damping controller (filter) in a
positive feedback and its transfer function has a roll off
0 - () of 40 DB/decade at higher frequencies. The simplicity of
kd TaCenatal this controller and its ease of implementation are impartan
features in making it one of the most popular control
| d + methods [24]. In the same manner as PVPF, the PPF can
| ' be designed with the transfer function given by:

o
82 + 2Cwes + w?
The fashion in which PPF is applied is clear in figure 9.

Cpamp—prrPF(s) = (15)

Figure 7. Schematic diagram for the IRC

value of the feed-through term (d) for the proposed system
can be determined numerically. The research has also found
the relationship between the tracking gain and the damping ~® @ 2 "“);
gain to rule out the trial and error method to find the optimal

s242¢wnp s+w721

values for tracking and damping gains. T

B. PVPF Damping Control Design

The PVPF is a control technigque based on a second order
transfer function in a positive feedback for active dampong Figure 9. Schematic diagram for the PPF
the resonant mode of the system. Damping can be achieved
by placing the poles of the closed-loop system at any desired Common practice in designing the PPF is based on the
location. The closed-loop poles of the lightly damped ayste pole placement algorithm; the placement can be chosen
can be shifted at the desired location to the left side ofarbitrarily. The controller can then be derived by equating
the S-plane by 1,000 units or by any arbitrary amount (thiscoefficients of the desired characteristic equation witis¢h
distance is used as common practice) [22]. It is important taf the denominator of the closed-loop transfer functiord an
note that the addition of the tracking controller will chang solving for the controller parameters.

CDamp—PPF




VI. RESULTS AND DISCUSSION than the IRC as is evident when the error is reduced (in the
. , . case of PVPF and PPF) and the straight line in the tracking
The simulation work has been undertaken using the MATyeformance has occurred even for a relatively small area.

LAB Simulink environment. The sampling time has been; .4y pe concluded that in the case of IRC, the classical
selected as 5Qus microseconds due to the fast dynamic tgeqhack scheme cannot manage a permissible errafof 1

response of the piezoelectric. with a straight line linearity.
There is a need to use a triangle wave as an input to the
nanopositioning systems in order to obtain a raster scan. Table II

. TABULATES THE ENHANCED PERFORMANCE OF THE NANOPOSITIONING
The general procedures used to achieve the raster scah

involve applying triangle or square wave in the x-axis and

PLATFORM WITH HYSTERESIS

ramp (staircase) in the y direction. In order to investigate Without Fuzzy Correction (IRC) Case _
the performance of the hybrid feedback scheme, a triangle(F,j‘;;‘“e”CV (Ru'f) Error g:gxi'[)’:]”z;)”‘” in the Linear| L hearty
wave has been applied to the x-axis of the nanopositionings 1.7032 38 68%
platform. The triangle wave has an amplitude of 160 and With Fuzzy Correction (IRC) Case

a frequency of 5 Hz. At the steady state the error has beenf@?“ency (th’\"nf‘) Error g:g:g“ggmr in the Linear) Lincarlty
plotted for one period for the purpose of a comparative study s 0.9327 1 94%
The three types of damping controllers used to demonstrate Without Fuzzy Correction (PVPF) Case

the effectiveness of the hybrid feedback scheme are IRC,(Flgi‘;“e”CY (Fjl\:'ns) Error 'l\?/':;i;uz"Eb)rror in the Linear Iiiyrlearity
PVPF and PPF. 5 0.8195 3 87%

In designing the feedback schemes, it has been assumed With Fuzzy Correction (PVPF) Case -
that 2% deviation from the required linear trajectory is ac-| ¢{se"® | FS Error | Lamum Brorin the Linear| L inearity
ceptable. Therefore, the maximum error where the trackings 0.4140 1 93%
error is within T% of desired trajectory is considered in Without Fuzzy Correction (PPF) Case _
the case of the hybrid feedback scheme and its counterpgrf/>ie"® (FI%S) Error g:g;;”zn'f)”or in the Linear) Linearlty
error in the classical feedback scheme. This is because the 0.8188 3 84%
area of interest for the raster scanning lies within thigean With Fuzzy Correction (PPF) Case
The tracking performance (time-domain and errors) for the (Féi‘)‘“ency (FL’\:'S‘) Error g:g:g“&f;mr in the Linear) Lincarlty
closed-loop are plotted in figure 10(a), (b) and (c). Eachi s 0.3752 1 94%

figure presents a comparison of the tracking performances
between the classical and fuzzy logic controller feedback The fuzzy logic controller has delivered improved dy-
schemes in conjunction with the three different types ofnamic tracking performance characteristics with lessavibr
damping controllers (IRC, PVPF and PPF). tion in comparison with the conventional tracking method

It is important to note that increasing the tracking gain inbecause it can cope with nonlinearity and vibration via its
the traditional feedback scheme will not lead to any inaeas rules and membership functions. For example, the use of the
in the linear region of the output trajectory. On examimatio Gaussian membership function has reduced the appearance
of the system performance, it was calculated that the hybridf the mechanical resonance. Therefore, the fuzzy logic
feedback scheme can increase the linearity without fear afontroller has been used in this design due to the capacity
experiencing any resonance. of its nonlinearity (fuzzy rules) to offer better dynamic

It is seen that the hybrid fuzzy logic controller schemecharacteristics.
delivers a highly linear positioning performance. As can be It is noted that due to the fact that the hysteresis of the
seen from Table II, the IREtrack delivers a 6% linear  piezoelectric actuators used in nanopositioning is anmbdit
trajectory, where the fuzzytrack delivers 9%. Looking at ~ dependent, it exhibits highly nonlinear behaviour when a
Table Il, it has been observed that in the case of 5 Hz, th&igh amplitude of input voltage is applied. Since the agplie
feedback scheme with fuzzy correction can cope with arvoltage has a high amplitude, the classical control hag clea
error of 1,um for 93% and 94% in the case of PVPF and PPF limitations in its ability to track the reference perfectly
respectively, as opposed to an error ofid. The classical It could be argued that reducing the amplitude voltage
feedback scheme has not shown noticeable compensati®an lead to decreasing the hysteresis behaviour, however,
for hysteresis, whilst the hybrid scheme has remainediinedhis comes at the expense of reducing the scanning area.
even with the existence of hysteresis for a higher frequenclthough flexures can be used to enlarge the movement of
of more than 5 Hz. the piezoelectric, it is limited in its enlargement. For e

It can be concluded that the hybrid scheme has provide¢he use of Jum amplitude can be enlarged to L. This is
approximately the same level of compensation for hysteresireésolved by using the hybrid fuzzy logic controller feedbac
using different types of damping controller. The classicalscheme as the preferred method to overcome the amplitude-
feedback scheme has shown the use of PVPF and PPF betfgfsteresis problem.
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VIl. CONCLUSION

[11]

The main contribution of this paper is to develop a hybrid
multi-loop feedback scheme with fuzzy logic controller that
can compensate for nonlinear hysteresis at the precision

positioning stage. The proposed hybrid multi-loop feed
back scheme with fuzzy logic controller has overcome th

Ji2l

inherent harmful nonlinearity hysteresis and enhanced the
tracking performance of the nanopositioning piezoelectric

actuator. The paper has introduced a new loop to be used f
new input in order to introduce the output in such a way tha

it is closer to the desired pattern. A fuzzy-Pl-controller has
been developed analogously with a conventional controller

and based on its rules the dynamics characteristics havé

been improved. According to the simulation results, the
developed scheme has a verified effective solution to bettgn 5]
compensation for hysteresis and the results have provided a
satisfactory result in terms of the induced error generated.
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