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Abbreviations and Notations

AMM Advanced Micro Mechatronics
BSC Backstepping Controller

CLF Control Lyapunov Function
FPGA Field-Programmable Gate Array
GA Genetic Algorithm

GAS Globally Asymptotical Stability
MBS Modified Backstepping

MGA Modified Genetic Algorithm
MIMO Multi Input and Multi Output

PC Personal Computer

Pl Proportional- Integral

PID Proportional —Integral-Derivative
ODE Ordinary Differential Equation
RFID Radio Frequency Identification
R2R Roll to Roll

SBX Simulated Binary Crossover
SISO Single Input and Single Output
ZN Ziegler-Nichols

J Objective function

A B, C Matrix representing the linear control tgys
f,g,h N-dimensional vector valued function
fi, g, h Real valued functions

u, v Control inputs

X, &n,z State space variables

x° Initial state space vector

y Output variables

u,Vv,w Subspaces



Transformation matrix and coordinate transforaorat

Inversion coordinate transformation
Time variable

Real numbers

Real column vector space with n and m entries

Real matrices of dimension m x n
Lie bracket
Lie derivative

Real numbers

Flows of vector fields
Co-vector field

Co-vector space

Distribution

Equilibrium points

Relative degree of the system
Determinant of the matrix A
Variable number

Web Tension in'l span

Radii of the Rewinder and Unwinder
Angular velocity of rollers
Moments on rollers

Density of the web
Longitudinal deformation

The length off span

Web velocity at"! span

Inertial moment of rollers

Young’'s module of elasticity
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Abstract

There have been many applications which employdidta-woll (R2R) web
technology for mass production such as web printipgpers machine, film
processing, and textiles fabrics. Especially, ralemuency identification (RFID)
and printed electronics are using the principlesR@R manufacturing to create
devices at high speeds and lower cost. Due to nkesasing demand of high
accuracy in printed electronics indusaitya micrometer-level in which linear control
system based algorithms are not able to meet theireenent of performance
specifications. Also, it is proven due to lineatiaa, some nonlinearity is neglected
and the actual system performance is different fteensimulated result$hus, it is
necessary to have a precise control scheme fardhknear R2R web system in the
presence of varying parameters and disturbances.

In the first section of this dissertation, some capts and applications of R2R
web manufacturing technology are introduced andheoretical background is
provided for analyzing and designing nonlinear oargystems. And then state space
exact linearization method for SISO and MIMO noaeén control system which
utilizes the sequence of coordinate transforma#iod state feedback in order to
transform the original system into a linear andtaglable system is presented.
Using the classical design methods for linear @rgystem and return the original
coordinates, a state feedback law is proven to mheetiemands of the performance
specifications and stability. However, such anrapph often leads us to the
complex expressions and sometimes fails to oblarfinal state feedback law. The
guestion arises if the resultant nonlinear feedblagk is able to be obtained by
dividing the whole system into several subsystent @ordinate transformations
and state feedbacks are able to implement altdyrfateeach subsystem. The idea of
backstepping based design approach comes up tovgetthis obstacle. In this
proposal, the whole system is divided into seveuéilsystems in a principle such that
the " subsystem consists of the (f!igubsystem and the™nsubsystem is the
original system via coordinate transformations atate feedbacks. By applying
consecutively the coordinate transformation andosimg feedback law via Control
Lyapunov Function (CLF) to each subsystem fromltveest to highest order and

rewrite the feedback law in the original coordisatthe resulted controllers called

\'



backstepping controller make original system a awvaltking command and
asymptotically global stable. After that a genesedi mathematical model of a class
of nonlinear control system encountered in prattpmablems is proposed and a
systematic procedure is presented for formulatiegltackstepping controller (BSC)
for this MIMO nonlinear control system using theoab proposed approach.

In the next section, some recent works of R2R wyskesn control technology are
reviewed and analyzed. By using several assumpt@nsR2R web system, a
mathematical model of R2ZR web control system isvddr from the Newton’s
Second law and the principle of mass conservatiah then a design scheme for
formulating the BSC and precise control algorithra enplemented for a nonlinear
single-span, two-span and three-span R2R web dosysiem based on the
backstepping based design approach. By the nurhemalation and experimental
implementation, it is also proven that the perfanoes of R2R Web system are able
to be improved by optimal gains. Thus, an introgtucbf genetic algorithm (GA) is
briefly mentioned and a modified genetic algorittMGA) is proposed to determine
optimally the design parameters of the BSC andlgorithm using the MGA is for
updating online the gains is presented in the psef changing radii and viscous
friction.

Finally, simulation and experimental results thanfaom the reliability and
robust stability of the proposed algorithm are preed and discussed and then some
conclusions are made by summarizing the main dauttans in the dissertation and
some discussions such as applicability and linoitegti of the proposed control
algorithm in reality. Also, future works also arddaessed further to improve the
precision and applicability of control algorithms.

vi



1. Introduction

The chapter briefly describes concepts, developsnemtd applications and
challenges of R2R manufacturing technology in pdn¢lectronics. Background and
motivations are discussed and then the main tagjete dissertation are mentioned
and the outline of dissertation is given in the esction of the chapter.

1.1. Overview

R2R processing is when a web or continuous shemiatérial on a roll is fed
out from an unwind unit through one or more midgass steps such as deposition,
patterning and packing and rewind again into aagbthaterial shown in Figure 1.1.

Raw Materials Finished Product

Deposition Patterning Packaging

Roll-to-roll manufacturing process flow

Figure 1.1: Concepts of roll-to-roll web system

Roll materials can be anywhere from less than owé wide to over 72
inches depending on manufacturing techniques. Rudterial falls into four
categories: Plastic based products, paper baselligisp metal based products, and
composites of above substrates. Figure 1.2 showexample of roll materials for

printed electronics technology.

Figure 1.2: Flexible glass substrate



R2R processing has been identified by the displdystry as a technology
that could significantly reduce the costs assodiategh manufacturing displays. R2R
manufacturing can be most easily conceptualizeth@gprocess by which low cost
products such as labels and newspapers are cyrpgntluced, where thousands of
square feet of printed material can be printed jimt a few cents. Although
electronic display materials are much more expengian newspaper materials, the
R2R printing process itself is inherently low castd extremely scalable. Industry
efforts to achieve R2R manufacturing aspire to engnt more arcane materials and
controls into this fundamentally mundane processoider to realize order of
magnitude reductions in the display manufacturiagt structure. If each layer of a
display could be patterned onto a roll of substirat@ continuous deposition process,
then it could be possible to realize a profoundrekse in the cost of manufacturing
an electronic display relative to the conventioapproaches used in the industry
(Michael A. RandolphMIT, 2006. The basic concepts of R2R can be illustrated by
Figure 1.3, where a functional layer is transferatb a substrate by contacting the
surface to a patterned roll that contains the layaterial in an ink form. Although
this direct contact printing is one approach toiead a R2R compatible deposition,
there are other additive approaches that are cdohpatith R2R processing such as

ink jet printing or laser patterning.

Figure 1.3: Offset-gravure R2R printing technology



The fundamental difference between R2R manufaguriand the
manufacturing approaches currently used in theaispdustry is that R2R is a web
process whereas the conventional display manufagtuechniques utilize batch
processes. This allows the layers and processimegatpns to be applied to the
display continuously as it is moved through the wfacturing facility. The cost
reductions are expected to be derived primarilynfra reduction in the material
handling cost of moving the work-in-progress inwegtfrom process to process
within a plant. Additionally, if additive patterrgntechniques can be used in the R2R
process then it is conceivable that a reductiothéncost of materials could also be
achieved.

1.2. Background and Motivation

From the advantages of R2R manufacturing technodogl applications, in the
last decades, there have been many applicationshwémployed the R2R web
technology for mass production such as web printipgpers machine, film
processing, and textiles fabrics and so on to ncakeper production in shorter time.
Especially, RFID (radio frequency identificationhcda printed electronics use the
principle of R2R manufacturing to create devicesigh speed and lower cost, and
they have a big impact on the printed electroniocs publishing industries. Several
developments have pushed the burgeoning printett@hécs industry and up to now
the R2R web system based technologies are sedredsey to producing flexible
electronic components, such as organic thin filamsrstors and other applications.
With the rapid development of mathematical toold digital computers, nonlinear
control systems are getting more attention (D. t€hitE. Laroche, H. Koc, 2001,
Alan F. Lynch, Scott A. Bortoff, and Klaus Robena@k04, Bong-Ju Lee, Sung-
Hwan Kim, Chul-Goo Kang, 2006). Depending on thethmmatical model and
experimental researches, some algorithms for ateretion and velocity control for
an R2R web system have been proposed. (K. H. Sppg)and (K. C. Lin, 2001
and Prabhakar R. Pagilla, Nilesh B. Siraska, 20@4g achieved low cost and high
quality through the implementation of observer teghes, the synthesis of an
observer-based controller in place of tension ttaosr, and the estimation of

friction, and rotational inertias of the rewindedahe unwinder.



An important aspect in R2R web control system de&go fully understand the
physical and mathematical models (Brian Thomas #®ouP001, Seung rohk Oh,
2006, Kee-Hyun Shin, Soon-Oh Kwon, Sang-Hoon King §eung-Ho Song, 2003)
and to come up with disturbance rejection algorg{eung-Ho Song, Seung-Ki Sul.
1998. Alan F. Lynch, Scott A. Bortoff, and Klausii@mack, 2004 and Brian Thomas
Boulter, 2001). In reality, one usually uses linezad models to design the control
systems but due to the linearization, some crumallinearity is ignored and as a
result there is a discrepancy between the actuslesy performance and the
simulated results (Kee-Hyun Shin, Jeung-In Jangin-kyoo Kang, Seung-Ho Song,
2003). In the recent years, many researchers addtem designing nonlinear
controllers by using the backstepping techniquestafPV. Kokotovic, 1992) that
have the advantages of avoiding the cancellatidrenfgn dynamic nonlinearity, and
not forcing the designed system to appear lineawadays, the rapid development
of digital computer, sensor technology, and PC grated devices leads many
researchers and scientists to address design nsefbodonlinear control systems.
There are many methods to analyze and design &ndmlinear control systems.
However, the exact feedback linearization and UWapksng approaches are
considered much in the literature. The state spa@et linearization method for
MIMO nonlinear control systems which utilizes thegeence of coordinate
transformation and state feedback in order to foansthe original system into a
linear and controllable system is presented. He&wesuch an approach often leads
us to the complex expressions with MIMO nonlineamtool systems and sometimes
fails to obtain the final state feedback law. Theesiion arises if coordinate
transformations and state feedbacks are able tdemgmt alternately for each
subsystem. The idea of backstepping based desigmagh comes up to get over
this obstacle. In this proposal, the whole systerdivided into several subsystems.
By applying consecutively the coordinate transfararaand choosing feedback law
via Control Lyapunov Function (CLF) to each subsgstfrom the lowest to highest
order and rewrite the feedback law in the origimalordinates, the resulted
controllers called backstepping controller makegioal system a well-tracking

command and asymptotically global stable



In reality, there are many plants with the changpayameters in time in
operating progress such as roll-to-roll web systand under the effect of
disturbances in operating process. Therefore, tlletedhe system errors and
automatically recovering the errors are necessadylamve been given attention by
researchers in recent years. some modificatiorieeof5A are proposed and applied
to automation systems (Aytekin Bagis, 2007; H. Mhd&ojabadi and Q. Cao, 2005;
Jin-Sung Kim, Jin-Hwan Kim, Ji-Mo Park, Sung-ManrlaVon-Yong Choe and
Hoon Heo, 2008 ;Y.P. Wang, H.H. Chung, N.R. Watsord S.S. Matair, 2000). To
achieve more effective search, the optimizatiororigm (Aytekin Bagis, 2007) is
based on the integration of classical genetic #lyor structure and systematic
neighborhood structure. The simulation results shioat the proposed algorithm is
applied only on the limit range such SISO lineastegn. The analytical procedures
(M. Zhunang and D. P. Atherton, 1993) for obtainiogtimum PID controller
settings for minimization of time weighted integpa@rformance criteria is employed
for the dead time plant model. A method to desigrogtimal disturbance rejection
PID controller is proposed by (Renato A. Kronhlizugd Joost P. Rey, 2001) based
on optimization of the disturbance rejection coaistis. The simulation outcomes
prove the slow response in time. An optimizatiagoathm is proposed for designing
PID controllers (H. Madadi Kojabadi and Q. Cao, 20Chen-Huei Hsieh and Jyh-
Hong Chou (2007)), which minimizes the asymptotgem-loop gain of a system
with uncertainty using the quantitative feedbadotty

In the present dissertation, a general mathematwadel is developed and
applied to formulating the BSC for R2R web contsgstem and a backstepping
based control algorithm is applied using the bagksing controllers. The design
parameters in the BSC are chosen optimally usiegntlodified the MGA (K. H.
Choi, Thanh T. Tran and D. S. Kim, 2009). Also, M&A can be applied to design
the intelligent control systems which can deteet slgstem errors and automatically
recover the errors at every time interval due ®adhanging of the radii and viscous
friction in the different operating conditions. Thediability and robust stability of the
closed-loop control system is demonstrated throughsimulation results in

Matlab/Simulink and experimental results implementa a real R2R web system



The research group at Advanced Micro Mechatronf§INl) Laboratory is
established and developed. The approach of AMM isadivided into two main
groups. The first one addresses the issues refatdte development of inkjet and
offset/gravure printing technology and device iny@ment and the second one is
working on developing the web transport systemrobadgorithms:

» Web tension and velocity control technology

*  Web printing pressure control technology

* Web lateral and register control technology

* Web system integrated control technology

Figure 1.4 shows the approach of AMM Lab researchm

Drop on Demand :
Electrostatic Inkjet Technology : L | Printed

Devices

Memories
Batteries #
e o

RFIDTags

=)

Roll to Roll System

Figure 1.4: AMM laboratory approach

In this dissertation, the author centers on devetpghe backstepping based
algorithm of web tension and velocity control ofntinear R2R web control system
for printed electronic technology.

1.3. Objectives of research

* A generalized mathematical model of a class of ineal control system is
proposed and a systematic procedure is presentefdrfaulating the BSC
using the modified backstepping approach.

 Some concepts, developments, applications, andeolgals of R2R web
manufacturing technology are studied. Also, soncenmeworks of R2R web

control algorithm are reviewed and analyzed.
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* Some assumptions on R2R web system are given amatteematical model
of R2R web control system is derived from the sdcdlewton law and
principle of mass conservation. And then a predsatrol algorithm is
developed for nonlinear single-span, two-span dméetspan R2R web
control systems based on the proposed theory.

* An introduction of the GA is briefly mentioned arad modified genetic
algorithm is proposed to determine optimally theigle parameters of the
BSC and then the MGA based plan used to updateeotiie gains in the
presence of the change of radii and viscous fricanvestigated.

* Numerical simulations are implemented for web t@msnd velocity control
of the single-span R2R web system, two-span R2R system and three-
span R2R web system via Matlab/Simulink.

* A hardware and software schedule is developed ubedg-PGA technology
and Labview FPGA module and a field-programmable garay (FPGA)
technology for experiment.

* Experimental study is employed and compared tontlmaerical simulation

for validation of the proposed algorithm.

1.4. Dissertation Outline

In this dissertation, eight chapters are considasefbllows:

In the first chapter, an overview of concepts, aplons and potentials of R2R
manufacturing technology, background and motivatiohjectives of study and
research contents of dissertation are made.

In the second chapter, a theoretical backgroundtdbe derivative, normal form
of equations for SISO and MIMO, input-output dedougp problem, stabilizing
control, Control Lyapunov Function (CLF) and LyapurStability Theorem is given
and then a generalized mathematical model of & dasonlinear control system is
proposed and a systematic procedure is presentiednalating the BSC using the
modified backstepping approach.

In the third chapter, an introduction of the GA hbsefly mentioned and a
modified genetic algorithm is proposed to deternopgmally the design parameters
of the BSC. Also, the MGA is used to update ontime gains in the presence of the



changing parameters and disturbances. The retiabilithe proposed algorithm is
validated through numerical simulations and expents.

In the fourth chapter, a brief summary and conceapts definitions of R2R web
control system is derived and some recent reseaafii®R2R web system technology
are reviewed firstly. Secondly, depending on sdvassumptions on R2R web
control system, a mathematical model of R2R welirobaystem is derived from the
second Newton law and principle of mass consema#dso, some design concepts
and introductions about the hardware of R2R weleaysaand application of FPGA
technology are given and then software scheduldei®loped using the Labview
FPGA module

In the fifth, sixth and seventh chapters, matherahtnodel and precise control
algorithm are developed for a nonlinear single-span-span and three-span R2R
web control system based on the proposed thearlyapter 2, chapter 3, and chapter
4. After that, a hardware and software schedubieieloped and finally, simulation
and experimental results are analyzed and discussed

In the last chapter, some conclusions are madeimy&rizing and analyzing the
proposed approach, results and overall achieveroérthe work listed in this
manuscript and some discussions such as appliyasiid limitations in reality and
then future works also are addressed to improveptieision and applicability of

control algorithms.



2. Theoretical Background

The purpose of this chapter is to develop a basad for input-affine
nonlinear control systems. Firstly, an overviewiogar control theory is introduced
in geometric approach. Secondly, the concepts afiaariant subspace of"Rvector
field, and flow of vector field, Lie Bracket, Lieedvative, distribution, involutive,
and invariant distribution are given and then Frobg theorem is generated and
proven. By using the mentioned concepts, therdsaisoordinate transformation in
which an input-affine nonlinear system is able te fwritten in triangular
decomposition. Also, a necessary condition for llaeachability and sufficient
condition for being locally indistinguishable argroduced. In the next section, we
will provide a means of finding the condition fasminear control systems which are
reachable from the initial condition using the miai, smooth, and nonsingular
distribution. Also, a normal form of equations amero dynamics of the control
system are presented. After that, show how to foams the normal form of
equations exactly to linear control systems viadlbeek law. The necessary and
sufficient conditions are shown to verify that anliwear control system is solvable
or state space exact linearizable via coordinaestormations and feedback law.
These results will be applied for SISO and MIMOteyss. In the next section, the
Lyapunov stability theory is presented and somédeins and theorems are given.
Finally, the design concepts of backstepping apgroare introduced and a
systematic design for a class of nonlinear cordystem is proposed for formulating
the backstepping controller. Some comments alsmgsed in the end of the chapter.

2.1 Geometric View of Linear Control Systems

Consider a linear control system as follows:
X = Ax + Bu (2.2)
y=Cx (2.2)
wherex € R",u € R™,y € RP, A: nxn — dimensional matrix, B: nxm —
dimensional matrix, C: mxn — dimensional matrix
Definition 2.1: Subspace ¥ R™is invariant undeA € R™" if Ax € Vforallx €
RD
N=3, d=2



r§ L J

X1
Figure 2.1: Geometric interpretation of invarianbspace
d=dim(V)=2
Theorem 2.1: Suppose that V is any d-dimensional subspacR'othen there exists

a coordinate transformation T such that ¥ if and only if
_Zl_
)

z=Tx =|— (2.3)

Lo d,
Observing that T can be applied as a state-spaesftrmation of the linear control
system as follows
T _ _ _
(4,B,C) - (4,B,0) (2.4)
whered = TAT™,B =TB,C = CT!

Proposition 2.1: if x € R can be reached at time t=T from x(0) then x can be

decomposed as
x=X(0) + v (2.5)

wherev € V is an invariant subspace under A which contaiadri(B).

Theorem 2.2: (Wonhan)
Suppose V is a subspaceRdf such that
i) V is invariant under A
i) Im(B) cV
iii) V is the smallest subspace which satisfies i) gritien V is the subspace

of reachable state for (A, b) i..= Im(R(4, b))
10



Remarks:
Let V be a subspace that satisfies the conditioiheorem 2.2. Lat € R™. By
defining the subset:

S, 2{x€ER"x=p+v,veEV} &P
Then set of reachable point at time t = T wpea 47 x(0)

A
x3

u=0

\J

x2

“_'_"--\

x(0) Sx(0)

X1

Figure 2.2: Geometric interpretation of reachaldmp
Theorem 2.3: (Triangular decomposition)
Let W is a subspace & such that
i) W is invariant under A
i) W c ker (C)
i) W is the largest subspace which satisfies i) and ii
then the system (2.1) and (2.2) can be decompased a

J'Cl = A11x1 + A12x2 + Blu}
562 = Azzxz + Bzu

y = szz (28)

Thus, the statephas no affect on y.

2.7)

Remarks:

i) Two different initial conditions with the samd component are indistinguishable
at the output. Thus, this deference is an elemieWt o

i) Condition iii) infers that two different initlaconditions are indistinguishable at
the output only if their difference is in W or

C
W=ker(] CA | (2.9)
CAn—l
11



If the pair (A, C) is observable then (A, C) ha#l fank orW = {0}, thus no states
are distinguishable

i) S,2{xeR“x=p+w,weW} is the set of initial states that are
indistinguishable

iv) So, using either W (observability) or V (contatility) can foliateR™ into “shuts”
of “leave”

2.2 Notations and Conceptsfor Nonlinear Control System

Consider an input- affine nonlinear control system
x=f(x)+gx)u (2.10)
y =h(x) (2.11)
wherex € U c R", f(x)and g(x)are valued functions,u € R,y € R,h(x) € R
It is assumed that f, g and h are smooth vectdddierhus, the derivatives of f, g,
and h exist also and continuous on U.
Definition 2.2: A mapping®: R* - R"
x:— z=00(x) € R"
is a global diffeomorphism if
i) For eachz € R the inverse mappin@~*(z) is well-defined or
d ((I)_l(z)) =1z

(2.12)
(I)_l((D(Z)) =1z

i) ® and @ 'to be smooth in R"
Remarks:
1. If R" is replaced by € R", then® is local diffeomophism
2. What is the effect of € ®(x) in a reachable (f, g, h)
Definition 2.3: (Lie Brackets)
Let f and g be a smooth vector fieldle R" likewise for, then the Lie bracket of f

and g is
[f.8100 = | 100 -2 800 (213)

where

12



(081 081 0817 rof;  ofy Of 1
0X1 aXZ " aXn 0X1 aXZ o aXn
og| _ |98z 982 082 5o  |Ofz 0f, Of
& X - 0X1 aXZ a').(.n y & X - aXl aXZ 0.).('11
9gn Ogn 98n oy 0fy ofy
[0x1 0%z 77 9xpd [0x1  0xz "7 9xpd
is called Jacobian
Remarks:
)] [f, g] is smooth vector field

i) Likewise for §[f, [f, 9], ..., [f [ [f g]] .| = adfg

i) More properties of the Lie Brackets

iv) lafi + Bf2, 9] = alfi, g] + Blf2, g]

V) [f,ag1 + Bg2] = alf, 9.1 + BIf, g.], wherea, § € R

Vi) Skew symmetry: [f, g]= - [g, f]

vii)  Jacobian identitytf, [f2, fz1] + [f2 [fi, 1] + [fo [fs, f]] = O
Theorem 2.4:
Let f and g be a vector field with ro@{ and®?, that is

f g
20 =f@)AndS 0 = g(0f) (2.14)
t N

Then

0 o0 =0 0 d] = [f,g] =0 (2.15)
Definition 2.4
Let f be a smooth vector field dhe R™ on L,A: U — R the Lie derivative ofl with

respect to fis

LeAC) = (dAC), f) (2.16)
Remarks:
)] L¢A is the ‘directional derivative’ when , <f, f>=1
i) NoteL:A: U — R so Lie derivative can be computed iteratively, or

Ly (Ly2) = LiA = (d(Lsa), f)
Lg(Lf’l) = LgLeA = (d(LfA);g)
iii) Leta: U — R thenLyA(x) = a(x)LeA(x)
iv) Lis g A(x) = LeLgA(x) — LgLsA(x)
V) Leta,B:U — R then

13



[af, Bg1(x) = aGIBCOLF, 9100 + (Lef(x)) () g(x) —
(Lya())BGOf ()

Vi) The Lie derivative of a co-vector fietd with respect to vector field f is
defined as
of Odw
0

T
Lro() £ 0() =+ (G )

Suppose that we are given d smooth vector figlf, ..., f,, onU € R™. At
eachx € U € R™, we can associate a vector space
A (x) £ span(fi(x), f2(x), .., fu (X)) (2.17)
The dim ofa (x) is
Dim (A (x)) = rank ([f1(x), f2(x), ..., fu(x))]) = d (2.18)
Definition 2.5:

A smooth vector distribution oli € R™ is a smooth mapping from U to the vector

space{A (x):x € U}
Remarks

i) A smooth distribution can be described by a seshodoth vector field

A (x) = span(fi(x), fz(x), .., fa(x))

1)) A is said to be nonsingular with dimension d if divgx)) = d, OxOU.
OtherwiseA is said to be singular
Proposition 2.3
Let Xp be a regular point and smooth distributtowith dim(A(x)) = d, OxOU.
There exists a neighborhood of &hd smooth vector field§f; (x), fo(x), ..., fa(x)}
such that

i) A (x) = span(fi(x), fz(x), ..., fa(x)) on U

i) GivenA, there exists smooth scalar-valued functions

c1(x), (%), ..., cq(x) such that
g(x) = XL, ¢ () fi(x)vx € Ug (2.19)

Definition 2.6:
A distributionA is involutive ifg;, g, € A = [g4,9,] € A

14



Lemma2.1:

Let A be a nonsingular distribution defined by smoottctee field A (x) =
span{f; (x), f(x), ..., f(x)} thenA is involutive if and only if{f;, ;] € A Vi, j
Remark: This gives a finite test for involution

Proof: suppose thaf is involutive then trivially[ﬁ-,jj-] € AVi,j. Conversely, let

suppose thdtf;, f;| € A Vi, j. If g1, g, € Athen

d

70 = ) @@

d
90 = ) i)

S0,[g1, 921 = [, () fi(0), T, di(0) f;(0)]

d d
= D lafudifll = ) il fi] = Ldjeifi = Ly,cid
ij=1 ij=1

= [g1,92] EAVx m
Definition 2.7: A smooth co-distribution ol € R™ is a smooth assignment of a ‘co-
vector spaceQ(x) for each ¥ U
Remarks:

)] 1-d co-distributiom: U +— R, Q(x) = span{di(x)}

i) Supposew,, w,, ..., wg are smooth co-vector fields

Q(x) = span{w; (x), w,(x), ..., wa(x)}
i) Suppos&\ is a distribution o/ € R™
Q(x) = At(x) 2 {w € (RM)*:(w*,v) = 0,VV € A}

called annihilator ofA
Let A be a smooth, nonsingular distribution on U. Suppgss U
A (x) = span{f1(x), f2(x), ..., fa(x)}
then there exists a set of (n-d) smooth function:
A: U — R such that span{d},,dA,, ...,dA,_;} = A+ at some neighborhood of’ x
such that/® e U
Definition 2.8 if such definition exists for each, € U then we say thaf\ is

completely integrable
15



Theorem 2.5 (Frobenious Theorem)
A smooth, nonsingular distribution is completelteigrable if and only if it is
involutive

Proof: Pick anyx® € U then on neighborhool, of x, there exists a smooth vector

field {f, f2, ..., fa} such that\= span({fy, f>, ..., fz}) on U
Now, supposé is completely integrable. Then there existst,, ..., 4,,_4 such that

(dA,fi)=0fori=12,..,n—d;j=12,..,d
& L, dA; = 0 = span{dy,dA,, ..., dAp_q} = A+
Thus, need to sholy;, f;] € A Vi, j, indeed,
(dA, [fi. f;]) = L[fj,fk]Al- = ijLkai — Lkafin = 0,Vi,j (Identity) or

dA;(x)
dA (%) | (£, fi] = 0,Vx € UO
dAn-a(x)
Thus,[f,, f;] € (&Yt =a Vi,j = Alis involutivem

Theorem 2.6
Suppose thak is involutive, there existé,, 4,, ..., 4,,_4 such that
span{dA,,dA,, ...,dA,_4} € A+
Proof: For anyf € A, define the flow of f,CD{(x) such that
x(1) = of (x°)
x = F(x),x(0) = x°

SinceA= span({fi, f>, ---, fa}), @ is smooth and nonsingular, then there always

eXiStSfd+11 fd+21 ""fn such thatpan ({fll fZ' '"lfd 'fd+11 fd+2' lfn}) =R"

given find
Now defineF (ty, t, ..., t,;,) — CDQ ° d){j °..o0 CI){Z(xO), where|t;| < g, Vi =
1,2,..,n

Definition 2.9: DistributionA is said to be invariant under a vector fieldlfift] €
AVTEA

Remarks: A is nonsingular distribution of d-dimensional. Let

A (x) = span{t; (x), 12(x), ..., 14 (x)}
then[f,t] e AVte As [f,1;] €AVi=1,2,..,d

16



Lemma 2.2 (Triangular decomposition)
Suppose thaf is a d-dimensional involutive that is invariantden a vector field
then if x, € U then there is a local coordinate transformatiea®(x) such that f

can be represented as:

AR

f@ =15

)l,VZ € DU (2.20)

Proof:
From the theorem 2.4 (Frobenious Theorem), theistsea local transformatiod on

some neighborhood off x° such that

71(2)
TEAS 1(2) = fdgz) ,Vz € d(U?)

0

Consider the following constant vector field belomgto A or
0 —
0
TEAS T(2) =¢; = 1,jth| vz € oWW%,i=1.2,..,d
0
L o
SinceA is invariant under f, we have;
621 aZi
_ of 0f, 0 0f,
[f'T]:O_ET:_azz (1) =2z €A
_aZn_ nad _Ozi_

nxn

Thus, (n-d) term must be zero—aaéz_l_£ =0,i=12,...d;k=d+1,d+2,..,n.

Hence fy(d + 1 < k < n) cannot depend on z,....,%.

Equivalently,f,(2) = f, (zl,zz, rZg» Zd+1s ...,zn> =£() m
€] 02

17



2.3 Local Decomposition of Control System

Consider the input-affine control system (2.11) #2d 2), the objective of
this section is to find the necessary condition ome point? reachable from %
and also to find the sufficient condition for iaiti state & and X to be
indistinguishable at the output
Lemma 2.3 (Triangular decomposition)

Let A is nonsingular distribution of d-dimensional. Asmithat
i) A is involutive
i) A is invariant under f
i) Span{g,0,..gm} LA
Then for each %0U, there exists a local co-ordinate transformatodefined on a

neighborhood of @of x° such that

(.1 = E((L(g) + §ﬁ1 gu(ﬁ:(z)ui} (2.21)
2 = 12(2)
whereZ = [z, z; - ZdZg41 Za+z - Zn]T thend, is unaffected by u
{1 02
or

U— ({10 —
*

(&) —>

Figure 2.3: Triangular decomposition of affine cohsystem
Proof: From i) and ii) that exists @ defined on a neighborhood of of x° such
that

£G4,

ﬁ@;LWEQW%

ﬁ@:[

Fromii)gOA,i=1,2,....,m

So, necessary
5i(2) = [95) | m

18



Lemma 2.4: LetA is nonsingular distribution of d-dimensional. Assithat
)] Ais involutive
i) A is invariant under ggz. .. Om
i) A OSpan{dh, dh, ...,dR}"
Then for each %JU, there exists a local transformatidrdefined on a neighborhood

of U° of x° such that

&= (0,0 + X1 31:(G, 82) ui} 299
&y = FG) + X ) (2.22)
and
yi = hi($,),i =1,2,...,p; Vz € D(U?) (2.23)
or

u _.{ F@ul)
e

u— 4 f(z) —m

Yé

Figure 2.4: Triangular decomposition of affine cohsystem

Proof From i) and ii), we have:

fi(6u
f(8)

We haveh;(z) = h; o ®~*(2)

gli((li (2

) .
32:(0) | vz e 0w

f@) = )l,VZ € DU, gi(2) =

If T € Athen by i)t € span{dh,, dh,, .. ,dR,)"
So, in particularly{dh; 7),= 0,i = 1,2, ..., p. By considering the elememt,of the
form,1(z) O g, i=1, 2,..., d then

_O_

0

of on arl:

(dhy ey = |20 Oh - — Shifjo
aZl aZz aZn 1

0

n

We havel™ = 0,i = 1,2,..,p,j = 1,2,..,d & ~i(2) = h(Zass, Zasz, o 2,)®
]
02
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2.4 SISO Nonlinear Feedback Theory
Further, this section will provide a means of finglthe condition for systems
(2.10) and (2.11) which are reachable from thaahtondition using the minimal,
smooth, and nonsingular distribution. Also, a ndrimam of equation and zero
dynamics of the control system are presented. Alfigr, show how to transform the
system (2.10) and (2.11) exactly to linear consgstem using the two steps:
Applying a special coordinate transformation anentlapplying the nonlinear state
feedback.
2.4.1 Normal Form of Equations
Consider an affine nonlinear system as form:
x=f(x)+gx)u (2.24)
y = h(x) (2.25)

Definition 2.10 A SISO affine nonlinear system (f, g, h) is saichave relative

degree r at kif
) LyLkh(x) =0,vx €U’ c U,k =0,1,2,..7 — 2
i) Lyl th(x) #0
Two key facts
) The functions.fh(x),k = 1,2, ...,r — 1 such that
dh(x°), dLrh(x°), ..., dL; " h(x°) are linearly independentrn)
ii) Define thed;(x) = L}‘lh(x),i = 1,2,..,r. There exists a set of
complimentary®,. . (x), ®@,,,(x),..., ®,,(x) defined on U such that
Ly®;(x) =0,i=12,..,nonU% and®(x) = [®; ,,..,P,] has a

nonsingular Jacobian. Hene,is a local diffeomorphism.

Lemma 2.5: (Normal Form Equation)
Given a system (2.24) and (2.25), with relativerdeg at %, then there exist a local

coordinate transformation z&(x) on a neighborhood 1f x° such that
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( Z'1=ZZ

Zy = 73
Zy_q = Zy
V2 = b(z) + a(2)u (2.26)
Zriq ="C.Ir+1(z)
\ Zn = qn(2)
and
y == Zl (227)
And the zero dynamics
Zry1 = Qr+1(2)
Zrv2 = Qr42(2) (2.28)

Zn = qn(2)
Here the block diagram of normal form equation

".;:21‘ » & o Z: a Y=Zl
—» | ]—r——;——r | > | >
A7
Zi=Qi(Z)r
i=r+1,..,n

Figure 2.5: Block diagram of normal form of equasto

2.4.2 Exact Linearization via Nonlinear Feedback

The problem is to determingx) andg (x)to make the input/output map
v — y exactly linear as shown in the Figure 2.6.

The Input/output linearization

Vo u—e@+sor | Y| x=f@+g@u | | Y
__'_’ > :4P
: y=h(x) i
: A \

E State feedback !

b 1
P /O —>

Figure 2.6: The input/output feedback linearization
Four steps:
)] (f, g, h) must have the full relative degree r &
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i) A coordinate transformatiof?(x) as
D, (x) h(x)
o) = | 200 |=| kA (2.29)
Opy ()] |LFRG)

iii) Find (f g, E) in z-coordinate or normal form equations or

{ 21 = Zz
Z'z = 23
4 oo (2.30)
Zpn-1 = Zn
Lz’n = b(z) + a(z)u
iv) Applying a nonlinear linearizing feedback law
_v—>b(2)
a2
Some comments:
)] If the feedback linearization is not exact thenseldloop system is

unstable. Evan if the pole/zero cancellation (Imggstem) is perfect this
is still a problem that the output still have uméainternal (but not
observable) dynamics

i) If the nonlinear system has zero dynamics whidbaally asymptotically
stable near the equilibrium point then the systemcalled locally
minimum phase at the equilibrium point.

i) The problem “Zeros in the output” can be generdlimethe problem of
replacing the same outpui(y).

iv) If (f, g, h) has relative degree r = n, then stiteamics or I/O mapping
and completely and exactly linearizable by feedbackl state space
transformation.

V) If (f, g, h) has relative degree r < n, then thaey exist a | which (f, g, h)
have r = n. then the state dynamics are fully lizedle as mapping —
y, but in general,v — y will not be linear. Should] not exist or not be
of practical use then at most only the 1/O mapping> y can be
linearized. The system has zero dynamics

Vi) If (f, g, h) has no well-defined relative degreext then basic theory

gives no guidance and advanced theory exist, yrearic extension.
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25MIMO Feedback Control System

In this section, we shall see how the theory degeiofor SISO systems can
be extended to multi-inputs and multi-output noedinsystem. First, some concepts
and definition such as relative degree for MIMO aresented and after that the
normal form equations, zero dynamics and exactltination via feedback is given.
The application of this approach will be discussedhapter 5 and 6.

2.5.1 Normal form of equations

Consider an input- affine nonlinear control system

X =f(x) + X%, gi()y (2.31)
yi =hi(x),i=12,..,m (2.32)

where

x € U c R, f(x)and g(x)are n — dimensional vector — valued functions

u € R™,y € RP, h(x) is m — dimensional vetor-valued function

It is assumed that f, @nd h are smooth vector fields. Thus, the derivatives$, of

and h exist also and continuous on U.

Definition 2.11: (Relative degree for MIMO)

The system (2.1) and (2.2) is said to have a veetative degre¢’s, -, "m}ata

point x,, if
e Foreachil <i<m,

(Lg1L¥ni(x), ..., LgmLihi(x)) = (0, ...,0) (2.32)

Forallk < r; — 1, and for all x in a neighborhood of

«  The mxm matrix

L, L3 hi () o e Lg LT hy(x)
A =| Lo L T ha(0) o Lo LRy (x) (2.34)
Lyl hy () e L L R ()

IS non-singular at x =x,

If the vector relative degree is well defined foe tmultivariable non-linear system
(2.31) and (2.32), then there exists a feedbackwaiwh achieves decoupling of the
input and output dynamics.
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Lemma 2.6 Suppose the system has a (vector) relative dg@iree--» "m}at x.
Then, the row vectors
If dh, (x°) dLghy (x°) .. dL7 " hy (x°)
| dhy(x%) dLhy(x°) ... AL hy(x®) (2.35)
thm(x(’) dehm(x.‘;.) e AL Ry (©)
are linearly independent.
Theorem 2.7

Consider the multivariable nonlinear system (2&1d (2.32), with m inputs

and m outputs. Suppose foreach & i <m

(Lg,Lfh;i(x), ..., Lg, LEhi(x)) = (0,...,0) (2.36)
forallk < r; — 1, and for all x in a neighborhood ©f
(Lg, L hiCxo)s s Lg, L7 Ry(2)) # (O, ...,0) (2.37)

Then the decoupling control problem is solvabletly state feedback law if and
only if the matrix A ;) is non-singular, i.e. if the system has a vectdative
degreg{’1, -, Tm}atx,.

Proposition 2.4 Suppose a system of (2.31) and (2.32) has a (yeodtative
degreg”, -+, Tm}. Then

n+nrnt+.+np,<n
Set, forl <i <m,
(P00 = hi(x)
@5 (x) = Lehy(x) (2.38)
Ok (x) = L hy(x)
If r =1, + ry+.. 41, is strict less than n. it always possible to findmore
functions®,. 4, ..., @, such that the mapping
d(x) = col(P1(x), ..., DL (%), DT'(%), ..., P (), Dpyg (%), ..., P (X))
has a jacobian matrix which is nonsingular%&mnd therefore qualifies as a local
coordinate transformation in a neighborhood bfBhe value at %of these additional
functions can be chosen arbitrarily. Moreoverh# tistribution
G = span{gy, ..., Gm}
is involutive near % It is always possible to chooge., 1, ..., ®,, in such a way that
Ly, ®;(x) =0
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Forallr + 1 <i <n,foralll <j <m,and all xaround x°
The same steps are used as for SISO for calculdiendescription of the system
MIMO in the new coordinates:

( 4P _ g1
dt ®;
a®; _ Pl
dt
< L (2.39)
dPri-1 _ 11
T — (:I)rl
Aol _
(= Lhy () + X Ly L Yhy ()
By introducing the new variable, that is,
AN TE)
gi=| 6 |=| P20() | for1<i<m (2.40)
&) \ole
&= (&, ..,&m (2.41)
M (Dr+1(x)
n= M | = Pre2(®) (2.42)
Mn-r (Dn(x)
And
aij(€,m) = Ly, L (@ Em) for 1< i, j<m 2.43)
bi(§m) = Lihy(@7M(E,m)  forl<ij<m '
Then the equations can be rewritten as normal fafreguations
=4
Gy =& (2.44)

\&L = bi(E,m) + X7y a6y
And the output equation:
yi =& (2.45)
If the G = span{g,, ..., gm} IS involutive distribution, the zero dynamics bét
systems as
1 =q:1(&n)
N2 = q2(&,m)
ﬁn:;_l = Qqn-r-1(§&, M)
n-r = qn-r(§,7M)

2.46)

25



The equations (2.44) and (5.46) characterize thenaloform of the equations
describing the nonlinear system of equations (2a8it) (2.32), with m inputs and m
outputs having a vector relative degrge, - Tm} at X.

2.5.2 Exact Linearization via Feedback

The purpose of this section is to illustrate hogystem having m inputs and
m outputs can be transformed into a linear androthable system by means of
feedback and change of coordinates in the statespa

Consider the system of (2.31) and (2.32); we waifind the static state
feedback of form:

w; = a;(x) + XL, Bij(x) v; (2.47)
wherea;(x) and f;;(x), for 1 < i,j < m: Smooth functionsy; : Components of the
new reference inputs
By combing the (2.47), (2.31), and (2.32), we have:

x = f(x) + X1 gi(0)a;(x) + X2 (X1 95 (0) i (x)) vy (2.48)
yi = hi(x),i=12,..,m (2.49)
Using the (2.47) for more condensed expression
u=alx)+ v (2.50)

where
Uy a;(x) B11(x) o Bim(x) U1
u=[---],a(x)=[ ],ﬁ(x)=[ ],v=[
Um U (%) Bmi(¥) o Bmm(X) Um
By combing the (2.31), (2.32) and (2.47), the aible®p system can be rewritten in
more convenient ways as
x = f(x) + g)alx) + g(x)B)v (2.51)
y = h(x) (2.52)
If B(x)is nonsingular for all x, then the feedback (2.580)alled regular static state
feedback.

Sate-space Exact Linearization Problem:

Given a set of vector fields f(x) agd(x),j = 1,2, ...,m and an initial state®, find

(if possible), a neighborhood of U of%xa pair of feedback functions
a(x), B(x) defined on U, a coordinates transformation ®(x) also defined on U,

a matrix4A € R™™ and matrixB € R™", such that
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oP
U@+ g@etn] =4 (2.553)
oD _
[g (9B (x))]|x=¢—1(z) = (2.54)
and
rank(AAB ..A"'B) =n
Lemma?2./

Suppose the matrig(x°®) has rank m. Then, the Sate-space Exact Lineanzatio
Problem is solvable if and only if there existseaighborhood U ok° and m real-
valued functions;(x),i = 1,2, ..., mdefined on U such that the system (2.31) and
(2.32) has some (vector) relative degtge..., .} at x°andry + 7, + -+ 1, = n
Remark: The condition that the matgxx®) has rank m is indeed necessary for the
existence of any set of m outputs functions suet the system has some relative
degree ax® in Proposition 2.1.
Lemma 2.8
Suppose the matrix(x°) has rank m. Then, there exist a neighborhood of ¥°o
and m real-valued functionk, (x),1,(x),...,A4,,(x) defined on U such that the
system

x=f(x)+gx)uandy = A(x)

has some (vector) relative degfeg ..., 7, } at x° withry + 1, + -+ 1, = n

If and only if:
i) For eachl <i<n-—1, the distributionG; has constant dimension
nearx?:
i) The distributionG,,_; has dimension n:

i) For eachl < i < n — 2, the distributionG;is involutive:

Theorem 2.8: (Exact Linearization Problem)
Suppose the matrig(x°) has rank m. Then, the state space exact lineaneati

feedback problem is solvable if and only if

i) For eachl <i<n-—1, the distributionG; has constant dimension
nearx?:
i) The distributionG,,_; has dimension n:

i) For eachl < i < n — 2, the distributionG;is involutive:
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By using above mentioned theorems, a feedback aolatw will be applied and
synthesized in the next chapter for the single-9paR web system. The numerical
method is implemented and compared to the backsigpproach.

2.6 Theory of Lyapunov Stability

For the linear control systems, the Nyquist stgbilcriterion, Routh’s
stability criterion, the first method of Lyapunoindirect method of Lyapunov) is
used for analyzing the stability of the system. Ronlinear systemshe second
method of Lyapunov (direct method of Lyapunov) ged. Some definitions and
theorems will be introduced in the following:

2.6.1 Some definitions

Consider the system:
x=f(x,1t) (2.55)
Wherex, f € R™, t-time, initial conditionx(t,) = x,
Definition 2.12: (Equilibrium state)

A state x,, is called an equilibrium state of the system (2i6%)x,,t) = 0,Vt

Definition 2.13: (Stability in the sense of Lyapunov)

LetSs = {xo: l|xo — xell < 8(ty), Vt = to}, @(t; x0, o) be solution of the equation
(2.55), and S, = {®(t; xo, to): |D(E; x0, to) — x|l < (o), YVt =t} , then An
equilibrium statex, of the system (2.55) is said to be stable in thess of
Lyapunov if, eacls, , there exists &5 such that trajectories starting & do not
leave S, as t increases infinitely.

Definition 2.14 (Uniform stability)

If 6 does not depend ag then the equilibrium state is said to be uniforabkd.
Definition 2.15 (Asymptotic stability)

An equilibrium statex, of the system (2.55) is said to be asymptoticsiable if it
is stable in the sense of Lyapunov and if everytsmh starting withinSg converges,
without leaving S, to x, as t increases infinitely.

Definition 2.16 (Asymptotic stability in the large)

» If asymptotic stability holds for all states fromhieh trajectories originate,

the equilibrium state is said to be asymptoticathble in the large.
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* A necessary for asymptotic stability in the largethat there is only one
equilibrium state in the whole state space.
Definition 2.17 (Instability)

An equilibrium statex, of the system (2.55) is said to be unstable ifsimme real

number(] > 0 and any real numbé&r> 0, no matter how small, there is always a
state ¥ in Ss such that the trajectory starting at this statede&.,.

Definition 2.18 (Positive definiteness of scalar function)

A scalar function V(x) is said to be positive aé in a regiorQ (which includes
the origin of the state space) if V(x) > O for mtinzero states x in the regi@hand
V(0) = 0.

Definition 2.19 (Negative definiteness of scalar function)

A scalar function V(x) is said to be negative daéinf —V(x) is positive definite.

Definition 2.20 (Positive semi-definiteness of scalar function)

A scalar function V(X) is said to be positive sedefinite if it is positive at all states
in regionQ except at the origin and at certain other statbgre it is zero.

Definition 2.21(Negative semi-definiteness of scalar function)

A scalar function V(x) is said to be negative selaiinite if —V(x) is positive semi-
definite.

Quadratic form:

P11 P12z - Pmn][X1
V) =xTPx=[%1 % . xp]|Pz Pz - Panf1% (2.56)
Pn1  Pn2 « DPnn Xn

Where x is a real vector and P is a real symmatatrix

Hermititian form:

Pu1 Piz v Pin] X1
V) =xTPx=[%1 % .. x,]|Pz P2z = Panf)% (2.57)
Pin P2n - PandlXn

Where x is a complex vector, P is a Hermititiannm®aandp;; is complex conjugate
of p;;, and for quadratic form;; = p;;.
Notes:

* The positive definiteness of the quadratic formHarmititian form can be

determined by Sylvester’s criterion or the necgsaad sufficient conditions

29



that quadratic form or Hermititian form V(x) be g are that all
successive principal minors of P be positive.
* V(x) is positive semi-definite if P is singular aall the principal minors are
nonnegative.
2.6.2 Second Method of Lyapunov

The idea is from the fact that a vibratory systenstable if total energy (a
positive definitive function) is continuously deaseng (which means that the time
derivative of the total energy must be negativanite)) until an equilibrium state is
reached.

Theorem 2.9: Consider the system (2.55) and an equilibriunestat= 0 (f(0,t) =
0, vt) if there exists a scalar function V(x,t) havirmptinuous, first partial derivative
and satisfying the following condition:

* V(x,t) is positive definite

«  V(x1) is negative definitive
then the equilibrium state at origin is uniformlyaptotically stable.

Theorem 2.10: Consider the system (2.55) and an equilibriumesigt= 0

(f(o,t) = 0,vt) if there exists a scalar function V(x,t) havingntinuous, first
partial derivative and satisfying the following chtion:
* V(x,t) is positive definite
« V(xt) is negative semi-definitive
o V(®(t;x,,t0),t) does not vanish identically in> t, for anyt, and any
xo # 0, where ®(t; x,, ty,) denotes the trajectory or solution starting from
Xo andt,
then the equilibrium state at origin is uniformlyanptotically stable in the large.
Theorem 2.11:
Let V: R™ - R be ac? radially unbounded function and x = 0 be an eftiilim
point ofx = f(x) such that
* VO)=0
* V(X)>0whenx #0
e V(x) <0whenx # 0
then the system is globally asymptotically staB&§) at x =0
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Theorem 2.12: Consider the system (2.55) and an equilibriumesigat= 0

(f(0,t) = 0,vt) if there exists a scalar function W(x,t) havingntinuous, first
partial derivative and satisfying the following clition:
* W(x,t) is positive definite in some region about trigin
«  W(x t) is positive definitive in the same region
then the equilibrium state at origin is unstable.
2.7 Backstepping Based Design Theory

The backstepping design methodology was originalisoduced in adaptive
control theory to systematically construct a feettbeontrol law. Various BS design
techniques have been introduced such as integrsiiaci-feedback systems, and
adaptive, robust backstepping. In this researchodified back-stepping approach is
employed for the non-linear MIMO system. The maaifbackstepping approach for
MIMO systems involves recursive processes whiclalbor@ design problem on the
full system down to a sequence of sub-problem®wei order systems. Considering
each lower order system with a Control Lyapunov diion (CLF) and paying
attention to the interaction between two subsystemakes it modular and easy to
design the backstepping controller (BSC). The tastifinal BSC for the full system
meets the performance specifications and achiel@mlty asymptotical stability.
First, the concepts and basic problem using th&dbegping approach are presented
and then in the second section, a systematic désrga class of nonlinear control
system is proposed. The applicability and religpitif the proposed algorithm will
be implemented and compared to the exact line@izapproach in the next chapter.

2.7.1 Concepts of Basic Backstepping Design

Consider an affine form system as follows:
z=f(2)+g(2)§ (2.58)
E=u (2.59)
A state feedback control law is designed to asyigatty globally stabilize system
at the origin. This is addressed as a cascade coon®f two components in which

the first one is an integrator:
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u & s J z

f(2)

Figure 2.7: Backstepping based system design
Suppose we can asymptotically globally stabiliz=ftrst system of
z=f(2) +g9(2)§
We add a virtual control la& = ¢(z)in which ¢(0) = 0, this implies that the origin
of
z2=f(2)+9@)¢(2) (2.60)
is asymptotically global stable as discussed itiGe@.9 in chapter 2.

A Control Lyapunov Function (CLF) V(z) is choserdasatisfies the inequality:

Zf +99] < -W(2) (2.61)
where W(z) is a positive definite function. By aulgliand subtracting(z)¢(z)to

obtain the following equation:

z=f(2)+9(2)¢(2) + g(2)[¢ — ¢p(2)] (2.62)
E=u
The resultant system is shown by block diagranm&sgure 2.8
u &4 + z
— > g(2) > |
?(z)
f+egeo

Figure 2.8: Introduction of control

The change of variables is added as follows:

y=$5—9¢(2) -432)
which generates the following system equations
2=f(2)+9@)¢(2) + g(2)y (2.64)
y=u—¢(2) 2.65)

which is shown in Figure 2.8. This change variableften called backstepping since

the “backsteping” of the control byg (z)through the integrator
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g(z

do | dt

S+ g9

Figure 2.9: Backstepping control via integrator

Since f, g, and are gen functions, the time derivative can betamitas:

$(2) = 22[f(2) + 9(2)¢] (2.66)
A new variablev = u — ¢(z) is introduced to reduce the system to
z=f(2)+9@2)p(2) + g(2)y (2.67)
y=v (2.68)

Which has the same form as the system we startédtiae exception that we now
know the first system is asymptotically stableha origin. This modular property of
backstepping will be exploited to stabilize the rafesystem.

This is done by considering a candidate Lyapunoetion
Ve(z,8) = V(2) +5y? = V(2) + 3 (§ — $(2))? (2.69)

The time derivative of Vis written as follows:

V(2. §) = [f + gl + 5 9@y +yv < —-W(@) + 3 gDy +yv  (2.70)
By choosing
av
v= —Eg(z) —ky,k>0

This implies that

Ve(2,§) < —W(2) = ky® (2.71)
which implies the origin is asymptotically stabletlae origin. Sinceb(0) = 0, this
implies that z = 0 anél = 0 is also asymptotically stable.
LemmaZ2.9
Consider the system (2.58) and (2.59)¢iét)be a stabilizing state feedback law for
the system in Equations (2.58) and (2.59) whygi®) = 0. Let V(z) be Lyapunov

candidate function such that

av
3, @+ 9@ < -W(2)

For some positive definite W, then the feedback law
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0 ov
u=21£) + 9281~ 5 9(2) ~ KIE ~ (D] k > 0

asymptotically globally stabilizes the origin witte CLF:

1 2
V(@) =5 [§ - $()]
2.7. Backstepping Based Design of Modified Strict-feedback Form

The input-output decoupling problem for the nordineontrol system (2.72)
- (2.77) can be obtained by a feedback controlvath the conditions mentioned in
the above theorems. The question arises on howtesrdine such a control law. In
this dissertation, a systematic method is propéseadansform the nonlinear system
into the equivalent linear system by a change afestoordinates and the state
feedback using the backstepping approach.

Consider an MIMO affine nonlinear system in thddaing form

x1 = f1(x1, %2, X3) (2.72)

Xy = fo(%1, %2, X3, %4) + g1 (%1, X2, X3, X4 Uy (2.73)

X3 = f3(xq, x5, X3, %4) (2.74)

X4 = fa(x1, X2, X3, %4) + g2 (%1, X3, X3, X4 ) U3 (2.75)
with the output equations:

y1 = hi(x) (2.76)

Y2 = ha(x) (2.77)

Wherex € R%, f(x)and g(x)are 4 — dimensional vector — valued functions

u € R%,y € R%, h(x) is 2 — dimensional vetor-valuted function

It is assumed that the system has a well-definkdive degree at equilibrium points
and thex,, x, variables in Egs. (2.72) and (2.74) are solvahldietly in terms of
the other variables. Thus, input-output decouplimgblem is solvable by a state
space feedback exact linearization law and the $tstdback law is designed using
the backstepping approach.

The objective is to design a control law for thelireear control system (2.72)-(2.77)
such that x; = xq,.f and x3 > x3..r asymptotically where,.r and xs,.r are
constant and globally asymptotical stability (GAB)sense of the Theorem 2.11 is
achieved with no overshoots in the system. Theo¥ollg are the steps for
formulating the BSC for the system (2.72)-(2.77).
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Step 1: x, is regarded as a control input in Eq. (2.72) teatdnsidered as the first
subsystem. Thus;, is chosen to make the first subsystem GAS. Thecehgicalled
avirtual control law, i.e.
By putting
(1= X1 — Xyref 18)
By differentiating both sides of the Equation (3.#8time and combining with the
Equation (2.72), we have:
G = %1 = fi(§1 + Xiress X2, X3) (2.79)
For the Equation (2.79), a CUR{;) can be chosen such that when the virtual
control law is applied, its time derivative becomegative definite, i.e.
V=3¢ (2.80)
By taking derivative in time of the Equation (2.80)d combining with the Equation
(2.79) results in;
Vi=06 = (1]01((1 + X1iref xz,x3) (2.81)
By satisfying the GAS condition in a sense of Lyagu in Theorem 2.11 for the
Equation (2.81), a virtual control lamy can be chosen as follows;
—C1G; = f1((1 + xlref'xz'x3)
- a; = A1(c1, 01, %3) = x; (2.82)
wherec; is the positive gain
By doing so, we have:
Vi=086 =—cf <0Vg #0 (2.83)
Step 2: By choosing the state feedback (2.82) and agdhai coordinate (2.78) and
(2.84), or

G=x— (2.84)
The second subsystem can be rewritten as follows:
. $1=—c1Gy . } (2.85)
(= fz(ﬁ + Xiref, G2 + al,x3) + 91((1 + X1rer G2 + al,x3)u1 —

A CLFV,({3,{;) can be chosen such that it makes the subsyst&®) (BAS with

the virtual control law, i.e.

Vy=Vy+502 (2.86)
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Taking the derivative of the Equation (2.86) in d¢inand combining with the
Equation (2.16) result in;
V, = —c, (7 + (2(f2((1 + X1ref, G2 + “1:x3:x4)
+91((1 + X1ref, (2 + al,xg,x4)u1 —a;) (2.87)

To meet the GAS condition in the sense of Lyapuimoviheorem 2.11 for the
Equation (2.87), a control law; can be chosen such that

—¢203 = [2(1, G2y X3, x4) + 91($1, o, X3, Xx4)Uq — Ay

= Uy = A,(cy, €2, X1, X2, X3, X4) 2.88)
wherec, is the positive gain
By doing so, we have:

Vo= =107 — 203 <0V, # 0 (2.89)

Step 3: by choosing the state feedbacks (2.82) and (2a88) a change of state
transformations (2.78) and (2.84), the third sutesyscan be rewritten as follows:

(:1 =—c16y
{2 = —C20 (2.90)
X3 = f3 ((1 + X1rer, (2 + al,x3,x4)
By putting
{3 = X3 — X3pef (291
The third subsystem can be rewritten as follows:
(:1 =—c16y
{2 = —C20 (2.92)

3= f3((1 + X1rer (2 + 1,43 + x3ref1x4)
Now, x, is regarded as a control input in the subsyste®2J2Sox, can be chosen
to make the subsystem (2.92) GAS. A GLk{,, {,, {3) can be chosen such that it
makes the subsystem (2.92) GAS with the virtuatrcbitaw, i.e.

Vs=V,+ %(32 @)9
By taking the derivative of the Equation (2.93)time and combining with the
Equation (2.92) result in;
Vs = —10% — 203 + Cafs(Ca + Xarer, Go + @1, {3 + Xapef, X4) (2.94)
To satisfy the GAS condition in the sense of Lyapum Theorem 2.11 for the

Equation (2.94), a virtual control lass can be chosen such that

—C3(3 = f3((1 + X1ref o+ ay, i3+ x3ref:x4)
36



=y = A3(€1,62,63,01, 82, §3) = x4 (2.95)
wherec; is the positive gain
By doing so, we have:
Vs = —c10f — 203 — €305 <0V, 85,03 %0 (2.96)
Step 4: by choosing the state feedbacks (2.82) (2.88)ar@®%) and a change of state
transformations (2.78) (2.84) and (2.91), the catgplystem can be rewritten as
follows:

(:1 = —C1$1 )
(.2 = —C2(3
{3 = —C3(3 . (2.97)

%y = fo(Qo + Xarep, O + @1, 83 + Xapep, X4) +
92(51 + X1ref (o +ag,dz+ x3ref:x4)u2 J

The complete system is rewrite as follows:
(:1 =—c1G )
<2 = =020,
{3 = —C303 > (2.99)

64 = f4((1 + X1ref (o +ay, {3+ X3ref) (s + az)
+9> ((1 + X1refr§2 + @1, G5 + X3pep, (4 + az)uz — ay)
A CLFV,({, 45,03, ¢s) can be chosen such that it makes the subsyst®&9) (@AS

with the real control law, i.e.

Ve =Vs+02 @
By taking the derivative of the Equation (2.100)time and combining with the
Equation (2.99) Result in;

Vi = =108 =203 =305 + {a(fa(1, G20 43, Ga) + 92(81, 20 G, Q) up — i) (2.101)
To satisfy the GAS condition in a sense of Lyapumovlheorem 2.11 for the
Equation (2.101), a control laa can be chosen such that

—CaGs = f4($1, 02,03, Ca) + 91(C1, G2, 03, () up — iy
Uy = Ag(Cq, €2, €3, €4, X1, X X3, X4) (2.102)
wherec, is the positive gain
By doing so, we have:

Vi=—c10f — €203 — c385 — 4§ < 0V(1,05,03,44 # 0 (2.103)
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Thus, by choosing the state feedbacks (2.82) (488p) and (2.102) and a change
of state transformations (2.78) (2.84), (2.91) &n88), the nonlinear control system
(2.72) — (2.77) is transformed into the decoupieddr control system as follows

(:1 = —0151\|

?2 - :zz? (2.104)
3 = —C363

64 = —C4(4J

By examining the system (2.104), it is clear tihat $ystem is stable and converges to
zero with positive gains and the response of thstesy has no overshoots. The

desired settling time and rising time of systema&ined by tuning the gains. Thus,
the stability and performance specifications onsystem (2.71)-(2.77) are achieved

with the BSC.

In summary, the BSC for the system (2.72) — (2ig gjven as follows

Uy = Ay(cq, €y, %1, X3 X3, X
_1 2(€1, €2, X1, X2, X3, X4) } (2.105)

Uy = A4(Cy, €2, €3, €4y X1, X2 X3, X4)
wherecy, c,, c3 and c, are positive gains that are determined optimallyubyng the
modified genetic algorithm in chapter 3.

2.8 Some Comments

It is clear that the idea of backstepping basedgdespproach is feasible by
applying consecutively the coordinate transforrradod choosing feedback law via
Control Lyapunov Function (CLF) to each subsysteomfthe lowest to highest
order and rewrite the feedback law in the origioabrdinates, By examining the
system (2.104), it is clear that the system islstamnd converges to zero with
positive gains and the response of the system basvarshoots and the resulted
controllers (2.105) called backstepping controlfieake original system a well-

tracking command and asymptotically global stable.
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3.Modification of Genetic algorithm

In this chapter, a brief summary of genetic aloni (GA) and recent GA
based control algorithm are outlined, a proposedification of the GA for control
system is addressed and then an example of apptice given to prove the
reliability of the MGA. Finally, an algorithm is pposed for the intelligent control
systems which can detect the system errors andnatitally recover the errors at
every time interval due to the changing parameters disturbances in the different
operating conditions.

3.1. Introduction

With the rapid development of digital computerr@tent years, the genetic
algorithm (GA) is considered as a key role in dep&lg the modern automation
systems and the other fields that have the alwfityetecting the system errors due to
the external and internal disturbances and autecaibtirecovering the errors in
order to make system stable and improve the pagcisUntii now, some
modifications of GA are proposed and applied t@anstion systems (Aytekin Bagis,
2007; H. Madadi Kojabadi and Q. Cao, 2005; Jin-SKimg, Jin-Hwan Kim, Ji-Mo
Park, Sung-Man Park, Won-Yong Choe and Hoon He0®82.P. Wang, H.H.
Chung, N.R. Watson, and S.S. Matair, 2000). Toeachimore effective search, the
optimization algorithm (Aytekin Bagis, 2007) is lbdson the integration of classical
genetic algorithm structure and systematic neighdaad structure. The simulation
results show that the proposed algorithm is apmidg on the limit range such SISO
linear system. The analytical procedures (M. Zhgnand D. P. Atherton, 1993) for
obtaining optimum PID controller settings for mimeation of time weighted
integral performance criteria is employed for tlead time plant model. A method to
design an optimal disturbance rejection PID cotdroils proposed by (Renato A.
Kronhling and Joost P. Rey, 2001) based on optimoizaf the disturbance rejection
constraints. The simulation outcomes prove the sl@sponse in time. An
optimization algorithm is proposed for designingDPtontrollers (H. Madadi
Kojabadi and Q. Cao, 2005; Chen-Huei Hsieh andHghg Chou (2007)), which
minimizes the asymptotic open-loop gain of a systeithh uncertainty using the
guantitative feedback theory. Hung-Cheng Chen ameh&Hsiung Chang (2006)
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suggested a PID controller design for an active matig bearing using the genetic
algorithm. The results show that the proposalscarevenient for control system
with fixed parameters and with no high accuracyunmegnent. In reality, there are
many plants with the varying parameters in tim@perating progress such as roll-
to-roll web control system and under the effectlisturbances in operating process.
Therefore, detecting the system errors and autcaiBtirecovering the errors are
necessary and are has been given attention byrchases in recent years. In this
paper, an algorithm is proposed for the non-liregantrol systems with the changing
parameters in time and due to the impact of disturbs. The contributions of the
proposed algorithm are the following:
* The proposed algorithm is able to design the optouatroller of non-linear
system based on the state space approach ana ¢jasstic algorithm
* With rapid development of calculation speed of digcomputer and sensor
technology, the algorithm can be applied to deglyn intelligent control
systems which can detect the system errors andnatitally recover the
errors at every time interval due to the changiagameters and disturbances
in the different operating conditions

3.2 A Classical Approach of Genetic algorithm

Genetic algorithm is stochastic search method tatics the metaphor of
natural biological evolution. Genetic algorithm rsdawith no knowledge of the
correct solution and depends completely on respgofigen its environment and
evolution operators (i.e. reproduction, crossovet enutation) to arrive at the best
solution. By beginning with the initial populatiorsd searching in parallel, the
algorithm avoids local minima and converging to sgtimal solutions. Figure 1
shows the structure of a genetic algorithm. Geredgorithms work on populations
of individuals instead of single solutions. In thigy the search is performed in a
parallel manner. There are three main stages ehatg algorithm; these are known

as reproduction, crossover, and mutation
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End
While stopping condition(s) not true do
Fori=1,ndo
Choose P 2, new gains at random

Create ffspring through application of crossover operator
Mutate dfspring strategy parameters
Integrate the motion equations
Evaluate the objective function of new gains

If value of objective function is less than epsilon

Best gains
End
End
Select the new population
t=t+1
End

The use of real-coded GAs with search operator iotde suited than binary GAs in

finding feasible gains from feasible parent gaiinsthis proposal, the use of real-

coded GAs with simulated binary crossover (SBX) angarameter-based mutation
operator is implemented. The mutation probabilityjtation parameter, crossover
rate and crossover probability is selected depgndmthe speed of convergence of
algorithm

3.3. Modified Genetic Algorithm and Applications

The modification of genetic algorithm in this tres based on the idea about
an algorithm that is able to design optimally thegmeters of controller in non-
linear control systems. Depending on the stateesppproach, numerical algorithm
for the ordinary differential equations (ODE) anidssical genetic algorithm, an
algorithm is proposed for designing the optimaltoalfer for the nonlinear control
system. On the other hand, with the rapid developnoé digital computer and
sensor technology in recent years, PC-based caaltyotithm design is paid special
attention by many researchers and engineers. $®ndeg on the minimum of

objective function of output errors, consumptioreryy and PC-based design, the
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proposed algorithm can be applied to automatidathe the parameters of controllers

at time interval due to the changing factors inetiamd disturbances.

Determine the limited
interval of gamns
W
(Generate randomly the
initial gains in given interval
\r
Calculate the mitial value of
objective function J1

v
] =1 rTTTTTTTTTTTTT TS !
v | |
Generate a new < Mutation i
population | :
7 5 i :
Determine the state ! |
e | Crossover '
variables i !
V. : L i
Cal_culiite the rE_Llue of Reproduction i
objective function 12 | :

Keep the best gains

2

i=i+1

Figure 3.2: Block diagram of the MGA
Figure 3.2 is the block diagram of the MGA with thigective function shown in the
Equation (3.1).

J =B Zi(ed) +m; EiLi(T) (3.1)
where N and M are the number of control variabled state errors, respectively.
pi,n; are scale factors;(i=1, 2... N) is the error between the operatind eeference

points andr;(j=1, 2...M) is control variables.
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In the next of the chapter, the effectiveness aippsed MGA will be
implemented by numerical simulation. A PID conteoltlesign is employed for the
third order system with the transfer function (3a2)Jd objective function (3.1) with
parameters shown in Table 3.1.

4228

G=
(s+05)(s? + 164s+ 8456)

(3.2)

Simulation results shown in Table 3.2 with ten @mef simulations prove the
convergence and reliability of the proposed algonit With ten times of simulations,
it is clear that the third one is with the minimwalue of objective function from
Table 3.2. So, optimal gains are chosen in accealavith this case. Figure 3.3
shows the change in time of gaing Kj, and Ky with 100 generations.

Table 3.1: Parameters e MGA

Parameters Values
A number of generation N=100
Size of population S=40

The probability of mutation| p,, = 0.8
The probability of crossoverp,. = 0.5
Scale factors By =1, =0.02

Table 3.2: Simulation Results of the Third OrdestSyn

No.| K, K Ko | Value of O.F.
1 | 1.416] 0.9200| 0.4335 0.0434
2 | 1.492| 0.9897| 0.5443 0.0433
3 |1.157] 0.7590| 0.1175 0.0412
4 |11.156|0.7731| 0.1181 0.0412
5 | 1.318| 0.8631| 0.2949 0.0431
6 | 1.378| 0.8999| 0.3686 0.0433
7 | 1.449) 0.9602| 0.4746 0.0434
8 | 1.357| 0.8789| 0.3584 0.0432
9 | 1.353| 0.8810| 0.3483 0.0432
10 | 1.426| 0.9361| 0.4465 0.0434

In order to estimate the improvement of the progdosg¢gorithm, the
comparison of performance of system with Zieglechis (ZN) tuning method is
employed. Figure 3.4 shows the step response dhitteorder system in two cases

with MGA controlled and ZN controlled system.
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Figure 3.4: Step response of the third order gyste

3.4 Control System Design of Automatically Tuning Controller

Nowadays there are many applications in industmat trequire the
manufacturing system with the flexible response &mgh precision due to the
changing of operating condition. The concept oélilgent control and automation
system is generated with the rapid developmenigifall computers which is able to
detect the errors of system in the operating pode® to the changing parameters
and external disturbances and automatically recoyethe errors to make plant
stable and precise. In recent years, the PC-basatfot system and flexible
automation system design is taken much attentiorebgarchers and engineers and
is a favor trend in designing the automation systasing on the rapid development
of sensor technology, calculation speed of digitahputers, and modified genetic
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algorithm, an approach is proposed for designirg ititelligent control system.
Figure 3.5 shows the block diagram of control gystef automatically tuning
controller.

In this proposal, digital computers are considegdontrollers. The use of sensors is
to determine the output values of system. Dependimthe reference values, output
values and the objective function, the proposedrdlgn calculates the convenient
gains of controllers and automatically updatesghims after certain time intervals.
The performance of the proposed algorithm is digdeo two stages. The first one
is to design the optimal gains of controllers byngson the initial parameters of
system and the modified genetic algorithm showhigure 3.2. Due to the change of
parameters and disturbances in operating processnitial gains are not suitable
any more. Thus, a gain tuning scheme needs to péoged at every time interval to
make system stable and reliable. The second oneaHagaction that will adjust
automatically the gains by using the informatiorowbthe difference between the
output and reference and the value of objectivectfan in Equation (3.1). The
following is the algorithm diagram for control sgst design of automatically tuning

controller scheme.

Parameters j4— GA | 0.F

s

r(t) eft)

Controller Plant EEEALN

h

Figure 3.5: Control system design of automaticalhjing controller scheme
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Figure 3.6: The algorithm diagram of automaticélliging controller scheme

In summary, the chapter summarized the GA and aifreddgenetic
algorithm is proposed based on state space apprdaehproposal is verified by
numerical simulation of the third order system. Ahdn algorithm of automatically
tuning controller scheme of web control systemiiey. The applications of this
proposal will be implemented in designing the R2BB/¢ontrol system in chapter 5,
6, and 7.
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4. R2R Web Control System for Printed

Electronics

In this chapter, an outline and perspectives of R&® control system is
presented firstly and then a mathematical modehiobtl by using the Newton’s
second law and principle of mass conservation Wwél shown and finally an
introduction of hardware and software design of R&® control system are given.

4.1 Literature Survey
4.1.1. Concepts of R2R Web Control System

Figure 4.1 shows the R2R web system used to ntek@rinted electronics
devices. The termweb’ is used to describe any long, thin, continuous féaxdble
materials such as paper, film and textiles. Webcgssing machinery is used
extensively in industry because it is a cost effecinethod of material handling and
processing. A simple example of a web processnagnetic tape reader: The web in
this case is the tape itself, which is transpoftedh one roller (the unwinder) to
another (the rewinder). A magnetic head reads rif@mation on the tape as it is
conveyed from one end to the other. Other exampleseb handling machinery
include textile manufacturing processes, printingsped and so forth. A R2R Web
Based ESD is shown in Figure 4.1. The web is puliech the unwinder to the
rewinder via its tensile force (this is an interrfaice that is generated while the
machine is operating). In manufacturing industiye tweb typically undergoes
various processing stages, each of which both regj@ certain tension level in the
material and also affects the tension in the webrddver, to increase throughput,
manufacturers are running web processing machinegea increasing speeds. These
changes in industry have placed a high demand oe aszurate control of the web's
motion and tension.

R2R web control system at AMM laboratory consist®9 idle rollers, an
unwinder, a rewinder, an infeeder, an outfeeden, dancer systems, four load cells,

two ultrasonic sensors, two web guide systems akjdtiprinting systems.
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Infead unit

Rewinder

Windar
Ultrasonic sensor Dancersystem  |nkjet prnting system

Figure 4.1: R2R web system based inkjet printirgjeay at AMM Lab

In the next step, the concepts and functions df @act will be presented:

The idle rollers are free movement without extemalon and used to guide
the moving web around the load cell in a fixed andt is also used to
support the oscillation of web in the presence @bwveight. Thus, the
arrangement of idle rollers is to increase the emuof printing processes.
Unwinder consists of a roller supported and actethke attached motor and
roll of web materials that are used for printingalgo Also, unwinder is used
to control the web tension in this span.

Rewinder consists of a roller also supported arnddaby the attached motor
and roll of web that is rolled after the movemenmni unwinder and some
processing sections. The rewinder is also usedotwral web velocity for
single-span R2R web system and regulate the wedoterior multi-span
R2R web system.

Infeeder is a system that consists of two rollegutated by hydraulic system
and one motor. Infeeder is used to control weborglan multi-span R2R

web system.
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* Outfeeder is a system that consists of two rollegulated by hydraulic
system and one motor. Outfeeder is used to conibl tension in that span
in multi-span R2R web system.

» Dancer systems are used in two goals. The firsti®rie take up the slack
during the start-up and the shutdown; it is alseduso control the web
tension with low speed in some applications.

* In order to control the web tension at spans, nsotirthe unwinder, the
outfeeder, and the rewinder are used to produceatdarques

* Load cells are used to feedback the web tensiorisgithe operating process

* Web guide mechanism is used to control web |latgral.

» Ultrasonic sensors are used to measure the chdngelipof unwinder and
rewinder. These feedback signals are sent to theatdoard for convenient
commands.

* Inkjet printing system is used for the printed @i@cics such as RIFD,
circuits, and solar cells and so on.

» Control panel is a combination of hardware and rcbrdoftware. It is also
integrated with remote control for users. A PCttached to help users to set
the reference web velocity and tension. | is atsaised for other purposes

such as inkjet system control, web guide systentraband so on.

There are many tension related web problems sudefasmation of web due to
stretching or wrinkling, loss of registration whiglicing or changing speed, slack
web which can cause web breaks, wrap-ups arourdrdroller, variation of coating
thickness, unwind or rewind core crushing, redurctiof machine speed to
accommodate web, handling problems, inconsistgatelength, telescoping rolls,
excessive waste of web material. In this dissemasome assumptions are employed
for simplifying the problem that is able to modataanalysis.

4.1.2. Perspectives of Web Tension and Velocity Control

The first question arises what web tension is ao@ important it is. In
generally, web tension is the longitudinal forceénigeexerted on a process material
often expressed in (N) or simply put how tight thaterial is pulled. Thus, a small

variation of web tension leads to the poor quatifyfinal products. In order to
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improve the product quality with low production tasiany control algorithms have
been proposed but most of them have been developdohear systems. Through
these models, there are two approaches in tensitnot in recent years:

* Open loop tension control that is no actual measfeedback value and a
center wind application actual tension will varyedily with the diameter of
the wound roll. A dancer can be used also to miaimanstant tension, or the
torque to the center-wind can be adjusted based measured diameter of
the wound roll (diameter compensation)

» Closed loop or feedback tension control that ustraresducer or loadcell to
measure actual web tension and then a torque a#ngerewound roll is
controlled based on the feedback value. Danceemsysican also be closed

loop based on tension feedback

With the rapid development of mathematical toold adigital computers,
nonlinear control systems are getting more attenfiepending on the mathematical
model and experimental researches, some algoritbmes web tension and velocity
control for an R2R web system have been proposatieSroposals have achieved
low cost and high quality through the implementatmf observer techniques, the
synthesis of an observer-based controller in plafcéension transducer, and the
estimation of friction, and rotational inertia dfet rewinder and the unwinder. An
important aspect in R2R web control system desgrtoi fully understand the
physical and mathematical modedsi\d to come up with disturbance rejection
algorithms. In reality, one usually uses linearizeddels to design the control
systems but due to the linearization, some cruwdalinearity is ignored and as a
result there is a discrepancy between the actuslesy performance and the
simulated results (Ku-Chin, 2010).

In the recent years, many researchers have addrésseéesigning nonlinear
feedback controllers by using the backstepping @ that have the advantages of
avoiding the cancellation of benign dynamic nordimty, and not forcing the
designed system to appear linear. The proposah ¢g§h2009) shows that the web
tension is a key factor to improve the web latenaibr and register error. In this
paper, the authors developed an integrated matiehatodel of web tension and
web lateral movement. The numerical simulation explerimental results prove the
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reliability of the statement. Also, the rapid deywhent of printed electronics
technology, the web based printing accuracy isirequvith a micro-meter level in
which the small variation leads to the bad quadityinal product. Thus, precise web
tension control model of R2R web control systera key to achieve this goal. In the
next section of the dissertation, some assumptenes proposed and a general
mathematical model of nonlinear R2R web systenmasgnted.

4.2 Mathematical M odel Development of Roll-to-roll Web System

4.2.1 Assumptions

To obtain the governing equation that describesvdration of web tension
in spans, we utilize the Newton’s second law amdl#liv of mass conservation with
some assumptions as follows

* The tension variation is neglected where the raltettacts the web
but is considered between two rollers

* The web has no permanent deformation due to apfaiegion

* The dynamics of loadcell and dancer dynamics isrigh

» The web thickness is quite small correspondindpéortller radius

* No slipping phenomena exists between web and figrso

* The density, the modulus of elasticity, and thessrsectional area of

web are constant

4.2.1 Development of Dynamic Equations

The control volume used in analysis is shown inuFegsd.2; it includes the
region of embrace of the upstream roller and tlee §pan, ending at the point of
contact of the downstream roller (Gaby Saad, 2000).

Control Volume

Figure 4.2: The control volume
It is a fact that there is a direct relationshipween the force applied to an elastic

material and the resulting amount of stretch. Agagnihat the web is perfectly
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elastic, the tension and the stretch are directoportional. Engineering stre is
defined as the ratio of material extension to thgimal length in the material (i.€
the percentage increase in length). The <g, is the ratio of internal force in tt
material (i.e., tension) to the cr-sectional area. For elastic materi o = Ek,
whereE is Young's modulus of elastici

Consider a portion of the web material of mass nhiaitial [,, shown in
Figure 4.3

At lo--onomommooe- >
i Undeformed web - :"'?j.l

Deformed web]| '

|

Figure 4.3: Deformation of web mater

By defining the linear density of the undeformedves p,, = lm , we see that once
0

is deformed to a length of | ¢ + Al, its linear density becomes

u Al
p = &, e=1 4.1)
V2 Vi
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3 I )
X2, Ay X1 Ag

Figure 4.4: The relation betwerollers and web in a zo

The relation betweeweb tension and velocity is given in [21]. Consitlez C zon¢
shown in Figure 4.4 that is surrounded around by dotted rectangular, ti
transmitting velocity and web tension have thedfeihg relation according to tt

mass conservation.

d
E{f;: Pc (x)ACdx} = ppApV1 — pcAcv; (4.2)
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wherev: Tangent velocityp: The density of web, A: Cross-sectional area db.we

2
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|

Figure 4.5: Isolated small element of web

dx -

By using the elastic theory for isolated small edatin Figure 4.5 and the neglect of
deformation of web in z and y direction, we have fibllowing expressions:

dxyg = (1 + &,)dx (4.3)
whereg,: Strain of web in x direction that is along thevament direction of web,
dx,: Length of element before deformation
Substituting the Equation (4.3) into Equation (4aB)l according the assumption, we

obtained:

da
I [(A—ex)lc]l = (A = ep)vy — (1 — &)v, (4.4)
Where, shown in Figure 4.4; is the web length between two nip rollegg,is the

web strain between the unwinder and the first wifers in the web transmitting

direction. Therefore, the web velocity and webistrave the following relation.

IC%SC =V, —V; — V& + Vi€ (4.5)
It follows that from Hook’s law, we have:

TB = AESB, TC = AESC (46)

Where T and E represent web tension and the elastilulus of web, respectively.

Then, the web tension dynamics of R2R web can jp@sented as:

d AE 1
T [Tc] = - [v, —vi] — - [V, Te — v, Tg] (4.7)
(o c

In general of multispan R2R web system, considentab velocity and tension &t i

span, the Equation (4.7) can be rewritten as falow
ﬂ
dt

AE 1 )
= l_L [Ui+1 - Ui] - l_L [vi+1Ti — vlTi+1]ll =12..N—1 (48)
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where N is the number of web spans of R2R web syste

In the next section, we formulae the relationstepaeen the web velocity, tension,
and torque that is generated by motors on rollérgs assumed that there is no
slippage between web and rollers and ignore ofritrion.

v
—

O
Orvon

Figure 4.6: Relation between nip roller and web ement

Tg < ! > T

A

As shown in Figure 4.6, the use of the Newton’soedc law, the web dynamics is
obtained in the Equation (4.9):

d
]A% = Ra(Ty — Tg) — Bawy + 74 (4.9)

J4 :Total moment of inertia of the unwind roll and mott startupw,: Angular
velocity of the rollerB,: Coefficient of viscous frictiont,: Torque generated by
motor at roller;R,: Radius of roller.

By combing the Equations (4.8) and (4.9), the dyicaeguations for™ span are
written as follows:

dT; _ AE 1 ]
- = l_i[vi+1 — ;] - n [Vig1 Ty —v1Ti4a], 0 = 1L,2..,N

(4.10)

Ji—=Ri(T; = T;_1) — Bjw; + 1;

dwi
dt

These equations are used to generate the motiatieqs of a multispan R2R web

control system in the chapter 5, 6 and 7.

4.3 R2R Web Control System Design

In this section, a design introduction of the pregub R2R web control system
is presented. Also, hardware and software schelmeeity introduced.

4.3.1 Hardware Design
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Figure 4.7 and 4.8 show the drawing of R2R webtrobrsystem that is
derived into four blocks:

* The first block consists of unwinder, web guidep system, two loadcells
and rollers. This block has a function to handie wWeb tension at*1span,
velocity control for the whole system and latemrabefor processing sections.

» The second block has two selections that can helled with Inkjet Printing
Units and Gravure/Offset Printing Units. This blaskused to implement the
web based printing technology.

* The third block is offset/gravure printing unit st in Figure 4.8. This
consists of offset gravure printing and dry units.

* The last block consists of rewinder, web guide,sygtem, two loadcells and

d3rd

rollers. This block has a function to handle thebvtension at ¥ an

spans, and lateral error regulation for rewinding.

AMM LAB
" R2R WEB ESD SYSTEM

Figure 4.7: Drawing of R2R wed ESD system
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Table 4.1: Devices of R2R Web ESD at AMM Lab

No Name of devices | No. Type of devices Company
1 | Motor 4 | HC-KFS43 BOSCH Group
2 | Loadcells 4 | CL Cantilevered Load Cells MAGPOWR
3 | Edge position sensor 2| DAC-004 FIFE company
4 | Dancer system 2| On/Off MAGPOWR
5 | Ideal rollers 19| Small rollers DGl
6 | Nip roll system 2 | On/Off Hydraulic Cylinder DGI
7 | Offset pivot guide 2 | Symat 50 Offset Pivot Guide FElcompany
8 | Web materials 5| PET DGl
9 | Vision system 2 | IEEE 1934 Camera NI
10 | PXI/ Real-time Controllef 1 | PXI 7813R reconfigurable I/Q NI
11 | Motion control with 1/0 2 | Rexroth IndraDrive NI
12 | IndraDrive C 4 | MR-J2S-40A NI
13 | Ultrasonic sensor 2| MIC+25/IU/TC Migatron Corp.
14 | FPGA module 4| DAQI/O NI

Table 4.1 shows the devices selected for buildirg R2R web control system at

AMM lab, Jeju National University. Korea.

5
s

R
e

£ 2

Figure 4.8: Drawing of gravure/offset printing uit
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4.3.2 Software Design

Figure 4.9 shows the block diagram for building sioétware for controlling
the R2R web ESD system.

1 — — I
Sensor systerns Modelling Systemn confroller R2R Web System
Base/iteb
&l ) ol
=azignal== N il Motor/Driver 1,2,3,4
Loadcell Weh tension control Web tension controller B
Module(]) 00,23, el
+DO(1, 2, 3, 4) +DI(L, 2,3, 5, 6,7, 8, 9, 10) IQ%
+DO(12, 13) e
I —a
- Web lateral controller N
<<s|g_na|>> ™ Web guide 1,2
Ultrasonic sensor Iy Web lateral control :g%‘sl: ?2) +AIE)
oo Wodule(?) gt
+DO0E)
+DOfF) “‘\_Q_ t
DO On/OFF control il
= D. t 1,2 -
= ™ L +DOE?, ) ; = :I“(;;r system
+D Q11,12 +
EPS 1 il o —| +AIE
:ggg})w) | 7| Printing pressure control —a
+Module(3) Printing pressure controller 4
v_<_<5igna|>> +DO(1E, 14) Infeed/outfeed
ision system +D1I(13, 14, 15, 18]
+DOL) ::ig)o)
Al 4 |
Ref. Yaluses Web register control Web register controller |
+Ref, Tension(1, 2, 3 Hiodule(4) +DO0, 8 Offset/Gravare
+Ref, Velocity(1) +D1(17) *AIE“g
+AI1Z
+AI(F)
+AI(14)
i
User Interface
+MI PXI Based Labview FPGAQ)
+Algatithrnl)
+Programi]

Figure 4.9: Block diagram for control Program
The block diagram consists of four modules:

e Sensor systems
* Modeling
e System controller

* R2R web system

Figure 4.10 shows the interface of control prog@nR2R ESD System. The
software allows users handle the web tension atatiye at each span. Also, inkjet
printing units is controlled by the motion contsthges with three axes. On the other

hand, the functions such as function generator, ppuand heater status are also
regularized by software.
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Figure 4.10: Interface of control program of R2RCESystem

The software also allows users to know about thetegy status of web

velocity, web tension, and printing parameters. $&etions of control algorithm of

PID, Backstepping and Fuzzy Logic based algorittares available to help users

compare and analyze the experimental results.

In summary, this chapter introduces briefly abdw toncepts, definitions,

and applications of R2R web control system in tirst fsection and then a

mathematical model of"ispan web dynamics is generated by using the Nésvton

second law and principle of mass conservation.llyindne hardware and software

scheme for R2R web ESD system is introduced.
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5. Single-span R2R Web Velocity and Tension

Control

In this chapter, a mathematical model for singlearsgR2R web control
system is generated by using the mentioned theoghapter 4. By rewriting the
dynamics equations in affine form and using thallieek linearization theory and
zero dynamics in chapter 2, a nonlinear feedbacdktroler is obtained. For
comparison and advantages of backstepping apprsacompared to conventional
approach, a procedure for formulating the backsteppcontroller and a
backstepping based web tension and velocity coalgwrithm are proposed using
the theory developed in chapter 2, chapter 3 aagiteh 4 in the next section. After
that a Labview FPGA Module based software designintsoduced. Finally,
numerical simulation and experimental results adressed in the single-span R2R
web control system. Those results will be discusaed compared to the existing
developments in order to show advances and liraitatof the proposed algorithm.
5.1 Mathematical Model of Single-span Roll-to-roll Web System

Figure 5.1 shows the two-span R2R web system tbasists of unwinder,
rewinder, infeed unit, and two loadcells, rollefateral control unit and dancer
system. The idle rollers guide the moving web adbtire load cell in a fixed angle.
In order to operate web, unwinder and rewinder msoéoe used with control torques
TyandTt, respectively. There are two dancers on unwindramdnd sides to take up

the slack during start-up and shutdown

Figure 5.1: The R2R web system at AMM Laboratory
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uhwinder Rewinder

Figure 5.2: Model of single-span web control system

By using the dynamic equations in chapter 4 for gpen R2R web system and some
transformations, the nonlinear dynamic equationssiaofjle-span roll-to-roll web

control system can be written as follows:

. Ry By 1
wu:ET—Ewu—ETu (51)
T = —KRywy, —~“Tw, + KRyw, (5.2)
. Ry By 1
wr=—;T—;wr+;T,~ (53)
The inertia change satisfies the following equation
é,h
= -u 4
Ri(t) =Ry - (5.4)
_ &uh
R(t)=Ry+ o (5.5)
4 _ 4
‘]u = ‘]uo +7pN(RJ—2RJO) (56)
4 _pa
3= 3yq 4 rpw "R (5.7)

where J,:Total moment of inertia of the unwind roll and motat start-up time;
J,o . Total moment of initial inertia of the rewindllrand motor at start-up timel,:

Total moment of inertia of the unwind roll and motg, :Total moment of inertia of
the rewind roll and motore, :Angular velocity of the unwind rollg, : Rotational
angle of the unwind rollg, :Angular velocity of the rewind rollg : Rotational
angle of the rewind rollR,: Initial radius of the rewind rollR,,: Initial radius of
the unwind roll;R,: Operating radius of the unwind rolR : Radius of the rewind

roll; h: The thickness of web; w : The width of web
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5.2 Feedback Linearization based approach
5.2.1 State Space Feedback Controller Design

The nonlinear dynamic equations of single-span-tmtoll web control

system can be rewritten as in matrix form follows:

Ry By
oy Tu T O — 0 )
T |=|-KRyw, — ZTw, + KRyw, |+ 0 [Tﬂ (5.8)
Wy — ﬁT _ 5B 0 1
o T Ir

The output equations are:

bi)=la 59)
The Equations (5.8) and (5.9) is input-affine cohgystem (2.10) and (2.11) in
chapter 2. By using the concepts and theoremsapteh 2, we easily can transform
the system (5.8) and (5.9) into the normal fornegfiation and zero dynamic form
by using the local diffeomorphism in section 2.th2chapter 2 and the obtained
feedback controller is implemented to achieve thidgomance of the system.

We rewrite the Equations (5.8) and (5.9) in mafiobm as:

= f(x) + g(x)u (5.10)
y = h(x) (5.12)
wherex = [w, T wr]T’y = [y1 YZ]T’u = [Tu Tr]T
Ry By
[ ZT_E u 0 .
f(x) 5| —KR wu——’"Twr+KR wr,gl— “f g, = (1),h=[wr]
—_rr_2r J
JTT ]r @r

We firstly check if the problem is solvable of thate space exact linearization by
using the Theorem 2.8 in chapter 2, indeed, we htdnee distributionG, =

span{g,, g,} has dimension m=2. Moreovig;, g.] = 0 € G,, thusG, is involutive.

We consider th&, = span{g,, g, adsg,, adfgz}

-B, 0
whereadrg, =| 0 |,adrg, =|0|, [gl, adfgl] = [gl, adfgz] =0€G,
0 r

[gz,adfgl] = [gz;adfgz] = [adfgp adfgz] =0€G
It is easy to checllim (G;) = 3, andG; is involutive and alsadim (G,) = 3 Thus,
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Theorem 2.8 in chapter 2 verify that the state spaxact linearization feedback
problem is solvable. In order to find the feedbadktrol law, Firstly, apply the
definition 2.10 for the calculation of the relatigegrees, we have:

Lglhl = 0, Lglhz =0= ™ >1

KRy,

Rr KRy
We checklL;h; = —KR,w, — TT“’T + KRywy, Ly Lghy = T

Jr

yLg,Lshi(0) =
Thus, the relative degree = 2

By do the saméy, hy = 0,Lg,h, = 1/, =1, =1

Consequently, the relative degree of the systempis2andr, = 1. It is easy to

check the matrix:

Lg,Lhy ngthll i AT AL
Lg1h2 nghz ](1)1 ]rL 1 ]r
is nonsingular with every state vector.
By transformations, having
z1=h =T
2y = Lhy = —KRyw, — ~“Tw, + KR, (5.12)

Z3:h2:wr

The input-affine control system is rewritten asmal form of equations:

Zl =2
Zy = by(2) + a11(2) + a12(2)7y (5.13)
73 = by(2) + ay, 7,
— _Rr(Br Bu _Rr RrRr 2 (_ Rr _
whereb, (z4,z,,23) = p (]T + ]u)Z123 =223 + R + | —KR, T

R B B, B KR

—uKRu) zy ——2Z; + KR.(— =+ )23, a11(21, 2, 23) = —,a12(21,23,23) =
Ju Ju Jr Ju Ju

Ry B, 1

—Zy — —Z3,05, = —
A

The exact linearization feedback control laws #RQ are:

_ (U1 —bi(2) + a11(Z))

Ry 1 KR
L Jr Jr

Tu
aiz
) (vz _ bz(z)) (5.14)

k = az;

wherev;and v, are new inputs for a linear system (5.15) andg)bahd are chosen

by using the classical design theory.
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Thus, by coordinate transformations (5.12) ancatedeedback (5.14), the original

system (5.9) and (5.9) are rewritten in a new coaité as follows:

4] [0 1 0[] [0 0]
|={0 0 o||z=|+|1 of|,] (5.15)
zl Lo o ollzsl lo 1

5.2.2 Numerical Simulation

The simulation condition is set up with the zerdiah conditions and the desired
web tensiom, =0.5(Kgf) The PI controller is designed using the frequedosnain

design with the gaink,,, = 0.00013, k;,=0.0017 andk,, = 0.047, k;,=0.375. The
feedback gains (5.16) are designed for (5.15) Imgube pole placement method.

_[0.02488 —4.88658 —0.009328

K = 16
—0.03731 7.329874 0.013992 )
Change in time of web tension (Kgf))
0.7 i i ‘f ‘f ‘f T T T T
! ! ! ! I state space method

0.6---- R Tt Classical method
= I I I I I I I I I
g) I I I I I I I I I

S s P LI N SRR
S I I _e=T T I I I I
D | [Pig | | | | | | |
c | Vi | | | | | |

Q 04F---- e e i B e il S e
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Figure 5.3: Comparison of web tension responseandases: state space
based design and Pl based design methods
The solid line shows time response of web tensjouding the classical
method. The dash line represents the time respingeb tension by using the state
space exact linearization.
From the above analysis and results in Figuresafie comments are made:
* Many limitations such as the requirement of a caxplcoordinate
transformation that is a hard work for the MIMO tpear control system
and zero dynamics must also be considered as tdesmn.

» After using the classical design, the resultantllbeek controllers need to be
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returned the original coordinate. Thus, the coattintransformation must
have the inverse form. From the Equation (5.12)reaize that finding the
inverse form is a very hard job and this is imploigsin this case.

* Web tension response of state space based desigprizved as compared to
the PI controller based design.

* For the printed electronics technology, we warddsign the time response of
web tension with no overshoot and settling tims lsn 2 second. The result
in Figure 5.3 shows that the trade-off between siveot and settling time of
both methods is conflicted.

To get over this obstacle, in the next section, théhor proposes the
backstepping based design approach for nonlineRryb control system using the
theory developed in the chapter 2.

5.3 Backstepping Approach of Single-span R2R Web Control System

In this section, a procedure for formulating theksdepping controller for the
nonlinear single-span R2R web control system iemiand then a backstepping
controller based algorithm for single-span R2R wgdtem is proposed.

5.3.1 Back-stepping Controller Design

By putting thek, = %,kz = —lj—“,kg, = —

1 Ry
Elkél- = _KRquS = _T’kG =

KR, k,; = —%,ks =5 L ko =]i , the Equations (4.8) and (4.9) and some

T ]T T

transformations, the non-linear dynamic equatiohsiogle-span roll-to-roll web

control system can be written as follows:

T = kyw, + ksTw, + kgw, (5.17)
d)u == le + kzwu+k3fu (518)
0:)7- - k7T + ksa)r + kgTr (519)

It is assumed that the exact state space line@mnzatoblem in sense of Theorem 2.8
is solvable. Since the complete system (5.17) - 1®) is divided into three

subsystems with the first one consisting of thedfigan (5.17) and the second one
consisting of the Equations (5.17) and (5.18) dmal third subsystem is complete
system. After applying the modified backsteppingthmd mentioned in chapter 2
with each subsystem, A Control Lyapunov FunctiobREis given out such that the

derivative of this function is a negative definitenction. Depending on this
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criterion, the resulted controllers called the Istefping controller are proven to be
globally asymptotical stabile using the CLF ancbtieen 2.12 in chapter 2.
The following is the procedure to get the backsitsgppcontroller with desired

tensionT,; and desired angular velocity of rewind rglli . By adding the new

variables:
T=T-Ty 5.70)
w,=w,-a,w) (5.21)
G =G ~Cupes )2
Where

T - The desired tension of weh,; : The desired angular velocity of wedT, w, ) :

An unknown function called the stabilizing functitivat will be determined later.
Step 1. Taking time derivative of the Equation (5.20) acdmbining with the
Equations (5.17), (5.21) and (5.22) result as ¥adlo

T=T-Te = k(@ +a(T0)+ K(T+ T )@ ~Wer) + (@, ~ D) (5.23)
A CLF v,(T)can be chosen such that when applied, its timeatére becomes a
negative definite function:
V(=272 (5.24)
In order to make the Equation (5.23) asymptoticatgble. In other words, the
web tension T tends 1, it is necessary to choog€T, w, ) virtual control law such
that the first derivative in time of the CLF of tliequation (5.23) is a negative
definite function. Finallya (T, w,) virtual control law can be written as follows:

AT @) = (-0 (T T~ (kT ko)) (5.25)
3

wherec,is a positive gain
Step 2: Taking time derivative of the Equation (5.21) aocombining with the
Equations (5.18), the Equation (5.21) is rewritsrfollows:

@, =Ky (0, +a(T,w)+ Ko (T +Trer) + ko, ~d(T, 0 (5.26)

A CLF V,(T,a@,) can be chosen as follows:
—— -1
Vo(T.@) =M+ a,” (5.27)
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In order to make the Equation (5.26) asymptoticathble, it is necessary to choose

the r, control law such that time derivative of the CLFtbé Equation (5.27) is a

negative definitive function. Combining with the d&dions (5.17), (5.18), and (5.26),

the r, control law is chosen as follows:
, :k—lg(—cz(% —a) - kT —kyaa, + ) (5.28)
wherec,is the positive gain and
G ek kT ki + k) =(KT KT g+ ) (5:29)
Step 3: Taking time derivative of the Equation (5.22) acmimbination with the
Equations (5.19), (5.20) and (5.21), the Equattohq) is rewritten as follows:

a;)r :k7(f+Tref)+k8(a_)r +wref)+k9Tr (530)
A CLF V,(T,@,, @ )can be chosen as follows:
Vo3, 8) =V, (7.3)+ 58, (5.31)
In order to make the Equation (5.30) asymptoticathble, it is necessary to choose

the r, control law such that the first derivative of theFCof the Equation (5.31) is a

negative definite function. Combining with the Cld¥ the Equations (5.31) and
(5.30), ther, control law is chosen as:

rr = (5(0 ~ )~k T ~ke) (5.32)
9

where;is a positive gain
Thus, by choosing(T,w,), r,and r, shown in the Equations (5.25), (5.28) and
(5.32), respectively. There exist a CLF

V(T @, @) :é(T —Tref)2+§(a{, —a)2+§(w—a4ef)2 (5.33)

Such that the Lie Derivative of V with respect be tEquations (5.17), (5.18) and
(5.19) is a negative definitive function. So, tleekstepping controllers shown in the
Equations (4.39) and (4.40) are proven with glgbatlymptotical stability using the
Control Lyapunov Function (CLF) and theorem 2.8Mapter 2.

I, =ki(—c2 (w, =) = K,T ks, +4) (5.34)
6
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rr = (5(0 ~ @)~k T~k (5.35)
9

wherea = ki(_Cl(T ~Tret )~ (le + kz)a)r )
3

b= (e )k T+ g + k) =( T+ (KT Igg + 1)
3

The positive gaing,,c,,c; in the Equations (5.34) and (5.35) can be detezthi

optimally by using the modified genetic algorithm c¢hapter 3. The parameters

c,,C,,cz are obtained by optimizing the objective functiérBE).
N N N N
3=8(r2) + 8. (r2) +8.> (a12) + 8. (6e?) (5.36)
i= i=1 i=1 i=1

where N is an integer number of iterations in agngimulations, s, 5,,5;, 5, are
scale factorsAT =T -T, is the error between the operating and referenmwsaae and
Aa, =, - 1S the error between the operating and referengelan velocity of

rewinder.
Table 5.1: Parameters for the MGA for R2R web syste

Parameters Values

A number of generation N=100

Size of population S=10

The probability of mutation Pm=0.8

The probability of crossover p.=0.3

Scale factors Bi=0B,=04,0;3=0,=15

5.3.2 Backstepping Based Control Algorithm

Figure 5.5 shows the block diagram of two-spdhtoeroll web control system
algorithm using the back-stepping controllers. his talgorithm, the FPGA module
based on PCI shown in Figure 5.4a depends on put data to generate the control
signals of torques to keep web velocity and tensidh prescribed reference values
in the presence of inertia change and viscousdrciThese values are determined by

the backstepping controllers
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Figure 5.4: FPGA module of input/outputs

The feedback signals are obtained by using loat$,celtrasonic and FPGA
module of Input/Outputs as shown in Figure 5.4hinYyshe Labview programming
language, control software is given out for the-span roll-to-roll web system. With
the rapid development of digital computer, the athm will be developed with the
function that can detect errors and automaticabpver the errors of control system

due to disturbances and changing parameters.
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Tiret ) Ty : i
Back-stepping | !
controller i R2R
1
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e ___L%
T Criver 1 2 ! V
— 1 oo i
1

Figure 5.5: Block diagram of web tension and velocontrol system

5.4 Numerical Simulation

5.4.1 Simulation Condition and Parameters
The simulation parameters of single-span rolletb web control system are
shown in Table 5.1. The simulation condition is sgt with the zero initial

conditions. Simulation is implemented in two cases:
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Case 1: The desired web tension is Tref = 10 (N) anddksired angular velocity
change is 0.5 (rad/s).

Case 2: The change of desired web tension is shown irFtbere 5.6 and the desired
angular velocity change is 0.15 (rad/s).

In order to observe the effectiveness of propodgdrithm using backstepping
controller, one complements with the initial vicgofriction and inertia change of
rewinding and unwinding rolls in time. Furthermor@corporating the sudden

change in web tension in time as mentioned in®Hewing the Figure 5.6.

Table 5.2: Simulation Parameters of Single-span R2R control system

Parameters Values Units
Radius of the unwind roll 0.177 (m)
Radius of the rewind roll 0.127 (m)
Total moment of initial inertia of unwinder and raot 0.0017072 (kg/m/s)
Total moment of initial inertia of rewinder and rapt 0.0015072 (kg/m/s)
Total length of web 2.9 (m)
PET material E 2.5.10."9 (N/m2)
Coefficient of vicious friction of unwind roll 0aw02533 | (kg-m-s/rad)
Coefficient of vicious friction of unwind roll 0.@w2533 | (kg-m-s/rad)
The thickness of web 0.00002 (m)
The width of web 0.2 (m)
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Figure 5.6: Prescribed web tension of sudden chemgee
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5.4.2 Simulation results

Figure 5.5 shows the simulation diagram iogle-span roll-to-roll web
control system using the backstepping controlld?§PID based algorithm is
investigated intensively and applied widely in istty. By depending on the classical
methods, many tools have been developed and apfaiedesigning the PI/PID
controller. Nowadays, with the rapid development difital computer, many
algorithms are proposed for designing optimally twatroller. In this paper, the
modified genetic algorithm is used to determineiroplly the parameters of
controllers. The algorithm diagram shown in chagtés employed for the objective
function (5.36) with parameters shown in Table FHe application of the proposed
algorithm in the Figure 5.5 of the backsteppingtaaters shown in the Equations
(5.34) and (5.35), the simulation outcomes can melemented by using the
Matlab/Simulink tool. The optimal gainsg;,c,,and c; obtained by using the
modified genetic algorithm in chapter 3 are showlow:

c; =10.12,¢c, = 10.00,and c; = 18.25
Case 1: The simulation results are employed with zerdiahicondition and the
desired web tension Tref = 10 (N) and the desimegukar velocity change is 0.5

rad/s. The following is simulation results.

Change in web tension (N))

12 \ ‘ : ‘ ;
I I I I I I I I
I I I I I I I I
I I I I I I I I
> 10 g—————
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e I I I I I I I I
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Figure 5.7: The tension change in time in case 1
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Figure 5.8: The angular velocity change in timeevfinder in case 1

Change in angular velocity of unwinder (rad/sec))
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Figure 5.9: The angular velocity change in timemafvinder in case 1

Case 2: The simulation results are employed with zerdiahicondition and the

desired web tension Tref is shown in Figure 5.6 Hrel desired angular velocity

change is 0.15 rad/s. The following is simulatiesults.
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Figure5.10: The tension change in time in case 2

Change of angular velocity of rewinder Rad/s

3.5

2.5

15

0.5

Time(sec)

(s/pey) 1opumal Jo A1190jaA Jejnbue Jo abuey)d

Figure 5.11: The angular velocity change in timeesfinder in case 2
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Figure 5.12: The angular velocity change in timemwivinder in case 2

The goal is to design the precise control algoritimat is required to keep

web tension and web velocity at prescribed refereradues, satisfy the performance
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specifications and obtain the high stability. Fréme above simulation results, the
following comments can be made:
. The algorithm proposed by backstepping controliath
optimal gains satisfies the performance specificatiand results in no
overshoot and settling time 0.3102 seconds showharFigures 5.7
and 5.10.
. The results in Figure 5.7, 5.8, 5.10 and 5.11 shioa¥ the
performance of proposed algorithm based on bagkstgontrollers
has no overshoot in web tension change and no lowatrsn web

velocity change when web tension is changed sugldenl
5.5 Experimental implementation

Figure 5.13 shows the diagram of roll to roll wemtrol system for experimental
study. In order to operate web, unwinder and reefimdotors HC-KFS43 and Driver
(MR-J2S-40A) with torque control mode (0~8 V) aised. The loadcell is used to
get the web tension and ultrasonic sensor MIC+25%/0Jis used to determine the
change of radii. System design with NI FPGA bo&€I(7811R reconfigurable 1/0O)
is integrated with input equipment. Depending oa itiputs, the control program in
Figure 5.14 with proposed algorithm generates ¢hgues to keep web velocity and
tension at prescribed values.

Vi
= — T loadcell ;J;;r:;rmz
bl N i
i
[ Moter/HC- - —
‘- oo a, @ | M |
Driver [MR-J25-504) |
Tc,?qvuegtcomm\:D”B !.* ‘ Driver (MR-125-50A)
| Torque control:0~8 V
Cuvy NI FPGA boa!rd T, e
(PCI 7811R reconfigurable
-
I/0)
| |
j;e] Vo T

— —= =11
-Back-stepping controller based algorithm |
-Fuzzy logic/Neural Network based algorithm |

Figure 5.13: Block diagram of experimental study
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By using the diagram in Figure 5.13, the above maetl mathematical model
and Labview language, tension control program fdBRRveb system is given out as
shown Figure 5.14. In this program, the referened welocity and tension can be
changed arbitrarily by users. The control prograspldys the change of web tension
and change of angular velocity of rewinder and wmaer as shown in Figure 5.5.
The change of gains in backstepping is also aJailtb help user understand and

tune the gains to get the reference response t#myia the presence of disturbance.

doripen el b Rl

Figure 5.14: Tension control program of R2R welieys

Case 1: The desired web tension Tref = 10 (N) and therdésangular velocity
change is 0.5 rad/s. The following is the experitaleresults.
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Figure 5.15: The change of web tension in timexpleeimental study
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Figure 5.16: The change of angular velocity of reder and unwinder of

experimental study

The dash line in Figure 5.15 is the reference weeisibn and the solid one is
the response of web tension in time. The respohssf@rence angular velocity is the
dash line as shown in Figure 5.16. From the abewgalts, it is clear that the time
response of web tension and velocity is with norsiveot and the experimental

results of the proposed algorithm are validatetthéonumerical simulation.
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Case 2: In order to test the proposed algorithm in the aefeoperating condition

the change of desired wtension in time is shown in Figure 5sbapplied

Real T [
Refl T

14- it
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Figure 5.17The change of web tension in ti of experimental stuc
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Figure 5.18The change of angular velocity of rewinder and undei of

experimental study

The dasHine in Ficure 5.17is the reference web tension and solid one is
the response of web tension in time. The respohssference angular velocity is tl
dash Ine as shown in Fure 5.18 From the above, it is clear that the propc

algorithm is flexible with different operating catidns. By comparing th
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experimental results in Figure 5.17 to the simalabnes in Figure 5.10 and also the
experimental outcomes in Figure 5.15 to the sinutabne in Figure 5.7, that proves

that the proposed algorithm are reliable and higltipion.
5. 6. Analysis and discussions

In this chapter, a mathematical model for singlarsR2R web system is firstly
generated using the dynamic equations in chapt®y 4ising the concepts in chapter
2, we conclude that the relative degree (vectoryed-defined and the state space
exact linearization problem is solvable. The nuoakisimulation is implemented for
this approach and compared to Pl based approacthden in the above comments,
the time response of web tension is not able ta tieeperformance specifications.
Thus, the idea of backstepping based approach comtsget over this obstacle. In
the next section, the backstepping controllers farmulating using the proposed
theory in chapter 2. After that a new precise ainalgorithm is proposed for
nonlinear single-span roll-to-roll web tension arelocity control system by using
the backstepping controller with optimal gains deieed by using the MGA in
chapter 3. The efficiency of this method is prouan the simulation results in
Matlab/Simulink and the experimental results. Toléofving are some conclusions:

 The simulation results with gains optimally detemsd by using the
modified genetic algorithm give a better responseveb tension and
velocity that is with no overshoot and short segfliime.
* By comparing the simulation and experimental rasuttis proven that
the proposed algorithm is reliable and highly aateir
* The proposed algorithm based on the backsteppimiyatiers can be
obtained the stability with every positive gain.
Also, from the obtained results, it is clear thia¢ tproposed algorithm using the
backstepping controller obtained the desired peréorce specifications of the high
stability under the presence of inertia changehef anwinder and rewinder and
viscous friction. With the rapid development of sers and electronic devices, the
proposed control algorithm of backstepping congrslican result in a control system
with high precision and are useful for applicationsh high digital computational

system.
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Chapter 6 Two-span R2R Web Tension and Velocity

Control

In this chapter, a mathematical model is develdpethe nonlinear two-span
R2R web control system and the procedure for checki the state space exact
feedback problem is solvable is implemented. Inrbgt section, a procedure for
formulating the backstepping controller and a btegsing based web tension and
velocity control algorithm are proposed using theory developed in chapter 2 and
chapter 3. After that a Labview FPGA based softwhasign is introduced. Finally,
numerical simulation and experimental results aldressed in two-span R2R web
control system. Those results will be discussed aadhpared to the existing
developments in order to show advances and lirantatof the proposed algorithm.

6.1 Mathematical Model of Two-span R2R Web Control System

Figure 6.1 shows a two-span R2R web control systensisting of an
unwinder, a rewinder, an infeeder, a dancer systexm,load cells, rollers, and a
web lateral control system. The idle rollers guide moving web around the load
cell in a fixed angle. In order to control the wiEmsion at span 1 and span 2,

motors at the unwinder and the rewinder are us@uddduce control torqueg, and
7, respectively to keep web tensions at the desiaddgeg and the infeeder is used

for web velocity control. The dancer system putlo® unwinder side is to take up
the slack during the start-up and the shutdowntt@nother hand, two load cells
are used to feedback the web tension during theatipg process and a web guide

mechanism is used to control any web lateral error.
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Figure 6.1: Two-span R2R web control system
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Figure 6.2.Model of two-span R2R web control system

By using the theory for formulating the governirguations for the R2R web control

system in chapter 4, the nonlinear dynamic equstartwo-span R2R web control
system can be written as follows:

@y = kg T, +KgTy +Kgay +kqo7y (6.1)
T, = KTy + Koty + ks, (6.2)
@, = KTy +Ksaw), +KeT, (6.3)
T, = KTy + K@ Ty +Kysty +Kyg (6.4)
@ =KysTp + kg + k7t (6.5)

We rewrite equations (6.1)-(6.5) in vector form:
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0:.)1 [ k7T2 + k8T1 + kgwl [kloTl-I
T, kj0, Ty +koop + ks | 0 |
d)u = k4T1 + kS(Uu + k6Tu (6 6)
T, ki1w1Ty + k120, Ty + kyzwp + kiq0q 0
wy kisT, + kiswy 17Tr
with output
Y1 wq
v2|=|T1 (6.7)
Y3 T,
where

kl :_R1/L17k2 = EAR/Ll,k3 =_EARJ/L1,k4 = RIJ/‘]U7k5 :_BU/‘]U'kG =1/Ju,k7 = RI/‘]J.
kis = =R/ ji kg = =B 1, k7 =1

T,= web tensions of spanL,= web tensions of spanz,, = angular velocity of
unwinder ,a= angular velocity of infeedes) = angular velocity of rewinderd, =
inertia moment of unwinder and motor at unwind&r,= inertia moment of roller 1

and motor at roller 1), = inertia moment of winder and motor at windgg,=
radius of unwinderR, = radius of infeeder roller IR = radii of rewinder,L;= the

length of spanl],= the length of span 2, E: Young’'s module of welianals, A:
Area of cross-sectiort,, = control torque generated by the motor at unwinder

control torque generated by the motor at infeeaddlerr 1 , 7, = control torque
generated by the motor at rewindeo = the density of the web, h = the thickness of

web.
6.2. Backstepping Controller Design

The first step of the BSC design is to check if tbaditions in Theorem 2.7
in chapter 2 are satisfied, i.e. the control systam be decoupled by a coordinate
transformation and the BSC and then a systematicepiure is given for obtaining
the BSC for the two-span R2R web control systenonfFthe Equation (6.6) and
Equation (6.7), it is easy to show that the Equef&6) and Equation (6.7) are in the
form (2.21) and (2.22) in chapter 2 with the follog:
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fi=k;Ty + kgT; + kgw, \
fo = ko Ty + kywq, + k3w,
f3 = k4Ty + kswy (6.8)
fa = ki101T; + k120, T, + ki3, + kyy0q
fs = kisTy + kqswy

91 = ki
g2=0
g3 = ke (6.9)
g+ =0
gs = k17J
and the output equations
hy = w,
h, =T, 6.10)
h3 = TZ

In our application, we have k=0, m =3 and= 1,r, = r; = 2, thus

Becausé}h, = hy, Lyh, = hy, L3hy = hg, andLg,L3h;(x) = Ly, Lh; = 0 due

tog, =0,9, =0

We havel, L2h;(x) = Ly hi(x), Lg,L3hy(x) = Lg,hy(x), Ly, L3Ry (x) = Ly hy(x)
(Lg,L¥hy (%), Lg,LYhy, Ly L3hy(x)) # (0,0,0)

Atx=[w; T} wy T, w]=[0 0 0 0 0]

Thus, we can conclude that the input-output dedoggroblem is solvable by the

state feedback law. The next step is to show thaildeof the BSC design for the

two-span R2R web control system.

The given problem is to design the controller tisatequired to keep web tension
and web velocity at prescribed reference values,satisfy the performance
specifications with no overshoot and settling tiofe0.2 second and to obtain the
high precision and stability. By using the abovevedeped theory, the complete
system (6.1) - (6.5) is divided into five subsyssenfihe first one consists of the
Equation (6.1), the second one consists of the titqug.1) and Equation (6.2), the
third one consists of the Equations (6.1), (6.2) éh3), the fourth one consists of
the Equations (6.1), (6.2) (6.3) and (6.4), and lds one consists of the whole
system. After applying the modified backsteppingthod with each subsystem as
shown above, the resulting controller called thekbgepping controller is proven to

achieve globally asymptotical stability using a Caid Theorem 2.8. The following
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is the procedure to get the BSC with desired tersset span 1 and 2 Bk, Toer

respectively and desired angular velocity of infrell
Step 1: By considering the first subsystem and putting:
{1 = W1 — Wiref 16)
Taking the derivative both sides in time and cormgrwith the Equation (6.11), we
have:
61 = w1 = k;Ty + kgTy + ko({1 + w1ref) + k1071 (6.12)
For Equation (6.12), a CLF({;) can be chosen such that when the control law is

applied, its time derivative becomes negative dkefior mathematically

Vi(6) =58 (6.13)
By taking the derivative in time of the Equation1®) and combining with the
Equation (6.12) results in;
Vi =08 = G (kyTy + kgTy + kowq + kqgTy) (6.14)
To meet the asymptotically stable condition in¢kase of Lyapunov in Theorem
2.12 for the Equation (6.12), the controltgrcan be chosen as follows;
—c1(y = kT, + kgTy + kgwq + k19T
=1, = k%o (—c1(@1 — Wirer) = ko Tz — kgTy — kow) (6.15)

Wherec, is the positive gain
By doing so, we have:

Vi=04G =—c3<0V #0 (6.16)
Step 2: by choosing the state feedbacks (6.15) and agehahstate transformations
(6.11), the second subsystem can be rewrittenliasvi

Zl = —c1G } (6.17)
T, = k1((1 + wlref)Tl + k, ((1 + wlref) + k3wy
By putting
(3 =T1 — Tirer i8)
the second subsystem can be rewritten as follows:
. G =mah } (6.19)
(= k1((1 + w1ref)((2 + Tirer) + ks ((1 + wlref) + kzw,

Now, w,, is regarded as a control input to the subsystet®)6Sow,, can be chosen
to make the subsystem (6.19) globally asymptoticsthble. A CLP/, ({3, {,) can be
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chosen such that it makes the subsystem (6.19)mstically global stable with a

virtual control law, i.e.

VaGu o) = Vi +583 6.20)
By taking the derivative of Equation (6.20) in tired combining with Equation
(6.19) results in;
V, = -1 0 — (2("1((1 + w1ref)((2 + Tirer) + kz(ﬁ + wlref) + ksw,) (6.21)
By satisfying the asymptotically global stable cibioth in the sense of Lyapunov in

Theorem 2.12 of the Equation (6.21), a virtual ogintaw a, can be chosen as

follows;
By choosing:
=30 = ke (G + Wirer ) (2 + Tires) + ko(& + W1per) + kzwy,
= a; = ,%3(—02(711 —Tirer) — k11T — kywy) = wy (6.22)

Wherec, is the positive gain
By doing so, we have:
Vy,=—c10? — 02 <0V, 0 #0 (6.23)
By choosing the state feedbacks (6.15), (6.22)eacithnge of state transformations
(6.11) and (6.18), the third subsystem can be t&@mras follows:
G =—c1l

$ = =20, (6.24)
Wy = k4((2 + wlref) + kswy, + keTy

Step 3: By putting

(3 =wy —a 6.25)
The third subsystem can be rewritten as follows:
(:1 = =161
$2 = —C20 (6.26)

{3 =ky(3 + Tirer) + ks({3 + az) — dy + ke1yy

wherea,is determined by the equation (6.22) or
1
t, = k- (—=(c2 + kyw) (ko1 Ty + kywy + kswy,) + (ke Ty + ky) (k7 Ty + kgTy
3

+ kowq + k1071))
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So,t, can be chosen to make the subsystem (6.26) gloasyimptotically stable. A
CLF V3({4, ¢2,{3) can be chosen arbitrarily such that it makes thesystem (6.26)

asymptotically stable with a virtual control lave.i

V361, G20 Gs) = VaGu.8a) +5 63 (6.27)
Taking the derivative of the Equation (6.27) in¢imnd combining with the
Equation (6.26) result in;
V3 = =010 = 205 + {3(ka(Gp + Tirer) + ks({3 + ay) —a, + kety,) (6.28)
To satisfy the asymptotically stable conditionhe sense of Lyapunov in Theorem
2.12 for Equation (6.28), a control layy can be chosen as follows;
—C303 = k4 (Qo + Tiyep) + ks({3 + a3) — dy + ke1yy
=1, = ki6(—c3(wu — @) — ks Ty — ksw, + @) (6.29)

wherec; is the positive gain
By doing so, we have:

Vs = —c10f — 205 — 305 <0V, 85,83 20 (6.30)
By choosing the state feedbacks (6.15), (6.22) @n29) and a change of state
transformations (6.11), (6.18) and (6.25), the lowgubsystem can be rewritten as

follows:
61 = —¢101
62 = —C2(3
; 6.31
. {3 = =303 ( )
T, = k11((1 + w1ref)((2 + Tiref) + k120, Ty + kyzwr + kqa(¢y + wlref)}
Step 4: by putting
Co =Tz = Tarer (B)3
The fourth subsystem can be rewritten as follows:
(:1 = —¢1(1 \I
('2 = —C2(; ¥
. (3 = —c3(3 J
(4 = k11((1 + wlref)((z + Tlref) + k120, ({4 + T2ref) + ki, + k14((1 + wlref)
(6.33)

Now, w, is regarded as a control input in subsystem (6 38)v,- can be chosen to
make the subsystem (6.33) globally asymptoticadple. A CLFV, ({3, {2, (3,{4)
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can be chosen such that it makes the subsysteB) @@mptotically stable with a

virtual control law, i.e.

Va(G1, 2G5 Ga) = Vs + 533 (6.34)

Taking the derivative of the Equation (6.34) in d¢inand combining with the
Equation (6.33) result in;

Vy = =108 — 202 — 303 + (4("11((1 + w1ref)((2 + Tiref) + k10, ({4 +
Torer) + kizwy + k14((1 + wlref)) (6.35)
To satisfy the asymptotically stable conditionhe sense of Lyapunov in Theorem

2.12 for Equation (6.35), a virtual control lawy can be chosen as follows;
—C4Gs = k11((1 + (Ulref)((z + Tlref) + kp0r (4 + T2ref) + kqyzw,
+ k14((1 + wlref)

1
= az = KTy thos (—€a(Ty = Toref) — k1101 Ty — k1yw1) = wy (6.36)

wherec, is the positive gain
By doing so, we have:

Vi = =18 — 205 — 305 — a8 <0VY(1,85,83,{4 # 0 (6.37)
By choosing the state feedbacks (6.15), (6.22R9(6and (6.36) and a change of
state transformations (6.11), (6.18), (6.25), ad@24) the complete system can be

rewritten as follows:

G=—ad )
$ = =0, l
{3 = —C303 } (6.38)
o = —Cals |
Wy = k15(Qs + Torer) + K1y + k17Tr)
Step 5: by putting
(s = W, — a3 (6.39)
The complete system can be rewritten as follows:
G =01y ]
$ = =20,
{3 = —C3(3 } (6.40)
o = —Cala |
s = ks (s + Tarer) + k16({s + @3) — a3 + k17TrJ

wherea;is determined by (6.36) or
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—kiy w1 (k01 Ty + kpwq + kswy,)
—(k1Ty + k1a) (k7 Ty + kgTy + kowq + kyoT1)][k12To + kq3] —
l (—ca(T7 — T2ref) —ky1w1T; — kya01) J
(k1101T1 + k120, Ty + ki3, + kia01) kg,

1
(ko Ty + ky3)?

j [—calkyw1Ty + k10, T + ki3, + kyg0q) l

Thus,t, can be chosen to make the subsystem (6.40) gloasyimptotically stable.
A CLF V5({4,02,45,04,{s) can be chosen such that it makes complete system

asymptotically stable with the control law;

Vs (G0, G20 G580 Gs) = Vi + 532 (6.41)
Taking the derivate of the Equation (6.41) in tiamel combining with the Equation
(6.40) result in;
Vs($1,02, 03,04, G5) = =10 — €202 — €30% — ¢4CZ + {5 (k5 (s + Torer) +
ki6((s + a3) — a3 + kq77,) (6.42)
To satisfy the asymptotically stable condition irsense of Lyapunov in Theorem

2.12 for Equation (6.42), a control lay can be chosen as follows;
—C5(s = k15({s + Toref) + k16({s + a3) — a3 + ky77,
=T = kLﬂ(—Cs(wr — az)—kysTy — kyewy + d3) (6.43)
wherec; is the positive gain
By doing so, we have:
Vs = =107 — 205 — €305 — €40 — €502 < 0V1,05,03,0a, {5 % 0 (6.44)
Thus, there exists a CLF of the Eq. (69) and taeedeedbacks (6.15), (6.22), (6.29),

(6.36) and (6.43) and a change of state transfasmsa(6.11), (6.18), (6.25), (6.32)
and (6.39) the complete system can be rewrittdollasvs:

(:1 = —0151]

$2 = —C203

Z3 = —C3(3 ? (6.45)
Z4 = —C444

{5 = —Csfsj

By the backstepping approach shown above, the tegpgksg controller of the

system is given as follows
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1
T, = k_w(—c1(w1 - wlref) — kyTy — kgTy — kgw,)
1 .

Ty = P (—c3(wy — @z) — kyTy — ksw,y, + @) (6.46)

|
1 .
T = — (—Cs(wr — a3)—kysT2 — kygwr + d3) )
k17

wherec,, ¢,, ¢35, ¢4, and cg are positive gains and determined by the modifieketjc
algorithms (MGA), andx,, a;, d,, and a5 are determined in the equations (6.34),
(6.37), (6.42), (6.44) and (6.36). The positivengai, c,, c3, ¢4, and cs in the (6.46)
can be determined optimally by using the MGA byeakiyve function (6.47).
N N N N
J =ﬁ1iz_l:(rf )i +ﬁ2;(fv2v)i +:33iz_l:(AT12)i +ﬁ4;(AT22)i (6.47)
where N is an integer number of iterations in cgngimulations, s, 5,, 5.5, are

scale factorsAT, =T, -T, . iS the errors between the operating and referestsdns

of span 1 and 2. The detailed explanation of theetie algorithm and the MGA are

developed by the authors in (Kyung-Hyun Choi andifhT. Tran, 2009) in chapter

3. The use of real-coded GAs with search operatdrrhore suited than binary GAs

in finding feasible gains from feasible parent gaim this paper, the use of real-
coded GAs with simulated binary crossover (SBX) angarameter-based mutation
operator is implemented. The mutation probabilityjtation parameter, crossover
rate and crossover probability is selected depgndmthe speed of convergence of
algorithm as mentioned in chapter 3.

6.3 Backstepping Based Control Algorithm design

Figure 6.3 shows the block diagram of the two-sdRaR web control system
algorithm using the BSC. In this algorithm, the FP@odule based on PC shown in
Figure 6.3 depends on the input data to generateahtrol signals of torques to
keep web velocity and tension at prescribed referemlues due to the presence of
inertia change and viscous friction. This torqueseavinder, infeeder and unwinder
are generated by the BSC (6.46). Load cells in mblah are used for web tension
feedbacks of span 1 and 2, ultrasonic sensorssagtto determine the radius change
in time and encoders are used for velocity feedlmdickotors 1, 2, and 3. The FPGA

module of Input/Outputs shown in Figure 5.3 depemwlsnput signals to generate
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the output signals. Using the Labview programmiagguage, control software is
given out for the two-span R2R web system as shiawkigure 6.8. With the rapid

development of digital computers, the algorithml W& developed with the function
that can detect errors and automatically recoveretinors of the control system due

to disturbances and changing parameters
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Figure 6.3: Block diagram of two-span R2R web tensind velocity control system

6.4 Numerical Simulation

6.4.1 Simulation Condition and Parameters

The simulation parameters of the two-span R2R eeelhrol system are shown in
Table 6.1. The simulation condition is set up witie zero initial conditions, the
desired web tension &f .. = 20 (N) and T, = 15 (N)and the desired angular
velocity of the infeeder of 0.5 (rad/s). In orderdbserve the effectiveness of the
proposed algorithm of the BSC, one compensatesinitial friction and inertia
change of the rewinding and unwinding rollers mei By using the feedback signals
of loadcells for web tension at span 1, span 2a@mehcoders for angular velocities
at rewinder and unwinder, the backstepping comrsllin Equation (6.46) will

generate the reference torques to keep web teasmbrelocity at desired values.
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Table 6.1: Simulation Parameter of Two-span R2R abem

Parameters values units
Initial radius of the unwinder R, ) 0.1455 (m)
Initial radius of the winderig,) 0.0483 (m)
Radius of the roller 1) 0.02535 (m)

Total moment of inertia of motor at unwindet,g) | 0.000707 | (kg-m)

Total moment of inertia of motor at roller Z,) | 0.0001 (kg-m-s?)

Total moment of inertia of motor at Winded,) | 0.000707 | (kg-m-s?)

Total length of span 1L¢) 1.490 (m)

Total length of span 2(,) 1.335 (m)

Coefficient of vicious friction at unwinderBg) 0.00002533 (kg-m-s/rad)

Coefficient of vicious friction at winderR; ) 0.00002533 (kg-m-s/rad)
Coefficient of vicious friction at roll 18,) 0.00002533 (kg-m-s/rad)
The thickness of web (h) 0.0002 (m)

The width of web (w) 0.12 (m)
Young’s module (E) 2.7 10° (N/m?)
Area of cross-section (A) 0.000013| m?

6.4.2 Simulation results

The backstepping based control algorithm of bagkshg controllers in
Equations (6.46) is implemented in Matlab/Simulifike optimal gains obtained by
the MGA in chapter 3 are shown in Equation (6.48):

¢ =912¢, =1900Qc; = 1423¢c, =112,¢c; =123 (6.48)

The simulation results are presented in FigureafdiFigure 6.5:
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Figure 6.4 The angular velocity change in time of infeeder
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Figure 6.5: The tension change in time of spandLzan

Figures 6.4 and Figure 6.5 show the angular velatibnge of the infeeder and
the web tension change in web span 1 and web spatinide, respectively. From the

simulation results, the following comments can lem

* The time response of R2R web system of the BSC wptimal gains
determined by the MGA has no overshoot and yie&ttlirsg time of 0.2
second. This is validated by examining the Equatigh45) that are the
dynamic equations in new coordinates. Time respaighese equations is
always asymptotically global stable at the origuery positive gain and no
overshoot or web tension and velocity is a weltkmag with positive gains.

* The proposed algorithm based on the BSC achiewethitih precision, high

stability and met the performance specifications.
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6.5 Experimental I mplementation

6.5.1 Experimental setup

Figure 6.6 shows the diagram of the two-span R2R wentrol system for
experimental study. In order to operate the web, uhwinder, infeeder unit and
rewinder motors HC-KFS43 and Driver (MR-J2S-40AXhwiorque control mode
(0~8 V) are used. The two load cells are used tasore the web tensions at span 1
and span 2 of the system and an ultrasonic send@+28/IU/TC is used to
determine the change in the radii in time. The esystvith NI FPGA board (PCI
7811R reconfigurable 1/0) is integrated with inputput equipments to receive and
send out the input and output signals. Dependinghennput, the control program
shown in Figure 6.7 with the proposed algorithmegates the torques to keep web
velocity and tension at prescribed values.

)4
1
«—

I 7
,W T I’U
¢ T loadcell /- : Ultrasonic
1 . . 2 sensor
winder }q Span 2 7 A
Span 1 Jl Roller1

N

" Motor/HC- ‘
KF543

" Motor/HC- ‘ (" Motor/AC- )
KFs43 ‘ KFS43 ‘
) . (" Driver (MR-125-404) |

Driver (MR-]25-40A) Torgue control:0~8 V p .
Torgue control:0~8 V ‘ Driver (MR-]25-40A) ‘

Torgue control:0~8 V

\l, Tl_ref
% s NI FPGA board T
(PCI 7811R reconfigurable
— 1/0) |

| |
7 - e
firef Tref Tlref |
— — — — . 1
-Back-stepping controller based algorithm |
-Fuzzy logic/Meural Network based algorithm |

Figure 6.6 Block diagram of experimental study of two-span R2&b system

Using the diagram in Figure 6.6, the aforementiomathematical model and
the Labview language of Labview FPGA module, thebwension and velocity
control program for R2R web system is shown in F@g6.7. In this program, the
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reference web tension and velocity and tensionb@aohanged arbitrarily by users.

The control program displays the change of webitenand change of angular

velocity of rewinder and unwinder as shown in Fg@r7. The change of gains in the

BSC is also available to help the users understard tune the gains to get the

reference response of system in the presencetafloisice.

Figure 6.7 Tension control program of R2R web system

6.5.2 Experimental results
The desired web tensionsff..s = 20 (N), T, = 15 (N) and the desired angular

velocity change are 0.5 (rad/s). The experimemsults are given in Figure 6.8 and

Figure 6.9.
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Figure 6.8:Angular velocity change of infeeder roller
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Figure 6.8shows thetime change of angular velocity of the infeeder. It
be observed that the system response with low Wglslcows no oversho and good
tracking to the commai that is expected in the proposed the(The minus sign
represents the opposite direction of the mo

Real Tt [A/]
Real T2 D

00:00:00 0004102
Time

Figure 69: Web tension change in timé gpan 1 and

Figure 6.9shows the web tension change in span 1 and spasp2atively
The dasHine shows the time response of web tension in $pand thesolid line
shows the time response of the web tension in 4parhe big variation of we
tenson in span 1 is due to the static charge existendde unwinder. The stat
charge is removed by high voltage. Thus, the ianabf web tension in span 2
small. It is clear that the web tensions approd&ehreference values in short tii
with no overshoots.
From the above simulation results, the followingnooents can be mac
* The timeresponss of web tension and velocity of the proposed algaoni
haveno overshoot and fast resporthat is coincided with conclusions of t
proposed theor
» The largevariations of web tension inme in span Hue to the static chart
can be eliminated when a specified dewith high voltageis installed. The

web tension in span 2 is proven tt
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* By comparing with the simulation results in sect®d, the experimental
results validate the proposed algorithm. Also, éRperimental results prove

with high reliability.
6.6 Analysis and Discussions

In this chapter, a mathematical model is generayeasing the theory in chapter 4.
This system is with three inputs and three outpuid has a well-defined relative
degree vector. By the coordinate transformatiorts fapdback, it is proven that the
exact state space linearization fails and thus diepking based approach is
proposed. The backstepping controllers are fornmgaising the chapter 2 and then
a new precise control algorithm is proposed foroalinear two-span R2R web
tension and velocity control system. The optimahgaf the BSC are determined by
the MGA in chapter 3. The efficiency of this methsdvalidated by the numerical
simulation in Matlab/Simulink and the experimentasults. The following
conclusions are drawn:

» The time response of web tension and velocity efdptimal gains gives
a zero overshoot and less settling time as prowenhapter 2. Also,
tension and velocity commands are well-tracking.
e The simulation and experimental results show that proposed
algorithm is reliable and highly accurate.
e The proposed algorithm based on the BSC achievgmpstically
global stability with positive gains
Also, from the obtained results, it follows thae throposed algorithm using
the BSC meets the desired performance specificatodrnthe high stability in the
presence of inertia change of the unwinder andn@syi and viscous friction. With
the rapid development of sensors and electronidcdsy the proposed control
algorithm of the BSC results in a control systerthviniigh precision and is useful for

applications with high digital computational system
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Chapter 7 Three-span R2R Web Tension and Velocity

Control

In this chapter, a mathematical model for threeadpaR web control system
obtained by using the results in chapter 4 will $f®wn. For comparison and
advantages of backstepping approach as comparesbrieentional approach, a
procedure for obtaining the backstepping contradled a backstepping based web
tension and velocity control algorithm are proposisthg the theory developed in
chapter 2 and chapter 3. After that a Labview FPsed software design is
introduced. Finally, numerical simulation and expantal results are addressed in
three-span R2R web system. Those results will beudsed and compared to show
advances and limitations of the proposed algorithm.

7.1 Mathematical Model

The given problem is to design the controller ikatequired to keep web tension
and web velocity at prescribed reference valuegjsfgathe performance
specifications and obtain the high precision armdbibty. In recent years, almost all
proposals are employed by using the Pl or PID otlets with linear control system.
However, some nonlinearity is ignored. The actyatesm performance is different
from the simulated results. In this section, treaidf precise controller design for the
nonlinear three-span web R2R system is implemedsthg on the development of
the theory of nonlinear control system.

Figure 7.1 shows a three-span R2R web system usenhake the printed
electronics devices such as RFID, solar cells. feigu2 is the model of the three-
span R2R web system that consists of an unwindeewander, an infeeder, an
outfeeder, two dancer systems, four load cellslensl and web lateral control
systems. The idle rollers guide the moving web adoilne load cell in a fixed angle.

In order to control the web tension at span 1, spaand span 3, motors at the
unwinder, the outfeeder, and the rewinder are tisgutoduce control torques,, 7,
andr, respectively to keep web tensions at the desieddeg and the infeeder is

used for web velocity control. The dancer systemes used to take up the slack
during the start-up and the shutdown. On the dthed, three load cells are used to

feedback the web tensions during the operatinggs®and a web guide mechanism
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is used to control web lateral error. It is assurtteat no web slippage occurs, the

web has no permanent deformation due to appliediden and the load cell

dynamics is ignored. The given problem is to desiga control inputs to the

unwinder motor, the rewinder motor, and each ofdheen rollers to maintain web

velocity and tension at prescribed values in tles@nce of disturbances
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Figure 7.2: Model of three-span R2R web controtesys

By using Newton’s second law at each span as slowaection 4.2 in chapter 4,

we have:
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Wy _l;_z u+;_ZT1_iTu
w1=—l]3—11 1—;—1T1+;—1T2+i11
W, —% 2—;—;T2+;—2T3+]1212
a)rz—L;—: r—;—:T3+]1rrr

(7.1)
(7.2)
(7.3)

(7.4)

and the use of principle of conservation of magh wiorementioned assumptions,

n AEr1 AETy,
T, = w1 Ty + —wq — . Wu
Ly 1
- AETZ AET'l
TZ _wlTl __(Usz _(Uz - 0)1
Ly Ly Ly
a T AET, AET,
T3=_(U2T2__T(U7-T3+ r(l)-r-__wz
L3 L3 L3 L3

(7.5)
(7.6)
(7.7)

1

I’

.. . . B
By combining the above equations and noting khat —]—1, k, = —;—1, ky =—
1 1
1 T AET: AET B e 1
ky=— ke =—2 ke ="k, = = kg = — 2% kg =2 ki = ——,
YT S L' L 7 L, '8 Ju' 0T 10 Ju
AET AET B T
k :r_l’k =_r_2,k :—Z’k :——1,]( =——2,k :——Z’k =
11 L, 12 Ly 13 L, 14 L, 15 I 16 I 17
T 1 P Ty AErr AET, By
= kig=—kig=",k,o=——",k oy = ——= ko3 = —— kyy =
I 18 I 19 Ls 20 L3 21 — Ls 22 Ls 23 Ir 24
T 1
ke =
A

The web nonlinear dynamic equations (7.1)-(7.79 tiree-span R2R web control

system can be rearranged and rewritten as follows:
Wy = kiwy + kT + k3T, + ky1y
Ty = ksw Ty + kew; + kyw,
Wy = kgw, + koT; + k17,
Ty = ki1 Ty + k1w, Ty + kyzw, + kisw;
Wy = Kiswy + k6T + k173 + k1gT>
T3 = kiow, Ty + kpowrTs + kpywr + kypw;
Wy = kyzwy + Kp4Ts + kas7y

We rewrite equations (7.8)-(7.14) in vector form:
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[©1] 1 kiwy + k,Ty + k3T, 1 1kt

T; ksw,Ty + kgwq + kywy, 0

Wy kgw, + koTy k10Ty

T, | = |k1101Ty + k10, Ty + k3w, + ko, |+| 0 (7.15)
W, kiswy + k6T, + k1713 kigT,

T, k19w,Ty + kyow, T3 + kpywy + ka0, 0
Lo, L kazwr + k4T3 I thezsy ]

with output equations

Y1 W1

T
=1z (7.16)
V3 T3

T.T,.T;: Web tensions of span 1, span2, span 3, respBgtve ., «,,«, : Angular
velocities at motor of unwinder, roller 1, and eolR, and rewinder, respectively,

J,. 31,35, 3, ¢ Inertia moments of unwind roll and unwinder motaller 1 and roll
motor, roller 2 and roll motor, rewinder, and motaspectivelyy, r,.r,,r, : Radii of
unwind roll, roller 1, roller 2, and rewind rollespectively,L,,L,,L,: The length of
spanl, span 2, span 3, respectively,B,,B,, B, : The coefficients of viscous friction
of unwind roll, roller 1, roller 2, and rewind roltespectivelyz,,7,,7,,7,: Control

torques generated by the unwinder motor, rolleratom roller 2 motor, and winder
motor, respectively, E: The Young modulus of maileriA: The area of web cross-
section, h: The thickness of web.

7.2 Backstepping Control Design

It is the same as in two-span R2R web system. y$ters has a well-defined
relative degree at the origin and it is easy tockhthat the state space exact
linearization problem is solvable. Thus, backsteg@ased design for the system is
presented. In the next section, the backsteppingater design is based on the idea
of using the CLF, backstepping technique, and apomabout decentralization i.e.
Backstepping controller is obtained by choosing toatrol torques for each of
subsystems such that the time derivative of CL& megative definitive function. An
algorithm for designing the backstepping controtiéra nonlinear single-span and
two-span R2R web control system has been proposéuebauthors in chapter 4 and
5. In this chapter, the above results will be agpland extended for the three-span

R2R web control system consisting of the Equatigh8)-(7.14). We suppose that
99



the complete system Equations (7.8)-(7.14) is édidhto seven subsystems. The
first one consists of the first Equation (6.8). Téecond one consists of the two
Equations (7.8) and (7.9). The third one consithe three Equations (7.8), (7.9)
and (7.10). The fourth one consists of the four digums (7.8), (7.9), (7.10), and
(7.11). The fifth one consists of the five Equatiqi7.8), (7.9), (7.10), (7.11), and
(7.12). The sixth one consists of the six Equatigh8), (7.9), (7.10), (7.11), (7.12),
and (7.13). Finally, the last one is a completdesysof the Equations (7.8)-(7.14).
After applying the modified backstepping methodhwaetach subsystem mentioned in
chapter Il and applications with results in cha@tethe resulting controller called the
backstepping controller is proven to achieve gligbasymptotical stability using a
CLF and Theorem 2.12 in chapter 2. The next stefhaesdetail of backstepping
controller design for three-span R2R system ofrddsiensions at span 1, span 2,
and 3 OfTy s, Tyrer, and T respectively and desired angular velocity of idfe
roll s -
Step 1: Consider the first subsystem and put:

{1 = W1 — Wirer (7.17)
By taking the derivative both sides in time and barmg with Equation (7.17), we
have:

§i = @1 = ki (1 + Wirep) + koTy + k3Ty + kyty (7.18)

For the Equation (7.18), a Cli({;) can be chosen such that when the control law

is applied, its time derivative becomes negativiinde or mathematically

Vi(6) =58 (7.19)
Taking the derivative in time of the Equation (7.18nd combining with the
Equation (7.18) results in:

Vi(81) = 6181 = § (ke (G1 + irer) + ko Ty + ksTy + kyTy) (7.20)
To meet the asymptotically stable condition in tense of Lyapunov for the
Equation (7.20), the controllef can be chosen as follows;
—1G1 = k1(§y + W1rep) + koTy + k3T, + kuty
=1, = i(—cl(wl — Wirer) = ksTy — ko Ty — kywy) (7.21)
where ¢ is the positive gain
By doing so, we have:
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Vi($) =86 = —c1{8 <0V3 #0 (7.22)
Step 2: by choosing the state feedbacks (7.21) and agehahstate transformations

(7.17), the second subsystem can be rewrittenllasvi

G1=—c1¢y
T1 = kswTy + ke({1 + w1ref) + k7wu} (7.23)
By putting
(=T — Tlref (7.24)
The second subsystem can be rewritten as follows:
. G =—c1l } (7.25)
{o = ks(¢y + w1ref)((2 + Tlref) + ke(¢y + wlref) + ks w,

Now, w,, is regarded as a control input to the system §726,w,, can be chosen to
make the subsystem (7.25) globally asymptoticaifple. A CLFV,({;,{,) can be
chosen such that it makes the subsystem (7.25)@stinally stable with the virtual

control law, i.e.

V261, 8) = Va(G) +5 63 (7.26)
By taking the derivative of the Equation (7.26)time and combining with the
Equation (7.25) result in:
V2 (81, 62) = =188 — Co (ks (y + Wirer) (G2 + Tiref) + k6(§1 + Wirer) + kywy
(7.27)
By satisfying the asymptotically stable conditionthhe sense of Lyapunov in chapter

2 for the Equation (7.27), a virtual control law can be chosen as follows;

=202 = ks({1 + Wiref) Q2 + Tiref) + ke($1 + Wirer) + k700

= a; = k%(—cz (Ty — Tiyef) — ks Ty — kgw1) = wy (7.28)
Wherec, is the positive gain
By doing so, we have:

Va(G1,42) = —c1f — €283 <0V, 4 # 0 (7.29)

By choosing the state feedbacks (7.21) and (7.28 a change of state
transformations (7.17) and (7.24), the third sutesyscan be rewritten as follows:

(:1 = —¢1(1
(2 = =20, (7.30)
wy = kgwy + ko({y + Tiper) + K10Ty
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Step 3: By putting

(3 =wy —a (7.31)
The third subsystem can be rewritten as follows:

(:1 =—0161

(2 = —C20 (7.32)

63 = kg({5 + az) + ko({2 + Tlref) —ay + kqioTy

wherea,is determined by the following
1
t, = k_(_(cz + kiwy) (ksw Ty + kewy + kywy,) — (ksTy + ke) (k3 Ty + ko Ty
7

+ kiwq + kyu1q))
So,t, can be chosen to make the subsystem (7.32) gloasyimptotically stable. A
CLF V3(¢41,02,{3) can be chosen such that it makes the subsysteB2)(7.

asymptotically stable with a virtual control law:

Vs (G0, G2 Gs) = Va6, 2) +5 82 (7.33)
Taking the derivative of the Equation (7.33) in¢irand combining with Eq. (7.32)
result in;
V3 (61,62, 43) = _C1(12 - Cz(z2 + {3(kg({5 + az) + ko({, + Tlref) — ay + k1oTy)
(7.34)
To satisfy the asymptotically stable condition lie tsense of Lyapunov in chapter 2
for the Equation (7.34), a control lasy can be chosen as follows;
=303 = kg({3 + a3) + ko({z + Tiyef) — @z + k1oTy
=Ty = k%o (—c3(wy — az) — koTy — kgwy, + a3) (7.35)
wherec; is the positive gain
By doing so, we have:
V3(1,$2,43) = =187 — €205 — €305 < 0V(1, 85,03 # 0 (7.36)
By choosing the state feedbacks (7.21), (7.28) @85) and a change of state

transformations (7.17), (7.24) and (7.31), the tlowgubsystem can be rewritten as

follows:
(:1 = —c1{;
{3 = —C30;
. 7.37
{3 = —C3(3 ( )

Tz =ki1(1 + (Ulref)((z - Tlref) + k1w Ty + k3w, + kia($ + wlref))
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Step 4: by putting
(o =T, — TZref (7)38
The fourth subsystem can be rewritten as follows:

61 = =010 \I
(:2 = =020, ¥
{3 = —C303

64 =ky1(1 + (Ulref)((z - Tlref) + kw2 (0 + T2ref) + kizwy + k(4 + wlref)J

(7.39)
Now, w, Iis regarded as a control input in system (7.39).a5 can be chosen to
make the subsystem (7.39) globally asymptoticalfple. A CLFV,({3, {2, (3, {4)
can be chosen such that it makes subsystem (7s3®)paotically stable with the

virtual control law;

Va(C1, 02,03, 84) = V3(41, 02, ¢3) + %(f (7.40)
Taking the derivative of the Equation (7.40) in d¢inand combining with the
Equation (7.39) result in;
Vo = —¢14f = 205 — 363 + Galey1 (G + W1rer)(§2 = Tirer) + k12w ({4 +
Tores) + ki3y + k14 ({1 + Wirer)) (7.41)
By satisfying the asymptotically stable conditionthhe sense of Lyapunov in chapter

2 for the Equation (7.41), a virtual control lawy can be chosen as follows;
—C4Qs = kq1 ({1 + w1ref)((2 - Tlref) + k1ow2(3 + T2ref) + k13w,
+ k1a($ + w1ref)

1
= a3 = YiaTotkes (—Ca(Tz — Toref) — k1101 Ty — kya01) = w3 (7.42)

wherec, is the positive gain
By doing so, we have:

Vi =—c10f — 205 — 305 — 4§ <0Y(,85,83,8 %0 (7.43)
By choosing the state feedbacks (7.21), (7.28B5(7and (7.42) and a change of
state transformations (7.17), (7.24) (7.31) an®8§),.the fifth subsystem can be

rewritten as follows:
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61 = =161 )
(.z = =026, l
Z3 = —C3(3 } (7.44)
Z4 = —C444 |
Wy = kyswy + k16(Gs + Torer) + k1713 + k18T2)

Step 5: by putting

(s = Wy, — 3 (7.45)
The fifth system can be rewritten as follows:

61 = —¢101 \

(.z = —C262

(.3 = —C303 (7.46)

Z4 = —C444

(.5 = ki5({s + a3) + ki6({s + T2ref) + kq7T5 — a3 + kg7,

Whered; is determined as follows:

as
[—ca(ky1 01Ty + ky0,T; + ki3, + kyawq) ]
1 —ky w1 (ksw1 Ty + kewy + kyw,,)
= kaTs ¥ a)? 4 —(k11 Ty + k1a) (ksTy + ko Ty + kywy + katy)][ke2To + Kyl — ¥
l (—ca(Ty — T2ref) — ki101T; — kya01) J
(k11011 + k120,T; + kyzw; + kiawq)ky,

Thus,t, can be chosen to make the subsystem (7.46) gloasyimptotically stable.
A CLF V5(4,45, 03,04, {5) can be chosen such that it makes subsystem (7.46)

asymptotically stable with the control law;

V5(¢1,62, €3, €as Gs) = Va1, €2, G5, Ca) + %(52 (7.47)
Taking derivative of the Equation (7.47) in timedasombining with the terms of the
Equation (7.46) result in;
Vs ($1, 42, G5, G4, {s) = —C10f — €283 — ¢305 — calF + {5 (kqs({s + a3) +
k16({a + Tarer) + kq7T3 — a3 + kig7;) (7.48)
By satisfying the asymptotically stable conditionthhe sense of Lyapunov in chapter
2 for the Equation (7.48), a control lawcan be chosen as follows;
—Cs5(s = ky5({s + a3) + k16({s + Torer) + k17T — a3 + kigT;
= 7, = 1 (—¢5(@p — @3) —~kis@p — ki6Ty — kasTs + ) (7.49)

Wherecs is the positive gain
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By doing so, we have:

Vs = —10f — 205 — 305 — calf — 502 < 0Y41,$5,33,04,(s # 0 (7.50)
By choosing the state feedbacks (7.21), (7.2835)7(7.42) and (7.49) and a change
of state transformations (7.17), (7.24) (7.31)38Y.and (7.45), the sixth subsystem

can be rewritten as follows:

(:1 = —¢101 )

(.z = —C2(3

(3 = —c303

! 7.51
('4 = —C40,4 ( ( )
{5 = —cs5(s

T3 = k19({s + a3)({s + T2ref) + kyow, T3 + kyrwy + ko ({5 + a3))

Step 6: by putting
(6 =T3— T3ref (7.52)

The sixth subsystem can be rewritten as follows:

61 =—c1G )
éz = =020,
(:3 = —C3(3 [
(4 = —C404
65 = —C5(s
o = k19(ls + a3)({y + Tarer) t koowyr({s + Tarer) + kprwy + kpp ({5 + @3))
(7.53)

Now, w, is regarded as a control input in the system {7.58,w, can be chosen
arbitrarily to make the subsystem (7.53) globallgyraptotically stable. A
CLF V¢(¢1,02,45,04, (5, {s) Can be chosen such that it makes subsystem (7.53)

asymptotically stable with the virtual control law;

V6(C1,¢2, €3, Cas G5, C6) = V5(61,62, 43,64, C5) +%(62 (7.54)
Taking the derivative of the Equation (7.54) in d¢inand combining with the
Equation (7.53) result in;
Ve($1,$2, 03, Car 5. G6) = —C107 = €205 — €305 — calf—c50Z + (s (k1o((s +
a3)(Gy + T2ref) + kaowr ({6 + T3ref) + kyiwr + kyp ({5 + @3))  (7.55)
By satisfying the asymptotically stable conditionthe sense of Lyapunov in chapter

2, a virtual control lawr; can be chosen as follows;
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—C6G6 = Kk19({s + @3) ({4 + Toref) + kaowr ({6 + Taref) + k210 + k2 ({5 + a3))

1
Aa = o Tathos (=c6(Ts = Tsrer) = k10w, Ty — kppw3) = wy (7.56)

Wherecg is the positive gain

By doing so, we have:

Vo = —c14f = 205 — ¢383 — calf—csGE + c6Z < 0YG1,85,05,0as G5, {6 # 0 (7.57)
By choosing the state feedbacks (7.21), (7.2835(7(7.42) (7.49) and (7.56) and a
change of state transformations (7.17), (7.24)1(7.87.38) (7.45) and (7.52), the

complete system can be rewritten as follows:

(.1 =—01$1 )
62 = =020,
63 = —C3(3
64 = —C4§,4 > (7.58)
65 = —C5(s
66 = —C6$6
Wy = Ka30y + Kk24({ + Tsrep) + kasTr)

Step 7: by putting

(7 =wr—ay (7)59
The complete system can be rewritten as follows:
61 = —¢1(1 )
Zz = —C30,
Z3 = —C3(3
Co = —Caly g (7.60)
(.5 = —C5(s
Ze = —Cc0
$7 = ko3 ({7 + ag) + ko (s + Tarer) — g + kpsTy)

Wherea, is determined as follows:
(s
[—ce(k19w, Ty + kpow, T3 + kyywy + kppw3)
—kiowy (k11 Ty + k1pw,Ty + kyzw; + kawq)
—(kyoTy + kop)(kyswy + kyTy + ky7T3 + kigt3)][koTs + kaq] —
L (—ce(T5 — T3ref) — k10w, Ty — kyowy) (k19w, Ty + kyow, T3 J
tho wp + kppwy)ksy

1
 (kpoTs + kp)?
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Thus, t, can be chosen arbitrarily to make the subsysten®0)7globally
asymptotically stable. A CLF,({y,{5, (3,04, {5, {6, {7) can be chosen such that it

makes complete system (7.60) asymptotically staiitethe control law;

V7($1, €20 €3, €as G55 G6: §7) = V6 (€1, €2, €3, 64, G5, G6) + %(72 (7.61)

Taking the time derivative of the Equation (7.6h) time and combining with

Equation (7.60) result in;

V7((1'(2'(3'(4' 05,06, {7) = —C10f — 205 — €303 — €405 — 05(52 —clé +
{7(k23($7 + @) + koa(f6 + T3ref) =y + kys7,)  (7.62)
By satisfying the asymptotically global stable cibioth in the sense of Lyapunov in

chapter 2 for the Equation (7.62), a control lgvean be chosen as follows;
—C7G7 = ky3({7 + as) + kau ({6 + T3ref) — a4 + ko5,
1 .
=T = k_zs(—c7(wr — ay)—kazwr — kasT5 + d4) (7.63)

Wherec, is the positive gain

By doing so, we have:

V7 = —10f — €205 — €303 — caff—c50E — €60 —C7G7 < 0V, 02,03,04, 05,6, {7 #
0(7.64)

Thus, there exists a CLF (7.62) and the state &ddb(7.21), (7.28), (7.35) (7.42)

(7.49), (7.56) and (7.63) and a change of statestoamations (7.17), (7.24) (7.31),

(7.38) (7.45), (7.52), and (7.59), the completdesyscan be rewritten as follows:

¢1=—¢141)
éz = =020,
63 = —C303
64 = —C4Gy ¢ (7.65)
65 = —C505
66 = —C6$6
67 = —C7(7J

By examining the system (7.65), it is clear tha flystem is asymptotically
global stable and converges to zero with positieeng) and the response of the
system has no overshoots. The desired settling éinterising time of system are
obtained by tuning the gaing, o, G, &, G, G, and ¢. Thus, the stability and

performance specifications on the system (7.13)&(7are achieved with the BSC.
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By the backstepping based approach shown abovedyatiestepping controllers of

equations (7.1)-(7.7) system are given as follows.

1
T, = k—4(—cl(w1 - wlref) — k3T, — kTy — kywq) )

1 :

Ty = o (=c3(wy — a2) — koTy — kgwy + d3)
. 7 (7.66)

2= (—cs(wg — ag)—kyswy — kyeTo — kq7T5 + d3)

1 .
Tr = k_zs(_c7(wr — ay)—kyzwr — k2uT3 + dy) )

wherecy,c,,c3¢4,C5,C5C;are the positive gains and determined by modifiedegjc

algorithm in chapter 3 andwes . T2ref - T3ref» Vref are the prescribed reference values.
By using the proposed algorithm, the positive gaifrs, c.c,cs cs¢c; of backstepping
controller (7.66) are optimally determined by usthg modified genetic algorithm in
chapter 3 to obtain the desired performance spatidins with objective function

shown in the (7.67).

N N
=1

N
J= ,BlZ(TE)i +By (ATkz)i +ﬂsZ(Aij)i ~ Min (7.67)
i i=1 )

i=1

u= 1234k =123 j= 1234m=17;
Where N is an integer number of iterations in agrdimulations,f1, 52,83 are scale
factors. ATy =Tk -Twet IS the error between the operating and referenoside.

AVj=V;-Vjet IS the error between the operating and velocity weéb and.

ry (U= 1234) are toques at unwind motor, the rewind motor, axhef the driven

rollers

7.3 Backstepping Based Control Algorithm Design

Figure 7.3 shows the algorithm diagram of a thigmsR2R web control system
using the backstepping controllers. In this aldwnt digital computer is considered
as a controller that generates the desired cotdrgue to keep web velocity and
tension with prescribed reference values due toptkesence of inertia change and
viscous friction. Load cell, encoder, tachometed altrasonic sensors are used to
gain the feedback signals. Control software depenadin all feedback signals of
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velocity, tension and the control laws in the Equad (7.66) calculates the required
toques to keep the desired performance specifitatiSimulation is complemented
in Matlab/Simulink R2008b

I

1 vou B i

\ Tension ot i Subsystem '
T]tef ’_>® t —oy controlier 2 Driver [? _:' i 1 [ > TI
] ] J } ’ r e ui :
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1_ret L 3| 1
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68 '
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¥, Tension Motor & i| subsystem i
Tarer _‘{f) >l controller = Driver H 4 E Ts
el Swoi i

Figure 7.3: Algorithm diagram for three-span R2Rbwgstem
7.4 Numerical Simulation
7.4.1 Simulation Condition and Parameters

The simulation parameters of a three-span R2R wmtiral system are
shown in Table 7.1. The optimal gains of backstegmontrollers are determined by
using the MGA in chapter 3 with design parametarshapter 3. The simulation is
set up with the zero initial conditions, the prdsed reference web tension are
presented in the Equation (7.68):

Tiret =12(N), Tores =10 (N), Taer =8(N) (7.68)

The desired angular velocity of the infeeder iswgetvith 0.8 (rad/sec). In order to
observe the effectiveness of proposed algorithnmgusiackstepping controllers,
Numerical simulation is complemented with the alitviscous friction and inertia
change of rewinder and unwinder in time. The outesrof this study prove the
reliability throughout simulation results in Matl&mulink and comparison with the
experimental results.

Table 7.1: Simulation Parameters of Three-span R2R Control System
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Parameter Values units
Radius of the unwind ro 0.35¢ | (m)
Radius of the roller 0.0t (m)
Radius of the roller 0.0t (m)
Radius of therewind roll 0.096 | (m)
Inertial moment of the unwinder and mo| 0.0600¢ | (kgm"2
Inertial moment of the infeeder and m¢ | 0.0075( | (kgm”2'
Inertial moment of the outfeeder and mi | 0.0075( | (kgm"2
Inertial moment of the winder and mc 0.C2377 | (kgm~2
The length of spe 1 2.36C | (m)
The length of span 7.335 | (m)
The length of span 2.632 | (m)
The thickness of we 0.000: | (m)
The width of we| 0.2 (m)
PET'’s Young modul 2.5*10"¢ | N/m”"2
Density of web (PE1 1.4*107: | Ka/m”3

7.4.2 Simulation results

The BSC based algorithm

Matlab/Simulink and the control scheme for a trspan R2R web velocity and

in the Equations (7.66) ingplemented in

tension control system is shown in Figure 7.3,dimeulation results employed with
the presence of inertia change and viscous friateom be obtained with the optimal
gainsc, = 96,c, = 87,c3 =89,¢c, = 75,c5 = 7.3, ¢ = 94,c; = 66

Web tension change in span 1,2 and 3 (N)
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Figure 7.4 Web tension change in span 1, 2 and 3 (N)
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Change of angular \elocity of rewinder (Rad/s))
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Figure 7.5: The angular velocity change in timenééeder
The proposed theory is expected that the time resgpof web tension and velocity
is with no zero overshoot and fast response. Inr€iJg.4, the solid, dash and double
dash lines show the web tension change in spampdn & and span 3 in time,
respectively. Figure 7.5 shows the angular veladignge in time of the infeeder.
From the above results and comments, the followorgments can be made:

* The time response of web tension in spans and \e&xity of three-span
R2R web system of the BSC with optimal gains deiteech by the MGA has
no overshoot and yields settling time of 0.2 secthad is coincided to the
expected results .

* The proposed algorithm based on the BSC achievedptkcision, high
stability and met the performance specifications.

7.5 Experimental study

Figure 7.6 shows the diagram of three-span R2R raorgystem for
experimental study. In order to operate web, unaindfeeder unit, outfeeder unit
and rewinder motors HC-KFS43 and Driver (MR-J2S-Y1@#ith torque control
mode (0~8 V) are used. The load cells are useeéttthg web tension and ultrasonic
sensor MIC+25/IU/TC is used to determine the chasfgeadii. System design with
NI FPGA board (PXI 7813R reconfigurable 1/0) shoimnFigure 7.7 is integrated

with input/output equipments. Depending on the tapthe control program in Fig.
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10 with proposed algorithm generates the torquéeép web velocity and tension

prescribed values

T —_ Ultrasonic
3 sensor

Roller2

Mator/HC- Motcr/HC- winder
KFS43 KFS43
Motor/HC-
KFS43

Driver (MR-125-E04) Driver {M2-125-04)

Criver (MR-J23-504) Tarquz contrel: C~8 W Torque contraol:0~8 +
[ Tarque control:0~8 Y ] [ rivar chiz‘tﬁ;uA) }
Turyue conliol: 08 v

Tl_ref .

Ty ret NI FPGA board Ty vof
(PXI 7813R reconfigurable
1/O )
< ) >

T]ref Iq)f'e_}‘ T}ef T}-gf

-Back-stepping controller based algorithm
-Fuzzy logic/Meural Network based algerithm

Figure 7.6.Diagram of thre-span R2R web control system s¢

Figure 7.7: The PXI 7813R reconfigurable I/O

By usingthe diagram in Figu 7.6, above mentioned mathematical mc

and Labview language, tension control program fdBRRveb ystem is given out
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shown Figure 7.8. In this program, the referencé welocity and tension can be
changed arbitrarily by users. The control prograspldys the change of web tension
and change of angular velocity of rewinder, infeedritfeeder and unwinder as
shown in Figure 7.8. The change of gains in bagistg is also available to help
user understand and tune the gains to get theereferresponse of system in the

presence of disturbance.

amm@‘m‘ u.ac.kr

@ Mo conral Progom b Propct Explores - A2 F servo | HOST R _BEC Spars it b e tri_HOST T RNt e

Figure 7.8: User interface aktirspan R2R web control system

The desired web tension Tlref = 12 (N), T2ref =(N), T3ref = 8 (N) and the
desired angular velocity change is 0.8 (rad/s). &kgerimental implementation is
implemented in two cases. The first case is of zeit@al condition and slow web
velocity 4.6 m/min and the second case is done wnathzero initial condition and
web velocity 12.5 m/min. This comes from the fdwttthe step and repeat process

that is applied for printed electronics technolagyalways with reference web
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tension at initial condition. The following is tlexperimental results to demonstrate

the proposed algorithm:
Case 1: Zero initial condition and slow web velocity (Y§min)

TL | }
% [
Web tension 13 |

12- Pt e

00:00 00:50

Figure 7.9: Web tension change of span 1, 2 amdtigne
From the above results, the time response of weside in three spans is of zero
overshoot and fast response. By comparing to thalation results in Figure 7.4, we

conclude that the experimental results are coimcidigh the numerical simulation.

The fact is that this web velocity is reasonablepiinted electronic technology.

Case 2: Nonzero initial condition and web velocity (12rBmin)

ey I_-i.
) I:'IIl
B I_[

Figure 7.10: Web tension response with nonzera@lrdondition
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Figure 7.9 shows the web tension change in spaspdn 2 and span 3
respectively with web velocity 12.5 m/min and iaitcondition =12 (N), T;=10
(N) and Bo=8 (N). The red and green lines shows the timeoresp of web tension
in span 2 and span 3 with overshoot about 6% aeadléack line shows the time
response of the web tension in span lwith zerosbwat. It is evident that the
beginning of startup is with small overshoot du¢hi® slack of web tension and high

web velocity. The web tensions approach the reterealues in short time.
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Figure 7.11: Angular velocity change in time ofaatler

Figure 7.11 shows the change of angular velocityhefinfeeder. It can be
observed that the system response with low velasitywith small overshoot. This

result is acceptable as compared to the simulatisuits.
7.6 Analysis and Discussions

In this chapter, a mathematical model is develdpedhe three-span R2R web
control system using the results in chapter 4. 8asethe backstepping approach for
the nonlinear dynamics systems, a procedure fomimbfy the backstepping
controller and a backstepping based web tensionvalwtity control algorithm are
proposed using the theory developed in chaptedZhapter 3. The optimal gains of
the BSC are determined by the MGA in chapter 3 tamally, the hardware and
software scheme is discussed for experimental img@teation.

In the proposed theory in the dissertation, we etquethat the time response of

web tension and velocity is with no overshoot aast fresponse. The simulation
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results show that the proposed algorithm is rediavd able to meet the performance
specifications, achieve an asymptotically globabaity, and have a well-tracking
command. Also, the experimental implementatiormpleyed in two cases.

* The first case is of zero initial condition andwglaeb velocity 4.6 m/min. In
this case, the time response of web tension irethpans is of zero overshoot
and fast response. By comparing to the simulatesults, we conclude that
the experimental results are coincided with the enral simulation in this
case.

* The second case is done with nonzero initial coomd&nd web velocity 12.5
m/min. In this case, the web tension response ithptemented with web
velocity 12.5 m/min and initial condition;g=12 (N), T,0=10 (N) and §,=8
(N) has overshoot about 6% in span 2 and zero bwetsn span 1. This is
explained due to the length and weight of web Bnsp and 3.

Also, from the obtained results in Figure 7.9, alldws that the proposed
algorithm using the BSC meets the desired perfoomapecifications of the high
stability in the presence of inertia change of uhainder and rewinder and viscous
friction. With the rapid development of sensors afettronic devices, the proposed
control algorithm of BSC results in a control systeith high precision and is useful
for applications with high digital computationalssgm.
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8. Conclusions and Future Works

This chapter summarizes the main contributionscames and applicability
of the dissertation and then the results are aadljziefly and some suggestions and
directions are made for future works at the enthisfchapter.

8.1. Conclusions

Nowadays, the rapid development of digital compusemsor technology,
and PC integrated devices leads many researchdrscntists to address design
methods for nonlinear control systems. There araynraethods to analyze and
design for the nonlinear control systems. Howetres, exact feedback linearization
and backstepping approaches are considered mutie iliterature. The state space
exact linearization method for MIMO nonlinear cahtsystems which utilizes the
sequence of coordinate transformation and statbéek in order to transform the
original system into a linear and controllable eystis presented. However, such an
approach often leads us to the complex expressiathsMIMO nonlinear control
systems and sometimes fails to obtain the findestaedback law. The question
arises if coordinate transformations and state Haekks are able to implement
alternately for each subsystem. The idea of bapkstg based design approach
comes up to get over this obstacle. In this propdisa whole system is divided into
several subsystems. By applying consecutively thardinate transformation and
choosing feedback law via Control Lyapunov Funct{@LF) to each subsystem
from the lowest to highest order and rewrite thedfeack law in the original
coordinates, the resulted controllers called bagshg controller make original
system a well-tracking command and asymptoticallgpba stable. The main
contributions of the dissertation are the following

* An overall view of development, applications andemtials of R2R web
control system for printed electronics are addmbssed a mathematical
model of multi-span R2R web control system is gatest using the second

Newton'’s law and the principle of mass conservation

* A systematic procedure is for formulating the baejgping controller for a

class of MIMO nonlinear control system and a bagising controller based
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algorithm for MIMO nonlinear control system is poged to prove the zero
overshoot response and short settling time witlitigegyains.

A hardware and software design scheme for multhsgaR web control
system is drawn using the FPGA technology and FR&#iew module.

A modified genetic algorithm is proposed to deterenoptimally the design
parameters of the BSC and an algorithm using theAM$sfor updating
online the gains is presented in the presence afgihg radii and viscous
friction.

By applying the obtained theoretical model, bagksieg based control
algorithm of R2R web tension and velocity is apgpliguccessfully for a
nonlinear single-span, two-span web control systethe numerical
simulation and experimental implementation prove teliability of the
proposed algorithm.

For three-span R2R web system, the proposed digoris working well
with low velocity. This is reasonable for printeéatronics technology.

8.2. Futureworks

In the development of mathematical model in thssditation, it is assumed

that the external disturbances such as printingsoire, friction between web and

rollers, no slippage, and no effect of wrap angle meglected. In reality, these

factors and others are principal sources to retluegrecise of control system. The

following are some suggestions for future works:

The recent developed control algorithms have nontax into the external
disturbances yet. Therefore, robust design proldé¢monlinear R2R web
control system should be considered in the presehegternal disturbances
and internal dynamics.

For printed electronics technology with high accyrahe small variation of
web tension, longitudinal and lateral error leanlsetduce the quality of the
final product. Thus, the integrated algorithm ofbwkension and register
control will play an important role for improvinghe quality of

manufacturing processes.
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By the experimental implementations, the autholized that the alignment
of rollers and wrap design or dynamics of rollessalso a factor to be
addressed for web velocity control. Thus, the dyiogonoblem of moving

web and rollers needs to be considered extensively.
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