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Chapter 1

Introduction

The term web is used to describe materials which have their length considerably larger than
their width and width considerably larger than thickness. Webs are materials which are man-
ufactured and processed in a continuous, flexible strip form. Webs consist of a broad spectrum
of materials that are used extensively in every day life such as plastics, paper, textile, metals
and composites. Typically web materials are manufactured into rolls since it is easy to trans-
port and process the materials in the rolled form. An example of a web material is shown in

Figure 1.1.

Figure 1.1: A Web Material used for Packaging

Web handling is a term that is used to refer to the study of the behavior of the web while

it is transported and controlled through the processing machinery from an unwind roll to a

1



rewind roll. A typical operation involves transporting a web in rolled, unfinished form from
an unwind roll to a rewind roll through processing machinery where the required process-
ing operations are performed. An example of such a process is commonly seen in the metals
industries. The web (metal strip) that is to be processed is transported on rollers to various
sections where different operations like coating, painting, drying, slitting, etc., are performed.
The process line generally has unwind and rewind rolls, many idle rollers and one or more
intermediate driven rollers. An experimental web handling system with unwind and rewind

sections is shown in Figure 1.2.

UNWIND SECTION

— | L =
e RO

DRIVEN ROLLER -
\
AN

1 !‘ .."\ \
i RO ﬁRE\«\\/IND SECTION
i /3 | \‘

Figure 1.2: Experimental Web Handling System

The longitudinal dynamics of the web is the behavior of the web in the direction of transport
of the web. Web transport velocity and web tension are two key variables of interest that affect
the longitudinal behavior of the web. The lateral dynamics of the web is the behavior of the
web perpendicular to the direction of transport of the web and in the plane of web. Several
parameters which affect the lateral web dynamics include web material, tension, transport
velocity, and web geometry, etc. The quality of the finished web depends on how well the web
is handled on the rollers during transport. The longitudinal and lateral control of the web on

rollers play a critical role in the quality of the finished product.
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The focus of this work is on control of lateral dynamics of a web. Adaptive control strategies
that are capable of providing the required performance in the presence of the variations in the
process and web parameters are investigated. The suitability of these control strategies and
their ability to provide the required performance are studied in detail, both from theoretical
and experimental perspectives.

Web guiding (also called as lateral control) involves controlling web fluctuations in the plane
of the web and perpendicular to web travel. Web guiding is important because rollers in any
web handling machinery tend to have inherent misalignment problems and this may cause
the web to move laterally on the rollers. The lateral movement of the web on the rollers may
produce wrinkles or slackness in the web, or the web may completely fall off the rollers. A
number of web processes like printing, coating, winding may get affected severely due to the
web lateral motion and it becomes important to maintain the lateral position of the web. Web

guides are used to maintain the lateral position of the web on rollers during transport.

GUIDE ROLLER

ACTUATOR

Figure 1.3: An Example of a Web Guide

A web guide mechanism typically consist of a roller sitting on a pivoted base, whose motion
is controlled to change the axis of rotation of the roller. The working principle of all web guides

is based on a well understood fundamental principle in web handling —a web approaching a roller



will always tend to orient itself perpendicular to the axis of rotation of the roller. The lateral motion of
the web is controlled by changing the axis of rotation of the guide roller. The lateral position of
the web is measured using an edge sensor. Based on this measurement as feedback the axis of
rotation of the guide roller is controlled to maintain the lateral position at the required location.
Figure 1.3 shows a web guide mechanism with an electromechanical actuator and an infrared
Sensor.

Web guides are positioned at different locations in an industrial process line where guiding
is required. Guides located at either ends in a process line are usually called ferminal guides [1].
Anunwind guide maintains the lateral position of the web which is fed into the processing line,
whereas a rewind guide maintains the lateral position of the processed web which is wound
onto a roll in the rewind section. Apart from terminal guiding, web guides are extensively used
in the intermediate process sections and they are referred to as intermediate guides.

The intermediate web guides are classified based on the way in which the axis of rotation
of the guide roller is changed. Figure 1.4 shows an end pivoted guide where the change in the
axis of rotation of the roller is about a pivot point which is at one end of the roller. Similarly
the center pivoted guide shown in Figure 1.5 has its pivot point in the center of the guide roller.
An offset-pivot guide (shown in Figure 1.6) utilizes a pair of rollers to change the axis of rotation
while in a remotely pivoted guide (shown in Figure 1.7) the guide roller moves along a curved

path to change its axis. These are some commonly used intermediate web guides in the web

l

=

handling industry.
AXES OF ROTATION
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Figure 1.4: End Pivoted Guide

Figure 1.5: Center Pivoted Guide
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1.1. LATERAL DYNAMICS

1.1 Lateral Dynamics

In order to control a web guide it is important to understand the physics behind the transport of
web on rollers. Lateral and longitudinal dynamics of a moving web are dependent on various
process parameters like transport velocity, web tension, web material, and the geometry of the
web material, etc. Understanding the lateral dynamics of the web is important for designing
an effective lateral controller for the web guide mechanism. Lateral dynamics of the web was
first modeled in [2], based on the assumption that the web behaves like a string. A major
improvement to the mathematical model for the lateral dynamics of the web was described
by J. J. Shelton [3]. A first order model of an ideal web was presented in [4] followed by a
second-order model [5] by considering the web as an Euler beam. A model for the web lateral
dynamics for a multiroll system was developed in [6] based on the Timoshenko beam theory.
A stochastic modeling formulation for the lateral dynamics was developed in [7]. An overview
of the lateral and longitudinal dynamics along with a historic perspective of modeling and
control of moving webs was presented in [8]. A detailed modeling of the lateral dynamics of
the web for different types of intermediate guides was presented in [9, 10].

The two types of intermediate guides which are considered in this work are a remotely piv-
oted guide (also called as a steering guide) and an offset-pivot guide (also called as a displacement
guide). The web span lateral dynamics for the two guides are similar and hence the same con-
troller design can be implemented on both the guides. Even though the focus of this research
is on these two intermediate guides, the theory developed can be adapted to other guides as

well.

1.1.1 Remotely Pivoted Guide (Steering Guide)

The action of the remotely pivoted guide on the lateral position of the web is given by
YL (S) = Gls (S)Z(S) + GQS (8)00(8) + Ggs (S)Yo(s) (11)

where Y7, (s) is the Laplace transform of the web lateral position, Z(s) is the input to the guide
in the lateral direction, 6y(s) denotes the entering span roller misalignment and Yj(s) is the
initial lateral position misalignment (see Figure 1.8). The transfer functions in equation (1.1)
are given by

$% + Bos + B
s2 + Bas + By’

B3
s2 + Bas + o’

—B335 + Bo

Gl = ot o

GQS(S) = and Ggs(s) = (12)

6



1.1. LATERAL DYNAMICS
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Figure 1.8: A Schematic of a Remotely Pivoted Guide
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where the web span parameter K is defined as K2 = E is the modulus of elasticity of web,

1/
I is the moment of inertia of the web, T" is the web tension, L is the length of the entering span,
T = L/v is the time constant, v is the web transport velocity, and x; is the distance from the
guide roller to its instant center of rotation.

The variables 6y (s) and Yy (s) are considered as the disturbances, and the objective of the
web guide is to reject these disturbances to maintain the lateral position downstream of the

web guide. Thus the effect of the input guide displacement, Z(s), to the lateral position of the

web, Y7,(s), is given by
s*+ fas+ B

Yils) = $2 + Bas + By

Z(s) (14)
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1.1. LATERAL DYNAMICS
1.1.2 Offset Pivot Guide (Displacement Guide)
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Figure 1.9: A Schematic of an Offset Pivot Guide

The lateral dynamics of the web with a displacement guide is influenced by the input to the

guide mechanism, Z(s), and the initial lateral position misalignment, Y;(s), and is given by

YL(s) = G1aZ(s) + GaaYo(s) (L5)
where
s [—f?’(fL)s—I— fl(ﬁ”} {324— f2(fTiL3)8] LlL—lL +52+ fz(-:(L)s+ fzgfLLl)L
1d\S) =
[32 n f2(KL3)S+ fl(KQL?))] [52 n fz(KL)S+ fl(lgL)] &2 4 fz(KL)s+ fl(lgL)
T3 7_3 T T T T
s {f3(zL3)8+ fl(—Z;Ls)} {fB(fL)SJr fl(fgL)]
24(8) =
[52+ f2(KL3)S+ fl(K2L3)} {324- f2(KL)S+ fl(fgL)}
T3 7—3 T T

with L3 as the span length as shown in Figure 1.9 and 73 = L3 /v.
Displacement guides are typically installed such that the length of the guide span (denoted

by L) is very close to the distance from the pivot axis to the second guide roller (denoted by L)
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(see Figure 1.9). When L ~ L, the transfer function G14(s) is simplified [9], and the structure
is same as the transfer function G'15(s) in the dynamics of the remotely pivoted guide given by
equation (1.2). With this simplification, the dynamics from the guide input to the web lateral

position is given by
s + Bas + By

YL(S) - s2 4+ s + By

Z(s) (1.6)

where 3] = %
T L

1.2 Lateral Control

Lateral control involves the design of a closed-loop control system for regulating the lateral
position of the web in a process line using a web guide mechanism. The guide mechanism
includes an actuator which provides the input to the system and a feedback sensor which is
used to measure the lateral position of the web.

Current industrial controllers for web guiding are simple and do not consider the web lat-
eral dynamics in the controller design. A typical industrial controller consists of three loops.
A very fast current loop, a velocity loop and an outer position loop. The two inner loops are
designed based on the actuator dynamics, and they regulate the current and velocity of the ac-
tuator. The actuator dynamics is assumed to be completely known. The outer position loop is
designed to regulate the lateral position of the web, and the compensation is usually based on
a Proportional (P) controller or a Proportional-Integral (PI) controller. The error in the lateral
position of the web drives the two inner loops. Hence all the three loops work in unison to
regulate the lateral position of the web.

Since the inner two loops are driven by the outer position loop, the lateral position measure-
ment becomes critical. Depending on the web handling application, the type of sensor used to
measure the lateral position of the web varies. Applications which handle opaque webs com-
monly use infrared sensors while transparent film applications employ ultrasonic sensors. The
position loop is dependent on this sensor measurement and the sensor gain affects the position
loop. Both analog and digital industrial controllers commonly have a manual variable gain,
which can be used for tuning the controller gains based on the type of the web. Based on the
sensor gain, the controller gain is adjusted appropriately.

A number of strategies have been presented in the literature to control the lateral position

of the web. The strategies include Proportional (P) control [11] and [7], Proportional-Derivative

9



1.3. NEED FOR A DIFFERENT CONTROL STRATEGY

(PD) control [11], a state estimation-proportional gain strategy [12], a state variable feedback
control strategy [13], estimated velocity feedback control [14] and [15], controller based on fre-
quency domain design [16], etc. In most of the control strategies cited above, it is assumed that
the parameters that affect the lateral dynamics of the web are known. Some of the key param-
eters that affect the lateral dynamics are the web material properties, web geometry, transport
velocity, web tension, etc. These parameters may vary due to process condition variations or
due to the processing of different web materials in the same process line. Unless these parame-
ters are measured regularly it is difficult to know the exact dynamic model of the web for each

situation.

1.3 Need for a Different Control Strategy

Some potential shortcomings of the existing lateral control strategies are given in the following.

e Existing industrial strategies do not consider the web lateral dynamics in the analysis
and design of the lateral controllers. Inclusion of the lateral web dynamics in the control
design process has the potential to significantly improve the guiding performance in the

presence of process variations as well as many machine induced lateral disturbances.

e Sensor gain changes as a result of web material variations cause poor guiding with exist-

ing fixed gain controllers.

e Parameters of the dynamic model are not known. In a model based controller design
for lateral guiding, the knowledge of the parameters like tension, web transport velocity,
web material geometry, etc., are important to achieve better tracking performance. But
in most industrial applications these process parameters are not known to the guide con-
troller. Additionally, most industrial process lines are designed to process different web

materials under different operating conditions.

The goal is to find a controller that is capable of providing specified guiding performance
which has the ability to overcome many of the limitations of the existing fixed gain controllers,
including the ones given above. To achieve this goal, adaptive control strategies are investi-

gated in this thesis.
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1.4 Contributions

Two main contributions of this work are summarized below:

1. Model reference adaptive control designs that are applicable to web guiding are devel-
oped. A systematic approach for industrial implementation of these new adaptive strate-
gies are developed. Additionally, practical industrial implementation guidelines are pro-

posed.

2. A new performance metric that clearly highlights the web guiding performance is devel-
oped. The new metric is based on histograms. Profiles of commonly observed histograms
are studied and their occurrence in guiding situations are analyzed. This novel perfor-
mance metric can be used as a metric for tuning controllers as well as a diagnostic tool

for lateral web guiding applications.

In addition to the primary contributions, several other secondary contributions are summa-

rized below:

1. Simplified adaptive controllers are developed based on the approximation of the lateral

dynamics by reduced order models.

2. Extensive experimentation of the adaptive strategies on an experimental platform con-
taining various intermediate web guides is carried out. Further, an often used industrial
control strategy is simultaneously implemented for all situations, and the results are com-

pared.

3. Commonly used friction models are investigated and an adaptive friction compensation
scheme based on static friction model is proposed for web guiding applications. A sim-
plified adaptive controller with friction compensation is proposed and an indirect friction

compensation scheme based on recursive least squares is implemented.

4. The output voltage of an optical sensor depends on the opacity of the web. A new method

to determine the range of the optical sensor is developed (see Appendix A).

The rest of the document is organized as follows. In Chapter 2, a detailed description of
the design of model reference adaptive control strategies suitable for web guiding is given.

The results of the experiments carried out on an experimental web handling platform with the

11
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proposed adaptive control strategies are presented in Chapter 3. A detailed discussion of the
results along with practical industrial implementation guidelines based on the experimental
observations are also presented in Chapter 3. Chapter 4 gives friction compensation techniques
that are applicable to web guiding. In Chapter 5, a new performance metric for web guiding
based on histograms is discussed. Chapter 6 summarizes the thesis and provides suggestions

for future work.
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Chapter 2

Adaptive Control Design for Web Guiding

2.1 Introduction to Adaptive Control

To adapt means to change to meet requirements or adjust to new circumstances. An adaptive
controller is a scheme that adapts to changes in process dynamics and disturbances. Adaptive
controllers are commonly used when there is a considerable change in the process dynamics
and disturbances, which may not be compensated by using fixed gain controllers.

One practical application of an adaptive control scheme is the autopilot guidance system in
aircrafts. The process dynamics of an aircraft depends on various parameters such as speed,
altitude, head wind, tail wind, etc., and the aircraft also experiences various external distur-
bances. It is difficult to design a linear fixed gain feedback controller which can perform well
under different operating conditions and in the presence of various disturbances. In the early
autopilot design, the adaptive scheme that was commonly used was gain scheduling. Vari-
ous parameters that affect the process dynamics of an aircraft have a direct relationship with
process outputs (or measured variables), and hence these outputs can be used to change the
controller parameters directly. Hence it is possible to determine a suitable constant gain linear
feedback control strategy for each operating condition. The model is thus linearized around
those operating conditions. This is called gain scheduling because the control scheme deter-
mines the operating condition based on the process outputs and consequently an appropriate
controller is chosen to compensate for the process dynamics (or process gain). The system has
basically two loops as shown in Figure 2.1. The inner loop is a standard feedback loop while
the outer loop adjusts the controller in the inner loop based on the operating conditions. Gain
scheduling can be regarded as a mapping from process parameters to controller parameters

[17].
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Figure 2.1: Adaptive Gain Scheduling Scheme

Gain scheduling is possible only when the variations (or the process dynamics) are directly
correlated to the measured variables. In other words, gain scheduling is possible only when
the operating conditions could be characterized based on these measured variables. Variation
in disturbance characteristics cannot be compensated using gain scheduling and hence adap-
tive controllers are used. The modern autopilot for aircrafts employs adaptive controllers to
compensate for various disturbances that act on the plane. The modern autopilot system is not
limited to level flight. Current systems include different autopilot schemes for taxi, take-off, as-
cent, level flight, descent, landing and taxi back to the terminal. Since the disturbance changes
frequently, it is reasonable to adjust the controller parameters to cope with the disturbance
characteristics. A common adaptive control scheme is illustrated in Figure 2.2. Similar to gain
scheduling, there are two loops. The inner loop is a standard feedback loop with a controller.
The outer loop has a parameter adjustment mechanism which modifies the controller based on

variations.

Direct and Indirect Adaptive Control

An adaptive controller consists of two main subsystems. A parameter estimator and a controller
based on the parameter estimator. The parameter adjustment block in Figure 2.2 is the pa-
rameter estimator which estimates the unknown parameters, based on the output of the plant,
reference command, control signal, etc. The estimated parameters are then used by the con-
troller to compute the control signal to the plant. The way in which the parameters are esti-
mated, also referred to as the adaptive law, along with the way in which the control signal is

calculated, gives rise to two main kinds of adaptive control schemes, indirect and direct. Indirect
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Figure 2.2: Adaptive Control System

adaptive control involves the estimation of actual plant parameters which are used to compute
the controller parameters. The controller parameters are computed indirectly and hence the
name indirect adaptive control. In direct adaptive control, the plant model is parametrized in
terms of the controller parameters which are estimated directly without intermediate calcula-
tions involving plant parameter estimates [18]. Indirect adaptive control is also referred to as
explicit adaptive control while direct adaptive control is also referred as implicit adaptive control
because the control design is based on explicit or implicit plant model estimation. Both types of
control schemes can be used for minimum-phase plants, but difficulty arises when designing
an indirect adaptive control scheme for nonminimum-phase plants [18]. In direct adaptive con-
trol scheme, since the plant parameters are parametrized in terms of the controller parameters,
the convergence of parameters to their true values is not of utmost importance. The parameter
estimation is usually driven by the output error. Although the parameters do not converge
to their true values, the controller is capable of meeting the performance requirement on the
output error convergence. On the contrary, convergence of parameters to their true values is of
utmost importance while using indirect adaptive control. The convergence of parameters and

its importance will be discussed later in this chapter.

Model Reference Adaptive Control

In a Model Reference Adaptive Control (MRAC) scheme the control law and adaptive law are
designed such that the closed-loop Input/Output (I/O) properties of the plant exactly match a

reference model. The reference model is any dynamic model which meets a desired closed-loop
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performance requirements for the plant. Hence the control law for the plant is designed such
that the closed-loop dynamics matches the dynamics of the reference model. There are two
kinds of MRAC strategies, direct and indirect MRAC. A schematic of direct MRAC is shown in

Figure 2.3.
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Figure 2.3: Model Reference Adaptive Control System

In this thesis a direct model reference adaptive control scheme is investigated for web
guides. In the following sections, the design and analysis of common adaptive control schemes
will be presented along with their application to web guides. On-line parameter estimation,
a key component in adaptive control design, is discussed in section 2.2. A simple adaptive
control example based on on-line parameter estimation is discussed in section 2.3. Model refer-
ence adaptive control schemes suitable for web guiding are developed in sections 2.4 and 2.5.
Model reference adaptive control schemes, based on a simplified models for the web dynam-
ics, are proposed in section 2.4. A model reference adaptive scheme based on the complete web

dynamic model is presented in 2.5.

2.2 On-line Parameter Estimation

On-line parameter estimation is required for any adaptive controller design. Both in direct

and indirect adaptive control schemes some form of parameter estimation is carried out. In
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indirect adaptive control the plant parameters are estimated. But in direct adaptive control the
controller parameters are estimated. In both the cases parameters are estimated in real-time

and the controller is adjusted appropriately.

y(t) PLANT
¢ OuTPUT
®) ESTIMATED i
REFERENCE ——) IEI;AMU g E! ggﬁ ourp UT
y(®) ESTIMATION

ERROR
f u(t)

CONTROL

Figure 2.4: On-line Parameter Adjustment Mechanism

In an on-line parameter estimation problem a parameter adjustment mechanism is utilized
to estimate the unknown plant parameters, as shown in Figure 2.4. The parameter estimator is
designed such that its structure is similar to the plant structure. The estimator is driven by the
input to the plant u(t), reference command r(¢) and the output of the plant y(¢). The output of
the estimator §(¢) is constantly compared with the output of the plant. The difference between
the estimator output and the actual plant output is called the estimation error. The parameters
in the estimator are constantly adjusted so that the estimation error is minimized. Standard
optimization techniques like the gradient-descent, least-squares, Newton’s method, etc., can

be used to minimize the estimation error in real-time (see Appendix B in [18]).
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Figure 2.5: Adaptive Control System
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2.2. ON-LINE PARAMETER ESTIMATION

An on-line estimation problem involve three key steps. First the parameter estimator has to
be parametrized appropriately in terms of the unknown parameters. The second step involves
the design of the adaptive law which defines the way in which the parameters are updated.
The adaptive law is designed such that the optimization techniques used to minimize the es-
timation error results in a stable system. The final step involves the design of the plant inputs
such that the estimates converge to their true values. The final step is important only for iden-
tification problems. For direct adaptive control problems the minimization of the output error
is important rather than the convergence of parameters.

In the following section a simple scalar plant of unknown parameters will be considered
and the procedure for designing an on-line parameter estimation scheme will be discussed.
The example is based on the procedure described in [18]. Additionally, various considerations

for designing the input and the stability properties of the adaptive system will be discussed.

2.2.1 Parameter Estimation: An Example

Consider a first-order system described by
= az + bu, x(0) = xo (2.1

where z is the output, u is the input and a, b are unknown constants. We also assume that the
system is stable, i.e., a < 0 and the input v is bounded. The objective is to develop an on-line
estimation algorithm for estimating the unknown parameters using the measured signals = and
u.

For estimation and adaptive control problems, an effective parametrization of estimator in

terms of unknown plant parameters is extremely important. A simple parametrization would

be

z(s)=[a b] 22)

where z(s) and u(s) are the Laplace transforms of z(¢) and u(¢). This parametrization is not de-
sirable due to the presence of the integrator. A similar parametrization which is implementable
can be obtained by using a low pass filter for the measured signals = and w.

Let the plant be parametrized by adding and subtracting a,,,z, where a,, > 0, a,, € R'. The
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2.2. ON-LINE PARAMETER ESTIMATION

parameter a,, is the low pass filter parameter whose value will be chosen later.

T =—anr+ (a+ amn)r+ bu (2.3a)
1
T= 7 o [(@a 4+ am)x + bu] (2.3b)
=09 (2.3¢)
where 0*" = [b (a + a,,)] is the unknown parameter vector and ¢ = [ﬁu ﬁx]T is
filtered measurement. Define the estimate of x as
t=0"¢ (2.4)

where 6 is the estimate of the unknown parameter vector in equation (2.3¢c), i.e,, 0 = [b (a +
am )]. Define the estimation error as

=z — @ (2.5)

The estimation error dynamics is given by
€1 = —me — az — bu (2.6)

where @ 2 a—aand b 2 b —b. Equation (2.6) describes the behavior of the estimator which
is influenced by the parameters and their estimates. If the parameter estimates converge to the
true parameter values, i.e., @ = a,B =b,thene; — 0 exponentiallyl, since a,, > 0.

The adaptive law for updating the parameter estimates, @ and b, can be derived using the

estimation error ¢, as

a= filer, z, &, u), é: faler, z, &, u) (2.7)

Notice that f; and f, are functions of the measured signals which are chosen such that the
equilibrium state

Ge=a, bo=b, €.,=0 (2.8)

of equations (2.6) and (2.7) is uniformly stable or asymptotically stable or exponentially stable.

Let us consider a Lyapunov function candidate as a function of the three states ¢;, @, b

- 1 .
V(er,a,b) = (ef +a* +b?) (29)

1The choice of a,, determines the rate of convergence of €1, since the decay is as per e~ amt,
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The function V is positive definite, decrescent and radially unbounded in R3. The time deriva-

tive of V along the trajectories of equations (2.6) and (2.7) is
V(el, a, IN)) =e1(—amer — ax — Bu) +af, + Bfg (2.10a)
= —ap€ — axe; — buer + afy + bfs (2.10b)
If f1 = e12, fo = €yu, we have
V = —amer <0. (2.11)

The function V is negative semi-definite since for all a, be Rande; =0,V = 0. The parameter
update law is given by

(2.12)

[w by
I
[
iy
IS

a=e€ex,

where & is generated using equation (2.4).

2.2.1.1 Analysis

Applying Theorem B.2, we conclude that V' is a Lyapunov function and the equilibrium given
by equation (2.8) is uniformly stable. Also V > 0,V < 0 implies that V' € L., which further
implies that €, a, b€ Lo Sincee; =z — & € Lo and z is bounded, # € L. Hence all the
signals in the system described by equation (2.6) are bounded. Additionally,

i 1 [ 1
el = [~ @yir = - [ Vir = - (v - W)
0

A 0 Qo

V€ Log = V| lim V =V

= ||e1]]3 exists = €1 € Lo

From equation (2.6), since €, @, z, B,u €L, é1 € L. Since ey € L3N L and é; € Lo, using
LemmaB.2,e; — 0ast — 0. From equation (2.12), &7 13 — 0ast — oo. Now we have established
that e, d, l; — 0, as ¢ — oo but this does not imply that a, b— 0ast — oo. From equation (2.9)
itis clear that lim; .. V =V = %(&2 + 132) but this does not mean that @, b have a limit. Notice
that there is no restriction on the input u apart from being bounded. To guarantee parameter

convergence additional conditions have to be imposed on the input w.

2.2.1.2 Sufficiently Rich Signals

In this section the properties of the input signal for parameter convergence are discussed in

detail. The notion of sufficiently rich signal and persistent excitation are introduced.
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The general solution for the differential equation (2.1) is

t
x(t) = ez +/ e pu(r)dr (2.14)
0

The first part of equation (2.14) decays to zero as ¢ — oo since a < 0 . Taking Laplace
transform on both sides for equation (2.1) with zero initial condition we get

X(s) = U(s) = G(s)U(s) (2.15)

sS—a

If uw = 0, then the solution carries information about the parameter « alone, and if zy = 0,
information about both the parameters a, b cannot be extracted from the input/output signals.

Similarly if u = ¢, ¢ # 0, a constant, then

u(t) =c¢ ﬁU(s)zg

- X(s) = be :—bc/a+bc/a
s(s —a) s s—a
—bc bc ,

:>I(t): o ; ¢

z(t) — —% ast — oco. Hence, the input/output signals only have the information about
the ratio g, and not about the individual values of a and b.

If u(t) = sinwpt, then

wo b
X(s)= 07
(s) (s2+wd)(s—a)
k k
= a(t) = ke + £ B2
0

where k1, k2, k3 are constants which depend on @ and b. Notice thatas a < 0 and ¢t — oo,

kos + k

_ a-1 2 3
oft) = 7 (R
= |G(jwo)|sin(wot + 0), 0= ZG(jwo)

4

2 2’
Vwyt+a

By observing the magnitude and the phase of the output signal at steady-state, the unknown

_1 ImgG(jwo)

|G(.7w0)‘ - REG(ij)

ZG(jwp) = tan

constants a and b can be determined. Hence, with a sinusoidal input the unknown parameters
can be estimated. Such a signal is a sufficiently rich signal for this system. The property of the
signal u to be sufficiently rich is called persistent excitation (PE). Persistent excitation is very

important in identification problems where parameter convergence is of utmost importance.
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For adaptive control problems where output error convergence to zero is desired, it is not
critical. For more information on persistent excitation refer to [17] (pages 63 — 73), [18] (pages

177 — 180) and [22] (Chapter 6).

2.3 Adaptive Control

In this section the design of model reference adaptive control is introduced by considering a
scalar tracking problem. The stability analysis and convergence properties use the mathemati-
cal preliminaries given in Appendix B.
2.3.1 Adaptive Regulation using a Reference Model: An Example
Consider a scalar plant with dynamics described by

& =ax + u, x(0) = o (2.19)

where a is the unknown plant parameter. It is desired to apply a bounded control input, u, such

that the closed system is stable and = — x,,, as t — oo, where z,, is the output of the reference

model given by

Ton = —AmTom, :L‘m(O) = Tmo, am >0 (2.20)
2.3.1.1 Control Law
Let uw = —k*x be the control law such that a — k* = —a,,. In other words if the parameter a is

known, then one can choose k* = a + a,, so that the closed-loop dynamics of equation (2.19) is
same as the reference model (2.20). If g = x,,0, then z(t) = z,,,(¢) forall ¢t > 0. And if g # Zmo
then the transient response of the closed-loop system will differ from the reference model, at
steady state z(t) = x,,(1).

Because the parameter a is unknown, the feedback gain k£* cannot be calculated and hence
the control law cannot be implemented. A control law based on the estimate of the unknown
parameter is chosen as

u=—k(t)z (2.21)

where k(t) is the estimate of k™.
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2.3.1.2 Adaptive Law

An adaptive law is now developed to estimate the unknown parameter by posing the problem

as an on-line estimation problem. Let us define the tracking error as e; = « — ,,. Therefore,

é1 =& — &y, = (@ — k) + apmzm, (2.22a)
=ar + apTy, — kx
=ar + apTy — kx +k*r — k*x
=az — k*z +a,x,, + k' — kx

= —AmT + ATy, —kT, 'l; =k—Fk"
—_——

é1 = —ape; — kx (2.22b)

= €1 =

S+ am
The transfer function G.(s) is SPR from Theorem B.6. Hence, SPR-Lyapunov? design scheme
is considered.
All the signals in equation (2.22b) can be measured except k which is a function of time. The
error dynamics in equation (2.22b) is in a suitable form to choose the adaptive law for k(t) such

thate; — Oast — oo. Let l;:(t) = fi(e1,x,u) where f; is a function to be chosen. Let

Se2 k2
Vien k) = > (2.23)

be a Lyapunov function candidate with v > 0 for the system described by ¢; and k. Choosing

f1 =~eix, we get

V =—ane? <0 and k= ~eix, k(0) = ko (2.24)

2.3.1.3 Analysis

Because V > 0and V < 0, V is bounded i, V € Lo = €1 € Loo, k € Lo (from (2.23)).

€1 =2 — Ty = & € L (since z,, € Lo). Additionally,

/OO et(r)dr = /OO V(r)dr = V(0) — V(c0) =VeLl =e €L (2.25)
0 0

%In this design the estimation error is related to the parameter by a SPR transfer function. Once in this form, the
KYP ( Lemma B.5) or MKY (Lemma B.6) Lemmas can be invoked to choose an appropriate Lyapunov function V' such

that V < 0. Refer to chapter 4 (On-Line Parameter Estimation) in [18].
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2.4. SIMPLIFIED GUIDE ADAPTIVE CONTROLLER DESIGN

k € Loo = k € L since, k* is constant. From equation (2.22b) we get é¢; € L,. Therefore, all
the signal in the closed-loop system are bounded. Because €; € L and e; € L2 N L, from
lemma B.2, e;(t) — 0ast — oco. u = —kx = u € L. Hence, all the signals in the closed-loop
system are bounded and the tracking error, e;, converges to zero. It has to be noted that, even
though k € Lo,k — 0 ast — oo, k may not converge to zero. Convergence of k to zero can be

gauranteed only when k € Lo, k € £, N Lo, where p € [1, 00] (using lemma B.2).

2.4 Simplified Guide Adaptive Controller Design

In the rest of this chapter model reference adaptive controllers called Guide Adaptive Controller
(GACQ) for web guiding applications are developed. In this section a simplified approximation
of the GAC is designed to regulate the position of the web by considering a simple lateral
web dynamic model. Recall that the transfer functions for both the steering guide and the
displacement guide are of relative degree n* = 0 and of the order n = 2. By approximating
the system with a reduced order model, the number of estimated parameters in the adaptive
control design is reduced and the controller implementation is simpler.

The transfer function for a steering guide (between the guide position and the lateral web

position) is given by
s° + Bas + B

21 os 1 o Z(s) (2.26)

yr(s) =

The transfer function between the voltage input and the lateral web position is given by

ke Con (s 4 P25 + b1)

s) = Uy (S 2.27
yL() S(S+a)(82+528+ﬁ0) P() ( )
where k,,, and a are motor parameters and C,, is the transmission ratio between the actuator
position and the guide position. Ignoring the dynamics of the web and considering only the

static gain of the lateral dynamics, we get

kmCm/BI _ K A é
s(s+a)fo  s(s+a) up(s) = up(5)- (2.28)

yr(s) =

Zp(s)
"Ry(s)
monic polynomials and £, is a constant. The complexity of the adaptive controller depends on

The transfer function &

represents a general transfer function where Z,(s), R,(s) are

the degree of the polynomials Z,(s) and R,(s). The knowledge of the sign of the constant k&,

simplifies the adaptive controller design.
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2.4. SIMPLIFIED GUIDE ADAPTIVE CONTROLLER DESIGN

The dynamics in equation (2.28) in time domain is given by
yr +ayr = Kup. (2.29)

Define state variables y; = yr, and y2 = ¢r. The dynamics in the state space form is

] 0 1 0
ol oy u (2.30a)
Yo 0 —a Yo K
= Ay + Bu, (2.30b)
yr =01 0ly=CTy (2.300)

Notice that since K > 0, a > 0, the system is controllable. Since the system is controllable, a
suitable reference model can be chosen such that the closed-loop plant dynamics matches the
reference model dynamics. A reference model with the same relative degree as the plant model

is chosen to be

2
Ym Wy Zm
===k =W, 2.31
r 82+ 2(w,s +w? "R m(s) (31)
The reference model in state space form is
fkl 0 1 Ty 0
= + r (2.32a)
Ty *%21, —2Cwn, T2 wfl
&= A.x+ Ber (2.32b)
Ym=[1 0lz=0Clx (2.32¢)

Two different types of adaptive controllers can be designed for the simplified system given
in equation (2.28), each of which has a different number of estimated parameters.

By reducing the number of estimated parameters, the controller is simple. But with very
few parameters, it may not be possible to sufficiently capture the dynamic behavior of the sys-
tem. Theoretical and simulation results are presented for the two adaptive controllers designed
based on the reduced order lateral dynamic models. The results indicate that for lateral guiding
applications the simplified adaptive controllers are able to provide good tracking performance
in the presence of process variations and disturbances. Experimental results that illustrate the
effect of the number of the estimated parameters on guiding performance will be discussed in

the next chapter.
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2.4. SIMPLIFIED GUIDE ADAPTIVE CONTROLLER DESIGN

2.4.1 Three parameter Guide Adaptive Controller

2.4.1.1 Control Law

Our objective is to design an adaptive control law such that the closed-loop plant matches the

reference model. Consider a control law with a feedback term and a feed forward term.

-
=0 w

Y1

u, =Ly +Pr=I[L7 Ly P'|| y

r

(2.33a)

where L}, L5 and P* are the parameter values which make the closed-loop system match the

reference model. Substituting u,, in equation (2.30)

0 1

0 —a

0 1

0 —a
0

KL KL;—a

Y+

Y+

1

Y1
(LT Ly Pl gy
K
r
0 0 0
y+ r
KL KL KP*
0
Y+ r (2.34)
KP*

Comparing the closed-loop system in equation (2.34) with the desired reference model

given by equation (2.32a) , the desired control parameters that match the closed-loop system

with the reference model are

2.4.1.2 Adaptive Law

L =

Ly

P*

Since the parameters K and a are unknown, it is not possible to find the exact values of the

control parameters. The adaptive control problem is posed as an estimation problem with an

objective of minimizing the estimation error. Let us estimate L}, L}, P* and use the estimates

(0" = [Ly Ly P)) in the control input.
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2.4. SIMPLIFIED GUIDE ADAPTIVE CONTROLLER DESIGN

Consider the open-loop system
Y= Y+ Up (2.35)
Adding and subtracting the desired control input we get
: 0 T T
j= y+ [up 10w 0 w} (2.36)
0 —a K

where 0*" = [L; Ly P, w’ =y y2 7]

0 1 0
Y= Y+ [up + Liy1 + Lyy2 + P*r — Liys — L3ys — P*r] (2.37)

0 —a K

= Y+ [Liy1 + L3ys + P*r] + [up — Liy1 — Lyys — P*r]  (2.38)
0 —a K K

0 1 0 0 .

_ v+ r [up -y w} (2.39)

—w2  —2Cwy w2 K
0 T
= A.y+ B.r+ [up —0* w} (2.40)
SN——— K

Denote the state estimation error by e £ y—zand the tracking error by e, £ Y. — Ym. Then,

é=Ace+ B {up — Q*Tw} =Ace+BOTw, 6=0-0" (2.41)
e1=[1 0e=C/e (2.42)
Therefore,
0
e1=CJ [sT — A" [up - 0*%} (2.43)
K
Since
0
Wi(s) = CJ[sT — A]™* ,  we have (2.44)
K P+
e = Wm(s)p*é—rw (2.45)

27



2.4. SIMPLIFIED GUIDE ADAPTIVE CONTROLLER DESIGN

where p* = % One can think of an adaptive law based on the SPR-Lyapunov approach and
hence could take advantage of the KYP (B.5) and MKY lemmas (B.6). Since the relative degree
of the reference model is 2, W,,,(s) is not SPR and hence a modification to the system has to be
made so that the error e; relates to the parameters through a SPR transfer function. With this
modification the adaptive controller design procedure is similar to a relative degree one system
(controller design for a relative degree one system is presented in Appendix C.1).

If the controller can have differentiators, one can choose a transfer function L(s) = (s + po)
such that W,,(s)L(s) is SPR and follow the same procedure as in Appendix C.1. Narendra
and Valavani [23] introduced a new control structure which was able to make W, (s)L(s) SPR
without using differentiators in the controller. Since W,,(s) has a relative degree 2, let us use
the operator Pr(6) £ L(s)0L(s)~! in equation (2.45) and follow the same modification to the
control structure and the error equation as in [23] to find the adaptive control law.

The error equation changes to

é=A.e+Bp0'¢, B=(s+py)BP* (2.46a)

~ 1
€1 = Wm(s)(s +p0) p*a—r(ba d) = s + pow (246b)
= Wyni(s)p 0" ¢, where W, (s) is SPR (2.46¢)
= Wi (s)p" (0T ¢ — 07" ) (2.46d)
= Wi (s)p™(L(s) ™0 w — 6" " ) (2.46e)

Let the estimate of tracking error be

&1 =W (s)p(L(s)""u, — 67 ¢) (247)

Notice that equation (2.47) is similar to equation (C.3). In order to use the procedure as in
Appendix C.1, the estimation error €; = e; — é; should be e;, hence the controller has to be
modified such that the term (L(s)tu, — 0T ¢) is zero.
u, = L(s)0" ¢

=(s+po)f' o

=60T¢+076+pob "¢

=0T¢+0" (6 +pog)

——

=0Tp+0"w (2.48a)
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2.4. SIMPLIFIED GUIDE ADAPTIVE CONTROLLER DESIGN

With the appropriate modifications to the estimation error dynamics and the controller, the
dynamics of the system resemblems a relative degree one system. The procedure in Appendix
C.1 is followed to find the adaptive law that results in a stable system with lim;_, e1(t) = 0.
The adaptive law is

0 = —Teipsgn(p*) = —Terp . p* >0 (2.49)

Notice that the controller has a differentiator, but § can be obtained from the adaptive law
given in equation (2.49). This modified structure was first introduced in [23]. For a detailed
analysis of this problem (relative degree = 2) refer to chapter 5, pages 199 - 226, [22] and the

article by Narendra and Valavani [23].

2.4.1.3 Simulation

In order to understand the validity of the simplified model, the GAC based on the simplified
model was simulated in Simulink using the complete plant model. The lateral web dynamics
block in Figure 2.7 represents the second order model for the web dynamics. The adaptive law
and the control law are based on the simplified model. Figure 2.6 shows the performance of the
controller with a sinusoidal reference trajectory. The top plot shows the tracking performance,
the middle shows the controller output while the bottom plot shows the time history of the
estimated parameters. Notice that the estimated parameters reach a steady value but these
parameter values are not necessarily their true values. The parameter update stops as soon as
the error reaches zero. The Simulink block diagram for this simulation is shown in Figure 2.7.
The simulation results indicate that the adaptive control scheme based on the approximate
model is capable of regulating the position of the web. A sinusoidal reference with a bias was
used as the output of the reference model in order to observe the transient, steady-state and

tracking performance of the controller.

2.4.2 Simplified GAC with an Estimator

In consideration of the implementation of the controller in practice note that it is not possible
to obtain the measurement of the lateral velocity ¢, (Notice that the control input depends on
w which depends on y1,). One possible way to obtain the lateral velocity y;, would be to use the
finite difference approximation from the lateral position measurement 3. One can also setup

an estimator for the measurement g, based on the previous assumption that the dynamics of
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Actual vs Reference Model output
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Figure 2.6: Simulation Results for 3-Parameter GAC
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Figure 2.7: Simulink Block Diagram for 3-Parameter GAC
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the web is a constant and if the motor velocity measurement is available.
The relationship between the motor velocity and the lateral velocity can be approximated
as

UL = Kb = Kyvm (2.50)

where ¢, is the lateral web velocity, K, is a constant which is the approximated lateral web
dynamics and 6 = v, is the motor velocity. Filtering both left and right hand side of equation

(2.50) by a low pass filter F'(s) = %H and taking the Laplace transform we get

sF(s)yr = KuwF(8)vm (2.51)
Let an intermediate system be defined as
Z=¢""¢ (2.52)

where Z £ F(s)vm, ¢ = sF(s)yr and ¢* = g-. Hence ¢ is obtained by filtering the lateral

S

position measurement using the filter —
Ts+1

and Z is obtained by filtering the motor velocity

1
Ts+1°

vm by using the filter Let e be the estimation error y — ¢ ¢ with ¢ being the estimate
of ©*. Notice that this is a linear estimation problem and hence the minimum can be reached
in a single step if the update is in the direction of negative gradient of the cost function. It is
common to choose the cost function as J () = % and hence the gradientis 7 J(p) = eé = —eg.

Hence the update law for the ¢ is ¢ = ye¢, where v > 0 and ¢(0) = . From the estimate of

o= K%ﬂ, we can use the equation (2.50) to find the estimated lateral velocity of the web.

2.4.2.1 Simulation

Figure 2.8 shows the simulation result for the simplified guide adaptive controller with the
estimated lateral velocity. The top plot shows the tracking performance of the controller while
the middle plot shows the control effort and the bottom plot shows the estimated parameters.
The simulation results indicate a similar performance as observed with the previous controller.

The Simulink model is presented in shown in Figure 2.9.

2.4.3 Four Parameter Guide Adaptive Controller

Notice that the adaptive controllers derived in the previous section require two measurements,

the lateral position y7, and the velocity 9. It is possible to derive a model reference adaptive
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Actual vs Reference Model output
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control law for the system described by equation (2.30) using one measurement, the lateral

position measurement y;,. The following section describes the design process.

2.4.3.1 Control Law

Let us define the following control law for the system described by equation (2.30) so that
the dynamics of the closed-loop plant matches the dynamics of the reference model given in
equation (2.32a) .

1
Up = 0] ——up + 0

1A(s) yr + O3yL + cor (2.53)

s 1
*A(s)
where A(s) = s + ap be a Hurwitz polynomial and 68’s, ¢ are the true parameters which
make the closed-loop system dynamics match the reference model dynamics. The usefulness

of parametrizing the control law in this manner will be evident later. Rewriting the control law

in terms of the feedback and feedforward terms we get

o GO anty) (st an)s
P s+ (ap — 67) s+ (ap — 67)

(2.54)

Substituting the control law given by equation (2.54) in the system described by equation (2.28)

we get
O5s 05 + apb3 (s + ag)ch
2 - K 3 + 2 3 0 2.55
R P P e oy T AR e 7o
[(s* 4+ as)(s + (ag — 07)) — K0%s — K(05 + aob5)] yr = K(s + ao)cjr (2.56)
" 2
Yr, _ K(S + ao)CO — Wy, (257)

v 3+ (ag — 07 +a)s® + [a(ag — 07) — KO3 s — K(03 + aof) 52 + 2(wps + w?
Notice that in order to have the closed-loop system dynamics match the reference model dy-
namics, there has to be a pole-zero cancellation. The cancellation will occur at —ag and hence
the filter A(s) = s+ag has to be Hurwitz. If A(s) is not Hurwitz, then the pole-zero cancellation
will occur in the right-half plane which is not desirable.

If K¢ = w? then,

(5 4+ ag)(s® + 2Cwns + w?) = s° + (ag — 0} +a)s® + [a(ag — 07) — K03 s — K(05 + aof3)
(2.58a)
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Equating both we obtain the true parameters to be

07 = a — 2¢w, (2.59a)
1
05 = g(aao —a® + 2Cwpa — w2 — 2¢wpap) (2.59b)
2
05 = — “(};"” — aob: (2.59¢)
2
w
x _ *n 2.
=5 (2.59d)

It is not always possible to find the desired control law which can make the closed-loop
system match the reference model. A few conditions on the type of the plant model and the

reference model have to be made [18].

—_

. The polynomial Z,(s) should be Hurwitz and monic.

2. The order, n, of the plant should be known or at least an upper bound should be known.
3. The relative degree of the plant (n*) should be known.

4. The sign of k, should be known.

5. Zm(s), R (s) should be monic and Hurwitz and the order of the reference model should

not be greater than the order of the plant.
6. The relative degree of the reference model should be same as that of the plant model.

From equation (2.57) it can be seen that if the zeros of the reference model are not the same
as the plant zeros, then the plant zeros will be cancelled by the control in order to match the
closed-loop system dynamics to the reference model dynamics. If Z,(s) is not Hurwitz, then
pole-zero cancellation would occur in the right half plane which is not desirable. If Z,(s) is not
monic, then the constant term of the leading coefficient can be pulled out and augmented to the
gain k,. The requirement for the sign of k, to be known will be evident from the adaptive law
derivation. Without the knowledge of the relative degree of the plant, it would not be possible
to design an adaptive control law. The order of the plant is important because it is not always
possible to find a parametrized control law such that the closed-loop system dynamics matches
the reference model. But we can use the Bezout Identity to overcome the problem (refer to [22]
sections 5.4.1 and 5.4.2).

In order to obtain proper parametrization of the controller parameters 6;’s, both the numer-

ator and denominator polynomials of the reference model transfer function should be Hurwitz.
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In order to have the minimum number of controller parameters, it is necessary that both poly-
nomials of the transfer function of the reference model be monic.

Since the parameters a and K are unknown it is not possible to use the control law in equa-
tion (2.54) and hence the adaptive control problem is posed as an estimation problem with the
objective of minimizing the parameter estimation error. We can follow the same procedure of
adding and subtracting the desired control effort, but first we need to represent the control law
in the state-space form in order to simplify the analysis. We shall also define an augmented

system which is useful for our analysis both in this section as well as in the next section.

1 1
u, = 0] ———u 05— 0x cor
P = p T+ 25+a0yL+ 3YL + ¢y

Up = 0*Tw
1 1
h H*T — [0*. 0%. o* * d T .
where 03, 65, 05, 5] and w 8+a0up, s+a0yL’ YL, T
w1 = Fuwy + guy, w1(0) =0,F = —ag (2.60a)
wy = Fwa + gy, w2(0)=0,9g=1 (2.60b)

The state-space representation of the closed-loop system with the desired control effort
can be obtained by augmenting the states y of the system described by equation (2.30) with the

states of the controller in equation (2.60).

Y =AY + Bycir (2.61a)
yr=CJY (2.61b)
whereY = [y', wy, wg]T and

y = Ay + Bu, = Ay + B [0jw1 + O5wa + 05y, + cor] (2.62a)
w1 = Fwy + gup = Fwy + g [0iwr + 05w + 05y, + 5] (2.62b)
wo = Fwy + gyp = Fwa + gCTy (2.62¢)

A+ Bo;CT Bt B B
Y = 90307 F4g0r g5 |Y+ci| g |7 (2.63a)

gCT 0 F 0
yr=[CT 00y (2.63b)
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2.4. SIMPLIFIED GUIDE ADAPTIVE CONTROLLER DESIGN

From equation (2.57)

yrL(s) K(s+ag)ch

r(s) s3 + (ap — 0 + a)s? + [a(ag — 0F) — K05 s — K (05 + aob3) ()

and from equation (2.61)

= OT(sT — Ay) " Byct = W(s) = 22
The reference model can be described by the following state space representation.

Y, =AY, + Bscgr

Ym = O;rym

Similarly, the augmented closed-loop system with the control v, can be obtained as

Y. = AoY. + Bsu,

yr=C,]Y,
T T
where Y, = [y, w1, wo]
Y = Ay + Bu,
wy = Fwy + gu,
Wy = Fuwy + gyp = Fuwy +gCTy
Therefore,
A 0 O B
Y, 0 F 0 |Yet+]|g |uw

gCT 0 F 0

yrL = [OT 0 O]Yc

2.4.3.2 Adaptive Law

(2.64)

(2.65)

(2.66a)

(2.66b)

(2.67a)

(2.67b)

(2.68a)
(2.68b)

(2.68¢)

(2.69a)

(2.69b)

Our objective now is to obtain an estimate of 6* so that the closed-loop system described in

equation (2.69) matches the reference model in equation (2.66). Adding and subtracting the
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desired control effort 8* ' w we get

Y, = AgY. + Boup, + B6* 'w — B0* ' w (2.70a)
= AgYe + B.0* T w+B,(up — 60" ' w) (2.70b)
=AY, + Bscjr + Bs(up — G*Tw) (2.70¢)

yr =CJ Y, (2.70d)

Let € = Y, — Y}, be the state estimation error and e; = y, — y», be the tracking error. Hence

the error equations can be obtained from equations (2.70) and (2.66) as

€= Age+ By(u, — 0" 'w), €(0) =€ (2.71a)
e1=CJe (2.71b)
Notice that
671,; =C/ (sI — A) "' By (2.72)
up, —0* w
and
Win(s) = CJ (sI — A5) 7' Bycj 2.73)
1

= e1 = Wn(s)p™(up — 0" 'w), p* = 2.74)

&
The error equation is similar to the form seen in equation (C.5) and the same procedure can be
continued if W,,(s) is SPR. Since the relative degree of the reference model is 2, W,,(s) is not

SPR and hence we shall use the operator Pr, () as before and the modified error equation is
¢ = Age+ Bep*0' ¢ (2.75a)
e1=CJe¢ (2.75b)

which is similar to the error equation (2.46). The same procedure is followed and the adaptive

law and control law which result in a stable system with e, (¢) — 0 as t — oo are given by

0 = —Teipsgn(p”) = —Tei¢ (2.76a)

u, =0"w+60"¢ (2.76b)

2.4.3.3 Simulation

Figure 2.10 shows the performance of the adaptive controller. The plant used in this simulation
is the complete plant model instead of the simplified plant. The top plot shows the tracking per-

formance, the middle plot shows the control input, while the bottom plot shows the estimated
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parameters. The Simulink block diagram for the simulation is shown in Figure 2.12. Similar
to the previous controller the adaptive controller with four parameters is capable of regulating
the lateral position of the web. By observing the control effort for the two controllers one can
notice that the controller with four parameters exhibits a better transient response behavior.
This can be attributed to the fact that the controller with three parameters has no knowledge
of the control effort generated. The estimated parameters settle to a steady state value after the
plant starts tracking the sinusoidal reference. A common disturbance which helps in charac-
terizing the transient response is a pulse disturbance. The performance of the controller with
a pulse disturbance is shown in Figure 2.11 and the plots indicate that the controller is capable

of rejecting the pulse disturbances.

Actual vs Reference Model output
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Figure 2.10: Simulation Results for 4-Parameter GAC

2.5 Guide Adaptive Controller

In the previous section a simplified guide adaptive controller was designed based on the as-
sumption that the dynamics of the web is a constant. Here in this section we shall consider the
complete dynamics of the web and develop a guide adaptive controller. The transfer function

for a steering guide is given by equation (2.27) and its state space form is
g=Ay+Bu,, y,=C"y 2.77)
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Actual vs Reference Model output
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Figure 2.11: Simulation Results for 4-Parameter GAC with a Pulse Disturbance

Consider the reference model in equation (2.32a) and the objective is to design a control law
such that the closed-loop system matches the reference model. So far our first step in de-
signing an adaptive controller has been to find the desired control input which can ensure
that the closed-loop system matches the reference model. Then we would pose the problem
as an estimation problem and use the estimated parameters in the control law. In a general
model reference adaptive control problems with relative degree n* = 1, it is simple to choose
a parametrized control law which can algebraically render the closed-loop system to have the
same roots as the reference model. But in a general adaptive control problem with relative de-
gree n* > 2, finding the desired control is not simple. In the previous section, we were able to
choose a desired control (§* ' w) which resulted in a closed-loop system that matched the refer-
ence model. As discussed in [22] (section 5.4.1 and 5.4.2), Bezout Identity can be used to show
that it is always possible to find a parameter vector §* so that the following control law [18]
will result in a closed-loop system whose dynamics is same as the reference model dynamics:

a(s)

A(s)

Up = HTT o(s)

* T
A(S) Up + 92

yr + O3yL + cor (2.78)

where a(s) = [s% s 1]T, A(s) is an arbitrary monic Hurwitz polynomial of degree 3 which has

to be chosen. Similar to the procedure in the previous section (section (2.60) on page 35) we can
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Web and Actuator Dynamics

Sensor Gain

Adaptive Controller

Figure 2.12: Simulink Block Diagram for 4-Parameter GAC
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represent the control law in the state-space form as

w1 = Fwi + guy, w1(0) =0 (2.79a)
wo = Fwa + gyp, w2(0) =0 (2.79b)
Up = 0w (2.79¢)

where wy,wy, 01,0 € R, 6% = [037 605" 05 ¢i] and w = [w] wq yz 7]. The matrix F and g are

realized as

X —A1 =X 1
F={1 0 0 . 9=10 (2.80)
0o 1 0 0

where A(s) = s + Xas? + A5 + Ao.

The adaptive control design is similar to the design in the previous section but with more
estimation parameters which are a result of considering the complete web lateral dynamic
model. Notice that in equation (2.59) we have shown the existence of the true parameters
with the desired control given by equation (2.53). Similarly, it is possible to show the existence
of the true parameters for the adaptive controller with the desired control given in equation
(2.78). Same procedure as in the previous section can be followed to obtain the adaptive law

and control law (refer to chapter 6 in [18] for a comprehensive formulation).

2.5.1 Control Law

u, =0"w+6"¢ (2.81a)

1
= 2.81b
6= oo (281b)
w=[w] wy yr ] (2.81¢)
w1 = Fuwy + guy, w1(0)=0 (2.81d)
wa = Fwy + gyp, w2(0) =0 (2.81e)

2.5.2 Adaptive Law

6=-Terp, e = YL — Ym (2.82)
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2.5. GUIDE ADAPTIVE CONTROLLER
2.5.3 Analysis

It has been shown in [18] that the above adaptive law along with the control law results in a
stable closed-loop system with e; (t) — 0 as t — co. The proof is similar to the one described in

section C.1.0.1. The chosen Lyapunov-like function is

€' Pe n 0TT10)p*|

V(b,¢e) = 5 5

and with the above control law and adaptive law the time derivative of V is given by

v — _equTe _ eTVCLZe
2 2

where ¢ is a vector and v, > 0 is a scalar and L. is a positive definite matrix.

Because V. > 0and V < 0, Visbounded or V € Lo = €,60,.0 € Loo. Withe € Lo
we get Y., Y, € L. In addition to proving that u = 0Tw € Lo, we need to prove that
u=0"w+0T¢ € L. Since ¢ is a filtered version of w and F being a stable filter, it is clear

thatu € L.

2.54 Simulation

Figures 2.13 and 2.14 show the performance of guide adaptive controller. The top plot in each
figure shows the tracking performance, the middle plot shows the controller output while the
bottom plot shows the estimated parameters. In Figure 2.14 in addition to the sinusoidal ref-
erence, a pulse disturbance of 0.25 V amplitude is introduced at two time instants, 4 and 12
seconds. The controller is capable of rejecting the pulse disturbance. The Simulink block dia-

gram for the GAC is shown in Figure 2.15.
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Web and Actuator Dynamics
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Figure 2.15: Simulink Block Diagram for Guide Adaptie Controller



Chapter 3

Experimental Results

In the previous chapter the design and analysis of model reference adaptive control strate-
gies suitable for web guiding were presented. Three different guide adaptive controllers were
developed based on the number of estimated parameters in the control law. Two adaptive
controllers were designed based on a simplified model for the lateral web dynamics and one
was based on the complete model. In this chapter the controller designs are implemented
on an experimental web platform containing two intermediate web guides and their perfor-
mance under different operating conditions are evaluated. Guidelines for implementation of

the adaptive algorithms are given and discussed.

3.1 Experimental Platform

The experimental web handling platform used for implementing the designed controllers is
shown in Figure 3.1. A line schematic of the platform is shown in Figure 3.2. The platform
is an endless web line with several idle rollers and one driven roller (Master Speed Roller). The
platform does not have an unwind or a rewind section; the web runs in a loop around the
rollers. The transport velocity of the web is set by the speed of the driven roller. In order to
provide traction between the driven roller and the web, a nip roller is used on the driven roller.
The nip roller applies pressure at the contact surface to maintain web traction on the driven
roller during the start-up of the line.

The platform is equipped with a passive dancer and an active dancer which can be used to
control the tension of the web in the platform [24, 25]. In an active dancer, the dancer roller
position is controller by an actuator. The tension in the web line can be increased or decreased

by varying the position of the dancer roller. In a passive dancer mechanism the dancer roller is
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Remotely Pivoted
Guide

Figure 3.1: Experimental Web Handling Platform
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Figure 3.2: Line Schematic of the Experimental Web Handling Platform
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Ultrasonic Sensor

Figure 3.3: offset pivot Guide
Figure 3.4: Remotely Pivoted Guide

free to move about a pivot or on a linear slide [25]. The dancer roller in a passive dancer is not
actuated but floats due to the pressure from an air cylinder.

There are two web guides in the platform; an offset pivot guide and a remotely pivoted
guide. The offset pivot guide is a Fife Narrow web guide and the remotely pivoted guide is a
Fife Kamberoller guide. The offset pivot guide is equipped with an ultrasonic sensor and the
remotely pivoted guide is equipped with an infrared sensor.

The actuators (servo motors) and the sensors of each guide mechanism are connected to
a dSPACE DS1103 real-time board through Fife controller hardware. The Kamberoller guide
and its infrared sensor is connected to the real-time hardware through a Fife A9 analog con-
troller. Electrical provisions are made such that the guide can be controlled either with the A9
controller or with the dSPACE hardware. The offset pivot guide is connected to the dSPACE
hardware through a Fife DP-01 controller. The offset pivot guide can only be controlled using
the dSPACE hardware.

The feedback signals from the sensors and the control signals to the actuators are processed
by the dSPACE hardware. The DS1103 hardware has eight A /D converters for a total of 20 A/D
channels, of which 16 channels are multiplexed by four converters. The digital output from the
real-time hardware is converted into analog output by 8 D/ A converters. The input and output
range of the dSPACE board is + 10 V. The dSPACE board is driven by a PowerPC CPU running
at 400 MHz. The real-time control software is written in C using dSPACE RTLib real-time
libraries. The control software is driven by interrupts which occur every sampling period. At

each sampling time the following operations are performed by the real-time software:

1. the sensor feedback signals are read;
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2. the control algorithm is executed and the required control effort is calculated; and
3. the control effort is then supplied to the actuators.

The dSPACE board is installed inside a host computer running Microsoft Windows 2000
operating system. The dSPACE ControlDesk software is utilized to communicate between the
real-time hardware and the host computer. The real-time hardware is capable of buffering
the data using its internal memory. Trace variables can be setup so that the buffered data in the
real-time control hardware can be stored /displayed in the host computer. These trace variables
can also be used to change the variable values in the real-time control software while executing

in real-time.

3.2 Experimental Procedure

Experiments were carried out to observe the guiding performance of the designed adaptive
controllers for process variations and disturbances. The experimental results presented in this
thesis cover only the Kamberoller guide. Experiments were also conducted on the offset pivot
guide and similar results were observed.

The Kamberoller is located four spans downstream of the offset pivot guide. Any arbitrary
disturbance can be created using the offset pivot guide and the Kamberoller can be used to re-
ject the disturbance. On the contrary, since the web has to travel 13 spans from the Kamberoller
to the offset pivot guide, the lateral disturbances generated at the Kamberoller do not propa-
gate to the offset pivot guide. The Kamberoller guide is connected to the dSPACE hardware
through the Fife A9 controller. Electrical modifications to the A9 controller were made so that
either the A9 controller or the controller implemented on the dSPACE hardware can be used
to control the Kamberoller guide. This setup provides a convenient way to compare the two
controllers. Such an arrangement is not available with the offset pivot guide.

The adaptive control schemes were compared with an A9 analog controller (PI controller).
The A9 controller is the only industrial controller in the experimental platform which can be
directly compared with the adaptive control schemes. Modifications to the existing setup are
required in order to incorporate other industrial controllers in the experimental platform.

The following sections present the process variations and the disturbances that were created

for controller evaluation.
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3.2.1 Process Variations

The guiding performance of the developed adaptive control schemes were evaluated with dif-
ferent process parameters. Two main process parameters that affect the coefficients of the web
lateral dynamic model are the web span parameter K and the longitudinal velocity of the web
v. The parameter K is affected by the properties of the web material. Two different web ma-
terials with distinct physical characteristics were used; an optically opaque magnetic film like
material (Figure 3.5) and an optically transparent polyethylene polymer web (Figure 3.6). The
webs used were of different dimensions. The experiments were conducted with different web

transport velocities and with different tensions in the web line.

Figure 3.6: Transparent Web

Figure 3.5: Opaque Web

Whenever the web material is changed from opaque to transparent web, the gain of the
infrared sensor changes. The full scale voltage range changes from 0 - 6 V (opaque) to approx-
imately 5 - 6 V (transparent) as illustrated in Figure 3.7. One of the drawbacks of the existing
controllers is their inability to cope with sensor gain variations. Due to sensor gain variations
the guide-point also changes. The guide-point is the physical reference position of the web in-

side the sensing window. Notice from Figure 3.7, the minimum voltage output from the sensor
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is 5 V for a transparent web. This is due to the fact that the maximum signal attenuation with

the transparent web is only 1 V.
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Figure 3.7: The Effect of Opacity on Sensor Gain for an Infrared Sensor

Experiments were conducted with the two web materials to evaluate the performance of the
controllers for sensor gain variations. All the parameters of the controllers including the gain
matrix and the filter parameters remained constant with both webs. Similarly the PI controller
gains remained constant with both webs. Since the guide-point changes with the opacity of the
web material, different guide-points were used with the two webs. For example, the guide-
point for the opaque was 3 V while the guide-point with the transparent web was 5.4 V. Both
guide-points correspond to the same physical position of the web. A new technique for auto-

matic guide-point detection called offset-adaptation is presented in Appendix A.

3.2.2 Disturbances

Some common lateral disturbances in industrial lines are the result of misaligned rollers, tele-
scoped unwind rolls, splicing, improper web edges, wrinkled web, etc. To mimic these distur-
bances in the experimental web platform, sinusoidal, step and pulse disturbances were created
by the offset pivot guide and with changes to the web edge.

A common disturbance observed in an industrial web line is due to misaligned rollers.
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It is seldom possible to have exact alignment for all the rollers in a web line. The angular
misalignment of a series of rollers may produce lateral disturbances which can be periodic.
Telescoping of rolls may produce periodic disturbances when unwound. In order to simulate
a periodic disturbance, the offset pivot guide in the web line is used. The offset pivot guide,
which is located before the Kamberoller in the web line (refer Figure 3.2), was made to follow
a sinusoidal reference. As the sinusoid propagates, a periodic disturbance is created at the
Kamberoller.

In order to characterize the transient response, the performance of the controller with a
pulse disturbance was evaluated in the experiments. The pulse disturbance was generated by
adding a small strip of web material about one feet long and 0.2 inches wide to the edge of
the web. Since the strip is of constant length, the duration of the pulse is dependent on the
transport velocity of the web. As the web transport velocity increases, the pulse width reduces
and tends to an impulse.

In order to observe the performance characteristics such as the percentage overshoot and
settling time, step-reference-change experiments were conducted. The guide-point or the lat-
eral position reference was changed and the performance of the controllers for this change was
evaluated.

The sensor signals from both the infrared sensor and the ultrasonic sensor were noisy. In
industrial controllers, analog or digital signal conditioning are carried out on the raw signal to
filter the noise. The error signal for the adaptive controllers were unfiltered in order to observe

the performance of the controllers with noisy measurements.

3.3 Three Parameter Guide Adaptive Controller

The performance of the three parameter guide adaptive controller under different operating
conditions and disturbances are presented in this section. The three parameter GAC requires
an additional measurement, i.e., the lateral web velocity. While implementing the controller
using the real-time hardware, the lateral velocity measurement was approximated by the finite
difference of the lateral position.
Recall that the control law and the adaptive law for the three parameter GAC is given by
Control Law

Up = 9T¢ +60Tw
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Adaptive Law

0= 7F61¢

1
w
S+ po

where 0" = [Ly Lo Pl,w” =[yL gL 7], e1 = yr — ym and ¢ =

3.3.1 Experiments with opaque web

Figures 3.8 to 3.11 show a representative sample of experimental results with the three param-
eter adaptive controller with the opaque web. In Figure 3.8 the top plot shows the sinusoidal
disturbance observed by the Kamberoller when the guide is not actuated. The middle plot
shows the performance of the PI controller. And the bottom plot shows the performance of
the adaptive control scheme. A significant amount of the sinusoidal disturbance generated at
the offset pivot guide has propagated to the Kamberoller. The three parameter guide adaptive
controller is able to significantly attenuate the disturbance when compared to the PI controller.
The guide-point for the two experiments were not the same. In subsequent experiments the
guide-points for the adaptive scheme and the PI controller were matched to maintain consis-
tency.

In Figure 3.9 the performance of the adaptive controller with sine disturbance is shown in
the top plot, the control effort is shown in the middle plot, and the parameter estimates are
shown in the bottom plot. The control effort generated is well within the actuator limits which
is & 10 V. Even though the parameters may not converge to their true values, it is important
to observe the evolution of the estimated parameters. Notice that the last two parameters (Lo
and P) vary sinusoidally while the first parameter (L) slowly increases. It was experimentally
observed that L; reaches a steady-state value while the other two parameters vary about zero
sinusoidally. These observations are useful in improving the robustness properties of the adap-
tive controller. One such algorithm which can increase the robustness of the adaptive controller
is parameter projection. For more information on parameter projection refer to page 565 in [18]
and page 328 in [17].

The top plot in Figure 3.10 shows the performance of the PI controller with a pulse distur-
bance while the bottom plot shows the performance of the three parameter GAC. The adaptive
controller is able to provide a faster response with better guiding performance. Similar perfor-
mance is also seen at different transport speeds.

The performance of the adaptive controller for step-reference-change is shown in the Figure
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3.11. The adaptive controller is capable of following the reference model accurately. The tran-
sient response characteristics of the guiding system is similar to the reference model transient

response characteristics.

Sine disturbance observed at the kamberoller guide
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Figure 3.8: Performance Comparison: 3 Parameter, Sine Disturbance, 300 fpm, Opaque Web

3.3.2 Experiments with transparent web

Figures 3.12 to 3.14 show the performance of the three parameter guide adaptive controller
with the transparent web. Figure 3.12 compares the performance of the PI controller and the
adaptive controller. The top plot shows the disturbance observed at the Kamberoller when the
guide is not actuated. The middle plot shows the performance of the PI controller. Comparing
the top and the middle plots, no disturbance attenuation is observed. The PI controller is not
able to cope with the sensor gain change. The adaptive controller on the other hand is able to
attenuate the sinusoidal disturbance. Notice that a small streak is observed in all the three plots.
This streak is observed when the joint passes the sensor window. The web opacity variation at
the joint is significant to cause a sudden jump in the sensor output which causes the streak.

In Figure 3.13 the top plot shows the adaptive controller performance, the middle plot
shows the control effort generated and the bottom plot shows the time history of the estimated

parameters. Similar to the experiments with the opaque web, the last two parameters vary
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Figure 3.11: Adaptive Controller: 3-Parameter, 300 and 500 fpm, Step Reference Changes,
Opaque Web

sinusoidally. The sinusoidal variation is centered around zero while the parameter L; slowly
increases and reaches a steady state value.

In Figure 3.14 the performance of the PI controller and the adaptive controller for a pulse
disturbance is shown. The top plot shows the performance of the PI controller while the bottom
plot shows the performance of the adaptive controller. Even though the results look similar, a
careful examination would reveal that the PI controller is non-responsive to the pulse distur-
bance. Due to the change in the sensor gain the PI controller is not capable of providing good
guiding performance. In fact the response observed using the PI controller is exactly the same
as the response when the Kamberoller is unactuated.

To clearly visualize the performance of the adaptive controller it is necessary to examine the
typical response for a pulse disturbance. The pulse disturbance is formed by a series of two
steps. The first step has a positive magnitude and the second has the same magnitude but a
negative sign. As soon as the first step passes the sensor, an error in lateral position is created.
The controller tries to regulate the position by bringing the web back to its reference position.
Therefore as soon as the pulse disturbance enters the sensor a sudden dip is observed and the

guide is actuated to bring the web back to its reference position. The second step creates a
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similar error but in the opposite direction, i.e., it creates a positive error. Therefore, when the
pulse disturbance leaves the sensor, a spike is observed and the controller tries to regulate the
web edge back to its reference. If the guide is unactuated the lateral position of the web is
unchanged as the pulse passes the sensor. The complete pulse is observed in the sensor output.

Observing the plots in Figure 3.14, we can notice that the PI controller is unable to regu-
late the lateral position in the presence of a pulse disturbance. While the adaptive controller
is capable of providing good guiding performance in the presence of the pulse disturbance.
Additional experimental results for the three parameter adaptive controller are presented in
Appendix D section D.1.

From the experimental results it is evident that the three parameter adaptive controller is
suitable for web guiding. The controller is capable of compensating for the common distur-
bances and process variations. The adaptive algorithm is able to adapt to the process variations
and is capable of providing the appropriate control effort to regulate the lateral edge position.
The adaptive controller is also able to provide good guiding performance in the presence of

measurement noise.
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3.4 Four Parameter Guide Adaptive Controller

The same set of experiments with the two types of web materials were carried out with the four
parameter guide adaptive controller. In this controller implementation only one measurement
is needed, the lateral web position. The performance of the four parameter adaptive controller
was similar to the three parameter adaptive controller. The adaptive controller provides good
guiding perfromance in the presence of the common disturbances and process variations. A
complete set of the experimental results is presented in Appendix D.2.

Figure 3.15 shows the guiding performance of the adaptive controller at different guide-
points for a sinusoidal disturbance. Interestingly, at different guide-points the performance
of the same controller is different. When the guide-point is around 3 V clear indication of
the sinusoidal disturbance is observed. Additionally, the Kamberoller guide was positioned
at different guide-points and the magnitude of the sinusoidal disturbance was observed. The
magnitude was higher at 3 V compare to a guide-point of 5 V. This may be attributed to sensor

nonlinearity. The slope of the sensor may not be linear along its entire window length.
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3.5 Guide Adaptive Controller

The guide adaptive controller (with eight parameters) has a similar implementation as the four
parameter GAC: it is a SISO system with eight parameters. Figure 3.16 shows a representative
sample of the performance of the eight parameter adaptive controller and the PI controller.
A complete set of the experimental results is presented in Appendix D.3. The experimental
results indicate that the controller provides good guiding perfromance in the presence of the
common disturbances and process variations.

While implementing the adaptive controller on the real-time hardware no assumption on
the values of the parameters were made. The initial values for all the parameters were set to
zero. The plots in Figure 3.17 shows the performance of the adaptive controller as soon as it
is started. The plots in Figure 3.18 show the performance of the adaptive controller after the
adaptation is continued for a long time. Observe the bottom plots in Figures 3.17 and 3.18. The
plots show the evolution of the estimated parameters. As the time progresses the estimated
parameters reach steady state values. The guiding performance of the controller is unaffected
during the evolution of the parameters. This clearly indicates that the variables associated with
the system are bounded. Similar results were found with all the adaptive control schemes, and
with all the disturbances that were discussed previously.

Recall that the control law and the adaptive law for an eight parameter adaptive controller
is given by:

Control Law

u, =0"w+60"¢ (3.1a)
1

= 3.1b

6= (3.1b)

w = [w] wy yr 7] (3.1¢c)

w1 = Fuwy + guy, w1(0)=0 (3.1d)

wa = Fwy + gyp, w9 (0) =0 (3.1e)

Adaptive Law

6 = —Te1¢p, e1=yr —ym (3.2)

Notice that the control law not only depends on the actual value of the parameter vector 6,
but also depends on the rate of change (6) of the parameter vector. This is one of the reasons

why the adaptive controller provides good guiding performance even when the parameters
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does not reach a steady-state value. Once the parameters reach a steady-state value then the

control will only be dependent on the parameter vector § and the regressor vector w.

Sine disturbance observed at the kamberoller guide
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3.6 Systematic Procedure for Adaptive Controller
Implementation

The theory developed in the previous chapter does not impose any constraint on the value of
design parameters. Most of the design parameters have to be positive in the case of scalars
and positive definite in the case of matrices. When implementing the adaptive controller, it
is important to consider the actuator rate constraints, the bandwidth of the actuator, etc., and
the design parameters cannot be chosen arbitrarily. This section presents a systematic proce-
dure for choosing various design parameters in the adaptive control schemes presented in the

previous chapters.

1. Choose a suitable reference model: In a model reference adaptive controller design, the
first step is to choose a reference model. The choice of the reference model is based on

common performance characteristics like the settling time and the percentage overshoot.
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Eight Parameter Guide Adaptive Controller Performance
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Figure 3.17: Adaptive Controller: 8-Parameter, 300 fpm, Sine Disturbance, Transparent Web
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Choose a model which is well damped. The settling time can be chosen based on the

performance requirements and the actuator rate constraints.

2. Perform computer simulations: Computer simulations are important because they pro-

vide a good starting point for practical implementation. Some basic information about

the evolution of the estimated parameters, the gain matrices and the control effort gener-

ated can be obtained from the computer simulations.

3. Choose the polynomial A(s): This polynomial is chosen only in the four parameter and

the eight parameter case. A simple choice would be

A(s) = (s + ao)"

where n = 1 for the four parameter case and n = 3 for the eight parameter case. Notice

that the polynomial A(s) filters the control input signal u, and the lateral position signal

y1, (refer equations (2.53) and (2.78)). This polynomial can be chosen based on the band-

width of the motor. The polynomial is chosen such that the filtered versions of u, and yr,

have the same bandwidth as the actuator.

4. Choose the parameter p;: Based on the necessary and sufficient conditions derived in

section C.2, py is chosen according to the constraint 0 < pg < 2{wy. This parameter sets

the bandwidth of the filter L(s)~! which is defined as

1
s+ po

L(s)™ =

Recall that this filter is added to satisfy the SPR condition. The filter L(s)~! filters all

the regressor signals. Large values for the parameter py will significantly attenuate the

magnitude of the regressor vector. This may lead to poor guiding performance due to

very slow adaptation. Figure 3.19 shows the performance of the adaptive controller with

different values of the parameter py. The value of the parameter pg is decreased after 15

seconds and the guiding performance improves with the decrease. Small values for the

parameter pp may help in quick adaptation but may also cause the system to be sensitive

(equations (2.76b) and (3.1a)).

5. Choose gains based on simulation: The initial choice of the gains can be based on the

simulation results. A positive definite diagonal matrix can be chosen as the gain matrix.

As a starting point all the diagonal elements may have the same value.
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6. Observe the evolution of parameters: Observing the way in which the parameters adapt
is important in the design parameter selection process. The experiments with pulse dis-
turbance help in selecting the adaptation gains. The control effort supplied to the actuator
is directly related to the magnitude and the rate at which the estimated parameters vary
((2.76b) and (3.1a)). When the parameters vary quickly, the magnitude of the control

effort tends to increase. This may not be desirable in most cases.

7. Set a bound on the parameter estimates: Simple bounding of parameters improves the
robustness of the controller. In order to set a bound, knowledge of the estimated param-
eters is required. Conservative bounds can be set based on the experiments with pulse

disturbance.

8. Observe the control effort: The control effort supplied to the actuator can help us in choos-
ing some parameters such as py. If the parameter p, is very small, then the guiding system
may be sensitive. This can be clearly observed even without a pulse disturbance experi-
ment. When the parameter py is small, noisy measurement may cause a ringing effect (the
guide may vibrate with a very high frequency about the guide-point). The parameter py

may be increased to reduce this effect.

Performance of eight parameter ©AC with different p0

6 T T T T T
g —;—AN—-—-M A A A A
= 5.5F ™ " " —
8
s
3 4.5F i
(o]
—
4 Il Il Il Il Il
0 5 10 15 20 25 30
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Figure 3.19: Performance Comparison: 8-Parameter, 500 fpm, Pulse Disturbance, Effect of po,

Transparent Web

Based on the observations from the experiments some guidelines for practical implementa-

tion are as follows:
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e The estimated parameters reach a steady-state value after some time. How fast the pa-

rameters reach the steady-state value is dependent on the adaptation gains. Once the

steady-state value is reached there is no significant change in the estimated parameters.

Therefore, adaptation can be stopped or the estimated parameters can be frozen. Once

the parameters are frozen, the controller behaves like a fixed gain controller.

e When changes in the process parameters are made, adaptation can be continued. This can

be implemented by continuously monitoring the error variable. Once the error variable

exceeds a predefined limit, the adaptation of the parameters can be continued.

e Instead of stopping all the parameters, the estimated parameters can be selectively frozen.

All the parameters except the last two parameters can be frozen.

e The decision on when to stop the adaptation can be made based on the adaptive law.

Notice that the adaptive law is given by:

0=-Terd, €1 =YL —Ynm

When the parameters reach a steady-state value, the vector § would be zero. Whenever

all the elements of the vector § are close to zero, then the adaptation can be stopped.
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Chapter 4

Friction Compensation in Web Guides

Friction is a type of phenomena that is found in almost all servo-mechanisms. Friction is in-
evitable in mechanisms with relative motion between parts which are in contact with each
other. Although friction is essential in some mechanisms, such as braking, it is usually not de-
sired in high precision motion control systems. Typically friction may cause steady-state errors
in position regulation and tracking and may lead to limit cycle behavior. Hence it is important
to consider the effect of friction when designing and implementing a closed-loop control sys-
tem. In this chapter we consider static friction models and analyze compensation techniques

which are specific to web guides.

4.1 Static Models

Early modeling of friction involved static models of friction which are simply a function of rel-
ative velocity between contacting surfaces. Static friction takes into account only a few proper-
ties of friction with the main idea being that the friction force opposes motion and the magni-
tude of friction is independent of the surface area of contact. A brief discussion of some well
known static friction models are given below.

Coulomb investigated Da Vinci’s friction model and proposed the model in 1785 [26]. Coulomb
friction in dynamic systems is modeled as a piecewise continuous function which is positive

for positive velocities and negative for negative velocities. Coulomb friction is given by
F = F.sgn(v) (4.1)

where F is the friction force, F, is the Coulomb friction coefficient, sgn(.) denotes the sign

function, and v is the relative velocity between contacting surfaces.
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Friction F

/

Coulomb Friction Coefleient F,

O B .

Velocity v =——

Figure 4.1: Static Friction Model with Coulomb Friction Effect

Morin (1833) [26] introduced the idea of static friction in which the friction forces opposes
the direction of motion when the relative velocity is zero. The equation describing the model
is given by

F = Fsgn(Fy) (4.2)

where F is the static friction (stiction) coefficient and F; is the applied tangential force.
Reynolds (1886) introduced the following viscous friction model for fluids where the fric-

tion force is a linear function of the relative velocity:
F=Fyw (4.3)

where F), is viscous friction coefficient.
Common models of static friction considered in engineering analyses are a combination of
the above basic models. Coulomb + viscous friction, as the name suggests, is a combination of

Coulomb and viscous friction models and is given by
F = F.sgn(v) + Fyv (4.4)

The viscous friction is included to consider the influence of lubrication between contacting

surfaces.
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Friction F' '

Viscous Friction Coefficient
Coulomb Friction Coefficient F. F, = slope

Velocity v ——

Figure 4.2: Static Friction Model with Coulomb and Viscous Effects

Further, if static friction is included to consider the force required to initiate the motion, the
model that is generally used in engineering analyses is given by

Fesgn(v) + F,v for v # 0
F = (4.5)

Fysgn(Fy) forv=20

Stribeck in 1902 observed a different phenomenon at low velocities. He observed that the
friction decreased as velocities increased for low velocities. The velocity decrease was continu-
ous, contrary to the model given by a combination of Coulomb, viscous and static friction. This
phenomenon is called the Stribeck effect.

The model that includes Stribeck effect in place of stiction is given by

F = Fyu + F.sgn(v) + (F, — F,)els )2sgn(v) (4.6)

where v is the Stribeck velocity constant. Figure 4.4 shows the model that includes the Stribeck

effect.
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Friction F |

Static Friction Coefficient F

Viscous Friction Coefficient
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Velocity v ——

Figure 4.3: Static Friction Model with Coulomb, Viscous and Stiction Effects

Friction FI Stribeck Effect

\elocity v —

Figure 4.4: Static Friction Model with Stribeck Effect
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4.2. FRICTION COMPENSATION BASED ON STATIC MODELS

4.2 Friction Compensation Based on Static Models

To compensate for stiction, in some applications, it is typical to add high frequency, low am-
plitude signals (dither) to the control signal. The main drawback of using a dither signal is
the need for accurate prediction of stiction coefficient, and further the dither signal does not
compensate for viscous and Stribeck effects.

For nonlinear systems with friction, it is common to use control laws that employ feedback
linearization to achieve desired closed-loop characteristics. With an accurate friction model and
an estimate of its coefficients, it is common to compensate for friction by adding the estimated
friction to the control signal. The friction force is estimated using velocity feedback and friction
coefficient estimates, and the estimated friction force F' is added to the control signal. The
friction coefficients are generally estimated by using least mean-square (LMS) estimation or by
using recursive least-square (RLS) algorithms.

Friedland and Park [27] proposed a simple estimator for Coulomb friction coefficient, which
is an adaptive estimator with asymptotic convergence. This estimate of Coulomb friction co-
efficient is used to estimate the friction force and is added to the control signal to compensate
for friction. A simple block diagram of such a compensation is given in Figure 4.5. But this

method imposes the constraint that the velocity should be bounded away from zero.

| Friction |
lEstimate <
Reference Actual
POSMOe_ Linear N Servo v Position
y @it Controller y o Mechanism .

Actual
Friction

t

Figure 4.5: Friction Compensation using Estimated Friction

Gilbart and Winston [28] used an adaptive compensation technique for optical tracking tele-
scopes based on the Coulomb friction model using Lyapunov based model reference adaptive
controller. Zhu [29] implemented adaptive static and dynamic friction compensation tech-

niques on a planar robot manipulator. Extensive experiments were conducted to validate the
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4.2. FRICTION COMPENSATION BASED ON STATIC MODELS

proposed adaptive controllers; it was shown that the adaptive controllers with friction com-
pensation had superior tracking error performance when compared to the adaptive controllers
without friction compensation.

In all of the above mentioned methods, a reference velocity trajectory is tracked with friction
compensation or a position reference (assumed to be differentiable twice) is tracked. Most of
the existing friction compensation methods does not deal with position regulation. Adaptive
friction compensation techniques for position regulation which are applicable for web guiding

is discussed in the subsequent sections.

4.2.1 Friction Compensation for Web Guides Based on a Static Model

A simple compensation technique that is used frequently is based on feedback linearization
in which the control input compensates for friction by directly adding the friction torque to it.
The friction can be identified off-line based on a friction model. Friction torque is added to the
control based on the identified friction parameters.

Consider a static friction model based on Coulomb and viscous friction as
F = F.sgn(d) + F,0 (4.7)
The dynamics of a DC motor actuator for a web guide is given by

Jo+F=T (4.8a)

L%+Mz@—&é (4.8b)

where T is the torque to the motor, J is the rotor inertia, L is the inductance of the coil, R is
the resistance of the coil, U), is the voltage input to the motor, ¢ is the motor current and K. is
the back e.m.f (electro-motive force) constant. Neglecting electrical characteristics, substituting

T = Kii, and taking the Laplace transform we get

K,, 1/J
O(s) = ———U, -—F
(S) S(S+am) P(S) s(s+am) (S)
where K,, = % and a,, = If;ge . If viscous friction is considered then the system reduces to
O(s) K,

- 4.9
Up(s)  s(s+am+ K,F,) (4.9)

where K; = 1. Clearly the system dynamics changes with the type of friction model consid-

ered. Let us first consider friction given by equation (4.7). A straight-forward compensation
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4.2. FRICTION COMPENSATION BASED ON STATIC MODELS

would involve adding friction estimate F' to the control torque and can be given as

where T};, is the control input for the linear system when friction is neglected. With a perfect
estimation of £ the nonlinear friction term is compensated and hence linear control law can be

obtained using well established control techniques. An offline estimate of ¥’ can be given by
F = FE.sgn(d) + F,0 4.11)

where F. and F, are estimates of Coulomb and viscous friction which are identified offline
using common identification techniques. The following section details the procedure for iden-

tifying the friction parameters for a web guide mechanism.

4.2.2 Friction Parameters Identification

4.2.2.1 Motor Parameters

Parameters Value Units
Max. Operating Speed 6000 rpm
Torque Sensitivity (/%) 7.54 | oz-in/amp
Back EMF constant (K) 5.58 V/Krpm
D.C. Resistance (R) 0.977 Ohms
Inductance L 1.5 mH
Rotor Inertia 0.0045 | oz-in-sec?
Tachometer Voltage Sensitivity | 14.2 (V/Krpm)

Table 4.1: Kamberoller Guide Motor Parameters

4.2.2.2 Identification of Coulomb and Viscous Friction Coefficients

The friction parameters can be identified using common estimation techniques such as a Least
Square Estimation. To avoid the Stribeck effect, the identification is carried out at velocities
greater than the Stribeck velocity. The dynamics of an inertia load with a static friction model
is given by

JO =T — F.sgn(f) — F,0 (4.12)
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which can be parametrized as

=, ¢ (4.13)

TN

T:[é 0 sgn(é)}

o

Applying a low-pass filter (F'(s) = ﬁ) to each signal in equation (4.13) we get

y=¢' ¢ (4.14)

where y is the filtered version torque 7" and ¢ is the filtered version of the regressor ¢,,.

Hence from the normal equation for least square estimation, the vector ¢ is obtained as

¢= (7)Y (4.15)

where

Y= [30(1),...,4,0(?’7/)], Y = [y(l)w"’y(n)]—r (4.16)

and n is the total number of data points.

Hence the estimates of F;, and F. can be obtained from input-output data set of the web
guide. Sinusoidal inputs were given to the guide at various amplitude and frequency. Using
the least-square-estimator the parameters £, and F, were estimated and they were found to

be F, = 0.0167705 N-m-s/rad and F. = 0.030709 N-m. The filter was assumed to have the

1

following transfer function ggai-s77

and the Stribeck velocity was assumed to be 0.1 rad/sec.
Table 4.2 shows the estimates for different input-output pairs. A representative sample of the
experimental results is given in Figure 4.6. Figure 4.6 shows the tachometer output for a sinu-
soidal input voltage to the guide motor. The input voltage was applied with a frequency of 27

rad/sec and amplitudes of 4.8 and 12 volts. In Figure 4.7 the friction effect when the velocity

crosses zero is clearly observed.

4.2.2.3 Stiction Coefficient

Stiction can be identified by finding the torque at which the guide starts to move, when a ramp
input is given to the guide. The slope of the ramp is small, i.e., the control input is incremented
in small steps and the torque at which the guide starts to move is the stiction coefficient Fj.
As the guide starts to move the motor velocity is very small, therefore the current in the motor
coil can be approximated as % and hence F's = K t%. F, was found to be 0.325968 N-m. A

representative sample of the experimental results is shown in Figure 4.8.
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F. (Nm)

0.032497

0.030559

0.028851

0.029035

0.031159

0.031879

0.030985

F, (Nm/rad/s)

0.016259

0.016459

0.016595

0.016585

0.016742

0.017302

0.017451

Frequency (rad/sec)

2

2T

47

47

2T

47

2.75m

Amplitude (Volts)

4.8,12

7.2

4.8

4.8

Exp No.

Table 4.2: Coulomb and Viscous Friction Estimates
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Figure 4.6: Velocity Output for a Sinusoidal Input Voltage
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Figure 4.8: Estimation of Stiction Using a Ramp Input
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4.2.2.4 Stribeck Velocity
The static friction model with the Stribeck effect is given by
F = F,0 + F.sgn(8) + (F, — Fc)e(%)zsgn(é) (4.17)

where v; is the Stribeck velocity. When the guide moves at sufficiently low velocities, friction
is given by
F = Fusgn() + (F, — F.)el#:)" sgn(6) (4.18)

and substituting I in equation (4.8a) we get
.. . (i‘)Q
JO =T — Fesgn(0) — (Fs — Fe)e\ s (4.19)

Equation (4.19) can be simplified as

[0~ T0)sgn(d) - 7] = (5, — el (420)
and further as
%m( Fy = Fe )ﬁ (4.21)
[T — JO)sgn(6) — F.

Therefore, from the previously estimated values of F. and F, and from the response of the

system for a given sinusoidal input, Stribeck velocity is estimated using

y=¢'¢ (4.22)

where

y=0% ¢=1v ¢=Iny (4.23)

Only values of v > 1 yield real solutions and hence only those values are considered for
estimation. The representative sample of experimental results is shown in Figure 4.9. Stribeck
velocity was observed to be negligible for the web guide.

It is not possible to identify all the friction parameters each time and compensate by adding
the extra control input. It is known that friction parameters vary based on normal forces,
change in temperature and vary over time due to change in lubricating conditions. Hence,
an adaptive friction compensator is required to effectively compensate for friction. The fol-
lowing section will discuss an adaptive scheme to compensate for friction in web guides. The
identification carried out in this section is used as a basis for validating the results from the

adaptive controller.
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Stribeck Veloicty Identification
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Figure 4.9: Stribeck Velocity Identification

4.3 Adaptive Static Friction Compensation for Web Guides

Offline friction parameter identification and compensation is not suitable for web guiding ap-
plications. Friction parameters are known to change and hence an adaptive friction compen-
sation is suitable. In this section, static friction model with Coulomb and viscous effects is
considered; Coulomb and viscous friction coefficients are unknown. An adaptive static friction

compensation technique is developed in this section. The dynamics of the system with friction
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is given by
. . K,
JO+ CO+ F = au, where o= = (4.24a)
i % lp_y (4.24b)
a a a
. o1 .
P16 + 526 + —[Fo0 + Fesgn(6)] = u (4.24¢)
. A R | .
53160 + 320 + EFUG + &chgn(g) =u (4.24d)
. 1. 1 )
10+ (B2 + —F,)0 + —F.sgn(f) = u (4.24e)
« a
316 + 320 + B3sgnd = u (4.24f)

1 1
where (s = (5 + &F” and (3 = EFC

Representing the system in equation (4.24f) in the state space form with state variables z; = 0

and x5 = 619 yields,

T 0 « x 0 0
L - ! Y u— (4.25)

Li?2 0 —Qg To 1 agsgn(mg)
where

! _P

0‘1:@’ Qo R a3 = f33

The equilibrium for equation (4.25) is x; = 0 and z2 = 0. If the coefficients a1, a2 and a3 are

known, then one can choose the control law to be
u = agsgn(zrs) — a17 (4.27)

Then the closed loop system is given by

T 0 « x
o ' ! (4.28)
T2 —Q]  —QQ )
Consider a Lyapunov function candidate which is a function of states as
1 T
V(X)=5XTX, X= ! (4.29)
T2
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Taking the time derivative of the Lyapunov function candidate along the trajectories of equa-

tion (4.28) we get
. . I
V(X) =X'X= |: 1 Za :| (4.30a)
€2
= Q1T1T2 — Q1 X1 T — agxg (4.30b)
= —qpr (4.30¢)
=V(X)<0 (4.30d)

Since a1, s and a3 are unknown, let us consider the control to be

u = —a1r1 + dasgn(zz) (4.31)
Only two unknowns are needed for control and hence the parameters, their estimates, estima-
tion error are defined as follows.

aq

0= . 6= 6= _ and 6 — (4.32)
as a3 a3 a3z — Q3 —Qg

I 0 (65} I 0
= - sgn(xz) (4.33)
i’z _&1 — Q9 i) a3 — dg
ie.,
j;‘l =1T2 (434a)
j?g = — QT2 — d1I1 — &gsgn(:@) (434b)
Consider a Lyapunov function candidate
- 1+ J R
V(X,0) = §X X+ %9 0, v>0 (4.35)

78



4.3. ADAPTIVE STATIC FRICTION COMPENSATION FOR WEB GUIDES

The time derivative of V" along the trajectories of equation (4.33) is given by

. ~ . j —
V(X,0)=XTX + ;@Te (4.36a)
T 12+~
= [ T1 Io :| ' +-076 (4.36b)
T2 7
= a1T1x2 — A1 T1T — 042.1‘% — dgl‘gsgn(ﬂ?z) + *é—ré (436C)
12+~
= —0423?3 + (011 — dl) 1T — &gl‘gsgn(.’lﬁg) + *@TG (436d)
N—— Y
12+~
= —042:53 + 0~41£L'1£C2 — dgxgsgn(xg) + ;@T@ (4368)
[ aq 12+~
= —0421,‘3 =+ 122 —;L'ngn(xQ) :| + 7@T@ (436f)
L Qs Y
o 5. LATA 4
= —0x; + | 1wy —xosgn(zs) | O+ ’y@ (C) (4.36g)
2 [ 1 1. ~
= —aox5 + | T1T2 — —G&1  —x2sgn(xe) — ;a;; © (4.36h)
L Y

Hence for a stable system each element in the second term is equated to zero, which yields the

adaptive control law.
5[1 = YX1T2, Cég = —'ymzsgn(xg) and dl (0) 7é O7 023(0) 75 0 (437)

The above adaptive law results in V(X,0) < —az3. To prove asymptotic stability, let us
consider the invariant set Q = {21, x2|x2 = 0,21 # 0}. When x5 is zero and z; is non-zero, then
x2 will move away from zero since £2 = —&;x1. Hence the solutions in the invariant set will
not stay inside the set and will always reach the only equilibrium that is 1 = 2 = 0. Hence
the system is globally asymptotically stable.

A Simulink block diagram of the nonlinear adaptive friction compensation is given in Fig-
ure 4.10. The plant considered in the Simulink model had the friction modeled as viscous and
Coulomb friction, whose coefficients were the identified values from the previous section. The
response of the system with position and velocity initial conditions are given in Figures 4.11
and 4.13.

This method regulates the states (angular velocity and angular position) to zero. Position

regulation can be achieved by a simple coordinate transformation. Consider the following
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Figure 4.10: Simulink Block Diagram: Adaptive Friction Compensation
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Initial Condition Response (Angular Position)
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Figure 4.11: Initial Condition Response (Angular Position)
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Figure 4.12: Parameter Estimated with Initial Condition Response (Angular Position)
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Initial Condition Response (Angular Velocity)
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Figure 4.13: Initial Condition Response Angular Velocity
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Figure 4.14: Parameter Estimated with Initial Condition Response (Angular Velocity)
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coordinate transformation:

Z1 =0 —04es, Where 04, is the desired position
iy = (10

= 3%‘1 = 9 = o172
L N 52 ~ ~

= To = ﬂlﬂ =Uu— E$2 — ﬂgsgn(xg)

=Uu— agig — Otgsgl’l(.ig)

(4.38a)
(4.38b)
(4.38¢)

(4.38d)

(4.38¢)

By choosing a similar Lyapunov function candidate as given in equation (4.35), where X is

replaced by X a similar adaptive law is obtained, which is given by

Oél = ")/SL‘~1£E~2, Oég = —’}/fzsgn(fg) and 021 (O) 75 0, 023(0) # 0

(4.39)

The modified Simulink model is shown in Figure 4.15. Figure 4.16 shows a representative

|Par amet er Esti mation]
) «

[Control | nput |

u
i e M

alpha_3_hat

bha_3 I

v \/

alpha_1_hat

[Adaptive Friction Conpensation]

Figure 4.15: Simulink Block Diagram: Position Regulation

sample of simulation results for position regulation with zero initial conditions.

The adaptive friction compensation is the inner loop for the controller which compensates

for the uncertain nonlinearities, while the outer loop is involved in compensating for the re-
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Desired Position Tracking (Zero Initial Conditions)
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Figure 4.16: Adaptive Static Friction Compensation with Position regulation. 645 = 2, (0) = 0

and 6(0) =0
Parameter Estimates
82 T ~
—
S 80
o
]
= 78
£
E 76}
74O 5 10 15 20
20 T . . -
_as
™
o 10}
kS
g Of
©
£ -10}
q
-20
0 5 15 20

10
Time (Seconds)

Figure 4.17: Parameter Estimates for Adaptive Static Friction Compensation with Position Reg-

ulation. 04,5 = 2,0(0) =0and 6(0) =0

84



4.4. ADAPTIVE FRICTION COMPENSATION WITH WEB DYNAMICS

sulting linear system. Figure 4.18 shows a strategy for implementing model reference adaptive
controller along with adaptive friction compensation for web guides. This controller is capable
of compensating both uncertain parameters of the plant as well as the uncertain nonlinearities

due to friction.

Adaptive Law

Y

r
——7>»| Control Law
Up

FFFE

0 Z Web p o e
Dynamics +

Adaptive Friction
Compensation

| Reference Model I
—_ Jvm

Figure 4.18: Model Reference Adaptive Control with Adaptive Friction Compensation

4.4 Adaptive Friction Compensation with Web Dynamics

The adaptive friction compensation scheme developed in the previous section requires the an-
gular position measurement. Even though an actuator with a position encoder is available, it
is currently not possible to include the actuator in the experimental platform. In this section
an adaptive friction compensation scheme which does not require the motor angular position
feedback is presented. In contrast to the friction compensation technique in the previous sec-
tion, the controller in this section has only one loop. The adaptive controller presented in this
section compensates for both the friction coefficient uncertainty and the web dynamics uncer-
tainty simultaneously.

The simplified web dynamics with the actuator dynamics is given by

yfl‘ o kmcmﬂl

u, s(s+a)bo (4.40)

Let ypiq+ be the position of the platform or the guide, 61, be the angular position of the motor
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and Cj, the transmission ratio. The system can be divided into the following:

e Motor Dynamics
oL _

u, s(s+a)

e Transmission Ratio

Yplat
= Cm
0r,
e Web Dynamics
Yplat BO «

Friction does not affect the web dynamics and hence one can include the friction force in the

following dynamics.
Yplat _ kmcm

Up s(s+a)
Re-writing
yplat + ayplat +F= kmcmup (441)
OégL + aayplat +F= kmcmup (442)

Equation (4.42) can be represented in the state variable form as follows:

. . x
m=yp, dh=gr= (4.43a)
Ty = QYL = Yplat, T2 = aYr = kmCnup — F —aayr (4.43b)
=Kup,—F —azxy K =k,Cn (4.43¢c)
= Ku, — [Fyz2 + F.sgn(z2)] — azs (4.43d)
T 0 1/a T 0 0

= / Y i — (4.44)

T2 0 —(a+F,) T K F.sgn(z2)

1
If all the constants are known, then we can choose u,, = 7 [—a1x1 — agza + Fesgn(za)] which

results in the following closed loop system.

T 0 1/« T
- / ! (4.45)
To —Q —(042 —|—(I+Fv) T2

The constants o, as can be chosen such that the desired closed-loop pole location is met. Let us

consider that the constants «, a, F,, and F, as unknown and setup the adaptive control problem
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4.4. ADAPTIVE FRICTION COMPENSATION WITH WEB DYNAMICS

as an estimation problem. Notice that in order to cancel the signum term, it is necessary that
we assume K = k,,C,, is known. This is a valid assumption since it is possible to know

the motor parameters while it is difficult to know the parameters in the web dynamics. If

1 R
U = 74 —Q1T] — QT + chgn(xg)} then the closed-loop system is
T 0 1/a T 0
f = / o (4.46)
T —a; —(ag+a+ F,) X9 Fosgn(zs) — Fesgn(xs)
. 1
Tl = —I1 (447a)
«
9 = —aqx1 — (ag + a+ Fy)xg + chgn(xg) (4.47b)

where F, 2 F,.— F,. Notice that the closed-loop system has one equilibrium that is z; = x5 = 0.
Let us setup a Lyapunov function candidate and find an adaptive law that would make the

system asymptotically stable. Consider the following Lyapunov function candidate
e Lateg o2 f
V(X,0)= §X X+ Z@ ©, 6=F.—F, (4.48)
Then,

. . 1.
V=XTX+2-0Te
5

1 ~ 1=
= 8331962 —oz1ze — (e +a+ Fv)x% + Fesgn(zg)ze + ;@T@

1 - 12— -~
= axle -z — (g +a+ Fv)scg + Fesgn(zo)za + ;FJ@

1 127 -
= axlxg — 112 — (e +a+ Fv)x% + [sgn(xzo)xe + ;FG €]

IfFE, = —yzasgn(za) then
. ) 1
V=—(a+a+F,)zx;— (a1 — a)mlxg
If we know o we can set é = o so that
V=—(+a+F)z2<0

We can prove that the equilibrium (the system) is asymptotically stable by considering the

invariant set Q = {z1, z2]/z2 = 0}. When z2 = 0 and z; # 0, the solution does not stay inside
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the invariant set and will always move towards the equilibrium, as long as «; > 0. But since

we do not know o we shall setup a different Lyapunov function candidate by modifying the

system. )
B 6o B £ 1
e = ) O = R ; 0= N ) O = . ’ 5 £ —
F. E, E, c “
The open-loop system can then be represented as
z 0 T 0 0
f = v Y+ Up — (4.50)
"tg 0 —(a + Fv) T2 K chgn(mg)

1
Let the desired control input be u = 74 [—0z1 — asxs + Fesgn(xz)] and since we do not know
1 . .
0 and F, let us use their estimates in the control law u = e [—ﬁxl — ooy + Fesgn(zs)|, then

the closed-loop system is given by

i 0 . 0
tl = v Y (4.51)

T -8 —(az+a+ F,) To chgn(xg) — Fesgn(zs)

Let the Lyapunov function candidate be

1 1~ ~
V(X,0) = 5XTX + 5@)Trfle, T = diag(v1,72) > 0 (4.52)
Then
V=XTX+6'T'6
= Ba1xy — fr12y — (A + a + F,)x2 + Furgsgn(zy) + [ﬁ, FC} r-‘e
= —(ag +a+ F,)x3 + [~x129, T25gn(22)] O + {B, Fc} r-'e
1 1 2 -
= —(ag+a+ F)a5+ | —f —zizy, —F.+ Cﬂzsgn(@)] o
! 72
If we seté = y1z172 and Jj} = —7oxasgn(xz), then

V=—(a+a+F)z2<0 (4.54)

Hence the equilibrium (the system) is asymptotically stable in the large as long as 3 # 0. One
can obtain a similar transformation of the equilibrium as in the previous section (page 83) so

that regulation to a non-zero point can be achieved.
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Analysis

If © = 0, then the system reduces to

i’l 0 6 T 0 ﬂ x1
ig _ﬁ - (a2 +a+ Fv) T —ﬂ —C T
—_———

whose eigenvalues are
1 1
=2 £ /(242
€1,2 251 5 ¢ B

Hence the closed-loop system is exponentially stable since ¢ = a2 + a + F,, > 0. The constant
o is a design parameter which we can be choose. Convergence of the estimated parameters is
possible only if the input is sufficiently rich.

Theoretically the system is asymptotically stable in the large, but while implementing in
Simulink or on an experimental web platform, the system may not behave as expected. Let us

look at the adaptive law.

B =mz122, Fo= —yawasgn(zz) = —7|z2|

Hence as long as x5 is non-zero, the adaptive law for F. will always reduce the value of F.,

which might not be suitable unless a theoretical bound is set on the parameter.

4.5 Adaptive Friction Compensation using RLS Algorithm

This section details the procedure for indirect friction compensation using recursive least squares
(RLS) algorithm. The friction parameters are identified on-line using the RLS algorithm and
the friction is compensated by feedback linearization. The friction compensation can be imple-
mented as an inner loop as shown in Figure 4.18.

Recursive least squares is one of the simplest algorithm for parameter estimation and is
based on one of the oldest algorithms for estimation of parameters (developed by Gauss in late
18th century). Notice that for static friction compensation the unknown friction parameters
appear in a linear form

JO =T — F.sgn(f) — F,0 (4.55)

and hence the minimum can be reached in a single step. We can used the same Least Square
Estimation algorithm as described in section 4.2.2.2 on page 71 but in a recursive form. Chapter

13 in [30] presents a detailed description of the RLS algorithm along with modified forms of
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4.5. ADAPTIVE FRICTION COMPENSATION USING RLS ALGORITHM

the algorithm and also the convergence and initialization issues. In [31] an adaptive friction
compensation for DC-motor drives was presented along with experimental results. The same
algorithm can be utilized for friction compensation in web guides. Another application of the

RLS algorithm along with experimental results is presented in [32].

Applying a low pass filter F'(s) = to the system in equation (4.55) we obtain the

Ts+1
following linear parametrized equation.

y=9¢'¢
where,
J SF(s){0} . )
yEFST 6= | F, |. e=| F{) | and =Rl F()=_—
F F(s){sgn(0)}
(4.56)

d is a filtered version of 0 and the low pass filter F(s) is designed such that the measurement

noise is filtered. Let us define the error equation as
e=y—9 ¢

The objective of the RLS algorithm is to minimize the sum of the squared error. The analytical

solution for the problem in non-recursive form is given by

p=(@"®) o’y

when &7 @ is invertible.

¢ (1] yl1]
T
o[ = ¢ [2] Y= y[2]
o't ] | y[n] |

In the recursive form the parameter vector 6 is obtained as [17]

Bt) = 9t = 1)+ K(t) [y(t) — T (H)(t — 1)]
K(t) = Pt = 1)p(t) [I+¢T Pt = Dp(t)]
P(t) = [T = K@) ()] P(t—1)

t— sample number
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The algorithm can be initialized as [30]

P(0) =611, 0 = small positive constant

¢(0) =0
The initialization procedure is referred to as soft-constrained initialization. Based on the practical
experience with the RLS algorithm, it is recommended that ¢ is chosen such that it is smaller
than 0.0102, where o2 is the variance of ¢ [30]. For large lengths, the exact value of the ini-
tialization constant ¢ does not have any significant effect on the convergence of the parameters

[30]. Refer to lesson 4 in [33] for more information on how and why the algorithm is initialized

as above and some useful comments about different forms of RLS algorithms.

4.5.1 Implementation
e Initialize P(0) = 6 ~!I33 and ¢(0) = [0 0 0] .

e Repeat the following indefinitely

1
— Compute the correction vector, K (t)3x1 = P(t — 1)3xa3¢aa <1 TP = 1)@@))

— Update the estimates as ¢(t) = ¢(t — 1) + K(t) {y(t) — 0T (t)(t — 1)} based on the

error between the actual and the predicted output.

- Update the covariance matrix P(t) = [Isxs — K(t)o " (t)] P(t — 1)

e At each sampling time we obtain the estimates J, ¥, and F,. Using these estimates com-

pute the fiction force F' = Fvé + chgn(é) and add it to the control input.

4.5.2 Experimental Results

Friction compensation using the recursive least squares algorithm computes the additional con-
trol effort needed to compensate for friction. The RLS implementation can be used along with
any existing web guiding algorithm. Experiments were conducted to observe the performance
of the adaptive controllers with friction compensation using the RLS algorithm. Figures 4.19
to 4.21 show a representative sample of experiments with the transparent web. The top plots
show the performance of the adaptive controller without fiction compensation and the bottom
plots shows the performance of the adaptive controller with friction compensation. The plots

on the left shows the time history of the lateral position while the plots on the right show the
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histogram of error. Experimental results show that the adaptive controller with friction com-

pensation exhibits a slightly better performance in all the three cases.

Performance of Three parameter Adaptive Controller
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Figure 4.19: Performance Comparision: 3-Parameter, with and without Friction Compensation
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Performance of Four parameter Adaptive Controller
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Figure 4.20: Performance Comparision: 4-Parameter, with and without Friction Compensation

Performance of Eight parameter Adaptive Controller
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Figure 4.21: Performance Comparision: 8-Parameter, with and without Friction Compensation
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Chapter 5

Histogram : A New Performance Metric for

Web Guiding

In web guiding, lateral regulation error as a function of time is predominantly used to evaluate
the performance of the lateral control system. In this chapter a new visual performance metric
for guiding application is introduced. Several properties of the performance metric helps us to
clearly understand the performance of the lateral control system.

Plots comparing the regulation error for two controllers are shown in Figures 5.1 and 5.2.
From the plots in Figure 5.1 one can easily distinguish the guiding performance of the two data
sets. Whereas, from the plots in Figure 5.2, a visual inspection does not help in comparing
the guiding performance. Although the regulation error gives a visual quantitative indication
of web guiding performance for some situations, it is not clear how well a web position is
regulated in many cases.

Another performance measure one could consider is the simultaneous comparison of the
regulation error and the control effort supplied to the actuator. When the regulation error ap-
pears the same, as in Figure 5.2, one can compare the control effort to choose a better controller.
This performance measure is suitable for guiding control system manufacturers to compare
different control structures and control algorithms. We are interested in a performance metric
which could be used by the operator to tune the gains of a controller. In most industrial lines
the operator cannot change the control algorithm or the controller structure; only the gains of
the controller can be tuned.

An alternate performance measure is the two norm of the error. This serves as an accurate
measure if the error signal is not noisy. If the error signal is noisy, then the two norm of the error

is not a clear indicator of lateral performance. For example, the unexpected peaks observed in
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Figure 5.1: Performance Comparison Based on Regulation Error: Clear
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Figure 5.2: Performance Comparison Based on Regulation Error: Difficult to Compare
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Figure 5.1 are mainly due to noisy measurements and not due to the guiding performance. In
this case taking two norm of error would result in inaccurate performance comparison. One
measure that is expected to clearly indicate the guiding performance uses histograms. This
method provides several important characteristics of the guiding performance and is discussed

in detail in the next section.

5.1 Histograms

A Dbetter way of measuring performance based on the error distribution is by using the his-
tograms. The purpose of a histogram is to visually encapsulate the distribution of a data set.

The following characteristics can be observed from a histogram:
e center of the data;
e spread of the data;
e skewness of the data;
e presence of multiple modes in the data; and
e presence of outliers.

A histogram of error is a frequency distribution of error. A histogram is divided into 'n’
equally spaced bins of error; frequency of occurrence of error within each bin is plotted as a
function of error range. Figures 5.3 and 5.4 show the histogram for experimental data shown
in Figures 5.1 and 5.2, respectively. The horizontal axis shows the error and the vertical axis
shows the frequency of occurrence of error. In this section we concentrate on studying various

types of histograms and their importance in web guiding applications.

5.1.1 Normally Distributed Histograms

Figure 5.5 shows a normally distributed histogram. This is the most common shape of the
histogram observed in engineering practice and in nature. The key characteristics of this dis-
tribution is the bell-shaped curve which is symmetric about the center. The axis of symmetry
is usually the mean of the distribution and the frequency of occurrence gradually decreases

towards the tail! of the distribution.

I The extreme regions of a distribution are commonly referred to as the tail of the distribution.
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Figure 5.5: Normally distributed Histogram, with Zero Mean

A normal distribution can be completely characterized by the mean and variance of the data

set. The function that describes the normal distribution is given by

1

6*(90#0)2/202
oV 2T

fz) =

where f(z) represents the frequency of occurrence of the value z, p is the mean, o2 is the

variance and o is the standard variation.

Mean of the Normal Distribution

Mean of a normal distribution represents the center or the axis of symmetry for the distribution.
In Figure 5.6 the approximate normal error distribution for two data set are plotted. The data
set represented by dashed line is symmetric about zero indicating zero mean. For web guiding
application, if the histogram is symmetric/centered about zero, then the system exhibits no

steady state regulation error.

Spread of Normal Distribution

The spread of the normal distribution is due to the variance of the error. If the variance is
large, then the normal distribution is broader at the base and shorter in height, while a low

variance results in thinner distribution at the base. Figure 5.7 shows two data sets with different
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Normal Distribution for Pl and MRAC
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Figure 5.6: Mean of a Normal Distribution

variances.

Height of a Normal Distribution

The height of a normal distribution is the frequency of occurrence of the mean value. For
guiding applications, it is desired to have the maximum height around zero. This implies that
the frequency of error occurrence about mean is high, i.e., good guiding performance. Figure
5.7 shows two data sets with different heights.

Ideally one would like to see an impulse for the error distribution. But getting an impulse
in practice is not possible. In fact the best possible distribution one could observe from any
data set is a normal distribution.

A normally distributed histogram of error in web guiding indicates normal operation. This
kind of distribution shows that there are no abnormalities in guiding. The regulation error can
be considered as a random variable. Since the overall guiding process can be considered as a sta-
tionary process, a normally distributed error with zero mean indicates that the regulation error
is white. Therefore, the regulation error is unpredictable and hence the guiding performance
achieved does not exhibit any abnormalities. If the error is predictable, then the controller can

be tuned to compensate for the predictable error to achieve better performance.
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Normal Distribution for Pl and MRAC
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Figure 5.8: Experimental Data: Bottom Plot Shows Normal Distribution
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5.1.2 Symmetric, Non-Normal, Short-Tailed Histograms

A short-tailed distribution is characterized by the tail which approaches zero quickly as shown
in Figure 5.9. A classical short tailed distribution is a uniform distribution which has very short
tails or in fact no tails.

Histogram
400
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Frequency
= N N w
al o a1 o
e _© o 9

=
o
o

Figure 5.9: Short-Tailed Histogram Characteristic with “Fat” Body

A short-tailed histogram in web guiding indicates that the error is bounded between a small
region in which it is uniformly distributed. The histogram shown in Figure 5.9 has the center
located at around 0.2 which indicates steady state error of 0.2. Almost 90% of the error is
distributed between 0.1 and 0.5. For applications where the error tolerance is known, a shorted
tailed error distribution within the tolerance limit would result in satisfactory performance. A
distribution with lean body and short tail would indicate an ideal guiding performance.

Unbiased and accurate estimation of center of a distribution is influenced by the length
of the tails of the distribution. The center of the distribution obtained using sampled mean
is generally misleading for short-tailed and long-tailed distributions. For example, a uniform
distribution which varies between +0.1 will have its center at zero. This does not indicate
that the error is zero predominantly. On the contrary, the error is equally likely to lie between
0.1 and —0.1. Observe the top plot in Figure 5.10 and assume that the mean is zero. Clearly
this does not indicate good guiding performance compared to bottom plot. The histogram in

the bottom plot clearly indicates that the error is predominantly zero. Also the frequency of
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Histogram over the error distribution for Pl
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Figure 5.10: Experimental Data: Top Plot Indicates Short-Tailed Distribution

occurrence of the error rapidly decreases as we move away from zero; which is not the case

with the histogram in the top plot.

5.1.3 Symmetric, Non-Normal, Long-Tailed Histograms

For a long-tailed distribution, the tails decline to zero very slowly as shown in Figure 5.11 and
bottom plot of Figure 5.12. In this distribution the error is close to zero. The presence of a
long-tail indicates that occasionally the error is large.

A symmetric long-tailed error distribution indicates poor guiding performance if the tail
extends beyond the tolerance limits. In applications where the error cannot go beyond a certain
value, a sampled data with long-tail would indicate how far the tail has to be reduced to achieve
the required performance. Hence based on the tail length, the controller gains may be tuned to
achieve the required performance. If the tail does not extend beyond the error tolerance limits,

then the controller provides the required guiding performance.
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Figure 5.11: Long-Tailed Histogram Characterized by “Lean” Body and Long Tails
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Figure 5.12: Experimental Data: Bottom Plot Shows Long-Tailed Distribution
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5.1.4 Symmetric Bimodal histogram

The mode of a distribution is the value with high frequency of occurrence. Unimodal distri-
butions are those with single mode around which the distribution is cluttered and gradually
spreads out towards the tails. A normal distribution is a classical example of a unimodal distri-
bution. Bimodal distributions have two modes around which the data is distributed as shown
in Figure 5.13. An experimentally observed data is shown in Figure 5.14.

A bimodal error distribution is not an ideal distribution for web guiding applications. A
bimodal distribution is usually seen in the presence of a periodic disturbance. This could mean
that one or a few rollers upstream is severely misaligned or a periodic disturbance is being
generated by some other process abnormalities.

The common statistical measures such as the mean (center of distribution) and variance
(spread of the distribution) do not really indicate the true behavior of the guiding control sys-
tem. For example, the top plot in Figure 5.14 shows the experimental data set with a bimodal
error distribution. The mean for the data set is 0.02 and the variance is about 0.004. With just
the mean and the variance statistics, it would not have been possible to deduce the presence
of a periodic disturbance. Clearly, the use of histograms gives more information and captures

several important characteristics of the web guiding control system.

Histogram
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400
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W
(=3
(=)

200

100
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Figure 5.13: Symmetric Bimodal Distribution

104



5.1. HISTOGRAMS

Histogram over the error distribution for PI
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Figure 5.14: Experimental Data: Top Plot Indicates Bimodal Distribution

5.1.5 Skewed Non-Normal histogram

Until now all the histograms were symmetric about an axis. A skewed distribution is a distri-
bution with no symmetry. Skewed histograms are characterized by a single tail, either to the
left or to the right and are called “skewed left” and “skewed right” correspondingly.

For a skewed distribution obtaining a measure of location* becomes difficult. None of the
measures like mean, median and mode can describe the characteristics of the distribution well.
An example of a skewed distribution is shown in Figure 5.15.

Skewed distributions often occur when there is a lower bound and an upper bound on the
data. A typical case in web guiding would be the case of sensor saturation. Based on the
direction of the skew one can determine if the sensor gets saturated due to complete closure of
the sensing window or if the web is completely away from the sensor window. The top plot in
Figure 5.16 shows experimental data with sensor saturation. The flat surface observed is due

to the saturation of the sensor. The bottom plot shows the corresponding histogram.

2Measure of location is a single representative value for a distribution [34]. Examples include mean, median, mode,

etc.
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Figure 5.15: A Right Skewed Histogram
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Figure 5.16: Experimental Data: Skewed Histogram
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5.1. HISTOGRAMS

5.1.6 Symmetric Histogram with Outliers

Outliers are data points that appear from a distribution different (in location, scale, or distribu-
tion form) from the bulk of the data. A histogram with outliers is shown in Figure 5.17, Figure
5.18 shows the experimentally observed data.

Possible cause for outliers in web guiding applications are

operator errors,

web edge discontinuity,

dust particles in a region of a transparent web,

or a disturbance similar to a pulse disturbance, etc.

When histograms with outliers are observed in web guiding application, it is important to
investigate the cause for their occurrence. The common practise of neglecting outliers, which
are located at values greater than 4o (o is the standard deviation), should be avoided. The
occurrence of outliers may indicate some machine or web induced abnormalities. The very
fact that one can observe outliers indicates that the abnormality has occurred a considerable
number of times. Therefore, the reason for their occurrence should be investigated. An exper-
imental data with the presence of outliers is shown in Figure 5.18. The outliers are observed
to the far left of the histograms. This indicates that a large error with a negative magnitude is
observed quite frequently. Outliers in web guiding application may be observed when pulse

disturbances are encountered.

5.1.7 Ideal Error Distribution

The ideal error distribution for guiding applications should be unimodal, with zero value for
all measures such as mean, median and mode. The distribution should be normally distributed
with alean body. The variance of the distribution should be within the guiding tolerances. Such
a distribution that is observed experimentally is shown in the bottom plot of Figure 5.19. A
unimodal distribution indicates the absence of periodic disturbances while a lean distribution
indicates good guiding performance.

In this chapter we have seen that histograms are useful in characterizing the guiding per-
formance. In an event that visual displays are not available for operators, a possible alternative

performance metric to histograms is presented in the following. This performance metric does
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Figure 5.17: A Histogram with Outliers
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Figure 5.18: Experimental Data: Presence of Outliers

108



5.1. HISTOGRAMS
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Figure 5.19: Experimental Data: The Ideal Distribution for Guiding Applications

not characterize the error distribution completely but can be used when no visual display is
available.

A single measure of location is not capable of describing the characteristics of an error distri-
bution completely. Hence a combination of these measures can be used to describe the guiding
performance. From the observations with the type of histograms, we can deduce a few good

performance characteristics based on the measures of location.
e Mean is desired to be close to zero.
e Median of the distribution is desired to be the mean of the distribution.
e Error distribution should be unimodal with mode value at zero.

The ideal statistical performance measure should be a combination of mean, median, mode,
standard deviation and variance. All the common measures can be calculated using standard
statistical tools and does not require any graphical visual unit for display. A good tracking
performance would be a unimodal distribution with values for mean, median, mode all equal

to zero. Also, the standard deviation has to be close to zero.
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Chapter 6

Summary and Future Work

Maintaining the lateral position of the web on rollers is an important aspect of any web han-
dling system. Inability to maintain the lateral position results in loss of productivity and poor
quality of the finished products. In this thesis adaptive control strategies that can provide the
specified lateral position regulation performance in the presence of process variations and un-
certainty in web material properties were developed.

The lateral behavior of the web on rollers is affected by various process parameters such as
transport velocity, web tension and material properties such as opacity and modulus. Indus-
trial guiding control systems neglect the web lateral dynamics to simplify the controller design.
While the control strategies developed in the literature assume that the process parameters are
known and remain fixed. The adaptive control strategies developed in this thesis do not ne-
glect the lateral web dynamics and do not assume the knowledge of the process parameters.
Adaptive control strategies that are capable of adapting to variations in the process parameters
were proposed in this work. A chapter by chapter summary of the thesis is given below.

In Chapter 2, design and formulation of a model reference adaptive controller suitable for
web guiding were addressed. The chapter starts off with a basic introduction to adaptive con-
trol. Since the structure of the lateral dynamics of the web is well understood, a model reference
adaptive control strategy was developed. The structure and complexity of the model reference
adaptive control system depends on the structure and complexity of the lateral dynamics of the
web. Two adaptive control strategies were developed by assuming a reduced order model for
the lateral web dynamics. Another model reference adaptive controller was developed based
on the complete model for the web dynamics. In all the three adaptive controller designs, the
process parameters that affect the lateral dynamics of the web were considered to be unknown;

the parameters of the actuator dynamics were also considered to be unknown. Computer sim-
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ulations were conducted to evaluate the performance of the adaptive controllers. The results
of the simulations indicated that the adaptive control strategies provide good guiding perfor-
mance in the presence of disturbances and process variations.

In Chapter 3, the experimental results of the developed adaptive control strategies were
presented and discussed. Experiments were conducted on an experimental web handling plat-
form containing two intermediate web guides. Two different web materials of distinct physical
characteristics were transported under different operating conditions on the experimental web
handling platform. Several common disturbances observed in an industrial processing line
were created. The effectiveness of the developed control strategies were evaluated with sinu-
soidal, step, and pulse disturbances and a number of process variations such as changes in
web opacity, web tension, and transport velocity. All three adaptive controllers were able to
cope with the process variations and provided good guiding performance in the presence of
disturbances. The performance of the adaptive controllers were compared with an industrial
PI controller.

One of the significant performance characteristic of the adaptive controller was its ability
to cope with sensor gain variations. Industrial controllers fail to provide good guiding perfor-
mance when the sensor gain changes. Experimental results clearly indicate that the adaptive
controllers are able to provide good guiding performance with sensor gain variations.

A systematic procedure for choosing various design parameters in the adaptive control
schemes were provided in Chapter 3. From the experimental observations of the simplified
adaptive controllers, some key characteristics of the adaptive controllers for web guiding ap-
plications were noted. Based on these observations guidelines for practical implementation
were presented.

In Chapter 4, adaptive fiction compensation strategies suitable for web guiding application
were proposed. Experiments were carried out to identify static friction coefficients of a guide
mechanism. An adaptive friction compensation strategy was proposed to compensate for fric-
tion in web guides. This compensation technique can be used as an inner loop of a control
strategy used for lateral guiding. Another adaptive control strategy which considers the co-
efficients of friction and the parameters of web dynamics to be unknown was proposed. The
controller was shown to be globally asymptotically stable. But such a controller design needs
prior information about the friction parameters in order to implement it practically. Finally, a

recursive least square (RLS) algorithm for static friction compensation was presented. The RLS
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algorithm can be used as an inner loop of an existing lateral guiding strategy. The proposed
RLS algorithm was implemented as an inner loop for the adaptive control schemes presented
in Chapter 2. Experimental results indicate that the friction compensation based on RLS algo-
rithm is capable of providing improved performance.

In Chapter 5, a new performance metric for web guiding applications was proposed. Com-
mon performance metrics such as the two norm of the regulation error, visual plots of regula-
tion error as a function of time, etc., do not completely describe the performance characteristics
of the guide control system. A new performance metric based on histograms which can clearly
indicate the guide performance was discussed. Several different types of histograms and their
significance in identifying lateral performance characteristics were discussed.

The adaptive strategies proposed in this thesis exhibit good guiding performance in the
presence of process variations and disturbances. Several improvements to the adaptive control
algorithm can be made to enhance its robustness. Projection of estimated parameters based on
parameter bounds is one way of improving the robustness of the adaptive controller which has
to be investigated in the future.

The control algorithms in this thesis were developed for intermediate guides. This algo-
rithm can be extended to unwind and rewind guides. Future work should also focus on imple-
menting adaptive control strategies for unwind and rewind guiding.

In some industrial applications the edge sensor is positioned one span downstream of the
guide roller. The transfer function from the lateral displacement of the web at the guide to
the lateral displacement at the subsequent roller (free span lateral dynamics) is non-minimum
phase. Therefore, placement of the edge sensor one or more spans downstream of the guide
roller would require consideration of the additional dynamics in the analysis. Future work
should investigate the effects of placement of the sensor in spans downstream of the guide
roller. To improve robustness of the guiding control system feedforward control should also be
investigated.

Friction compensation based on RLS algorithm has shown improvements in guiding perfor-
mance. Additional theoretical work has to be conducted in order to investigate the possibility
of simultaneous compensation of unknown parameters in the web lateral dynamics and fric-

tion models.
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APPENDIX A

Offset Adaptation

For an infrared sensor, the opacity variation in web material affects the sensor output. Experi-
mental results in chapter 3 indicate that the developed adaptive controller is able to cope with
the sensor gain variation. Apart from the sensor gain variation, whenever the web opacity
changes guide-point also changes. In this section we present an automatic reference detection
(guide-point detection) algorithm called offset adaptation which can determine the appropriate
reference position based on the opacity of the web material.

The infrared sensor provides a larger sensing window when compared to the ultrasonic sen-
sor. In some applications, because of larger web edge errors, infrared sensors are desired. An
ideal infrared sensor gives full scale voltage when it is completely uncovered and zero voltage
when completely covered by an ideal opaque material. Therefore, the lower limit of the output
voltage increases based on the web material used and its opacity. One does not have knowl-
edge of this lower limit of the sensor output when different web materials are used. Figure A.1
shows the output voltage as a function of sensor window width for a typical infrared sensor of
0.7 in physical sensing window width. The abscissa represents the width of blocked portion of
sensor window the ordinate represents the output voltage. A completely opaque web would
have the voltage range between 0 to 6 volts (full scale reading) while a semi-transparent web
has a lesser voltage range, for example, in the range of 5 — 6 volts as shown.

As seen from the Figure A.1, if the opacity of the material changes, then the guide point also
changes, i.e,, it is offset. Hence, it becomes important to know this offset value for each web
material used. At present, one simple solution is suggested that can ascertain the offset value

using adaptation. The following is the procedure for implementing offset adaptation.
e Run MRAC and set the reference to 97% of the full scale sensor reading.
e As soon as the web edge reaches the reference, reduce the reference by a small step size
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Figure A.1: Output voltage range and typical curves for opaque and transparent webs

(step size was considered as 0.1 volt and can be varied based on the full scale reading of

the sensor and the application).
e Repeat the above step until the sensor output saturates.

e The output of the edge sensor gives the current position of the web when the web com-

pletely covers the sensor window.

e The new reference is set by taking the average of current web position and the full scale

sensor reading.
e Stop offset adaptation and start the regular adaptation with the new reference.

Figures A.2, and A.3 show the offset adaptation when implemented with the opaque web
and the transparent web. For both the experiments on offset adaptation, the web is kept sta-

tionary.

118



Volts

Volts

Offset adaptation for black web

—— Edge Position
- - Reference

5.9

5.8

5.2
0

40 50

Figure A.3: Offset adaptation on the transparent web

119

10 20 30 60 70 80 90
Time (sec)
Figure A.2: Offset adaptation on the opaque web
Offset adaptation for transparent web
—— Edge Position
- - Reference
10 15 20 25 30
Time (sec)



APPENDIX B

Mathematical Preliminaries

Definitions, theorems, lemmas, and some important results which are helpful in understanding
the design and analysis of the adaptive control developed in this thesis, is presented in this
chapter. Proofs for the theorems are not within the scope of this work and hence they are

omitted. The mathematical preliminaries in this chapter are from [18], [35], and [36].

B.1 Continuous Functions and their Limits

Definition B.1 (norm) The norm |x| of a vector x is a real valued function with the following:
o |x| > Qwith |z| = 0ifand only if x = 0
o |azx| = |a||z| for any scalar o
o [z +yl <z + |yl
Definition B.2 (£, norm) For functions of time, L,, norm can be defined as
N o0 1/p
lelly = ([ latryPar )
0
for p € [0,00) and say that x € L, when ||z||, exists (i.e., x is locally integrable and ||z||, < o)
Definition B.3 (£ norm) L., norm can be defined as
[|2llo = sup |2(t))|
>0
and say that x € Lo when ||x||« exists (i.e., ||z||co IS finite.)

Definition B.4 (Continuity) A function f : [0,00) — R is continuous on [0, o) if for any given

€0 > 03ad(eg,to) such that ¥ to,t € [0, 00) for which |t —to| < d(eo, to) we have |f(t) — f(to)| < €o.
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B.2. INPUT-OUTPUT STABILITY

Definition B.5 (Uniform Continuity) A function f : [0,00) — R is uniformly continuous on
[0, 00) if for any given ¢g > 0 3 a d(eg) such that ¥ to,t € [0, 00) for which |t — to| < d(eo) we have
£ (&) = f(to)] < €o.

Remark B.1 A function f with f € L, is uniformly continuous on [0, c0).
Fact1 lim; ., f(t) = 0 does not imply that f(t) has a limit as ¢ — occ.
Fact 2 lim; ., f(t) = c for some constant ¢ € R does not imply that f() — 0 as t — oc.
Lemma B.1 The following is true for scalar-valued functions:
o A function f(t) that is bounded from below and is nonincreasing has a limit as t — oo.

o Consider the nonnegative scalar functions f(t), g(t) defined for all t > 0. If f(t) < g(t)¥t >0

and g € L, then f € L, ¥p € [1, 0]
LemmaB.2 If f, f € Lo, and f € L, for some p € [1,00], then f(t) — 0ast — oco.

Lemma B.3 (Barbalat’s Lemma) Iflim; fot f(7)dr exists and is finite, and f(t) is uniformly con-

tinuous function, the lim;_, . f(t) = 0.

B.2 Input-Output Stability

Consider an LTI system described by the convolution of two functions u, h : RT — R defined

as
y(t)=uxh = /0 h(t — T)u(r)dr = /0 u(t — 7)h(7)dT (B.1)

where u, y is the input and output of the system. Let H(s) be a Laplace transform of the h(.).
H (s) is called the transfer function and h(t) is called the impulse response of the system.

Let D ne an open interval in the real line R and let {(.) be a function defined on D.

Definition B.6 (Analytic) A function of a real variable, f(.), is said to be analytic on D if f € C™°
and if ¥ to € D 3 a positive real number ey such that, ¥ t € (to — €o,to + €0), f(t) is representable by a

Taylor series expansion about the point ty:

s =3 S sy
n=0 :
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B.3. LYAPUNOYV STABILITY

Theorem B.1 Let H(s) be a strictly proper! rational transfer function of s. Then H(s) is analytic in
Re[s] > 0ifand only if h € L,

Corollary B.1 If h € L4, then
e h decays exponentially, i.e., |h(t)| < are™ " for some g, q > 0
e ue Ly =y€LiNLy,yE L,y is continuous and lim; o |y(t)| =0
e uELy=y € LoN L,y € L,y is continuous and lim; o |y(t)| =0
e Forpe[l,00l,u € Ly, = v,y € Ly, and y is continuous

Corollary B.2 Let H(s) be a biproper® and analytic in Re[s] > 0. Thenu € Lo Lo and lim;_,  |u(t)] =

0 imply that y € Lo N Lo and limy_o. [y(t)| = 0.

B.3 Lyapunov Stability

Consider a system described by
&= f(t,x), z(to) = g (B.2)

wherez € R, f: T x B(r), T = [to,00) and B(r) = {z € R" | || < r}. Assume that f is of that
for every xy € B(r) and every t, € R™, B.2 possesses one and only one solution z(t; ¢y, ). The

system is autonomous if f does not depend on ¢,
i = f(x) (B.3)
otherwise, it is non-autonomous.
Definition B.7 A state x. is said to be an equilibrium state of the system described by B.2 if
flt,ze) =0 Vit >t

Definition B.8 The equilibrium state x. is said to be stable (in the sense of lyapunov) if for arbitrary

toand e > 03 a (e, to) such that |zg — x| < 0 implies |x(t; 1o, To) — Te| < € VE > to.

Definition B.9 The equilibrium state x. is said to be uniformly stable if it is stable and if (e, to), in

the above definition, does not depend on t.

For a strictly proper transfer function the degree of the numerator polynomial is less than the degree of the de-

nominator polynomial.
2 A biproper transfer function has equal number of poles and zeros.
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B.3. LYAPUNOYV STABILITY

Definition B.10 The equilibrium state x. is said to be asymptotically stable if (i) it is stable, and (ii)

36(to) such that |xg — x| < 0(to) implies limy_, o |x(t; to, To) — ze| = 0.

Definition B.11 The equilibrium state x. is said to be uniformly asymptotically stable if (i) it is
stable, (ii) for every € > 0 and any to € R*,3ady > 0 independent of to and € and a T(e) > 0

independent of to such that |z (t;to, o) — x| < €Vt > to + T'(€) whenever |xg — x| < Jo.

Definition B.12 The set of all xog € R"™ | x(t;to,x0) — e ast — oo for some to > 0 is called the
region of attraction of the equilibrium state x.. If condition (ii) of the above definition is satisfied, then

the equilibrium state x. is said to be attractive.

Definition B.13 The equilibrium state x. is said to be exponentially stable if there exists an a > 0,

and for every e > 0 there exists a §(e) > 0 such that

| (t; to, x0) — Te| < ce(t—to) Vit>to
whenever |zo — x| < 5(e).
Definition B.14 The equilibrium state x. is said to be unstable if it is not stable.

Definition B.15 A solution x(t;t9,x0) of B.2 is bounded if 3 a § > 0 such that |x(¢;t,x0)| <

BY t > to, where 3 may depend on each solution.

Definition B.16 The solutions of B.2 are uniformly bounded if for any o > 0 and to € R™*, there

exists a f = [(«) independent of to such that if |zo| < «, then |x(t;to, z0)| < BVt > to.

Definition B.17 The solutions of B.2 are uniformly ultimately bounded (with bound B) if3a B > 0
and if corresponding to any o > 0 and to € RT, 3a T = T(«) > 0 (independent of t,) such that

|zo| < v implies |z(t;to, x0)| < BVt >to+ T.

Definition B.18 The equilibrium point x. of B.2 is asymptotically stable in the large if it is stable

and every solution of B.2 tends to x. as t — oo (i.e., the region of attraction of . is for all R™).

Definition B.19 The equilibrium point . of B.2 is uniformly asymptotically stable in the large
if (i) it is uniformly stable, (ii) the solutions of B.2 are uniformly bounded, and (iii) for any o > 0, any
e > 0andty € RT,3T(e,) > 0 independent of to such that if |xg — x| < « then |z(t;to, xo)| <

eVt >to+ T (e ).
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Definition B.20 The equilibrium point x. of B.2 is exponentially stable in the large if there exists
a > 0and for any 3 > 0, there exists k(3) > 0 such that

2t to, 20)| < k(B)e™ T Wt >ty
whenever |zo| < f.

Definition B.21 A continuous function ¢ : [0,7] — R (or a continuous function ¢ : [0,00) — R™)

is said to belong to class K, i.e., ¢ € K if, (i) ¢(0) = 0, (ii)p is strictly increasing on [0, r] (or on [0, 00)).

Definition B.22 A continuous function ¢ : [0,7] — R is said to belong to class KR, i.e., o € KR

if, (i) ¢(0) = 0, (i) is strictly increasing on [0, 00), and, (iii) lim, _, o ¢(r) = oc.

Definition B.23 A function V(t,z) : Rt x B(r) — R with V(t,0) = 0V t € R* is positive
definite if there exists a continuous function ¢ € K such that V(t,z) > ¢(Jz|) YVt € RT,z € B(r)

and some r > 0. V (¢, x) is called negative definite if —V (¢, x) is positive definite.

Definition B.24 A function V(t,z) : Rt x B(r) — R with V(¢,0) = 0V t € R™" is said to be

positive (negative) semidefinite if V (t,x) > 0(V(t,z) <0)Vt € R and x € B(r) for some r > 0.

Definition B.25 A function V (t,z) : Rt x B(r) — R with V(t,0) = 0V t € R* is said to be
decrescent if 3 € IC such that |V (t,x)| < ¢(|z|) YVt > 0and ¥ = € B(r) for some r > 0.

Definition B.26 A function V(t,z) : Rt xR"™ — Rwith V(t,0) = 0Vt € R is said to be radially
unbounded if 3¢ € KR such that V(t,z) > ¢(|z|) Vo € R" andt € R™.

Theorem B.2 Suppose there exists a positive definite function V (t,z) : R* x B(r) — R for some
r > 0 with continuous first-order partial derivatives with respect to z,t, and V(t,0) = 0Vt € R*T.

Then the following statements are true:
o if V <0, then ., = 0 is stable.
e if V isdecrescent and V < 0, then x. = 0 is uniformly stable.
o if Visdecrescent and V < 0, then x. = 0 is uniformly asymptotically stable.

o if V isdecrescent and 3 p1, g2, w3 € K of the same order of magnitude such that

pr(lz]) <Vt 2) < pa(lz]),  V(t2) < —p3(fal)
Ve B(r)andt € RY, then x. = 0 is exponentially stable.
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Theorem B.3 Suppose that B.2 possesses unique solutions for all xo € R™. Suppose 3 a positive
definite, decrescent and radially unbounded function V (t,x) : RT x R™ — R with continuous first-
order partial derivative with respect to t,x and V(t,0) = 0V t € R*. Then the following statements

are true:
o if V <0, then z, = 0 is uniformly asymptotically stable in the large.

o if 31,92, 03 € KR of the same order of magnitude such that

pr(lz]) <Vt 2) < @o(l2]), VIt ) < —ps(lal)
then z. = 0 is exponentially stable in the large.

Theorem B.4 Assume that B.2 possesses unique solution V xq € R". If 3 a function V (t, x) defined
on |xz| > R (where R may be large) and t € [0, co) with continuous first-order partial derivatives with

respect to z,t and if 3 192 € KR such that
o pi(lz]) S V(t2) < w2(|z])
o« (V)(t.2) <0

V]z| > Rand t € [0,00), then, the solution of B.2 are uniformly bounded. If in addition Jp3 € K
defined on [0, 0o) and
o V(t,z) < —ps3(|z|) V|z| > Rand t € [0, 00)

then, the solution of B.2 are uniformly ultimately bounded.

Definition B.27 A set Q2 in R" is invariant with respect to equation B.3 if every solution of B.3

starting in §) remains in )V .

Theorem B.5 Assume that B.3 possesses unique solutions ¥ xo € R"™. Suppose there exists a positive
definite and radially unbounded function V(x) : R™ — R with continuous first-order derivatives

with respect to x and V(0) = 0. If
e V<OVzeR"
o The origin x = 0 is the only invariant subset of the set

Q= {zeR"V =0} (B.4)

then the equilibrium x. = 0 of B.3 is asymptotically stable in the large.
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B.4 Positive Real and Strictly Positive Real Transfer Functions

Definition B.28 A rational transfer function G(s) of the complex variables s = o + jw is called PR if
o G(s) is real for real s.
e Re[G(s)] > 0V Re[s] > 0.

Lemma B.4 A ration proper transfer function G(s) is PR if and only if
o G(s) is real for real s.

o ((s) is analytic in Re[s] > 0, and the poles on the jw-axis are simple and such that the associated

residues are real and positive.

e For all real value of w for which s = jw is not a pole of G(s), one has Re[G(jw)] > 0.

Definition B.29 Assume that G(s) is not identically zero for all s. Then G(s) is SPR if G(s — €) is PR

for some € > 0.

Theorem B.6 Assume that a rational function G(s) of the complex variable s = o + jw is real for real
s and is not identically zero for all s. Let n* be the relative degree® of G(s) = Z(s)/R(s) with |n*| < 1.
Then, G(s) is SPR if and only if

e G(s) is analytic in Re[s] > 0
e RelG(jw)] > 0,Vw € (—o0,0)
o 1. Whenn* =1, limp,|_,o w?Re[G(jw)] > 0.

GUw)

2. When n* = -1, lim |~
Corollary B.3 1. G(s)is PR (SPR) if and only if 1/G(s) is PR (SPR)
2. If G(s) is SPR, then, |n*| < 1, and the zeros and poles of G(s) lie in Rels] < 0.
3. if [n*| > 1, then G(s) is not PR.

Lemma B.5 (Kalman-Yakubovich-Popov (KYP) Lemma) Given a square matrix A with all eigen-
values in the closed left half complex plane, a vector B such that (A,B) is controllable, a vector C and a

scalar d > 0, the transfer function defined by

G(s)=d+C"(sI —A)~'B (B.5)

Srelative degree is the difference between, the degree of denominator polynomial and the degree of numerator

polynomial
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is PR if and only if there exist a symmetric positive definite matrix P and a vector q such that

A"P+PA=—qq" (B.6)
PB—C =+¢V2d (B.7)

Lemma B.6 (Meyer-Kalman-Yakubovich (MKY) Lemma) Given a stable matrix, vector B, C and

a scalar d > 0, we have the following:
G(s)=d+C"(sI—A)~'B (B.8)

is SPR, then for any given L = LT > 0, there exists a scalar v > 0, a vector q and a positive definite
matrix P = P such that
A"P+PA=—qq" —vL (B.9)

PB—C = +¢V2d (B.10)

Theorem B.7 If A, is stable matrix and G(s) = C T (sI—A.)"'B.is SPR, thene,0,w € Lo;e,0 €

Loo N Lo and e(t), e1(t),0(t) — 0ast — oo
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APPENDIX C

Model Reference Adaptive Control:

Supplement

This appendix provides additional material for the adaptive control designs in Chapter 2. A
brief discussion on model reference adaptive control design for a relative degree one system is
discussed. This appendix also includes the necessary and sufficient condition for the choice of
the parameter py in the ploynomial L(s). The polynomial L(s) is added to the system to satisfy

the SPR condition.

C.1 MRAC for Relative Degree 1 System

In this section the model reference adaptive controller design for relative degree one systems
is described in detail. This design procedure can be extended to relative degree two systems as
long as the SPR condition is satisfied. The design and analysis in this section forms the basis
for the model reference adaptive controllers designed in chapter 2.
Consider a system and a desired reference model both having relative degree one.
jy=Ay+Bu, y=C'y (C.1a)
&= A+ Ber, ym=Clzx (C.1b)
Assuming that it is possible to find a parametrized control law u = 6* " w which could result in
a closed-loop system having the same dynamics of the reference model, then the error equation
¢ = ¢ — @ and hence the tracking error is given by
é=Ae+BO'w, 6=0-0* (C.2a)

1=y —ym=1[1 0e=Ce (C.2b)
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C.1. MRAC FOR RELATIVE DEGREE 1 SYSTEM

Let us define the estimate of tracking error to be
é1=W(s)p[u— QTw] (C3)
where p is an estimate of p*, 6 is the estimate of the parameter vector #*. Notice that
é1=Wy(s)p[u— GTw] = Wn(s)p[0], “u=0"w (C4)

Notice that since W,,(s) is SPR, when é;(0) = 0,é; = 0,V¢ > 0. Hence there is no need to

generate é; = €; = e; — é; = e;. Hence the error dynamics reduces to

¢ =Ace+ Bop*[0Tw—60"Tw] = Aee + Bep*0'w (C.5a)

e1 = Wn(s)p*0 w, 020(t)— 0" (C.5b)

This error dynamics is suitable for SPR-Lyapunov design since the output tracking error e; is
related to the parameter error § by a SPR transfer function.

Consider a lyapunov function candidate as

€' Pe n 6T010)p*|

V(b,¢e) = 5 5 (C.6)

whereI' =T'" > 0, P. = P.| > 0 satisfies the following algebric equations
PA.+ Al P.=—qq" —vL. (C.7)
P.B. = C., (C.8)

for some matrix L. = LI > 0, some vector ¢, and a small positive constant. -.- A, is stable
using the MKY lemma (B.6) we can always find a positive definited matrix P,. Taking the time

derivative of V' in equation C.6 along the trajectories of C.5.

. e Al P.e (B(,p*éTw)TP(,e e P.Ae eTP(,(BCp*éTw)
== feto + +

V= ; : : 07T (C.9)
—_——— Y N~
T T Ty LT ~ . ~
- %76_.‘”éﬂe+fTRJ%prw+ﬂTP4emﬂ (C.10)
—_—————
if
§TT10)p"| = ¢ P.B.p"6 w (C.11)

then, V < 0. Notice that in equation C.11 p* can be written as p* = |p*|sgn(p*) and the equation
reduces to

éTF_lé\p*\ = —¢' P.B.w ' f|p*|sgn(p*) (C.12)
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C.2. CHOICE OF PARAMETER P,

using the fact that 0 'w = w ' € R. Hence the adaptive law is given by

T

0 = —sgn(p*)e' P.B.w'T (C.13)
N——
= —sgn(p*)e Cow'T (C.14)
N~
0= —eisgn(p)Tw (T =TT) (C.15)
G=0—6=6= —eisgn(p”)Tw (C.16)

C.1.0.1 Analysis

Because V. > 0and V < 0, V is bounded or V € L. = 6,0,5 € L. Withe € L we
get y,x € L. w being the states or the filtered version of the states along with the reference
trajectory, . y € Loo, = w € Loo = u = 0w € L. Therefore all the signals in the closed-loop
system are bounded. As seen in section ?? on page ??, it can been shown that € € £, and hence
e; = Ce € Ly. From the error, since the matirx A, is stable and the input 0Tw € Lo, = ¢ €
Lo = ¢ = Ol¢ € L. Therefore from e;,é; € Lo, and e; € Lo, using lemma B.2 we have

ei1(t) » 0ast — oc.

C.2 Choice of parameter p

This section formulates the necessary and sufficient condition for the choice of the design pa-
rameter po in L(s) = s + po which makes W,,,(s)L(s) SPR. The relative degree of the reference
model and the plant model is 2. In order to use the SPR lyapunov design a relative degree

*

n* = —1 transfer function, (s + pg), is cascaded with the reference model so that the relative

degree of the combined system is one!.

where,

Gls) = (82 + 2Cwps + w2)

Applying theorem corollary B.3 we find that py > 0. Applying theorem B.6 we find the follow-
ing.

!Note that a transfer function G(s) can be SPR only if its relative degree is less than or equal to one and 1/G(s) is

SPR (Corollary B.3).
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C.2. CHOICE OF PARAMETER F,

e If G(s) is stable and py > 0, then K (s) is analytic in Re[s] > 0.

e For Re[K (jw)] > 0,V w € (—00, o0)

(s +po)wi
. (]w +p0)w2
K = n
(jeo) —w? + 2(wwpj + w2
_ wa(jw + po)[(wp — w?) — 2(wnwj]
(wp —w?)? + (2(wnw)?
2 2 2) 1 9rwdw?
Re[K(]w)] _ wnpo(wn w )+ Cwnw

(wi — w?)? + (2wnw)?
wipo(w2 — w?) + 2(wiw? > 0 for Re[K (jw)] >0
if (2¢w? — pow?)w? > 0 then, Re[K (jw)] > 0
Hence, pg has to be less than 2¢w,,.
e For the third condition i.e.,, When n* =1, lim,,|_.c w? Re[K (jw)] > 0
2 2 2) 1 9rwdw?
lim w?Re[K(jw)] = lim w? wnPo(wn — @) + 2wyw

|w|—00 |w]—0o0 (w,% — w2)2 + (2Cwnw)2

~ lim [2¢w3 — powi] + pow, /w?
lw]—oo 1 4+ wi /wt + (4¢w2 — 2¢w2) /w?

= 2Cw;, — pow,

= 2Cwy, > po to satisfy the above condition.

Hence pg has to be chosen based on the reference model such that 0 < py < 2¢w;,.
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APPENDIX D

Additional Experimental Results

D.1 Three Parameter Guide Adaptive Controller

D.1.1 Experiments with opaque web

Sine disturbance observed at the kamberoller guide
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Figure D.1: Performance Comparison: 3-Parameter, 500 fpm, Sine Disturbance, Opaque Web

132
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Three Parameter Adaptive Controller Performance
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Figure D.3: Performance Comparison: 3-Parameter, 500 fpm, Pulse Disturbance, Opaque Web
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D.1. THREE PARAMETER GUIDE ADAPTIVE CONTROLLER

D.1.2 Experiments with transparent web

Sine disturbance observed at the kamberoller guide
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Three Parameter Adaptive Controller Performance
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D.2 Four Parameter Guide Adaptive Controller

D.2.1 Experiments with opaque web
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Parameters

Figure D.8: Adaptive Controller: 4-Parameters, 300 fpm, Sine Disturbance, Opaque Web
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Four Parameter Adaptive Controller Performance
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Figure D.12: Adaptive Controller : 4-Parameters, 300 fpm, Pulse Disturbance, Steady-State,

Opaque Web
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Four Parameter Adaptive Controller Performance
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D.2.2 Experiments with transparent web
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Figure D.17: Adaptive Controller: 4-Parameters, 300 fpm, Sine Disturbance, Transparent Web
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Figure D.19: Adaptive Controller: 4-Parameters, 500 fpm, Sine Disturbance, Transparent Web
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D.3 Guide Adaptive Controller
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Figure D.24: Adaptive Controller: 8-Parameters, 300 fpm, Sine Disturbance, Opaque Web
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Figure D.25: Adaptive Controller: 8-Parameters, 300 fpm, Sine Disturbance, Setady-State,
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Sine disturbance observed at the kamberoller guide
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Figure D.28: Adaptive Control: 8-Parameters, 500 fpm, Sine Disturbance, Steady-State, Opaque
Web
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D.3.2 Experiments with transparent web
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Eight Parameter Guide Adaptive Controller Performance
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Figure D.32: Adaptive Controller: 8-Parameters, 500 fpm, Sine Disturbance, Transparent Web
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Figure D.33: Adaptive Controller: 8-Parameters, 500 fpm, Sine Disturbance, Steady-State,
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