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MOVING WEBS THROUGH HEAT TRANSFER PROCESSES

Major Field: MECHANICAL AND AEROSPACE ENGINEERING

Abstract: Heat transfer processes are widely employed in Roll-to-Roll (R2R) process
machines to heat/cool moving webs. The general goal is to efficiently transport webs
over heating/cooling rollers and ovens while achieving the specified web temperature
at different locations of the R2R machine. One of the key controlled variables is web
tension. When webs are heated or cooled during transport, the temperature distri-
bution in the web causes changes in the mechanical and physical material properties
and induces thermal strain. Because web strain and elastic modulus are functions of
temperature distribution in the web, web tension resulting from mechanical strain is
affected by heating/cooling of the web.

A multi-layer heat transfer model for composite webs is developed. Based on this
model, temperature distribution in moving webs is obtained for webs transported on
a heat transfer roller and in web spans between two adjacent rollers. Model simu-
lations are conducted for a section of a production R2R coating and fusion process
line, and temperature data from these simulations are compared with measured data
obtained at key locations within the process line. In addition to determining thermal
strain in moving webs, the model can be employed to design heating/cooling equip-
ment that is required to obtain a certain desired temperature at a specific location
within the process line. The governing equations for web strain and tension are then
obtained by considering the temperature effects. Based on the web tension governing
equation that includes both mechanical and thermal effects, a nonlinear adaptive ten-
sion control scheme is developed for control of tension in each tension zone of an R2R
system. The control scheme is implemented on a modular R2R experimental platform
containing two heat transfer rollers. Experimental results indicate that better tension
regulation is obtained in the heated tension zone. Further, the temperature distri-
bution model and the governing equations for web dynamics are utilized to design a
tension observer for heating/cooling spans of a continuous strip annealing line where
tension measurement is not available.
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CHAPTER 1

INTRODUCTION

Roll-to-Roll (R2R) manufacturing involves continuous transport of flexible materials

(webs) on rollers through processing machinery. In recent years there has been a

significant focus on R2R manufacturing because it is an efficient and scalable method

to manufacture many consumer products from flexible materials. It offers signifi-

cant advantages over batch manufacturing, such as high speed automation and mass

production at substantially lower costs.

Many processes require heating and cooling of the moving web. The moving

web is heated/cooled by transporting it over heated/chilled rollers or through ovens.

Typical processes include coating, embossing, printing, drying, lamination, etc. Al-

though much of the current practice in heating/cooling webs is based on empirical

understanding of the process which has been tuned by experience over a number of

decades, development of new products such as flexible panel displays, printed elec-

tronics, etc., using R2R manufacturing methods will require a better understanding

of the heat transfer process [2–4]. A typical R2R manufacturing procedure for flex-

ible displays includes slot die coating, screen printing to print layers in the form of

stripes, etching resistant material during anode patterning and encapsulating using

an adhesive in a lamination process [5, 6], and each step involves heating or cooling

processes. As electrical devices are very brittle to heat and stress, the study of tem-

perature distribution and tension control with heating process are crucial in flexible

electronics manufacturing.
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During heat transfer processes in R2R manufacturing, the transport behavior of

the web is affected by changes in physical and mechanical properties and thermal

strain due to heating and cooling. Control of web tension is critical in all R2R

systems. Web tension during transport is affected by the temperature distribution

in the web. Tension variations may lead to web wrinkles, curl, coating thickness

variations, or print registration errors [7–9].

1.1 Heat Transfer Process

There is a need to develop an accurate heat transfer model for different methods of

heating and cooling of moving webs in developing the governing equation for tension

in the web. The model can also be used to design the heating/cooling sources and

their locations within the process line and to determine operating conditions such

as web speed. For example, the model would be useful in sizing of heating/cooling

sources such as heating/cooling rollers, radiators, and ovens, and the resident time

required to heat/cool the moving web to the desired temperature at key locations

within the process [10].

Although significant amount of work has been done in the area of heat trans-

fer with fundamental work reported in [11–17], there has not been much reported

work on thermal behavior of moving webs, except in [8, 18–20]. In [18], a simple

expositional formula for temperature distribution in a web along the transport direc-

tion was used. In [19], a dryer was considered in the R2R system, but the web was

assumed to be of the same temperature as the ambient air in the dryer. In [8], a

lumped capacitance method was used to obtain the temperature distribution in the

web. In [20], a modeling procedure to determine the temperature distribution in the

web is developed.
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Many web products are currently manufactured from laminated composites. The

knowledge of temperature distribution in composite webs is even more important

than single layer webs because natural thermal expansion needs to be taken into

account, and the mismatch in thermal expansion coefficients between layers during

heat transfer process may cause high levels of residual stress and film cracking [2].

Studies using numerical or finite element methods for laminated materials can be

found in many articles [21–24]. But an analytical thermal model would be valuable in

predicting the temperature and strain distribution in the composite web and for real-

time control of tension in R2R manufacturing. Some multi-layer heat transfer studies

for thin materials can be found in [25–33]. The solutions to the special case of the two

layer model can be found in [25,26]. The model for three layers in the contact region

in a rolling machine can be found in [27]. A multi-layer heat transfer model with any

numbers of layers is given in [28], where an analytic technique is used for solving the

heat equations. Multi-layer heat transfer equations with a simple approximation for

the average diffusivity in each layer is also given in [29]. Multi-layer model with special

periodic boundary conditions can be found in [30], while more complex boundary

conditions are discussed in [31–33], which neither consider the moving webs or the

boundary conditions and solution forms associated with heating/cooling of moving

webs.

While developing the heat transfer models, thermal contact resistance needs to be

considered for imperfect contact. When two solid bodies come in contact, a tempera-

ture drop occurs between the two surfaces in contact. This phenomenon is said to be

a result of a thermal contact resistance existing between the contacting surfaces, due

to the microscopic qualities of the surfaces where the roller and web meet. All real

surfaces are microscopically rough, and when two surfaces are brought into contact,

imperfect bonding is expected. Thermal contact resistance is defined as the ratio

3



between the temperature drop and the average heat flow across the interface [34].

The heating/cooling conditions in R2R manufacturing can be classified into two

parts: with or without a heat transfer roll. Thus in this dissertation, all heat transfer

processes are classified into two kinds: web wrapped on a heat transfer roller and

web heated/cooled in a free span, and two basic models are considered. The two

kinds of heat transfer processes are shown in Fig. 1.1. Many methods are used in

industry to adjust the convective heat transfer rate, like using an oven or fan. These

methods change the heat convective transfer coefficients, and the coefficients are also

discussed in this dissertation. For moving webs, since the web thickness is often thin,

the temperature difference between the two surfaces of web along the thickness is

often much larger than the difference along the web transport direction. Thus heat

transfer in the transverse direction (along web thickness) is dominant.

W
rap

ped
 W

eb
 Span

Free Web Span

Heat Transfer Roll

Figure 1.1: Web free span and web wrapped on a heat transfer roller

Consequently, in this dissertation a heat transfer model for composite webs con-

sidering multiple layers of dissimilar webs is presented, and solutions with relevant
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boundary conditions for different types of heating/cooling methods are described. To

account for the imperfect thermal contact between the moving web and the heat trans-

fer roller, a thermal contact resistance model is considered. The heat transfer period

required in solving the model is discussed and a numerical procedure for computing

it for the moving web is given. Model simulations are conducted for heat transfer

sections and compared with temperature measurements in an industrial coating and

fusion production R2R line. Simulations are also conducted for the heater size design

in an atomic/molecular layer deposition line.

1.2 Web Tension Control

During heating or cooling of moving webs, thermal strain and elastic modulus are

affected. The thermal strain is generally taken as linearly dependent on the temper-

ature change, but the effects of temperature change on elastic modulus and other

temperature-relevant parameters are not well studied, especially for composite prod-

ucts.

The conventional tension model in a moving web without considering the effects

of temperature is widely available in many articles [19, 35–39]. The model describes

tension behavior in a web span when the web temperature is same as the ambient

air. This model does not describe the tension behavior of the web undergoing heat-

ing/cooling because the elastic modulus and the thermal strain of the strip are not

uniform within the web span. An effort to include thermal strain in an R2R sys-

tem can be found in [19], where a dryer was considered, but the web was assumed

to be of the same temperature as the ambient air in the dryer. Basic methods of

continuum mechanics were applied to web tension models including thermal effects

in [40], and a lumped capacitance method was used to describe heating of the web;
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this neglects the temperature difference along transverse direction inside the moving

web. In [41], temperature distribution for single layer webs was used to develop a

tension governing equation. The change in Young’s modulus of several materials as a

function of temperature was studied in many articles [1,42,43]. A governing equation

for web tension is developed by considering thermal strain and web elastic modulus

as a function of web temperature in this dissertation.

Due to nonlinearities and parameter uncertainties (Young’s modulus relevant

terms) present in the tension governing equation, a nonlinear controller is preferred

to control the tension in a moving web undergoing heating/cooling. Several nonlinear

design tools are available [44–46]. In many cases the nonlinear systems can be formed

into Nonlinear Block Controllable (NBC) forms for both SISO and MIMO systems.

Such a representation enables to reduce the original control law synthesis problem

into a sequence of low-order subproblems [47]. This strategy is employed for control

of tension in web transport systems. A nonlinear adaptive controller was proposed

to control web strain in [48].

The interconnected R2R systems are usually divided into many subsystems (ten-

sion zones). The information exchange between subsystems of a large-scale system

is not needed by designing decentralized controllers which are simple and use only

locally available information. A large body of literature exists in decentralized con-

trol of large-scale systems [49–51]. Decentralized control schemes that can achieve

desired robust performance in the presence of uncertain interconnections can be found

in [52,53]. A stability condition is developed using small gain theory in [54]. A design

of a decentralized controller for R2R systems can be found in [37], in which a fully

decentralized state feedback controller was proposed for conventional R2R system

without heat transfer processes.

Continuous annealing lines are productive manufacturing lines used by steel mak-
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ing companies for the manufacture of thin steel sheet products. In these lines, the

steel strip is continuously heated and cooled depending on the heat processing cycle

required for a particular product. The heating/cooling cycle plays a critical role in

programming the material properties of sheet products. The annealing furnace con-

sists of several heat transfer sections, such as heating section, soaking section, rapid

cooling section, and cooling section. To improve transport behavior through the fur-

nace, all the rollers are independently driven by a motor which are used to control

strip speed and tension. Although rotational speed is measured for each driven roller

shaft, tension measurement is spatially intermittent and located between any two

heat transfer sections because of the inability to reliably measure tension within each

heat transfer section. Since tension measurement is not available within the heat

transfer sections, control of tension is challenging in these sections. An algorithm

that provides tension estimation within each transfer section based on the model and

tension measurements between each section is beneficial in regulating tension within

acceptable levels in each section. The strip tension control considering the tempera-

ture change in multiple spans with the assumption that the tension is same in every

span in the furnace can be found in [55], while an observer is used as local tension es-

timate in every span in [56]. A decentralized controller and observer that can achieve

global exponential stabilization under two sufficient conditions are given in [57]. A

completely decentralised observer-based control scheme for interconnected dynamical

systems is proposed in [58]. An observer based control strategy for a continuous R2R

strip processing line based on a model is given in [59]. Two tension observers are

suggested using sliding-mode approach for a multi-motor web-winding system [60].

After presenting the dynamic equations of a web-handling machine, the structure is

exploited to design a reduced order, nonlinear observer with linear time-varying error

dynamics [61].
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Lamination in R2R manufacturing is a process that involves joining two or more

layers of webs to form a composite web [62–65]. Typical lamination processes use

nip rollers to provide contact pressure to combine several layers into one composite

web. There are two types of lamination: cold lamination and hot lamination. In cold

lamination, neither of the laminator rolls are heated and contact bonding between

webs is obtained by contact pressure or an adhesive material on one of the webs. In

hot lamination, one of the laminator rolls is heated to heat the contacting web. In

addition, one or more layers may be heated prior to lamination. Curl elimination is

a major goal in many lamination processes.

In typical R2R processes, tension control is accomplished by regulating either

speed or torque on driven rollers. In most industrial web process lines, the decentral-

ized control scheme for each section has two cascaded PI control loops, as shown in

Fig. 1.2 [37]. The output of the tension loop becomes reference speed error correction

for the speed loop. A good temperature distribution model would be facilitated in

the development of an accurate governing equation for web strain and subsequently

for web tension using a constitutive relation between web strain and tension that is

applicable to the heated/cooled web; the constitutive relations that are typically used

are either elastic or viscoelastic based on the material properties which can change

due to heating/coolign of the moving web. Since model based tension controllers

are currently being used for precise control of web tension, it is beneficial to obtain

an accurate tension governing equation that reflects the actual process conditions

including the heating/cooling of the web.

In this dissertation, a governing equation for mechanical strain by considering

thermal strain as part of the total strain is developed. An elastic constitutive relation

between strain and tension is considered to develop a governing equation for tension in

a web span. Using the governing equation for tension in a span and web velocity, one
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Figure 1.2: Control strategy with two PI controllers

can form the governing equations for the entire R2R process line. For development of

a tension controller, one tension zone is considered; a tension zone is the web between

any two driven rollers. The proposed nonlinear scheme in this dissertation mimics

an existing industrial linear speed-based tension control strategy as shown in Fig. 1.2

where an inner speed loop is employed to control speed and an outer loop based

on tension error provides a trim to the speed reference of the inner loop to regulate

tension. Therefore, a similar real-time strategy as the one currently used in industry

can be employed in the implementation of the proposed nonlinear scheme, as shown

in Fig. 4.4. Since the elastic modulus is not well known, one can use an adaptive

nonlinear controller and estimate the unknown parameters. Experiments conducted

on a modular R2R machine that contains heat transfer rollers show that the typically

used pure speed control scheme does not provide regulation of web tension in heating

zone. The proposed scheme provides regulation of tension at its desired value. A

number of experiments were conducted to evaluate the proposed scheme.

1.3 Contributions

The contributions of this work are summarized as follows.
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A general heat transfer model for composite webs with any numbers of layers is de-

veloped and solutions are obtained for different heating/cooling boundary conditions.

The developed model can handle web heating by any type of heat transfer method,

including heating/cooling rollers, fans, radiators or ovens. The boundary conditions

of heat transfer model for a composite web for different types of heating/cooling may

be classified into three main conditions and explicit solutions using these heat transfer

boundary conditions are obtained from the general solutions.

The elastic modulus and thermal strain of web are dependent on web temper-

ature and these dependencies are included in the tension governing equation. A

nonlinear governing equation for web tension considering heat transfer in the moving

web is developed. In the governing equation, thermal strain is assumed to be propor-

tional to the temperature difference between original and heated/cooled web, and the

equivalent Young’s modulus is used to deal with the Young’s modulus change after

heating/cooling.

A nonlinear adaptive controller including parameter estimator is designed to ac-

count for variations in the elastic modulus with temperature changes. The NBC forms

of the established nonlinear tension and velocity governing equations are presented

and a dual-loop speed-based tension controller is developed.

Two important problems involving the dynamic models and control strategies con-

sidering heat transfer in the moving webs are studied: tension observer and lamination

process. A tension observer is designed for estimation of tension in spans within an

annealing furnace of a steel strip process line where the tension measurements are

not available. Lamination process is modeled based on the individual web tension

dynamics, where the tension and velocity governing equations are developed for both

the single layer webs before lamination and the laminated web. The reference tension

formulas are developed so that the strains of the individual webs are the same prior
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to lamination at the nip rollers and curl can be eliminated.

1.4 Organization of the Dissertation

The rest of the report is organized as follows. A multi-layer model for temperature dis-

tribution in moving webs for different heating/cooling sources is first developed, and

the coefficients of heat transmission are then discussed for different heating/cooling

situations in Chapter 2. In Chapter 3, a coating and fusion process line and an

atomic/molecular layer deposition machine involving temperature distribution com-

putation are presented to demonstrate the temperature distribution model. Based on

the temperature distribution model, governing equations for web strain and tension

are obtained in Chapter 4. Design of a controller for web tension in heat transfer

processes is also discussed in Chapter 4 with experiments on a modular R2R ma-

chine that contains heat transfer rollers to verify the controller efficiency. In Chapter

5, tension observer is designed and implemented in a continuous annealing furnace;

lamination process is modeled, and reference tension for individual webs and control

strategy are developed for curl elimination. The summary of this dissertation and

future work are presented in Chapter 6.

The following assumptions are made to facilitate the development of the heat

transfer model and governing equations of tension dynamics in this dissertation:

1. The thermal expansion coefficient is independent of temperature.

2. The web does not expand along the thickness direction.

3. The temperature along the lateral direction is uniform.

4. The thicknesses of the web and the outer shell are small compared to the diam-

eter of the heat transfer roller.
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5. The web is elastic in certain temperature range.

6. The slip between the web and roller surfaces is not significant.

7. The web strain is very small.

8. The web tension and mechanical strain are uniform in a tension zone.
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CHAPTER 2

MODELING OF TEMPERATURE DISTRIBUTION IN MOVING

WEBS

To heat or cool a moving web through roll-to-roll processing machinery, thermal

energy is usually introduced by three mechanisms [7]: Convection, in which the heat

is transferred to the web by directing hot air, such as in an oven; Conduction, in which

the heat is transferred to the web by direct contact with a heated/cooled surface, such

as a heat transfer roller; Radiation, in which the heat is transferred by electromagnetic

radiation to the web from electric heaters or gas burners. Heat transfer between the

web and the heating source takes place in two regions of web transport: web wrapped

on a heat transfer roller and the web span between two consecutive rollers. Heat

transfer via conduction along the thickness is assumed inside the web material, but

the mechanism of heat transfer varies with the surface conditions. For the surface

heat transfer where the web and roller are in contact with each other, conduction is

assumed together with a contact resistance model. For the web surface exposed to

ambient air, the web on both sides is heated/cooled mainly by convection through

the surrounding air. The radiation boundary condition (resulting from the use of

radiative hot filaments in the vicinity of the web surface) may be approximated by a

convection boundary condition [66].

Figure 2.1 shows a web transported on a heat transfer roller and a free web span.

A heat transfer roller typically consists of an outer shell, an inner shell, and a liquid

chamber between the two with channel separators for spiral flow of liquid between

13



the two shells from one end of the roller to the other end. Hot oil is pumped through

the chamber for heating and chilled water for cooling. A picture of a typical double-

walled, spiral baffled heat transfer roller is shown in Fig. 2.2.

Fluid chamber

Outer shell

Transport

direction

x∆ x

y

z

x∆

Figure 2.1: Web span and web wrapped on a heat transfer roller

A general heat transfer model for composite webs with any numbers of layers is de-

veloped and solutions are obtained for different heating/cooling boundary conditions

in this chapter. The following assumptions are made to facilitate the development of

the heat transfer model: (i) the thermal properties of web are independent of tem-

perature, (ii) the web does not expand along the thickness direction (y-direction),

(iii) the temperature along the lateral direction (z-direction) is uniform and (iv) the

thicknesses of the web and the outer shell are small compared to the diameter of the

heat transfer roller. Assumptions (i) and (ii) are applicable for those R2R processes
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Figure 2.2: Picture of a heat transfer roller

where the physio-chemical (chemical reactions at heating) and thermo-mechanical

(specific heat, thermal expansion coefficient, thermal conductivity, etc.) effects are

not significant. The third assumption is reasonable if the liquid in the chamber is

at a uniform temperature throughout, that is, the heating/cooling liquid is an ideal

continuous steady heating/cooling source. The fourth assumption allows for the use

of Cartesian coordinates in the region of wrap as well as the free span. Since the

thickness of the web and the outer shell are assumed to be small compared to the

web width, the heat flux gradient is the largest along the thickness direction. As a

result heat transfer along the thickness direction is considered which may be modeled

by a one-dimensional heat equation. Ignoring conduction along the length of the web

is reasonable given the relatively low longitudinal thermal gradient as the ratio of

thickness/length is small [66, 67]. Therefore, the heat transfer problem in the trans-

port and thickness directions (x- and y-directions) are studied; the heat distribution

in the web is assumed to be uniform across the width or lateral direction (z-direction).
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2.1 Multi-layer Web Heat Transfer Model

For development of the model, consider a composite web with N layers as shown in

Fig. 2.3. The thickness of the ith layer is denoted by li and the y-axis coordinate

of the boundary of the ith and (i + 1)th layers is denoted by hi which means that

hi = h0 +
∑i

j=1 lj, and let h0 = 0.

...
...

z

x

y

0

1h

2h

1ih −

ih

1Nh −

Nh

1ϑ

2ϑ

iϑ

Nϑ

il

Figure 2.3: Multi-layer web sketch

The governing equations are given by

∂ϑi(y, τ)

∂τ
= κi

∂2ϑi(y, τ)

∂y2
, hi−1 ≤ y ≤ hi, τ > 0, (2.1)

where i = 1, 2, . . . , N , κ is the web thermal diffusivity, and τ is the time period of

heat transfer process at location x. In the following i takes values in the range of 1

through N unless explicitly specified. Regardless of the outer boundary conditions

at y = h0 and y = hN , the boundary conditions at the inner layers, assuming ideal
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contact between adjacent layers, are given by [15]

ϑi(hi, τ) = ϑi+1(hi, τ), (2.2a)

ki
∂ϑi(hi, τ)

∂y
= ki+1

∂ϑi+1(hi, τ)

∂y
, (2.2b)

where i = 1, 2, . . . , N − 1. In the following a procedure for computing the solution of

the above governing equations is given as a function of the outer boundary conditions

which will be specified later based on the different mechanisms that are employed to

heat and cool the web.

The following standard form for the solution of the above governing equations is

considered to facilitate the use of the separation of variables approach:

ϑi(y, τ) = Ui(y, τ) + ψi(y). (2.3)

This will allow for expressing the outer boundary conditions at y = h0 and y = hN

in homogeneous form. The transient solution, Ui(y, τ), and the associated inner

boundary conditions are given by

∂Ui(y, τ)

∂τ
= κi

∂2Ui(y, τ)

∂y2
, (2.4)

and

Ui(hi, τ) = Ui+1(hi, τ), (2.5a)

ki
∂Ui(hi, τ)

∂y
= ki+1

∂Ui+1(hi, τ)

∂y
. (2.5b)

The steady-state solution, ψi(y), is chosen as

ψi(y) = Ciy +Di. (2.6)

Substitution of Eqns. (2.3) and (2.6) in (2.1) and using Eqns. (2.4) and (2.5) results
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in the following recursive constraints for Ci and Di:

Ci =
k1
ki
C1, i = 2, 3, . . . , N, (2.7a)

Di = Di−1 + hi−1(Ci−1 − Ci), i = 2, 3, · · · , N. (2.7b)

As stated before, C1 and D1 in the above equations will be obtained later by using

the outer boundary conditions at y = h0 and y = hN based on type of mechanism

used for web heating/cooling.

With the separation of variables,

Ui(y, τ) = Yi(y)Ti(τ), (2.8)

one can write the solution for Ti(τ) and Yi(y) as

Ti(τ) = e−λ2
i κiτ , (2.9a)

Yi(y) = Ai cos[λi(y − hi−1)] +Bi sin[λi(y − hi−1)], (2.9b)

where λ is the eigenvalues of each layer, and the recursive expressions for Ai and Bi

may be obtained by substituting Eqns. (2.9) into (2.5). Denoting Ai = dKAi and

Bi = dKBi, where d is a constant, one can get the following recursive equations for

KAi and KBi:

KA,i+1 = KAi
cos(λili) +KBi

sin(λili), (2.10a)

KB,i+1 =
−kiKAiλi sin(λili) + kiKBiλi cos(λili)

ki+1λi+1
, (2.10b)

where i = 1, 2, · · · , N −1. Again, the unknowns KA1 and KB1 are obtained using the

outer boundary condition at y = h0 and the eigenvalues β2 = λ2iκi are obtained from

the outer boundary condition at y = hN .

The constant d is obtained as follows. From Wi defined by

Wi(y, β) = KAi cos[λi(y − hi−1)] +KBi sin[λi(y − hi−1)], (2.11)
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the existence of the following orthogonality condition can be shown [68]:

N
∑

i=1

∫hi

hi−1
ρiciWi(y, βm)Wi(y, βn)dy =











0, m 6= n,

M,m = n,
(2.12)

where M is a constant. For each βn, there is a corresponding dn given by

dn =

∑N
i=1

∫ hi

hi−1
ρiciUi(y, 0)Wi(y, βn)dy

∑N
i=1

∫ hi

hi−1
ρiciW 2

i (y, βn)dy
, n ∈ N. (2.13)

Therefore, the temperature distribution in each web layer is given by

ϑi(y, τ) =

∞
∑

n=1

dnWi(y, βn)e
−β2

nτ + ψi(y), (2.14)

where hi−1 ≤ y ≤ hi and τ > 0 is the heat transfer period. Note that this solution

doesn’t specify the heating/cooling processes, i.e. the solution expressions are the

same for both conditions.

The solution requires computation of KA1, KB1, C1, D1 and the eigenvalues,

which will be obtained next for each set outer boundary conditions for different web

heating/cooling mechanisms. The homogeneous forms of boundary conditions at

either y = h0 or y = hN are of: (i) the first kind, U = 0, (ii) the second kind,

∂U/∂y = 0, and (iii) the third kind, ±k ∂U
∂y

= γU where the sign is determined

by direction of heat flow (positive for inlet and negative for outlet). The second

kind (ii) is realized by bonding a thin film or patch electric heater to the surface,

which is seldom used in R2R processing. Hence only the two homogeneous forms of

the boundary conditions, (i) and (iii), and their combination are considered in the

following subsections sections 2.1.1 to 2.1.3.

19



2.1.1 Web in a Span Between Consecutive Rollers

(Convection + Convection Condition)

In the free web span between two consecutive rollers, a significant portion of the

heat transfer takes place by convection between the web surface and the ambient air.

The heat transfer coefficient γ is determined by the ambient flow around the web

surface, and air jets are usually used to change the flow. Due to the thin thermal

and hydrodynamic boundary layers formed on the web surface, the heat transfer

coefficient associated with jet impingement is larger than for the web surrounded by

steady air; air jets are often used to reduce the heating/cooling time (see Fig. 2.4, in

which θu denotes the ambient air temperature).

Nozzle

Web surface

Air flow

Laminar flow

Turbulent flow

uθ

Figure 2.4: Convective heat transfer in web span

The outer boundary conditions for the web in the free span between consecutive

rollers are

k1
∂ϑ1(h0, τ)

∂y
= γ1[ϑ1(h0, τ)− θu1], (2.15a)

− kN
∂ϑN (hN , τ)

∂y
= γN [ϑN(hN , τ)− θuN ]. (2.15b)
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To obtain homogeneous conditions at y = h0 and y = hN ,

k1
∂U1(h0, τ)

∂y
= γ1U1(h0, τ), (2.16a)

− kN
∂UN (hN , τ)

∂y
= γNUN (hN , τ), (2.16b)

one can solve for C1 and D1 required by (2.7), resulting in

C1 =
γ1γN (θuN − θu1)

k1γN + k1γ1 + γ1γNhN
k1
kN

+ γ1γNk1
∑N−1

i=1 hi

(

1
k1

− 1
ki+1

) , (2.17a)

D1 =
k1C1 + γ1θu1

γ1
. (2.17b)

Then, substituting (2.8) and (2.9) into the homogeneous outer boundary condition

at y = h0 yields

KA1 = 1, (2.18a)

KB1 = γ1/(k1λ1). (2.18b)

Now, KAN and KBN may be obtained using (2.10). Using these and the outer bound-

ary condition at y = hN , the following eigenfunction is obtained, which is used to

calculate the eigenvalues:

kNKANλN sin(λN lN)− kNKBNλN cos(λN lN)

= γNKAN cos(λN lN) + γNKBN sin(λN lN).
(2.19)

2.1.2 Web Wrapped on a Heat Transfer Roller

(Conduction + Convection Condition)

For the web wrapped and transported on a heat transfer roller, the temperature at the

internal surface of the outer roller shell is assumed to be constant because of contact

with the internal fluid which is at a steady temperature. Convective heat transfer

between the outer web surface and ambient air is assumed (see Fig. 2.5). The two
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outer boundary conditions for this case assuming the first layer to be the outer shell

of the roller are

Ambient Air

Web
Outer shell

Fluid cθ

uθ

φ

y

Figure 2.5: Web wrapped and transported on a heated/chilled roller

ϑ1(0, τ) = θc, (2.20a)

− kN
∂ϑN (hN , τ)

∂y
= γ[ϑN (hN , τ)− θu]. (2.20b)

The expressions for C1 and D1 to obtain the homogeneous conditions at y = h0 and

y = hN are

C1 =
γ(θu − θc)

k1 + γhN
k1
kN

+ γk1
∑N−1

i=1 hi

(

1
ki
− 1

ki+1

) , (2.21a)

D1 = θc. (2.21b)

Then, substituting (2.8) and (2.9) into the homogeneous outer boundary condition

at y = h0 yields

KA1 = 0, (2.22a)

KB1 = 1. (2.22b)
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Since the outer boundary condition at y = hN is the same as in the previous case,

the form of the eigenfunction given by (2.19) is used to obtain the eigenvalues.

2.1.3 Web Between Two Nipped Rollers

(Conduction + Conduction Condition)

This applies when both the web surfaces are in physical contact with constant tem-

perature sources; an example is when the web is nipped between two heat transfer

rollers (see Fig. 2.6). The two outer boundary conditions when the heat transfer on

both web surfaces is due to conduction are

ϑ1(0, τ) = θc1, (2.23a)

ϑN(hN , τ) = θcN . (2.23b)

The expressions for C1 and D1 to obtain the homogeneous conditions at y = h0 and

cNθ

1cθ

Figure 2.6: Web nipped between two heat transfer rollers

y = hN are

C1 =
θcN − θc1

hN
k1
kN

+ k1
∑N−1

i=1 hi

(

1
ki
− 1

ki+1

) , (2.24a)

D1 = θc1. (2.24b)
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Then, substituting (2.8) and (2.9) into the homogeneous outer boundary condition

at y = h0 yields

KA1 = 0, (2.25a)

KB1 = 1. (2.25b)

The corresponding eigenfunction is

tan(λN lN) = −KAN

KBN
, (2.26)

which can be solved to obtain the following eigenvalues:

λN =

arctan

(

−KAN

KBN

)

lN
+ nπ, n ∈ N. (2.27)

2.1.4 Model with Thermal Contact Resistance

In the above developments, perfect contact was assumed between layers. This as-

sumption is reasonable for different web layers within the composite web as the layers

are laminated together firmly, but may not be acceptable for the contact between

the web and the roller shell. The contact resistance is introduced to account for

the improper contact between surfaces; imperfect contact is illustrated in Fig. 2.7(a).

Contact resistance can have a major effect on the effectiveness of heated rollers. The

surface characteristics of the roughest surface generally determine the actual area of

contact. Increasing pressure (web tension), smoother surfaces, and higher thermal

diffusivity interstitial fluids increase the heat flow and decrease the contact resis-

tance [34]. The value of the contact resistance is also a function of the amount of

air entrained between the moving web and roller surfaces during transport. It will

depend on the web material, roller surface finish, web tension, and web speed.
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Between the roller shell and web surfaces, conduction through the contact spots

is still the most significant heat transfer mechanism, but there is also radiation ex-

change as well as convection currents through the air gaps in the contacting surfaces.

An actual contact is shown in Fig. 2.7(a) and all the mixed heat transfer effect is

considered by using the contact resistance r.

Outer shell

Web =
(a) (b)

Outer shell

Web

r

rk ek rl

Figure 2.7: Web and roller surface contact: (a) Imperfect contact model, (b) Equiv-

alent model

Since only the temperature distribution in the web is of concern, one can use

an equivalent model, which assumes a perfect contact with modified shell thermal

conductivity, as shown in Fig. 2.7(b). An equivalent thermal conductivity of shell is

introduced which is obtained by equating thermal resistance of the two models, that

is, lr/kr + r = lr/ke, which yields

ke =
lr

lr/kr + r
. (2.28)

2.2 Special Cases of Single Layer Web Model

As examples of the general heat transfer model, two most common cases in industry

with single layer web are presented in this section: the single layer web in a span

between consecutive rollers and the single layer web wrapped on a heat transfer

roller.
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2.2.1 Temperature Distribution in a Single Layer Web Span Between

Two Consecutive Rollers

The single layer web span between two consecutive rollers is simply a one layer case

of Section 2.1.1 and usually has the same ambient temperature at both sides of the

surfaces. Heat convection takes places at both surfaces. Using the solution (2.14) we

obtain the temperature distribution in the web, eigenfunction equation, and coeffi-

cients as given by

ϑ(y, τ) =
∞
∑

n=1

dn

[

kλn
γ

cos(λny) + sin(λny)

]

e−κλ2
nτ + θu, (2.29)

tan(λl) =
2γkλ

k2λ2 − γ2
, (2.30)

dn =

∫ l

0
[ϑ(y, 0)− θu]

[

kλn
γ

cos(λny) + sin(λny)

]

dy

∫ l

0

[

kλn
γ

cos(λny) + sin(λny)

]2

dy

. (2.31)

The plots of the right and left side of the eigenfunction equation with respect to λ

are shown in Fig. 2.8.

2.2.2 Temperature Distribution in the Region of Single Layer WebWrapped

on a Heat Transfer Roller

The single layer web wrapped on a heat transfer roller is a two-layer case of Sec-

tion 2.1.2. The bottom layer is the outer roller shell and the top layer is the web,

and the bottom surface has the same temperature with the heating/cooling liquid,

while heat convection takes place at the top surface. Using the solution (2.14) we ob-

tain the temperature distributions in both the roller shell and the web, eigenfunction
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equation, and coefficients as given by

ϑr(y, τ) =
∞
∑

n=1

dn[tan(lrλrn) cos(λrny) + sin(λrny)]e
−β2

nτ

+
γθu − γθc

kr + γlw
kr
kw

+ lrγ

y + θc + lr
γθu − γθc

kr + γlw
kr
kw

+ lrγ

,−lr ≤ y ≤ 0, τ ≥ 0,

(2.32a)

ϑw(y, τ) =
∞
∑

n=1

dn
kr
kw

√

κw
κr

[G(βn) cos (λwny) + sin (λwny)] e
−β2

nτ

+
kr
kw

γθu − γθc

kr + γlw
kr
kw

+ lrγ

y + θc + lr
γθu − γθc

kr + γlw
kr
kw

+ lrγ

, 0 ≤ y ≤ lw, τ ≥ 0,

(2.32b)

tan

(

lr
β√
κr

)

=
kr
kw

√

κw
κr
G(β), (2.33)
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dn =
ρrcr

∫ 0

−lr
Ur(y, 0)Ern(y)dy + ρwcw

∫ lw
0
Uw(y, 0)Ewn(y)dy

ρrcr
∫ 0

−lr
E2

rndy + ρwcw
∫ lw
0
E2

wndy
, (2.34)

where

G(β) =

kw
β√
κw

+ γ tan

(

lw
β√
κw

)

kw
β√
κw

tan

(

lw
β√
κw

)

− γ

, (2.35)

and

Ern(y) = tan(lrλrn) cos(λrny) + sin(λrny),−lr ≤ y ≤ 0, (2.36a)

Ewn(y) =
kr
kw

√

κw
κr

[G(βn) cos (λwny) + sin (λwny)] , 0 ≤ y ≤ lw. (2.36b)

The plots of the right and left side of the eigenfunction equation with respect to

β are shown in Fig. 2.9.
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Figure 2.9: Graphs of tan

(

lr
β√
κr

)

and
kr
kw

√

κw
κr
G(β). The abscissas of intersection

are the solutions of β, and G(β) is defined in (2.35)
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2.3 Determination of Eigenvalues

The eigenvalues related to the model in the heat transfer problem are not easy to

obtain, usually there is no closed-form expression available. A graphical method is

typically used to estimate the eigenvalues, as shown in Fig. 2.8 and 2.9. However,

in the graphical method, it is difficult to define “equal”. If the numerical tolerance

is large, we may miss some intersections; however, we may also have multiple results

at one intersection if the tolerance is too small. For periodic functions, there is only

one intersection inside each period, so a unique βn can be found inside each period.

However, this method cannot solve for the eigenfunctions which are not periodic.

In this section, a method that combines the value and the derivation of the eigen-

function is described. We study the eigenfunction f(β) = 0 and define intersections

as those points f(β) that cross the axis β.

Using a numerical method, some points are shown in Fig. 2.10, where the infinite

length is chosen as ∆β. If f(β) = 0, then β is one point we need. If at a point β,

f(β) and f(β + ∆β) have opposite signs, meanwhile ḟ(β) and ḟ(β + ∆β) have the

same signs (except 0), we can say that f has a zero crossing between β and β +∆β.

For example, βo is the zero point we need as f(βo) = 0 as shown in the figure. f(β)

crosses a zero point between β1 and β1+∆β since f(β1) and f(β1+∆β) have opposite

signs, meanwhile ḟ(β1) and ḟ(β1 +∆β) have the same signs. However, for the point

β2, although f(β2) and f(β2 + ∆β) have opposite signs, f(β) does not have a zero

point but only a pole between β2 and β2 +∆β, since ḟ(β2) and ḟ(β2 +∆β) have the

opposite signs. The conditions are summarized in Tab. 2.1.

Once it is identified that there is only one zero point between β and β + ∆β,

the values of the eigenvalue β can be readily obtained based on many numerical root

finder methods [69–71].
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Figure 2.10: Sketch of intersections of eigenfunction f(β) = 0 and the β axis

Using the method in this section, one can always find the intersections without

missing or duplicating them if the tolerance is small enough.

Table 2.1: Criterion of eigenfunction cross zeros point between β and β +∆β

Point f(β) and f(β +∆β) ḟ(β) and ḟ(β +∆β)

zero opposite signs same signs

pole opposite signs opposite signs

pole opposite signs both are 0

2.4 Determination of Heat Transfer Period

The temperature of the web in each region (ϑ) is a function of y and τ , where τ is

the heat transfer period at x, which is different from the time variable t. Consider

an infinitesimal slice of web traveling from x = 0 to x = L, and suppose it starts

at t = 0. It is heated/cooled while moving, and the heat transfer time is clearly
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τ = t. This slice will reach longitudinal position x at time td and then passes x, but

another slice of web will be at location x. Therefore, after td, the heat transfer time

at x is determined by the time needed for a infinitesimal slice to travel from 0 to

x. If we assume that there is no slip between the roller surface and the web surface,

the velocity of the web wrapped on roller is the same as the peripheral velocity of

the roller. Denote the web transport velocity on the roller surface by vr(t) and the

velocity of the web in the free web span as vF (xF , t). Consider the heat transfer

process in a small volume element ∆V which is of length ∆x as shown in Fig. 2.1.

The distance traveled by a volume element in each region in a time period τ is given

by

x =

∫ t

t−τ

v(x, t)dt, (2.37)

where v(x, t) is either vr(t) or vF (xF , t) depending on the region considered. Rewriting

Eqn. (2.37) as τ = g(x, t), the equation for τ is given by

τ(x, t) =











t, t ≤ td,

g(x, t), t > td.
(2.38)

Figure 2.11 highlights the procedure for obtaining the time td. For example, for a

constant web speed v = v̄, the expression for τ is

τ(x, t) =











t, t ≤ x/v̄,

x/v̄, t > x/v̄.
(2.39)

In most situations, the true transport velocity is not known in advance and is

measured online, thus the form of g(x, t) is unknown. To circumvent this problem,

one can consider a numerical iterative procedure to determine the variable τ . The

approach for this numerical method is illustrated in Fig. 2.12. First establish a vector

of τ based on the axis of x. Suppose there areM intervals in a region of length L along
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τ

0 ( )dt x t

tτ =

( , )g x tτ =

Figure 2.11: Graphs of τ(x, t), td is the abscissa of intersection of τ = t and τ = g(x, t)

the x-axis, then M = L/∆x. Assume that at the beginning of the heating/cooling

process the time in all the intervals is initialized to zero, so the value of τ in each

interval is 0. After t(1) seconds, K(1) intervals enter this region and K(1) intervals

leave this region. The entering K(1) intervals have not been heated/cooled yet, so

the value of τ inside them are zero and the rest of the intervals have the heat transfer

time t(1). Then, after t(2) seconds, K(2) intervals enter this region andK(2) intervals

leave. Again, the entering K(2) intervals have the value of 0 and the K(1) intervals

after them have been heated/cooled by t(2) seconds, and all the left intervals have

the value of t(2) + t(1) (if K(2) + K(1) ≤ M). Then, the procedure is repeated in

this manner for t(3), t(4) and so on. In summary, in time t(j), the form of the vector

τ is given by

τ [1 : K(j)] = 0; (2.40a)

τ

[

i=j
∑

i=j−p

K(i) + 1 :

i=j
∑

i=j−p−1

K(i)

]

=

i=j
∑

i=j−p

t(i), (2.40b)

where p = 0, 1, 2, . . . , j−1 and K(0) =M . The accuracy of the procedure is improved

by choosing a small value for ∆x.
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Figure 2.12: Illustration of numerical method to determine τ

One of the most important variables in the convection condition is the coefficient

of heat transmission, γ, which could be determined from the Nusselt number, Nu.

Although in both the cases when the web is inside the oven and surrounded by

steady air the heating process is due to convection by external flow, Nu may vary

significantly with different external flow configurations and orientations of the heated

web (see Fig. 2.4). Nu is the ratio of convective to conductive heat transfer across

the boundary layer, and the thickness and motion of the air boundary layer are

determined by the Reynolds number, Re. In the following a procedure to obtain an

expression for the coefficient γ in the two cases of the web inside the oven and the

web surrounded by steady air is given. Then, an approximation of γ is given for the

radiation condition.
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2.5 The Coefficient of Heat Transmission of a Web Span Surrounded by

Steady Air

For the span surrounded by steady air outside the oven, the air flow is forced by

the speed of the web itself and is parallel to the flat web. A sketch of air boundary

layer and the heat transfer plot is shown in Fig. 2.13, where x denotes the transport

direction of the web. The boundary layer is a region of variable velocity of air built

up between the web and the free fluid stream. This model can be applied also to

the surface of wrapped web and roller, because the relative convection of surrounding

air is forced by the movement of web and roller themselves, and the air flow is also

parallel to the surfaces.

Air boundary layer

x

Figure 2.13: Web span surrounded in steady air

For this configuration of parallel flow over a flat plate, the characteristic length of

web is the length of the span, L. Thus, the coefficient of heat transmission, γ, could

be determined from the Nusselt number:

γ =
Nuku
L

. (2.41)

The thickness and motion of air boundary layer are determined by Re, which char-

acterizes the relative influence of inertial and viscous forces in a fluid problem:

Re =
vux

ν
. (2.42)
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On a flat plate, the critical value of Re for flow to change from laminar regime to

turbulent boundary layer is in the range of 3×105 to 5×105. However, in laboratory

experiments the turbulent transition can appear also for Re ≈ 3 × 106. The above

values of the critical Re are related only to flat surfaces [17]. If the surface is curved

away from the flow (this may happen in most web handling processes, like the wrapped

roller), turbulence might be triggered at much lower values of Re. The value of Nu

depends on whether the air boundary layer is in laminar or turbulence state. However,

it is difficult to determine the state of the boundary layer considering that the flow

does not abruptly pass from laminar to turbulent for a particular value of Re, but

this transition occurs gradually. An expression of Nu which can be utilized for both

the air boundary layer states is provided in [72] as

Nu = 0.45 +
(

0.3387T 1/2
)

{

1 +
(T/2600)3/5

[1 + (Tu/T )7/2]2/5

}1/2

, (2.43)

where

T ≡ RePr2/3

[

1 +

(

0.0468

Pr

)2/3
]

−1/2

, (2.44)

and Tu is any number between 105 and 107. An expression for the average Nusselt

number can be utilized in the case that the exact value of Tu is difficult to obtain.

This average expression is provided in [72], and it is given by

Nu = 0.45 +
(

0.6774T 1/2
)

{

1 +
(T/12500)3/5

[1 + (Tum/T )7/2]2/5

}1/2

, (2.45)

where Tum ≈ 1.875T , and T is defined in Eqn. (2.44).

The expression for γ in (2.41) is obtained by replacing Nu with Nu in (2.45).
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2.5.1 The Coefficient of Heat Transmission of a Web Span Surrounded

by Forced Air

Jets are usually employed to produce impinging turbulent air on the web to increase

the rate of heat transfer. A sketch is provided in Fig. 2.14. Due to the thin thermal

and hydrodynamic boundary layers formed on the web surface, the heat transfer

coefficient associated with jet impingement is larger than the one obtained in the

case of web surrounded by steady air.

Nozzle

Air flow

Web surface

H

Figure 2.14: Configuration of jet impingement

The air flow is immersed in the same ambient medium, and typically the jet

is turbulent at the nozzle exit and can be characterized by a nearly uniform axial

velocity profile. The Reynolds number thus can be characterized by this uniform exit

velocity [73]:

Re =
vuD

ν
, (2.46)

where D corresponds to the characteristic length of the web. An extensive review of

heat transfer data for impinging gas jets is provided in [74], and it is suggested that
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the following value be used:

γ =
Nuku
D

. (2.47)

In most cases, an array of slots is used instead of a single slot jet to obtain higher

heat transmission coefficient. The configuration of the array is illustrated in Fig. 2.15

where the air flow spurted out from a series of parallel slot nozzles impinges the

surface of the web. For the case of array of slot jets, the following average expression

Nozzles

Air flow

Air flow

Web

W S

Figure 2.15: Slot jet array configuration

for Nu is provided in [75]:

Nu =
2

3
A

3/4
r,0

(

2Re

Ar/Ar,0 + Ar,0/Ar

)2/3

Pr0.42, (2.48)
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where

Ar,0 =

[

60 + 4

(

H

2W
− 2

)2
]

−1/2

,

Ar =
W

S
,

and Re is obtained using D = 2W . The expression for the coefficient γ can be

obtained by substituting (2.48) into (2.47).

2.5.2 The Coefficient of Heat Transmission of a Web Heated by Radiation

The radiation effect was omitted in all the previous studies, since it is not obvious for

ordinary web or roller. Industries usually place some radiation panels in the process

line, parallel to the web. This can be approximated, and classified into the convective

boundary condition.

The heat transfer by radiation involves transfer of energy by electromagnetic

waves, and the boundary condition is given by

−kw
∂ϑ

∂y
= ǫς(ϑ4 − θu), (2.49)

where the temperatures are in Kelvin. This is a nonlinear boundary condition and is

typically used in numerical simulations. In a typical environment, the radiation effect

is not so significant as in vacuum, thus the boundary condition may be approximated

by the first linear term of the Taylor series [66]:

−kw
∂ϑ

∂y
= 4ǫςθ3u(ϑ− θu). (2.50)

This is mathematically equivalent to the convection boundary condition with

γ = 4ǫςθ3u. (2.51)
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The radiator panels are usually placed parallel to the web. For parallel bodies

with emissivity ǫ1 and ǫ2 respectively, the formula to compute ǫ is

ǫ =
ǫ1ǫ2

ǫ1 + ǫ2 − ǫ1ǫ2
. (2.52)

2.5.3 Viscosity and Thermal Conductivity of Air

In order to compute γ in (2.41), (2.47) and (2.51), viscosity and thermal conductivity

of air are needed. The following gives a brief summary of computing theses values.

The expression for the viscosity of air is given by [76]

ν = ν0(θu) + νr(T, δ), (2.53)

where ν0 is the dilute gas viscosity, νr is the residual gas viscosity, T = 132.6312/θui,

and δ = ρu/302.9833. The dilute gas viscosity is given by

ν0(θu) =
1.108477× 10−6

√
θui

Ω(θ∗u)
, (2.54)

where θ∗u = θu/103.3 is the Lennard-Jones energy parameter, and Ω is the collision

integral given by

Ω(θ∗u) = exp

(

4
∑

i=0

bi[ln(θ
∗

u)]
i

)

. (2.55)

The values of the coefficients bi are given in Tab. 2.2. The residual gas viscosity is

given by

νr(T, δ) =

n
∑

i=1

NiT
ξiδdi exp(−Γiδ

µi), (2.56)

where Γi is zero when µi is zero and one when µi is not zero, and the values of the

coefficients Ni, ξi, di and µi are given in Tab. 2.3.

The thermal conductivity of air is expressed as a function of temperature and

density:

ku = k0u(θu) + kru(T, δ), (2.57)
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Table 2.2: Coefficients of the collision integral equation (2.55)

i bi

0 0.431

1 -0.4623

2 0.08406

3 0.005341

4 -0.00331

where k0u is the dilute gas thermal conductivity, kru is the residual fluid thermal con-

ductivity, T = 132.6312/θu, and δ = ρu/302.9833.

Table 2.3: Coefficients and exponents of the residual air viscosity equation (2.56)

i Ni ξi di µi

1 10.72 0.2 1 0

2 1.122 0.05 4 0

3 0.002019 2.4 9 0

4 -8.876 0.6 1 1

5 -0.02916 3.6 8 1

The dilute gas conductivity is given by

k0u = N1ν
0(θu) +N2T

ξ2 +N3T
ξ3, (2.58)

where ν0 is the dilute gas viscosity described previously, and the coefficients Ni, ξi,

di and µi are given in Tab. 2.4. The residual gas conductivity is given by

kru =

n
∑

i=4

NiT
ξiδdi exp(−Γiδ

µi), (2.59)

where Γi = 0 when µi is zero and Γi = 1 when µi is not zero, and the remaining

coefficients are given in Tab. 2.4.
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Table 2.4: Coefficients and exponents of the residual air thermal conductivity equation

(2.59)

i Ni ξi di µi

1 1.308

2 1.405 -1.1

3 -1.036 -0.3

4 8.743 0.1 1 0

5 14.76 0.0 2 0

6 -16.62 0.5 3 2

7 3.793 2.7 7 2

8 -6.142 0.3 7 2

9 -0.3778 1.3 11 2

2.6 Summary

A model for the multi-layer temperature distribution in moving webs for different

heating/cooling sources is developed in this chapter. This heat transfer model is useful

for determining the evolution of the web temperature as it is transported through

sections of the web process line where heating/cooling operations are performed on

the web. All kinds of heat transfer processes pertaining to the heating/cooling of a

moving web are classified into two scenarios: the web wrapped on a heat transfer roller

and the web span between two consecutive rollers. The special cases of single layer web

heat transfer is also presented in this chapter as they are commonly used in industry.

Formulas are given to compute heat transmission under different heating/cooling

situations (by steady air, forced air, or radiation).
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CHAPTER 3

APPLICATIONS OF TEMPERATURE DISTRIBUTION MODEL

Evaluation of the temperature distribution model on two R2R machine configurations

that involve heating/cooling is discussed in this chapter. The first line is an industrial

coating and fusion process line, and the second line is an experimental R2R platform

for atomic/molecular layer deposition. Model simulations are conducted together

with comparison of the model output with the measured data from the coating and

fusion line.

3.1 Coating and Fusion Process Line

To evaluate the developed models, model simulation results are compared with ex-

perimental data obtained on a production R2R coating and fusion process machine

which is used to manufacture flooring materials in web form. In this production R2R

machine, the base layer (felt) is first coated by a layer of gel followed by a layer of

another clear coating. Then a desired pattern is embossed on the clear coat side of the

composite web. The sequential structure of the coating and fusion process machine is

illustrated in Fig. 3.1. Measured temperature data were collected for two situations:

a heat transfer roller after gel coating and in the embossing section. Corresponding

model simulations were conducted for these two situations.

The thermal properties and thickness of the three web layers and the shell of

the heat transfer roller are given in Tab. 3.1. The shell of the heat transfer roller is
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ovenheating

Coating Coating

Figure 3.1: Schematic of a coating and fusion process line

made of ASTM A515 grade 55 carbon steel. Felt web materials are made of a mix

of Cellulose, Limestone and Styrene-Butadiene-Rubber (SBR) latex. Gel is made of

a mix of Polyvinyle Chloride (PVC), Di-Iso Phenyl Pthalate, Limestone, Titanium

Dioxide and other process aids. The contact resistance (R) between shell and web is

considered to be 0.003 m2K/W, which is in the range of values suggested in [77, 78].

The heat coefficient of steady room air is taken as 1.7 W/(m2K). The web width is

3.7 m and transport speed is 0.41 m/s (80 feet per minute). The first 100 eigenvalues

are considered in all model simulations.

Table 3.1: Properties of each layer of web and oil drum outer shell

Layer ρ k c l

(kg/m3) (W/(mK)) (J/(kg ·K)) (mm)

Shell 7850 52 470 12.7

Felt 1072.5963 0.14 2200 0.7112

Gel 1334.8634 0.19 1000 0.2337

Clearcoat 648.2288 0.05 3500 0.1061

3.1.1 Heat Transfer Roller

A heat transfer roller within a section of the R2R machine between the gel and

clearcoat coating rollers is considered for temperature measurements and model eval-

uation. Also, this is the most accessible heat transfer roller in the machine for instru-
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Figure 3.2: Gel and clearcoat section of the R2R machine
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menting temperature sensors around the circumference of the roller. A line sketch of

this section is shown in Fig. 3.2; R4 is the gel coater, R41 is the clear layer coater,

and R9 is the heat transfer roller. Dynamics and friction of the rollers are not consid-

ered in the temperature distribution simulation. A sketch of the heat transfer roller

(R9) with the transported web around it is shown in Fig. 3.3. The sketch also shows

the location of the three temperature sensors labeled as S1, S2 and S3. Hot oil is

pumped through the chamber of the heat transfer roller to heat the shell. As the

gel layer touches the surface of the heat transfer roller, the sensors at S1, S2 and S3

measure the surface temperature of the felt layer. The outer diameter of the heat

transfer roller is 2 m and the angle of wrap of the web around the roller is 286◦. The

temperatures of the hot oil, ambient air and web before reaching the heat transfer

roller surface are 450K (177◦C), 297 K (24◦C) and 297 K, respectively.

S1

S2

S3

Transport Direction

Gel

Felt

90°

60°

60°
76°

Figure 3.3: Heat transfer roller with wrapped web and temperature sensors

The temperatures of the web measured using the three sensors and model simu-

lations with and without contact resistance are shown in Fig. 3.4. The evolution of

temperature measured at S1, S2 and S3 are also shown for thirty minutes in Fig. 3.5.

The variations in the recorded temperature are shown as solid bars in Fig. 3.4. It
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is evident that the results from model simulations can predict measured data well,

and the model simulation data using the contact resistance model is closer to the

measured data than the one without considering contact resistance. Figure 3.6 shows

the temperature profile for different thicknesses of the multi-layer web.
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Figure 3.4: Web temperature profile from model simulations and experiments with

the heat transfer roller

3.1.2 Embossing Section

The embossing section of the R2R machine is employed to emboss a particular pat-

tern on the clearcoat layer of the multi-layer web. Radiation heating is employed for

heating the clearcoat layer prior to being transported over the embossing roller. The

embossed web is subsequently cooled by chilled rollers to bring the web to the room

temperature prior to winding it onto a roll. Figure 3.7 shows a line sketch of the

embossing section where rollers 2, 3, 9, 14, 15, 16 and 17 are heat transfer rollers.
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Figure 3.5: Evolution of temperature at S1, S2 and S3 from experiments with the

heat transfer roller

Model simulations were conducted for the embossing section shown to evaluate the

temperature distribution in the web as it is transported through this section. Two

infrared temperature sensors at locations A and B are used to measure web tem-

perature. The diameter of the various rollers, wrap angles, span lengths, and fluid

temperature in the heat transfer rollers are given in Tab. 3.2. In the radiation zone

between roller R5 and R7, the clearcoat surface of the web is heated by hot filaments

which changes the heat transfer coefficient between web and air in that zone. The

temperature of the web coming out of the oven and at the beginning of the embossing

section is 450K (177◦C). The fluid temperature in each of the heat transfer rollers is

indicated in the Tab. 3.2 and the set point temperature for the hot filaments of the

radiator is 700K (427◦C).

Figure 3.8 shows the web temperature as it is transported through the embossing
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Figure 3.7: A heating/cooling section of an embossing process line with infrared

temperature sensors A and B
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Table 3.2: Parameters of a heat transfer section of the embossing line

Roller Diameter Wrap Angle Span Length Fluid Temp

No. (m) (◦) (m) (◦C)

1 0.254 0 0.457

2 0.610 152 0.483 90

3 0.610 219 1.143 10

4 0.254 67 1.067

5 0.254 0 1.016

6 0.254 0 1.041

7 0.254 0 0.508

8 0.584 0 NIP

9 0.584 50 0.279 10

10 0.254 145 1.092

11 0.254 87 0.965

12 0.254 5 0.838

13 0.254 97 1.930

14 0.890 217 0.991 18

15 0.890 222 1.397 18

16 0.890 216 0.991 18

17 0.890 184 0.432 18

18 0.279 65 NA
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section. The range of measured temperature at locations A and B are shown in

addition to the model simulation result for the entire section. Overall, the web is

cooled in this section because the temperature of the web decreases steadily as it is

transported through the section, except in the region with the radiator just prior to

the embosser. The temperature of the web cooled by the chilled rollers decreases

much faster when compared to the free web span due to the higher heat transfer by

conduction to the chilled rollers. Notice that although Rollers 14 to 17 have the same

source fluid temperature, the temperature variations in the web are different. This is

due to the decrease in the temperature difference between the web and the rollers.
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Figure 3.8: Top layer temperature of web in the heating/cooling section of the em-

bossing line

3.2 Roll-to-Roll Machine for Atomic/Molecular Layer Deposition

In batteries manufacturing, to enhance the cycling stability of cathode material, the

Atomic/Molecular Layer Deposition method is used to deposit ultrathin and highly
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conformal anode coatings onto cathode material [79].

Figure 3.9 shows a web path layout of ALD/MLD machine. The base layer is

passing through parallel infrared heating panels to reach desired temperature, and

then the electrical material is deposited on the base layer in gas reactor. The infrared

TS

Web Guide

Gas Reactor

Unwind Roll

Rewind Roll
LC: Load-Cell

TS: Temperature Sensor

Heating

Source

Heating

Source

LC

LC

Figure 3.9: ALD/MLD machine web path layout

panel heaters are used parallel to the web to provide steady, uniform heat source. The

heated web length is set to be 0.76 m, the distance between the radiator and the first

slit of the gas reactor is set to be 0.24 m, and the radiator emissivity is about 0.66.

The object is to raise the temperature of top layer web from the room temperature 23

◦C to 120 ◦C before reaching the gas reactor, and the line speed is set to be 20 m/min.

Three sets of web materials are simulated: (1) cathode film laminated of Aluminum

foil and Nickel-Manganese-Cobalt (NMC), (2) anode film laminated of Copper foil

and Graphite, (3) single layer Kapton film. The properties of each layer are shown in

Tab. 3.3. In order to design the length of heating radiator, both single radiator and
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dual radiators design are simulated and compared.

Table 3.3: Properties of each layer in R2R ALD/MLD machine

Layer Thermal Specific Density Thickness Emissivity

conductivity k heat c ρ l ǫ

(W/(mK)) (J/(kg ·K)) (kg/m3) (micron)

Al foil 205 910 2700 17 0.04

NMC 12.5 430 8300 80 0.4

Cu foil 401 386 8960 22 0.05

Graphite 380 846 1500 80 0.95

Kapton 0.12 1090 1420 75 0.78

Figure 3.10 shows the average temperature of NMC layer along the web length, the

temperature increases in the range of heating radiators, and drops after heating due

to convection with ambient room air. It shows that setting the radiator temperature

as 420 ◦C can achieve the goal, the final temperature before reaching the gas reactor

is above 120 ◦C, for both single radiator and dual radiators cases. Similar results are

shown in Fig. 3.11 and Fig. 3.12, and the radiator temperature for anode and Kapton

films are 280 ◦C and 250 ◦C respectively.

3.3 Summary

Temperature distributions are simulated in two machine lines: coating and fusion

process line and Atomic/Molecular Layer Deposition machine. In the coating and

fusion process line, heating and cooling processes are simulated and compared with

experiment results. In the ALD/MLD machine, temperature distribution is simulated

to design the length and heating temperature of radiator.
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Figure 3.10: Simulation of the average temperature of NMC layer with radiator of

420 ◦C
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Figure 3.11: Simulation of the average temperature of graphite layer with radiator of

280 ◦C
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CHAPTER 4

STRAIN AND TENSION GOVERNING EQUATIONS AND

CONTROL

In this chapter, strain and tension governing equations of web considering tempera-

ture effects are developed first. An adaptive nonlinear dual-loop tension controller is

developed for a tension zone. Further, experiments are conducted on a modular R2R

machine that contains heat transfer rollers.

Based on the temperature distribution model, a governing equation for mechanical

strain by considering thermal strain as part of the total strain is first developed. Both

the elastic modulus and thermal strain are affected by the temperature distribution

in the web. The law of conservation of mass in a control volume is used to form the

mechanical strain governing equation. Then, an elastic constitutive relation between

strain and tension is considered to develop a governing equation for tension in a web

span (the temperature range of elastic relation vary for different materials). Using

the governing equations for tension in a span and web velocity, one can form the

governing equations for the entire R2R process line.

For the development of a tension controller, one tension zone is considered; a

tension zone is the web between any two driven rollers. For one tension zone, a state

space model resulting from tension and velocity governing equations in the nonlinear

block controllable form is used for control design. Since the temperature dependent

elastic modulus is not well known, an adaptive controller is designed together with an

estimator of the modulus-dependent parameter. This strategy is applied to a modular
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R2R experiment platform to evaluate the proposed scheme, and a representative

sample of the experimental results are presented and discussed.

4.1 Governing Equations for Web Strain and Tension Considering

Temperature Effects

In this section, we derive a governing equation for web strain behavior which in-

cludes strain induced by thermal effects in addition to the elastic strain. The thermal

distribution model is utilized for the derivation of the strain governing equation.

The temperature distribution expressions obtained from Chapter 2 are functions

of y and τ , where τ is the heat transfer period at x, thus ϑ is a function of x, y

and t, depending on the velocity function v(x, t) of web. When the line speed is

maintained in the R2R machine (an example of the machine is shown in Fig. 4.6)

at the desired value, under the assumption that the web velocity variations around

its reference value are small, one can simplify the temperature function by using the

reference velocity, thus τ = x/vR and ϑ is expressed as ϑ(x, y).

The elastic modulus and thermal strain are dependent on the web temperature.

Given the temperature distribution equation, one can obtain the elastic modulus as

E(ϑ) and the thermal strain as εϑ = α[ϑ − ϑ(t = 0)]. Therefore, both the elastic

modulus and thermal strain are functions of x and y.

For developing a model for the web process machine, the machine is typically

divided into different sections, each section specifying a tension zone which is the

web between two driven rollers. A depiction of an R2R machine into several tension

zones is shown in Fig. 4.1. It consists of N + 1 driven rollers numbered from 0 to

N , including the unwind material roll (0th roll) and the rewind material roll (N th

roll), which result in N tension zones between the rollers. There could be one or
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more non-driven rollers between each set of driven rollers to support and transport

the web through different processes. Some of the idle rollers are also mounted on

load cells to provide web tension via the measurement of roller reaction forces. The

angular motion of the idle rollers is provided by the tension in the web. For controller

development purposes, the model development follows by ignoring the idle rollers and

utilizing the notion of the tension zone which is the web between two driven rollers.

This approach is extensively used in the industry [37] and results in a model that is

amenable to controller design. We will also assume that the web is elastic and there

is no slip between the web and roller surfaces.

0R 1iR − iR NR

0v 1iv − iv Nv

0t 2it − 1it − it 1Nt −

Figure 4.1: Driven rollers and web spans

4.1.1 Governing Equation for Web Strain and Tension

Typically the entire web line is divided into several tension zones, with each ten-

sion zone given by two successive driven rollers. Since the free roller dynamics have

a significant effect on the web tension only during the transients due to accelera-

tion/deceleration of the web line, under constant line speed operation the dynamics

of the idle rollers are ignored. The temperature distribution in each tension zone can

be written as a continuous function of the displacement along the transport direction

in the region. The total length is defined as L = LC + LF , where LC is the length

of the web wrapped on the heat transfer roller and LF is the length of the free web

span. The ith tension zone is shown in Fig. 4.2.
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Figure 4.2: Tension zone with two rollers and web span

The law of conservation of mass in a control volume which includes the volume

of web in the C region and the F span is used to derive the governing equation for

web strain. The mass of the unstretched and stretched web are given by m = ρA∆x

and ms = ρsAs∆xs, respectively, where ∆xs = (1 + ε(x, t))∆x. Since ms = m, and

assuming As = A,

ρsAs

ρA
=
ρs
ρ

=
∆x

∆xs
=

1

1 + ε(x, t)
. (4.1)

The continuity equation [80] applied to the web tension zone gives

∂ρ

∂t
+
∂(ρv)

∂x
= 0. (4.2)

Using Eqn. (4.2), integrating over the control volume V shown in Fig. 4.2 gives

∫

V

∂

∂t

(

1

1 + ε

)

dV = −
∫

V

∂

∂x

(

v

1 + ε

)

dV. (4.3)

Assuming a constant web cross section, dV = Adx, one can rewrite (4.3) as

∫ L

0

∂

∂t

(

1

1 + ε

)

dx = −
∫ L

0

∂

∂x

(

v

1 + ε

)

dx. (4.4)
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Equation (4.4) can be simplified by assuming that web strain is small (that is, ε << 1).

In particular, this allows the following approximation: 1/(1+ ε) ≈ (1− ε2)/(1+ ε) =

1−ε. The use of the small strain approximation prior to the evaluation of the integral

results in the following equation:

∂

∂t

∫ L

0

[1− ε(x, t)]dx = −v(x, t) [1− ε(x, t)] |Lx=0. (4.5)

Rewriting (4.5) for the ith tension zone gives

∂

∂t

∫ Li

0

[1− εi(x, t)]dx = vi−1(t)[1− εi−1(Li−1, t)]− vi(t)[1− εi(Li, t)], (4.6)

or

∂

∂t

∫ Li

0

εi(x, t)dx = −vi−1(t) + vi(t) + εi−1(Li−1, t)vi−1(t)− εi(Li, t)vi(t). (4.7)

The total web strain is composed of two terms: tension-dependent, εe; and

temperature-dependent, εϑ; i.e., ε = εe + εϑ. By assuming that only thermal strain

changes in the tension zone, and considering that εe is function of time only, we can

obtain the equation for the elastic strain from Eq. (4.7) as

Liε̇
e
i (t) = −vi−1(t) + vi(t) + εi−1(Li−1, t)vi−1(t)− εei (t)vi(t)− εϑi (Li)vi(t), (4.8)

where the temperature-dependent strain used here is the average value given by

εϑ(x) = (1/l)
∫ l

0
εϑ(x, y)dy. Once the uniform elastic strain is obtained, one can com-

pute the total strain as a function of the spatial coordinates and time by ε(x, y, t) =

εe(t) + εϑ(x, y).

To obtain a governing equation for tension in the ith zone from the strain equation,

we assume that the web is linearly elastic and relate them according to

ti(t) = EeiAε
e
i (t), (4.9)
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where A is the cross section area of web, Eei is the equivalent elastic modulus of one

tension zone, which is given by [19]

Ee =
L

∫ L

0

1

E(x)
dx
. (4.10)

The relation between elastic modulus and temperature is different for different mate-

rials, and one example of polypropylene is shown in Fig. 4.3 [81].
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Figure 4.3: Effect of temperature on elastic modulus of polypropylene

Therefore, using (4.8) and (4.9), the governing equation for tension is obtained as

ṫi(t) =− AEei

Li

vi−1(t) +
AEei

Li

vi(t) +
Eei

LiEe,i−1

ti−1(t)vi−1(t)

+
AEei

Li
εϑi−1(Li−1)vi−1(t)−

ti(t)

Li
vi(t)−

AEei

Li
εϑi (Li)vi(t).

(4.11)

Let c1i =
AEei

Li
, c2i = 1 − εϑi−1(Li−1), c3i = 1 − εϑi (Li) and c4i =

Eei

LiEe,i−1
. The tension

governing equation (4.11) can be rewritten as

ṫi = c1i(−c2ivi + c3ivi+1) + c4iti−1vi −
tivi+1

Li
. (4.12)
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Note that if the web is not heated or cooled, the tension governing equation (4.11) is

the same as the one given in [37]:

Liṫi = AE(vi+1 − vi) + ti−1vi − tivi+1. (4.13)

4.1.2 Governing Equation for Roller Speed

The governing equation for web transport speed on the unwind roll is given by [37]

J0
R0
v̇0 = t0R0 − n0u0 −

bf0
R0

v0 −
dw

2πR0

(

J0
R2

0

− 2πρwwwR
2
0

)

v20. (4.14)

The governing equation for web transport speed on the ith driven roller is given by

Ji
Ri

v̇i = (ti − ti−1)Ri + niui −
bfi
Ri

vi, (4.15)

where ni is the gear ratio between the ith motor shaft and roll shaft, bfi is the coeffi-

cient of friction in the ith roll shaft, and ui is the control torque from the ith motor.

Similar to the transport speed equation on the unwind roll, one can obtain the web

transport speed equation for the rewind roll as

JN
RN

v̇N =− tN−1RN + nNuN − bfN
RN

vN

+
dw

2πRN

(

JN
R2

N

− 2πρwwwR
2
N

)

v2N .

(4.16)

In the general form, Equations (4.14) to (4.16) can be written as

v̇i =











F0 − R0

J0
n0u0, i = 0,

Fi +
Ri

Ji
niui, i = 1, 2, · · · , N,

(4.17)
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where

F0 =t0
R2

0

J0
− bf0
J0
v0 −

dw
2πJ0

(

J0
R2

0

− 2πρwwwR
2
0

)

v20, (4.18a)

Fi =(ti − ti−1)
R2

i

Ji
− bfi
Ji
vi, i = 2, 3, · · · , N − 1, (4.18b)

FN =− tN−1
R2

N

JN
− bfN
JN

vN

+
dw

2πJN

(

JN
R2

N

− 2πρwwwR
2
N

)

v2N . (4.18c)

Depending on the number of driven rollers between the unwind and rewind rolls for a

particular R2R process machine, one can compose the dynamic model corresponding

to the given machine configuration from these governing equations.

4.2 Adaptive Nonlinear Control Design

It is common in industrial R2R process machines to employ a speed-based tension

control strategy where there is an inner speed loop to control the web transport speed

and an outer tension loop that provides a trim to the speed reference of the inner

loop. The typical structure of such a dual loop control scheme to simultaneously

control transport speed and tension is shown in Fig. 1.2. Each tension zone utilizes

this control system. In processes where the web is heated and cooled, the material

properties are changing from one tension zone to the other. Therefore, a controller

that utilizes the nonlinear governing equations instead of linearized equations would

provide better control of tension in those tension zones.

Define the following web transport speed and tension errors: ev = vi − vRi and

et = ti − tRi, where tRi is the constant tension reference and vRi is the corrected

transport speed reference. Note that we have defined the errors without the subscript

i for ease of presentation. We consider the following control law for the driven roller
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torques:

ui =











−v̇R0+F0+Kvev−c1ic2iet+c4iti−1et
R0n0/J0

, i = 0,

v̇Ri−Fi−Kvev+c1ic2iet−c4iti−1et
Rini/Ji

, i = 1, 2, · · · , N,
(4.19)

where Kv is a positive gain and the corrected reference speed vRi is given by

vRi =
ṫRi − c1ic3ivi+1 +

tivi+1

Li

−Ktet

−c1ic2i + c4iti−1
, (4.20)

where Kt is a positive gain. Note that one must have ti−1 6= c1ic2i/c4i for the corrected

reference speed to be bounded. This is satisfied in all practical cases because c2i is

close to unity (thermal strain is much smaller than unity) and c1i/c4i = AEi−1 is

much larger than the reference tension under which the web is transported.

With the control law given by (4.19), the governing equations for speed error and

tension error are given by

ėv = −Kvev + c1ic2iet − c4iti−1et (4.21)

and

ėt = −c1ic2ivi + c1ic3ivi+1 + c4iti−1vi −
tivi+1

Li

− ṫRi. (4.22)

To show the stability of the solutions ev = 0 and et = 0, we define the following

Lyapunov function candidate

V =
1

2
e2t +

1

2
e2v, (4.23)

whose derivative is given by

V̇ =etėt + evėv

=

(

−c1ic2ivi + c1ic3ivi+1 + c4iti−1vi −
tivi+1

Li

− ṫRi

)

et

+ (−Kvev + c1ic2iet − c4iti−1et) ev

=(−c1ic2iev + c4iti−1ev −Ktet) et + (−Kvev + c1ic2iet − c4iti−1et) ev

=−Kte
2
t −Kve

2
v. (4.24)
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Therefore, one can guarantee exponential convergence of et and ev to zero.

The above controller requires accurate knowledge of all the parameters. Note

that the parameters c1 and c4 are dependent on the elastic modulus which is not

readily available when the webs are heated/cooled during transport. To account

for uncertainties in the elastic modulus, estimation of the parameters c1 and c4 is

considered. Denote c̃1 = c1 − ĉ1 and c̃4 = c4 − ĉ4. Rewrite (4.20) with the estimated

parameter values as

vRi =
−ĉ1ic3ivi+1 +

tivi+1

Li
−Ktet

−ĉ1ic2i + ĉ4iti−1
, (4.25)

and the control torque to the ith roller is given by

ui =











− ˙̂vR0+F0+Kvev−ĉ1ic2iet+ĉ4iti−1et
R0n0/J0

, i = 0,

˙̂vRi−Fi−Kvev+ĉ1ic2iet−ĉ4iti−1et
Rini/Ji

, i = 1, 2, · · · , N.
(4.26)

Applying (4.26) into the roller velocity dynamics (4.17) yields

ėv = −Kvev + ĉ1ic2iet − ĉ4iti−1et. (4.27)

Now, define the following modified Lyapunov function candidate

V =
1

2
e2t +

1

2
e2v +

1

2
K1c̃

2
1i +

1

2
K4c̃

2
4i, (4.28)

where K1 and K4 are the positive parameter estimator gains. The derivative of (4.28)
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is given by

V̇ =etėt + evėv +K1c̃1i ˙̃c1i +K4c̃4i ˙̃c4i

=

(

−c1ic2ivi + c1ic3ivi+1 + c4iti−1vi −
tivi+1

Li
− ṫRi

)

et

+ (−Kvev + ĉ1ic2iet − ĉ4iti−1et) ev +K1c̃1i ˙̃c1i +K4c̃4i ˙̃c4i

=(−c1ic2iev − c̃1ic2ivRi + c̃1ic3ivi+1 + c̃4iti−1ev + ĉ4iti−1ev + c̃4iti−1vRi −Ktet) et

+ (−Kvev + ĉ1ic2iet − ĉ4iti−1et) ev −K1c̃1i ˙̂c1i −K4c̃4i ˙̂c4i

=− c̃1ic2ietev − c̃1ic2ivRiet + c̃1ic3ivi+1et + c̃4iti−1evet

+ c̃4iti−1vRiet −Kte
2
t −Kte

2
v −K1c̃1i ˙̂c1i −K4c̃4i ˙̂c4i. (4.29)

By choosing the following adaptation laws for the estimated parameters

˙̂c1i = (−c2iev − c2ivRi + c3ivi+1) et/K1, (4.30a)

˙̂c4i = (ti−1ev + ti−1vRi) et/K4, (4.30b)

we obtain

V̇ = −Kte
2
t −Kve

2
v. (4.31)

This implies asymptotic convergence of ev and et to zero. Note that although pa-

rameter estimates are not guaranteed to converge to their true values, the adaptive

control algorithm provides a way to estimate the parameter values during transport

of the web through heating/cooling processes. It is difficult to obtain the true values

of the parameters as this entails obtaining the material physical and mechanical prop-

erties under the conditions in which the web is transported. To obtain mechanical

properties for a range of elevated temperatures, one can conduct elevated tempera-

ture tensile tests on the base webs that are utilized to obtain the final product. The

control strategy developed in this section is concluded and shown in Fig. 4.4.
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Figure 4.4: Control strategy with dual-loop adaptive nonlinear controller

4.3 Experiments on a Modular Roll-to-Roll Machine

A line schematic of a modular R2R machine is shown in Fig. 4.5. A picture of the

machine is shown in Fig. 4.6. The unwind roll, rewind roll, S-wrap rolls, heating roll

and cooling roll are all driven rollers.

Both the heating roller and cooling roller consist of an outer shell, an inner shell

and a liquid chamber between the two. Hot oil is pumped through the chamber for

heating and chilled water for cooling, which provides steady surface temperature, and

the heat transfer condition is ‘conduction + convection’ as discussed in [10]. Two idle

rollers mounted with load cells are used for measuring web tension in the unwind

tension zone and the process zone between the heating and cooling rollers. The line

sketch also shows the location of the two temperature sensors, at the beginning and

ending of the heating zone.

The diameters of all the idle rollers are 2 inches (0.0508 m), and the diameters and

angles of wrap of the driven rollers are given in Table 4.1. Note that the diameters of

unwind and rewind rollers are core diameters without the web. The initial diameter

with the roll of web is 12 inches (0.3048 m). The inertia of both heating and cooling

rollers reflected to the motor side is 1.1378 kg m2 (27 lb ft2). The inertia of the
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Figure 4.5: Line schematic of the experimental platform
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Figure 4.6: Picture of the experimental platform

S-wrap rollers reflected to the motor side is 0.0527 kg m2 (1.25 lb ft2). The inertia of

the unwind material roller with the core reflected to the motor side is given by

J0(t) = n2
0Jc0 +

π

2
wwρw(R

4
0 −R4

c0), (4.32)

where Jc0 = 0.0527 kg m2 (0.5 lb ft2) is the inertia of the driven shaft and the core

mounted on it, and Rc0 is 0.0445 m (1.75 inches). The inertia of the rewind roll

reflected to the motor is given by

JN(t) = n2
NJcN +

π

2
wwρw(R

4
N +R4

cN), (4.33)

where JcN = 0.0527 kg m2 (0.5 lb ft2) is the inertia of the driven shaft and the core

mounted on it, and Rc0 is 0.0445 m (1.75 inches).

The web material is Tyvek, a flashspun nonwoven High-density Polyethylene

(HDPE) fiber made by DuPont. The web width is 0.152 m (6 inches) and the thick-

ness is 0.127 mm (0.005 inches). The heating roll is made of type 1026 mild carbon
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Table 4.1: Diameters and wrap angles of driven rollers

Roller Diameter (in) Wrap angle (◦)

Unwind roll 3.5 (core) NA

S-Wrap rolls (pair) 6 180

Heating roll 12.5 240

Cooling roll 12.5 240

Rewind roll 3.5 (core) NA

steel, with width of 0.152 m (6 inches) and outer shell thickness of 0.01 m (0.39

inches). The material properties of steel roll [82] and HDPE web [83] are shown as

below: kr = 52 W/(mK), cr = 470 J/(kgK), ρr = 7850 kg/m3, kw = 0.52 W/(mK),

cw = 2200 J/(kgK), ρw = 965 kg/m3, and αw = 200 ×10−6.

4.3.1 Pure Speed Control Experiments

Speed control experiments were conducted with zero percent draw with and without

heating of the web. The temperature of heating oil is 94 ◦C (200 ◦F), and the speed

reference to all the driven rollers is 0.05 m/s (10 fpm). The tension feedback of the

load cell roller before the heating roll is shown in Fig. 4.7. The solid plot shows web

tension without heating and the dashed plot shows web tension when heating the

web. First, note that without any heating under pure speed control tension is not

regulated at any specific reference value. Second, when the web is heated, the tension

in the unwind zone is also affected as its value decreases when the web is heated in

the downstream tension zone. Therefore tension regulation is required in the unwind

zone.

Figure 4.8 shows the tension measurement in the heating zone, that is, the load
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Figure 4.7: Web tension in the unwind zone with and without heating from pure

speed control experiments

cell roller located in the tension zone between the heating and cooling roller. Under

pure speed control it is clear that web tension is not regulated. Further, one can also

notice a reduction in web tension when the web is heated indicating a drop in the

elastic modulus of the web with heating.

When thermal strain change is not significant, the dominant cause of web tension

change is the change in the elastic modulus, according to the tension formula t =

EAεe. The specific relationship between the elastic modulus and temperature of

Tyvek is not well known, but some tests of general HDPE material are reported

in [1]; the measured data is shown as squares in Fig. 4.9. Since web is assumed to

be elastic, this data is taken as providing the nominal values for elastic modulus of

Tyvek at different temperatures. The following functional relation shows a simple fit
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Figure 4.8: Web tension in the heating zone with and without heating from pure

speed control experiments

for the data:

E = 1300(MPa)e−0.018ϑ(◦C). (4.34)

In the case of our experiments, the web reaches about 52 ◦C on the heating roll, and

the average temperature in the web zone after heating is about 40 ◦C. From elastic

modulus curve as a function of temperature, it is clear that the modulus drops about

20% from room temperature to 40 ◦C, which roughly agrees with the tension drop

observed in Fig. 4.8.

4.3.2 Tension Control Experiments

Experiments were conducted by implementing the nonlinear tension control scheme

discussed in the preceding section. The temperature of the heating oil that is circu-

lated through the heating roller is 94 ◦C (200 ◦F), and the speed reference to all driven
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Figure 4.9: Elastic modulus vs. temperature for HDPE [1]

rollers is 0.05 m/s (10 fpm). To evaluate the performance of the control scheme, two

different constant reference values are tested: 22.24 N (5 lbf) and 44.48 N (10 lbf).

The web from the unwind roll to the heating roll is not heated, and as a result the

system parameters in this section do not change. The following control gain values

are chosen: Kt = 10, Kv = 10, and K1 = K4 = 1. From Fig. 4.9, the elastic modulus

of web at room temperature is about 0.8 GPa. Let TZ1 be the the tension zone from

the unwind roll to the heated roll and TZ2 be the tension zone from the heated roller

to the cooling roller. The following are the approximate values of the parameters

at the room temperature for TZ1 and TZ2. TZ1: c1 ≈ 2574, c2 ≈ 1, c3 ≈ 1, c4 ≈

0.1667. TZ2: c1 ≈ 8437, c2 ≈ 1, c3 ≈ 1 , c4 ≈ 0.5464. However, the initial values of

the estimated parameters in both tension zones are simply chosen to be ĉ1(0) = 2000

and ĉ4(0) = 0.2. Note that in both conditions, the reference tension is much smaller

than the product of elastic modulus and cross-section area.
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When hot oil is pumped through the heating roller, the web experiences thermal

strain as well as changes in the elastic modulus. Using the models in [10] with thermal

contact resistance between the heated roller and web surface as 0.003 m2K/W [77],

the web temperature as it is transported on the heating roll and TZ2 from model

simulations is shown in Fig. 4.10. The range of measured temperature using infrared

temperature sensors at the two locations indicated in Fig. 4.5 are shown in addition

to the model simulation result in Fig. 4.10. The web is first heated by conduction

on the heating roll, then cooled by convection to the ambient air, and the average

temperature in this tension zone is about 39 ◦C (102 ◦F). Tensile test data shown

in Fig. 4.9 indicates the modulus to be Ee = 0.6 GPa, only about 70% compared

to the modulus at room temperature, and the actual parameters c1 and c4 should

drop to about 70%. Therefore, in the heating case, the parameters of the span before

heating roll are not affected. However, the modulus dependent parameters, c1 and
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c4, change significantly for TZ2. The approximate values of the parameters at the

average temperature of 39◦C (102 ◦F) are given by: c1 ≈ 5898, c2 ≈ 0.9940 , c3 ≈ 1 ,

c4 ≈ 0.3819.

For reference tension 5 lbf, Figs. 4.11 and 4.12 show the tension response in the

unwind zone. It is clear that the controller is able to follow the desired tension

references, either with or without heating of the web. Using the same gain values, the

tension response in the heating zone is shown in Figs. 4.13 and 4.14. In this tension

zone also, it is clear that the controller is able to follow the desired tension references,

either with or without heating of the web. The estimate of c1 in the heating zone is

shown in Fig. 4.15. Note that c1i = Aeei/Li, and the web temperature increases in

the heating zone, thus c1i decreases. The estimate of c1 in the unwind zone is shown

in Fig. 4.16, and the parameter also decreases when compared to when the heater is

off. However this decrease is not as much as in the heating zone.

For reference tension 10 lbf, similar results are shown in Figures 4.17 to 4.22.

4.4 Summary

In this chapter, a governing equation for web tension is developed by considering

thermal strain and web elastic modulus as functions of temperature in the web. A

model-based nonlinear tension controller is designed for control of tension in each

tension zone of an R2R machine. Experiments are conducted on a modular unwind-

rewind R2R experimental platform consisting of a heating and a cooling roller. It is

shown that tension is not regulated at any particular value if only pure speed control

is employed. Experimental results show that the proposed nonlinear control scheme

is capable of regulating tension in the heating zone at any desired level specified by

the user.
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Figure 4.11: Tension in unwind zone with heater off under reference 5 lbf from tension

control experiments
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Figure 4.12: Tension in unwind zone with heater on under reference 5 lbf from tension

control experiments
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Figure 4.13: Tension in heating zone with heater off under reference 5 lbf from tension

control experiments
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Figure 4.14: Tension in heating zone with heater on under reference 5 lbf from tension

control experiments
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Figure 4.15: Estimate of c1 in the heating zone under reference 5 lbf from tension

control experiments
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Figure 4.16: Estimate of c1 in the unwind zone under reference 5 lbf from tension

control experiments
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Figure 4.17: Tension in unwind zone with heater off under reference 10 lbf from

tension control experiments
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Figure 4.18: Tension in unwind zone with heater on under reference 10 lbf from

tension control experiments
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Figure 4.19: Tension in heating zone with heater off under reference 10 lbf from

tension control experiments
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Figure 4.20: Tension in heating zone with heater on under reference 10 lbf from

tension control experiments
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Figure 4.21: Estimate of c1 in the heating zone under reference 10 lbf from tension

control experiments
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Figure 4.22: Estimate of c1 in the unwind zone under reference 10 lbf from tension

control experiments

80



CHAPTER 5

TENSION OBSERVER DESIGN AND MODELING OF ROLL TO

ROLL LAMINATION PROCESS

Two important problems are studied in this chapter: (i) control of strip tension in

the heating/cooling sections of continuous annealing lines using model-based tension

estimation; and (ii) modeling and control of Roll-to-Roll lamination process . Both

involve the dynamic models and control strategies obtained in previous chapters.

5.1 Tension Observer Design for Steel Strip Processing Line

The goal is to develop a tension control strategy for control of tension in the steel

strip transported through the heating and cooling sections of continuous steel pro-

cessing lines, such as continuous annealing lines (CAL) and continuous galvanizing

lines (CGL). A model-based control design strategy will be considered to develop a

tension control system that can precisely control tension when there are disturbing

forces on the strip due to heating/cooling of the web and machine imperfections. An

important aspect to consider in the model development is the incorporation of ther-

mal strain induced in the steel strip as a result of heating/cooling of the web. Since

thermal strain affects the transport behavior and tension in particular, a nonlinear

governing equation for tension that includes the temperature distribution in the steel

strip will be considered.

It is critical to control the strip tension in a stable manner within the acceptable
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tolerance range in the steel strip processing lines. There are many factors that may

lead to poor tension control. For example, due to heating/cooling of the strip during

transport, there are changes to the physical and mechanical properties of the strip

material that must be accounted for in the design of tension control systems. In

particular, changes in the strip elastic modulus due to heating/cooling of the web can

result in poorly performing tension control systems if fixed gain controllers such as

the traditional PI controllers are employed.

Another aspect is the slip between the steel strip and the roller surfaces can cause

severe defects such as scratches on the surface of the steel strip. This may be either

due to an unresponsive tension control system or tension variations induced by a

variety of process or machine conditions, including the heating/cooling process, non-

ideal rollers, friction, etc. Even a small amount of slip over a long period of time in

an annealing furnace can cause very small but severe dent marks which result due to

the clod of strip constituent elements. It may be possible to avoid slip by increasing

reference tension, but this is not desirable as conservative high tension operation

reduces the life cycle of the equipment used to transport the strip. Conservative

high tension operation is believed to have the merit of minimizing slip under tension

control transient conditions. But high tension aggravates the sink roll grove marks

on the steel strip as well as reduction of durable life of the sink roll bearing due to

aggravated wear. Ensuring that there is minimal slip with proper tension control is

necessary to prolong the life cycle of the equipment and produce defect-free exposed

quality steel strips, such as those used for automotive steel products. Therefore, it

is essential to select an optimal tension reference level and design a precise tension

control system that can achieve the tension reference in the face of many material

property changes and dynamic conditions.

A precise model that is capable of predicting the transport tension behavior will
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significantly assist in the analysis of transport behavior and development of tension

control systems. Since the strip is undergoing changes during transport, an adaptive

tension control system that can adapt to these changes in real-time while maintaining

precise strip tension reference level has the potential to significantly improve perfor-

mance over what is currently achievable with the existing tension control systems.

5.1.1 Analysis of Continuous Galvanizing/Annealing Lines Furnace

Continuous galvanizing/annealing lines are highly productive manufacturing lines

used by steel making companies for the manufacture of thin steel sheet products.

In these lines, the steel strip is continuously heated and cooled depending on the heat

processing cycle required for a particular product. The heating/cooling cycle plays a

critical role in programming the material properties of sheet products. The annealing

furnace is the main processing section of a CGL/CAL and is divided into several heat

transfer sections, such as heating section (HS), soaking section (SS), rapid cooling

section (RCS), and cooling section (CS) as illustrated in Figure 5.1. By transporting

the steel strip through the annealing furnace, concentrated uneven stress in the strip

resulting from the cold rolling process is relieved and new material property specifica-

tions, such as tensile strength, yield strength or ductile strength, are obtained for the

steel strip depending on customer orders. To obtain the designed material proper-

ties with good productivity and quality, steel web transport system, which comprises

of driving motors for roller, strip tension measurement equipment, and heating and

cooling equipment, has to be designed and controlled with the consideration of vari-

ous key factors that aid in efficient transport of the steel strip through the annealing

furnace without defects.

During transport of the steel strip in the annealing furnace, the strip experiences

heating and rapid cooling that is called quenching. In the heating section, the strip
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Figure 5.1: Sketch of heating/cooling sections of an annealing furnace

temperature may reach up to 800 ◦C which makes the strip soft during transport and

reduces its mechanical strength. As a result the strip properties and its transport

behavior are sensitive to tension fluctuations. Because of this sensitivity to tension

fluctuations, the strip tension in the heating section and other high temperature

sections is maintained as low as possible but adequate enough to facilitate transport.

Even in low tension transport, there are many possibilities for generating scratches

on the strip surface due to slip between the strip and the roll surface. To avoid such

surface defects, an electro-mechanical roll driving system comprising of combination

of roll driving motors and tension measurement sensors is used. In the past, driven

rollers were sparsely installed in the driving system, for example one motor for every 4

rolls. Since the idle rollers are driven by the energy from the strip, they cause tension

fluctuations, and as a result it is not difficult to find furnace roll driving systems that

drive every roll in the furnace using motors as shown in figure 5.1. By attaching a
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motor to every roll, it is possible to obtain high speed operation of over 500 meters

per minute (MPM) due to the improved speed control synchronization performance

between the roll and strip. Because it is not practical to install measurement sensors

in every span, the control systems must cope with the unknown disturbances and

delay due to the inability of sensing the feedback signal close to where the signal is

controlled. A speed based tension control system is employed for each driven roller

within the heating section with an ability to adjust the control system for each roller

with information from control systems of other rollers within the zone, as shown in

Figure 5.2.

Figure 5.2: CGL/CAL Control block diagram

In the annealing process, strip heating is necessary to soften the material that is

very hard just before its entry into the furnace. To obtain the strip target temper-

ature, direct or indirect heating methods are used. In older facilities, direct heating

method that uses direct fire flame was applied. But in continuous annealing lines

developed in recent times, indirect heating such as radiant tube heating is employed

to obtain high quality surface even with low energy consumption. In the heating

section, many heating tubes are packed in between strip and rolls to heat up the strip

temperature. Because it is expensive to install many temperature sensors in each

strip span of the heating section, only the strip temperature at the exit of the zone
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is measured by a temperature sensor installed at the exit point. Even though it is

possible to estimate the temperature of each span by theoretical heat transfer mod-

els based on the type of heat sources used to heat the strip, simplified interpolated

temperature calculation will be used in this study for modeling of the temperature

distribution and associated thermal strain.

Cooling of the strip in the furnace is critical for adjusting or programming its

mechanical properties. To cool the strip, cooling chambers which are also packed in

between the strip space are used. Cooling chambers attached with specially designed

nozzles injecting cooling agents like HN gas or water mist are typically employed. In

this situation also, the strip temperature at specific locations within the furnace can be

predicted using theoretical heat transfer models, but interpolated strip temperature

based on measured section exit temperature will be used in the models. A typical

desired temperature map for the various sections of the annealing furnace is shown

in figure 5.3. Note that the desired strip temperature at the exit of each zone is

typically given and indicated by the solid dots in the figure; in this illustration, a linear

interpolation is used to join these desired temperature set points. The temperature

profile in the steel strip within each zone is highly dependent on the type and location

of heating sources within the zone and need not follow the linear profile shown in the

temperature map.

5.1.2 Tension Observer Design for Strip in a Single Span

The procedure for designing a model-based observer is illustrated with a single span

(ith span). It is assumed that the tension in the (i − 1)th and (i + 1)th spans is

measured. Later in the report this observer will be extended to the multiple span

case where the entry and exit tensions into the multiple-span sections are measured.

The tension governing equation in a tension zone is obtained in (4.12), and the
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Figure 5.3: Temperature Map within Annealing Furnace

governing equation for the angular velocity of the roller is given by (4.17). The

same coefficient notations c1 to c4 are used in this chapter, and define c1 = Eei,

c2 =
A

Li

(

1− εϑi−1(Li−1)
)

, c3 =
A

Li

(

1− εϑi (Li)
)

, c4 =
Eei

Ee,i−1
, c5 =

R2
i

Ji
, c6 =

niRi

Ji
, and

c7 =
bfi
Ji

. Since observer is required for the spans inside the furnace, the unwind and

rewind roller dynamics are not considered in this section. Note that since only one

zone is considered, index i is not used on these parameters; in subsequent sections

for multi-span design, the parameters will be replaced by ci1 through ci7. With these

definitions, the web tension and speed equations are given by

ṫi = c1 (−c2vi + c3vi+1) + c4ti−1vi −
tivi+1

Li
,

v̇i = c5 (ti − ti−1) + c6ui − c7vi.

(5.1)

The dynamical systems will be transformed to the following stand forms for ob-

87



server design:

v̇i = f1(t, vi, ti), (5.2a)

ṫi = f2(t, vi, ti) + φ(t, vi, ti)q, (5.2b)

where f1, f2 and φ are required to be locally Lipschitz in vi ∈ Kv, ti ∈ Kt uniformly in

t ∈ R, q ∈ Kq is a vector of constant, uncertain parameters, and Kv ⊂ R
m, Kt ⊂ R

n

and Kq ⊂ R
p are compact sets.

If there exist a differentiable Lyapunov function of t̃i and fv(t, vi, t̂i) such that

f1(t, vi, ti)− f1(t, vi, t̂i) = fv(t, vi, t̂i)

(

∂Vz

∂t̂i

)T

, (5.3)

the observers and parameter estimators will be designed using the following theorem

[84]

Theorem 5.1 Suppose η(t, vi, t̂i) is a solution to the partial differential equation

−φT (t, vi, t̂i) =

(

∂η

∂vi
(t, vi, t̂i) +

∂η

∂t̂i
(t, vi, t̂i)

∂β

∂vi
(t, vi, ξ)

)

fv(t, vi, t̂i). (5.4)

Then, the adaptive observer is

ξ̇ =ψ(t, vi, ξ) +

(

∂β

∂ξ

)

−1

φ(t, vi, ξ)q̂, (5.5)

t̂i =β(t, vi, ξ), (5.6)

˙̂σ =Γ
∂η

∂t
(t, vi, t̂i) + Γ

∂η

∂vi
(t, vi, t̂i)f1(t, vi, t̂i)

+ Γ
∂η

∂t̂i
(t, vi, t̂i)

(

∂β

∂t
(t, vi, ξ) +

∂β

∂vi
(t, vi, ξ)f1(t, vi, t̂i)

+
∂β

∂ξ
(t, vi, ξ)ψ(t, vi, ξ) + φ(t, vi, t̂i)q̂

)

, (5.7)

q̂ =σ̂ − Γη(t, vi, t̂i), (5.8)

where Γ = ΓT > 0, provides the following properties for the error dynamics: all

solutions starting in

B =

{

(t̂i, q̂) ∈ R
n × R

p|Vz(t, t̂i) +
1

2
q̂TΓ−1q̂ ≤ cz

}

(5.9)
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are uniformly bounded and limt→∞ t̃i = 0, and cz > 0 is a design constant.

Rewrite the system (4.17) and (4.12) into the following form

v̇i = c5(ti − ti−1) + c6ui − c7vi, (5.10a)

ṫi = −tivi+1

Li
+

[

−c2vi + c3vi+1 ti−1vi

]







c1

c4






, (5.10b)

where i = 1, 2, · · · , N . To be consistent with the notation we rewrite (5.10) into the

form of (5.2) by defining

f1 = c5(ti − ti−1) + c6ui − c7vi,

f2 = −tivi+1

Li

,

φ =

[

−c2vi + c3vi+1 ti−1vi

]

,

q =







c1

c4






.

In the known parameter case a reduced order observer of system (5.10) is given

by

t̂i = β(vi, ξ) = ξ −Kovi, (5.11)

ξ̇ = ψ + φ(t̂i)q

= f2(t̂i) +Kof1(t̂i) + φ(t̂i)q

= −vi+1t̂i
Li

+Kof1(t̂i) + φ(t̂i)q, (5.12)

and ∂β/∂ξ = 1. The estimation error t̃i = ti − t̂i. To verify the stability condition,
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take the derivative of (5.11) with respect to time, use (5.10), giving

˙̃ti = ṫi − ˙̂ti

= −vi+1ti
Li

+
vi+1t̂i
Li

−Koc5ti +Koc5t̂i

= −vi+1

Li
t̃i −Koc5t̃i. (5.13)

Taking Vz = (1/2)t̃2i , we get

V̇z =
˙̃tit̃i = − vi

Li
t̃2i −Koc5t̃

2
i . (5.14)

Using the fact that vi and Li are all positive values, the stability is ensured when Ko

is chosen that Koc5 > 0, that is, Ko > 0.

We select fv = −c5 to satisfy (5.3). To apply Theorem 5.1, one needs a function

η(t, vi, t̂i) satisfying (5.4), and that is

−







−c2ivi + c3ivi+1

ti−1vi






= −c5

(

∂η

∂vi
−Ko

∂η

∂t̂i

)

. (5.15)

To satisfy (5.15), the form of η has several options, and one possible choice is:

η =
1

c5







c3
2
v2i+1 +

c2
Ko
vit̂i

− 1
Ko
ti−1vit̂i






. (5.16)

Then, the adaptive observer with parameter estimator are eqs. (5.5) to (5.8) with the

form of (5.7) as

˙̂σ =
Γ

c5







c3vi+1

0






f1(t̂i) +

Γ

c5







c2
Ko
vi

− 1
Ko
ti−1vi







×
(

−Kof1(t̂i) + f2(t̂i) +Kof1(t̂i) + φq̂
)

. (5.17)

In this estimation algorithm, the derivative of the estimates depend on both the

measured output (vi) and the estimated tension (ti).
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5.1.3 Tension Observer Design for Multiple Spans

Consider a N span system. For the adaptive observer design, the relevant variables

for the multiple span case defined by the standard form (5.2) are given by

V =



















v1

v2
...

vN



















, T =



















t1

t2
...

tN



















,

q = [c11 c41 . . . c1i c4i . . . c1N c4N ]
T ,

f1(V, T ) =



























c51(t2 − t1) + c61u1 − c71v1
...

c5i(ti+1 − ti) + c6iui − c7ivi
...

c5N (tN+1 − tN ) + c6NuN − c7NvN



























, f2(V, T ) =



























−v1t1
L1

...

−viti
Li

...

−vN tN
LN



























,

φ(V, T ) =















































−c21v0 + c31v1

t0v0

. . .

−c2ivi−1 + c3ivi

ti−1vi−1

. . .

−c2NvN−1 + c3NvN

tN−1vN−1















































.
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Note that V, T, f1, f2 are all N × 1 vectors, φ is a 2N ×N matrix, and q is an 2N × 1

vector.

In the known parameter case a reduced order observer is given by

T̂ = ξ −KoV, (5.18)

ξ̇ = f2(V, T̂ ) +Kof1(V, T̂ ) + φ(V, T̂ )T q, (5.19)

where Ko is a diagonal matrix of gains and is given by Ko = diag{K1, K2, · · · , KN}.

The governing equation for the estimation error vector T̃ = T − T̂ can be derived as

follows:

˙̃T =−



























v1
L1
t̃1
...

vi
Li
t̃i
...

vN
LN
t̃N



























+



























0 v0t̃0

. . .

0 vi−1t̃i−1

. . .

0 vN−1t̃N−1



























q

+Ko



























c51(−t̃1 + t̃2)

...

c5i(−t̃i + t̃i+1)

...

c5N (−t̃N + t̃N+1)



























=−



























v1
L1
t̃1
...

vi
Li
t̃i
...

vN
LN
t̃N



























+



























v0c41t̃0 +K1c51(−t̃1 + t̃2)

...

vi−1c4it̃i−1 +Kic5i(−t̃i + t̃i+1)

...

vN−1c4N t̃N−1 +KNc5N (−t̃N + t̃N+1)



























, (5.20)
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where t̃0 = 0 and t̃N+1 = 0 because measurement of tension is assumed in both the

entry span (0th span) and the exit span (N + 1)th span). Considering the Liapunov

function candidate Vz = (1/2)t̃T t̃ and using the fact that − vi
Li
t̃2i ≤ 0 since vi and Li

are all positive, we get

V̇z =
N
∑

i=1

{

− vi
Li

t̃i + vi−1c4it̃i−1 +Kic5i(−t̃i + t̃i+1)

}

t̃i

=−
N
∑

i=1

vi
Li
t̃2i +

N
∑

i=1

{

vi−1c4it̃i−1t̃i −Kic5it̃
2
i +Kic5it̃it̃i+1

}

≤−
N
∑

i=1

vi
Li
t̃2i +

N
∑

i=1

{

vi−1c4i
t̃2i−1 + t̃2i

2
−Kic5it̃

2
i +Kic5i

t̃2i + t̃2i+1

2

}

=−
N
∑

i=1

vi
Li

t̃2i +
N
∑

i=1

{

vi−1c4i
2

t̃2i−1 +
vi−1c4i −Kic5i

2
t̃2i +

Kic5i
2

t̃2i+1

}

=−
N
∑

i=1

vi
Li
t̃2i +

N
∑

i=1

1

2
(vi−1c4i + vic4,i+1 +Ki−1c5,i−1 −Kic5i)t̃

2
i . (5.21)

One can make V̇z ≤ 0 by choosing the observer gains Ki such that

K1 ≥ v1c42,

K2 ≥
v1c42 + v2c43 +K1c51

c52
,

...

Ki ≥
vi−1c4i + vic4,i+1 +Ki−1c5,i−1

c5i
,

...

KN ≥ vN−1c4NKN−1c5,N−1

c5N
.

The recursive form of the conditions for the observer gains is given by

Ki ≥
vi−1c4i + vic4,i+1 +Ki−1c5,i−1

c5i
, i = 1, 2, · · · , N. (5.22)

Denote L = diag{L1, L2, · · · , LN}, the parameter adaptation algorithm for the

multi-span case is given below:
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T̂ = ξ −KoV, (5.23a)

ξ̇ = −V T̂
L

+Kof1(V, T̂ ) + φq̂, (5.23b)

˙̂σ = Γ
∂η

∂V
f1(V, T̂ ) + Γ

∂η

∂T̂

(

f2(V, T̂ ) + φ(V, T̂ )T q̂
)

, (5.23c)

q̂ = σ̂ − Γη(V, T̂ ), (5.23d)

where η is given in (5.24).

5.1.4 Model Simulations of Continuous Annealing Line

A program in MATLAB/Simulink was developed and simulation parameters that

mimic the real plant operation are considered as given in Table 5.1. In heating

sections of continuous annealing lines, the strip temperature is raised up to 800 ◦C

in order to soften the material. To raise the strip temperature, heating devices are

installed in a furnace that provides an insulated controlled heating environment. For

the effective heating, a heating device is installed in each strip span. By applying the

same amount of heat from each heating device, the strip temperature rises gradually

as it passes through the spans of the heating section so that the heat transfer appears

in the form of sum of each span temperature as the web is transported from one span

to another span up to the exit of the section. In this simulation, strip temperature

rises by 30 ◦C as it passes through each roll span. The total temperature rise after

passing through five spans is 120 ◦C, so that the exit span temperature would be 620

◦C.
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η =





































































































c31
2c51

v21 +
c21v0
K1c51

t̂1
c21v0−c31v1

K2c52
t̂2 · · · · · · · · · · · · · · · c21v0−c31v1

KNc5N
t̂N

− t0v0
K1c51

t̂1 − t0v0
K2c52

t̂2 · · · · · · · · · · · · · · · − t0v0
KN c5N

t̂N

. . . · · · · · · · · · · · · · · · ...

. . . · · · · · · · · · · · · · · · ...

c3i
2c5i

v2i +
c2ivi−1

Kic5i
t̂i

c2ivi−1−c3ivi
Ki+1c5,i+1

t̂i+1 · · · c2ivi−1−c3ivi
Kjc5j

t̂j · · · c2ivi−1−c3ivi
KNc5N

t̂N

− t̂i−1vi−1

Kic5i
t̂i − t̂i−1vi−1

Ki+1c5,i+1
t̂i+1 · · · − t̂i−1vi−1

Kjc5j
t̂j · · · − t̂i−1vi−1

KN c5N
t̂N

. . . · · · · · · · · · ...

. . . · · · · · · · · · ...

. . . · · · · · · ...

. . . · · · · · · ...

. . . · · · ...

. . . · · · ...

. . .
...

. . .
...

c3N
2c5N

v2N + c2NvN−1

KNc5N
t̂N

− tN−1vN−1

KN c5N
t̂N





































































































.

(5.24)
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Table 5.1: Simulation parameters

Parameter Value

Strip thickness 0.7 mm

Strip width 1500 mm

Strip span length 20 m

Line speed 300 mpm

Strip temperature 500 ∼ 800 ◦C
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Figure 5.4: Simulation of tension response and estimate of multi-span with controller

and observer

The observer discussed in aforementioned section is simulated in MATLAB/Simulink

for a section of multi-span strips. The tension in the target spans are not measured

but only the tension in the entry and exit spans are measured. The implementation of
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Figure 5.5: Simulation of modulus in different spans

the tension controller uses the tension estimate from the observer. The inner speed-

loop is based on measured speed and the outer-tension loop is based on the estimate

from the observer. Multi-span strips with known time-varying parameters case ob-

server with PID controller is presented and 4 spans are simulated. The simulation

results are shown in Fig. 5.4. The initial values of tension in spans 1 through 4 are

9610 N, 9218 N, 8630 N, and 7943 N. The initial estimates of tension in the observer

were taken to be equal to the reference tension which is 9800 N. The time-varying

modulus for different spans is shown in Figure 5.5.

97



5.2 Modeling and Control of Roll-to-Roll Lamination Process

Lamination of two or more webs to form a composite web is an important process in

R2R manufacturing. The lamination process typically involves transporting multiple

layers of web into a loaded nip roller system to form a single composite web. The

mechanical and physical properties of the constituent materials dictate the properties

of the composite material. Further, the properties of the laminated web also depend

on the upstream transport conditions of the constituent webs. For example, if the final

product of the laminate that is produced in rolled form is to be cut into flat rectangular

sheets, then one would require that the resulting laminate in the unstretched state

be flat without curling. One way to ensure this is to maintain equal strains in the

individual layers prior to lamination.

The dynamic behavior of the individual webs upstream of the lamination roller,

the physical and mechanical properties of the materials forming the laminate, and

the lamination process play critical roles in forming a composite web with desirable

properties. Although web lamination is a common process in many web processing

industries, web tension behavior during and after the process of lamination is not well

understood.

The goal of this section is to develop a governing equation for web tension in

the laminated web span and investigate efficient methods to control the lamination

process. Based on the transport behavior of single webs with thermal effects and

properties of the composite web, tension and velocity governing equations for the

laminated web span are derived. An algorithm to control the lamination strain is

then developed and model simulations are conducted to verify the models and the

control design procedure.
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5.2.1 Lamination Process and Governing Equations for Single Layer Webs

Figure 5.6 provides an illustration of the lamination process of two webs, where webs A

and B are laminated into one composite web C. Typically an R2R system is divided

into several tension zones; a web between two successive driven rollers is called a

tension zone. Both R0A and R0B are driven rollers. There is usually only one driven

roller in the pair of nip Rollers 1, and we assume R1A to be the driven roller and R1B

to the idle nip roller.

1 2 30

Control volume A

Control volume B
Control volume C

0At

0Bt

0AR

0Av

0BR

0Bv

1At

1Bt

1AR

1BR

2t

2AR

2BR

3t

1v 2v

Figure 5.6: Sketch of lamination process

Although a heat transfer mechanism is not shown for the individual webs prior to

joining at the laminator, heating/cooling sources are used to heat/cool one or more

of the individual webs prior to lamination. A single layer temperature distribution

model is considered in webs A and B. The following are the tension and velocity
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governing equations for spans and rollers immediately upstream of the laminator.

ṫ1A(t) =− AEe,1A

L1A
v0A(t) +

AEe,1A

L1A
v1A(t) +

AEe,1A

L1A
ε0A(L0A, t)v0A(t)−

t1A(t)

L1A
v1A(t)

− AEe,1A

L1A
εϑ1A(L1A)v1A(t),

(5.25)

ṫ1B(t) =− AEe,1B

L1B

v0B(t) +
AEe,1B

L1B

v1B(t) +
AEe,1B

L1B

ε0B(L0B, t)v0B(t)−
t1B(t)

L1B

v1B(t)

− AEe,1B

L1B
εϑ1B(L1B)v1B(t),

(5.26)

J0A
R0A

v̇0A(t) = (t1A(t)− t0A(t))R0A + n0Au0A − bf,0A
R0A

v0A(t), (5.27)

J0B
R0B

v̇0B(t) = (t1B(t)− t0B(t))R0B + n0Bu0B − bf,0B
R0B

v0B(t). (5.28)

5.2.2 Mechanical and Physical Properties of Web Laminates

To derive the governing equations for the composite web C, the physical properties

of laminated web should be determined first. The web lamina C consisting of two

materials A and B is shown in Fig. 5.7. A simple rule-of-mixtures approach is used

to develop the mechanical and physical properties of the laminate.

A constant stress or constant strain condition can be used to determine the mod-

ulus of elasticity of the web lamina in the x direction. Since a uniform displacement

is observed, and required, in the machine direction (x-direction) for perfect bonding

between the two layers, a constant strain approximation is considered for determining

the modulus of elasticity in the machine direction. Since the width of the two layers

is the same, the total stress in the lamina in the transport direction is given by

σC =
σAlA + σBlB
lA + lB

. (5.29)
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Figure 5.7: Lamination of two webs

Assuming uniform strain model in the x direction gives εC = εA = εB. The stress

in individual layers can be expressed as σA = EAεA and σB = EBεB. Therefore the

modulus of elasticity of the lamina in the transport direction is given by

EC =
σC
εC

=
EAlA + EBlB

lA + lB
. (5.30)

The physical properties such as the density and thermal expansion coefficients are

derived in a similar manner using the rule of mixtures. The equivalent density of the

lamina is given by

ρC =
Total mass per unit length

Total volume per unit length
=
ρAlAw + ρBlBw

(lA + lB)w

=
ρAlA + ρBlB
lA + lB

. (5.31)

For a lamina consisting of isotropic layers, the thermal expansion coefficients are

given by [85]

αC =
EAαAlA + EBαBlB
EAlA + EBlB

. (5.32)

5.2.3 Governing Equations for Laminated Web

The governing equations for the laminated web are derived in this section, using

similar methods as those employed in developing the single layer equations. Applying

the law of conservation of mass to a control volume of the laminated web span between

two rollers (see Fig. 5.6) results in
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d

dt

[
∫ L2

0

ρCsACsdx

]

= [ρAsAAsv1(t) +ρBsABsv1(t)]− ρCsACsv2(t). (5.33)

The equations corresponding to (4.1) for the individual web layers and the composite

web are

ρAsAAs

ρAAA
=

1

1 + ε1A(x, t)
,
ρBsABs

ρBAB
=

1

1 + ε1B(x, t)
,

and

ρCsACs

ρCAC
=

1

1 + ε2(x, t)
. (5.34)

Therefore, Eqn. (5.33) can be written as

d

dt

[

∫ L2

0

ρCAC

1 + ε2(x, t)
dx
]

=
ρAAAv1(t)

1 + ε1A(L1A, t)
+

ρBABv1(t)

1 + ε1B(L1B, t)
− ρCACv2(t)

1 + ε2(L2, t)
. (5.35)

Assuming small stain, 1− ε2 ≈ 1,

ρcAc
d

dt

[

∫ L2

0

(1− ε2(x, t))dx
]

=ρAAAv1(t)[1− ε1A(L1A, t)]

+ ρBABv1(t)[1− ε1B(L1B , t)]

− ρCACv2(t)[1− ε2(L2, t)].

(5.36)

Expansion of the above equation with ε2(x, t) = εe2(t) + εϑ2(x), and simplifying result

in the following equation:

ρCACL2ε̇
e
2(t) =− ρAAAv1(t) + ρAAAv1(t)ε1A(L1A, t)

− ρBABv1(t) + ρBABv1(t)ε1B(L1B , t)

+ ρCACv2(t)[1− εe2(t)− εϑ2(L2, t)].

(5.37)

Applying A = lw and (5.31) into (5.37) yields the strain dynamics for εt2:

L2ε̇
e
2(t) =− v1(t) +

ρAlA
ρAlA + ρBlB

v1(t)ε1A(L1A, t)

+
ρBlB

ρAlA + ρBlB
v1(t)ε1B(L1B, t)

+ v2(t)[1− εe2(t)− εϑ2(L2)].

(5.38)

102



Assuming the laminate to be linearly elastic, the web tension dynamics in the lami-

nated span is given by

ṫ2(t) =− Ee,2AC

L2
v1(t)−

v2(t)t2(t)

L2
+
Ee,2AC

L2
v2(t)[1− εϑ2(L2)]

+
Ee,2AC

L2

v1(t)

ρAlA + ρBlB
[ρAlAεA(L1A, t) + ρBlBεB(L1B , t)],

(5.39)

where AC = (lA + lB)w. The tension dynamic model is complete in the sense that it

contains both the thermal effect in the individual web layers as well as the composite

web. Since the developed model is transparent in terms of different effects, based on a

specific process, the machine designer/engineer can selectively choose thermal effects

in certain spans of the web line.

The web velocity dynamics on roller 2 is given by [37]

J2
R2

v̇2(t) = (t3(t)− t2(t))R2 + n2u2 −
bf2
R2

v2(t). (5.40)

To determine the governing equation for web velocity v1 on the laminator rollers,

consider the two webs forming the composite web as shown in Fig. 5.8, where F is

the internal bonding friction force between the two webs. η is a factor so that ηt2

applies on roller A and (1− η)t2 applies on roller B. Input torque u1 applies on roller

A since it is the driven roller. The velocity governing equations in each separated

layers are:

J1A
R1A

v̇1 = (ηt2 − t1A − F )R1A + n1u1 −
bf1A
R1A

v1, (5.41)

J1B
R1B

v̇1 = ((1− η)t2 − t1B + F )R1B + 0− bf1B
R1B

v1. (5.42)

Summing up (5.41) and (5.42), and assuming the two laminator rollers are identical

with inertia J1 and radius R1, the web velocity dynamics on roller 1 are

2J1
R1

v̇1 = (t2 − t1A − t1B)R1 + n1u1 −
bf1
R1

v1. (5.43)
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Figure 5.8: Separation of laminated webs

5.2.4 Control Algorithm of Lamination Process

The upstream conditions of the individual webs in the process line that form the

laminate are crucial for the lamination process (webs A and B in tension zone 1). For

example, if the final product of the laminate that is produced in the rolled form is to

be cut into flat rectangular sheets, then one would require that the resulting laminate

in the unstretched state be flat without curling. One way to ensure this is to maintain

equal strains in the incoming web layers, that is, ensure that the strains in the two

individual webs prior to the lamination roller satisfy ε1A(L1A, t) = ε1B(L1B, t).

Applying the relation into Eqn. (5.39) yields

ṫ2 =
Ee2AC

L2
v1 −

v2t2
l2

+
Ee2AC

L2
v2
[

1− εϑ2(L2)
]

+
Ee2AC

L2
v2ε1A(L1A, t). (5.44)

Replacing t2 and v2 with reference values and simplifying (5.44) results in the following

reference tension for web A:

t1A,R =









L2
ṫ2R

Ee2AC

+ v1 − v2R + v2R
t2R

Ee2AC

+ v2Rε
ϑ
2(L2)

v1
− εϑ1A(L1A)









Ee,1AAA.

(5.45)
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Similarly, the reference tension for web B is

t1B,R =









L2
ṫ2R

Ee2AC

+ v1 − v2R + v2R
t2R

Ee2AC

+ v2Rε
ϑ
2(L2)

v1
− εϑ1B(L1B)









Ee,1BAB.

(5.46)

The following control strategy is employed for driven rollers adjacent to the lami-

nator; an illustration of this strategy is provided in Fig. 5.9. Rollers R0A and R0B are

under speed based tension control to regulate tensions in spans 1A and 1B to their

reference values of t1A,R and t1B,R, respectively. This would facilitate equal strains

in spans 1A and 1B. The driven laminators rollers R1B is under pure speed control.

The driven roller R2B is under speed based tension control and regulates tension t2

in the composite web.

Controller

Controller
Controller

0AR

0BR

1AR 2AR

1BR 2BR

3t2t

1At

1Bt

0At

0Bt

0Av

0Bv
1v 2v

Figure 5.9: Control strategy for two driven rollers upstream of laminator
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5.2.5 Model Simulations off Lamination Process

Numerical simulations were conducted to evaluate the governing equations and con-

trol strategy shown in Fig. 5.9. Two candidate materials, Polyethylene terephthalate

(PET) and Polyethylene naphthalate (PEN), that are employed in R2R manufac-

turing of solar films, OLEDs are considered for the study. PET is typically used

as substrate material, and PEN is used as barrier material to encapsulate the sub-

strate [3] after active layers are deposited.

In this study web layer A is chosen as PET and web layer B as PEN. The key

physical properties and simulation parameters for the two webs are shown in Tab. 5.2.

The width of all webs is w= 0.35 m, set the reference velocity for all rollers to

be 0.02 m/s, and suppose only web A is heated by a radiator with 450 K heating

source temperature in tension zone 1A, and the initial temperature of web is at room

temperature. With these conditions, the average temperature of web A in tension

zone 1A is shown in Fig. 5.10.

Table 5.2: Properties and parameters of webs

A B

Material PET PEN

k (W/(m·K)) 0.2 0.15

ρ (kg/m3) 1380 1360

c (J/(kg·K)) 1000 2250

h (mm) 0.1 0.1

L (m) 0.5 0.5

α (10−6/K) 23 19

The elastic modulus’ dependence with temperature of PET and PEN are reported

in [86], and the equivalent elastic modulus can be obtained as Ee,1A = 3.25 GPa,
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Figure 5.10: Simulation of average temperature of web in tension zone 1A

Ee,1B = 5 Gpa, Ee,2A = 3.25 GPa, and Ee,2B = 4.5 Gpa. The reference tension for

laminated web is chosen as t2R = 500 N, and choose n1 = n2 = 0.1, bf1 = bf2 = 0.1,

r1 = r2 = 0.1 m and J1 = J2 = 0.02 kg·m2. Using the control strategy shown in

Fig. 5.9 and PI controllers for speed and tension, the tensions t1A and t1B are shown

in Fig. 5.11, and the strains ε1A(L1A, t) and ε1B(L1B, t) are shown in Fig. 5.12. It

is clear that the tension in webs A and B are controlled to different value, but the

strains in the two individual webs prior to lamination achieve the same value.

5.3 Summary

In this chapter, tension control of a steel strip transported through heating/cooling

sections of a continuous annealing and modeling of R2R lamination process are in-

vestigated.

A nonlinear model-based tension observer is developed to estimate tension in
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Figure 5.11: Simulation of tensions in the individual webs prior to lamination
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heating/cooling spans where tension measurement is not available. Current practice is

to control strip speed using helper rolls in these sections. Strip tension is controlled in

only those spans of the heating/cooling section of the line where tension measurement

is available. By estimating tension using a tension observer one can use estimated

tension feedback for helper rolls to better regulate tension within the heating/cooling

spans where tension measurements are not available.

Based on the single web model developed and the properties of the composite

web via rule-of-mixtures, tension and velocity governing equations for the laminated

process are derived. With the reference tension formed from the laminated dynamic

equation, individual webs and laminated webs are controlled locally and simulation

results are presented. With the proposed control strategy, strain in the two upstream

spans adjacent to the laminator are maintained at the specified value.
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CHAPTER 6

SUMMARY AND FUTURE WORK

A model for multi-layer temperature distribution in moving webs for different heat-

ing/cooling sources is developed. This model is useful for determining the evolution

of the web temperature as it is transported through sections of the web process line

where heating/cooling operations are performed on the web. All types of heat trans-

fer processes pertaining to the heating/cooling of a moving web are classified into two

scenarios: the web wrapped on a heat transfer roller and the web span between two

consecutive rollers. The case of single layer web heat transfer is also presented in this

chapter as they are commonly used in industry.

The numerical procedure to determine the eigenvalues in the heat transfer model

and heat transfer period are also given to complete the model. Formulas to compute

heat transmission coefficients are discussed for different heating/cooling situations

(by steady air, forced air, or radiation).

To evaluate the heat transfer model, numerical simulations are conducted on two

R2R systems: a coating and fusion process line and an atomic/molecular layer deposi-

tion machine. In the coating and fusion process line, heating and cooling processes are

simulated and compared with experiment results. In ALD/MLD machine, the tem-

perature distribution model is employed to design the length of the radiator required

to provide a specified web temperature at the ALD/MLD process.

A governing equation for web tension is developed by considering thermal strain

and web elastic modulus as a function of temperature in the web. A model-based
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adaptive nonlinear tension controller is designed for one tension zone in a web pro-

cessing line. A number of experiments are conducted on a modular R2R machine

that contains heat transfer rollers, and experimental results show that the adaptive

controller is capable of following the tension reference.

Modeling and tension control of a steel strip transported through heating/cooling

section of a continuous annealing line is investigated, and a nonlinear model-based

tension observer is developed to estimate tension in heating/cooling spans where ten-

sion measurement is not available. By estimating tension using a tension observer one

can use estimated tension feedback for helper rolls to better regulate tension within

the heating/cooling spans. Model simulations are conducted to illustrate the methods

developed in controlling tension in heating/cooling spans where tension measurement

is unavailable.

Based on the single web model developed and the properties of the composite

web via rule-of-mixtures, tension and velocity governing equations for the lamination

process are also derived. With the reference tension derived from the laminated

web dynamic equation, individual webs and laminated webs are controlled locally to

ensure the strains are equal in the individual layers prior to lamination.

The current work focused on system modeling analysis, and design of controller

for web tension regulation in R2R manufacturing system with heat transfer processes.

The following topics provide opportunities for expanding this work in the future.

• The current lamination process model uses PID controllers, which are not robust

to disturbances. Based on the model and reference tensions obtained for the

lamination process, an adaptive controller may be designed to reduce curl due

to lamination. Experiments to verify the model of observer design and control

of lamination process will be very useful and can be considered as a part of the
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future work.

• The strategies discussed in the dissertation considered webs that are elastic and

with large modulus. Application of this work to low modulus webs that are

typically transported with large strains in the nonlinear regions of the stress-

strain curve would be very useful as many consumer products are made with

low modulus materials.

• The tension regulator was designed for each tension zone of the R2R system

by considering each tension zone as a single input single output nonlinear sys-

tem. Extending the approach to multi-variable systems employing decentralized

controllers is an important generalization.

• The web is assumed to not expand along the thickness direction, and temper-

ature distribution model is developed based on that. For some material, the

effect cannot be ignored, and a temperature distribution model with varying

thickness needs to be utilized.

• Thermal strain and Young’s modulus change due to temperature effects are

considered in this dissertation, but there are some other effects during heat-

ing/cooling, including dampness change, redistricting errors, and chemical re-

actions that worth further study.
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