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Modeling and control of strip
transport in metal peeling
Metal peeling refers to the process of forming a thin metal strip from the surface of a rotat-
ing feedstock using controlled material removal – machining under an applied strip tension.
In this paper,the mechanics of strip formation process is described, while emphasizing the
role of strip tension in ensuring uniformity and quality of the peeled strip. This includes an
analysis of the deformation history in the peeling zone and the transport dynamics of the
strip as it moves from the cutting edge to the coiler. Using conservation laws, governing
equations for strip tension and velocity that incorporate dynamic spatiotemporal interac-
tions between peeling and transport processes are developed.Experimental demonstration
includes the setup of a lab-scale prototype metal peeling system designed to validate the
proposed dynamic model describing the strip transport behavior and control approach.
Peeling experiments are performed with steel using a prototype experimental platform to
evaluate the proposed control approach. Comparisons between two control strategies, with
and without tension feedback, are presented and discussed. The importance of real-time
tension control for mitigating strip thickness variations and improving other dimensional
features of the strip such as flatness and edge waviness is also briefly discussed.

Keywords: Modeling, dynamic behavior, real-time control, metal peeling, strip manufac-
turing

1 INTRODUCTION

Industrial production of metal coils in strip and sheet form2 is
driven by hot and cold rolling processes where a rectangular cast
slab is progressively reduced in its thickness in multiple deforma-
tion passes. The process of transforming the cast material into final
coil product includes multiple heating, cooling, annealing and fin-
ishing steps between the rolling passes to relieve stresses, prevent
material from cracking, and achieve the desired microstructure and
properties [1]. Although mature, metal strip and sheet production
using rolling is intrinsically energy intensive. Specifically in the
cases of steels, it also contributes to significant carbon emissions
due to the need for heating the metal to high temperatures (in excess
of 1,000◦C) during hot rolling [2,3].

Metal peeling is an energy efficient alternative to rolling where
a thin continuous strip is produced directly from a rotating solid
metal feedstock via cutting (machining) action of a sharp tool, see
Fig. 1. The primary advantage of this process is that thin metal
strip is practically produced in a single step, thus eliminating the
need for multiple deformation passes and intermediate processing
steps intrinsic to traditional rolling. Moreover, because only a small
localized material volume in the vicinity of the cutting edge is sub-
jected to deformation at any time instance, the need for preheating
the metal to high temperatures is also eliminated. Lastly, the energy
footprint of the process is nearly independent of the strip thickness,
whereas in rolling, both energy consumption (per unit volume) and
processing steps increase exponentially with decreasing strip thick-
ness. This makes metal peeling especially attractive for production
of strips with finer gauges (e.g., foil thicknesses).

The concept of peeling as a means to produce thin metal strip has
been known for nearly a century, dating back to Junker [4]. The tech-
nology has since witnessed several innovations and refinements both
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2The terms sheet, strip and foil are used in the industry to distinguish flat rolled

products based on their thickness and width. For instance, according to the ASTM
A480 specification for steels, flat rolled steel sheet is categorized as a material with a
thickness less than 5 mm and a width equal to or exceeding 600 mm. In contrast, strip
steel is identified as material with a width less than 600 mm. Foil is defined as a metal
strip with a thickness less than 0.15 mm, and foils having a narrow width are referred
to as “ribbons”.
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Fig. 1 Sheet metal production by metal peeling.

in terms of methods of practice and machine design [5–7]. These
subsequent studies have shown that by combining peeling with a
take-up coiler, the process can be operated continuously to produce
metal coils with properties comparable to that of strip manufactured
conventionally. In such a configuration, the key components of the
peeling system include: (1) a spindle that rotates the feedstock, typ-
ically at a constant surface velocity; (2) a cutting tool assembly that
feeds the cutting edge along the radial direction of the rotating feed-
stock at a constant feed per revolution; and (3) a downstream strip
transport system that collects and coils the strip, while often apply-
ing a slight “pull” on the incoming strip.

A significant challenge in strip production by peeling is the con-
trol of strip thickness. Unlike rolling where strip thickness is de-
termined by the roller-gap setting, strip thickness in peeling is not
controlled a priori but is an output of the process that is influenced
by various factors including feedstock properties, cutting tool edge
condition and peeling process parameters. Any changes in these
variables during the process may thus induce thickness variations
along the length of the strip. Two methods that were previously pro-
posed to control strip thickness and potential variations with time
include: (1) regulation of coiler surface velocity at a value that re-
mains constant with respect to feedstock surface velocity, and (2)
regulation of back tension that is applied on the strip during peel-
ing. Thickness control via regulation of coiler velocity for instance
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involved the use of a speed sensor to measure the transport velocity
of the peeled strip and subsequently adjusting the coiler rotational
speed to achieve and maintain a desired strip thickness [6,8]. This is
analogous to flexible material (web) transport by speed regulation
in roll-to-roll processing systems. Another speed-based thickness
control method involved maintaining a fixed ratio between the pe-
ripheral velocities of the feedstock and the coiler by formulating a
time-based relationship [9]; this method has the advantage that it
does not need in-line measurement of strip thickness. However, a
drawback of these speed-based control systems is the lack of di-
rect information about the tension that develops in the strip; this is
important since excessive tensile stresses in the strip may result in
material failure due to plastic yielding and necking [10]. Thickness
control via tension regulation overcomes this problem and is based
on the experimental observation that the thickness at which the strip
forms at the cutting edge is influenced by the level of tension ap-
plied on the strip and the pulling angle. Therefore, strip thickness
can be controlled and maintained constant by controlling the tension
and pulling angle, as long as the feedstock properties do not change
substantially from beginning to the end of the peeling process. In
the control mechanism developed by Brown [7], the constant ten-
sion in the strip was achieved by continuously adjusting the torque
at the coiler. Interestingly, this mechanism also included an option
for simultaneously altering the tool feed rate to account for any vari-
ations in the feedstock metallurgical state such that both thickness
and tension are concurrently maintained constant.

A variant of the peeling technique that should be mentioned is
a process referred to as extrusion-machining [11–14]. In this pro-
cess, a secondary tool, referred to as the constraint, is placed directly
opposite to the primary cutting tool to create a die opening so that
peeling (machining) and extrusion occur simultaneously. This con-
verts peeling into a geometrically well-defined deformation process,
where the thickness of the peeled strip is fully determined a priori
by the gap between the cutting tool and the constraint edge. While
the constrained peeling technique offers improved control of strip
thickness, in continuous coil production, the ability to control back
tension on the strip is still desirable since application of tension dur-
ing peeling (either free or constrained) even at stresses much below
the material’s yield strength has been known to significantly im-
prove strip flatness, straightness (camber) and thickness uniformity
across the width [15].

In continuous manufacturing applications such as roll-to-roll
(R2R) manufacturing, it is customary to start with a model for the
material transport and develop corresponding governing equations
that can be used as a basis for developing informed control systems.
Over the past few decades, significant strides have been made in the
development of mathematical models for transport of webs (metals
and otherwise) in R2R processing systems, see [16–21]. While the
general theoretical framework in all cases is based on the common
balance laws, each R2R application necessitates tailored consider-
ation of the material’s mechanical behavior and the process associ-
ated with transporting the web since both impact the transport dy-
namics. In the case of metal peeling, a significant challenge lies in
addressing the interaction between applied tension and strip thick-
ness; for example, any temporal changes in tension during peeling
are reflected as spatial variations in strip thickness along the coil.
This is different from typical R2R applications where the web thick-
ness is assumed to remain constant within a given span unaffected
by the transport dynamics but is somewhat similar to the situation
in in tandem and reversible rolling mills where transport tension
can induce plastic deformation in the strip and thereby impacts the
strip cross-section (thickness). In this regard, recent advancements
in control strategies for metal processing include employing Lya-
punov methods [22] and receding horizon control [23]. Specifically
in the case of reversible col rolling of metals, control strategies uti-
lizing adaptive backstepping [24] and Hamilton-based adaptive ro-
bust control [25] have been developed. In [26], several control ap-
proaches for looper and tension control in hot strip mills, including
PID, sliding mode control and linear quadratic regulators are also
discussed.

This paper describes a study that was undertaken to develop a
model for strip transport in metal peeling, and corresponding gov-
erning equations for strip tension, thickness and velocity. To the
best of our knowledge, there is no existing literature on this partic-
ular topic. Based on this model, a closed-loop control approach is
presented for regulating strip tension (thereby thickness and veloc-
ity) and the efficacy of the control strategy is demonstrated using a
prototype peeling system developed to conduct controlled peeling,
transport and coiling experiments with steels. The positive effect
of tension on strip thickness uniformity and dimensional quality is
also discussed.

2 STRIP FORMATION PROCESS IN PEELING
Strip production by peeling involves continuously removing a

thin layer of material from the surface of a rotating feedstock by
feeding a sharp cutting tool edge at a constant rate (mm/rev). This
process may be effectively understood by studying the continuous
chip formation process in orthogonal cutting [27], see Fig. 2. In or-
thogonal cutting, the cutting edge of the tool is perpendicular to the
direction of the tool feed motion and when the width of the cut (|) is
large compared to the depth of cut (C0), the process can be approxi-
mated as one of plane-strain, i.e., negligible material flow along the
width direction. The type of chip (strip) that forms in orthogonal
cutting is sensitive to both feedstock properties and cutting process
conditions [28]. When cutting ductile metals such as steels, cop-
per and aluminum alloys under moderate cutting speeds (< 5 m/s),
a continuous strip with a uniform thickness is generally produced.
Under these conditions, the material flow and plastic deformation
during cutting is often modeled using shear plane (or shear zone)
models [29–31]. In this picture, the transformation of feedstock ma-
terial into deformed chip is considered to take place via steady-state
plastic shear along a thin shear plane or zone (AB in Fig. 2). The
shear is such that it results in a strip thickness (CB) that is almost al-
ways greater than the depth of cut (C0). A quantity of interest here
is the chip thickness ratio, A = C0/CB ; for instance, in steels, A is
typically in the 0.3-0.5 range. If {0 is the surface velocity of the
feedstock and {1 is the exit strip velocity, the law of conservation
of mass (assuming constant density and plane-strain deformation)
dictates that

A =
C0
CB

=
{1
{0
. (1)

An important distinction between conventional orthogonal cut-
ting and peeling is that in the latter, the strip is formed under si-
multaneous action of a pulling force (tension) that is applied either
along the cutting tool face or at some angle to it. That this applica-
tion of tension on the strip while it is being peeled has a substantial
effect on both the strip thickness and curl has been well-known in
the literature, although the exact mechanism(s) by which tension ef-
fects come about is not well-understood. For instance, Nakayama’s
experiments [32] with copper have shown that applying tension can
result in large reductions in strip thickness and the cutting force, by
up to one-half and one-third of their original values (i.e., without
tension). Referring to Fig. 2, this means that the thinner strip under
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Fig. 2 Schematic of peeling process, with the inset show-
ing peeling variables and strip geometry.
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tension forms at a larger shear angle (q) with respect to the {0 di-
rection. Subsequent work by Walters and Childs [10,33] has shown
that the strip thickness dependence on applied tension is monotonic,
showing a steady decrease with increasing tension until interrupted
by material failure (strip breakage) when the tensile stresses reach
close to the strip material’s shear flow stress ∼ fH/2. The effect
of tension on strip thickness was also shown to be more pronounced
when the pull was applied at a 20-30◦ angle as opposed to parallel to
the cutting tool face. It should be noted that the deformation geom-
etry in cutting, determined by the ratio A, also governs the level of
plastic strain and material strain hardening at the shear zone. More
specifically, for a given C0, plastic strain decreases with increasing A
or decreasing CB . Therefore, strips produced under tension having a
larger A value are generally more malleable compared to those pro-
duced by free cutting (zero tension, smaller A) that tend to be rather
brittle. Thus, the ability to control tension during peeling is not only
critical for controlling strip thickness but also for producing a duc-
tile strip with improved dimensional properties (including reduced
curl and camber).

For developing a tension controller, it is desirable to have a model
that allows prediction of strip geometry (thickness and curl) as a
function of applied tension and pulling angle. However, analytical
prediction of these quantities even for conventional cutting with-
out tension is a considerable challenge, due to the extreme strain
and strain rate conditions intrinsic to cutting and the lack of well-
defined boundary conditions at the tool-chip contact, see discus-
sion in [28,34–37]. While finite element simulations can be used to
model the relevant phenomena with high accuracy, their computa-
tional complexity and time-intensive nature make them less suitable
for direct implementation into real-time controllers. In this study,
we build on previous experimental literature on strip peeling under
tension, specifically Nakayama [32], Walters and Childs [10,33] and
Finnie [38], which suggests a monotonic decrease in strip thickness
with tension for a given pulling angle. This empirical observation is
central to the strip transport model presented in this paper to model
the dynamic behavior of strip tension, thickness and velocity.

3 MODELING OF PEELED STRIP TRANSPORT
3.1 Deformation history in peeling. The mechanics of strip

formation and subsequent transport under tension is modeled in the
following manner. Consider the example of a material exhibiting
elastic-plastic (strain hardening) behavior. For an arbitrary material
point with the pathline PQRS in Fig. 3(a), the corresponding equiv-
alent (von Mises) stress state is depicted in Fig. 3(b). The plastic
deformation begins when the equivalent stress reaches the material
yield strength, fH (at Q), and continues through the shear zone (Q
to R) where the material undergoes strain hardening. Upon exiting
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Fig. 3 Pathline (a) and the corresponding stress history
(b) of an arbitrary material point passing through the shear
zone (AB).

the shear zone, the material point experiences unloading. However,
instead of stress dropping to zero, it reduces to a finite fB in the
elastic regime, where fB is the uniaxial tensile stress due to strip
tension. The stress due to tension is assumed to be uniformly dis-
tributed across the cross-section of the strip and that every point in
the peeled strip is subjected to the same applied tension. As a ref-
erence, point U (see Fig. 3(b)) denotes the stress-free configuration
(unstretched state) of the strip. If we denote the total strain at S by YC
and the plastic strain imposed in the shear zone by Y? , then the elas-
tic strain is given by: Y = YC −Y? . Note also that the plastic strain in
the strip itself depends on tension. For example, if the strip is peeled
with a different applied tension and correspondingly different stress
f′
B > fB , then the same material point entering the shear zone at Q

would exit the plastic deformation zone at R’ with a lower plastic
strain, but continues to carry a higher elastic strain component.

The governing equation for strip tension in the span immediately
downstream of the peeling process is derived by using the law of
conservation of mass applied to a control volume defined by the strip
span between the shear zone (AB) and the coiler, see Fig. 4. The fol-
lowing assumptions are made in this derivation: (1) strip transport
is purely elastic, i.e., after exiting the shear zone the material ex-
periences only recoverable elastic deformations; (2) the idle rollers
(including load cell roller) are frictionless and do not contribute to
the strip tension dynamics during steady-state operation; (3) width
of the peeled strip is the same as that of the feedstock (i.e., plane-
strain deformation) and the mass entering the shear zone is equal
to the mass exiting to form the peeled strip at any given time; (4)
density changes during strip formation and transport are negligible;
and (5) elastic strains during strip transport are small compared to
the plastic strains. The last assumption is based on the fact that fB
is typically a small fraction of fH and since fH/� ratio for metals
is in the order of 10−3 to 10−2, the resulting elastic strains are quite
small compared to the plastic strains.

3.2 Strip transport dynamics. Application of the conserva-
tion of mass for the control volume (Fig. 4) gives the following re-
lation:

3

3C

[∫ !

0
d(G, C)�(G, C)3G

]
= d1 (C)�1 (C){1 (C)

− d2 (C)�2 (C){2 (C), (2)

where ! is the length of the strip span between the cutting edge and
the coiler, d is the material density, � is cross-sectional area of the
peeled strip, {8 is the transport velocity, G is the transport direction
and C is time. Indices 8 = 0, 1, 2 represent the feedstock, span entry
and span exit/coiler respectively. Additionally, the following nota-
tion is used: ) , strip tension; |, strip width; CB , peeled strip thick-
ness under tension ) ; C0, depth of cut; �B , modulus of elasticity
of the strip; �5 , modulus of elasticity of the feedstock; YG , YH , and
YI , the elastic strains in G (transport), H (thickness), and I (lateral)
directions, respectively.

Control volumeFeedstock

Strip coil

Idler roller Load cell roller

Fig. 4 Illustration of strip transport from the peeling edge
to the coiler. The control volume is shown using the dashed
box.
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For a representative strip elemental mass 3<, application of mass
balance gives

3< = d|CB3G = dD|DCD3GD, (3)

where 3G denotes the length of the elemental mass 3<, and the sub-
script D represents the unstretched state; for example, CD denotes the
stress-free strip thickness in the state U in Fig. 3(b). The relation-
ships between the stretched and unstretched dimensions are given
by:

3G = (1 + YG) 3GD, (4a)

CB =
(
1 + YH

)
CD, (4b)

| = (1 + YI) |D . (4c)

Combining (3) and (4a) gives

d|CB

dD|DCD
=
3GD

3G
=

1
1 + YG

. (5)

Applying mass balance across the shear zone AB (Fig. 3(a)) and
using the assumption (3), it follows that

d1|1CB1 (C){1 (C) = d0|DC0{0. (6)

Noting that �(G, C) = |CB (G, C), and substituting (5) and (6) in (2)
gives

3

3C

[∫ !

0

dD (G, C)|DCD (G, C)
1 + YG (G, C)

3G

]
= d0|D{0C0−

d2D (C)|DCD2 (C)
1 + YG2 (C)

{2 (C), (7)

where the subscripts 1 and 2 on the variables denote their values at
span locations G = 0 and G = !, respectively. Equation (7) may be
further simplified using assumption (4) to

3

3C

[ ∫ !

0

CD (G, C)
1 + YG (G, C)

3G

]
= {0C0 − CD2 (C) {2 (C)

1 + YG2 (C)
. (8)

Using the small strain assumption (5), i.e., Y << 1, a further sim-
plification can be made: 1/(1 + Y) ≈ (1 − Y). Therefore,

3

3C

[ ∫ !

0
( 1 − YG (G, C) ) CD (G, C)3G

]
={0C0 − (1 − YG2 (C)) CD2 (C){2 (C). (9)

Let Y<G (G, C) denote the mechanical strain due to strip tension and
Y\G (G, C) denote the thermal strain due to temperature rise. The total
strain in the peeled strip is given by [39,40]

YG (G, C) = Y<G (G, C) + Y\G (G, C). (10)

The mechanical and thermal strains are given by

Y<G (G, C) = ) (C)
|DCD (G, C)�B (G)

, (11a)

Y\G (G) = U\ [\ (G) − \∞] , (11b)

where U\ is the coefficient of thermal expansion of the material,
\ (G) is the temperature of the strip, \∞ is the ambient temperature,
and �B (G) is a function of the strip temperature. Steady-state tem-
perature and thermal strain in the strip are time independent, and

thus depend only on the spatial coordinate G. Substituting for the
strains in (9) gives

3

3C

[ ∫ !

0

(
1 − Y<G (G, C) − Y\G (G)

)
CD (G, C)3G

]
={>C0 −

(
1 − Y<2 (C) − Y\2

)
CD2 (C){2 (C), (12)

where Y<2 = Y<G (!, C), Y\2 = Y\G (!). Equation (12) is a general
form of the governing equation for strip transport in metal peeling,
which may be further simplified under special scenarios to facilitate
further analysis and development of a control law.

The relationship between the thickness CD1 and the peeling pro-
cess conditions can be represented using

CD1 =
C0

A (), {0, U, . . .)
. (13)

Under constant cutting parameters (C0, {0 and U) and operating ten-
sion reference )A , the change in the strip thickness, C̃D1 (C) may be
approximated (using a first order Taylor series expansion) as lin-
early varying with the change in strip tension, )̃ (C) := ) (C) − )A , as
follows:

CD1 (C) = CA − :)̃ (C), (14)

where CA is the reference (desired) strip thickness when peeled under
tension )A , )̃ (C) = ) (C) − )A is the tension error, : = − mCD1

m)

���
)=)A

,
and : > 0. Further, the longitudinal variation in the strip thickness
(transport lag) in the span may be expressed as:

CD (G, C) = CD1 (C − g(G)), where g(G) = G

{(G) , (15)

and {(G) is the strip transport velocity that changes from {1 at G = 0
to {2 at G = !. Note that the above transport lag equation means
that once the strip is formed with a certain thickness at peeling (G =
0), then this thickness does not change during transport through the
span. Let {2A denote the reference strip transport velocity at tension
)A . Since the strip velocity variations in the span are small, for the
purpose of computing transport lag g(G), it is assumed that {(G) =
{2A . Combining (14) and (15) gives the following relationship for
the spatial variations in strip thickness in the span due to temporal
changes in tension

CD (G, C) = CA − :)̃ (C − G/{2A ). (16)

Note that strip formation by peeling is a mechanical process where
large plastic deformation in the shear zone and frictional dissipa-
tion at the tool-chip contact under high strain rates can cause signif-
icant local temperature rise near the peeling edge. However, the use
of flood lubrication (a common practice in metal cutting), coupled
with thin strip cross-sections result in rapid cooling of the strip to
ambient temperature levels in a time span (∼500 ms) that is much
smaller compared to the characteristic time-scale (∼!/{) associated
with strip transport in the span. Thus, for the current purpose, ther-
mal strains are neglected in the study. Consequently, the modu-
lus is independent of temperature and the spatial coordinate, i.e.,
�B (G) ≈ �5 ≈ � . Thus, (12) can be simplified to

3

3C

[ ∫ !

0

(
CD (G, C) − CD (G, C)Y<G (G, C)

)
3G

]
={0C0 − CD2 (C){2 (C) + CD2 (C){2 (C)Y<2 (C). (17)
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Substituting the mechanical strain given by (11a) and the thickness
transport lag equation given by (16) into above equation gives

3

3C

[ ∫ !

0
CD (G, C)3G

]
− [)̇ (C)

= {0C0 −
(
CA − :)̃ (C − g2)

)
{2 (C) +

[) (C)
!

{2 (C), (18)

where [ = !/(|D�) and g2 = g(!). The time derivative of the
definite integral in the above equation is evaluated by substituting
CD (G, C) from (16) and using the Leibniz integral rule and the funda-
mental theorem of calculus. It follows that

3

3C

[∫ !

0
CD (G, C)3G

]
= −{2A :

(
)̃ (C) − )̃ (C − !/{2A )

)
. (19)

A similar approach was employed in [41] to derive the tension gov-
erning equation for spans with time-varying length. Substituting
(19) in (18) gives

[)̇ (C) =
(
CA − :)̃ (C − g2)

)
{2 − C0{0

− {2A :
(
)̃ (C) − )̃ (C − g2)

)
− [) (C)

!
{2 (C). (20)

Equation (20) represents the nonlinear governing equation for strip
tension in metal peeling; note that this governing equation is differ-
ent from those obtained for transport of ordinary webs with constant
thickness in traditional unwind/rewind roll-to-roll systems.

3.3 Coiler dynamics. The dynamics of the coiler with time
varying inertia is given by [20]

�2 (C)
'2 (C)

{̇2 (C) = −) (C)'2 (C) + =2D2 (C) −
15 2
'2 (C)

{2 (C)

+ CB2 (C)
2c'2

(
�2 (C)
'2

2 (C)
− 2cd|'2

2 (C)
)
{22 (C), (21)

where �2 is the effective inertia of the coiler, =2 is the gearing ratio
between the motor shaft and coiler roll shaft, '2 is the radius of
the coil, 15 2 is the coefficient of friction in the coiler roll shaft, and
D2 is the input torque to the motor. Assuming that the radius of
the coil is slowly time-varying, i.e., the coil buildup is very slow at
small transport velocities ('̇2 ≈ 0), the dynamics of the coiler is
simplified to

�2
'2
{̇2 (C) = −) (C)'2 + =2D2 (C) −

15 2
'2

{2 (C). (22)

Equations (20) and (22) together represent a control-oriented
model for strip transport dynamics in metal peeling that incorpo-
rates key physical phenomena and coupling between tension, thick-
ness and transport velocity.

4 CONTROL DESIGN
The primary control objective is to regulate strip tension and

transport velocity (since they are coupled, as evident from the gov-
erning equations) to ensure uniformity of the peeled strip thickness
and efficiency of the peeling, transport and coiling processes. To
achieve this objective, the control problem can be posed as follows.
Given the strip material and coiler parameters, feedstock surface
velocity {0, depth of cut C0, reference thickness CA , and reference
tension )A : (1) determine the reference velocity of the coiler ({2A )
and the equilibrium or feedforward control input (D2A ) required to
maintain the forced equilibrium at the reference tension, velocity
and thickness values; and (2) a feedback control law for the coiler
motor based on measurements of strip tension and coiler angular ve-
locity for coiling of the peeled strip and regulation of strip tension.

Note that the forced equilibrium represents the ideal state of the
system which allows for determining the reference values for the
states and inputs. Since strip transport systems are operational only
under closed-loop control, forced equilibrium at the reference ten-
sion and velocity acts as a baseline. The feedforward control compo-
nent, derived from the governing equations, is designed to maintain
the system at this ideal forced equilibrium. It provides the neces-
sary control inputs to achieve the desired tension and velocity un-
der ideal operating conditions, without accounting for disturbances
or variations. However, real-world processes are subject to various
disturbances and uncertainties. Therefore, the objective of the feed-
back control mechanism is to make real-time adjustments to correct
any deviations from this forced equilibrium state based on real-time
monitoring of actual process variables (strip tension and transport
velocity). In the following, the necessary feedforward control input
and the reference velocity for the forced equilibrium condition are
determined. The linearized governing equations for strip velocity
and tension errors that are utilized for feedback controller design
are also provided.

4.1 Equilibrium control and reference inputs. Let D2A be the
control input that maintains the forced equilibrium at reference strip
transport velocity {2A , tension )A , thickness CA . Since strip with a
certain reference thickness CA is formed at a given reference tension
)A (see Eq. (14)), one has to determine this relationship between )A
and CA . In this work, an empirical experimental process is employed
to determine the relationship between CA and )A for different metals,
as an analytical model is yet to be developed. In addition, define the
following variations: D̃2 (C) := D2 (C) − D2A and {̃2 (C) := {2 (C) − {2A .
The coiler dynamics can be written as

�2
'2

( ˙̃{2 (C) + {̇2A ) = −'2 ()̃ (C) + )A ) −
15 2
'2

(̃{2 (C) + {2A )

+ =2 (D̃2 + D2A ). (23)

Under the assumption that the variations )̃ , {̃2, D̃2 and their deriva-
tives are zero at the forced equilibrium, the corresponding equilib-
rium input is given by

D2A =
15 2
=2'2

{2A +
'2
=2
)A . (24)

Controller 
CV

Peeled strip transport and
coiling dynamics-+Controller 

CT

vc
+-

Tr T+

v2r

++

u2r
Strip transport velocity regulation

Fig. 5 Cascaded control strategy for peeled strip transport and coiling.
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Similarly, the strip transport dynamics is given by

[( ˙̃) (C) + )̇A ) =
(
CA − :)̃ (C − g2)

)
(̃{2 (C) + {2A ) − C0{0

− {2A :
(
)̃ (C) − )̃ (C − g2)

)
− [()̃ (C) + )A )

!
(̃{2 (C) + {2A ) , (25)

which under forced equilibrium ( ˙̃) = )̃ = ˙̃{ = {̃2 = 0) gives the
following relation for the reference velocity {2A

{2A =
C0{0

CA − )A/(|D�)
. (26)

Note that the forced equilibrium is valid only under ideal condi-
tions. In practice, there will be dynamic variations due to process
and machine induced disturbances, thus, the need for using feedback
control to compensate and provide robustness to handle real-world
variations and disturbances.

Substituting the reference values for D2A and {2A from equations
(24) and (26) into (23) and (25), and simplifying, the following
equations for the error dynamics are obtained:

[
˙̃
) (C) = CA {̃2 (C) − :{̃2 (C))̃ (C − g2) − {2A :)̃ (C)

− [

!

(
)A {̃2 (C) + )̃ (C) (̃{2 (C) + {2A )

)
, (27a)

�2
'2

˙̃{2 (C) = −
15 2
'2

{̃2 (C) − )̃ (C)'2 + =2D̃2. (27b)

Linearizing the strip tension and transport velocity error dynamics
equations, by assuming that the product of variations to be negligi-
ble, results in the following equations:

˙̃
) (C) = −011)̃ (C) + 012 {̃2 (C), (28a)

˙̃{2 (C) = −021)̃ (C) − 022 {̃2 (C) + 11D̃2, (28b)

where

011 =
{2A ([ + :!)

[!
, 012 =

CA ! − [)A
[!

,

021 =
'2

2
�2
, 022 =

15 2
�2
, 11 =

=2'2
�2

.

The above linear state equations and availability of measured strip
tension and transport velocity data means that any state feedback
controller may be employed for D̃2. However, this is seldom prac-
ticed in the metals industry as a parallel implementation of both the
tension and velocity loops is often less robust, since small variations
in speed can cause large variations in tension, and vice-versa, due to
large elastic modulus for metals strips [42]. In addition, direct mea-
surement of transport velocity at the coil is generally not available
and it is common to estimate the transport velocity based on mea-
sured angular velocity of the coiler motor and coil diameter estimate
based on the nominal strip thickness and angular velocity measure-
ment. In view of these considerations, a cascaded control strategy
is often employed which consists of two nested feedback loops: an
inner loop for velocity control and an outer loop for tension regula-
tion.

4.2 Feedback control strategy. The structure of the cascaded
control strategy is shown in Fig. 5, where the controller output of
the outer tension loop provides reference velocity corrections to the
inner velocity loop. This dual-loop approach allows for (1) the pre-
cise adjustment of strip velocity and tension, (2) incorporation of
strip tension feedback to address disturbances that are reflected in
the tension signal (as opposed to open loop tension response when
employing strip transport velocity regulation only, shown by the
dashed line block in Fig. 5), and (3) reduced overall variability and
effective response to disturbances. In this paper, as a first step to
design a working closed-loop control law for producing metal strips
by peeling and coiling, PI controllers are employed for the inner and
outer loops. Since R2R machines primarily use rotating machinery,
such as rotary motors and rollers, periodic oscillations are dominant
in measured variables such as tension and velocity. A proportional
controller offers a fast response but often fails to eliminate steady-
state errors. Eliminating steady-state error is crucial for producing
a strip of consistent thickness and quality, as any error in tension
and velocity is reflected as variations in the strip thickness. The
integral component in the PI controller addresses accumulated er-
rors, ensuring the system maintains the desired reference values for
tension and velocity (i.e., zero steady-state error). Additionally, as
discussed in Sec. 5.1, we use a load cell roller to measure roller reac-
tion forces from which the strip tension is calculated. This measure-
ment is subject to high-frequency noise and incorporating a deriva-
tive term would amplify this noise. Thus, the following controller
transfer functions for the inner loop and outer loop are chosen:

�) (B) =  ?) +  8)

B
, and �+ (B) =  ?+ +  8+

B
, (29)

where  ?) ,  8) ,  ?+ , and  8+ are the controller gains. Let *̃2 (B)
and +̃2 (B) be the Laplace transforms of D̃2 (C) and {̃2 (C), respectively.
Then, the coiler motor torque input (*̃2 (B)) is given by

*̃2 (B) = −�+ (B)
(
+̃2 (B) ++2 (B)

)
= −�+ (B)

(
+̃2 (B) − �) (B))̃ (B)

)
. (30)

The following closed-loop characteristic equation is obtained by tak-
ing the Laplace transform of the linearized error equations (28) and
substituting the control input from (30):

B4 + U3B
3 + U2B

2 + U1B + U0 = 0, (31)

where

U0 =  8) 8+01211,

U1 =  8+01111 +  8) ?+01211 +  8+ ?)01211,

U2 =  8+ 11 + 011022 + 012021 +  ?+01111 +  ?) ?+01211,

U3 = 011 + 022 +  ?+ 11.

One can choose the control gains for the velocity loop and tension
loop controllers to place the roots of the characteristic equation.
Theoretical methods for control gain selection such as the Routh-
Hurwitz criterion, pole placement and frequency response methods,
though insightful for stability and performance analysis, do not di-
rectly guide the selection of controller gains in this particular case
with non-linear coefficients, since they require iterative approaches
and optimization techniques to achieve specific performance crite-
ria. Given these challenges, established practices in R2R manufac-
turing were utilized for tuning the controller gains. Industrial web
tension control systems typically employ a fixed gain PI controller
(or a variable gain PI controller for unwind/rewind rollers), with
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gains tuned empirically to ensure stable operation under given con-
ditions and material properties (see [20,42]). This empirical tuning
is essential due to the variability in operating condition, uncertain-
ties in web material and machine parameters, as well as the need
to accommodate system nonlinearities and unmodeled dynamics.
Specifically, for the cascaded structure, the tuning process involves
adjusting the velocity loop gains ( ?+ ,  8+ ) first using a simulated
load (to mimic load due to strip transport) to achieve desired ve-
locity response and ensure motor stability and zero steady-state er-
ror at various reference velocities, and then subsequently tuning the
tension loop gains ( ?) ,  8) ) to attain the desired tension perfor-
mance.

5 EXPERIMENTAL DEMONSTRATION
5.1 Experimental platform. A lab-scale prototype metal

peeling system as shown in Fig. 6 was used to implement and
test the performance of the proposed control strategy. There are
three main elements to this system: (1) peeling of a strip from a
disk-shaped feedstock mounted on a lathe spindle; (2) continuous
transport of peeled strip to the coiler over several rollers, including
a roller mounted on a load cell (load cell roller) which is employed
for real-time feedback of strip tension; and (3) a coiling motor
connected to the coil roll shaft through a gear transmission.

The peeling experiments were carried out on a flat-bed CNC lathe
in a constant feedstock surface velocity ({0 = 0.203 m/s) and depth
of cut (C0 = 102 µm) mode. The feedstock material used in the ex-
periments was a 12.7 mm thick low-carbon steel disk (AISI 1018
grade), while the cutting tool was made of tungsten carbide coated
with an AlTiN abrasive-resistant coating and had a rake angle (U) of
30◦. The cutting velocity and rake angle were chosen to ensure that
the strip that forms is continuous and is characterized by uniform
shear strain across its cross-section, as the chip formation mode in
orthogonal cutting is sensitive to the cutting conditions. For exam-
ple, higher rake angles are known to promote smooth and contin-
uous strips that are beneficial for strip peeling, whereas combina-
tions of smaller rake angles and high cutting speeds can potentially
lead to less desirable chip formation modes such as segmented or
discontinuous chips due to strain localization and fracture [43,44].
Note that the strip width is same as the disk feedstock thickness,
i.e., |D = 12.7 mm. For strip transport and coiling, a 3-HP ca-
pacity, three-phase AC induction motor coupled to a 10:1 gearbox
was used to drive the coiling shaft. The real-time control and data
acquisition system consists of a motor drive, Programmable Logic
Controller (PLC), input/output cards (I/O), and real-time software.
The control strategy (Fig. 5) was implemented as four main sub-
programs: (1) equilibrium inputs (feedforward) evaluator, (2) coil
diameter estimator, (3) transport velocity controller, and (4) strip
tension controller, which run simultaneously. As noted earlier, real-
time tension feedback is provided by an in-line load cell mounted

Fig. 6 Experimental platform used for peeling experi-
ments: 1: feedstock, 2: cutting tool; 3: strip, 4: idle
rollers, 5: load cell roller, 6: coiler.

on an idle roller, while an optical encoder mounted on the coiling
motor shaft provides real-time angular velocity feedback. This an-
gular velocity feedback, along with the reference strip thickness CA ,
was used to continuously estimate the coil radius. The coil radius
and angular velocity data together provided an estimate of the coiler
surface velocity. Note that in the absence of any errors in the coil
radius, this velocity is same as the strip transport velocity {2.

Two sets of experiments were carried out and compared: (1)
velocity control experiments where the objective was to maintain
a constant coiler surface velocity (via control of angular velocity)
without a tension loop, and (2) tension control experiments involv-
ing a cascaded control strategy that adjusts the coiler surface veloc-
ity to maintain a desired tension based on real-time tension feedback
from the load cell. Established practices in web handling and con-
ventional sheet processing suggest an average tension of less than
10% of the material’s yield strength [45]. However, in the case of
peeling, a tensile stress of at least ∼ 15% of the yield strength was
found to be necessary to produce a malleable strip with reduced
edge waviness and out-of-plane curvature. Thus, in tension con-
trol experiments, the strip reference tension ()A ) was set at 155 N.
The reference transport velocity ({2A ) in both the velocity and ten-
sion control experiments was similar, 0.087 m/s and 0.094 m/s, re-
spectively. While employing only velocity regulation (shown by the
dashed block in Fig. 5), )A was not set, however, tension feedback
measurement from the load cell was recorded. The following sam-
pling times were used in the control implementation: velocity loop:
20 ms; tension loop: 100 ms; coil diameter updates: 50 ms; and
feedforward input updates: 500 ms. The first 50 seconds of the data
reported in the results represent the transient response due to coil-
ing initiation, i.e., the response during the time between coiling the
initial peeled strip with a slack and achieving steady-state tension
and velocity.

5.2 Results and discussion. This section presents results from
peeling experiments undertaken to evaluate the performance of the
controllers in regulating strip tension and transport velocity. Fig-
ures 7 and 8 show the evolution of errors in strip tension and coiler
surface velocity in both the control strategies. Data is shown for a
∼ 4 minute time period, which corresponds to a coil length of about
25 m. In these plots, )̂ and {̂2 represent the non-dimensional errors
in strip tension and coiler surface velocity given by

)̂ =
)̃

)A
, {̂2 =

{̃2
{2A

. (32)

In the velocity control experiments (without tension loop), the av-
erage steady-state tension of the recorded tension measurement was
used instead of )A to compute )̂ . From the velocity control exper-
iment in Fig. 7, it can be seen that the coiler surface velocity was
regulated around the desired reference {2A value with a steady-state
mean error and standard deviation of 1% and 0.8%, respectively.
Although velocity regulation was efficient, tension variations were
somewhat large, about ± 25% from the mean tension value dur-
ing steady-state operation. As a reference, the mean tension in this
case is 150 N, which corresponds to a tensile stress fB of 60 MPa;
therefore, 25% tension variation represents a variation of 15 MPa or
about 4% of the strip’s shear flow stress. While it is difficult to pin-
point the origin of these tension variations, they are likely a result
of errors in the estimated coil radius. In this regard, real-time mea-
surement of coil radius, for example using a laser sensor, is expected
to further improve the tension error performance.

Figure 8 presents data from a tension control experiment. It
is seen that tension error performance in this case is superior
when compared to implementation without the tension loop, with a
steady-state mean tension error of 2% from the reference, a standard
deviation of 4%, and a maximum deviation of ± 13% from the mean
value. The corresponding velocity error performance was similar to
that in Fig. 7. These observations suggest that in the absence of di-
rect strip transport velocity feedback, active control of strip tension
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Fig. 7 Strip transport velocity and tension error profile in
a velocity control experiment (without tension feedback).
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Fig. 8 Strip transport velocity and tension error profile in
a tension control experiment (with tension feedback).

provides better performance over controlling coiler surface velocity
alone without tension feedback. To understand the strip thickness
characteristics of coils, strip thickness cross-sections taken from dif-
ferent coil lengths were investigated using optical microscopy. In
these measurements, slightly larger thickness variations were ob-
served in the unregulated tension case (standard deviation of 8%)
when compared to the regulated tension case (standard deviation
of 3.8%). These observations are consistent with the larger tension
variations seen in Fig. 7 vs. Fig. 8. Another important benefit of in-
corporating tension feedback is that it provides a means to compen-
sate for machine disturbances and process variations (both sudden
and slowly varying) since these are reflected in the tension feedback
signal. Experiments were conducted to evaluate this aspect by pur-
posefully inducing disturbances through small step changes in the
feedstock surface velocity ({0), see Fig. 9. The sharp tension drop
at the 200 second mark in the figure is due to step perturbation of
5% increase in {0, while that at the 300 second mark corresponds
to a step perturbation of 1.05{0 to 0.95{0 (∼10% decrease). From
the tension plot, it is evident that tension is regulated back to the set
point value of 150 N in both the cases. These observations confirm
that the controller regulates tension at the desired reference value

despite disturbances, validating the feedback controller’s capability
to handle dynamic variations in the process and maintaining con-
sistent strip quality. The ability to regulate strip tension at differ-
ent reference values is shown in Fig. 10, which shows tension data
from three different experiments carried out with different tension
set points of 155 N, 200 N and 245 N (and reference velocities of
0.094 m/s, 0.103 m/s and 0.111 m/s, respectively). In all cases, ten-
sion converges to the desired reference values with a mean steady-
state error under 3%, and a post-settling standard deviation of about
5%. Similarly, velocity in all cases converged to the desired refer-
ence with steady-state mean error and standard deviation well within
1%. These results indicate that the dynamic model effectively cap-
tures the essential characteristics of the strip transport process, as
well as the contribution of the feedforward control input to drive the
system to the desired state.

Experiments performed under various levels of strip tension dur-
ing peeling have also revealed that the geometric attributes and ma-
terial properties of the peeled strip are significantly influenced by
the magnitude of tension. For example, Fig. 11 depicts the effect of
applied tension on strip edge waviness and curvature. It is seen that
a higher tensile stress (fB) has a positive impact on strip quality in
terms of reducing both edge waviness and out-of-plane curvature.
Note that due to strip thickness dependence on tension in peeling,
isolation of tension effects from thickness effects requires simulta-
neous feedback and control of the feedstock velocity ({0). Such ex-
periments to investigate tension effects on strip quality are planned
in the future.

6 CONCLUSIONS AND FUTURE WORK
This paper modeled the strip transport behavior in metal peel-

ing and developed a control strategy for the transport of peeled strip
from the cutting edge to the coiler. In particular, governing equa-
tions for strip tension and transport velocity that incorporate the in-
teraction between between applied strip tension and thickness were
developed. As a first step, an efficient and yet simple cascaded con-
trol strategy was proposed based on these equations to regulate strip
tension. An experimental platform was developed and peeling ex-
periments were conducted employing the proposed tension control
strategy. The experimental results confirm the efficacy of the pro-
posed control strategy in terms of achieving the desired strip tension,
velocity and thickness values and maintaining stability with mini-
mal error. The robustness of the system in the presence of large ma-
chine disturbances and process variations was also verified. Taken
together, the work demonstrated the need for regulating strip tension
in peeling and its positive impact on strip quality.

0 50 100 150 200 250 300 350 400
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250

0 50 100 150 200 250 300 350 400
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Fig. 9 Tension regulation under induced disturbances in
the feedstock surface velocity (v0).
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Fig. 10 Velocity and tension plots showing the ability to
achieve and maintain constant reference values under dif-
ferent set-point conditions.

Potential future work includes scaling to larger widths, thick-
nesses and transport velocities and development of model-based
controllers to aid controlled strip production under a wide variety
of conditions, including zero-speed splicing using an accumulator
and ramp up from zero speed to full speed for the coiler. It is ex-
pected that with larger widths, both machine induced disturbances
and peeled strip shape irregularities (such as flatness and edge wavi-
ness) may arise; thus, model-based controllers that can efficiently
regulate strip tension and transport velocity under varying dynamic
conditions will be needed. Specifically, robust and adaptive con-
trollers that incorporate a detailed dynamic process model, includ-
ing nonlinearities in the governing equations, to account for uncer-
tainty in the process as well as system parameters will be explored.
This is expected to eliminate the need for re-tuning under different
operating conditions or material properties, thereby enhancing the
control system’s robustness and adaptability. Further, the shape ir-
regularities that are expected to arise during peeling of wider strips
may require additional model development and control design, in-
cluding regulation of the strip’s lateral position during transport and
coiling. The strip transport model in this paper assumed an ideal
rectangular cross-section of the peeled strip and does not directly
account for edge waviness and out-of-plane curvature. Future work
could involve modifying the governing equations for strip transport
both in the span and within the coil to account for these non-ideal
conditions. The current feedback-feedforward controller structure
within the cascaded control strategy allows for feedforward com-
pensation to include terms that predict and counteract edge wavi-
ness and curvature based on current and past measurements. For
example, see [46] for modeling and control in the presence of non-
ideal rollers. Other refinements could include replacing fixed-gain
PI controllers with adaptive control algorithms that adjust parame-
ters in real-time based on current system performance, and incor-
poration of sensors specifically designed to detect edge waviness
and out-of-plane curvature (e.g., laser displacement sensors or high-
resolution cameras) to provide detailed feedback to the control sys-
tem for more precise control actions.
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Fig. 11 Effect of tension on (a) edge waviness (low-carbon
steel, 50 mm width), and (b) out-of-plane curvature (stain-
less steel, 9.5 mm width). Stainless steel was chosen for
the latter demonstration because of its propensity to form
a highly curled strip.
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