Chapter 7
Tension Control in a Steel Slitting Line

Gregor Dolanc

7.1 Introduction

Steel slitting lines are used to slice wide steel strips which come out of a cold rolling
mill into a number of narrower strips of the width specified by the customer. The
tension of the steel strip in front of the slitter is one of the key technological param-
eters that affect the quality of the slitting process. This chapter describes a steel strip
tension control system which was developed in the framework of reengineering an
existing steel slitting line in a cold rolling mill.

The motivation for the reengineering project was the following. In the steel plant
discussed below there were two steel slitting lines, one for processing the thinner
material and the other for the thicker material. Over time, market demands have
changed in favour of the thinner material, which is used for more advanced prod-
ucts and is therefore priced higher than the thicker material. In order to meet in-
creased market demands, it was necessary to significantly increase the production
capacity of the thinner material. One option was to install an additional new line for
processing the thinner material, but this idea was abandoned due to the consequent
high financial and logistical burden on the company. On the other hand, the line
producing the thicker material was operating at around 50 % capacity, and therefore
a much better idea was to utilise the remaining capacity for the production of the
thinner material. For that purpose, the entire line had to be thoroughly reengineered.

An additional motivation for reengineering the line was to increase reliability
and reduce maintenance costs. The existing control system was already more than
30 years old and was based on obsolete analogue electronic circuits. This resulted in
reduced reliability and increased the number of maintenance interventions. The only
remedy for this situation was to replace the existing system with a new computer-
based control system.

Reengineering and functional modifications of the existing control system repre-
sented a great challenge because we wanted to expand the slitting line functionality
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by means of advanced control solutions rather than expensive mechanical modifica-
tions. This chapter is focused on the theoretical background of the steel strip tension
control part of the control system, and also on the most relevant practical aspects of
implementation, which significantly contributed to the success of the entire project.

The remaining part of the chapter is organised as follows. In the next section,
the steel slitting line and main functional requirements of the control system are
described. Then we focus on the problem of steel strip tension control arising in
most steel slitting lines and analyse the possibilities for solving this problem. We
continue with the central goal of this chapter, i.e., the design and implementation of
the steel strip tension control system. Finally, we discuss some practical difficulties
encountered when applying the theory.

7.2 Description of the Steel Slitting Line and Main Functional
Requirements of the Control System

The cold rolling mill under consideration consists of two different slitting lines,
one for thinner material and the other for the thicker material, which are shown
schematically in Figs. 7.1 and 7.2.

In both lines a steel strip is continuously uncoiled from the uncoiler and led to
the rotating slitter. In the slitter it is longitudinally cut into several narrower strips,
which are then wound up into coils by the recoiler. The tension of the steel strip
between the uncoiler and slitter must be carefully controlled, since this affects the
quality of the slitting process.

Processing the thinner material requires very accurate tension control. In the thin-
ner material line the tension is controlled mechanically, i.e., by a combination of a
mechanical brake and an entry disburdening loop. Thanks to the loop, the slitter is
exposed only to the force of the mechanical brake and is not exposed to the force of
the uncoiler.

The processing of the thicker material tolerates less precise tension control in
front of the slitter. Therefore, the configuration of the line for the thicker material is
simpler. The entry disburdening loop is left out, so that only the exit disburdening
loop is present.

The exit disburdening loop and the mechanical brake are used in both lines to
control the tension of winding up the sliced steel strips. In addition, the exit loop
also compensates for any possible length difference between particular strips which
may accumulate during slitting.

DC motors are usually used in drives since their speed and torque are very easily
controlled by armature voltage and current. In the line for producing the thicker
material 150 kW DC motors are used in the uncoiler and recoiler drives and a 20 kW
DC motor is used in the slitter drive. Figure 7.3 shows the mechanical setup of the
uncoiler of the slitting line for the thicker material, consisting of the DC motor,
gearbox, coil hub and auxiliary equipment.
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Fig. 7.2 Slitting line for the thicker material

7.2.1 Possible Solutions

The main goal of the project was to increase production of the thinner material. To
achieve this, there were several options, as shown in Fig. 7.4.

The first option was to build up an additional new line for the thinner material
(option a), but this turned out to be too expensive and logistically demanding.

The alternative and finally accepted approach was to upgrade the existing line
originally used for processing the thicker material (option b). The line had to be
technologically upgraded to enable the line to also process the thinner material, in
particular the tension control between the uncoiler and slitter had to be made more
accurate. This could be done in two ways.

The most direct and risk-free solution would be to implement the missing en-
try disburdening loop (option c). To do this, a mechanical setup very similar to the
setup of the existing exit loop (shown in Fig. 7.5 and Fig. 7.6, C) would have to be
implemented between the uncoiler and the slitter. However, among other matters,
this would require approximately 5 meters of additional space between the uncoiler
(Fig. 7.6, A) and the slitter (Fig. 7.6, B). To provide the space, the position of the
uncoiler with all the associated equipment and installations would have to be rear-
ranged. This would lead to very expensive and complicated modifications.
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Fig. 7.3 Mechanical setup of the uncoiler (150 kW DC drive)
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Fig. 7.4 Possible solutions for increasing the production of the thinner material

There was therefore a desire to avoid modifications to the mechanical setup and
to substitute for the missing disburdening loop by controlling the tension via electric
variables of the drives (option d).

This kind of tension control is usually based on measuring the tension with a sen-
sor (option e) and controlling the drive torque. However, the installation of a tension
sensor into the existing line would still require significant mechanical modifications,
so there was a desire to omit the tension sensor too. The remaining option was to
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Fig. 7.5 Mechanical setup of the exit loop between the slitter and the recoiler

control the tension without a tension sensor by a combined feedback and feedfor-
ward control scheme (option f), which will be described in more detail below.

7.2.2 The Previous Control System

The previous version of the control system was implemented using analog electronic
circuits and enabled the following operation modes: slitting mode, rewinding mode
without slitting, and several modes of jog operation used to feed the steel strip into
the line or to resolve irregular events. The existing slitting mode was implemented
by controlling the drives in the following way:

e The slitter DC drive operated in linear speed control mode, which means that the
slitter determined the speed of the steel strip.

e The uncoiler DC drive operated in tension control mode, which means that the
tension of the steel strip between the uncoiler and the slitter was held at an ap-
proximately constant value. Tension was controlled via the uncoiler motor arma-
ture current, however, the control was pretty rough, especially during accelera-
tion/deceleration. The control did not take into account the variable coil radius.
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Fig. 7.6 The steel strip slitting line for the thicker material which was subject to modernization
(A—uncoiler, B—slitter, C—exit loop, D—recoiler)
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Consequently, tension was not constant during a speed change. This was not so
problematic during processing the thicker material, but would become an impor-
tant issue during processing of the sensitive thinner material.

e The recoiler DC drive operated in linear speed control mode. The operator had
to maintain the level of the exit loop by manually correcting the uncoiler speed
set-point via the potentiometer.

7.2.3 Requirements for the New Control System

The goals in upgrading the control system were the following:

e To achieve more accurate control of the tension between the uncoiler and the
slitter. In particular, it was very important that the tension remain under control
also during acceleration/deceleration. This was essential for processing the thin-
ner material, which is much more sensitive to mechanical stress than the thicker
material.

e To achieve automatic control of the exit loop level.

e To replace the existing analogue control circuits with a more reliable and flexible
programmable logic controller.

The main idea with regard to upgrading the control system is the following. The
required speed of the steel strip remains the main reference signal and is adjusted
by the operator. It represents a set-point for the speed controller of the slitter. The
slitter remains the master drive and therefore the other drives have to be coordinated
with the master one.

The coordination of the slitter and the uncoiler is performed by maintaining a
constant tension of the steel strip between the uncoiler and the slitter. Generally,
when controlling the tension of the strip between the two drives, both tension and
speed must be controlled. Therefore, one of the drives operates in a linear speed
control mode dictating the speed, while the other drive operates in a tension control
mode. In the slitting line at issue, the slitter operates in linear speed control mode
and the uncoiler operates in tension control mode. The direction of the tension of
the uncoiler is opposite to the direction of the speed of the steel strip. Therefore,
the direction of the uncoiler motor torque is opposite to the direction of the angular
speed, which means that the motor operates either in generator mode or active brake
mode, depending on the level of the required tension.

The coordination between the slitter and the recoiler is performed by automat-
ically controlling the constant level of the exit disburdening loop, however, this is
not a matter addressed in this chapter.

In order to perform the required operation, a generalised control diagram for the
DC drive was designed as indicated in Fig. 7.7.

The control diagram in Fig. 7.7 should be implemented for all three drives. The
diagram performs basic control of the DC drives and coordination between the
drives. Basic control is needed in all drives and includes control of the armature (ro-
tor) current and field (stator) current. The currents are controlled by PI controllers
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Fig. 7.7 Simplified control diagram of one DC drive

which adjust the voltages of the DC power supplies of the armature and field. The
control diagram in Fig. 7.7 provides three possibilities for coordination with other
drives: linear speed control, tension control, or loop level control between the two
drives. In the remainder of this chapter we will focus on tension control of the steel
strip between the uncoiler and the slitter.

7.3 The Steel Strip Tension Control Problem

Maintaining the proper tension is crucial for the quality of the slitting process. In
the absence of the disburdening loop, maintaining the proper tension is even more
important than in the presence of the disburdening loop. If the tension is too high,
the steel strip begins to slip in the slitter, resulting in an uneven cut and damaged
slitter knives. On the other hand, if the tension is too low or zero, the steel strip be-
comes loose, which leads to poor lateral guidance of the strip and eventually it will
run out of the track. Additionally, an uncontrolled strip loop may begin to appear
between the uncoiler and the slitter and this may cause bumps while re-establishing
the tension, which almost certainly leads to damaged slitter knives. Therefore, the
tension must always be close to some low set-point value and this is particularly im-
portant when processing the thinner material, which is more sensitive to mechanical
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stress. The tension must be held constant not only when the speed is constant, but
also during acceleration and deceleration and jog operation.

7.3.1 Main Requirements and Ideas for Possible Solutions

The idea was to control the tension by controlling the slitter drive linear speed and
uncoiler drive torque. The latter is proportional to the motor armature current. How-
ever, the relationship between the motor torque and the tension is nonlinear for var-
ious reasons. Firstly, at constant speed the relationship between tension and torque
varies with the uncoiler coil radius, which decreases due to the uncoiling of the steel
strip. Secondly, during speed change, a part of the motor torque is utilised to accel-
erate or decelerate the rotating masses (coil, motor, gear). In order to control the
tension, it is obvious that the torque for the acceleration/deceleration of the rotat-
ing masses must be taken into account. This can be accomplished by a feedforward
compensator, which should be a part of the control block diagram. Note that for
precise tension control the compensator parameters must be carefully tuned. A pre-
requisite to implementing this kind of tension control is “four quadrant operation”
of the armature DC power supply of the drive controlling the tension. This means
that the drive can rotate in both directions in motor mode, generator mode and active
brake mode.

7.3.2 Relation to the Existing Solutions

Tension control is one of the most common control problems in steel slitting lines as
well as in web processing machines. Tension is usually controlled by simultaneous
control of several electric drives. Due to the significant practical relevance, prob-
lems of this kind have been widely discussed in the literature. The fundamentals of
dynamic modelling and control in web processing machines are given in, e.g., [11],
where basic control diagrams for speed and tension control are presented. In general,
web tension can be measured by sensors, such as load cells or dancer rolls [6], how-
ever, their installation requires extensive mechanical modifications. An alternative
is to estimate tension by observers. This can be done in several ways, depending on
the type of machine and the properties of the web. In [9] the authors developed three
types of observers for tension estimation in web winding machines. The first type
of observer is a nonlinear observer that estimates the tension between two drives
by using the difference between their linear speeds. The speed difference is a re-
sult of web prolongation due to elasticity, considering also the effect of inertia. This
approach is expected to work well provided the elasticity of the web is significant
(e.g., in the case of rubber, plastic materials, paper). In our case, the prolongation of
the steel strip is relatively low due to the low elasticity of steel and the short length
of the strip segment between the uncoiler and the slitter. This would lead to a low
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speed difference between the drives which cannot be measured accurately enough.
In addition, due to the slitting process, the linear speed of the slitter is slightly higher
than the actual speed of the steel strip. For these reasons, the proposed nonlinear ob-
server is not expected to work in our case. The other two approaches stressed in [9]
refer to an algebraic observer and a sliding-mode observer, which estimate the ten-
sion from the torques generated by the drives. This can work also for lower or zero
web elasticity but, unfortunately, cannot be directly used in our case. The reason is
that a significant part of the torque generated by the slitter is consumed for cutting
and reshaping the material.

In [12] three different tension control methods are tested on a prototype machine,
consisting of two drives, one operating in tension mode and the other operating in
speed mode. The first method consists of an open loop tension controller with feed-
forward compensation of the acceleration and deceleration torque, which is related
to our solution, but designed for AC drives only. The second method consists of
a classical cascade control in which the tension is directly measured by the ten-
sion sensor. The tension controller corrects the speed reference of the linear speed
controller of the first drive. As explained, the use of a tension sensor was an un-
favourable option in our case due to the mechanical complications of the installa-
tion. The third method utilises a tension observer which estimates the tension based
on the motor torque generated and the measured drive speed and acceleration. This
is a classical feedback control scheme with a tension sensor substituted for by the
observer and does not incorporate feedforward compensation, which is needed in
our case.

Several industrial case studies are reported in the literature, most often in associa-
tion with hot and cold rolling mills in the steel industry, as well as in association with
different kinds of paper production machines. A survey of tension control methods
for rolling mills can be found in [4]. However, tension control in rolling mills is not
directly comparable to tension control in slitting lines, since rolling mill operation
requires more accurate tension control than slitting lines. Due to the high preci-
sion demands, the tension in rolling mills is usually measured by tension sensors
and controlled by a feedback loop. Similar tension control applications can also be
found in paper production machines. During operation, a paper strip runs through
the production machines with many coils and drives, and the tension between them
has to be controlled. Several reports exist in the literature in which sensorless ten-
sion control is applied to paper machines, e.g., [3, 7], but the presented systems are
based on AC drives. In our case, the whole system is based on DC drives, which
leads to different control structures.

7.3.3 Why a Commercially Available Solution Was Not Applicable

Nowadays, many systems for the coordinated control of electric drives are commer-
cially available. Solutions exist for DC drives and AC drives. In cases where speed
control or torque control was required, or coordination between multiple drives had
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to be established, DC drives were traditionally dominant, since their speed and
torque can be controlled very elegantly via armature voltage and current [1, 10].
On the contrary, AC drives were originally used only in applications where con-
trolled or coordinated operation was not required. Conditions changed dramatically
after the introduction of AC frequency converters and servo controllers. At their
early stage of development, AC frequency converters were only available for a low
power range and were only capable of adjusting the speed of the motor in an open
loop via the frequency of the AC voltage. As their development progressed, fre-
quency converters also became available in higher power ranges (>100 kW) and
they began to support more advanced control functions, such as closed loop speed
control, torque limitation/control, and position control. Due to expanded function-
ality, relatively low costs, simple mechanical design, and low maintenance costs,
AC drives invaded many areas previously dominated by DC motors, e.g., the paper
industry, the metal industry, and many other fields. Nowadays, some manufacturers
of electric motors and drives also offer accompanying hardware equipment (power
converters along with programmable control units) and control software (program-
ming tools and libraries of function blocks) to implement various control functions
related to motor drive operation. The technology for DC and AC drives exists on
the market, although AC drives predominate for the mentioned reasons of increased
functionality and low cost design. In spite of the available technology, we decided
to implement a custom-oriented solution for the following reasons:

e In order to gain benefits from the state-of-the-art control hardware and software
for electric drives, the DC power supplies in the existing line would have to be
replaced, too. The reason is that drive-related control functions are usually inte-
grated within state-of-the-art DC power supplies, which nowadays combine both
a rectifier unit and a programmable control unit. In the project considered, the
existing DC power supplies remained in service since their replacement would
have required relatively high additional costs. Thus, new control functions had to
be implemented outside the DC power supplies, using an external programmable
logic controller.

e We wanted to provide a completely custom-made solution which would be per-
fectly adapted to the existing system and to the particular technological demands.
This is only possible if all control functions are developed “from scratch”.

e By omitting mechanical modifications and by using general purpose control hard-
ware and software, it was possible to provide a low-cost solution and simultane-
ously to achieve the required increase in the functionality of the slitting line.

7.4 Design of Steel Strip Tension Control
7.4.1 Model of the DC Drive

The typical DC drive consists of a DC motor and a gearbox. High power DC motors
are externally excited, which means that the magnetic flux is generated by a DC
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Fig. 7.8 Simplified scheme of the DC motor with external excitation

current through the stator coil. The simplified electric scheme is shown in Fig. 7.8.
The principle of operation and associated physical relations can be found in many
textbooks, e.g., [5], and here only the main relationships will be outlined.

The DC motor is controlled by two input variables: the armature DC voltage U4
and the stator DC current /r, which is controlled via field DC voltage Ur. The
controlled outputs are the angular velocity @ and torque M generated due to the
force between the rotor and the stator.

The armature voltage U4 covers a voltage drop at the armature resistance R4
and the back electromotive force £

Uas=I4Ra+ E (7.1)

The back electromotive force (also denoted as EMF) is caused by armature rota-
tion through the magnetic field and is proportional to the armature angular speed w
and the magnetic flux ¢ (field), generated by the stator

E = kopw (7.2)

Here, k¢ is a dimensionless proportional constant. In DC motors with external
excitation, the magnetic flux ¢ is generated by a stator coil and is proportional to
the current through the stator coil, referred to as field current I

¢ =Irkr (7.3)

where factor kr [Vs/A] depends on the motor construction parameters. The motor
torque is proportional to both the armature current /4 and magnetic flux ¢

M =kopla (7.4)
Since the flux is proportional to the field current /r, the motor torque reads

M = kokplalp (7.5)
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The armature current /4 is proportional to the voltage difference (U4 — E) that
drives it and inversely proportional to the armature resistance R4

_UA—E

1
A R

(7.6)

By combining Egs. (7.2), (7.3), and (7.6), the armature current can be expressed
as a function of the armature voltage U4 and the angular speed w

_ Up — koopw _ Up — kokplrw

1 7.7
A R Ry 7.7
Provided the armature current 74 is known, the angular speed w reads
Ups— I4R
_JATARA (7.8)
kokplIp

Using Eqgs. (7.5) and (7.7), the motor torque M can be expressed as a function of
the armature voltage Uy, field current Iy, and angular velocity w

Ua —kokplpow  kokplpUy — (kokpIp) e

M =kokplpls =kokplF -
OKFIF 1A = KOKFLF Ra Ra

(7.9)

One can see that the field current Ir performs similarly to a continuously ad-
justable gear: increasing the field current results in reduced motor speed w and in-
creased torque M and vice versa.

All relations presented up to this point are static. They are valid only in the case
of operation at constant speed. Let us now analyse the dynamic relation between
the armature voltage U, and the motor angular speed w. To do this, let us first
consider the generated motor torque. It is utilised to accelerate the rotating masses
with moment of inertia J, to compensate for the friction torque (krgrw) and external
load torque M

M=Jw+ kppw + Mp (7.10)

At the same time, the generated motor torque depends on the armature volt-
age and motor angular speed, as follows from Eq. (7.9). After combining the rela-
tions (7.9) and (7.10), we obtain a first order linear differential equation for angular
speed w

kokp1r)? kokpIrU
JC;)_’_((OFF) +kFR>w= OkelrUa 0 (7.11)

Ry Ry

Now let us analyse the moment of inertia J of the rotating masses, which are
accelerated by the motor. Recall that all DC drives of the slitting line are composed
of a DC motor and a gearbox (Fig. 7.9).

Let the gear ratio be denoted as G. In the case of the considered drives, G is
greater than 1. The input shaft of the gear (at the motor side) rotates with speed w
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Fig. 7.9 DC drive with a
motor and a gearbox

while the output shaft rotates with the reduced speed wg

=— 7.12

wG = (7.12)

The motor provides the torque M, while the output shaft of the gearbox delivers
increased torque Mg

Mg=MG (7.13)

To determine the effective moment of inertia J, it is necessary to evaluate the mo-
ment of inertia of the complete system (motor + gearbox + other rotating masses).
Let the components of the moment of inertia be divided into two parts:

e Jjy—the moment of inertia of all parts rotating with speed w (the rotor, the pri-
mary part of the gear)

e J;—the moment of inertia of all parts rotating with speed wg (the secondary part
of the gear, the steel strip coil).

The moment of inertia Jy, is reflected to the motor side via the gear by the factor
1/ G?). Therefore, the total moment of inertia on the motor side is

Jr
J=dvt o (7.14)

In the case of the uncoiler DC drive, the moment of inertia J; can be subse-
quently divided into two components

J.=Jg+Jc (7.15)

where

e Jy is the constant moment of inertia of the uncoiler hub element, axis and load
side of the gear;

e Jc is a variable moment of inertia of the still strip coil with variable radius and
mass (due to steel strip uncoiling).

Now let us determine the moment of inertia of the steel strip coil, which is shown
in Fig. 7.10 and geometrically represents a “thick wall tube”.
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Fig. 7.10 Steel strip coil

The moment of inertia of such a geometric body is expressed as

Je=F(+r)) (7.16)

Here, m represents the mass, r,, is the internal radius (constant), and r is the
outside radius (variable). Furthermore, the mass can be expressed as a product of the
density p and the volume V, the latter is a function of the variable outside radius r,
the internal radius r,,, and the width /

V=n(r?-r)l (7.17)

Thus the mass is
m:,oV:,on(rz—r,%)l (7.18)
If Eq. (7.18) is put into Eq. (7.16), we obtain the coil moment of inertia expressed

as a function of the geometric dimensions

Jo= %(r4 — ) (7.19)

Considering relations (7.15) and (7.19), we can rewrite expression (7.14) for the
total moment of inertia, which is a function of the variable radius » of the steel strip
coil

wlp 4 4 JH

7.4.2 Linear Speed Control

A very common mode of operation is the control of linear speed (in our case, linear
speed is the speed of the steel strip). The linear speed v depends on the motor angular
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speed w, the gear ratio G, and the outside radius r of the coil or roll which drives
the steel strip

= = 7.21
vV=wgr G (7.21)
If we consider the relation (7.8) in (7.21) in a steady state, we obtain
Ups—IAR
_ (Ua — 1aRA)r (7.22)
Gkokplp

Since the radius r of the uncoiler and recoiler coil varies with time, the gain
between the armature voltage U, and the linear speed v is not constant but in-
creases with the radius . Variable gain in general requires variable parameters of
the controller (e.g., PI) for linear speed, which would complicate the control struc-
ture. However, we can make the gain constant by eliminating the coil radius from
Eq. (7.22). This can be done by adjusting the field current I in the following way:

Ip = kgr (7.23)

where kg is the proportional factor [A/m] of the control system. To implement
this relation, the coil radius has to be measured online by a sensor. By inserting
Eq. (7.23) into Eq. (7.22), the coil radius r is eliminated. As a result, the linear
speed only depends on the armature voltage and current, as follows from Eq. (7.24):

_ (Ua—1aRn)

7.24
Gkokrkr (7.24)

7.4.3 Tension Control

Let us analyse the relation between the motor armature current /4 and tension force
F of the steel strip. We start with the generated motor torque M, which can be
decomposed into two components, My and My,

M=Mpr+ My (7.25)

The first component M represents the torque which generates the tension force
F of the steel strip. The tension force causes the torque F - r at the uncoiler coil with
radius r and this torque divided by the gear ratio must equal the motor torque M
Mp=1" (7.26)
F=— .
G
The second component M4 represents the torque needed for the accelera-
tion/deceleration of the rotating masses

Mpa=Jd (7.27)
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Here J stands for the moment of inertia, given by Eq. (7.20), and @ is the motor
angular acceleration. Taking into account the coil radius r and gear ratio G, a link
between the motor angular acceleration w and the linear acceleration v of the steel
strip can be expressed as

o="G (7.28)
r

If this relation is inserted into Eq. (7.27), we obtain the relation between the
motor torque and the linear acceleration

My=12G (7.29)
r

The motor has to overcome both components, Mg and M4, by generating the
torque M according to Eq. (7.5). As in linear speed control mode, we apply the
same relation (7.23) between the coil radius r and the field current /r. In this way
we compensate for the effect of the variable coil radius in the relation between the
armature current and the tension of the steel. With this in mind, the torque generated
by the motor reads

M = Iskokpkgr (7.30)
By considering relations (7.26), (7.29), and (7.30) in (7.25), we get

Fr v
[AkOkaRT':E—i-J—G (731)
r

From relation (7.31), we can express the armature current /4, which generates the
tension F of the steel strip and accelerates the rotating masses by the acceleration v

1 F JGv
Iy = — 7.32
47 kokrkg <G * r? ) (7:32)

As with the torque, also the relation for the armature current (7.32) can be de-
composed into two components, 4 and Is4. Let us call the first component I4r
the “tension current”, generating the demanded tension force F

Izr = Fky (7.33)

F—o— =
kokpkr G
We see that the gain k4 between the tension F and the armature current I4r is
constant despite the variable coil radius r. This is a consequence of relation (7.23)
acting as a linearisation.
The second component 144 is referred to as the “acceleration current” generating
the torque M 4 for the acceleration of the rotating masses of the uncoiler with overall
moment of inertia J

=0f(r) (7.34)

Iop = p—
A= O krkpr?
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Fig. 7.11 The term J/r? as a function of the coil radius r

where f(r) is
G
kokpkg 12

Equation (7.34) is used to determine the armature current needed for the required
acceleration. So the linear acceleration v in Eq. (7.34) actually represents the re-
quired acceleration vpgys. It must match as closely as possible the actual accelera-
tion of the drive controlling the speed, i.e., the slitter drive, which operates in linear
speed control mode. In Eq. (7.35) the term J/r? appears, which can be expressed
by dividing Eq. (7.20) by r2

J 7wlp ( ) rﬁ) Ju | JIu

2=\ ) tert e

fr)= (7.35)

(7.36)

An example of function (7.36) is represented in Fig. 7.11. Note that the position
of the minimum of function (7.36) depends on its parameters and it may appear
outside the operating range of the radius.

Relations (7.33), (7.34), (7.35), and (7.36) represent the background for the DC
drive control block diagram, which will be discussed in the next section. The re-
lation (7.33) between the armature current and tension in general requires the DC
drive parameters to be known with sufficient accuracy. The mitigating fact in our
case is that the tension set-point is not explicitly prescribed in terms of a strict nu-
merical value. Instead, based on experience and visual feedback (observing the sag
of the steel strip, see Fig. 7.12), the operator adjusts the tension set-point to optimise
the slitting process and guidance of the steel strip. Sagging of a few centimetres in-
dicates the correct tension. Once the tension set-point is properly adjusted, the actual
tension is automatically controlled by the control system and operator intervention
is no longer required.
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Slitter

Tension @

Tension too high

Tension adequate

Uncoiler i Tension too low

Fig. 7.12 Adjusting the tension set-point

7.4.4 Block Diagram of the DC Drive Control

Figure 7.13 represents the control diagram in a simplified form. It is composed of
feedforward and feedback blocks. The tension set-point F' is adjusted by the op-
erator via the potentiometer. It is set to some low negative value so that the actual
tension is opposite to the direction of the linear speed. The input Vpgys represents
the required acceleration. As we have already explained, it should be as close as
possible to the actual acceleration of the slitter drive operating in linear speed con-
trol mode. In Sect. 7.4.5 we will show how the actual acceleration of the slitter is
estimated. Based on the required tension F, required acceleration Vpgys, and mea-
sured coil radius r, the tension current /4 is determined by the feedforward relation
(7.33) and the acceleration current I44 by the feedforward relations (7.34), (7.35),
and (7.36). The sum of the components I4r and I44 represents the armature current
set-point I47 for tension control mode. Based on this set-point, the armature current
is then controlled by a feedback (PI) controller, which adjusts the armature voltage
command signal Us_cup. The field current set-point Ir_sgr is determined by feed-
forward relation (7.23) and fed into the field current PI controller, which controls
the field current by adjusting the field voltage command signal Ur_cpyp. Note that
the field current must never decrease below a certain minimum value, otherwise the
motor speed may increase too much and go out of control. Therefore, a safety func-
tion (limitation) is implemented, which sets the lower and upper limits of the field
current in case of coil radius sensor failure.

The diagram in Fig. 7.13 supports three modes of operation. We will review each
of them in more detail.

Tension Mode The selection switch in front of the speed controller is set to the
position “armature voltage control” and the selection switch in front of the armature
current controller is set to the position “tension control”. The armature current set-
point I47 is fed via the selection switch into the armature current controller, which
controls the actual armature current by adjusting the armature voltage command
signal Uy _cup- At the same time, the speed controller is exposed to the safety set-
point v7 (low negative value, e.g., —30 % of the maximum armature voltage), which
is activated by setting the binary signal TSPD to 1 as long as the tension mode is
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active. This prevents the speed from increasing in reverse direction in case tension
from the slitter is absent or interrupted (e.g., due to a steel strip being torn off). If the
tension from the slitter is interrupted, then the armature current tends to approach
zero. The armature current controller responds to this and tries to keep the current at
the set-point I47 by increasing the armature voltage in a negative direction towards
—100 %, which would cause the uncoiler to accelerate in the inverse direction. But
once the armature voltage Uy rppk falls below the safety set-point vy (—30 %),
the armature voltage error becomes positive, which causes the output of the speed
controller 145 to increase and become positive too. Consequently, the MAX function
selects 145 since it is greater than I47, which is negative. Since now I4g represents
the active armature current set-point, the drive actually switches to speed control
mode; the armature voltage and consequently also the linear speed are under control.
Without this safety measure, the uncoiler would accelerate in the reverse direction
leaving the speed out of control.

Under normal conditions, when there is tension from the slitter the actual arma-
ture voltage is negative, but it is greater than vy (—30 %). Consequently, the speed
controller output I4g is at negative saturation (—100 %) since it tends to decrease the
armature voltage to vr. At the same time, the signal I47 is negative too, but greater
than —100 %. Since we have (Ia7 > Iss), the MAX function selects the I47, which
means that the armature current controller regulates the tension.

Speed Mode Speed control mode is used in the regime for rewinding the steel
strip without slitting. Since this does not fall within the scope of this chapter, it will
not be discussed further. Let us only mention that in this case the selection switch
in front of the speed controller is set to the position “linear speed control” and the
switch in front of the armature current controller is set to the position “speed con-
trol”. The signal vsgr is used as a linear speed set-point, whereas the speed feedback
v is calculated from the measured motor angular speed w by relation (7.21).

Jog Mode Uncoiler jog operation is needed during line start up to feed the steel
strip into the line and also during interrupted operation to resolve irregular situa-
tions. During jog operation, the operator manipulates the steel strip by rotating the
uncoiler forward or backward at slow speed. Movements are controlled via the push-
buttons JOG FWD and JOG REV. The forward and backward jog speed set-points
are defined by the constants vy and vg. The jog speed set-point is filtered by a low
pass filter to obtain a soft start and soft stop. During jog operation, the selection
switch in front of the speed controller is set to the position “armature voltage con-
trol”, which means that the linear speed calculated by Eq. (7.21) is substituted for
by the feedback armature voltage Us_rppk, wWhich is approximately proportional to
the linear speed, as follows from relation (7.24). This substitution is needed since
at very low speed the operation of the angular speed sensor is not accurate enough,
and for short moves its response time may not be adequate.
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Fig. 7.14 Diagram for processing the speed signal and estimating slitter acceleration

7.4.5 Processing of the Speed Set-Point Signal and Estimation
of the Slitter Acceleration

As already explained, the input vpgys in Fig. 7.13 represents the required acceler-
ation of the uncoiler and it must match the actual linear acceleration of the slitter
as closely as possible. However, the acceleration of the slitter is not measured di-
rectly, since the measurement is problematic. In principle, slitter linear speed could
be measured by an incremental encoder and linear acceleration could then be cal-
culated by numerical derivation of the speed signal. Unfortunately, this approach
poses two problems. Firstly, the derivation amplifies the high frequency noise in the
speed signal, and secondly, the calculated acceleration is delayed with respect to the
actual acceleration. Both problems would seriously deteriorate the proper operation
of the proposed control structure. Therefore, direct measurement of the slitter linear
acceleration is substituted for by model-based estimation. The presented block di-
agram in Fig. 7.14 performs two tasks: first, it processes the linear speed set-point
signal, which is adjusted by the operator, and second, it estimates the actual linear
speed and acceleration of the slitter.

Let us briefly explain the functionality of the diagram. The input to the diagram is
the linear speed set-point signal vser por, which originates from the potentiometer,
adjusted by the operator. The signal from the potentiometer is first processed by a
rate limiter, which limits the acceleration if the operator readjusts the potentiometer
too vigorously. Maximum up and down rates are determined so that the resulting
acceleration/deceleration is limited to a value which can be followed by all drives.
The next processing step is a noise reduction filter (first-order low-pass filter), which
reduces the noise in the speed set-point signal. The output vggr represents the linear
speed set-point for all drives, the uncoiler, slitter and recoiler. The noise reduction
filter is followed by the slitter speed and acceleration estimator, which represents
the simplified model of the slitter dynamics. More specifically, it approximates the
dynamic relation between the linear speed set-point vsgr of the steel strip and the
actual speed of the slitter. It provides the estimated slitter speed vsrj7 gsr and the
estimated slitter acceleration Vszyr_gsr, which is then fed into the uncoiler control
diagram (Fig. 7.13), i.e., into the Vpgys input.
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Fig. 7.15 Result of the processing of the speed set-point signal (1 means 160 m/min.)

The estimator is in fact an open loop observer, implemented in terms of a first-
order low-pass filter with static gain equal to one. This kind of observer can be used
in our case since both static and dynamic observation errors are expected to be small.
The static error is expected to be near zero since slitter speed is controlled in a closed
loop by a PI controller, which means that the static gain between the linear speed set-
point and actual speed equals one. Also the dynamic error is expected to be small,
since the acceleration/deceleration is limited by the ramp function and the dynamic
delay between the linear speed set-point and actual slitter speed is almost negligible.
By trial and error, we found the estimator time constant 0.2 s to be appropriate. The
effect of processing is shown in Fig. 7.15.

7.4.6 Estimation of the DC Drive Parameters

Equations (7.33), (7.34), (7.35), and (7.36) represent the feedforward part of the
tension control block diagram. They contain several parameters of the DC drive
that are unknown. It would be very impractical to determine all parameters by first
principles. Therefore, some parameters were estimated from measurements using a
grey box modelling approach [8].

To determine the factor k4 between the tension force F' and the armature cur-
rent I4 in relation (7.33), we need to know the motor constants ky and k, the gear
ratio G, and the factor kg between the field current and the coil radius. The gear
ratio G is usually specified on the gearbox data tag, and in our case is

G =1841 (7.37)
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The factor kg between the field current and the coil radius is a control parame-
ter and it was determined in such a way that at the maximum possible coil radius
r = 615 mm the maximum allowed field current /r = 15 A was applied. The corre-
sponding current field factor in this case is

kg =24.4 A/m (7.38)

The next step was to determine the parameters ko and kr. Since in Eq. (7.33) they
appear in terms of a product, there is no need to identify each parameter indepen-
dently. Their product (kok r) can be estimated by inverting Eq. (7.8) in the following
way:

kokp = JA—TARA (7.39)
1 FW

The estimation can be carried out by using the armature voltage, the armature
current, the angular speed, and the field current, measured while the motor is op-
erating at steady speed without any external load applied. In general, the armature
resistance R4 must be also known, since it appears in relation (7.39). However, the
expected armature resistance of the considered DC motor is very low (only around
0.1-0.2 ©2) and also the armature current /4 at constant speed and the absence of ex-
ternal load is quite low since it only compensates for the motor and gearbox friction.
Consequently, the term (14 R4) in Eq. (7.39) can be neglected. At an applied arma-
ture voltage of 150 V and field current of 7.3 A, the measured angular speed of the
motor was approximately 208 revolutions per minute. From this data we estimated
the product (kokr)

U 150 V
kokp ~ = ———— e = 0.94 VS/A (7.40)
Iro 73 A2

Once the product (kokfr) is known, it is possible to calculate the factor k4 in
relation (7.33), which represents the link between the tension F and the tension
current I4r

1
 kokpkgrG

Since the tension F' is not prescribed in terms of a numerical value and the opera-
tor adjusts the tension set-point based on experience and visual feedback, determin-
ing the factor k4 is not absolutely necessary. However, if k4 is known, an indication
of the tension can be provided in engineering units.

Next, it is necessary to evaluate relation (7.34) by determining the function f(r).
Using relations (7.35) and (7.36), the function f(r) can be expressed as

G J G [nlp(, r} Ju Iy
- =2 | TP o 7.42
T = ek 7 kokka[2G2 (’ 2) e (7:42)

ka =0.0024 A/N (7.41)

Note that the moments of inertia Jy and Jys are both unknown. The effective
density of the coil material p is also not precisely known due to the existence of air
gaps between particular turns of the coil.
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Fig. 7.16 The interpolated function f(r)

Based on this, we decided to estimate the function f(r) experimentally and rep-
resent it in terms of a look-up table and linear interpolation. The following calibra-
tion procedure was used. A steel strip coil was placed on the uncoiler, but the coil
remained packed, and a steel strip was not fed into the slitter. The coil radius was
measured by the installed ultrasonic sensor and the field current was adjusted ac-
cordingly by relation (7.23). Then the set-point of the armature current was changed
stepwise from zero to a constant value, which caused the drive to accelerate lin-
early from zero speed (ramping-up). During acceleration, the linear speed v was
calculated following Eq. (7.21) and recorded. We measured the time zeng Which was
needed for the drive to accelerate from zero to the target linear speed vepg. Once
the target speed vepg was reached, the armature voltage set-point was set back to
zero and the drive was stopped by a mechanical brake. The value of f was then
calculated for a particular radius by dividing the armature current set-point by the
calculated linear acceleration (@ = Vend/fend)

Tend

fr)=Ia_seT (7.43)

Vend

In order to build a complete look-up table the procedure was repeated for five
different coil radii, starting with the minimum (0.3 m) and ending with the maxi-
mum radius (0.68 m). The graph of the function using linear interpolation between
particular points is presented in Fig. 7.16.

Due to possible changes and drifts in the process parameters, the function f(r)
can gradually become inaccurate and this may lead to poor tension control during
acceleration and deceleration. For this purpose, we introduced a multiplication con-
stant ¢ into relation (7.34)

Iqpa = Ocf (r) (7.44)
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The constant ¢ can be set by the operator in the range (0.7 ...1.3) via the poten-
tiometer. By this, the operator can correct a possible inaccuracy of the function f ()
until a recalibration is performed.

7.4.7 Tuning the Controllers

Three closed loop controllers can be found on the control diagram in Fig. 7.13:
the armature current controller, the speed controller, and the field current controller.
All three are implemented as continuous time proportional-integral (PI) controllers.
Generally, the control action of the PI controller is determined by two parameters:
the proportional gain k, and the integration time 7;. These two parameters must be
tuned to obtain optimal control response. They were tuned experimentally, while
the control response was monitored by an analogue paper recorder. The reasons for
using such a classical method of controller tuning are explained below in Sect. 7.6.

Tuning the Armature Current Controller  The first step consists of recording
the response of the armature current to the armature voltage change (square pulses).
From this, the orders of magnitude of the PI parameters were determined using stan-
dard tuning rules, see, e.g., [2]. After that, the PI parameters were optimised experi-
mentally by trial and error until a fast but oscillation-free response was achieved. At-
tention was devoted not only to the controlled signal (the armature current I4_rppk),
but also to the control signal (the armature voltage command Ua_cyp) and the ac-
tual armature voltage U4 _rppk. The time profiles of all three signals needed to be

Fig. 7.17 Armature e
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high il
Jog command
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free of oscillations and noise. Experimental optimisation was possible, since the
control response was very fast and many parameter combinations could be tested in
a very short time. Figure 7.17 shows an example of the operation of the armature
current PI controller where the proportional gain was too high. This can be seen
from the significant amount of noise in the signals, which can cause problems for
the armature DC power supply.

To resolve this problem, the proportional gain was reduced. We found the com-
bination k, = 0.5 and 7; = 0.2 seconds very convenient. Note that in Fig. 7.17
the actual armature voltage and current are represented in terms of negative signals
(=1-Ua_rpBk and —1 - Ia_rpBk).

The field current controller was tuned in a similar manner, although a lower pro-
portional gain and slower response was acceptable, since the field current set-point
changes with the coil radius, which changes relatively slowly.

A similar experimental technique was also used to tune the PI controller for
speed; in this case the optimal parameters were k, =2 and T; = 0.5 seconds.

7.4.8 Testing and Evaluation

During implementation and commissioning, the operation of the system was thor-
oughly tested. The most important question was if the system would be able to con-
trol the tension accurately enough during speed changes (acceleration/deceleration).
Since the level of tension is not measured by a sensor, it was not possible to nu-
merically compare the actual tension with the required value. In our case the only
possibility was to evaluate the tension visually by monitoring the sag of the steel
strip, as shown in Fig. 7.12. The tension was evaluated at both constant and variable
linear speed and the visual inspection showed that the system was able to control

Fig. 7.18 Uncoiler (A) and slitter (B) during operation
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Fig. 7.19 Closer view: a section of the steel strip under tension

the tension within the required tolerance. Figure 7.18 shows the critical section of
the steel strip between the uncoiler (A) and the slitter (B) and Fig. 7.19 shows the
sub-section of the steel strip in front of the slitter, where the sag of the steel strip can
be monitored.

Let us point out that the entire project was successfully completed and the new
control system has been in service for several years. The slitting line functionality
was expanded for the production of both the thinner and thicker materials and all
economic goals were achieved. Thanks to the new control system, the production
capacity for the thinner material was increased by almost 100 %. Since the new sys-
tem was based on the already existing mechanical setup, it represented a relatively
modest investment.

7.5 Implementation Issues

For successful implementation of the control system the theoretical analysis and
design presented in this chapter had to properly consider many important imple-
mentation issues. Some of these will be briefly discussed below.

7.5.1 Selection of the Implementation Platform

The control structure and the corresponding algorithms of the new control system
were implemented on a programmable logic controller (PLC). For successful im-
plementation it was necessary to select a PLC with suitable hardware and software
capabilities. The following criteria for the selection of hardware and software were
the most important:

o Computational power. The computational power of the PLC needed to be suf-
ficiently high to guarantee a short enough execution period of the control algo-
rithms. Generally, tasks related to the control of electric variables and also po-
sition and motion require fast control responses and thus higher computational
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Fig. 7.20 A sample page of the control block diagram

power. All the PI controllers of our control block diagram are implemented as
software blocks and the periodic execution of the blocks must be fast enough to
mimic continuous operation. Therefore, the selection of an adequate execution
period is important. Here we followed the rule of thumb which suggests that the
execution period must be at least 5 to 10 times shorter than the time constant
of the open loop response of the controlled variable. The most critical is the ar-
mature current controller, since the armature current has the fastest response to
change in the control signal (the armature voltage). The time constant of the re-
sponse is determined mainly by the cut-off frequency (30 Hz) of the analogue
filter of the armature current signal. This means that the open loop time con-
stant is approximately 33 milliseconds. Therefore, the execution period of the
armature current controller was chosen to be 5 milliseconds, which is approxi-
mately 7 times shorter than the open loop time constant. By the same rule, we
also determined the execution period for other controllers, which was 150 mil-
liseconds.

o Different execution periods. Running the complete control block diagram with
the shortest execution period (5 milliseconds) would be acceptable, but it would
require very high computational power, since the complete diagram is composed
of more than 300 programming blocks. To optimise the utilisation of the available
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computational power, we introduced two different execution periods for particu-
lar parts of the control diagram: a fast one (5 milliseconds) and a normal one
(150 milliseconds). As explained above, the fast execution period was only used
for closed loop control of the armature currents, while the normal execution pe-
riod was used for all other tasks, including the control of the mechanical variables
(speed, tension, loop level). In general, the option of having several execution
periods can be built into the operating system of the programmable logic con-
troller or supported by its programming tool. In our case, a programming tool
was used which supported the grouping of the programming blocks into sev-
eral groups, each group having its own execution period and priority class. Note
that there is a strong interaction and dataflow between control functions with fast
and normal execution periods. The programming tool must make this commu-
nication possible and easy, which may not be the case in classical multitasking
structures, where both groups would be implemented in terms of separate pro-
grams.

e Rapid prototyping. The possibility of rapid implementation and prototyping was
very important, since it was expected that during commissioning some parts of
the control structure would have to be modified, expanded, or redesigned in a
short period of time, possibly without major programming effort, using a graph-
ical interface with the ability to drag and drop the pre-programmed functions
from the library. Block-oriented programming tools are preferable for this kind
of software development. The designer has the freedom to select the program-
ming blocks from the library, insert them into the control diagram, and connect
them with other blocks via input and output signals. Usually, libraries contain
pre-programmed blocks and there may also be a possibility to add customised
blocks. The benefit of such an approach to software development is the time sav-
ings due to the re-use of prepared functions and a significant reduction in pro-
gramming errors due to the use of checked and approved functions. In our case,
we needed the following types of function blocks: arithmetic operations (addi-
tion, subtraction, multiplication and division), logic operations, a PID controller,
lead/lag, a low pass filter, a look-up table, limitation, rate limitation, a selection
switch, a comparator, minimum and maximum selection, and settable numerical
constants.

e Online monitoring and parameter setting. For effective commissioning, it must
be possible to monitor online any selected signal in the control block diagram
without any programming effort. At least display in numerical format must be
provided and possibly also in terms of a time chart, which is useful to check
the responsiveness and stability of control loops. Also online changing of the
parameters without the need to compile and download the code is very impor-
tant.

All the above criteria had to be fulfilled during the selection of the programmable
PLC. We selected a modular PLC of Mitsubishi Electric, series A1S with two pro-
cessing units and a number of digital and analog input/output modules. The first
processing unit was a standard unit A1SH CPU used for sequential operations (co-
ordination and switch-over between operating regimes). It was programmed with a
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classical ladder logic diagram by using the Mitsubishi Medoc programming tool.
The second processing unit was the special coprocessor module SPAC20, designed
jointly by Jozef Stefan Institute and the company INEA and marketed by the com-
pany Mitsubishi Electric. This unit is fully compatible with Mitsubishi Electric A1S
series controllers and is based on a relatively powerful signal processor, the Texas
Instruments DSP TMS320C32 with a 40 MHz clock and 2 MB of RAM. It executes
the entire control block diagram, organised in the mentioned two groups with nor-
mal and fast execution periods. For programming, the block-oriented programming
tool IDR BLOK! v. 4.22 was used, which satisfied all the above-mentioned criteria
and which is produced by the company INEA. Figure 7.20 shows one sample page
of the documentation of the program implemented in IDR BLOK, representing the
armature current PI controller of the uncoiler. Note that the entire program takes up
around 20 pages, containing over 300 programming blocks.

7.5.2 Signal Interfacing

The PLC was connected to the DC power supplies via analogue and digital signals.
Custom-designed interface electronics circuits were necessary to connect the stan-
dard PLC signals (—10...10 VDC or 0/4...20 mA) with the non-standard signals
of the DC power supplies (—15...15 VDC or —25...25 VDC). The PLC and in-
terface electronic circuits were integrated in the signal cabinet, shown in Fig. 7.21.
In the first (top) row, the PLC is installed, the second row from the top is occupied
by interface electronic circuits, and the remaining bottom rows are occupied by the
power supply for the signal lines, fuses and installation material.

7.5.3 Sensors

In general, sensors for the measurement of process variables are important parts
of control systems. Special attention must be devoted to their selection and also to
their installation. In our case, besides electric variables, the coil radius has to be
measured online, since it is needed in the control system to control the field current
viarelation (7.23) and to evaluate the function f (7). Note that before the upgrade the
coil radius had not been measured, so the sensor had to be added for this purpose.
The idea was to use a general purpose and relatively low cost ultrasonic distance
sensor. However, it turned out that this measurement required special attention. Note
that the roundness of the uncoiler and recoiler coils is usually not ideal, but slightly
eccentric. This causes the measured distance signal to slightly oscillate while the

I'The concept of IDR BLOK is closely related to the more recent “Function Block Diagram” of
the IEC 61131-3 standard. An IEC 61131-3 compliant version of IDR BLOK has recently been
developed.
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coil rotates. We tested three different ultrasonic sensors and not all were able to
handle the slight oscillations of the distance. Either a frozen or temporarily wrong
measurement appeared due to distance oscillation. None of this was tolerable since
it would cause significant disturbances in the control of the DC drives. In addition,
the oscillations of the radius are directly transferred to the motor field current set-
point via relation (7.23), which can cause uneven motor operation. To prevent this,
the oscillations had to be eliminated by low-pass filtering. Such filter can be part
of the sensor or, alternatively, implemented in the PLC. The time constant of the
filter can be relatively long, since during normal operation the coil radius changes
relatively slowly. Finally, adequate attention also had to be devoted to the mounting
of the sensor, see Fig. 7.22. The sensor must be protected from any kind of physical
impact that is likely to occur in a rough industrial environment.

Fig. 7.21 Implementation of the control cabinet
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Fig. 7.22 Installation of the ultrasonic sensor for coil radius measurement

7.6 Discussion in the Context of Theory/Practice Issues

The realisation of such a demanding project as the one presented in this chapter is
often associated with specific situations which affect the directions in which solu-
tions are sought. Many of them were discussed in previous sections of this chapter.
Here we would like to emphasise three additional ones. The first one is related to
the analysis of the then existing state (the state before modifications) of the process
under consideration, and the other two, to some non-functional requirements which
prevented us from applying theoretically more attractive solutions. Let us briefly
comment on all of them.

It is well known that the analysis of the then existing state has to be performed
at the start of the project [13], and is especially difficult if some existing technical
plant is being modified, as in our case. Understanding the existing state represents a
foundation for all modifications and improvements. If the existing state is not well
understood, the project will most likely fail. In our case, the first and quite rough es-
timate of the existing state was captured by visual inspection of the slitting line and
during valuable communication with the customer’s key technical personnel. How-
ever, the detailed technical analysis which was needed for the design of the new
system and integration with the then existing system could only be obtained from
the documentation. This can be a serious problem in general, since the documenta-
tion of old systems is often incomplete, inaccurate, with important details missing,
and subsequent modifications not documented. In our case, the problem originated
also from non-standard documentation nomenclature, which was a consequence of
the old age of the slitting line and the fact that the documentation standards at the
time of the construction of the line were quite different from today’s standards. Con-
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sequently, some parts of the documentation were found to be very difficult to under-
stand. Since the documentation did not reveal all the necessary information, many
field tests had to be performed to completely analyse the functionality of the then
existing system. This was a very time consuming task which substantially affected
the design and implementation of the solutions.

One of the basic non-functional requirements of the customer was to provide a
low cost system which would be as simple as possible to implement, commission
and maintain. Quite often it turns out that advanced methods can be impractical
from this point of view. Sometimes, their better performance cannot surmount the
difficulties regarding their implementation and exploitation. Let us demonstrate this
by two trivial but very evident examples.

In Sect. 7.4.6 we discussed the experimental estimation of the function f(r),
which defines the relation between the acceleration component of the armature cur-
rent In4 and the linear acceleration v for different coil radii . As mentioned, the
function was estimated for five different coil radii. At each radius, f was estimated
and data points (r;, f;), i = 1...5, were recorded in a look-up table. Based on this
table, we wanted to approximate the function f for an arbitrary radius r. Our first
thought was to use a polynomial approximation. In this case, the parameters of the
polynomial would have to be obtained by a least-squares optimisation method. The
main problem was, however, that during commissioning and maintenance it may
be necessary to change only a part (possibly only one point at a time) of the ap-
proximated function f, leaving other parts unchanged. In the case of polynomial
approximation, changing any data point (r;, f;) or adding an additional point would
require the least-squares optimisation process to be repeated, resulting in a new set
of polynomial parameters. Due to the changed polynomial parameters, the complete
polynomial is changed. Consequently, also the part of the function f which was
intended to be kept unchanged may be changed to some extent, which is very dis-
advantageous. In addition, we wanted the approximation function to go through all
measured points (r;, f;), but this cannot be fulfilled in a polynomial approximation
and least squares optimisation. Therefore, we decided to use linear interpolation,
which does not require any optimisation and allows a change of only a part of the
approximated function by simply changing particular data points. In linear interpo-
lation, the approximation function goes through the measured data points, however,
in regions between data points it may be somewhat less accurate than polynomial
approximation. We found linear interpolation to be much simpler and appropriate
for commissioning and maintenance. This rather trivial example illustrates that not
only performance, but also implementation, commissioning and maintenance fac-
tors need to be taken into account when selecting appropriate methods.

The next example is related to the tuning of the parameters of closed loop PI
controllers, which was addressed in Sect. 7.4.7. As explained, we determined the
controller parameters manually by repeatedly adjusting them and observing the
process response. Based on tuning rules and our experience, we repeated this un-
til the process response was acceptable. Alternatively, we could have used one of
the available tools for automatic tuning of controller parameters. These tools de-
termine the controller parameters based on the process dynamic model, which is
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automatically estimated from the captured process response to the change of the
input signal. Using automatic tuning would by no means be a more exact approach
than manual tuning. However, in our case we found automatic tuning less practical.
The main reason is that automatic tuning methods usually run on personal comput-
ers. It is therefore required that the change of the input signal and process response
are recorded by the personal computer. During recording, the sampling period must
be sufficiently short to capture the time profile of the process response with enough
accuracy. The sampling period should be equal or shorter than the execution period
of the controller, which was determined to be 5 milliseconds. Such a short sampling
period could hardly be established via the existing serial communication (RS-232)
between the programmable logic controller and the personal computer. The lack of
communication speed could have been compensated for by buffering the signals in
the programmable logic controller and periodic (offline) transmission of the buffer
to the personal computer. However, this would have required some additional pro-
gramming effort, which was not favourable due to the very tight deadlines of the
project. Therefore we decided not to use the automatic tuning approach.

7.7 Conclusion

The problem presented in this chapter is tension control in a steel slitting line. It was
addressed in the framework of the upgrading of the slitting line. Due to economic
reasons and mechanical constraints, established mechanical solutions, such as using
a disburdening loop or the application of online measurements of the tension, were
not acceptable for the customer. Therefore, alternative solutions were sought.

We proposed an original solution based on feedforward calculation of the ar-
mature current of the uncoiler drive, which consists of the tension current and the
acceleration current. The tension current is calculated by means of the required ten-
sion, which is determined by the operator on the basis of visual inspection of the
sag of the steel strip. The acceleration current is calculated from the acceleration
of the slitter, estimated by an open loop estimator, and a nonlinear function which
incorporates characteristics of the drive and the gear and depends on the changing
radius of the uncoiler. The approach has proven to be successful and the designed
system has now been in service for several years.

During the design and implementation, the already-known fact that it is very im-
portant to fully understand the process before any control system can be designed
was confirmed. Understanding the process is as important as understanding the con-
trol methodology, however, the background for the control methodology is widely
explained in the literature, while the details of the particular process are usually not.

The control system was designed not only for performance, but also for ease of
testing, commissioning and maintenance, which turned out to be important not only
during start-up and commissioning, but also in later stages of use.

The control system was implemented in the form of software for a programmable
logic controller. We composed all control functions from basic control and arith-
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metic blocks; no commercially available drive-oriented control software or hard-
ware were used. This method of implementation required a deeper understanding of
both the process and the control methodology, but as a benefit, we could provide a
solution which was cost effective and fully adapted to the current process.
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