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ABSTRACT

Airway height is a critical characteristic when considering the build process of heat exchange
components such as radiators and condensers. Understanding and controlling the strip tension
of airway machines will help in reducing the scrapped cores caused by dimensional drift of

airway height.

The scope of this project is to examine the issue of tension control on an airway machine and

the effects of tension upon airway height.

There are several factors that affect the stability of airway height (i.e. machine speed, material,
lubrication, form roll settings, pack up and pull out roll speed and material tension). Material
tension is the backward acting force that keeps the strip at an optimum tension when presented
to the forming rolls. Too little tension will cause “pile-ups” with the potential of damaging the
machine and too much tension will tear the material because of the forming process. Strip

tension is a delicate but very important factor in the airway manufacturing process.

The proposed method of tension control will involve the design and installation of a closed

loop system that can be interfaced to the PLC.

The implementation of the tension mecasurcment system will involve understanding the
principle of operation of the Wheatstone bridge in relation to Load Cells, calibration,
interfacing and scaling of signals in order to obtain an accurate and reliable measurement of
strip tension. This will then lead to the design and software implementation of a control system
that will control the tension by regulating an electro-pneumatic proportional valve that operates

on friction pads in order to alter the strip tension,

The implementation of the airway height measurement system will involve the use of an LVDT
(Linear Variable Differential Transformer) that will act as the contact transducer of the
measurement. This will also involve the design of a supporting mechanical system that will

present the LVDT to the airway.

The overall effect of tension monitoring and control, along with that of airway height
measurement with the LVDT is the focus within the project. This report sets out to demonstrate
PID / Feedback systems that will maintain a stable airway height. This will not only case the
airway machine operator from procedures such as performing spot checks of airway height and
the adjustment of strip tension, but will also allow scrap reduction.

Very detailed abstract given which clearly shows the
scope of the project
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1 INTRODUCTION AND BACKROUND RESEARCH

1.1 Introduction

1.1.1 Company information

This project is based at the Llanelli site of Calsonic Kansei, which is a worldwide supplier of
automotive components such as heat exchange, air conditioning, exhaust, interior and
electronic components. Calsonic Kansei has almost 50 manufacturing centres between Europe,

America and Asia.

The Llanelli site is one of the main manufacturing plant for heat exchange components such as
radiator and condensers as shown in Figure 1.1. Also shown below are some of the customers

of Calsonic Kansei.

S

’ Radiator RERAULY,
Condenser ‘

VELAND -

k¥

Figure 1.1 - Products and customers (Calsonic Kansei Europe, 2018)
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1.1.2 Aims and objectives

The objective of this project is to look at the airway production process with the focus on

reducing rejects, scrap volume and setting downtime.

In order to achieve the aim of the project an automated control system for airway height is to
be developed implemented. This system is to produce a stable airway production process that

will satisfy the above crileria.

This project could have a significant impact on the business since it would not only allow
reducing production downtime by climinating the need for operators to periodically measure
the airway height and manually adjust the strip tension, but it would also significantly reduce

the number of production rejects and scrap items, which contributes to the business loss.

As a working practice, airway height is manually measured at the start of every shift and after
every change of coil. Despite these periodic checks, there is no guarantec that the airways
produced are always within the specified tolerance. This is due to many factors — as mentioned

in the abstract, but the main causal factor is strip tension.

Figure 1.2 shows the manual measurement method for airway height, which is performed using

a Dial Test Indicator (DTTI).

Figure 1.2 - Dial test indicator (DTI)




Figure 1.3 shows the variation in airway height measurement due to operator interaction. Ten
samples were measured by three different operators and the results obtained were different
from one operator to the other confirming that there is a variation caused by the operator

interaction with the measurement of airway height.

Parts * Operators Interaction

Figure 1.3 - Operator interaction

Experienced operators usually detect products with airways that are not to specification by
handling the product and visually inspecting it, however, these unwanted changes are usually

undetected and cause rejects and scrap.

When airways are deemed to be outside specifications, the operator adjusts the pressure
regulator, which then changes the tension of the aluminium strip and therefore changes the

height of the airway.

After the adjustment, the operator measures the height of one airway by using the DTI. If the
height is still not within the specification limits, the pneumatic pressure is adjusted again. This
process is repeated until the measured airway height is within the provided specification. This
adjustment method can often last several minutes causing significant production downtime.

Very good detail on how the airway height is adjusted manually at
present and what the problems are with operator interfacing




1.2 Background Research

1.2.1 Airway machine
Airways arc produced from a fin mill or airway machine, shown in Figure 1.4.

Figure 1.4 - Airway machine
Figure 1.5 shows a process diagram of the airway machine, which is further explained in the

following pages.

Manual

pressure regulator
l Spring Pull out
finger roll Guillotine

Dancing _ TE l
roller L] @ @m ,

o Boypudt
f__n”__ I

/ li-"! Pneumatic 1 T
/ “ | cylinder and Form Gathering Pack up Airway
/ pressure pad rolls rolls rolls
Aluminium
strip

Figure 1.5 - Airway machine existing process diagram

Excellent detail showing the existing

system




The first stage of the airway production process involves an unwinding mechanism of the
aluminium coil, the speed of which is controlled by the “dancing arm™. This system gives a
constant feed of aluminium strip to the machine and will not be investigated further as it is

outside the scope if this project.

A pneumatic cylinder and pressure pads are then used to apply force on the strip in order to

produce tension. Figure 1.6 shows the pneumatic cylinder and pressure pads.

Pressure pads

Aluminium
strip

Figure 1.6 - Pressure pad
The pneumatic pressure, and therefore the tension, can be adjusted manually via the pneumatic
pressure regulator shown in Figure 1.7. Typical pressure levels for best machine performance

vary between 25 and 35 psi.

Manual adjustment -
Turn clockwise to decrease

airway height and turn
anti-clockwise to increase
airway height

Figure 1.7 - Pressure regulator

The strip tension is critical for the forming process of the airway as it affects the airway height.




Figure 1.8 and Figure 1.9 show the three key characteristics of an airway, which are height,
length and fin pitch. The fin pitch is the distance between a top peak and the next bottom peak,
while the height is the distance between the highest and lowest point.

Airway length

el

.

Airway height

Figure 1.8 — Airway height and length

Fin Pitch Material - Aluminium
1.25 mm Thickness - 0.07 mm

Figure 1.9 - Airway height and fin pitch
The next stage of the airway manufacturing process involves a series of rolls and a spring finger

that allow adjusting the fin pitch.

Once the airway is formed and both airway height and fin pitch have been adjusted, the airway
is cut to length by the guillotine. This guillotine is a blade coupled to a motor that cuts the

airway during a single cycle motion.

Very good explanation of how the system functions befere
the project implementation




Figure 1.10 shows a diagram of the airway machine, which is used to explain the process that

will be developed in this project.

Tension / airway

height adjustment [ Airway height REsRe BNt |
A Spn‘ng Contact sensor MNon contact sensor
e - finger :
o < Tension l
(‘,,-’ Dancing H = i :

d roller | |

Pneumatic

|

cylinder and Form Gathering Pack up Pull out Airway
/ pressure pad rolls rolls rolls roll
Aluminium
strip

Figure 1.10 - Airway machine new process diagram
Strip tension will be measured between the pneumatic cylinder and the form rolls. The tension
in the material is critical at this point since it determines the airway height based on forming

speed and tensile strength.

Strip tension adjustment can be achicved by controlling the unwinding speed and torque of the
unwinding mechanism or by automatically adjusting the pneumatic pressure of a friction

system. Controlling strip tension will influence airway height.

Airway height measurement can be achieved via a contact or non-contact sensor. If a contact
sensor is chosen, it will be located between the pack up rolls and the pull out rolls. At this point
the airway is formed and is relatively strong and therefore, it will not be subject to damage due
to contact with other parts. If a non-contact sensor is chosen, it could be located as above but

also further forward in the process because of its non-intrusive nature.

Clear indication of how the project will automatically alleviate the
operator interface for strip tension and measure airway height




1.2.2 Process capability

Figure 1.11 shows the process capability report for airway height, which quantifies how well
the process meets the specification. It compares the output of the process to the specification
limits (NIST/SEMATECH, 2013).
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Figure 1.11 - Airway height capability report
The specification limits are represented by the Lower Specification Limit (LSL) and the Upper
Specification Limit (USL). These are identified by the vertical dashed lines in red on the
histogram (NIST/SEMATECH, 2013).

The capability (Cp) and capability index (Cpk) values highlighted in Figure 1.5 are two

statistical values used to determine how well a process meets the specification.

Cp is the ratio between the spread of the specification (USL — LSL) and the process spread
(Minitab Inc., 2017).

Figure 1.12 and Figure 1.13 show respectively a process with low and high Cp. The spread of
the specification is represented by the blue line, while the spread of the process is represented
by the red line. A process with a Cp value greater or equal to 1.33 is considered capable, which

means that improvements are not necessary (Minitab Inc., 2017).
LS 7 usL
I

Figure 1.12 - Low Cp (Minitab Inc., 2017) Figure 1.13 - High Cp (Minitab Inc., 2017)




Cpk is also used to indicate how capable a process is, but it takes into consideration the distance
from the process mean, which is the average value of all measured samples, closest to the

specification limit (USL or LSL) and the one sided spread of the process (Minitab Inc., 2017).

Figure 1.14 and Figure 1.15 show respectively a process with low and high Cpk where the
process mean is represented by the black line, the distance from the process mean to the closest
specification limit is represented by the blue line and the one sided spread of the process is
represented by the red line. A process is considered capable when the Cpk value is greater or
equal to 1.33 (Minitab Inc.. 2017).

— — — — — — — —#

Figure 1.14 - Low Cpk (Minitab Inc., 2017) Figure 1.15 - High Cpk (Minitab Inc., 2017)

If Cp and/or Cpk is lower than the benchmark of 1.33, as shown in Figure 1.11, then the process
is not capable and therefore needs to be improved in order to reduce its variation and/or the

shift of the mean towards one of the two specification limits (Minitab Inc.. 2017).




2 SPECIFICATION

The project will focus on the following areas:

1. Strip tension measurement
2. Strip tension control

3. Airway height measurement
4,

Airway height control

2.1 Strip tension measurement

Strip tension will be measured and displayed to the user as a kilogram force (KgF) value. The
measurement instrument will have a minimum resolution of 0.01KgF and must be capable of

measuring strip tension up to 10 KgF. The accuracy of the instrument must be at least 0.2KgF.

2.2 Strip tension control

Strip tension control will be automated, meaning that operator interaction with the control
system must be completely removed. The control system will be developed using the PLC of
the fin mill and a suitable device that will enable adjusting the tension in the aluminium strip.

The system must be able to maintain the tension within £0.2KgF of the set point value.

2.3 Airway height measurement

Airway height will be measured via an in-line automated measurement system. The accuracy

of the instrument must be at least 6um,

The resolution of the measurement instrument must be 6um or less. This is determined
according to “The Rule of Tens™ mentioned in the AIAG guideline, which states that gauge
resolution should divide process tolerance, in this case 60um, into at least 10 parts (Minitab,
2017).

The measurement system must have an output signal that can be fed back to the controller.

The measured airway height will be displayed to the user using the machine HMI, which is a

machine operator interface.

2.4 Airway height control

Airway height control must be automated and able to maintain the height within its process

control limits of £30um. The control system will be developed using the machine PLC.

General specification for height control & measurement and tension
control & measurement clearly stated




2.5 Time constraints

The system must be fully implemented and tested by April 2018.

2.6 Budgetary constraints

The budget allocated for this project is £6,000. This was determined through an assessment of
the benefits. The benefits include material scrap and assembly rejects savings. This system will

also increase productivity due to decreased setting downtime.

2.7 Maintenance

Attention must be paid to the maintenance aspect when introducing the new systems. They

must be relatively casy to set, maintain and modify to suit generation of machines.

Principles must be clear and understood so that fault finding procedures can be followed by the

maintenance personnel.

2.8 Reliability

Although maintenance personnel will be trained to support this new system the system must

be reliable. This will allow high productivity and low downtime.

System reliability will be quantified by calculating the “mean time between maintenance™
(MTBM). It is obtained by dividing the number of uptime hours, or the number of hours the
system has functioned correctly, by the number of maintenance events, both planned and
unplanned (Weibull, 2013). MTBM must be greater than 40 hours.

Maintenance & reliability issues noted within the
specification




3 TEST PLANNING

The table in Figure 3.1 shows the criteria that will determine whether the project is successful

or not. In order for the project to be successful, the answer to all criteria questions must be

positive.
CRITERIA YES | NO
Is the resolution 0.01 KgF or better?
Strip tension Is the measurement range at least 0-10KgF?
measurement | 1 the accurac y 0.2 KgF or better?
Is strip tension displayed to the user?
, , Is strip tension control automated?
Strip tension
control Is strip tension maintained within +0.2KgF of the set
point value?
Is the accuracy of the measurement instrument less
height Is the resolution 6um or less?
measurement
Is airway height displayed to the user?
Airway Is airway height control automated?
height
control Is airway height maintained at the set point value?
- Has the project been completed within the time
Timing, . o
constraints?
Has the project been completed within the budgetary
Budget . o
constraints?
Has fault finding procedure been provided?
Maintenance
Has maintenance personnel been trained?
Reliability Lsoﬁlresin time between maintenance greater than 40

Figure 3.1- Successful / failure criteria

Test table noted on how the system is to perform with
realistic criteria set




4 LITERATURE REVIEW

The force applied on the strip is proportional to the pneumatic pressure due to the area of

contact between the pads and the strip being a constant.

Figure 4.1 shows the relationship between pressure. force and area. When the area is constant,
the pressure is directly proportional to the force, which explains how pneumatic pressure can

be used for adjusting the strip tension.

FORCE
AREA

PRESSURE =

Figure 4.1 - Pressure, force and area (Swanson, 2011)

The strip tension is a result of kinetic friction force, which occurs when the strip is moving
between the pressure pads (Jane & Joe. n.d.).

Figurc 4.2 shows the cquation for the kinetic friction, which is the product of the cocfficient of
friction, pk, which depends upon the material, and Fy, which is the force applied by the pressure
pads.

Since the force applied is the product of mass and gravitational force (mg = N) the kinetic

friction force is expressed in Newton (Jane & Joe, n.d.).
fic = MxFy (Newton)
Figure 4.2 - Equation of kinetic friction force (N) (Jane & Joe, n.d.)

Tension force, Fr. is the product of mass and gravitational force “g’, as stated by Jane in the

sample report for the Kinetic friction experiment (Jane & Joe. n.d.).

Figure 4.3 shows the tension force equation, which in this case, is the same as the kinetic
friction force. This means that the pneumatic pressure, and therefore the force applied by the
pads, is proportional to the tension.
Fr=mg = [
Figure 4.3 - Equation for tension force (Jane & Joe, n.d.)




The graph in Figure 4.4 shows the results of three trials where both force and tension were

measured. This proves that increasing the force applied on the body increases the tension force.
0.7000

0.6000

0.5000 - /QI// 3
A
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/:/ ! *A
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\
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0.1000 N
e
0.0000
0.000 0.5C00 1.000 1.500 2.000 2.500 3.000 3.500
Normal Force (N) y=0.193x(A)  v=0.150x(B) y =0.086x(C|

Figure 4.4 - Tension / force relationship (Jane & Joe, n.d.)

This proportionality means that increasing the pnecumatic pressure will increase the strip
tension and decreasing the pressure will decrease the strip tension.
Airway height is inversely proportional to the tension. Increasing the tension decreases airway

height, while decreasing tension increases airway height.




4.1 Strip tension measurement

Strip tension measurement can be achieved by using a load cell, which is a very accurate device
that allows measuring weight or force. It consists of four strain gauges that are connected
electrically in a Wheatstone bridge configuration in order to obtain maximum sensitivity and
temperature compensation. Each strain gauge is a length of wire subject to a force, or tension,
within its elastic limit. The length of the wire increases when the tension increases causing its
diameter to increase. The increase in diameter causes the resistance to increase (Omega, 2017).

Figure 4.5 shows the Wheatstone bridge configuration in a strain gauge load cell.

Excitatio
Voltage
Tension Compression
Strain Strain
Sense Gauge Gauge
Output O
Compression _
Sense Strain Tension
Gauge Strain
) Gauge
N Excitationo I
Voltage
Output O

Shunt calibration
resistor if fitted

Figure 4.5 - Wheatstone bridge configuration (Hunt, et al., 1998)




4.1.1 Load cell

A single point load cell could be used as it allows highly accurate force measurements even
when loads are applied off centre (flintec, 2017). Figure 4.6 shows an example of single point

load cell. When using this type of load cell the force can be applied anywhere on the top plate.

Force can be
applied anywhere
on the top plate

Load Cell

Spacer Plate
0.2" Thick Minimum
2 Places

Figure 4.6 - Single point load cell (flintec, 2017)

Figure 4.7 shows how the tension of a strip can be measured using a roller. The strip passes

over the roller “C” in such a way that the strip tension produces a force on the roller.

Roller for tension measurement

—

=
NORMAL [U U]
PASS LINE LA

Figure 4.7 - Tension measurement (Hathaway & Mohler, n.d.)

The strip tension can be determined as a function of the force applied on the roller, which can
be mounted on a load cell in order to obtain an accurate measurement (Hathaway & Mohler,
n.d.).




4.1.2 Tension sensor

A tension sensor is a tension measurement device that uses an LVDT (linear variable
differential transformer) in order to measure the displacement produced by the web, which is
proportional to the tension. The LVDT sensor converts the measured force into an electrical
signal that provides a very accurate tension measurement (Nexen, n.d.). Figure 4.8 shows the

diagram of a tension sensor.

Pillow block =
p v e Sansor roll
Web \
Tension T
Load F
Fuerum0—_  Eeeesesees i ﬁ
® / 4|
L ;&a,: el M "7 Differential ransformer

Figure 4.8 - LVDT tension sensor (Nireco, 2016)
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4.2 Strip tension control

Strip tension control can be achieved via a controller and an actuation device that can produce

strip tension adjustment (Becker, n.d.).

A PLC will be used as the controller. The control algorithm will be either the standard
proportional-integral-derivative (PID) or a "Predictive’ control element, which combines time-

delay capabilities and disturbance rejection to the PID control system (Giovannini, 2009),

The actuation device for adjustment of the strip tension could be one of the following:
= Speed regulation of a motor (Whiteside, 2007)
=  Torque regulation of a motor (Whiteside, 2007)

= Electro-pneumatic regulator

4.2.1 Speed control

One of the methods used for the adjustment of strip tension is that mentioned in “A survey of
the looper-tension control technology in hot rolling mills™ (Choi, et al., n.d.), where it is stated

that the rotating speed of a mill motor is used for tension control.

Figure 4.10 shows how a clutch can be used to adjust the speed and therefore control the tension

in the strip.

NIP NIP

Drive ClutcH

l

Motor

Figure 4.10 - Tension control via speed adjustment (Whiteside, 2007)
The resultant tension (T) is the ratio between the torque (TQ) and the radius (R) of the nip roll,
as shown in the below equation. To be noted is the fact that the tension can be expressed in
KgF or N.

T ="¢= (KgFor N) (Whiteside,2007)




4.2.2 Torque control

Tension adjustment through torque control can be achieved by using a brake.

Figure 4.11 shows how a brake can be used to adjust the torque and therefore the tension on
the strip. As in the previous case, the tension is a result of the ratio between the torque and the

radius of the nip roll.

Figure 4.11 - Tension control via torque adjustment (Whiteside, 2007)

4.2.3 Electro-pneumatic regulator with pressure pad

The third alternative would be to use an electro-pneumatic regulator connected to the
pneumatic cylinder. This would control the pneumatic pressure, and therefore the strip tension.
via a voltage or current signal, which would automate the adjustment process by removing any

operator interaction.

Electronic pressure regulators provide a regulated output pressure that is proportional to the
electrical input signal. Figure 4.12 shows a diagram of an electronic pressure regulator that
uses a push valve, shown as air supply. and a vent valve to maintain the outlet pressure at the

required set point (Equilibar, n.d.).

Prassura

M_onimr e
Signal

15-24VDC
Power Supply

Analog
SetPoint
Signal

Controller

Outlet

Figure 4.12 - Electronic pressure regulator diagram (Equilibar, n.d.)
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The control system will be developed within the machine PLC. The signal from the load cell

will be the process variable of the tension control system.

Programming will be carried out using the Rockwell Automation software ‘Logix500° with the

view of using an analogue signal form the PLC to control an electro-pneumatic regulator.

The electro-pneumatic regulator will increase or decrease the pneumatic pressure applied to a
tension cylinder, which will impact on friction pads. These pads provide the friction to motion
on the strip to give tension (T=uF where u=coefficient of friction of pads relative to strip and
F=force produced by the cylinder).

Strip tension measurement & control research carried out
to a very good standard with a reasoned choice made as
to which system to take forward




4.3 Airway height measurement

As previously mentioned this project will require the introduction of an airway height

mcasurement system, which will usc one of the following devices:

= Laser displacement sensor
= Image sensor
= Laser micrometre

= Linear Variable Differential Transformer (LVDT)

4.3.1 Laser displacement sensor

There are two types of laser displacement sensors. One operales upon the basic principle of
triangulation. Figurc 4.14 shows the triangulation principle used in laser displacement sensors
that involve a semiconductor laser that emits a laser beam, which is reflected from the surface
of the target. The reflected light is then collected by the light-receiving element. Due to the
known position of the semiconductor laser and the light-receiving element, the positon of the
target can be calculated by determining the position of the reflected light spot produced on the

receiving element (Keyence Coroporation, 2008).

Light-receiving
element

Semiconductor | “N‘r*-
laser >

T

-___ .’

Transmitter
lens L
/: "r/'.;,:,’.:- — :é.:
Light-receiving
element

Figure 4.14 - Triangulation principle (Keyence Coroporation, 2008)




The second type of laser displacement sensor is based upon the confocal principle of operation,

which uses white light instead of a laser beam.

Figure 4.15 shows the confocal measurement principle.

Detect
Confocal aperture erector

Multi-lens optical

system

-‘ \ ’— Target

Figure 4.15 - Confocal principle (Micro-epsilon, 2017)

A confocal displacement sensor consists of a multi-lens optical system that allow focusing

polychromatic white light onto the target surface.

The lenses disperse the light into monochromatic stages along the measurement axis in order
to create different wavelengths. Each wavelength corresponds to a specific distance to the

target, which is determined by the deviation assigned in the factory calibration.

The reflected light from the target surface is passed via the confocal aperture to the detector.
The optical system oscillates over the whole measurement range changing the intensity of the
white light reaching the detector. At the true focal point, which is the instant where all of the
reflected light reaches the detector via the pinhole, the profile value is calculated in order to

obtain the displacement (Micro-epsilon, 2017).




4.3.2 Image sensor

Image sensors, also known as vision systems, consists of one or more sensors that capture
pictures, an inspection software and a processing clement that executes the user-defined

program created using the inspection software.

The result of the inspection is then sent to a device for controlling or acting upon the inspection

result (Teledyne DALSA |, 2017).

They can be used for several types of inspections such as counting the number of objects,
checking presence, detecting flaws/defects, measurements. positioning and character checks.
Figure 4.16 shows some practical examples of the mentioned applications (Keyence

Coroporation, 2017).
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Figure 4.16 - Image sensor applications (Keyence Coroporation, 2017)




4.3.3 Laser Micrometer

Laser micrometres, also known as optical micrometers, operate based on the thru-beam

principle.

Figure 4.17 shows the measurement principle of a laser micrometer. Laser micrometers involve
a transmitter, shown as a rotating mirror, which produces a parallel light curtain that is
transmitted via a lens arrangement into a receiving unit. When an object is in the light path, the
beam is interrupted. The shadow generated by the object is then detected by the receiving
element, which is a photocell that analyses the time at which each laser crosses each part of the
photocell. Software is then used to convert the timing data into a meaningful distance

measurement.

Collimator Lens Focal Lens
Motion|ess target

Rotating

Mirror Receiver

“

Parallel laser light curtain

Laser PC

Figure 4.17 - Laser micrometer principle (LaserLinc, 2015)
Laser micrometers are typically used for dimensional measurements such as diameter gap,

height and position (Micro-epsilpon, 2017).

Figure 4.18 shows three different measurement modes that can be achieved using an optical

micrometer.

Edge Diameter Gap

Figure 4.18 - Optical micrometer measurement modes (Micro-epsilpon, 2017)




4.3.4 Linear variable differential transformer (LVDT)

Figure 4.19 shows the basic components that constitute an LVDT.
An LVDT is made of:

= A coil winding assembly, which consists of a primary and two secondary coils spaced
from the centre.
= A cylindrical case that encloses and protects the coil windings.
A magnetic core that moves freely axially within the coil winding assembly,
= A shield used for electromagnetic shielding.
(Collins Technologies. 2003).

COIL WINDING ASSEMELY

MAGNETIC CORE

ELECTROMAGNETIC SHIELDING

CYLINDRICAL CASE

Figure 4.19 - LVDT basic components (Collins Technologies, 2003)

As suggested by their name, LVDTs operate on the principle of a transformer. Figure 4.20
shows an electrical diagram of an LVDT. The movable core can move freely in the cylindrical
form, while the primary winding is excited by an AC source. The movement of the core causes
the electrical voltage induced in the two secondary coils to change. This electrical voltage is

proportional to displacement of the core. (National Instruments, 2016)
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Figure 4.20 - LVDT electrical diagram (National Instruments, 2016)
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The result of the airway height measurement will be displayed on the HMI,

In order to display the result of the airway height measurement to the user the output signal of

the measurement device will have to be manipulated by the PLC and scaled accordingly.

As well as displaying the height measurement parameter, the system will also be programmed

to alarm the operator of any deviation in the height should it drift outside the control limits.

4.4 Airway height control

Airway height control will be achieved using the machine PLC and an electro-pneumatic

regulator.

The PLC will be programmed to process the height measurement and alter the strip tension set
point of the tension control system. This set point will control the signal to the electro-

pneumatic regulator.

Airway height measurement research carried out to a very
good standard with a reasoned choice made as to which
system to take forward




4.5 Summary of chosen devices

Below is a summary showing the devices that will be used for achieving airway height control.

1. Strip tension measurement will be achieved using a tension load cell in a roller
configuration,

2. Strip tension control will be achieved using the PLC PID instruction. The electro-
pneumatic regulator will allow strip tension control based on pneumatic pressure
changes.

Airway height measurement will be achieved using an LVDT sensor.

4. Airway height control will be achieved via Proportional (P) control using the existing

fin mill PLC. The electro-pneumatic regulator will be used once again for adjusting the

strip tension and therefore the airway height.

Figure 4.22 shows the chosen devices that will be used for airway height control and their

location within the existing process.

Electro o
F pneumatic regulator Spring e
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ﬁnger SEnsor - -
ﬁ— Tension l Guillotine
5 load cell
Dancing | >

roller nJ

\ / H Pneumatic t ! t ‘ ‘
~ | cylinder and Form Gathering Pack up Pull out Airway
/ o pressure pad rolls rolls rolls roll \—I

Aluminium
strip

Figure 4.22 - New fin mill process diagram




S SAFETY, SUSTAINABILITY, ENVIRONMENT,
PROFESSIONALISM, MAINTENANCE AND RELIABILITY

5.1 Safety

Health and safety regulations will be followed throughout the project by ensuring that all
implemented devices or systems comply with current UK. and E.U. Health and Safety

guidelines, CE compliance, Codes of practice and British Standards that may be relevant.

Electromagnetic Compatibility (EMC) guidelines will also be followed during the design and
installation (i.e. using twisted conductors in order to reduce the effect of disturbances, running

conductors as close as possible to the ground and using electrostatic screens).

In order to limit electromagnetic disturbances appropriate measures such as power supply
filtering, cable shielding. radio frequency (RF) suppression techniques and connection of

chassis to earth will be implemented (British Standards Institution (BSI), 2009).

Following the implementation of any changes on the equipment an assessment of all risks
associated with the system will be carried out. The user of the equipment will be informed of
the identified risks and training on how to deal with those risks will be carried out. Where
appropriate suitable arrangements aimed at managing and controlling the health and safety
risks will be put in place (HSE, 2013).

The implementation of a control system for airway height reflects business ethics and
management philosophy, where human interaction with control system must be reduced to a
minimum wherever possible. An automated control system does not only eliminate the
potential of human error but also reduce the exposure of production operators to the equipment

and therefore reduces the risk of injuries.

Although there are significant financial benefits, this project will result in simpler machine
operation as production operators will not be required to interfere with the tension system.
Human interaction with key parameters such as tension, pneumatic pressure and airway height

will be significantly reduced.




5.2 Environment and Sustainability

The goal of this project is in line with those of the modern industry and of Calsonic Kansei,
which aim to achieve sustainable development through sustainable energy and resource

efficiency.

As a result of the implementation of the control system outlined in this report, aluminium scrap
will be significantly reduced and so the footprint of the manufacturing plant. Reducing
aluminium scrap levels will causc an increase in production efficiency, which will result in a
reduction of production time required to meet customer volumes. This will mean a reduction

of plant energy consumption,

A reduction of scrap will also result in resource efficiency improvement since there will be a
reduction in materials, such as aluminium, required by the manufacturing plant in order to

produce heat exchangers.

5.3 Professionalism

High levels of professionalism will be maintained throughout the design and implementation

of this project.

Company standards and procedures will also be followed at all times. This includes PLC
programming and supporting documentation i.e. comments/annotations. Comments are the

descriptive properties assigned to a PLC program.

The use of comments makes fault finding and support much easier for other programmers and
helps identify problematic areas. It also enables the understanding of logic and the qualifying

clements for ongoing modifications.

Company procedures involve the storage of any machine software and instruction manuals in

pre-determined machine folders. These are stored on the company network.

5.4 Maintenance and Reliability

Maintenance and reliability have been discussed in section 2 of this report.

Good detail related to safety, sustainability, professionalism
and environment




6 IMPLEMENTATION

6.1 Strip tension measurement system

6.1.1 Design and calibration

The tension measurement system is a load cell that operates upon the principle of a Wheatstone

bridge. Figure 6.1 shows the process diagram of the airway machine including the tension load
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Figure 6.1 - Process diagram (tension load cell)
Figure 6.2 shows the load cell used for strip tension measurement. The aluminium strip passes
under the middle roller, which is attached to the load cell. The upward force detected by the

load cell corresponds to the tension in the aluminium strip.

' Alumlmum / Mlddle roller
| strip -
| 14
'1 | B

Figure 6.2 - Tension load cell (Roller configuration)




Figure 6.3 shows the tension load cell. Highlighted in the image are the vectors that produce

the force detected by the load cell, which is proportional to the tension in the strip.

Figure 6.3 - Strip tension measurement principle

The equation that determines the relationship between the tension force measured by the load

cell and the strip tension is:
F = 2(T cos a)

The force (F) detected by the load cell is the vector sum of the two equal tensions forces (T) in
the aluminium strip. Alpha (o) is the angular difference between the vertical component and

each tension force.




In order to ensure that the instrument was suitable for tension measurement, it was calibrated
by applying no load at first and subsequently three known loads. For each of the three tests the

output voltage of the instrument was measured using a digital Multimeter.

Figure 6.4 shows the behaviour of the load cell before and after calibration. The load cell was
calibrated in the compression quadrant to produce an output of 0V at no load and 4.41V at
know load of 5.9 KgF.
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Output (V)

Figure 6.4 - Load cell calibration
In order to obtain a stable measurement signal without any noise a digital low pass filter was
deigned. Figure 6.5 shows the digital low pass filter equation used for noise reduction.

Input + OUtﬂL}t.T {(Weight - 1)
[=]

= Qutput
Weight

Figure 6.5 - Digital low pass filter equation (PLC How To, n.d.)
Figure 6.6 shows the legend of the above equation explaining the meaning of each term.
* Input is the incoming signal value
= Qutput is the result of the filter

= Weight is how much influence you want past values to hold.
Higher numbers place more importance on past values. Weight must be greater than 1.

Figure 6.6 - Legend - Low pass filter equation (PLC How To, n.d.)




Figure 6.7 shows the instruction used within the PLC for implementing a low pass digital filter.
This was implemented by replicating the equation shown in Figure 6.5 using the Allen Bradley

PLC software.

Increment strip tension sample counter
Strip tension Tension digital
sample rate timer filter output
T4:80 CPT
] E Compute
DN Dest B25:17
0.6209803<
Expression (F25:15 +(F25:17 *{ F25:16 - 1.0) )
)| F25:16

Figure 6.7 - Digital low pass filter (tension measurment signal)

An equation was developed in order to convert the load cell output signal into a KgF value
that could be displayed to the user.

Figure 6.8 shows the section within the PLC program where the signal was converted into a
KgF value.

Convert load cell output signal into KgF
N23:0 = Load cell output signal converted by the PLC into a digital value
F25:15 = Load cell output signal converted into KgF
Tension input singal

CPT
Compute
Dest F25:15

0.6209802<

Expression (N23:0|32767.0) * 7.47

Figure 6.8 - PLC sofiware conversion of load cell output signal

Excellent detail on the use of a low pass filter within a
PLC program




Following the design and installation of the load cell, testing was carried out in order to
understand the variation in tension during machine operation. The initial trials showed that the
measurement signal was subject to noise and the measurement was not accurate. In order to

overcome this issue a low pass digital filter was implemented.

Figure 6.9 shows the output signal from the load cell before and after digital filtering. This was

achicved using a low pass digital filter, which produced a significant reduction in noise.

Tension measurement - Digital low pass filter
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Figure 6.9 — Digital low pass filter — strip tension measurement
Following the implementation of the tension load cell a test was carried out with manual control

of the strip tension in order to understand the behaviour of the system.




Figure 6.10 shows the strip tension measured during the operation of the machine, shown in
blue, and the constant pneumatic pressure shown in red. The variation in strip tension is caused

by disturbances in the system such as form rolls and strip feed variation due to dancing roller

movement.
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Figure 6.10 - Pneumatic pressure vs Strip tension - Manual tension control (open loop)
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Another cause of strip tension fluctuation is machine speed, shown in Figure 6.11 along with

the strip tension. Good

The strip tension increased with the increase in machine speed and reduced with the reduction
of machine speed. This is due to the kinetic friction, which is proportional to the speed as
previously explained. As machine speed increases there are additional forces in system. such

as dancing arm and rollers, which cause the tension in the strip to increase,

This confirmed that machine speed needed to be taken in consideration when designing the

tension control system.
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Figure 6.11 - Machine speed vs strip tension - Manual tension control (open loop)
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6.1.3 Analysis

6.1.3.1 Resolution

The resolution of the strip tension measurement depends upon the signal-conditioning unit used
for receiving the signal from the load cell. In this case, an analogue input card with an analogue

to digital converter was used for receiving the analogue signal into the PLC.

The 0 to 10V signal from the load cell was converted into a 15 bits signal, which means that

the voltage signal was represented by a digital value that vary between 0 and 32.767.

59KgF 10KgF 0KgF |
= = = S —
241V X T :
32767  «x B v o
= e —_ =
0V 747V *=Tov ” ‘
. 10KgF
Resolution = =04x10"® KgF = 0.4 gF

24,477

6.1.3.2 Measurement range and accuracy

As slated in the datasheet the measurement range of the load cell was 98.07N. which

corresponds to 10 KgF, and the accuracy was 1%, which corresponds to £0.1 KgF.

: Measurement range
feE PLI-5K PLT-10KY Pl —vor S

5L s
| m#ﬁ 2 49.03N 98.07N 7| _ 490.3N 980.7N
| ? ‘ D0 Y s

Y I T : *
tg‘%ﬁﬁ - :1:[‘)010\’/@%5‘& Accuracy
IR ﬁ%&ﬁ MAX.O.Sgwm;DEé%EE?JH%
P52
200%/R.C.

Figure 6.12 - Load cell specification




6.1.3.3 Strip tension display

Figure 6.13 shows the strip tension measurement, or process variable, displayed on the HMI as

required in the specification.

" Strip tension
process variable

Figure 6.13 - HMI — Tension measurement

6.1.3.4 Comparison to specification

The table in Figure 6.14 shows that all strip tension measurement criteria were successfully

met.
CRITERIA RESULT | PARAMETER
Is the resolution 0.01KgF or better? YES 0.004 KgF
Is the measurement range at least 0-10KgF? YES 10 KgF
Is the accuracy 0.1KgF or better? YES 0.1 KgF
Is strip tension displayed to the user? YES n/a

Figure 6.14 - Strip tension measurement summary

Implementation of strip tension measurement
clearly shown




6.2 Strip tension control

.2.1 Design

In order to be able to control strip tension, an electro-pneumatic regulator was installed. The
regulator adjusts the pneumatic pressure and therefore the force applied to the strip in order to

obtain the required tension.

The output pressure of the regulator is controlled by an input signal that varies between 0V and
10V. This voltage produces an output pressure that varies between 0.005 MP (Mega Pascal)
and 0.5 MPa.

Figure 6.15 shows the electro-pneumatic regulator installed on the machine.

Figure 6.15 — Electro-pneumatic regulator (Allied Electronics & Automation, 2018)

Figure 6.16 shows the process diagram afler the electro-pneumatic regulator was installed. The
electro-pneumatic regulator was connected to the existing pneumatic cylinder. This meant that

the existing pressure pads were used for applying force on the strip.
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Figure 6.16 - Process diagram (electro-pneumatic regulator)
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Figure 6.19 shows the set-up of the proportional-integral controller that was used to control
strip tension. The proportional gain Kc was set to 0.3 and the integral time constant T1 was set

to 0.2. These values were developed based on previous tests and stability assessments.

The loop update, which represents the update time of the output, was set to 0.10 seconds. This
was the same as the sample rate, which meant that before and after every change of the output

variable, a sample of the strip tension measurement was taken.

To be noted is the fact that a dead band value of 400 was used. which represents 0.16 KgF. The
dead band represents a zone that extends above and below the set point where the process
variable can deviate without the controller producing any correction, When in this region the
controller holds its output. This feature allow reducing oscillation of the process variable due

to the fast response of the system.

In order to prevent damage to the machine caused by overshoot in strip tension the output

control variable was limited to a maximum of 40%.
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r |
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i~ Tuning Parameters Inputs Flags
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PID Contral = Cartrol Output CV %) = DA= [0]
Time Mode = Output Max TV (%) = DB = [0]
Limit Output CV = OutputMin - OV (=0 ] “Lt: ‘?
Deadband = Scaled Error SE = Sp- ?
Feed Forward Bias= = [0}
[1]

Help |

é

Figure 6.19 - PI control block




Due to the implementation of the digital filter, the response of the system was exponential at
machine start-up. This means that the processed response compared to the actual value was

delayed. This delay was a trade-off for signal smoothing and stability.

The sampling rate of the digital low pass filter was 100ms meaning that changes in strip tension

were only detected every 100ms.

Figure 6.20 shows the ramp up delay.

Filtered signal - system response @ machine start-up
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Figure 6.20 - System response at machine start up
Because of this delay. the PI controller was enabled one second after the start-up of the
machine. This allowed the system to stabilise before engaging the PID instruction and as a

result removing any previously experienced overshoot.




6.2.2 Testin
In order to prove that the strip tension control system was functioning as required a test was

carried out by monitoring the tension process variable and the sct point.

Figure 6.21 shows the strip tension process variable. in blue, and the pneumatic pressure, in
red. The strip tension reduced to the set point value of 2.0 KgF after machine start-up and it
was then controlled as expected. After changing the set point to 4 KgF the system responded

by increasing the strip tension to the new set point as expected.

Strip tension control
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Figure 6.21 - Strip tension control (Closed loop)




In order to understand how the pneumatic pressure varies the strip tension, several tests were

carried out while monitoring both the electro-pneumatic regulator input signal and the strip

tension output signal produced by the load cell.

Figure 6.22 shows the strip tension, in blue, and the pneumatic pressure in red. The strip tension

reduces as the pneumatic pressure reduces and increases as the pressure increases, and

therefore, as predicted, strip tension is proportional to pneumatic pressure.
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Figure 6.22 - Strip tension vs pneumatic pressure (Closed loop)
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In order to understand the effect of machine speed upon strip tension a series of open loop tests
were carried out. During these tests, both strip tension and pneumatic pressure were monitored

and recorded.

Figure 6.23 shows the predicted strip tension at different levels of machine speed. This is based
on the assumption that strip tension is a result of kinetic friction and therefore is proportional

to the machine speed.

Strip tension vs Pneumatic pressure
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Figure 6.23 - Predicted results - Strip tension vs pneumatic pressure (Open loop)




Figure 6.24 shows the results obtained from the practical tests. The difference between strip

tension at different machine speeds is negligible. This is due to the small changes in kinetic

friction at the three chosen speeds.

The results proved that machine speed could be ignored due to the limited effect on strip

tension.
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Figure 6.24 - Practical results - Strip tension vs pneumatic pressure (Open loop)




Figure 6.25 shows the test results of the automated strip tension control system. Following the

start-up of the machine, the strip tension decreased until the set point was reached.

The dotted green lines, representing the upper and lower control limits, show that the control
system was able to maintain the strip tension within +0.2 KgF of the set point value, as stated

in the specification.

Strip tension control
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Figure 6.25 - Strip tension control - test results




6.23 Analysis

Figure 6.26 shows the strip tension control screen on the HMI. Strip tension control can be

switched between auto and manual mode.

When in manual mode the manual pressure regulator is adjusted by the machine operator in

order to achieve the required tension.

When in auto mode the tension set point is entered by the user and the tension control system

adjusts the pneumatic pressure in order to achieve the set point.

ELT S N

A —— e

1 Strip tension process variable

—  Strip tension sct point

' B
Tension control

Manual / Auto Mode
Pushbutton

Figure 6.26 — HMI - Strip tension control

6.2.3.1 Comparison to specification

Figure 6.27 shows that the objective of the project in terms of tension control were satisfied.

CRITERIA RESULT
Is strip tension control automated? YES
Is strip tension maintained within £0.2KgF of the set point value? YES

Figure 6.27 - Specification criteria - Strip tension control

Excellent, very detailed testing carried out on automated
tension control which showed great understanding on how PID
looping can be used successfully in PLC programming




6.3 Airway height measurement

6.3.1 Design and calibration

In order to prevent contact damage to the product during the initial measurement, a flat block

of steel was placed between the contact probe of the LVDT and the airway. This was chosen

based on three criteria - width, length and weight.

These are as follows:

- Not too heavy to cause contact damage and airway deformation (the LVDT downward

spring force was considered).

- Not too light to prevent erratic movements and to filter out disturbances.

- The length for mechanical filtering.

- The width for surface contact area.

Figure 6.28 shows the installed LVDT sensor for airway height measurement and the

mechanical support designed to allow this measurement.

LVDT sensor

Figure 6.28 - LVDT sensor
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Prior to the use of the LVDT to measure airway height, slip gauges were used within the support

assembly as a mean to determine the accuracy and repeatability of the measurements.

Figure 6.29 shows the actual linearity of the device.

LVDT sensor output
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Figure 6.29 - LVDT calibration results
Because of the linear relationship between the height gauge and the output signal, an equation
was developed in order to convert the signal into a millimetre value. The constant 0.000797
was determined by calculating the ratio between the height gauge and the digital value shown
in the PLC software.




Figure 6.30 shows the instruction used in the PLC program in order to convert the LVDT
analogue output signal into a meaningful millimetre value to be displayed to the user of the

machine.

Convert airway height signal into mm
N23:25 = LVDT output signal
F25:10 = LVDT output signal converted into mm
Airway height imput
signal
CPT

Compute

Dest F25:10
6.982517<

Expression N23:25 * 0.000797

Figure 6.30 — PLC conversion of LVDT output signal
Figure 6.31 shows the instruction used within the PLC software for implementing a low pass
digital filter for noise reduction. The ‘compute’ or mathematical instruction was implemented

by replicating the equation used for filtering the tension measurement signal.

0.1 second timer for airway height measurement sample rate
Digital filter
Airway height
Airway height sample digital filter
rate output
T4:79 CPT
4 E Compute
DN Dest F25:12
6.982515<
Expression (F25:10+ (F25:12%(F25:11-1.0))
)| F25:11

Figure 6.31 - Digital low pass filter (airway height measurement signal)

Good detail on how the PLC filters the airway height
measurement from the LVDT




In order to reduce the noise in the output signal and obtain a stable airway height measurement
that could be used for the airway height control system, a digital low pass filter was
implemented. The principle of operation of the digital filter designed for noise reduction in the
airway height measurement signal was the same as that adopted for the tension measurement

signal.

Figure 6.32 shows the output signal of the LVDT subject to noise, in blue, and that of the digital
filter, in red. The filtered signal was stable and suitable to be used within the airway height

control system.

Airway height - Digital low pass filter
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Figure 6.32 — Digital low pass filter - airway height measurement

As it can be seen above, the measured airway height was roughly 7.25mm while the expected
measurement was roughly 7.57mm. This discrepancy was due to the LVDT sensor location

relative to the position of the final formed airway. It may be worthwhile noting that although

this discrepancy was anticipated, this was attributed to the airway strength between the pack-

.

up and pull-out rolls.

Excellent detail




Figure 6.33 shows the difference between airway height measurements performed using LVDT
and DTI as function of increased tension. As it can be seen in the graph below, the difference

between the two measurements was consistent.
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Figure 6.33 - Comparison of LVDT and D11 measurement

The correlation factor obtained by calculating the average of the five ratios, as shown in Figure

6.34, was multiplied by the LVDT measurement, in order to obtain the airway height.

LVDT height (mm) DTl height (mm) Ratio = %
7.36 7.59 1.031
7.34 7.58 1.033
7.31 7.54 1.031
7.28 753 1.034
7.25 7.48 1.032
Average = constant of proportionality 1.032

Figure 6.34 - Constant of proportionality




6.3.3 Analysis

6.3.3.1 Accuracy

The accuracy of the airway height measurement is 4.35um as shown below. The full-scale

deviation of the LVDT is 5mm and the maximum full-scale error is 0.087%.
Accuracy 0.063% of FS = + (5mm /100 = 0.087) = +0.00435mm or + 4.35um

6.3.3.2 Resolution

The resolution of the airway height measurement is also dependent on the resolution of the

analogue to digital converter, in this case the resolution of the PLC analogue input card.

The Smm measurement range is represented by a 4-20mA signal. This is converted into a value
ranging from 3,277 to 16,384. The resolution of the measurement was calculated as shown

below.

measurement range 5mm 5mm

= = = (0.38
decimal representation range 16,384 — 3,277 13,107 um

resolution =

The resolution of the measurement system is less than that specified of 6um and therefore meets

the requirements in the specification.

Figure 6.35 shows the HMI where the airway height measurement was displayed to the user of

the machine.

Airway height
process variable

Figure 6.35 — HMI - Airway height measurement

Excellent detail




6.3.3.3 Comparison to specification

Figure 6.36 shows the specified criteria for the airway height control system. Accuracy and
resolution of the instrument were less than 6um and therefore met the specification criteria.

Airway height is also displayed to the use via the HMI.

CRITERIA RESULT
Is the accuracy of the measurement instrument less than YES
Airway 6um?
height Is the resolution 6um or less? YES
measurement
Is airway height displayed to the user? YES

Figure 6.36 - Specification criteria - airway height measurement
Comparison made to specification shows the airway height
measurement meets criteria set.
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Figure 6.38 shows the test carried out in order to determine the loop update time of the airway

height measurement. The delay was determined by creating a step change of strip tension and

measuring the time delay, shown in green, required for the LVDT to detect a change in airway

height.
Airway height measurement - loop update time
4.5 7.64
l 1 7.62
4.0
4 seconds 2.60
= +—>
35 7.58
2
=
g 7.56
‘B 3.0
=
Q 7.54
g
2
525 7.52
wy
7.50
20 P~
7.48
1.5 7.46
40 42 44 46 48 S0 52 54 56 58 60 62 64 66 68 70

Time (s)

——Strip tension  ——Airway height

Figure 6.38 - Airway height measurement loop update time

The loop update time obtained from the above trial was considered when establishing delay

between strip tension set point adjustments. This meant that strip tension set point was changed

cvery 5 scconds.
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The graph in Figure 6.39 shows three events that summarise the airway height control system.,

The first event involves the start-up of the machine where the input signal of the electro-
pneumatic regulator causes a sharp increase in strip tension. The start-up input signal is set to
a pre-set value in order to prevent material pile-up at start. These pile-ups can cause serious

and costly damage to forming rolls.

The second event, which occurs one second after the start-up of the machine, represents the
start of the strip tension control system, which reduces the strip tension until the set point is

achieved.

The third event, which occurs twenty seconds after the machine start-up, represents the start of
the airway height control system. The airway height control system influences the tension

control system so that the airway height SP is achieved.

Highlighted in the graph is the settling time of 18 seconds. which is the time required for the

airway height to be within the upper and lower control limits.




6.4.3 Analysis

Figure 6.40 shows the airway height set point entered by the user and the control button for

manual/auto airway height control.

When the control is in manual mode, the strip tension set point must be adjusted in order to

alter the airway height.

When the control is in auto mode, the airway height is automatically controlled. If the airway
height process value is less than the set point. the tension is decreased in order to increase

airway height and vice versa.

Airway height
set point

Airway height control
Manual / Auto Mode
Pushbutton

Figure 6.40 - HMI - Airway height control

6.4.3.1 Comparison to specification

Figure 6.41 shows that both specification criteria for the airway height control system were

met.
CRITERIA RESULT
Airway | Is airway height control automated? YES
height
control Is airway height maintained at the set point value?

YES
Figure 6.41 - Specification criteria - Airway height control
Again, good comparison back to
specification




7 CONCLUSION, EVALUATION, RECOMMENDATIONS AND
REFLECTIONS

7.1 Conclusion

This report has its main focus of attention on the concept of airway height control and serious
issuc of process drift. Many factors influence airway height, but the main factor is tension
control. Other factors are machine speed, material, lubrication, form roll settings, pack-up and

pull-out roll settings.

Material forming at speed requires tension to maintain the forming height as well as the heat
exchange properties of the airway. The tension variable is therefore a critical setting on the

machine and its control, monitoring and stability have been investigated in this report.

As an extension to the effects of tension, the airway height is also looked at within another
control loop, which will also influence the tension control loop. The practical application,

research and software aspects of this project will apply to the long-term issue of tension control.

To control the tension it must be measured. In order to compensate for tension fluctuations, the

measured value has to be processed and presented to the controlling device.

The tension control system involves the design and implementation of a load cell for tension
measurement with a proportional-integral (PI) algorithm and electro pneumatic regulator for

tension adjustment.

The load cell was calibrated using a series of known loads and an equation was developed in
order to convert the output signal of the load cell into a tension force value to be displayed to
the user of the machine. The measurement instrument was subsequently interfaced to the
machine’s PLC via an analogue input card and the PLC software was used for scaling the
signal. A low pass digital filter was also designed using the PLC software in order to reduce
signal noise. The output signal of the low pass digital filter was then converted into a KgF force
value to be displayed on the HMI.

A PI tension control system was designed within the PLC program using the PID control
instruction. Proportional and integral time constant were determined via a ‘trial and crror’
method. The output of the PI control instruction was used to adjust the tension using an electro
pneumatic regulator. This regulator outputs a pneumatic pressure proportional to its input

signal.




As well as tension measurement and control, this projects covers airway height measurement
and control. This second section was designed to work in conjunction with the tension loop to

allow incremental changes.

The implementation of the airway height measurement system involved the installation,

calibration and scaling of an LVDT.

In order to prevent damages to the product during the measurement process a support structure
was designed, manufactured and installed. This support structure produces uniform contact on

the product and prevents damage to the airways.

The calibration of the LVDT was carried out using slip gauges in order to simulate the output
characteristics of the sensor when subject to different airway heights. A noise reduction method

was implemented using a digital low pass filter in order to obtain a stable signal.

The airway height control system involved the design of a proportional controller with the
purpose of trimming the set point of the tension control system at constant intervals. The
polarity of the trim signal was same as that of the airway height error (e = SP-PV), which is the

different between the airway height set point (SP) and the process value (PV).

Figure 7.1 shows detailed cost of each purchased device and the total cost, which is below that

of £6,000 stated in the specification.

Tension Load Cell £1,189.00

Electro pneumatic regulator £219.49

LVDT £364.00
TOTAL £1,772.49

Figure 7.1 - Purchased devices

Following the installation of the airway height control system the airway machine has run for
a total of 145 hours. During this period three events of unplanned maintenance relating to the
implemented system have occurred. Below is the calculation showing how mean time between

maintenance is calculated, which quantifies the reliability of the implemented system.

Mean time between maintenance (MTBM) = 145 /3 = 48.3 hours
Maintenance personnel and machine operators were trained by explaining and demonstrating

the operation of the control system. The fault finding procedure was provided to the

maintenance personnel. Sec section 9.5 for fault finding procedure.

Very detailed conclusion given which summarises the design
and implementation of the project




7.2 Evaluation

Figure 7.2 shows a summary of the criteria set out in the test planning procedure. As

demonstrated in the analysis and evaluation section of cach implemented system, all criteria

relating to the airway height control system were met.

CRITERIA YES | NO
Is the resolution 0.01 KgF or better? v
Strip tension Is the measurement range at least 0-10KgF? v
measurement | ¢ the accurac y 0.2 KgF or better? v
Is strip tension displayed to the user? v
, , Is strip tension control automated? v
Strip tension
control Is strip tension maintained within £0.2KgF of the set Y
point value?
Is the accuracy of the measurement instrument less Y,
height Is the resolulion 6um or less? v
measurement
Is airway height displayed to the user? v
Airway Is airway height control automated? v
height
control Is airway height maintained at the set point value? v
Timing Has the_ project been completed within the time v
constraints?
Budget leas thg project been completed within the budgetary v,
constraints?
Has fault finding procedure been provided? v
Maintenance
Has maintenance personnel been trained? v
Reliability :folll;gin time between maintenance greater than 40 v

Figure 7.2 - Test planning criteria

Although all criteria were satisfied and the project was completed within the timing constraints,

the project completion was delayed by one week due to the necessity of the design and

implementation of signal filtering, which was not considered during planning.

Good evaluation of project which compares all tests carried
out to specification




7.3 Recommendations

7.3.1 Improve system response

As shown in Figure 6.39 the settling time of the airway height control system is 18 scconds.
The response of the system could be further improved by increasing the proportional constant.

This would allow both reducing the settling time and reduce the amount of scrap.

7.3.2 Worn pressure pads

Although the pressure pads used for applying force on the aluminium strip are subject to wear,
the system does not detect excessively worn pressure pads that require replacement. This means
that the existing system requires periodic unplanned maintenance. Introducing and monitoring
the pneumatic pressure feedback from the electro-pneumatic regulator would enable the
detection of excessively worn pressure pads. This could be achieved by displaying an alarm
message to the user in order to prompt for the replacement of pressure pads. The alarming

function could be mapped into the PID output in terms a limit of compensation.

7.3.3 Electro-pneumatic regulator fault

Monitoring the output signal of the pressure regulator, would make possible the detection of a
faulty electro-pneumatic regulator. The output signal corresponds to the valve commanded
pressure. When there is a deviation from the actual output pressure, an alarm could be activated

to indicate electro-pneumatic regulator problems.

7.3.4 Tension control system not subject to wear

The pressure pads used for strip tension adjustment are subject to wear (section 7.3.2) and
therefore require periodic maintenance. The need for periodic maintenance could be eliminated
if an alternative strip tension system was used (i.e. speed or torque control). These were

indicated in section 4.2.1 and section 4.2.2 of this report.

7.3.5 Energy saving

In order to reduce energy consumption an automatic shutdown feature could be added to the
machine. In the event of the Machine not being run for a period of more than 15 minutes the
pneumatic systems could be shut down and reactivated by pressing the control on or start

button. ' _
Very good recommendations noted showing

understanding on what still could be improved within
the system




7.4 Reflection

The work encompassed within this project has been a significant big learning curve from both

a project management and application engineering point of view.

Research, planning and progress monitoring proved crucial for the completion of the project

within the time constraints.

A good understanding in the approach to the practical application of a control system was
experienced. These include instrument calibration, scaling of analogue signals and software

considerations.

The issue of filtering was introduced later in the project and it was a good opportunity to

examine and correct the effects of noisy signals.

Analogue and digital low pass filters were designed and tested in order to draw comparisons
and understand the advantages and disadvantage of each type and therefore determine what

applications each type is best suited.

Good reflection noted
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9.1.1 Work breakdown structure

Following is the work breakdown structure for the project that identifies all tasks that must be

carried out in order to complete the project.

Set up log book
Produce project proposal

Produce general project plan

_ W

Submit Project Proposal

th

Background Research
5.1  Airway machine
6 Literature Review
6.1 Strip tension measurement
6.2 Strip tension control
6.3  Airway height measurement
6.4  Airway height control
Analyse and compare solutions
8 Select most appropriate solution
9 Purchase components
10 Produce detailed plan
11 Produce interim report
12 Submit interim report
13 Interim presentation

14 Risk assessment

o
Lh

Implement solution
15.1 Tension measurement
15.1.1 Mechanical installation
15.1.2 Wiring and calibration
15.1.3 PLC programming
15.1.4 Analogue & digital filter trials
15.2 Tension control system

15.2.1 Mechanical installation

15.2.2 Electrical wiring
15.2.3 PLC programming




16

17
18

19
20
21
22
23

15.3  Airway height measurement
15.3.1 Mechanical installation
15.3.2 Electrical installation
15.3.3 Calibration
15.4  Airway height control
Test solution/Tuning
16.1 Tension measurement
16.2  Tension control system
16.3  Airway height measurement
16.4  Airway height control system
Project Completion
Project report
18.1 Design
18.2 Implementation
183 Testing
18.4 Results analysis
18.5 Conclusion & recommendations
Project Review
Amend project report
Final Report Submission
Prepare presentation

Viva Voce (Presentation)




9.1.2 Contingency plans

Two contingency plans were drawn up following an analysis of the risks associated with the

implementation of this project.

The purpose of the first plan was to guarantee continuity in the implementation of the project
in the event where the equipment was not available due to production requirements. This plan

enabled project completion within the time constraints,

The purpose of the second plan was to ensure that there was no disruption to the production
process due to faults caused by software or hardware changes related to the implementation of

the airway height control system.

9.1.2.1 Contingency plan 1

In the event of the equipment not being available due to production requirements, software
changes will be implemented with the machine in operation.

9.1.2.2 Contingency plan 2

In order to minimise downtime caused by machine modifications and maintain production

continuity both software and hardware changes will need recovery aspects.

A back up of the PLC software will be stored in a predefined location on the company network.
The location will be communicated to the maintenance personnel so that in the event of issues
caused by software previous revisions can be restored. Every back up revision of the software

will also contain a brief description of the changes carried out.

In order to prevent disruption to production caused by hardware installation, where applicable

- all devices fitted to the machine will included quick-change consideration.
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0001

0003

9.4 PLC Program

Machine speed - signal from digital servo controller

machine speed
LM
Limit Test
Low Lim 0
0=
Test E32
112<
High Lim 32767
32767<
Stnp tension analogue wput
Stop tension
LIM
Limit Test
Low Lim 4]
0=
Test 30
2725<
High Lim 32767
32767<
Convert load cell output signal mto KeF

N23:0 =Load cell output signal converted by the PLC mto a digital value
F25:15 = Load cell output signal converted into KgF

Digital filter
output
MOV
Move
Source I32
112¢
Dest N23:15
111-
Stnip tension
MOV
Move
Source I:3.0
2725<
Dest N23:0
2724<
Tension input singal
CPT
Compute
Dest F25:15
0.6209802-

Expression (N23:0|32767.0)* 747

100ms timer for tension measurement sample rate

Analogue filter calculation with weighting of 2 (Input + Output * (Weight - 1))/Weight = Output

Strip tension
sample rate timer
TON

Tumer On Delay
Timer T4:80
Time Base 0.01
Preset 10=
Accum 7-




0004

0005

Increment strip tension sample counter

1
1746-0B16

Strip tension Tension digital
sample rate tumer filter output
T4:80 CPT
| Compute
DN Dest F25:17
0.6209803<
Expression (F25:15+( F25:17* ( F25:16-1.0))
Y| F25:16
Digital filter
MOV
Move
Source F25:17
0.6209803<
Dest o1z
1<
Strip tension
sample rate tumer
T4:80
s REQ ™~
Strip tension pv
CPT
Compute
Dest N23:1
62<
Expression F25:17 * 100.0
1s timer delay for starting strip tension PI control
main drive
enabled
Start PID control
o9 ——TON
| | Timer On Delay —(EN)—
1 Timer T4:81
1746-0B16 Tune Base 1.0 —DN—
Preset 1<
Accum 0=
1s timer delay for starting strip tension PI control
main drive
enabled
Start PID control
o9 T4:81
rd RES b




0003

0010

Pre-scale tension value (process variable) to the range 0
to 16383 for PI control block

PI Process Variable
tension measurement
SCP

Scale w/Parameters

Convert tension set-pomt entered by the user nto KgF value
F25:18 is enterd set point in KeF

N26:2 is tension set point converted into a digital value to be used within the PID control block

Tension SP HMI
——CPT

Dest

Compute

Expression N23:2|100.0

Input N23:0
2724

Input Min. 0.0
0.0<

Input Max. 32767.0
32767.0<

Sealed Min. 0.0
0.0<

Scaled Max. 16383.0
16383.0<

Output N23:11
1362<

Fi5:18
3.1<

PID Process Variable
Set Point -
tension measurement

CPT

Compute
Dest

Expression  ( F25:18| 7.47) * 32767.0

N26:2
13599<

Strip tension PID control block
Strip Tension PID
FID
PID
Control Block N26:0
Process Variable N23:11
Control Variable N23:20
Control Block Length 23
Setup Sereen <
Sealing of PID output
Secaled analogue
output
SCP
Seale w/P
Loput N23:20
9010
Input Min. 0.0
0.0<
Input Max. 16383.0
16383.0<
Scaled Min. 0.0
0.0<
Scaled Max. 32768.0
32768.0<
Output N23:21
18021<




0011

0012

0013

0014

1 second after start-up of machine enable PI control output to pneumatic pressure regulator
Output a constant signal to the regulator for 1 second after start-up of machine

back
jog fin tension
Enable Auto machine o/p no3
Strip Tension  [IIOGIN Start PID control
B24:0 B3:0 T4:81 ——MOV
_} L Move
DN Souree N23:21
18021<
Dest 053
11000<
back
tension
o/p no3
Start PID control
T4:81 MOV
Move
DN Source 6600
6600
Dest 0:5.3
11000<
Move airway hegith input signal into adress location N23:25
Arrwya height
LIM MOV
Limit Test Move
Low Lim 5000 Source I31
5000= 8761<
Test I3.1 Dest N23:25
8761< 8761<
HighLim 12000
12000<
Convert awrway height signal nto mm
N23:25 =IVDT output signal
F25:10 =1LVDT output signal converted mto mm
Asrway hesght mput
signal
CPT
Compute
Dest F25:10
6.982517=
Expression N23:25 * 0.000797
0.1 second timer for airway height measurement sample rate
Digital filter
——TON
Timer On Delay
Timer T479
Time Base 001
Preset 10=
Accum 5=




0016

0017

0018

0.1 second tumer for amway height measwement sample rate

Digital filter
Atrrway height
Airway height sample digital filter
rate output
T479 CPT
{ | Compute
DN Dest F25:12
6.982515¢
Expression (F25:10+ (F25:12 *( F25:11-1.0) )
YIF25:11
MOV
Move
Source F25:12
6.982515<
Dest o113
7<
mh?gln pv
Compute
Dest N23:5
751<
Expression (F25:12 *100.0) * 1.075
T4:79
< RES ;|_
Delay tuner for enablying amrway height control 15 seconds after start-up of machme
main drive
enabled Asrway height
control delay timer
09 TON
| } Timer On Delay —( END—
1 Timer T4:82
1746-0OB16 Time Base 10 —(DN—
Preset 15<
Accum 0=
Delay timer for enablying airway height control 15 seconds after start-up of machine
main drive
enabled Airway height
control delay timer
09 T4:82
g RES ~
1
1746-OB16
Airway height measurement 1s update every 5 seconds because of the distance between load cell (tension measurement) and LVDT (atrway
height measurment)
Airway height Airway height
control delay timer adjustment delay
T4:82 TON
|} Timer On Delay —CEN)
DN Timer T4:83
Time Base 10 —DN*+—
Preset 5
Accum 0=




0019

Airway height measurement is update every 5 seconds because of the distance between load cell (tension measurement) and LVDT (airway

Airway hegith
control i g B (e=PV-SP) o
timer e=PV-
B24:0 T4:83 SUB
| } | | Subtract
1 DN Source A N23:5
751«
Source B N23:6
757<
Dest N23:7
9<
Tension SP mm
(Tsp=SP+trim)
—SCP
Scale w/Parameters
Input N23:7
Q<
TInput Min, -3
3
Input Max. 3
3<
Scaled Min. -10
-10<
Scaled Max. 10
10<
Output N23:8
-30-
StrIp tension sp
——ADD
Add
Source A N23:8
-30<
Source B N23:2
310=
Dest N23:2
310=
Asrway height
y delay
T4:83
RES )
i E_\;Dpi

Full PLC program shown and documented which shows
understanding on how the PLC controlled and indicated
strip tension and airway height




9.5 Fault finding procedure

Problem

Possible Cause(s)

Remedy

Pneumatic pressure too high

Worn pressure pads

Replace pressure pads

Tension cannot reach set point

Worn pressure pads

Replace pressure pads

Airway height outside control limits

LVDT not set-up correctly

Set up LVDT using slip gauges

Unable to set up LVDT

Worn mechanical support
structure / probe

switch airway height control to
manual mode / replace
mechanical support structure

LVDT failure

Replace LVDT

Tension control system not
functioning correctly

Faulty pneumatic regulator

Replace pneumatic regulator

No tension feedback

Faulty load cell

Replace load cell

Loose cable

Check cables in junction box
and control panel

Strip fed incorrectly

Feed aluminium strip under
tension roller

Very helpfull in terms of operator fault

finding
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