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Abstract

Research was carried out to determine the cause of efficiency loss in rewound motors. Poor control
of the stripping process was determined responsible, leading to excessive heating of the motor core.
The aim was to limit these efficiency losses, achieved by researching control systems to determine a
more effective solution. By analysing the current system and comparing to more modern technological

advances, a PLC controlled system was designed.

The designed system utilised an on/off control methodology to limit overheating of the motor. The
PLC design incorporated a human machine interface (HMI) to allow operators to select a pre-
programmed cycle. Authorised engineers were able to customize system parameters, improving
control capabilities. A data logging function allowed for the constant improvement of cycle efficiency,
creating a more environmentally friendly and sustainable oven. System faults were displayed on

warnings and alarms screens, allowing for quick and effective fault finding.

A prototype was built to showcase the programs capabilities, utilising potentiometers for pressure
and temperature control testing. The final prototype was function tested ensuring every operating

scenario was carried. The final design met the aim and objectives of the project.

Recommendations were given to improve the temperature control methods to further improve

accuracy and efficiency.
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Chapter 1 - Introduction

Eriks is an industrial repair company specialising in rotating equipment such as motors, generators and
gear boxes [1] [2]. This report focuses on a procedure used to repair AC stators. Three-phase induction
motors are made up of two main parts, the stator, and the rotor [3]. The rotor is the spinning shaft of

the motor, and the stator is the outer casing which holds the windings [3]. This is shown in Figure 1

(4] [5].

Motor Terminals Three-Phase Windings
10 8 Laminated Stator Core
| 3 Laminated Rotor Core

5 Fan

12 Rotor Bars & Short
o, Circuit Rings

€

Terminal Box

Fan Cover

Shaft 7 1
Bearings

1 Motor Frame

SpIaiys pu3 &

Figure 1 - Construction of a 3-phase Electric motor [4] [5]

The laminated stator core, labelled 2, encases the copper windings. The core is made up of thin iron
sheets called laminations [3] [4] [5]. The laminations are individually insulated to prevent Eddy
currents and hysteresis losses [6]. Eddy currents produce magnetic fields which could lead to hot spots
in the core causing an insulation breakdown [3]. Protecting the integrity of the laminations is

imperative to maintaining the motor’s efficiency by limiting core loss [7].
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When the windings fail, rather than replace the motor, customers often opt to rewind the motor [2].
This can be time consuming, the old stator windings must be detailed and removed to allow engineers
to re-insulate and insert new copper [2]. Due to the varnish used in the manufacturing process, the
original windings must be heated to breakdown the varnish and insulation [3, p. 97]. This is often

achieved by use of a burn-off oven [2].

When rewound, motors often lose efficiency which can result in increased power losses by heat,
decreasing the lifespan of the motor [8]. These efficiency losses are attributed to overheating during
the stripping process [7]. This report analyses why efficiency losses occur during the rewind process
and determines how they can be prevented. An effective solution was designed and built to improve
the current workplace procedure. The new system allows for increased control over burn-off cycles,
limiting efficiency losses and cutting down on energy costs and downtimes by delivering the most

efficient burn-off cycle.
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1.1 Aim and objectives

Z

- To limit efficiency losses in rewound motors.

Objectives

- To research why efficiency losses occur in rewound motors

- Analyse current workplace procedures to highlight shortcomings

- To analyse the functionality of a burn-off oven in the rewind procedure
- To design a new control system to limit efficiency losses

- To build a prototype to showcase the designed control system

- To implement proposed upgrade into the workplace

The following sections research into the objectives of the project, providing a clear direction for
achieving the project’s aim. The operation of burn-off ovens was analysed to determine the operating
requirements, and where improvements could be made. Once design parameters were determined,
an improved control system was designed. All hardware and software requirements were researched
and explained. Once designed, a prototype was constructed to showcase the functioning solution. The

overall project was then evaluated, expressing how the solution satisfies the aim and objectives.
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Chapter 2 - Research and review of literature

This section details the research carried out to determine the project requirements, reviewing

journals, reports, books, and manufacturers databases.

2.1 Motor efficiency losses due to motor repair

When motors fail due to insulation breakdown in the windings, they must be re-wound [2] [3].
Rewinding large stators is often the most economical option for a customer [9]. Cost and lead times
make the purchase of a new replacement motor unattractive, resulting in motors being rewound [8,
p. 62]. After rewinding, motors may exhibit a decrease in efficiency [8]. This can lead to increased
energy loses to heat, which can in-turn cause insulation to breakdown faster, shortening the lifespan

of the motor [8].

In 1995, the US department of energy [7] launched an investigation into why repaired motors were
losing efficiency. It was discovered that there were four main causes for efficiency loss:

- High temperature burn-out of cores [7, p. v].

Improper bearing replacement [7, p. v].

- Using smaller conductors for winding [7, p. v].

Altering winding configurations [7, p. v].

Focussing on the primary finding, high temperature damage, they determined that 39% of workshop’s
ovens did not utilise water suppression systems [7, p. v]. Only 10% of workshops had temperature
sensors placed at the motor cores [7]. 20% of control systems were never calibrated [7, p. 34]. These
findings seem to illustrate that the main cause of efficiency loss was the inadequate control of the
burn-off process. It was also determined that most workshops had the ovens set too high, some at
750°F (399°C), Figure 2 shows the temperatures settings in Fahrenheit and their percentages [7, p.
35].
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Typical Temperature Settings
Reported for Bum-Out Ovens
(N=58)

Less than 200
301 - 350
351 -400
401 - 450
451 - 500
501 - 550
551 - 600
601 - 650
651 - 700
701 - 750
751 - 800
801 - 850

0% 10%  20% 30% 40% S0% 60% 0% 80%

Figure 2 - Typical temperature settings of burn-off ovens [7, p. 35]

Tomos Hall 2219188

It has been recorded that a motor loses efficiency each time it is rewound due to the requirement of
heat to strip the windings [8, p. 65]. Figure 3 shows the drastic effect higher temperature has on the

efficiency [8, p. 65].

1

/r\
— 0 & - e
[] : > T
£ \\'\ r, TN
a ! AT 4 "‘-.

S T S .,
E \ N ,I b
@ \ &y ’
S R W
© \ -
£
Q A
) -3 \ -~
g /N
O A\ s ~
© \ P ®g
“-E -4 \ s ~
\ 7 2
o~ M~
-5 : . i -
0 1 2 3

Number of rewinds

Figure 3 - Effect of different burnout temperatures on motor efficiency [8, p. 65]
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This illustrates the requirement for a more reliable control system, capable of preventing

temperatures exceeding the recommended limits [8, p. 65]. At 454°C, after four rewinds, the efficiency

of the motor decreased 5%, compared to only 1% at 343°C [8, p. 65].
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A 2003 study conducted by the Association of electrical and mechanical trades (AEMT) [10]
determined that 350°C was too low a temperature to effectively break down the old winding
insulation. 360-370°C was evaluated to be the best temperature to breakdown the old insulation,
whilst limiting heat damage to the stator core [10]. This was repeated in their 2019 experiment,

resulting in negligible core losses, shown in Figure 4 [10].

Percent efficiency
8 2

Before rewind

Before rewind

Group A Group B

Figure 4 - Before and after efficiency
measurements of stators burnt out at 370°C
[10, p. 12]

The ‘Good practice guide to maintain motor efficiency’ from the AEMT recommends that a
temperature probe be attached to the stator core to better monitor the cycle temperature [11]. It also
states that temperatures over 400°C will damage the interlaminar insulation [11]. 370°C is given as
the recommended temperature [11]. These figures are reiterated in the IEEE standards, meaning

370°C must be the temperature setpoint for the proposed control system [12, p. 31].

A consultation with the managing director of Rotary engineering, a burn-off oven manufacturer,
revealed that their recommended set points are 800°C for the after burner and 370°C for the main

burner [13]. This reiterates the industry standard for oven set points [12, p. 31].
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2.2 Burn-off oven construction

As discussed, the burn-off oven is a vital piece of equipment in the rewind process. The oven regulates
a specific environment to burn-off the varnish and insulation without melting the copper coils or
damaging the stator [14]. Using an after burner and a water suppression system, all pollutants are

burned off through a process called pyrolysis [14] [15].

‘Utilising two enclosed combustion chambers, fuelled by natural gas, the burn off oven allows the
motor to be heated without contact of direct flame [14]. Waste materials such as varnish and
insulation are broken down and the vapours produced are burnt off in the second combustion
chamber by the afterburner [13] [14]. To control the rate of combustion, allowing time for pollutants
to be burnt off, water jets are utilised to prevent the motor overheating [13] [14]. Once the cycle is
finished, the varnish and insulation are reduced to ash and all pollutants are exhausted as carbon
dioxide and water vapour [13] [14]. The coils can then be easily removed from the stator to continue
the rewind process [13] [14]. Diagrams illustrating the Burn-off oven function are shown in Figure 5

and Figure 6 [15] [16].” [17].

Explosion
relief door

| £T_ Ventstack

Water spray
system

Insulated walls

and doors Afterburner

Safety Interlocked Water spray manifold

assemblies Diagnostic panel

reinforced doors .
Primary burner

Gas line
Control system
Work cart

Reinforced
structure

Figure 5 - Burn- off oven construction [15]
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Emissions environmental friendly

Temperature-sensing probe

Oxygenating port
Exhaust Stack

Oxidizing Chamber
Afterburner

Explosion Relief Door

Built-In Cart Temperature-sensing probe

Primary Burner

Pyrolysis Chamber

Housing

Combustion Chamber

Figure 6 - Burn off oven construction [16]
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2.3 Burn-off oven control systems

It has been determined that proper control of burn-off ovens is paramount in limiting core loss. The
oven used at Eriks is controlled by a relay system, shown in Figure 7 [2]. This system uses an array or

relays, manual timers, and temperature controllers to regulate the oven’s environment.

e ETEN )

Figure 7 - Current oven control system [2]
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Manufactured in 1999, this system has provided a moderate level of control over the temperatures

and timings of the oven. The system requires regular maintenance as the aging relays approach the

end of their useful life. Figure 8 illustrates the useful life cycle of relays [18].

Wear-Out,
Replacement

Mortality

Failures

&<——  Useful Life —————>

Time
Figure 8 - Lifecycle of relays [18]

This type of system can be difficult to fault find, relying on complex wiring digrams similar to the
diagram in Figure 9 and Figure 10 [19]. This diagram is for a similar model to the oven used at Swansea

and showcases the difficulties presented for maintainence on a relay controlled system [19].
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Figure 9 - Relay wiring diagram for PCP burn-off oven [19]
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Manufacturers like Whitelegg, Rotary and Longworth, prefer programmable logic controllers (PLC)
systems for better control and interface [20] [21] [22]. PLCs allow the operator to run pre-programmed
cycles and to create new cycles for any application [20]. They also fasilitate data-collection, allowing
the engineer to determine the most efficient and cost-effective process to run for each individual
application [20]. The PLC can be used to log faults and errors, allowing Whitelegg and other companies

to offer full on-line support [20].

Whitelegg’s PLC oven offers comprehensive control, displaying temperature/time graphs, heating
ramps and cycle [20]. This gives the operator the ability to review and compare different oven cycles
to perfect the pyrolysis [20]. The PLC also allows for the monitoring of fuel consumption, meaning the

most fuel-efficient burn cycle can be calculated [20].

Another benefit of Longworth’s PLC oven is its online connectivity [22]. This allows maintenance
engineers to fault find remotely, saving the customer downtime and call out charges [22]. Data reports

can also be transmitted back to the manufacturer, allowing constant improvements to be made [22].

2.4 Upgrading the control system

‘As the best method for limiting efficiency methods is temperature control, upgrading the relay system
to PLC would be beneficial. Retrofitting a modern control system would increase efficiency and
capabilities of the oven, whilst providing a cost-effective alternative to purchasing new equipment
[23]. Upgrading machinery delivers the same efficiency and flexibility at a much lower cost. Producing
a more sustainable workplace by avoiding obsolescence of machinery and extending equipment

lifespans [24].

PLCs are one of the leading control methods in industry [25]. Additional control components required
in a relay system, like counters, timers and controllers, are included within the PLC, producing a much
simpler wiring system [26] [27]. PLC programs are designed to mimic the original relay ladder logic,
making the upgrade straightforward [28, p. 1192] [29]. Providing higher reliability and decreased
downtime, PLCs allow faults to be detected and flagged more effectively, allowing for faster repairs

[25] [30].” [17]
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2.5 PLCs background

PLCs are used throughout industry, often utilised in manufacturing, automation, and process control
[31, p. 7]. PLCs can control operations using timers, counters, arithmetic, and logic [31, p. 5]. PLCs use
sensors and switches as inputs to prompt programmed outputs. Memory coils are used to store inputs

and activate further instructions in the programmed code [31, pp. 5,6] [32] [28].

PLCs were originally used as a replacement to relay circuits [33, pp. 329-333]. Relay control required
a complex wiring diagram known as ladder [33, pp. 329-333]. PLC programming was designed to follow
the same format, producing a language known as ladder logic. Figure 11 is a ladder example; rung one
illustrates a normally open (NO) input effecting an output. Rung two illustrates an AND function [34].
Both inputs must be true to energise the output. The third rung illustrates an OR logic function, where

either of the inputs can energise the output [31, pp. 121,122].

LEFT TO

RIGHT
’ TOP TO
0001 )— BOTTOM
\
INPUTS (CONTACTS) OUTPUTS (COILS) l
0002 | | ( )_
I |

o 1 h (>—

Figure 11 — Example of Ladder [34]
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2.6 Temperature control methods

There are many control methods used throughout industry. To manage the temperature of the burn-

off oven, the most suited method was selected providing accurate and reliable control of the system.

2.6.1 Proportional-Integral-Derivative (PID) control

Proportional-Integral-Derivative (PID) is a commonly utilised control technique used in around 90% of
electric furnace temperature control systems [35]. PID regulates a variable using a combination of
three separate control methods [36] [37]. Each of the three units can be individually tuned to meet
systems requirements [38]. Figure 12 illustrates the function of a PID controller [37]. Figure 13

illustrates the characteristics of a PID controller in graphical form [39].

The proportional output is produced using the difference between the set point and the measured
temperature [38]. This is known as the proportional error signal [37]. The proportional error signal can
be tuned by altering the gain constant, Kp, the equation is shown in Figure 12 [37] [38].

The integral output follows a similar formula, calculating the integral of the proportional error signal,
guaranteeing zero steady state errors [38]. This section is tuned using the time constant T, shown in
the integral section of Figure 12 [37] [38]. The derivative output calculates the derivative of the
proportional error signal [38]. This section is tuned using the gain parameter Kp, shown in the
derivative portion of Figure 12 [37][38]. The derivative section adds stability to the system [36]. PID

controllers produce accurate variable monitoring but require difficult tuning [40].

—» P Ke(t)
+
r(t) > e(t) [T Ix'.jC(T)dT + u(t) Iglr%'geés y(t) -
- +
L »D K0

Figure 12 — PID control [37]
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Figure 13 - PID controller characteristic curve [39]

2.6.2 Fuzzy logic control

Fuzzy logic is a type of artificial intelligence control system often used in temperature control [41].
Rather than using traditional logic, on or off, fuzzy logic follows a set of rules designed in a more verbal
fashion [42]. An example of fuzzy logic parameters is shown in Figure 14, fuzzy logic parameters are
set to provide a range of functions [43]. Rules are then defined to govern the fuzzified parameters,

using the defined rules and set parameters the controller acts based on a control matrix as shown in

table 1 [43].
Temperature

E’ w—t00-cold
4
2 e cold
g e
E werm
5 = hot
]
: e t00-hOt
&

. o / | ,
-10 0 10 20 30 40

Celcius

Figure 14 - Fuzzification of numerical values into verbal parameters [43]
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If the target temperature was warm and the measured temperature was hot the controller would

select cool and perform the corresponding action [43].

Table 1 - Fuzzy rules action matrix [43]

Temperature/target | Too- Cold Warm | Hot Too-
cold hot

Too-cold No- Heat Heat Heat Heat
change

Cold Cool No- Heat Heat Heat

change
Warm Cool Cool No- Heat Heat
change
Hot Cool Cool Cool No- Heat
change
Too-hot Cool Cool Cool Cool No-
change

This type of control can be used in addition to PID control to produce a self-adjusted PID controller.
Rather than tuning the PID manually, all scenarios are implemented into fuzzy rule matrixes creating
an automatically tuned PID [44]. This results in a more accurate controller as illustrated in Figure 15

[44].

1.4
1.2 [frosssssessssdsosssssssssadssssssssssgascssssssssefossssssssssefeessssssssseefesssssssssssetessessessssssfasessesseseefossssssessss
1.0~
2
E‘ 08 N — T, ——. IR W e ( ............. ( ............. - S——  RS—— - S S—
& _ i traditional PID : : :
2 0.6 ||f expert fuzzy PIDg-wwwegueemmmsgisssseneenns gresssssrmens goesssssssssasfessassaseesegeeseessassos

100 200 300 400 500 600 700 800 900 1000
time/s

Figure 15 - Fuzzy PID vs PID [44]
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2.6.3 On/Off control

On/off control is the simplest control method, abiding the laws of basic logic [45]. When the variable
hits the set high point the controller turns off [45]. When the set low point is hit the controller turns
back on [45]. The buffer zone created between the high and low points is called hysteresis [45]. The
midpoint of the hysteresis is the desired set point of the variable [45]. The characteristic of this type

of control is shown in Figure 16 where Ay is the hysteresis and the red line is the desired set point [46].

0 - .
0 1

Figure 16 - Characteristics of an on/Off controller [46]
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2.7 Research summary

To limit efficiency losses after rewind, the temperature of burn-out must be correctly controlled. The
temperature of the main chamber mustn’t exceed 370°C and the afterburner must be kept at 800°C
to burn off pollutants [12, p. 31]. To control this accurately, a PLC system should be implemented
providing better control, fault finding and data logging capabilities [20]. Retrofitting a new control

system would prolong the life of the existing equipment without excessive investment [24].

To control the temperature a control method must be selected. PID control is an effective method
combining proportional, integral, and derivative units to produce an accurate and reliable variable
controller [36] [37]. Fuzzy logic control using a programmed artificial intelligence can be combined
with PID to limit deviation from the set point [44]. On/Off control is the simplest and easiest to
implement, when the temperature hits a low point, the controller turns on until the high point is met

and it turns off [45].

The project must produce an effective prototype to showcase how a PLC system would be beneficial.
The budget must be kept to a minimum as the project should serve only as a proof of concept. The
program must be written in ladder and an HMI screen, fault screen and engineer’s screen must be

produced.
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Chapter 3 - Methodology

This chapter details the justification of the project methodology as well as planning and preparation.
The project followed a mixed methodology between prototyping, Figure 17, and waterfall, Figure 18

[47].

N : Implement
Requirements Quick > Build User Refining e
 design prototype evaluation prototype ek

Figure 17 - Prototyping development methodology [47]

)

=

2

Figure 18 - Waterfall development methodology [47]

The project specifications were analysed, allowing for the design requirements to be considered. From
here, the components and equipment were chosen and the design configured. The simulation was
then to be constructed and evaluated allowing for refinement, falling into the prototyping method
[47]. Once refined, the simulation was then used to build the practical prototype which led to
implementation and testing, following the waterfall method [47]. This was the most effective

methodology for the chosen project.
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3.1 Project timescale

The project was to be completed in the timescale as shown in the Gantt charts in Appendix 1. The
Gantt chart was updated throughout the project, reflecting problems and changes that occurred
throughout the duration. All design choices made had to account for these set deadlines. To help keep

track of tasks, a logbook was kept shown in Appendix 6.

3.2 Project budget

The project had to be completed within the budget. As the project was completed outside of
workplace funding, the budget was set to £250. This was the bursary amount available from the

university for course costs. All design choices had to consider the project budget.

3.3 PLC selection

The aim of the project was to present an affordable prototype solution to the aging relay control
system utilising a PLC. Choosing the right PLC was important to ensuring the project met the required

specifications. Table 2 compares several popular PLC options [48] [49] [50] [51].

Table 2 - Comparison of several PLCs [48] [49] [50] [51].

Manufacturer Model Price Supply Inputs Outputs Programcapacity Communication ports Picture

Siemens S$7-1200 £525.60 24V 14 10 150kB 1
Schneider M221 £265.01 240V 16 7 10K steps 1
Allen-Bradley Micro820 £462.30 24V 12 8 200kB 3
Mitsubishi FX3S £473.40 100-240V 16 14 4000 steps 2
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The siemens S$7-1200 offers straight forward software [48]. The TIA portal allows for efficient

programming [48]. The ease of use of the S7 makes it more accessible for prototyping projects. Table
3 provides pros and cons [48].

Table 3 — Pros and cons of Siemens S7-1200 [48].

Siemens S7-1200

Pros Cons
Affordable No wireless communication
Easy to program Single communication port
Compact
Low Voltage
Expandable

The Shneider M221 is a micro-PLC, offering many of the same features [49]. Its competitive price

makes it an appealing controller for smaller projects. Table 4 displays some pros and cons [49].

Table 4 - Pros and cons of Shneider M221 [49]

Pros Cons
Affordable Lower program capacity
Higher No. inputs Single communication port
Competitively priced Low outputs

The Allen-Bradley Micro 820 is another popular micro-PLC. The software required to program the
micro 820 is Rockwell automation workbench. This software is renowned throughout the

programming community as difficult to use [52] [50]. Pros and cons for the Allen-Bradley micro 820
are shown the Table 5 [50].

Table 5 - Pros and cons of Allen-Bradley micro-820 [50]

Allen-Bradley Micro 820

Pros Cons
More expensive
Multiple communication options |Lower No. of outputs
Multiple programming languages |Difficult to use

Low voltage
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Mitsubishi PLCs are utilised throughout industry for a range of automation applications. The FX3S is
designed for simple applications [51]. The Mitsubishi software is praised for its efficiency and ease of
use allowing for a smoother programming process [51]. The pros and cons are shown in the Table 6
[51].

Table 6 - Pros and cons of Mitsubishi FX3S [51]

Pros Cons
Large range operating voltage Older technology
Compact size
Multiple communication options

The project required an efficient controller to demonstrate a prototyped version of the proposed
control system. From the comparison table, the Siemens S7-1200 is the most suited controller. This
PLC is user friendly for programmers with less experience, making it more suited for creating a
prototype. Although the other controllers offered features that would benefit the project, the
engineer’s familiarity with the S7-1200 is advantageous to keeping the project on track. Learning new

technologies and software could delay the project’s progress.

For these reasons, the Siemens S7-1200 was selected as the controller for the proposed project. The
university has siemens S7-1200 PLCs available, keeping costs down. The PLC technical specifications

can be found in table 7 [53].

Table 7 - PLC technical data [53]

Technical data

Model 1214 C DC/DC/DC
Supply voltage 24V DC

Digital inputs 14
Digital Outputs 10
Analog inputs 2
Analog outputs 0
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3.4 Component selection

3.4.1 Temperature sensor

The oven supplier offers replacement parts for their ovens. One of the parts offered is their

recommended thermocouple as shown in Figure 19 [54].

2 Results found for "thermocouple”

Thermocouple Element, 12" Type J
- 4820-02

External Parts

"

Thermocouple Element, 14" Type K
= 4820-03

External Parts

Figure 19 - Replacement thermocouple [54]

The thermocouples offered are types: J and K [54]. The type of thermocouple refers to the
temperature range which is determined by the two metals the sensor is constructed with. In a
bimetallic sensor, the metals react differently to temperature change and generate a voltage output
through their junction [55, p. 1070]. The voltage is induced by a change in EMF induced at the junction
[56]. Type J uses iron and copper-nickel, recommended to be used for a maximum of 800°C [57].
Extended periods over the max temperature will cause degrading of the sensor. Type K uses a nickel-
chromium and nickel-aluminium alloy construction [57]. This allows for a maximum continuous
temperature of 1100°C [57]. Type J would be suitable for the main chamber as the set point is only

370°C [11]. Type K would be required for the afterburner where the temperature reaches 800°C [11].
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Another suitable sensor was a resistance temperature detector (RTD) [55, p. 1070]. An RTD is
constructed using a thin coil of wire usually made of platinum [58]. The sensor produces a resistance

correlating with a change in temperature [55, p. 1070] [56] [58]. Figure 20 shows the correlation

between temperature and resistance for different materials [59].

Y Nickel Tungsten

Copper

Platinum

300 -

Resistance based on 100 ohms at 0°C

200 |~

100 1 1 | ! ! | | 1 >
0 200 400 600 800
Temperature (°C)

Figure 20 - Change of resistance with temperature for
various materials [59]
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Table 8 compares the temperature sensors [60] [61]. The sensors selected meet the requirements
provided by the manufacturers recommended replacement thermocouple, the afterburner sensor
must measure 14”, the main chamber sensor must be at least 12” [54]. These measurements ensure

the sensor reaches the desired vicinity for measurement.

Table 8 - Comparison between Thermocouple and RTD [60] [61]

Sensor glength g Diameterg Temperatureg Cost  gPicture

Type Kthermocouple 300mm 6mm 1100°C £85.45

Class B RTD 4mm omm 850°C ga3.45 |\

The RTD sensors available for the required temperature range do not meet the length requirements
for measuring the afterburner or main chamber [54] [61]. The thermocouple is more suitable for this
project although less accurate [62]. Another advantage of the thermocouple is the sensing range and
resolution [63]. Utilising a thermocouple rather than experimenting with another form of sensor
allows the prototype to take advantage of existing infrastructure within the oven [54]. This would

allow for retrofitting, utilising existing components.
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From the thermocouple, cabling would be required to transfer data to the PLC. RS recommends the

cabling shown in Figure 21, as it provides the best performance when used in conjunction with the

selected thermocouple [64].

RS PRO Type K Thermocouple Cable/Wire, 25m, Unscreened, PVC Insulation,

+105°C Max, 7/0.2mm

RS Stock No.: 814-0018 Brand: RS PRO

/ (D Bulk discount available
Price Each**

Units

Select or type quantity

£47.72 £57.26
(exc. VAT) (inc. VAT)

26 In stock - FREE next working day delivery
available*

* Delivery dates may change based on your chosen quantity and

delivery address.

D FREE delivery for orders over £50.00 |

View this category

Figure 21 - Recommended thermocouple cable [64]
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A type J thermocouple could be used for the main burner, as shown in Figure 22 [65].

RS PRO Type J Thermocouple 300mm Length, 2mm Diameter — +400°C

RS Stock No.: 324-2500 | Brand: RS PRO

@ Bulk discount available

Price Each**

£70.94 £85.13
(exc. VAT) (inc. VAT)
Select or type quantity

Available to back order for despatch when
stock is available*

* Delivery dates may change based on your chosen quantity and
delivery address.

| D FREE delivery for orders over £50.00 |

Image representative of range

View all Thermocouples ‘= Add to a parts list

Figure 22 - Main burner thermocouple [65]

For the workpiece thermocouple, heavy duty cabling with glass insulation will be required to
withstand the high temperatures of the oven. This probe can be placed inside the stator to monitor
the temperature of the casing, preventing damage to the laminations and casting. Figure 23 shows

the chosen thermocouple [66].

RS PRO Type J Heavy Duty Thermocouple 150mm Length, 4.5mm Diameter —
+350°C

RS Stock No.: 252-2424 Brand: RS PRO

(@ Bulk discount available

Price Each**

£17.03 £20.44

—— (exc. VAT) (inc. VAT)

\ N\ Select or type quantity
\__J O\
- —d \ Add to basket

3 In stock - FREE next working day delivery
available*

* Delivery dates may change based on your chosen quantity and
delivery address.

’ (D FREE delivery for orders over £50.00 |

View all Thermocouples

Figure 23 - Work piece thermocouple [66]
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For the afterburner, which is set to a higher temperature, a type K thermocouple was required as
shown in Figure 24 [60]. This thermocouple has the length required to reach the target area without

modifying the current oven’s set up [60].

RS PRO Type K Mineral Insulated Thermocouple 300mm Length, 6mm Diameter
— +1100°C

RS Stock No.: 787-7829 ' Brand: RS PRO

(D Bulk discount available
TR Price Each**
0/': £71.21 £85.45
N (exc. VAT) (inc. VAT)
e Units

Select or type quantity

21 In stock - FREE next working day delivery
X available*

2 available from Europe for delivery within 2 working
day(s).

* Delivery dates may change based on your chosen quantity and

: delivery address.
View all Thermocouples Y

| (D FREE delivery for orders over £50.00

Figure 24 - Afterburner thermocouple [60]
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3.4.2 Relief panels

Relief panels are used to allow for pressure to be released in an emergency, preventing explosion [13].
The program must check the panels are in position before allowing the cycle to start [13]. Several

types of sensors were compared in table 9 to determine the most suited option [67, pp. 964-972] [68,

pp. 318-344].

Table 9 - Sensor comparison table [67] [68] [56]

Sensor B Advantages B Disadvantages - |
Mech limit switch Reliable, Rugged, inexpensive Moving parts, less precise, slower response time

Hall Effect sensor Fast response, highly accurate, low power consumption  Expensive, Magnetic target required

Optical sensor Fast response, high sensitivity Unsuited for dirty environments, Expensive, require calibration
Magnetic sensor Reliable, suited for dirty environement, Requires magnetic target, expensive

Inductive sensor Reliable, suited for dirty environement, Fast response Metallic objects only, susceptible to interference

An efficient solution would be to install a mechanical limit switch [56]. If the relief panels are in place,
they will close the lever of the switch, producing an output for the PLC. As no measurement is required
from the sensor, there is no need for fast response or high accuracy [13]. Mechanical limit switches
are an affordable option and would work well in the dusty environment where other sensors may fail
[56]. There are several types of limit switches available for different applications, these are shown in

Figure 25 [69]. For the application required, a plunger switch would be sufficient in detected the

presence of the panel.

I I
e
[ =) (=]
Whisker Roller Roller-lever Lever Plunger
limit switch limit switch limit switch limit switch limit switch

Figure 25 - Types of limit switch [69]
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Limit switches offer several configurations, the main being normally open, normally closed and
normally open/closed [69]. The mechanics of these switches are shown in Figure 26 [69]. For the
application required in the project, detecting the pressence of the relief panel, a normally open switch
would suffice. When the panel is present, it will depress the switch closing the contact. If the panel is
not present the contact will remain open. Once included into the PLC program, the open switch will

stop the program running.

Normally Open Normally Closed Nom’?ﬂ?%ﬁ%

Limit switch Limit switch Limit switch

Figure 26 - Limit switches configurations [69]
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Limit switches are manufactured with different pole and throw configurations [70]. These
configurations are shown in Figure 27 and refer to how the switch operates [70]. As the required
switch only needs to detect the presence of the relief panel, a single-pole single-throw (SPST) single-

break would be required [70].

&=

—T T e——

P =
— L e— ] e —

A

SPST SPST SPDT SPDT
Single-Pole Single-Pole Single-Pole Single-Pole
Single-Throw Single-Throw Double-Throw Double-Throw
Single-Break Double-Break Single-Break Double-Break

2 —=
2 ==

i
I

DPST DPST DPDT DPDT
Double-Pole Double-Pole Double-Pole Double-Pole
Single-Throw Single-Throw Double-Throw Double-Throw
Single-Break Double-Break Single-Break Double-Break

Figure 27 - Switch types [70]

Figure 28 illustrates how the limit switch can be used to detect the relief panel opening [69].

Position detection Position detection

Figure 28 - Limit switch for relief panel example [69]
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From the requirements, it was determined a NO SPST roller plunger limit switch would be an adequate
solution. The switch in Figure 29 was selected as it met all specifications at an affordable price [71].
From the datasheet, the switch is functions at 24V DC which is the operating voltage of the PLC [72]
[53].

Bernstein AG 149 Series Roller Plunger Limit Switch, NO/NC, IP67, SPST, p—
Plastic Housing

RS Stock No.: 136-3203 Mfr. Part No.: 6089117053 Brand: Bernstein AG

Price Each**

£33.81 £40.57
(exc. VAT) (inc. VAT)
Units

Select or type quantity

3 In stock - FREE next working day delivery
EVETIEL

5 available from Europe for delivery within 2 working
day(s).

* Delivery dates may change based on your chosen quantity and
delivery address.

‘ D FREE delivery for orders over £50.00
View all Limit Switches

Check stock levels | := Add to a parts list
v
2 Legislation
Technical 9 Product iy
and ; Specifications
Reference 3 Details
Compliance
1+ £33.81
Datasheet **price indicative

Figure 29 - Relief panel limit switch [71]
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3.4.3 Door interlock

To prevent the cycle running with the door open, an interlock was required. Fitted to the locking
mechanism of the door, a NO switch would only allow the program to continue when closed. A simple

interlock switch was selected as an inexpensive solution shown in Figure 30 [73].

Allen Bradley 440K Safety Interlock Switch, 2NC/1NO, Keyed Actuator © mtons
Included, Glass Filled PBT -

RS Stock No.: 178-181 Mfr. Part No.: 440K-T11090 Brand: Allen Bradley

Price Each**

£45.42 £54.50
(exc. VAT) (inc. VAT)
Units

Select or type quantity

17 In stock for delivery within 2 working days*

* Delivery dates may change based on your chosen quantity and
delivery address.

I (D FREE delivery for orders over £50.00 ‘

Check stock levels ‘= Add to a parts list

View all Safety Interlock Switches

Figure 30 - Door interlock [73]
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3.4.4 Water pressure sensor

There are three different types of pressure sensor. Absolute pressure sensors require a vacuum to
measure pressure [74]. Differential pressure sensors measure the difference in pressure between two
points, requiring two sensors [74]. Gauge pressure sensors measure pressure compared to
atmospheric pressure [74]. To measure the pressure of the water supply, a gauge pressure sensor was
required. Uk regulations state that water pressure must be a minimum of 0.7 bar [75]. The oven
manufacturere states water pressure must range between 2.76 and 6.9 bar [76]. The sensor must also
be compatible with the chosen PLC, capable of operating at 24V. Using these parameters, two sensors

were compared [77] [78].

Table 10 - Water pressure sensor comparison [77] [78]

B Max reading [l Accuracy i output type Bl Min reading [Bl Supply voltage Bl Media measured B rrice Ericture Bl
Gems Sensors %
3100 Series 10 bar 0.25% Analogue 0 Bar 8-30VDC Air Fluid, Hydraulic Fluid, Hydraulic Oil, Oil £175 "
=aps
wip
Wika A-10 10 bar 0.50% Analogue 0 Bar 8-30VDC Gas, liquid £147.88 4 J

From Table 10, the Gems sensor can measure more media types but offers lower accuracy [77]. For
the project, water is the only media measured. For this reason, and the more attractive price point,

the Wika sensor was selected [78].

WIKA A-10 Series Pressure Sensor, Obar Min, 10bar Max, Analogue Output (]|

RS Stock No.: 124-1468 Mfr. Part No.: 46879225 Brand: WIKA

Subtotal (1 unit)**

£123.23 £147.88
(exc. VAT) (inc. VAT)
Units

Select or type quantity

15 In stock - FREE next working day delivery
available*

2 available from Europe for delivery within 2 working
day(s).

* Delivery dates may change based on your chosen quantity and
delivery address.

l (D FREE delivery for orders over £50.00 ‘
View all Pressure Sensors
Check stock levels

Figure 31 — Selected water pressure sensor [78]
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3.4.5 Gas pressure sensor

From the oven manufacturer, required gas pressure is 0.0149 - 0.027 bar [76] [79]. A similar sensor as
the water pressure can be utilised to measure the gas. Selecting a sensor from the same
manufacturing series simplifies the design of the project allowing for efficient progression and
prototyping. A sensor was selected capable of measuring up to 1 bar satisfying the manufacturers

requirements [80].

WIKA A-10 Series Pressure Sensor, Obar Min, 1bar Max, Analogue Qutput (]|

RS Stock No.: 124-1484 | Mfr. Part No.: 46879288 Brand: WIKA

Subtotal (1 unit)**

£123.23 £147.88
(exc. VAT) (inc. VAT)
Units

Select or type quantity

2 In stock - FREE next working day delivery

available*

'L‘#

2 available from Europe for delivery within 2 working
day(s).

<= -
* Delivery dates may change based on your chosen quantity and
delivery address.

[ (D FREE delivery for orders over £50.00 ‘
View all Pressure Sensors
Check stock levels

Figure 32 — Selected gas pressure sensor [80]

Page 46 of 153



Independent Project (ACCA6020) Tomos Hall 2219188

3.4.6 Flow meter

The oven uses water jets to maintain the required environment for pyrolysis [13] [14]. If the oven gets
too hot, the jets are used to slow the process allowing the afterburner enough time to eliminate the
waste material [13] [14]. The program must check water flow to the jets, for this a flow meter was

required [13]. There are several different types of flow meter available, used for different applications.

Differential pressure flow meters require two measuring elements separated by a set range. The flow
is obstructed between the sensors, the difference in pressure is used to calculate the flow rate [81]

[82] [83].

Turbine flowmeters use a turbine within the pipe. The revolutions per minute of the turbine is used

to calculate the flow of the liquid [83] [81].

Ultrasonic flow meters utilise two ultrasonic transducers [81] [82] [83] [84]. The flow rate is measured
based on the change in time it takes the receiver to detect the ultrasonic signal [81] [82] [83] [84]. A
base line is recorded at no flow, allowing flow rate to be calculated proportionally to the signal delay
[81] [82] [83] [84]. This is a non-intrusive measurement method, meaning no components are required

inside the pipe [81] [82] [83] [84].

Magnetic flow meters are also non-intrusive, relying on the conductivity of the fluid in the pipe [81]
[82] [83] [84] [67, pp. 208-224]. They utilise faraday’s law of electromagnetic induction to calculate
the rate of flow [81] [82] [83] [84] [67, pp. 208-224]. Inducing a magnetic field around the pipe, the
fluid acts as a moving conductor [81] [82] [83] [84] [67, pp. 208-224]. Voltage is produced by the
conductors flow which is proportionate to the velocity of the fluid [81] [82] [83] [84] [67, pp. 208-224].

To keep costs down, the water pressure sensor can be utilized as a flow detector. As the purpose of
the flow meter is only to confirm the presence of water in the pipe, speed of flow is not required. For

this reason, the water pressure sensor can be used to check flow of water.

3.4.7 Further components

The upgraded control system would be able to utilise the existing ignition system using a standard
digital output from the PLC to spark the electrode [54]. The PLC would control the blower motors using
the contactors already in place [54]. The PLC would be able to control the solenoid valves already in

place to control the water and gas [54].
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3.4.8 Expansion module requirements

The PLC required a power module to convert the 230V AC input available in the workplace [85]. The
PM1207 converts 230V AC into the required 24V DC [85] [86]. It is the recommended unit for the

chosen PLC, shown in Figure 33 [87].

SIEMENS

Data sheet 6EP1332-1SH71

SIMATIC PM1207/1AC/24VDC/2.5A

SIMATIC S7-1200 Power Module PM1207 Stabilized power supply input: 120/230
V AC, output: DC 24 V/2,5 A

Figure 33 - Siemens PM1207 power supply module [87]

The thermocouples require a cold junction compensation module to prevent interference in the
readings [88]. The SM1231 TC model, Figure 34, is the recommended module for use with the chosen

PLC [85] [89].

Siemens SM 1231 Series PLC 1/0 Module for Use with CPU 1211, CPU 1212, CPU ........
1214, Analogue

RS Stock No.: 810-4150 Distrelec Article No.: 304-02-193 Mfr. Part No.: 6ES7231-5QF32-0XB0 Brand: Siemens

View all PLC Accessories | (D FREE delivery for orders over £50.00 |

Check stack levels ‘= Add to a parts list

Price Each**

£511.00 £613.20

(exc. VAT) (inc. VAT)

Units

Select or type quantity

1In stock - FREE next working day delivery
available*

4 available from Europe for delivery within 2 working
day(s).

* Delivery dates may change based on your chosen quantity and
delivery address.

Figure 34 - Thermocouple cold junction compensation module [89]
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3.4.9 HMI screen

Table 11 compares several HMI options [90] [91] [92] [93] [94] [95]. Schneider offers the best
interfacing option and the most on-board memory, but screen size is limited [95]. Allen Bradley offers
the biggest display and large memory but is more expensive [93]. Siemens offers a midsize display,
reasonably priced [91]. Although Siemens has the lowest on-board memory, it is the most compatible
with the chosen PLC and so was selected for the project. The university has a stock of Siemens HMI

screens, so it does not affect the project budget.

Table 11 - HMI screen comparison [90] [91] [92] [93] [94] [95].

KTP700 Basic 7 in 2711P Series GTO series harmony
Manufacturer Siemens Allen Bradley Schneider
Port type Ethernet Ethernet 2 x COM2,

2 x Ethernet (RJ45),
2 x USB 2.0, COM1

Display size 7" 12.1" 4.7"

Interface PROFINET Ethernet/IP RS232, RS485, Ethernet,
UsB

Supply voltage 24V 24V 24V

On board 10MB 80MB 96MB

memory

Display type TFT LCD TFT

Cost £944.40 £3,997.40 £1,421.11

Picture
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The proposed real upgrade cost of the control system was totalled in Table 12 [86] [64] [60] [66] [65]
[71][73] [48] [89] [80] [78] [90] .

Table 12 - Real life project costs [86] [64] [60] [66] [65] [71] [73] [48] [89] [80]

Product

Price

SIMATIC S7-1200 Power Module
PM1207

Thermocouple cable

Thermocouple K

Thermocouple J

Thermocouple J

Limit switch

Interlock

Siemens S7 1214C PLC

Siemens SM 1231 TC

Gas pressure sensor x 2

Water pressure sensor

Simatic touch HMI

Total
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£102

£57.26

£85.45

£20.44

£85.13

£40.57

£54.50

£512.40

£613.20

£296

£147.88

£944.40

£2,959

-

Picture
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3.6 Prototype components

To showcase the function of the designed program, a prototype was built. Keeping within the project

budget, low-cost components were selected to provide a method of testing and demonstrating.

3.6.1 Thermocouple replacement

To showcase changes in temperatures over hundreds of degrees would be extremely difficult in a
prototyping environment. To keep the budget low and the prototype controllable, potentiometers
were chosen as a substitute for the thermocouples. 10kQ potentiometers were selected as

recommended for use with the chosen PLC [85].

3.6.2 Pressure sensor replacement

It would be nonsensical to accurately depict changes in pressure whilst demonstrating the project.
10kQ potentiometers were again selected as a substitute, for their low cost and ease of interactivity

for prototyping.

3.6.3 Cold junction compensation module replacement

Without the need of thermocouples, the cold junction compensation module was no longer required
for the project. As the chosen replacement was potentiometers, an analogue input module was
required. A compatible module was selected as shown in Figure 35, recommended by the

manufacturer [85] [96].

Figure 35 Analogue input
module [96]
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3.6.4 Program output indicators

To represent the gas and water valves, blower motors and ignition system, the prototype will utilise

indicator bulbs, shown in Figure 36 [97]. These are a cost-effective representation of the outputs.

Figure 36 - Indicator lights for program outputs [97]

3.6.5 Cycle control

For the start, stop and Emergency stop, panel mount buttons were incorporated, shown in Figure 37

[98] [99].

Figure 37 - Panel mount buttons for prototype [98] [99]

3.6.6 Interlock and pressure relief panel replacement

To test the function of the door interlock and the pressure relief panel in the prototype build, rocker

switches were substituted to toggle the outputs and test the system.
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3.6.7 Total prototype cost

Table 13 shows the total prototype costs [100] [101] [102] [97] [98] [103] [99] [104]. The PLC, HMI and

all passive components were supplied by the university. This total cost was within the budget of £250.

Table 13 - Total prototype costs [100] [101] [102] [97] [98] [103]

[99] [104]

Product Price Picture

Enclosure £13.36 :
S -

Rocker switches £4.99 ‘

10K potentiometers £9.99 E.i

= @

LED indicator lamps £9.36

Push button switch x 2 £6.29

Din rail £5.29

E-stop £17.75

SM 1231 Analog input £153.42

S7 1231CPLC £0.00
Simatic touch HMI £0.00
Passive components £0.00
Total £220.45
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3.7 software selection

In accordance with the manufacturer’s recommendations for the chosen PLC, Siemens TIA was chosen
to design the ladder program [85]. The HMI, engineers and warning screens were designed and
programmed in TIA. The engineer’s familiarity with the software aided in its selection as it allowed for

smoother programming.

3.8 Simulation method

Factory 1/0 is a simulation software by Real Game, utilised for PLC training [105]. It allows users to
build an automation set up controlled by a PLC. Linked with Siemens TIA, it can be utilised to test
programs, making troubleshooting and fault finding more achievable. Factory 1/O allowed for each
stage of the program to be tested as it was written. This helped avoid having to fault find large lengths
of code. This served as an effective tester before committing to the components required for the real
prototype. The only disadvantage of using Factory 1/O is that it is limited to the automation
components it offers. To simulate the ovens functions substitutions had to be made to represent parts

of the oven.

To demonstrate the gas and water, conveyors were used in the simulation as a visual aid. To
demonstrate the ignition and fans, stack lights were substituted. For the interlock and pressure relief

panel, safety doors were utilised. For thermocouples and pressure gauges, potentiometers were used.

3.9 Testing and evaluation methods

To test the prototype, all possible scenarios of operation were run to ensure the design functioned as
required. This involved altering the pressure and temperature readings to ensure the program reacted
as designed. This also involved toggling the rocker switches to test the programmed safety features.
The produced outputs were observed using the HMI screen and the indicator lamps. The prototype

was evaluated based on how well it reacted to the testing and if it conducted the required functions.
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Chapter 4 - System design

4.1 Design requirements

Table 14 - Design requirements [11] [76] [79].

System parameters Set point Minimum  Maximum
Afterburner 800°C 850°C 750°C
temperature

Main burner 370°C 320°C 420°C
temperature

Workpiece 400°C N/A 450°C
temperature

Afterburner gas N/A 0.0149 bar | 0.027 bar
pressure

Main burner gas N/A 0.0149 bar  0.027 bar
pressure

Water pressure N/A 2.76 bar 6.9 bar
Cycle time 18 Hrs N/A N/A

From industrial standards and manufacturers recommendations, Table 14 lists the system parameters
the proposed system must produce [11] [76] [79]. The system had to be designed and built within the
set time scale as shown in the Gantt chart in Appendix 1. The system prototype had to be built within
the set budget of £250. These requirements were taken into consideration when designing the project

solution.

From the requirements, the inputs and outputs were constructed as shown in Table 15 and Table 16.

Table 15 - Prototype inputs

On Digital
Off Digital
E-stop Digital
Afterburner thermocouple Analogue
Main burner thermocouple Analogue
Work piece thermocouple Analogue
Door interlock Digital
Pressure relief panel Digital
Water pressure sensor Analogue

Afterburner Gas pressure sensor  Analogue
Main burner Gas pressure sensor  Analogue
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Table 16 - Prototype outputs

Cycle runningindicator  Digital

Afterburner Gas Digital
Afterburner Ignition Digital
Afterburner Blower Digital
Main burner Gas Digital
Main burner Ignition Digital
Main burner blower Digital
Water Valve Digital

4.2 Wiring diagram

Having specified the inputs and selected the required components, a wiring diagram was constructed
for both the proposed implemented system and the prototype. The wiring diagram for the proposed
implemented system is shown in Figure 38. The components were wired based on the specifications
given in the system manual for the PLC and analogue input module [85]. All red lines were connected
to the common 24V DC supply, black lines were connected to the negative of the supply [85]. All
common and earth terminals of the system were connected to this negative as specified in the manual

[85].

Start @ ‘
‘ N Main burner
) N\ thermocouple
S¥Op Afterburner -
\.a E-StoP poor interlock themcecuple
i Pressure relief
n
T T Workpiece Afterburner
L T T T T T T T T T TT 1 : thermocouple Gas pressure
D022 [ = g Mainburner
PODODDVDDDDDDDD @@@j}: 144e ¥ Y g Vi
— Fimm
gi23asEIET134% . ééééé@@ : } ig"‘ Water
1 2HDCINLTS e, | Fim aga pressure
! T14-1AG40-0XB0 e i
Cycle indicator 24VDC OUTPUTS g LN KT s
Loy 2 3456284 o @02 éé@
2099999299222 | Llooooood 1
Afterburner gas juil T ——s Water
Solenoid valve "_

Solenoid valve

] Main burner Mai
L. Ignitor ain burner blower

motor

&'_ @ L e ®

A Main burner gas
Afterburner blower solenoid valve

motor

Afterburner ignitor

Figure 38 - Implemented wiring diagram [85]
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Figure 39 shows the wiring diagram for the actual prototype build. Components were wired based on
the recommendations from the system manual [85]. Sourcing outputs like the start,stop, E-stop and
switches are wired from the power supply, with the PLC providing the negative terminal [85]. The
potentiometers are wired to the four terminals of the analogue input module, as specidied in the
manual [85]. The remaining two are connected to the anaolgue inputs of the PLC [85]. The indicator
lamps are connected to the eight digital outputs of the PLC [85]. Each battery symbol in the diagram

represents a connection to the common DC power supply providing 24V [85].
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Figure 39 - Designed showcase prototype wiring diagram [85]
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4.3 Design considerations

Before building the prototype, the program was designed using siemens TIA portal. Before

development of the program the control method for the oven’s temperature was decided.

4.3.1 Control choice

As discussed in section 2.6, there are many methods of temperature control. For the prototype it was
decided that on/off control would be the most suited method. This type of control would be simple
to implement and would produce a functioning prototype for the engineer to present the idea of an
upgraded system. PID control may produce more accurate results but would require real life testing
to tune the controller. As this design is just to be a proof of concept, On/Off control served as a suitable

control method.

4.3.2 Warnings and alarms

Before designing the program, the required warnings and alarms were considered, shown in Table 17
and Table 18. These warnings are displayed on the HMI screen to alert the engineer of a problem with
the system. The presence of a warning does not stop the cycle, as they are not detrimental to safety

and function.

Table 17 - System warnings

Warnings Description

Afterburner over temp Afterburner thermocouple over upper limit
Afterburner under temp Afterburner thermocouple below lower limit
Main burner over temp Main burner thermocouple over upper limit
Main gas pressure high Main gas pressure over upper limit

Main gas pressure low Main gas pressure under lower limit

Afterburner gas pressure high Afterburner gas pressure over upper limit
Afterburner gas pressure low Afterburner gas pressure Under lower limit

Water pressure high Water pressure over upper limit
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Table 18 - System alarms

Alarms Description

No water Zero water pressure meaning no water flow

Work piece over temperature =~ Work piece thermocouple over upper limit

Door open Door interlock not engaged (off)

Relief panel open Pressure relief panel not engaged (off)
Water pressure low Water pressure below lower limit
Afterburner malfunction Afterburner temp not increased after 30s

Either no gas or no ignition.

Main burner malfunction Main burner temp not increased after 30s
Either no gas or no ignition.

An alarm in the system was decided to be detrimental to the system and so when triggered the cycle
stops. If the no water alarm is triggered it means the pressure sensor has a reading of zero resulting
in no flow of water. As the water jet is crucial for temperature management, this leaves to cycle
termination [13]. The cycle is terminated if the water pressure is below the manufacturers recommend
pressure. The integrity of the workpiece is the most crucial factor of the project and so if the workpiece
thermocouple is over the set temperature the cycle stops. If the door is open, it poses a threat to the
safety of the workshop and the effectiveness of the oven, so the cycle is terminated. The pressure
relief panel is an important safety feature [13] [15]. In an emergency, if the pressure inside the
chamber reaches a dangerous level, the relief panel is blown open to release pressure [14]. If the relief
panel is open the cycle must stop. The afterburner and main burner malfunction alarms are safety
features that check the burners are functioning correctly. If the burner temperature readings do not
rise it is a sign that either ignition has failed, or gas is not present in the system. Both scenarios must

terminate the cycle.
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4.4 Program Flowchart

Before beginning the program design, the fundamental functions of the program were implemented
into a flowchart to illustrate the program principles, shown in Figure 40. The program will not start
unless all parameters are set. Once set the cycle timer will begin launching the afterburner ignition
cycle. The main burner will only ignite once the afterburner has reached the set point. If the
afterburner or main burner do not reach set point after a set time, malfunction is triggered signalling
an ignition or gas error. If the main burner or work piece is over temperature, main gas is turned off
and water is turned on to manage the temperature. Once the main chamber is under the set temp the

reignition cycle is triggered. If the workpiece is significantly over temperature, the cycle stops.
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Are all settings correct?

‘ Wait H Start cycle timer |

Set afterburner flag|

Is timer complete?

Afterburner ignition cycle

Y

Is afterburner at set point?

Is afterburner over setpoint?

End cycle

End cycle

Tomos Hall 2219188

<{s afterburner under set point

End cycle

Figure 40 - Program flowchart
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4.5 Program fundamentals

Tomos Hall 2219188

The program utilized multiple functions to control the system. Built in functions like timers, math,

comparators, and conversion blocks were utilised, as explained in the TIA user manual [106]. More

complex function blocks were created to carry out different functions, these are explained in the

following sections. The full ladder program is shown in Appendix 2, this section details the more

important functions of the program.

4.5.1 Analogue input conversion

The analogue input module was configured in Siemens TIA as shown in Figure 41. Once configured,

inputs were set to a 0-10V range as shown

in Figure 42.

drifrciicizea ) E (R Qs = | | Device overview
4
bjl-\ B W odue Ser || address
N 103 ~
¥ B 102 m
101
v P 1
DI 14/DQ 10_1 1 0.1
M21 12 s6.59
2 101 1 2 3 4 5 6 - ‘
HsC1 116 100010 |T
HsC_2 117 1004.10..
AT SRS HsC_3 118 1008.10..
] HSC 4 119 1012.10.
‘ HsC_5 120 1016.0..
E HEC. 6 121 1020.10..
i Pulse_1 132 =1
Pulse_2 133
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oPCUA 1254
» PROFINETinterface_1 1x1
Al 4X13BIT1 2 48..55
3
4
s
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Figure 41 - Analogue input module configuration

G Properties |71} Info )| %l Diagnostics |

J General H 10 tags H System constants H Texts

~ General
Froject information
Catalog information
- Al4
+ Analog inputs
Channell
Channel2
Channel3

10 addresses.

T

> ChannelO

Channeladdress: [IW4E

type: |Voltage

Voltage range: | +-10v

[ weak (4 cycles)

[ Enable overflow disgnostics
[] Enable underflow diagnostics

Figure 42 - Analogue inputs configured
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To convert the analogue inputs, a function block was created. From the manual [85], analogue inputs
are represented within the PLC as values from 0 to 27648. The readings from the potentiometer are
given from of OV to 10V and so must be converted to be compatible with the PLC [85]. This is done
using a two-step process, the first is a normalising function. This converts the input from an integer
value 0-27648, to a real value. An integer refers to a signed number from -32768 to +32768, a real
represents a number as a decimal fraction [31]. The real output from the normalise function is given
as a percentage; the second step is to scale the percentage using the scaling function. This sets the
limits of the output, for the thermocouples the range was set from 0-1000°C as this is the
measurement range. For the gas pressure, the range was set from 0-1 bar as this is range of the
pressure sensor. For the water pressure the range was set from 0-10 bar, the water pressure range.
These functions are shown in Figure 43, Figure 44, and Figure 45.

—

Thermocouple processing

Marme Data type Default value Comment
4] * Input
2 . Analog input value Word
3 |40 « Output
4 4] = Temnp in degrees C Real
5 <@ v InOut
& = Add ne
7 g T Temp
8 1w Temp in Percent Real
HF Al =0 —_
¥ Block title:
fThermocouple processing
¥  Network 1:
Mormalising Input value
MORM_X
Int to Real
EN
0 MIN #"Temp in
#"Analog input out — Percent
value” VALUE
27648 — MAX
b Network 2:
SCALE_X
Real to Real
EN
0.0 — MmN #*Temp in
# Temp in ot — degrees C°
Percent” — yALLE
0000 A

Figure 43 - Thermocouple analogue input set up
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Gas pressure proccessing

| Narne Data type | Default value Comment
1 1 ~ Input
I @ Analogue input Int
3 < ™ Output
4 4= Gas pressure in Bar Real
5 4@ > InOut
& = A
7 v Temp
E = Pressure in percent Real

HF Ak == ff = =

¥ Block title:
Meter reading

*  Network 1:

Comment
NORM_X
Int to Real
EN
G—MN #"Pressure in
#"Anslogue out percent”
INPut” — VALUE
MAX
SCALE_X
Real to Real
EN
00— Mn #°Gas pressure
#"Pressure in out in Bar
percent” VALUE
RN — e

Figure 44 - Gas pressure analogue input set up

Water pressure proccessing

Mame Data type Default value Comment
1 <@ = Input
I a= Anglogue input Int =
3 4 ™ Output il
4 d= Water pressure in Bar Real
5 40 * InOut
(5] -
7 4] Temp
8 4~ Water pressure percent Real

- = —— —

¥ Block title:

¥  Network 1:

nrnent

NORM_X
Int to Real
EN
o
i) #"water
#"Analogue pressure
input’ — yaALUE ouT — percent’
27648 — MAX
SCALE X
Real to Real
EN
o0 —mey " Wiater
#"water
pressure our
percent” VALUE
100 MAX

Figure 45 - Water pressure analogue input set up
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This function block is shown in Figure 46, where the thermocouple inputs are converted to

temperature readings. The analogue input processing for the gas and water pressures are shown in

Figure 47.

hd Network 7:

therme couple Analog input processing

Y1
“Thermocouple processing”
EM END
s WMD208
"Afterburner Analog input Temp in "Afterburner
thermocouple” value degrees C temperature”
%Wl
“Thermocouple processing”
EN ENG —
WWs0 WAD210
“Main burner Analog input Ternp in “Mainburner
thermocouple” value degrees C temperature”
W
“Thermocouple processing”
EN ENOQ ——
W52 D212
“Work peice  Analog input Temp in “Workpiece
thermocouple” value degrees C temperature”
Figure 46 - Thermocouple analogue input processing
*  Network 14: Pressure guage conversions
Convert analogue input to readable values
W2
"Gas pressure proccessing”
EN END
WS4 WMD234

"Afterburner gas
sensar’

"Afterburner gas

Gas pressure
pressure”®

Analogue input in Bar

W56
"Main gas sensor”

WWs8
"Wiater sensor

WFC2
"Gas pressure proccessing”
EN END —
) %MD238
Analogue iNput  Gag pressure Main gas
in Bar pressure”
WFc3
"Water pressure proccessing”
EN ENQ —
Water
pressure in WMMD242

Analogue input Bar — "Wiater pressure”

Figure 47 - Pressure gauge analogue input processing
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4.5.2 Temperature control

The chosen control method for temperature was on/Off. To achieve this, the operator must input a
desired set point for temperature. The program must then operate using a buffer zone called
hysteresis. The hysteresis is formed by an upper and lower limit surrounding the set point. To allow
the engineer to simply input the desired temperatures, the program had to automatically create the
limits. This was achieved by creating function blocks to add and subtract a set value from the set point.
For the prototype, the limits were set to 50°C above and below the set point. In a real application this
range would be too large. To demonstrate the project, the large range accounts for the sensitivity of
the potentiometers. Figure 48 shows the upper limit function block. The set temperature is input into
an addition block, adding 50°C. As the temperature set input is an integer, the normalise function is

once again used to convert it into a real.

Name Data type Default value Comment
I &l Input
T Temp set Int
3 40 ~ Output
44 = overtemp real Rezl
5 4@l v InOut
6 u
7 40 * Temp
T R overtemp int Int

HE A =0 —_

* Block title:
X Network 1:

ADD
Auto (Int)
—— N —— !
#"Temp set” N1 out #"overtemp int”
50— N2 3

MNORM_X
Int to Real

EN £
0 MIN out #"overtemp real”
#"overtemp int” — VALUE

Figure 48 - Temperature upper limit function block
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The same procedure was utilised for the lower limit only using a subtract function, shown in Figure

49.

Undertemp
Name Data type Default value Comment
< ™ Input
2 4. Temp set Int |
3 4@ ~ Output
40 % Undertemp real Real
<@ ¥ InOut

[l |

= <hdd new
41~ Temp
&l = undertemp int Int

S

o

HF Hi-—0— 7 —=

w Block title: .

¥  Network 1:

suB
Auto (Int)
EN —
#*Temp set” — N1 oUT — #"underternp int"
50 — N2
NORM_X
Int to Real
EN —1
(¢] MIN #"Undertemp
#"underternp int” — VALUE out — real”
MAX

Figure 49 - Temperature lower limit set up function block

As the workpiece being overtemperature was designed to trigger an alarm, terminating the system, a

tighter upper limit of 20°C was set for use as a warning, shown in Figure 50.

Workpiece overtemp flag

Name Data type Default value Comment

4! <@ > Input

2 1= Temp set Int

3 |40 ¥ Output

4 g = overtemp real Real

5 4@ ™ InQut

& L] Add ne

7 |40~ Temp

8 |40 = overtemp int Int

HF HAiF —— 7 = 2

¥ Block title:

ADD
Auto (Int)
#*Temp set” INT out #"overtemp int®
20— N2 3¢
NORM_X
Int to Real
EM =
O MIN QuT — % overtemp real”
#"overtemp int" VALUE
PO

Figure 50 - Warning limit for work piece thermocouple

Page 67 of 153



Independent Project (ACCA6020)

Tomos Hall 2219188

This function blocks were used in conjunction with the temperature set points for each thermocouple

in the system, shown in Figure 51. The setpoints were input using HMI.

- Network 9:

cycle is terminated.

TWAW204
*After burner
temp set”

TWaW204
*After burner
temp set’

YEMW202
"Main
temperature
set”

WIW206
"Work piece
ternperature
set”

WIW206
"Work piece
ternperature
set”

w Temperature cenversions and overiunder set up. Takes temperature limit set pointand adds 50
degrees for over temp alarm. subtract 50 degrees for underternp alarm. Adds 20 degrees for
workpiece senesor, allow for cocling proccess. When workpiece reaches + 50 degrees over limit,

WS
“Owertemp”
EM ENO
D216
"Afterburner
Temp set overtemp real overtemnp real”
W Ch
“Undertemp”
EL ENQ ——
WMD220
“Afterburner
Temp set Undertemp real — undertemp real”
WrCs
"Overtemp”
EN END —
MD224
"Mainburner
overtemp rea| — OVErMemp real”
Temp set
WS
"Overtemp®
EN END =——
D232
"Workpiece
overtemp real — overtemp real®
Temp set
e
"Workpiece overtemp flag™
EN ENO ———
WMD244
"workpiece
slightly
Temp set overtemnp real overternp”

Figure 51 - Temperature hysteresis setting
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4.5.3 cycle time control

The cycle time was designed to be input using the HMI screen. When implemented using this method,
TIA registers the input in milliseconds. To overcome this and allow the operator to define the cycle
time in hours, a function block was created to convert the input from hours to the appropriate number
of milliseconds for the timer. This was achieved using multiplication functions as shown in Figure 52.
The input time was multiplied by 60 to give time in minutes, then again to give time in seconds. It was

the multiplied by 1000 to give time in milliseconds, which was then input into the cycle timer.

Time in hours

Name Datatype Default value Comment
1 @ ~ Input
2 @ time in hours Time |_é|
3 <@ > Output
£ 4= time in m seconds Time
5 4@ ¥ InOut
2] = Add
7 T Temp
g @n= time in minutes Time
o 4= time in seconds Time

b i = —_
¥ Block title:

*  Network 1:

MUL
Auto (DInt)

EN —
#"time in hours” N1 #"time in
IN2 3¢ QUT — minutes"

MUL

Auto (Dint)
EN — _—
#"time in #"time in
minutes” N1 ouT — seconds”
50— N2 3
[ muL
Auto (DIng) |
IEN ——=F
|
& time in l #time inm
seconds” —{ing ouT|— seconds”
000 !\N2 3

Figure 52 - Time conversion from hours to milliseconds

To display the time passed on the HMI screen, the reverse of this function had to be completed, shown

in Figure 53.
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Time in ms to hours

Tomos Hall 2219188

Figure 53 - Conversion from milliseconds to hours
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I Al ™ Input
2 ). Time in ms Time [_=§T|
3 40 Duiput
4 g = Time in hours Time
5 4l ™ InOut
6 L] Add new
¥l ™ Temp
E 4] = Time in minutes Time
= Time insecands Time
HF Al =~ 7} = &
*  Network 1:
DN
Auto (DIng)
EM — E
#"Time in ms" M1 #*Tire in
1000 N2 ouT seconds”
D
Auto (DInt)
EN — ENO —
£"Time in £#"Time in
seconds” N1 Ut — minutes”
60 M2
D
Auto (Dint)
EN — e
£ Time in ouT #*Time in hours"
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60 M2
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4.5.4 gas pressure monitoring

To monitor gas pressures, comparators were used to compare the measured input to a set value. The
lower limit for gas pressure was 0.0149 bar, the upper limit 0.027 bar. A “greater than” comparator
was used for the upper limit and a “less than” comparator was used for the lower. This is shown in
Figure 54. The outputs of the comparators are saved to the memory byte 300. All bits within this byte

are reserved for warnings.

b g Network 19: Pressure monitor warnings

w Pressure limits set based on manufacturer recomendations. Mo water pressure = no flow, cycle
terminated, raise alarm

WAD238

B 3006
Main gas "Main Gas
pressure prescure low”
I = I I 3

| Real | il
00149

o
J r:‘::;'!.DE 38 WM3005
fain gas "Main Gas
pressure pressure high”

= | [y

| Real | v g
0027

!

D2 34 W300.3

"Afterburner gas

: “afterburner gas
pressure

pressure high”
I 3 I I 3

| Real | LI
0.027
o
D2 34 3004
"Afterburner gas

“afterburner gas

re -
pressure pressure low”
| < | I

| Real | L
0.0149

Figure 54 - Gas pressure monitoring
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4.5.5 water pressure monitoring

Water pressure is monitored in the same way as gas pressure, using the upper limit of 6.9 bar and
lower limit of 2.76 bar. Low water pressure is defined as an alarm and so is saved to the memory byte
500. An “equal to” comparator was used for the no water flow detector, set to 0. When the pressure
is 0 the no water flag is triggered. To eliminate errors through momentary fluctuations in water
pressure, a timer on function is used to delay the raising of a no water alarm. This prevents the system

from shutting down due to sensor error, shown in Figure 55.

i W500.1
D242 "water pressure
"Water pressure” low"
| < | I 3
| Real | L
" . 13007
. D242 I “water pressure
Water pressure high”
| - | )
| Real | % i
6.9
WD242 WA300 4
“Water pressure” "Mo water flow”
== | { }
| Real | %
0.0
®DB11
"IEC_Timer_0_
DB_g"
3004 TON WA100.1
"Mo water flow” Time *E-Stop Engaged”
] |
1 | IN Q { )
T#65 — PT Ef— T#Oms
15000
"Mo water”
| 3
1

Figure 55 - Water pressure monitoring
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4.5.6 Alarms and warnings bytes

Tomos Hall 2219188

All warnings and alarms were saved to specific bytes, as shown in Figure 56 and Figure 57.

Warnings
Marme Data type
< Warnings Byte
2 gl Afterburner over temp Bool
3 <l Warning flag Bool
4 < Afterburner underternp Bool
5 <2 Mainburner cverternp Bool
6 <3 Main Gas pressure high Bool
7 <2 Main Gas pressure low Bool
8 <2 afterburner gas pressure high  Bool
9 < afterburner gas pressure low Eool
10 water pressure high Bool
Figure 56- Warnings Byte tags
Alarms
| Marme Data type Address
i | Mo water | Boal [E] ®ms00.0
2 < alarms byte Byte %MB500
3 < Alarm flag Bool WMEOO.0
4 &1 Workpiece overtemp Bool RM500.2
5 < Dooropen Bool %M500.3
6 <0 Reliefpanel open Bool HMS00.4
7 & Afterburner malfunction Bool %MS00.6
8 -0 Main burner malfuction Bool FM500.7
9 a0 water pressure low Boal HM500.1

Figure 57 - Alarm byte tags

Addrezz
%MB300
WM300.0
The00.1
WLh300.1
L3002
%hM300.5
%M300.6
%M300.3
S%h200.4
%3007

.Retain

(=]

Acces..  Writa...

INRRREEEE

Retain

NNRREEXE

Visibl...

<

NENNEEE

NONONOORDE §

. Writa... Visibl.. Comment

HNNRNENEEDEKE
LA AEEeafiy

Comment

Afterburner not heating (no igniticn)
Main burner not heating (no ignition)

The bytes are used to control “flags” which are saved memory bits to be utilized elsewhere in the

program. This is shown in Figure 58. The door interlock and pressure relief panel inputs are added to

the alarm byte as normally closed inputs. This means when they are opened, they trigger the alarm.

The alarm flag is then linked as shown in Figure 59 to the emergency stop function, meaning if an

alarm is triggered the cycle stops. The start sequence shown in Figure 59 utilises a latch function,

meaning once the start button is pushed the cycle start output is held on.
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Figure 58 - Warning and alarm flags
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Network 16: Warnings byte

Flsg used for hmi screen

%MB300
"Warnings®

WME00.1
“Warmning flag”

Network 17:  Alarm byte

Alarm fiag for hmi. Door interlock and pressure relief panel linked to alarms,

WB500
“alarms byte’

{ —

terminates cycle.

WIE00.0
“Alsrm flag”

243

*Door interlock”

—A

{ F—

WMI500.3
*Door open”

244

"Fressure relief

panel"

{ —

9500 4
*Reliefpanel
open”

*  Network 2: Cycle control

{ F—4

W24.0 W24.1 W100.0
"Start” "Stop” “Cycle start”
] | 1 | !
1T 1T 1}

M100.0

"Cycle start”
11
1T

- Metwork 3: E-Stop Engaged
242 W1001
"Emergency stop” "E-5top Engaged”

A ()

1006
"E-stop V"
11

WM600.0
“Alarm flag®
] |

Tomos Hall 2219188

Figure 59 - Alarm triggers E-stop function
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When the emergency stop is engaged, a move function is used to set the cycle timer to 0 seconds,

terminating the cycle. This is shown in Figure 60.

*  Network 5: E-stop requires timer reset

Resets cycle timer to zero to avoid cycle restart when estop reset

WA100 1
“E-Stop Engaged” MOVE
1 I EN —

I "IEC_Timer 0_
2 oum — DE.FT

1
2

Figure 60 - Emergency stop function

4.5.7 Engineer input check

To prevent the cycle from starting without the necessary parameters input, an engineer’s input check
function was designed, shown in Figure 61. This sequence used comparators for each of the
temperature set inputs to make sure the set points for each thermocouple had been input. It also used
normally closed contacts for the pressure sensor’s lower and upper warning limits. This meant that if
the pressure was too low or too high, the sequence could not activate. Once all inputs were activated,
the input ready memory bit was activated, turning on an indiactor on the HMI, telling the operator
the system was ready for ignition. When the start button was pressed, the cycle start memory bit

engages a pulse timer which starts the cycle timer as shown in Figure 62.

>  Network 15: Checkall program parameters have beenset

all inputs must be set and all pressures must be ok before cycle can start, pulses "engineer input check” to start cycle timer. indicate all clear on hmi

%88
WINZ02 HMWZ06 "IEC Timer_0_
5 . DB_6"
,,J:M”;q“ Main Wiork piece %M3013 WA301 4 %M300 5 M300.6 300 7 WA500 1 = WM101.4
P SHER temperte jidi afterburner gas + gas “Main Gas “Main Gas “waterpressure  “water pressure %1000 ™ “engineer input
femp *iﬂ I'“ | I)Et | pressure high® pressure low" pressure high” pressure low” high® low” “cycle start” Time check®
e o hes ] ] 1 1 ] ] ] | {
—l [l ix} v A 1t 1 % A |} " Q—— —
g i G T#15 —pT ET— T#0ms
WM106.0
W106.0 WA114.0 “mput ready”
*Input ready’ “Indicator light" —
— I { —

Figure 61 - Engineer's input check
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checking for burner malfunctions.

Network 4: Cycle running after input check + turn on afterburner flag.

Function block used to convert hmi input from ms to hours.

Figure 62 - cycle start sequence
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%DB1
"IEC_TI 0_DE"
1014 SRR
EM100.0 “engineer input TOF ¥M100.0 240
“Cycle start” check” Time “Cycle start” *signal”
{ | { | N Q 1 | { F—
f,{;,qmos “Data_block_
“time test” FT 1" *time
ET— remaining”
T
“Time in ms to hours™
EN ENQ —
“Data_block_ ?“MD”O "
1* “time Time in hours Cycle timer
remaining” i e
WDB10
*IEC_Timer_0_
DB_8"
- WM101.6
%Q240 TON “afterburner
“Signal® Time malfunction ON®
{ | N { F—
THES — PT El—T

Tomos Hall 2219188

The cycle timer activates the output “signal” which is used to start the ignition process of the
afterburner, beginning the oven’s procedures. “Signal” is also used to turn on the afterburner

malfunction flag after a small delay. The delay is required to allow the temperature to raise before
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4.5.8 Afterburner ignition and reignition sequence

Once the cycle has started through the output “signal,” The afterburner gas valve is turned on. A short
time delay is used to allow the gas to flow into the system before the ignition is triggered. After
another delay to allow the flame to establish, the blower motor is turned on, distributing the heat.

This process is shown in Figure 63.

bt Network 6:  After burner controls
w When afterburner gas turned on wait 3s before igniting gas, wait 15 before turning on blower motor. Adterburner
reignition restarts proccess.
%WQ24.0 WM101.0 w241
“Signal” "Cut AB gas” "Gas valve AB"
] | ]
110 l/l { }
WM101.2
*Afterburner WQ24.0
reignition” "Signal®
] 1 ] 1
1T 1T
%DE3
"IEC_Timer_0_
DE_1"
w241 TON %0242
“Gas valve AB" Time "AB ignition”
| I Q { )
T# 3000MS BT ET T#0ms
B4
"IEC_Timer_0_
DE_2°
TOM %0243
Time "AB Blower"
IN Q { }
T#15 FT ET T&#Oms

Figure 63 - Afterburner ignition sequence
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Once the afterburner reaches the upper temperature limit, the gas is turned off by opening the
normally closed contact “Cut AB gas.” To reignite the burner once the temperature has fallen, the
normally closed contact “afterburner reignition” is opened as shown in Figure 64. These functions
were achieved using comparators to compare the measured temperature to the set points. This is an
important function in the on/off control methodology, allowing the burner to be switched off when
the system is too hot, and then re-ignited when required. This network also includes the malfunction
sequence. If the temperature of the burner is under temperature for more than 30 seconds, the
afterburner malfunction alarm is triggered which stops the cycle. This prevents faults from no ignition

Oor no gas.

*  Network 10: Stop Afterburner gas valve
w Ifafterburner rises over temp limit+50 degrees, gas is turned off to allow for cooling. if after burner
drops below set point-50, afterbumer reigintion is triggered. Ifafterburner below set point - 50 for
more than 30s, ignition malfunction is assumed and cycle is terminated.
MD208
';‘-.fterbu[ner. %101.0
temperature’ "Cut AB gas®
| 2 I { }
| Real | Ll
D216
s, w3000
P *Afterburner
over temp”
{ }
1
1012
*101.0 "Afterburner
"Cut AB gas” reignition”
| | ]
1T i/
Sy W101.2
t'ﬂ" e u::ner. *Afterburner
SHTpemin. reignition”
| < | { }
| Real | ¥ &
D220
j.f(retrburner . UM300.1
R *Afterburner
undertemp”
{ %
L
WDB9
*IEC_Timer_0_
DB_7"
WM101.6 - HM500.6
*Afterburmner TON *Afterburner
rmalfunction DN Time raalfunction”
{ 1}
— IN Q 1}
T#30s FT ET T&0ms

Figure 64 - Reignition cycle
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4.5.9 Main burner ignition sequence

The main burner follows a slightly different control sequence, shown in Figure 65. Using a “greater
than or equal to” comparator, the main burner is only turned on once the afterburner has reached its
set point. To ensure the afterburner is adequetly up to temperature, a time delay is used before the
gas valve is latched on. Once the gas is latched, after a short delay the ignition is triggered, giving the
gas enough time to flow into the system. After another short delay, to establish the flame, the blower
is turned on. The main gas valve can be turned off using the normally closed contact, “Cut main gas”,

this is controlled by the over temperature control sequence in section 4.5.10.

b Metwork 11: Main burner gas valve solenoid
w [fafterburner has reached set point and is true for more than 65, main gas is switched on. After 35, ignition on, after 1s.
blower on. After grace period, if main burner is under temp for 30s, malfunction assumed and cycle is terminated.
WMD208
Mol 40240 %1013 %uq2a.4
_en'iperature “Signal” "CutMain gas” "Gas valve Main®
= ] | ]
| Real | 1T {1 { }
WIW204
*After burner
ternp set”
WDB6
"IEC_Timer_0_
DE_4*
Y0244 TON
“Gas valve Main® Time
] |
1 I IN Q
THES — P ET— ™
%DBS
"IEC_Tirmer 0
DE_3"
%244 TON UN24.5
"Gas valve Main® Time "Main Ignition”®
] | I 1
10 IN Q 1!
T#35 PT ET— T#0Om
DB7
"IEC_Timer_0_
DB_5"
TON %0246
Time "Main blower”
{
I Q L
T#15 —pT ET— T#0ms

Figure 65 - Main burner control sequence
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Figure 66 shows the main burner malfunction sequence. The malfunction flag is turned on after the
main burner blower has been on for 12 seconds. This delay allows the burner to sufficiently reach
temperature, avoiding false errors. Once the flag is active, the main malfunction alarm can be
activated when the measured temperature is under the lower set limit for more than 30 seconds. This

stops the cycle in the event of ignition or gas failure resulting in the main burner not heating.

%DB12
"IEC_Timer_0_
_ Tmuesie WA101.7 i) Y500 7
Mainburner “Main burner TOM “Main burner
i ma lfunction ON” Time malfuction”
= | 1 [
Real 1 1| I Q 1\ !
UMD228 AU =8 Bl 1 Oms
“Mainburner
underternp real”
WDE13
“IEC_Timer_0_
11 Y1017
W)24.6 TON "Main burner
*Main blower® Time ma [function OMN"
{ | IN Q { }
125 —pr El— T#0m

Figure 66 - Main burner malfunction sequence
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4.5.10 Main burner and workpiece temperature control

Figure 67 shows the comparator used for the main burner over temperature flag. The upper limit for
main burner temperature is compared with the temperature measurement using a “greater than or

equal to” comparator.

i Metwork 12: Stop mainburnergas valve

If mainburner over set temp +50 degrees, trigger main burner overternp flag

“MD210

: WAI00 .2
“Mainburner “Mainburner
temperature” overtemp”

| == { }

| Real | ®

WMD224

“Mainburner
overternp real”

Figure 67 - Main burner over temperature flag

As discussed in section 4.5.2, the workpiece has two set limits for temperature. One is set at 20°C
above set point and the other at 50°C above set point. The 20°C limit is labelled slightly
overtemperature. If this is the case, or if the main burner is over the upper limit, the main gas is
stopped, and the water valve is turned on. If the workpiece hits the 50°C upper limit, the workpiece

over temperature alarm is triggered, which terminates the cycle. This is shown in figure 68.

*  Network 13: Stop mainburner gas valve
w [fwork piece exceeds set point + 20 degrees cut gas main gas and open water valve. If main burner
overtemp flag, cut main gas and spray water. If workpiece temperature over set limit +50, terminate
cycle.
%MD212
“Workpiece YM1013
termnperature “Cut Main gas®
| = | [y
| Real | L
MD244
“TI':Et'ECE %WMS500.2
overtemp® '.'vDrkaEC? . WQ24.7 .
overtemp Water valve
|
14 { }
%3002
“Mainburner
overtemp”
] |
11
bl WAS00.2
Workpiece . “Workpiece
ternperature overtemp”
| = | { }
| Real | *
“eMD232
“Workpiece
overtemp real”

Figure 68 - Workpiece and main burner temperature control
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4.5.11 System tags

The tags recorded in this section were for use in the simulation. Address labels were changed for the

real prototype build and can be found in full in Appendix 3.

The input tags for the system are shown in Figure 69. Digital inputs are set as Boolean type data,
meaning they operate as a binary function, either on or off [31]. The analogue inputs are set as a word,

a word is a group of 16 bits, allowing the PLC to read the analogue signal digitally [31].

Inputs
Name Data type Address Retain  [Acces.. |Writa.. |Visibl.. |Comment

1 | S | Bool =l| %l24.0 |_:‘, =] 2] [ startbutton
2 < Stop Bool Fl24.1 =) =] ¥  stop button
<] < Emergency stop Bool %l24.2 @ @ @ Emergency stop button
4 < Doorinterlock Bool %l24.3 =] ] M  Doorinterock
5 & | Pressure relief panel Bool Fl24.4 =) =) [ Fressure releif panel
6 < Afterburner thermocouple Viord FlWa s =] =] M  Analogue input 0-1000 degrees (0-27648)
7 < Main burner thermocouple Word IS0 El E @ Analogue input 0-1000 degrees
8 T Work peice thermocouple Word %IW52 v ] M  Analogue input 0-1000 degrees
9 < Afterburner gas sensor Word FlWs4 4 = M  Analogue input 0-1 bar
10 < Main gas sensor Wiord FIWS6 =) = ¥  Analogue input 0-1 bar
(R T Wiater sensor Word %IW58 ] ] M  Analogue input 0-10 bar

Figure 69 - System input tags

The output tags for the system are shown in Figure 70, these are also Boolean type data readings.

Outputs
| Name Data type Address Retain | Acces.. Writa.. | Visibl. Comment

1 @| Signal | Bool @ %024.0 E = & M cycle running
2 < Gas valve AB Boal %0241 @ E E Afterburner gas valve solenoid
3 < AB igniticn Bool %024.2 [+ ] M  Afrerburnerignition
4 < AB Blower Bool %0243 E‘ E E! Afterburner blower motor
5 < Gas valve Main Bool %0244 & [ M Main burner gas valve solenoid
6 <l Main Igniticn Bool %0245 @ E @ Mainburner ignition
7 < Main blower Bool %024.6 = = & Mainburner blower moter
8 | Water valve Boal %0247 E‘ E E‘ Water valve solenoid

Figure 70 - System output tags

Memory bits were used throuhout the program design. These are stored in the PLCs internal memory
and are not connected to any physical inputs or ouptuts. The memory bits used are shown in Figure

71. The memory tags use a range of data types such as integrers, booleans, reals, and time values.
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Memory

Mame

Data type

Cycle start

| Bool

E-Stop Engaged

Estop

Cycle time set

Main temperature set

After burner temp set

Viork piece temperature set

(- IS T T < R

Afterburner temperature
Mainburner temperature
Wiorkpiece temperature
Cut AB gas

Cycle time memory

o T I S
Wik = o

Stop pressed

E

O B - - - - - -

Afterburner overtemp real

n

Afterburner undertemp real

o

Afterburner reignition

Mainburner overtemp real
Mainburner undertemp real

19 Workpiece overtemp real
20 Cut Main gas

21 Afterburner gas pressure
27 Main gas pressure

23 Water pressure

24 engineer input check

25 time set test

26 time test

27 Afterburner malfunction ON

28
29
30
31
32

33

Main burner malfunction ON
Cycle finish

Time remaining

Cycle timer

No water flow

workpiece slightly overtemp
34
35

Input ready

Indicator light

Figure 71 — System memory bits

Bool
Bool
Int
Int
Int
Int
Real
Real
Real
Bool
Int
Bool
Real
Real
Bool
Real
Real
Real
EBool
Real
Real
Real
Bool
Time
Time
Bool
EBool
Bool
Time
Time
Bool
Real
Bool
Bool
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| Address
@ HMI000 =]

%M100.1
%M100.6
LNIM200
LAIR02
BN204
L206
%MD208

%MD210
%MD212

%M101.0
LNIN208
%1011
%MD216

%MD220
%01 2
%MD224
%MD228

%MD232
%1013
%MD234
%MD238

%MD242
%NIO1.4
%MD 101

%MD106

%MI01.6
%1017
%M105.0
%MD105

%MD110
%MEB00.4
%MD244
%0106.0
%A114.0

IS SNl EEE00EEE
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| Comment

startcycle

E-Stop Engaged

HMI E stop

Setcycle duration in ms for simulation
Setmain temperature limit

Set afterburner temperature limit
Set workpiece temperature limit
Afterburner temperature reading
Main burner temperature reading
Workpiece temperature reading
Stop Afterburner gas valve

Afterburner temperature limit + 50 degrees
Afterburner temperature limit - 50 degrees
Afterburner re-ignition cycle start

Main burner temperature limit + 50 degree

Workpiece temperature limit+50 degrees
Stop mainburner gas valve
Afterburner gas pressure reading

Main gas pressure reading

Water pressure reading

Check all program parameters have beens
Setcycle time in hours

cycle time in hours

Afterburner malfunction flag

Main burner malfuction flag

Cycle timer
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4.6 HMI design

4.6.1 root screen

To allow the operator to interact with the system, a human machine interface (HMI) screen was
designed, shown in Figure 72. This operator screen, or root screen, was designed to display the
thermocouple readings, the system pressures as well as alerting the user to warnings and alarms. The
root screen allowed the operator to choose from a selection of set cycle parameters to start the
system, shown in Figure 73. Each option was designed to accommodate different requirements for

different components, shown in Figure 74. The elapsed cycle time was also displayed in hours.

SIEMENS SIMATIC HMI

Entry Name

H 0 om oo oo

il el i el

Figure 72 - Root screen
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g8 AT simulator

SIEMENS

Aluminium stator
Steel component
Armature

,.
Work piece temp set

Figure 73 - Drop down menu for cycle selection

The different cycle parameters shown in Figure 74 were set based on the safe temperatures for

different metals. Aluminium has a lower melting point and so the main burner set point and cycle time

was lower [107].

Project draft 6.2.25 » HML_1 [KTP700 Basic PN] » Recipes

@& T =
Recipes
.| Name | Display name Humber | version [Type | Maximum number of d... C i wpe  Tooktip
=) Bumoffeycle  Bun-oficycle 1 |#] 2202025 11:2. Limited ] 100 Tags
<Add new

T

| Elements | Data records |

\bumber | Cycletime

(Castiren stator

1
2

Afterburner temp set | Meinburner temp se | Work piece temp set | Comment
~ 40

i Aluminium stator Aluminium stator

& steel component Steel component
&) Armature Armature
<Add never

3
4

8
5
10

800 370

800 300 400
8OO 8OO 1000
800 300 400

Figure 74 - Cycle parameters for different components
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The warnings and alarms indicators illuminate to notify the operator, shown in Figure 75. Once all the

required parameters were implemented, the input confirmed indicator illuminated, shown in Figure
76.

SIEMENS

SIMATIC HMI

Root screen 4

Mainburner temp set
| | Work plece temp set

N
EII

1 e e

Figure 75 - Warning and alarm indicators

& RT Simulator

SIEMENS SIMATIC HMI

m |Root screen v [

Data Record Name:
| castiron stator

Entry Name

Cycle time
Afterburner temp set
Mainburner temp set
Work piece temp set

Figure 76 - Input confirmed indicator
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The root screen was password protected so only the operator could start the cycle. This was

implemented as a safety precaution to prevent unauthorised use of the oven, shown in Figure 77.

W RT Simulatar == =

SIEMENS

o

(

Figure 77 - Security for root screen
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4.6.2 Engineer’s screen

The engineer’s screen was designed to be accessed only by the engineer and so was also password
protected, as shown in Figure 78.

& RT simulstor

SIEMENS SIMATIC HMI

| ROOt screen |

O) Data Record Name:

®

Cancel oK
ﬂ

ﬂn

<

Figure 78 - Security for Engineer's screen

Once into the engineer’s screen, the engineer has access to a custom controller where all set points

and times can be implemented freely without selecting from a set menu, shown in Figure 79.
T RTSimulster

SIEMENS SIMATIC HMI

- |Engineer's screen Engineer's screen [y

I Engineer's custom

n y q Data Record Name:

Entry Name

Cycle time
Afterburner temp set
Mainburner temp set
Work pice temp set

RBo[® (&

Loading completed

— -8 N B NN s
of = =l =] =] =] 2

Figure 79 -Engineer's custom cycle control

<
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4.6.3 Warning screen

The designed warning screen can be accessed from any screen without a password. Warnings are

linked to the programmed memory outputs and illuminate when there is a fault, shown in Figure 80.

W RT Simulator = O X

SIEMENS SIMATIC HMI

ichmi | Alarm screen Warnina screen v

«0:.0 B 0 0 1 Bm
[ e T

Figure 80 - Warning screen
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4.6.4 Alarm screen

The alarm screen is accessed through the warning screen and is also unprotected. This is a safety
design choice as any user must be able to access these screens to determine faults. The alarm
indicators are linked to the corresponding memory tags in the main program and illuminate to

indicator the fault cause, shown in Figure 81.

B 7 simuistor = x

SIEMENS SIMATIC HMI

0 I ) B R B

£

Figure 81 - Alarm screen design
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4.6.5 HMI tags

The HMI tags were linked to the programs PLC tags, shown in Figure 82.

HMI tags

Name a Tag table Data type Cannection PLC name PLC tag Address
D AB overtemp warming Default tag table [+ Bool =] AM_Conne__ || PLC_1 “Aferbumer over tem_ .|
<a AB undertemp warning Defaulttag table Bool HM|_Cennectio... PLC 1 “Afterburner undertemp®
a afteburner gas pressure high Defaulttag table Bool HM_Connectio... PLC_1 “afterburner gas pressure.
< After burer temp set Default tag table Int HM_Connectio.. PLC_1 “After burner temp set®
< Afterburner gas pressure Defaulttag table Real HM_Cennectio... PLC_T "Afterburner gas pressure™
- Afterburner gas pressure low Default tag table Bool HM_Cennectio... PLC_1 “afterburner gas pressure.
- Afterburner malfunction Default tag table Bool HMI_Connectio... PLC_1 *Afterburner malfunction”
< Afterburner temp Defaulttag table Real HMI_Connectio... PLC_1 "Afterburner temperature”™
| Alarm an Default tag table Bool HM_Connectio... PLC_1 “Alarm flag”
<a Cycle controls Default tag table Bool HMI_Connectio.. PLC_1 "Cycle start”
< Data_block 1 _Ti Defaulttag table Time HM_Connectio... PLC 1 Data_block_1.T1
< Door open Default tag table Boal HM_Connectio.. PLC_1 "Door open”
<o engineer check Default tag table Bool HM_Connectio.. PLC_1 "Indicator light"
& E-stop Depressed Defaulttag table Boaol HMI_Connectio... PLC 1 “E-Stop Engaged”
- E-stop HMI Default tag table Bool HM_Connectio... PLC_1 "Estop V"
< Main burner temp Default tag table Real HMI_Connectio... PLC_1 "Mainburner temperature®
< Main burner temp set Default tag table Int HMI_Cennectio... PLC 1 "Main temperature set”
< Main gas pressure Defaulttag table Real HMI_Connectio... PLC_1 “Main gas pressure”
<  Maingas pressure high Default tag table Bool HM_Connectio. PLC_1 *Main Gas pressure high”
- Main gas pressure low Default tag table Bool HMI_Connectio... PLC 1 “Main Gas pressure low”
| Mainburner malfunction Default tag table Bool HMI_Connectio... PLC_T “Iain burner malfuction®
< Mainburner gver temp Default tag table Bool HM_Connectio.. PLC_1 “Mainburner overtemp”
<0 No water flow Defaulttag table Bool HMI_Connectio... PLC_1 “No water”
- Pressure relief panel missing Default tag table Bool HMI_Connectio... PLC_1 “Relief panel open”
- Tag_Screenhumber Default tag table Uint <internal tag>
< Tirme remaining Default tag table Time HM_Cennectio... PLC 1 "Cycle timer”
-0 time settest Default tag table Time HM_Connectio... PLC_1 “time settest”
@ Warning Default tag table Boal HM_Connectio.. PLC_1 “Warning flag"
< Viater pressure Default tag table Real HWM_Connectio... PLC 1 "Water pressure”
- Water pressure high Defaulttag table Bool HMI_Connectio... PLC_1 "water pressure high®
- Viater pressure low Defaulttag table Bool HMI_Connectio... PLC_1 "water pressure low”
< Wiork piece temp Default tag table Real HM_Connectio... PLC 1 “Workpiece temperature”
- Work piece temp set Default tag table Int HMI_Connectio... PLC_1 "Work piece temperature ..
<a Vibrkpiece overtemp Default tag table Bool HM_Connectio.. PLC_1 “Workpiece ocvertemp®

Figure 82 - HMI tags
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4.7 — Data logging

Some of the advantages of PLC control listed by Whitelegg [20], were the data logging capabilities.
Recording the temperatures and cycle times of different processes allowed their engineers to evaluate
the system and determine the most effective and efficient times and temperatures. This data logging
was implemented into the HMI screen, allowing the user to record the temperatures and timings of

each cycle to a USB for future evaluation. This data logging was designed to trigger using the HMI start

button as shown in Figure 83.

Project draft 6.2.25 » HMI_1 [KTP700 Basic PN] » Screens } Rootscreen - X

BIUSK:E: Asgsgs
B
Data Record Name:
n +0000000 +0000000 +0000000

30
|74 1nfo @ | B Diagnostics

Properties

[ Froportiss | Animations | Evers [ s ]

13T B M ——
e _— o
7€ sereosaing
Pl switch OFF Log type Dats log
Activate i Lag =

Deactivate H <Add function=

<] i =]

Figure 83 - Data logging
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The desired data for recording is shown in Figure 84, listing all thermocouple temperatures as well as

the set points for temperature and cycle time.

Project draft 6.2.25 » HM_1 [KTP700 Basic PN] * Historical data

|ﬁl: Data logs [= Alarm logs
=]
Data logs
. Name o Storage location Data records ... Path Logging method Number of sequen...  Fill level Enable logging at runtime st.. - Log handling at restart Comment
I Cycle data TTfle (Unicode) | 500000 | @] 1USB_X60.11 [=] circular lag e o Append data to existi_.[=]
<Add new:
[<] ] Y
Logging tags
_ Name « Process tag Acquisition mode | Logging cycle | High limit Low lirmit Range for logging limits Comment
la After burner temp set After burner temp set Cyclic 105 Within deadband
da Cycle time time set test Cyclic 105 Within deadband
= Main burner temp set Main burner temp set Cyclic 105 Within deadband
;’E Work piece temp set Work piece temp set Cyclic 105 Within deadband
la Afcerburner temperature Afterburner temp Cyclic 103 Within deadband
ﬁﬂ Main burner temperature Main burner temp Cyclic 105 Within deadband
= work piece temperature Work piece temp - !(y(lic =l 10s =] [+ [@+] within deadband =]
<Add new:

Figure 84 - Data logging data entries
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Chapter 5 - Implementation

5.1 Simulation

To test the PLC program, a simulation was created in Factory 10, full evidence of this can be found in
appendix 4. To illustrate the flow of gas and water, conveyor belts were used. To simulate the interlock
and pressure relief panel, interlock doors were used. To simulate the temperature and pressure
measurements, potentiometers were chosen. To simulate the ignition sequence, a stack light on each
gas conveyor was utilised. The light turned red for ignition and then green for the blower motor. A
control panel was built to simulate the start, stop and emergency stop buttons in the system. A
warning light was used to signal the cycle running. The whole factory design is shown in Figure 85. The
two conveyors together represent the after burner and main burner gas lines. The single conveyor
represents the water line. Each conveyor has a control panel with a potentiometer, used to control

the pressures.

Figure 85 — Full factory design
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The control panel and cycle running signal light is shown in Figure 86.

Figure 86 - Main control panel
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The two interlocks, and thermocouple control panel are shown in Figure 87. The three potentiometers

are used to toggle the values for the afterburner, main burner, and work piece thermocouples.

Figure 87 - Door interlock, pressure relief panel and thermocouple control simulation

Page 96 of 153



Independent Project (ACCA6020) Tomos Hall 2219188

The functioning system is shown in Figure 88 with both gas conveyors running with the ignition and

blower indicator stack lights on.

Figure 88 - Functioning simulation
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5.1.1 simulation testing

To test the program using the simulation, all operating scenarios were trialled. All fault conditions
were implemented to make sure the warning and alarms systems worked as required. Upon this
testing, it was discovered that an oversight had been made. When the burner malfunction was
triggered, it terminated the cycle as required but the alarm indicator only flashed once. To overcome
this and hold the alarm indicator lamp on, a latch was implemented as shown in Figure 89 and Figure

90. To reset the alarm, a normally closed contact was used linked to the stop button.

DB9
IEC_Tlme.r_D_ T501.0
DE_7
UA101.6 = ab
"Afterburner TON malfunction
malfunction ON® Time alarm®
Q { }
E" TE0Oms
M501.0
"Ab %M500.6
malfunction o1 " Afterburner
alarm” "Stop” malfunction”®
{ | 1 { }
HM500.6
*Afterburner
malfuncticn®
11
LI |
Figure 89 - Latch added to afterburner malfunction alarm
%WB12
'E%—Bnn?gf-o- TWA501.1
n ‘wnzw W101.7 = “Main
Mamhumer‘ L U e TON malfunction
temperature malfunction ON® Time alarm®
| it | ] | { }
| Real | 1 IN Q — 1/
YMD228 T30 =35l iy 1S
“Mainburner
undertemp real”
5011
"Main 5007
malfunction “Main burner
alarm® malfuction”
] 1 I }
1T LI
5007
“Main burner
malfuction”
] 1
1 I

Figure 90 - Latch added to main burner malfunction alarm
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5.2 Prototyping

Following the successful simulation, the prototype was constructed to demonstrate the project. The
components were mounted to a demonstration board as shown in Figure 91 and wired as shown in
the wiring diagram shown in Figure 39. The prototype was connected to a PC to test the program. It
was discovered that the potentiometers were not reading as expected, this was because they were
being supplied by the main 24V instead of the 10V required. To solve this, a voltage regulator was

implemented to step down the 24V to 10V. An LM317 adjustable voltage regulator was selected.

Figure 91 - First prototype test

The recommended circuitry for the LM317 given in the data sheet is shown in Figure 92 [108].

v

j’ Input

S-5045n

Figure 92 - Voltage regulator recommended
circuitry [108]
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To calculate the required resistance values the following formula was used, as provided in the

datasheet [108].

Vout = VRef x (1 + R2/R1) [108]

Where VRef is given as 1.25V and R1 is 240Q), the formula can be rearranged to find the value for R2
[108]. Vout is the desired output voltage of 10V.

10V = 1.25V x (1 + R2/240Q)
7 =R2/240Q
R2 =7 x 240Q

R2 = 1680Q (1.6kQ closest standard value)

After implementing the voltage regulator to provide the potentiometers with a 10V supply, the system
functioned as expected. The HMI screen was then installed to the prototype and all inputs and outputs
were labelled as shown in Figure 93. More detailed photographs of the prototype build can be found

in Appendix 5.

Figure 93 - Finished prototype
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5.2.1 Final test

To test the finished prototype, all possible working scenarios were executed. Each warning and alarm
condition was implemented to ensure the required outcome was reflected. The temperature control
was analysed to ensure the burners were paused and re-ignited as necessary to ensure the
temperature stayed within the programmed hysteresis. Safety features like the door interlock,
pressure relief panel, and emergency stop were tested ensuring they adequately terminated the cycle.
After testing, it was realised that the when the burner ignition was triggered, it was held on. In a real
system, this would result in the electrode firing repeatedly. This would have to be amended in future
iterations of the project possibly incorporating a pulse feature to pulse the ignition. Incorporating a

sensor to sense the flame would provide an efficient solution.

Overall, the system functioned as required. The interface allowed the operator to effectively control

the operation of the burn-off cycle, whilst also displaying key information like elapsed cycle time,

temperature readings and pressure measurements.

Page 101 of 153



Independent Project (ACCA6020) Tomos Hall 2219188

Chapter 6 - Operator’s comments

After testing the prototype, the control interface was presented to the two oven operators at Eriks

Swansea for feedback. Table 19 and Table 20 lists the operator’s feedback [109] [110].

6.1 Operator 1

Table 19 - Operator 1, feedback [109]

Pros - Easy to operate
- All cycle information on one screen
Cons - Expensive to implement
- Could be difficult to train older
operators on the new equipment
Comments A beneficial upgrade to the current outdated
control system.

6.2 Operator 2

Table 20 - Operator 2, feedback [110]

Pros - Drop down selection menu good idea
Cons - E-stop on screen not labelled
Comments Implement more specific options for drop down

menu. For example, set run times for different
kW rating of motors to save energy and time.

6.3 Feedback analysis

The operators feedback was mostly positive, praising the HMI design for its ease of use and the
benefits of the drop-down selection for cycle times [109] [110]. Operator 2 suggested more specific
parameters for the drop-down menu, tailoring to different motor kW ratings [110]. This suggestion
would be beneficial as it would allow less experienced engineers to select the most efficient cycle,
saving fuel and time. This would make for a more sustainable and environmentally friendly burn-off
process, cutting down on wasted energy. This proposed feature could be easily implemented using
the built in datalogging feature designed. After compiling a database, the drop-down menu could be
upgraded to adequately accommodate for different rated motors. These additional cycles could be

added with ease using the engineer’s screen.
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Chapter 7 - Evaluation

After testing the functionality of the prototype, the success of the project was evaluated. The designed
prototype was capable of controlling the system requirements of the burn-off oven. The ignition and
re-ignition programs ensured the temperature remained within the hysteresis range of the
programmed set points. The HMI design allowed the operator to choose from a set of pre-
programmed cycle parameters, avoiding the overheating of motors which was proven to lead to core
losses [11]. The implementation of password protection resulted in a safer system, allowing only
authorised personnel to operate the oven. The data collection incorporated into the HMI screen
provided the ability to construct a database for different sized motor’s burn requirements. This
capability helps the operator consistently observe energy efficient burn cycles, while also preventing

overheating of motors leading to core loss.

When tested using the potentiometers, increasing the temperature over the set point resulted in the
gas being turned off, allowing for the temperature to fall. When the potentiometer was turned back
down, simulating temperature decrease, the re-ignition process was triggered as required. This turned
the gas back on and in turn, the ignition and the blower motor. In special cases, like for the main
burner, when the potentiometer was turned up, the water jet was triggered as required. If the gas or
water pressures were not at their required levels, the program flagged alarms and warnings as
required. If an alarm was triggered, all outputs of the cycle switched off as required. Testing the
pressure relief panel and door interlock was carried out using the switches. When switched off, both
switches triggered the emergency stop, as required. The start, stop and emergency stop buttons
controlled the system as designed. The designed program would prevent the motor from overheating

whilst ensuring a safe operating cycle.

As the project was only a prototype, providing a proof of concept, real world results measuring
efficiency losses in motors could not be calculated. The designed control method and interface does
however still meet the aim of the project, as it offers better control over the burn off cycle. This control
would ensure limited efficiency losses in rewound motors if implemented. The addition of the
workpiece thermocouple allows for careful monitoring of the actual motor. The customisation offered
through the engineer’s screen allows the operator to continuously improve the cycle parameters,

reviewing previous cycles, consistently and effectively producing adequate results.
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The main cause of efficiency losses was determined through literature review to be excessive heat
during the rewind process [10]. This satisfied the primary objective of the project. The control system
of the burn-off oven at Eriks was analysed and highlighted as shortcoming. The burn-off process was
analysed enabling the design of a more effective control system, capable of limiting efficiency losses
in rewound motors. A Prototype was designed and built showcasing the proposed control system

upgrade. This undertaking satisfied the main objectives of the project.

The final objective of the project was to implement the upgrade into the workplace. Originally, full
support was given to construct and implement a control system. Due to uncertainties with the
longevity of the workplace, funding and support for the upgrade was rescinded. As a result of this, the

final objective of the project was not met, and a prototype control system was presented instead.

If the project were to be repeated, there are several things that could have been done differently. As
mentioned, the ignition control system could have been upgraded. The control system for
temperature could have also been improved to more effectively limit hysteresis. During the project,
unforeseen commitments lead to scheduling conflicts. If repeated, more care could have been taken
in the project planning and time management. Testing could have been carried out in the workplace

to measure the designs effectiveness.
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Chapter 8 - Conclusion

The task was set to limit efficiency losses in rewound motors. Extensive research was carried out,
determining that the main cause of efficiency loss was overheating of motor cores during the rewind
process [8]. It was discovered that inadequate control of the burn-off cycle was contributing to these
efficiency losses [7]. To satisfy the aim of the project, the engineer set out to design a more effective

control system for the burn-off oven.

After research into existing systems, it was discovered that some manufacturers experienced a range
of benefits from utilising PLC control [20] [21] [22]. After deciding to design a PLC system, the control
method was analysed. After consideration, on/off control was selected for its effectiveness and ease

of implementation, allowing the engineer to create an adequate PLC prototype.

Following careful component selection, a system was designed using Siemens TIA, programmed using
ladder logic. Several key functions were designed to control cycle times and key temperatures
throughout the system. Within a burn-off oven there are two main chambers, the afterburner, and
the main burner. Each required separate temperature control to provide the oven’s specific
environment requirements. The afterburner had to be kept at 800°C, the main burner at 370°C [11].
To regulate this temperature, a water jet was also controlled, preventing the workpiece from
overheating. To measure the workpiece, an additional thermocouple was incorporated into the

system.

A human machine interface (HMI) was designed to allow the operator control over the new control
system. The interface enabled the user to select from a pre-programmed range of system parameters,
removing operator error as a variable for efficiency loss. A password protected engineer’s screen
allowed for complete customisation over burn cycles for authorised users. Coupled with built in data
collection, this allowed the engineer to finely tune burn cycles by analysing previous processes. A

warning and alarm screen was designed, allowing any operator to fault find the system with ease.

In conclusion, the designed system adequately and effectively met the project aims and objectives. A
system was designed providing effective control over the burn-off cycle, therefore limiting efficiency
losses is rewound motors. The built prototype showcases the effectiveness of the system interface,

providing the operator with more control and insight over the cycle than ever before.
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Chapter 9 - Recommendations for future work

For the project to be continued further, there are several recommendations. On/off control was
chosen for the temperature regulation. If further work were completed, Fuzzy PID control could be
implemented as a more accurate and reliable control method. Fuzzy PID would have resulted in less
drift from the set temperature, more effectively preventing overheating. This would have been more

difficult to implement and may have caused the project to overrun the deadline.

As previously mentioned, the ignition sequence of the project could be improved. Currently once
triggered, the ignition electrode remains on. Sensors could be implemented to detect successful
ignition, ending the sequence. The ignition is only triggered once, to effectively ignite the gas an

ignition pulse may be more effective.

If implemented into a real system, real efficiency testing could be conducted on rewound motors to

test the effectiveness of the system.
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Chapter 10 - Reflection

Over the course of the project, | have vastly broadened my knowledge. Before embarking on the
project, | had never designed a PLC program of this scope. The requirements of the system lead to me
designing my own function blocks, something | did not even know was a possibility when | began. At
the start of the project, | had not realised the importance of adequate research. Throughout the
project | constantly had to ad52d to my literature review as it was lacking in key areas. This rework
was not accounted for in my original planning and so was detrimental to my work life balance in the
new year. In future projects, | will be stricter with my allocated deadlines, fully completing set tasks

before moving onto the next, producing a more fluid, chronological result.

| feel | have learned skills that will help me progress as an engineer. My work with the PLC program
and design of the HMI screens has led me to expand my horizons, making me more willing to take on
challenges | previously believed too difficult. Throughout the project, my ability to extract relevant

information from key sources improved, something | will be able to build on throughout my career.
Overall, the project was extremely beneficial to realising my capabilities. Even though | did not meet

my original aim of incorporating my design into the burn-off oven at work, | feel | have produced an

acceptable prototype that serves as a reflection of my abilities.
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Appendix 1 - Gantt chart

Upgrade of Burn-off oven control system

ERIKS
TOMOS HALL 2219188 ‘ 10/10/24
Project Start:
2
Display Week:

Ak — PROGRESS START eno oars

Phase 1 Ideas
Determine project idea ™ 100%  10/10/24 11/10/24 2
Research similar projects TH 100%  11/10/24  21/10/24 1
Analyse existing control system il 100%  11/10/24 15/10/24 B
Identify disadvantages TH 100% 15/10/24 16/10/24 2
Propose PLC upgrade TH 100%  16/10/24 16/10/24 1

Phase 2 Proposal
Complete project proposal ™ 100%  10/10/24 28/10/24 19
Research operational requirments W 100% 28/10/24  2/11/24 6
Outline inputs and outputs of the system TH 100%  2/11/24  5/11/24 4

Phase 3 Development
Select PLC Al 100% 5/11/24  5/12/24 31
Select Components ™ 100% 5/12/24  4/1/25 31
Write up report so far ™ 100% 4/1/25  13/1/25 10
Interim Viva T™H 100% 14/1/25  16/1/25 2

Phase 4 Prototyping
Begin programming i 100% 16/1/25  15/2/25 31
Simulate using factory 10 i 100% 15/2/25 22225 8
Test operation uil 100% 22/2/25  23/2/25 2
Build prototype TH 100% 23/2/25  3/3/25 9
Test prototype ™ 100% 3/3/25  4/3/25 2
Fault find/ alterations ] 100% 4/3/25  11/3/25 8
Complete final report it 100% 11/3/25  21/4/25 4
Final Viva il 21/a/25  8/5/25 18
Produce exhibition poster TH 8/5/25  11/5/25 4

Figure 94 - Final Gantt chart task list
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Figure 95 - Final Gantt chart progression
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Upgrade of Burn-off oven control system

ERIKS
TOMOS HALL 2219188 ﬂ 10/10/24
Project Start:
1
Display Week: ‘ ‘

TASK Ass:%NED PROGRESS START END DAYS

Phase 1 Ideas
Determine project idea TH 100% = 10/10/24 11/10/24 2
Research similar projects TH 100% = 11/10/24  21/10/24 11
Analyse existing control system TH 100% 11/10/24  15/10/24 5
Identify disadvantages TH 100% 15/10/24  16/10/24 2
Propose PLC upgrade TH 100% = 16/10/24  16/10/24 1

Phase 2 Proposal
Complete project proposal TH 100% = 10/10/24  28/10/24 19
Research operational requirments ud ab% 28/10/24  2/11/24 6
Outline inputs and outputs of the system TH 0% 2/11/24  5/11/24 4
Select PLC TH 0% 5/11/24  7/11/24 3
Select sensors and additional equipment sl 0% 7/11/24  10/11/24 4

Phase 3 Software
Begin programming ™ 0% 10/11/24  9/1/25 61
Simulate operation using factory 10 i 0% 10/1/25  14/1/25 5
Test operation TH 0% 14/1/25  15/1/25 2
Interim Viva il 0% 16/1/25  17/1/25 2
Order required components TH 0% 15/1/25  19/1/25 5

Phase 4 Building
Build new control panel TH 20/1/25  27/1/25 8
Remove old relay control TH 27/1/25 29/1/25 3
Install new panel H 29/1/25  31/1/25 3
Test operation TH 31/1/25 1/2/25 2
Complete Final report ™ 28/10/24  29/4/25 184
Final Viva TH 6/5/25 6/5/25 1
Produce exhibition poster TH 29/4/25 9/5/25 Aq

TH 6/5/25 9/5/25 4

Exhibition questionnaire

Figure 96 - Original proposal Gantt chart task list
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Appendix 2 - Full ladder program

*  Network 1: Cycle control

0.0 o1 1001 1000

"Start’ "Stop” "E-Stop Engaged” "Cycle start”

| | /1 /1 { }
W100.0

"Cycle start”

*  Network 2: E-Stop Engaged

402 1001
"Emergency stop” "E-5top Engaged”
/1 { }
W100.6
"E-stop V"
] |
11
WME600.0
"Alarm flag"
] 1
11

Figure 97 - Network 1 and 2, start and emergency stop functions
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2 Network 3: Cycle running after input check + turn on afterburner flag.

Functien block used to convert hmi input from ms to hours.

Tomos Hall 2219188

Figure 98 - Network 3, cycle checks for signal
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WDB1
S 4 IEC_Tirmer_0_DB
Y1000 "engineer input TOF Y1000 %000
"Cycle start” check” Time "Cycle start” "Signal”
| | | | IN Q | | { )
_".-HﬂDlDE *Data_block_
“time test" PT 1" "time
ET — remaining”
WFCT
“Time in ms to hours"®
EN o
"Data_block_ ?"EMDHF" .
1" “time Time in hours Cycle timer
rermaining” e
WDB10
*IEC_Timer_0_
DB 2"
1016
%00 TOMN "Afterburner
*Signal® Time malfunction ON"
| | IN Q { )
T=105 PT ET =
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*  Network 4: E=top reqguires timer reset

Resets cycle timer to zero to avoid cycle restart when e-stop reset

Y1001
“E-Stop Engaged” MOVE

| | EN ——

I “IEC_Timer_0_
sk oum — DE".FT

i
2
L1

Figure 99 - Emergency stop reset

- Network 5: After burner controls

w When afterburner gas turned on wait 35 before igniting gas, wait 1s before turning on blower motor. Adterburner
reignition restarts proccess.

%00.0 1010 %001
"Signal® "Cut AB gas” "Gas valve AB"
1 1 ]
1 1 1/1 : :
1012
"Afterburner %000
reignition” "Signal®
1 1 I 1
11 11
WDB3
"IEC_Timer_0_
DB_1"
"o TON 0.2
"Gas valve AB" Time “AB ignition”
1 1
{ | IN Q { }
T35 PT ET TH0ms
%DB4
"IEC_Timer_0_
DE_2"
TOMN w003
Time "AB Blower®
IN Q { }
T#3s PT ET — T#0m:

Figure 100 - Network 5 Afterburner controls
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- Network 6:

thermo couple Analog input processing

Tomos Hall 2219188

WFC1
“Thermocouple processing”
EM EMD
WWE 6 D208
"Afterburner Analog input Temp in "Afterburner
thermecouple® value degrees C temperature”
.
*Thermocouple processing”
EM EMD) —l
WWe 8 YTRADZ210
“Main burner Analog input Temp in “Mainburner
thermocouple® value degrees C temperature”
b |
“Thermocouple processing”
EM ENGQ ———
Wwnoo D212
"Work peice Analog input Temp in “Workpiece
thermeocouple® value degrees C temperature”

Figure 101 - Network 6, analogue input processing
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Network 7:

cycle is terminated.

w Temperature conversions and overlunder set up. Takes temperature limit set point and adds 50
degrees for over ternp alarm. subtract 50 degrees for underternp alarm. Adds 20 degrees for
workpiece senesor, allow for cooling proccess. When workpiece reaches + 50 degrees over limit,

WFCS
“Overtemp”
EM EMNO
W204 D216
“After burner "Afterburner
temp set’ — Temp set overtemnp real — overtemp real”
WFCH
“Undertemp”
EM EMO ————
IW204 “WMD220
“After burner "Afterburner
temp set’ — Temp set Undertemp real — undertemp real’
WFCS
Overtemp”
EM ENO ————
UMW202 D224
“Main “Mainburner
temperature overtemp rea| — cvertemp real”
56T — Temp set
WCh
“Undertemp®
EM END ————
EINn202 D228
“Main "Mainburner
temperature Undertemp real — undertemp real”
SET — Temp set

Figure 102 - Network 7, temperature limit setting
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Figure 103 - Network 7 continued
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b e
“Overtemp”
EM ENO ———

W ANZ 06 D23z
"Wiork piece “Workpiece 3
ternperature overtemnp real — SVEMemp real

s’ — Jemp set
“rce
"Workpiece overtemp flag®
EMN ENO —

TW206 D244
"Work piece “workpiece

ternperature slightly
set” — Jemp set overtemp real — Svertemp’
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*  Network 8: Stop Afterburner gas valve

w [fafterburner rises over temp limit+50 degrees, gas is turned off to allow for cocling. if after burner
drops below set point-50, afterburner reigintion is triggered. If afterburner below set point - 50 for
rmore than 30s, ignition malfunction is assumed and cycle is terminated.

MDZ208
';‘-.fterl:uurner. Y1010
temperature "Cut AB gas”
| = | I 1\
IREE'I LI
WMD216
"Afterburner
overternp real” AN
"Afrerburner
aver ternp”
[ 1
1 !
1012
YM101.0 "aAfterburner
"Cut AB gas” reignition”

| | /1

Figure 104 - Network 8 Afterburner stop
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malfunction®
] |

Figure 105 - Network 8 continued
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_— 1012
Afterburner "Afterburner
ternperature” reignition”
| = | I \
| Real | L
TWAD220
"Afterburner U300 .1
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*  Network 9: Main burnergas valve solenoid
w [fafterburner has reached set point and is true for more than 6s, main gas is switched on. After 35, ignition on, after 1s.
blower on. After grace period, if main burner is under temp for 305, malfunction assumed and cycle is terminated.
WMD208
“Afterburner %000 %101 3 %00 4
terriperature "Signal® "Cut Main gas” "Gas valve Main®
s ] 1 ] { 1
IRea|| 1 T |/= LI |
EMW204
*After burner
temnp set’
*DB6
"IEC_Timer 0_
DE_4"
W0o.4 TaN
“Gas valve Main® Time
]l L
1T IN Q
T#B% PT ET T#0ms
%DBS5
"IEC_Timer_0_
DB _3"
%004 TON %00.5
"Gas valve Main Time “Main Ignition”
1 1 I 1
1 I IN Q 1]
Ti# 35 —PT ET— T#0ms:
YDB7
"IEC_Timer_0_
DE_5"
TON %0 6
Time "Main blower”
IN Q { }

Figure 106 - Network 9
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Figure 107 - Network 9 continued
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*IEC_Timer_0_
YMD210 DB_10° i
=" 1017 "Main
r-.-1a|r1l.:-urnerl “Main burner TON malfunction
IEmperature malfunction ON® Time alarm®
| = | ] 1 [ 1
| Real | 11 IN Q L
D228 s —ig ET
“Mainburner
underternp real”
5011
"Main Ws00.7
malfunction 01 “Main burner
alarm” “Stop’ rmalfuction”
] 1 |
1 I |/= { :
5007
“Main burner
malfuction”
] 1
1 T
wDB13
“IEC_Timer_0_
DB 11"
= W101.7
%06 TON “Main burner
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*  Network 10: Stop mainburner gas valve

If nainburner over set termp +50 degrees, trigger main burner overternp flag

D210

o YUM3I00.2
I'-.-'lalnl:uurnerl “Mainburner
temperature overternp”
| == | ;
| Real | % 8
WAD224a
“Mainburner

overternp real”

Figure 108 - Network 10, Main burner overtemperature

*  Network 11: Stop mainburner gas valve
w Ifwork piece exceeds set point + 20 degrees cut gas main gas and open water valve. If main burner
overtemnp flag, cut main gas and spraywater. If workpiece temperature over set limit +50, terminate
cycle.
D212
"Workpiece : w1013
temperature "Cut Main gas”
| = | |
| Real | LI
D244
”'ﬁ'{;ﬁt'ﬁfe %WS00_2
¥ =y py d
overternp” ""'Drkplec? - T .
avertermp Water valve
l [ 1
|/= LI
%3002
"Mainburner
overtemp”
| 1|
11
— TM500.2
Workpiece ? "Wiarkpiece
temperature overtemp”
| = | {
| Real | LI
D232
"Workpiece
overtemp real”

Figure 109 - Network 11, main burner regulator
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*  MNetwork 12: FPressure guage conversions

Convert analogue input to readable values

W2
“Gas pressure proccessing”
EMN EMND
WW1o2 D234
*Afterburner gas Gas pressure *Afterburner gas
sensor’ — analogue input in Bar — pressure”
WFC2
“Gas pressure proccessing”
EM ENQ ——
e 4 %MD238

"Main gas sensor’ — Analogue input Gas pressure  Main gas
in Bar — pressure”

WC3
"Water pressure proccessing”
EM ENQ ———
Water
WWE 6 : '
g . : pressure in D242
FisersRnent Aoalogus inpat Bar — "Water pressure”

Figure 110 - Network 12, pressure processing
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~  Network 13: Checkall program parameters have beenset

allinputs must be setand all pressures must be ok before cycle can start, pulses *

engineer input check® to start cycle timer. indicate all clear on hrai

Tomos Hall 2219188

w202 WAW206 'IEE:?:):LU,
o ik dieen WA300.3 3004 WA300 5 WA300.6 WM300.7 W500.1 e W101.4
fempaiaiure Emperetzie “afterburnergas  “afterburnergas *Main Gas *Main Gas “waterpressure  “water pressure 11000 ™ “engineer input
5, agh, pressure high® pressure low” pressure high® pressure low® high® low" *Cycle start” Time check”
[ =] v 7 v 7 At v 't W a—— —
: 15— px T — 0
WM106.0
%W106.0 %140 “Input ready”
“Input ready” “Indicator light” ) —
— b { —
Figure 111 - Network 13, input check
¥  Network 14: Warnings byte
Flag used for hmi screen
WB300
] nizha WE00.1
1 c ¥
Viming s "Warning flag"
| == | | 3 ;
| Byte | LI
0
¥  Network 15: Alarm byte
Alarm flag for hmi. Door interlock and pressure relief panel linked to alarms, terminates cycle.
WIB500
. o %WME00.0
o a
TS OyIe “Alarm flag”
| == | I ;
| Byte | LI
D
403 “MS5003
*Door interlock” “Dooropen”
| [ y
|/= LI ¥
W04 5004
*Pressure relief *Relief panel
panel® open”
| i ;
|/1 LI ¥

Figure 112 - Network 14 and 15, alarm and warning byte
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MNetwork 16: Settime in hours

Convert ms input to hours for cycle timer

WrCa
“Time in hours®
EM EMO
D101 fime in m EMD106
seconds "time test”

"time settest’ time in hours

Figure 113 - Network 16, cycle time set in hours

Pressure manitor warnings

¥  Network 17:
w Pressure limits set based on manufacturer recomendations. Mo water pressure = no flow, cycle
terminated, raise alarm
D238 WA300.6
*Main gas *Main Gas
pressure” pressure low”
| < | I 3
| Real | ¥ A
0.0149
D238 WA300.5
"Main gas "Main Gas
pressure” pressure high”
| = | | 1
| Real | ® ot
0.027
D234 UM3I00_3
'P.Fterburner:_:;a: "afterburner gas
pressure pressure high"
I 2 I | 1
| Real | ® ot
0.027
WD234 @300 .4
'P.Fterl.:uurner:_:;a: "afterburner gas
pressure pressure low"
| 1= | | 1
| Real | ® ot
0148

Figure 114 - Network 17 part 1, pressure monitoring
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n—— 5001
. £ _ "water pressure
fiater pressure low®

| < | I 3

| Real | vl

. 3007
- D242 » “water pressure
Mater pressure high®

| = | [
| Real | L
6.9
eaD242 UpA114.1
"Water pressure” "Mo water fow
| == | I
| Real | v
0.5
%DB11
"IEC_Timer_0_
DE_9°
114 TON 1001
"Mo water flow” Time "E-5top Engaged”
] 1 I 1
1 | IN Q LI
T#65 — PT El— T
WS00.0
"Mo water”
I
1 T

Figure 115 - Network 17 part 2, No water triggers Emergency stop
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Appendix 3 - Program Tags

PLC tags
Nr:;rr\e

1 =1 Start
Z =0 Stop
3 - Emergencystop
4 <3 Doar interlock
5 1] Pressure relief panel
6 - Main gas sensor
7 <l Water sensor
B geni | Afterburner thermocouple
g < Main burner thermocouple
LEV - | Work peice thermocouple
1 e Afterburner gas sensor
12 4 Signal
LESE T Gas valve AB
14 @ AB ignition
15 @ AB Blower
6 4l Gas valve Main
17 4 Main Ignition
8 <l Main blower
L T ] Water valve
20 @ Afterburner Digital display
21 Main burner digital display
2z @ Workpiece digital display
2 @ Main gas Digital display
4 @ Afterburner gas digital display
LT T Water pressure digital display
el | Cycle start
AT ] E-Stop Engaged
28 4 Estop V
29 a0 time settest
30 @ Cut AB gas
ERENE T Stop pressed
32 40 Afterburner reignition
32 @ Cut Main gas
34 < engineer input check
EET T ] Afterburner malfunction ON
a6 < Main burner malfunction ON
ERAE 1] Time remaining
38 @ Cycle finish
3G a1 time test
40 @ Input ready
41 G Cycle timer

Figure 116 - PLC tags

Tag table

Inputs

Inputs

Inputs

Inputs

Inputs

Inputs

Inputs

Inputs

Inputs

Inputs

Inputs

Outputs
Outputs
Outputs
Outputs
Cutputs
Outputs
Cutputs
Outputs

Default tag table
Defaulttag table
Default tag table
Defaulttag table
Default tag table
Defaulttag table
Memaory
Memary
Memaory
Memaory
Memary
Memaory
Memary
IMermory
Memaory
Memary
Memaory
Memaory
Memary
Memaory
Memary
Mermaory

Data type
Bool
Bool
Bool
Bool
Bool

Bool
Bool
Bool
Time
Bool
Bool
Bool
Bool
Bool
Bool
Bool
Time
Bool
Time
Bool
Time

Address
%100
%Rl0.1
el0.2
%l0.3
“el0.4
SelWied
TeWe6
“elWo6
RIVOE
“eIWI00
%IWio2
%Q0.0
%Q0.1
%Q0.2
%Q0.2
%004
%Q0.5
%006
%Q0.7
%0QW48
LOWSD
QW52
LOWSL
QW6
LQWSE
%eM100.0
ZeM100.1
%M100.6
SeMDTO0T
%eM101.0
eMI01.3
%eM101.2
%MI01.3
%M101.4
%eM101.6
%M101.7
eMDT0S
%eM105.0
“eMDT06
%eM106.0
%MDT10

Page 135 of 153

Retain

0E

IR RN NENENENEEE

Acces...  Writa...

ESNE N R R NE A L 9 LR A e R A LR LR A LN LR AR AL [ S L LA A LAY S A S

Wisibl...

0E

NNl REE

Tomos Hall 2219188

Comment

Start button

Stop button

Emergency stop button
Doorinterlock

Prescure releif panel

Anslogue input 0-1 bar
Analogue input 0-10 bar
Analogue input 0-1000 degrees (0-27648)
Anzlogue input 0-1000 degrees
Analogue input 0-1000 degrees
Anzlogue input 0-1 bar

Cycle running

Afterburner gas valve solenoid
Afterburner ignition

Afterburner blower motor

Main burner gas valve solenoid
Mainburner ignition
Mainburner blower motar
Water valve solencid

Start cycle

E-Stop Engaged

HMI E stop

setcycle time in hours
Stop Afterburner gas valve

Afterburner re-ignition cycle start

Stop mainburner gas valve

Check all program parameters have been s
Afterburner malfunction flag

Main burner malfuction flag

cycle time in hours

Cycle timer
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42 @ Indicator light Memary Bool ®MIT4.0 E g Q
43 <@ No water flow Memory Bool W41 E B E
44 am Cycle time set Memory Int RMWZ00 v vl [ setcycle duration in ms for simulation
45 @ Main temperature set Mermory Int %A202 E E @ setrmain temperature limit
46 <@ After burner temp set Memory Int HMA204 ™M =l M  setafterburner temperature limit
47 Work piece temperature set Memory Int HMNZ06 =] =] M setworkpiece temperature limit
48 < Cycle time memory Iemory Int %MVI208 E g E
42 @ Afterburnertemperature Memory Real %MD208 =] =) M  Aferbumer temperature reading
50 4 Mainburner temperature Memary Real ®MD210 [ =) M Wain burner temperature reading
51 @ Workpiece temperature Memary Real %MD212 E B E Workpiece temperature reading
52 <@ Afterburner overtemp real Memory Real %MD216 [+ ¥ M  Afrerbumer temperature limit+ 50 degrees
53 @ Afterburner underternp real Memory Real %MD220 = =] [  Aferbumer temperature limit- 50 degrees
54 @ Mainburner overternp real Memaory Real %MD224 E g B Main burner terperature limit + 50 degree
55 <@ Mainburner undertemp real Memory Real %MD228 = =] =]
56 4 Workpiece overtemp real Iemory Real %MD232 E g E Viorkpiece temperature limit +50 degrees
57 Afterburner gas pressure Mermory Real %MD234 E E @ Afterburner gas pressure reading
58 @ Main gas pressure Memary Real %MD238 [ ¥ M  Maingas pressure reading
59 4D Water pressure Memory Real %MD242 E B E Water pressure reading
50 4@ workpiece slightly overternp Memory Real WMD244 E E E
a1 < Warnings Wamings Byte %ME300 = =] =]
62 Afterburner over temp Warnings Bool *MS00.0 g g Q

3 < Afterburner undertemp Warnings Baal H®MB00.1 ™ =] =]
64 < Mainburner overternp Warnings Bool %M300.2 = =] =]
65 afterburner gas pressure high  Warnings Bool %M300.3 E E @
66 @ afterburner gas pressure low Warnings Bool BME00.4 M =] =]
67 4D Main Gas pressure high Warnings Bool %M300.5 = = =]
58 @ Main Gas pressure low Warnings Bool %M200.6 E E E
69 <@ water pressure high Warnings Bool %MB00.7 = =] =]
70 @ alarms byte Alarrns Byte *®MB500 g g Q
71 @ No water Alarms Baoaol WMS00.0 E E E
72 <@ water pressure low Alarms Bool %M500.1 = =] =]
73 4 Workpiece overtermp Alarms Bool %M500.2 E E @
4 @ Door open Alarms Bool H%MS00.3 E E E
73 4@ Relief panel open Alarms Bool %MS00.4 =) = =]
75 Al Afterburner malfunction Alarms Bool %ME00.6 E E g Afterburner not heating (no ignition}
77 @ Main burner malfuction Alarms Bool %M500.7 ™M M ¥ Wain burner not heating (no ignition)
78 < Ab maklunction alarm Alarms Bool ®MS01.0 = =] =
78 <@ Main malfunction alarm Alarms Bool %MS01.1 E E E
80 @ Alarm flag Alarms Bool HME00.0 = (=] M
81 Warning flag Wlarnings Bool %ME00.1 =] =] =

—_ — —

Figure 117 - PLC tags part 2
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HMI tags
Name a Tag table Data type Connection PLC name PLCtag Address Access mode Acquisition cycle  Source comment
4  ABovertemp waming Default tag table [+ Bool (=] iM_Conne... [..[PLC1 overtem..]..] [»] <ymbolic access>  [+[1s
4@  ABundertemp warning Default tag table Bool - |BECGE] “Afterburner undertemp® <symbolic access> 1s
a afteburner gas pressure high  Default tag table Bool ¢ e “afterburner gas pressure. <symbolic access> 1s
@  Afterbumnertemp set Default tag table Int HM_Connectic... PLC_1 “After burner temp set* <symbolic access> 1s Set afterburner temperature limit
@  Afterburner gas pressure Default tag table Real HM_Connectic... PLC_1 “Afterburner gas pressure® <symbolic access> 1s Afterburner gas pressure reading
4@  Afterburner gas pressure low  Defaulttag table Bool HMI_Connectioc... PLC_1 “afterburner gas pressure. <symbolic access> 1s
4@  Afterburner malfunction Default tag table Bool HM_Connectio... PLC_1 “Afterburner malfunction® <symbolic access> 1s Afterburner not heating (no ignition)
a Afterburner temp Default tag table Real HM_Connectic... PLC_1 “Afterburner temperature® <symbolic access> 1s Afterburner temperature reading
@ Alarmon Default tag table Bool HM_Connectic... PLC_1 “Alarm flag® <symbolic access> 1s
@  Cycle controls Default tag table Bool HM_Connectio... PLC_1 “Cycle start” <symbolic access> 1s Start cycle
a Data_block_1_T1 Default tag table Time HM_Connectio... PLC_1 Data_block_1.T1 <symbolic access> 1s
a Door open Default tag table Bool HM_Connectio... PLC_1 “Door open® <symbolic access> 1s
a engineer check Default tag table Bool HM_Connectic... PLC_1 “Indicator light* <symbolic access> 1s
a E-stop Depressed Default tag table Bool HM_Connectic... PLC_1 “E-Stop Engaged" <symbolic access> 1s E-Stop Engaged
a E-stop HMI Default tag table Bool HM_Connectio... PLC_1 “E-stop V* <symbolic access> 1s HM E stop
a Main burner temp Default tag table Real - |REGE) “Mainburner temperature® <symbolic access> 1s Main burner temperature reading
a Main burner temp set Default tag table Int ¢ . PLC1 “Main temperature set" <symbolic access> 1s Setmain temperature limit
a Main gas pressure Default tag table Real HMI_Connectio... PLC_1 “Main gas pressure”® <symbolic access> 1s Main gas pressure reading
a Main gas pressure high Default tag table Bool HM_Connectic... PLC_1 “Main Gas pressure high® <symbolic access> 1s
a Main gas pressure low Default tag table Bool HM_Connectic... PLC_1 “Main Gas pressure low" <symbolic access> 1s
a Mainburner malfunction Default tag table Bool HM_Connectio... PLC_1 “Main burner malfuction® <symbolic access> 1s Main burner not heating (no ignition)
a Mainburner over temp Default tag table Bool HM_Connectic... PLC_1 “Mainburner overtemp*® <symbolic access> 1s
a No water flow Default tag table Bool HM_Connectio... PLC_1 “No water” <symbolic access> 1s
a Pressure reliefpanel missing  Defaulttag table Bool HM_Connectio... PLC_1 “Relief panel open® <symbolic access> 1s
@  Tag_ScreenNumber Default tag table Ulint <internal tag> <Undefined> 1s
@  Time remaining Default tag table Time HM_Connectic... PLC_1 “Cycle timer* <symbolic access> 1s Cycle timer
a time settest Default tag table Time HM_Connectic... PLC_1 “time settest” <symbolic access> 1s Set cycle time in hours
@  Warning Default tag table Bool HM_Connectic... PLC_1 “Warning flag” <symbolic access> 1s
@  Waterpressure Default tag table Real HM_Connectio... PLC_1 “Water pressure” <symbolic access> 1s Water pressure reading
4@  Water pressure high Default tag table Bool - |G “water pressure high® <symbolic access> 1s
a Water pressure low Default tag table Bool l_ = -] “water pressure low" <symbolic access> 1s
a Work piece temp Default tag table Real HMI_Connectio... PLC_1 “Workpiece temperature® <symbolic access> 1s Workpiece temperature reading
a Work piece temp set Default tag table Int HMI_Connectio... PLC_1 “Work piece temperature .. <symbolic access> 1s Set workpiece temperature limit
4@  Workpiece overtemp Default tag table Bool HMI_Connectio... PLC_1 “Workpiece overtemp® <symbolic access> 1s

Figure 118 - HMI tags

Page 137 of 153



Independent Project (ACCA6020) Tomos Hall 2219188

Appendix 4 - Factory design

Figure 119 - Full factory
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. v
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Stack Light 0 g\mnéw) 4

Stack Light (Green) ”
3
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Figure 120 - Gas line pressure control, stack light indicator for ignition and blower

Figure 121 - Water pressure control and water conveyor
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Figure 122 - Control panel and signal light
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! [
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©

Figure 123 - Thermocouple temperature control
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Figure 124 - Relief panel and door interlock triggers
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SENSORS ACTUATORS

Erengmooy S0l StartButton0 |1 %240 Warning Light 0
pButton0 I %241 3 Bt Conveyor (4m)0
Emergency Stop0 [ %242 Stack Light0 Red) Bel Conveyor (4m) 2
1/0 (Running) tyDoor 1 || %1243 reen) Digital Display 0
FACTORY 1/0 (Time Scale) Safety Door 0 [l %244 it Conveyor (4m) 1 Digital Display 1
[ ——) 245 K Light 1 (Rec) Digtal Display 2
Potentiometer 1 (V) %246 Stack Light 1 (Green) Digital Display 3
Potentiom: %247 Belt C Digital Display 4
Potentiometer 3 (V) %1250 Digital Display 5
Potentiometer 4 (V) w251 B @ Eritero Emi)
Potentiometer (V) w252 @ Emiter Emit)
Safty Door0 %253 1 @ Erier2 Eme)
Sefety Door 1 w254 FACTORY
Start Button 0 %1255 FACTORY I/
StopButton 56 * FACTORY
%257 FACTORY I/0 (Run)
Potentiometer 0 (V) |1 %IW48 (INT) igital Display 0 'l mover 0 (Remove)

Potentiometer 1 (V) 1 %W50 (NT) DigialDisplay 1 1 @reroet
otentiometer 2(V) (1 %W52(NT)  (NT)%QWS2 | Digital Display 2 1 @ remover2
Potentiometer 3(V) (1 %WS4(NT)  (NT)%QWS4 | Digital Display3 Stack Light 0 (Red)
Potentiometer 4 (V) (| %WS6(NT)  (NT)%QWS6 | Digital Display 4 Stack Light 1 (Red)
otentiometer (V) 1| %WSB(NT)  (INT)%QWS8 | Digital Display § Stack Light 0 (G

A0 4QW60

=)

Stack Light 1 (G

W62 QW62 Stack Light 0 (Yell
Stack Light 1 (Yellow)
Start Button 0 (Light)
Stop Button 0 (Light)

Warning Light 0

Figure 125 - Factory 10 input/output configuration
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Appendix 5 - Prototype build

Figure 126 - PLC mounted to din rail

Figure 127 - Main components mounted
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'K A.B Moin waker
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Figure 129 - Controls for thermocouples, pressure gauges, door interlock and pressure relief panel
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: . A(trer
Cycle Athac-  Aprer- After-

Figure 130 - Output indicators

Figure 131 - Output indicators, operating
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Figure 132 - PLC, analogue input module, and ethernet switch

Figure 133 -Cycle controls
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SIEMENS SIMATIC HMI

| Cycle time (Hrs)

Olnput confi

O Warning
‘ Alarm

Engineer’s “Alarm
“———l‘? y il

i i

Figure 134 - Password control for cycle settings
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SIEMENS

AB undertemp warning

Afterburner gas pressure high

Afterburner gas pressure low

Figure 135 - Warning screen with warning examples

SIEMENS

No water

Work Piece overtemperature

Door open Main burner malfunction

Pressure relief panel open

[a] [1]

Figure 136 - Alarm screen
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Engineer's screen Engineer's screen 7

Data Record Name:

=
After burner temp set Entry Name

.| le time
800 N &
Afterburner temp set
Mainburner temp set
Main burner temp set Work plece tamp set

Work piece temp set

E B

Simulation timer

Figure 137 - Engineer's screen
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Appendix 6 - Logbook

10/10/24

Steve outlined the requirements for the project. An idea was selected to upgrade the workplace burn
out oven. Replacing the relay-controlled system with a PLC. Research must be carried out to
determine the requirements to upgrade the control system.

The manufacturer of the burnout oven was contacted in order to learn more about the control
system implemented in the current system. The manufacturer provided a wiring diagram for the
relays providing insight into the current system.

A meeting was set with another Burn-out oven manufacturer to further discuss their control system.
17/10/24

The project proposal was continued following the outline provided on moodle. A meeting was set
with Rotary Engineering, a burnout oven manufacturer. The meeting was organised for the 18/10/24.

Research was continued to uncover credible sources carrying out similar projects.

18/10/24

Had teams meeting with Simon Swallow from Rotary Engineering to discuss the operation of burn —
off ovens. He provided a fantastic insight, greatly aiding the project development.

24/10/24

Finalise project proposal

31/10/24

No progress

07/11/24

No progress

14/11/24

Outlined research requirements, began formatting final report

28/11/24

Researched into efficiency losses in electric motors

05/12/24

Began winter maintenance schedule resulting in unforeseen delays to project.

12/12/24

Winter maintenance schedule interrupted project progression

19/12/24

Continued with literature review into system requirements and control methods

26/12/24
Began component selection for project. Creating comparison tables and continued with report write

up.|

Figure 138 - Log book part 1
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02/01/25

Finalised component selection for project. Selected PLC and module requirements

09/01/25

Began compiling presentation for interim Viva

16/01/25

Completed interim Viva presentation

23/01/25

Set up siemens step 7. Listed all system requirements to begin designing the program.

30/01/25

Researched into analogue input requirements for Siemens TIA. Continued programming ladder.

06/02/25

Progressed with programming. Designed analogue input conversion function block

13/02/25

Continue with Ladder program, regularly testing functions using Factory |O. Finished designing HMI
screens

20/02/25

Finalised ladder program and began function testing with factory 10

27/02/25

Finished testing Factory 10 simulation. Started building prototype

06/03/25

Continue with prototype wiring, awaiting delivery of analogue input module

13/03/25

Finish building prototype, ready for function testing. Work commencing on power and drives
assignment so less time for project. On track with Gantt chart prediction.

20/03/25

Work continues on power electronics and drives assignment, project on hold

27/03/25

Work continues on power electronics and drives assignment, project on hold.

3/04/25

Work continues on| power electronics and drives assignment, project on hold.

10/04/25

Submitted assignment for power and drives, freeing up time for project report

Figure 139 - Log book part 2
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17/04/25

Final tweaks on prototype build, fixed error with burner malfunction not triggering alarm indicator.

Proceed with design right up for report

24/04/25

Finalised project report, trimming down word count and formatting.

Figure 140 - Log book part 3
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