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[bookmark: _Toc155547006]1	Abstract

This report will design and implement a solution to the poor efficiency of the spray booth in the paint shop at Consort. To do this, the report covers the design and implementation of a system which can monitor the spray booth and switch the paint guns on/off automatically. This will reduce the amount of paint which is wasted, since the paint guns will not be spraying when there are no parts in front of them.

The system utilizes a thru-beam photoelectric sensor to monitor the parts entering the spray booth and an inductive proximity sensor to measure the speed of the motor. These sensors are connected to a PCB, which uses a microcontroller to read the inputs and calculate the correct times to switch the outputs on/off. The PCB utilizes TRIACs to switch each paint gun individually. 

This automatic system also has manual controls which allows the user to select one of three operating modes as well as providing the option to bypass the automatic controls to utilize the pre-existing manual controls.

Overall, the project is a success and achieves the aim and objectives set out at the start. It successfully reduces the amount of paint wasted in the spray booth with no additional workload for the operator.

[bookmark: _Toc155547007]2	Introduction
[bookmark: _Toc155547008]2.1	Project Brief

The aim of this project is to improve the efficiency of the paint shop. The paint shop is used to powder coat metal parts which are used for the external casing of electric heaters. The system has 4 paint guns set in pairs opposite each other. The system requires 3 operating modes: All four guns on, left guns only on and right guns only on. Figure 1 shows the setup of this system.
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[bookmark: _Ref152412645][bookmark: _Toc155527330]Figure 1 - Paint booth setup
Currently, this stage of the process is inefficient. The paint guns are simply switched on manually and left on whilst the parts move through the cabinet at a slow place. Paint is wasted when there are large gaps between parts and when the parts have not yet been placed onto the conveyor.

This issue has been discussed during a monthly quality meeting and it was concluded that the system efficiency should be improved. An idea was put forward to create a system which monitors the parts entering the paint cabinet and switches the paint guns on/off automatically. This would greatly reduce the amount of paint which is wasted.

This paper will investigate methods of improving the efficiency of the existing system and implement the solution which is identified.



[bookmark: _Toc155547009]2.2	Aim and Objectives

The aim of this project is to improve the efficiency of the paint shop at Consort. To achieve this, the work will be divided into 4 objectives. These are listed below.

· To design and implement a system capable of monitoring the location & length of the parts entering the paint booth as well as the conveyor speed.
· To design and implement a PCB which can individually and automatically switch the paint guns on/off based on the inputs it receives.
· To design and implement a software for the PCB.
· To design and implement a full system which contains the solutions to all 3 prior objectives. This system should be integrated into the existing control cabinet. 

Whilst completing these objectives, health and safety must always be a top priority. Safety procedures for electrical safety, working at heights and manual handling will be always followed. This will ensure the safety of all people who may be affected by the work.
[bookmark: _Toc107576588]The regulations which will be followed are BS 7671 (2018), Electricity at Work Regulations (1989), work at height regulations (2005), manual handling operations regulations (1992), Provision and Use of Work Equipment (1998).

As the system will be expanding on the current setup, the health and safety features already in place will not be compromised.

[bookmark: _Toc155547010]2.3	Success Criteria

This project will be considered a success if all four objectives are met, allowing a fully functional system to be installed onto the existing control system. On top of this, the system must meet the following criteria.

· It must switch the paint guns on/off individually based on the location of the parts.
· It must allow the operator to easily switch between the 3 operating modes
· It must allow the operator to bypass the automatic system to use the existing manual controls
· It must be able to switch the paint guns off if the conveyor stops.

The work must be completed independently within the timeframe set in the Gantt chart shown in Appendix A. 



[bookmark: _Toc155547011]3	Research and data collection
[bookmark: _Ref152418891][bookmark: _Toc155547012]3.1	Data collection

The issue with the paint shop efficiency was highlighted during a monthly quality meeting. Following the meeting, the problem was investigated further. The aim of this investigation was to calculate how much paint is being wasted and how much paint can be saved. 

To estimate the cost of wasted paint, the cost of paint per 100mm sprayed must be calculated based on an average conveyor speed. The size of the gap between parts must then be calculated.

First, the cost of paint per 100mm must be calculated. With all four paint guns spraying constantly, the paint will cost £5.41 per hour. This equates to £0.09 per minute. The average conveyor speed is 900mm per minute.  Based on this, the cost of paint can be estimated at £0.01 per 100mm travelled with all 4 paint guns on at the average conveyor speed. If only two paint guns are on, the cost is halved.

The size of the gap between parts must be calculated next. The paint shop conveyor consists of fixed jigs which the parts are suspended from. These are spaced 1000mm apart. They cannot be moved. Due to this, the size of the gap between parts differs depending on the part length. For example, if 600mm parts are being painted, the gap between them is 400mm. If 400mm parts are being painted, the gap between them is 600mm. Smaller parts lead to more wasted paint.
 
The graph shown in Figure 2 displays the cost of wasted paint on the 5 most painted parts, assuming all 4 paint guns are on. The grey bar shows the potential savings, containing a 100mm tolerance to ensure the paint guns do not switch on too late, or switch off too soon. This can be referred to as ‘under spray’ and ‘over spray’.
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[bookmark: _Ref152412619][bookmark: _Toc155527331]Figure 2 - Cost of wasted paint on standard panels
Across the 5 different parts, the average potential savings per part is approximately £0.03.  Whilst this seems minimal, over the course of a 12-month period the savings would be significant. Based on an average of 200 panels being painted per day, savings of up to £1,560 could be made. The actual figure may be lower than this as sometimes only 2 paint guns are operating. 

A lot of assumptions have been made to reach this figure and it is impossible to find the exact savings since there are so many variables. However, the data collected does confirm that a considerable amount of money can be saved by this system in the long run. 

It is also worth noting that this figure does not account for savings made when the paint guns are left switched on despite the panels not being loaded onto the conveyor. This shouldn’t happen however it is known that the operators do this sometimes.

[bookmark: _Toc155547013]3.2	Literature Review
[bookmark: _Toc155547014]3.2.1	Tracking the parts entering the paint booth

To switch the paint guns on/off at the correct moment, the parts entering the paint booth must be tracked. There are 2 potential methods of doing this which should be considered. 

The first method is to install a photoelectric sensor directly before each paint gun as shown in Figure 3. The photoelectric sensors can be used to switch each paint gun on/off. The software should be designed to switch the paint gun on as soon as the part is detected. Once the part is no longer detected, the paint gun should be switched off after a calculated delay. 

One issue presented with this is that there is no way of determining the conveyor speed. There could be a situation where the conveyor stops whilst a part is in the paint booth, covering the photoelectric sensor detection area. This would cause the paint gun to operate continually. To resolve this, the conveyor speed could be monitored. This can be done by installing a device which can measure the speed of the motor which is driving the conveyor.

A second issue presented by this method is installing the sensors inside the paint booth. The paint booth gets very dusty, potentially causing issues with part detection. When used in dusty environments, photoelectric sensors require regular cleaning [1]. This method is very expensive as it requires 5 sensors.
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[bookmark: _Ref152412603][bookmark: _Toc155527332]Figure 3 - Paint booth configuration with 4 photoelectric sensors
The second method is to install a single photoelectric sensor at the entrance to the paint booth and to measure the conveyor speed. The photoelectric sensor can start a timer when a part passes. Since the conveyor speed is known, the software can track the location of the part throughout the paint booth, allowing it to accurately switch the paint guns at the correct time.

This method would eliminate the issue of installing the sensors inside the dusty paint booth and greatly reduce the cost of the installation. The environment outside of the paint booth is still dusty, however less so than inside the paint booth and it is easier to access for cleaning.

This method will involve using a complicated software, however it is the best option. Figure 4 shows how the arrangement would look.
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[bookmark: _Ref152412579][bookmark: _Toc155527333]Figure 4 - Paint booth configured with 1 photoelectric sensor.
[bookmark: _Toc155547015]3.2.2	Choosing a photoelectric sensor

Photoelectric sensors are commonly used in electronics for object detection. There are three main types of photoelectric sensor. These are diffused, retroreflective and thru-beam sensors. 

Diffused sensors detect an object when the light beam is reflected from the object. Both the transmitter and the receiver are fitted into a single housing, making them compact devices. They are negatively impacted by dusty environments, have poor range and are not suitable for angled or textured parts. This means they are not suitable for this application. 
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[bookmark: _Toc155527334]Figure 5 - Diffuse sensor configuration [2]
Retroreflective sensors send the light beam to a reflector. The reflector reflects the beam back to the sensor. A part is detected when this beam is broken. The retroreflective sensor contains the transmitter and receiver in a single housing. They are more accurate than the diffused sensor. One of the drawbacks to this type of sensor is that shiny parts can reflect the beam back to the sensor, meaning they are not detected. They have reduced range making them less suitable for dusty environments. Figure 6 shows the retroreflective sensor.

[image: ]
[bookmark: _Ref152858366][bookmark: _Toc155527335]Figure 6 - Retroreflective sensor configuration [3]
In a Thru-beam sensor, the transmitter and receiver are in separate housings. The transmitter is installed one side of the booth and the receiver on the other side. When a part passes through, the light beam is interrupted and not received by the receiver, indicating the presence of a part. Figure 7 shows this.
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[bookmark: _Ref152857465][bookmark: _Toc155527336]Figure 7 - Thru-beam sensor configuration [2]
These sensors are accurate, have a good detection range and are suitable for dusty environments. They incur a higher cost than the other sensor types and require additional installation costs since there is a separate transmitter and receiver. Despite this, they clearly present the best option for this application. Figure 8 shows an example Thru-beam sensor made by Sick. 
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[bookmark: _Ref152412533][bookmark: _Toc155527337]Figure 8 - Thru-beam sensor [4]
The next issue to resolve is the number of beams the sensor requires. A thru-beam photoelectric sensor with a single beam is not suitable for this application. Consort produces a vast range of products, which means a vast range of parts must be painted. These parts vary in shape and size. Different jigs are required for hanging the parts, each of which vary how low down the part is suspended. Some parts also have slots in the part for the heater grill. With a single beam, these slots could be detected as multiple smaller parts rather than one part. This would disrupt the software.

To counter this problem, thru-beam light curtains can be used. They consist of multiple thru-beam sensors connected in a row to increase the detection area. This allows all parts to be detected regardless of the shape, size, and suspension height. They do incur a high cost however they are essential to the proper operation of this system. Consort have been using Keyence light curtains as safety devices on the testing stations for several years and found them to be very reliable devices. The devices are rated IP67 which is ideal for this dusty environment. The light curtains must be used with a safety relay for full functionality. The parts which will be required are the GL-R safety light curtain and the GL-T11R safety relay. These parts are shown in Figure 9 & [5]				Figure 10. Figure 11 shows how they connect. 
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[bookmark: _Ref152413796][bookmark: _Toc155527338][bookmark: _Ref152413805]Figure 9 - GL-T11R safety relay [5]				Figure 10 - GL-R light curtain [6]
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[bookmark: _Ref152413807][bookmark: _Toc155527339]Figure 11 - GL-R and GL-T11R connection diagram [5]
[bookmark: _Toc155547016]3.2.3	Measuring the conveyor speed

The motor speed must be measured to determine the speed of the conveyor. The conveyor speed, along with data from the light curtain, will allow the part length to be calculated and allow the system to calculate how long the parts will take to reach the paint guns. It will also allow the system to stop the paint guns if the motor stops.

A device which can count each motor revolution must be installed. The device must be installed into a plastic cover. Beneath this plastic cover is the gear. The rotational speed of the gear must be measured. Most commonly, a sensor is used to detect the teeth of the gear as shown in Figure 12. This example uses a HES. Every time a tooth passes the sensor a pulse is sent to the microcontroller. If the number of teeth on the gear is known, the RPM of the gear can be calculated.

[image: ]
[bookmark: _Ref152862329][bookmark: _Toc155527340]Figure 12 - Gear tooth detection [7]
Unfortunately, the teeth of the gear cannot be accessed, which leaves two methods which could potentially be used to measure the motor speed.

The first method is to install a screw onto the gear. The sensor will detect this screw every time it passes the sensor, providing a pulse for every full motor revolution. 
The second method is to install a retroreflective photoelectric sensor with a reflector installed on the gear.

Common contactless methods of measuring motor speed utilize proximity sensors or photoelectric sensors. The photoelectric sensor, HES and the inductive proximity sensor will be researched as possible solutions to the problem.

The retroreflective sensor discussed in section 3.3.2 would be suitable for measuring the rotational speed of a motor. The reflector would need to be installed onto the rotating disc. These sensors offer high accuracy however the shiny material of the gear could potentially reflect the beam. An example retroreflective sensor is shown in Figure 13. The sensor is a barrel style to allow easy installation onto the plastic cover. 
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[bookmark: _Ref152415078][bookmark: _Toc155527341]Figure 13 - Retroreflective barrel sensor [8]
Hall effect sensors measure an external magnetic field. Figure 14 shows the principal of the sensor. It consists of a thin, semiconducting material with a current flowing through it. The output is measured perpendicularly to this flow of current. In normal conditions, the PD across the output is 0V. When a magnetic field is applied perpendicularly to the semiconducting material, the current flow is disturbed. This creates a PD across the output [9]. HESs can be very small in size. They are commonly used in brushless DC motors.
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[bookmark: _Ref154313729][bookmark: _Toc155527342]Figure 14 -HES basic principle with no external magnetic field (left) and an external magnetic field (right) [9]
Due to the fact they measure an external magnetic field, the part being measured must be a ferromagnetic material. They are reliable devices and can accurately measure high frequency pulses. A drawback to hall effect sensors is that they are suspect to magnetic interference. An example hall effect sensor is shown in Figure 15. 
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[bookmark: _Ref152414772][bookmark: _Toc155527343]Figure 15 - Hall effect sensor [10]

Inductive proximity sensors contain a sensing coil which contains an inductive component and a resistive component. This sensing coil is excited to generate an electromagnetic field. When a ferrous or non-ferrous material enters that magnetic field, currents are induced into that material. This causes reduced oscillation amplitude and energy losses in the sensing coil which can be used to detect the presence of the material [11]. They can also measure the distance between the sensing coil and the object [12]. Figure 16 shows an inductive proximity sensor.
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[bookmark: _Ref152865615][bookmark: _Toc155527344]Figure 16 - Inductive proximity sensor operating principal [12]

They are less prone to magnetic interference than HES, however they struggle to measure high speeds. This drawback is irrelevant to this application as the motor speed will not exceed 20Hz. An example inductive proximity sensor is shown Figure 17. 
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[bookmark: _Ref152415559][bookmark: _Toc155527345]Figure 17 - Inductive proximity sensor [13]
In conclusion, either the HES or the inductive proximity sensor could be used. The inductive proximity sensor is more resistive to external interference, and it is slightly cheaper, so this will be chosen [14]. The IME12-08NPOZW2K [15] will be used. A screw will be installed onto the gear, providing 1 pulse per revolution.

This method will not be able to determine the direction of the conveyor, however that is not necessary for this application.

[bookmark: _Toc155547017]3.2.4	Switching the paint guns using a microcontroller

A microcontroller will be required to switch the paint guns. The microcontroller will provide an output voltage of either 3.3V or 5V. This small DC voltage must be used to switch 230VAC. There are three methods which will be considered: EMRs, SSRs and thyristors.

EMRs are cheap, simple devices consisting of a coil and a moveable contact. When the coil is energized, an electromagnetic field is generated causing the contact to move. EMRs can use low power input signals to switch a high-power load. They are available with multiple poles to allow different output configurations to be utilized. The example in Figure 18 has a NO and a NC output. The drawback to EMRs is that they are prone to failure with usage due to the fact there are moving mechanical parts. Figure 19 shows an example EMR from RS. 
[image: A screenshot of a computer

Description automatically generated]
[bookmark: _Ref153704882][bookmark: _Toc155527346]Figure 18 – Electromechanical relay [16]
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[bookmark: _Ref152415957][bookmark: _Toc155527347]Figure 19 - Electromechanical relay [17]

The functionality of an SSR is similar to an EMR. Internally, the relay is different. The SSR has no moving parts, reducing the risk of component failure. They utilize an optocoupler to provide galvanic isolation between the input and output. They utilize a solid-state switching device controlled by zero crossing or Random-phase switching. Figure 20 shows this. This example utilizes a TRIAC.

Whilst these devices tend to be physically larger than EMRs and have a higher up-front cost, they require less maintenance. They also provide additional features such as higher switching frequencies, zero cross switching and phase control. These features are not required for this application. Usually, zero cross switching will be used to avoid generating harmonics [18].

An example SSR for switching AC loads is shown in Figure 21.

[image: ]

[bookmark: _Ref153705238][bookmark: _Toc155527348]Figure 20 – Solid State Relay [16]
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[bookmark: _Ref152416117][bookmark: _Toc155527349]Figure 21 - Solid state relay [19]

The final option mentioned is to use thyristors. These are 3 terminal devices which can be switched using a low current applied to the gate terminal. This allows high current, high voltage loads to be switched. They are small and low-cost devices which can operate numerous times without failing.

There are many types of thyristors. The most common type is the SCR. This is a 3-terminal, unidirectional device. When the gate terminal is powered, the SCR will conduct current flow from the Anode to the Cathode. The SCR will only conduct for one half of the AC waveform, making it unsuitable for this application. The solution to this is to use a TRIAC. 

A TRIAC consists of two SCRs connected in a reverse parallel arrangement, allowing current flow bidirectionally. The gate terminal is common to both SCRs [20]. A TRIAC will conduct when a momentary signal is applied to the gate. It will stop conducting once the ZCP is reached if there is no signal at the gate. 

A TRIAC is commonly the main switching component in an SSR. A triac used with isolating TRIAC drive circuitry will provide similar operation to an SSR at a lower cost and size. 
An example TRIAC from RS is shown in Figure 22. The cost is £2.34.
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[bookmark: _Ref152416429][bookmark: _Toc155527350]Figure 22 - Triac [21]
This research concludes that the electromechanical relay is not ideal for this application due to the risk of component failures with frequent switching. It is important that this product is reliable and stands the test of time. A faulty relay requiring maintenance would lead to production downtime which should be avoided at all costs. 

To conclude, the solid-state relay and the triac both provide suitable solutions to the problem. Whilst choosing a TRIAC will involve additional circuit complexity, it will be considerably cheaper considering 4 switching devices are required. The TRIAC is used on existing Consort products too. It has been proven to be a reliable component. It is used to switch heating elements on/off and to provide a soft start for the quartz heaters. The 16A BTA16-600BRG [22] will be used.

[bookmark: _Toc155547018]3.2.5	TRIAC driving circuitry

TRIAC driving circuitry must be used to control the TRIAC. The circuitry must isolate the TRIAC from the microcontroller and provide either a ZCT or use random phase switching. Figure 23 shows a triac output with zero-cross switching vs random phase switching.
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[bookmark: _Ref153712987][bookmark: _Toc155527351]Figure 23 - Zero-cross vs Random phase triac switching [23]

With random phase switching, the output will switch on as soon as the input signal is received regardless of the phase of the AC waveform. This can be used to implement phase angle control. This is not required for this application and has the drawback of inducing unnecessary harmonics and switching losses onto the system. 

Once a ZCT circuit is triggered, the output will not power the triac gate until the zero-crossing point is reached. This minimizes switching losses and harmonic noise, since the instantaneous voltage is 0V. The maximum possible delay this can cause is half the time of an AC waveform. At 50Hz, this equates to a maximum delay of 10ms. This delay is negligible for this application. ZCT is the most suitable switching method for this application [24]. 

Systems which utilize this method will often reduce the output power by changing the ratio between the number of AC waves when the output is on and the number of AC waves when the output is off. This is utilized on the heating elements at Consort. The heaters are required to have multiple heat output settings. The output power of the heating elements is reduced by changing the amount of time the output is powered over a 2 second period. For 50% power output, the triac output will be on for 1 second and then switched off for 1 second. Heat retention within the heating element coil ensures that the heat output remains consistent. Doing this minimizes the amount of switching the triac must do. Power reduction is not required for this application though, the triac can simply be switched on/off as and when required.

The MOC3031SM [25] is a suitable device to drive the TRIAC. This is a 6-pin zero-cross TRIAC driver with a built in optocoupler for isolation between the load and the microcontroller. They are already used at Consort. Figure 24 shows the device schematic. 
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[bookmark: _Ref152416887][bookmark: _Toc155527352]Figure 24 - Zero-crossing triac driver with optocoupler [25]

[bookmark: _Toc155547019]3.2.6	Selecting a microcontroller

At this point, a suitable microcontroller can be selected. As far as microcontroller functionality goes, this application is relatively straight forward. 

The microcontroller will require 10 I/O ports. This includes two inputs and 8 outputs. 4 outputs are required for the 4 TRIACs. A further 4 outputs will be used to have the triac outputs represented by 4 LEDs located on the PCB to simplify testing. All I/O ports must be digital. An internal timer module is also required to ensure the timers are accurate.

The system is not required to store data and it is will not require complex functions such as look up tables which require large amounts of program memory. It also does not require any digital communication protocols such as SPI.

As a result of the lack of requirements, most 8-bit microcontrollers are suitable. As such, it is convenient to use the PIC18F46K22 [26]. This is a 40-pin device which meets all requirements. It is over-specified for the task, but the device is cheap and already stocked at Consort. It also allows for future development.

The MikroC PRO for PIC compiler [27] will be used to program the microcontroller along with a Pickit 3. This is a very suitable programming application for people who are new to writing software. It uses the programming language C and comes with an extensive range of libraries which will prove useful when writing the software. This software is already available on the computers at Consort.

[bookmark: _Toc155547020]3.2.7	Power supplies for PCB

The PCB will be powered by 230VAC. This must be converted into 24VDC to power the light guards and tachometer. 

The power supply which will be used is the ECE10US24 [28]. This will maintain a 24VDC output with input voltages from 85V to 264V. It has an efficiency rating of 83% which makes it a high efficiency power supply [29]. The power supply complies with safety standards and is compliant with conducted and radiated emission standards. The Power supply requires no external components making them simple to integrate into PCB. They are already used and stocked at Consort, so they are easily available and proven to be reliable.

5V must also be available to power the microcontroller. The 5V L7805CDT-TR linear voltage regulator [30] can be used to convert the 24V output from the power supply into 5V. 





[bookmark: _Toc155547021]4	Research methodology

This report uses an epistemological action research approach. This approach aims to gain knowledge on the applicable topics to allow informed design choices to be made. 

A mixture of primary and secondary data must be collected. The primary data will be collected by taking physical measurements from inside the paint shop. Some of this was done in the previous section to estimate how much money can be saved. More measurements will need to be taken to find the distances from the light curtain to each of the paint guns. This primary data will be quantitative.

Secondary data must be collected from a wide range of reliable sources. Both quantitative and qualitive data must be collected. Many of the sources will be books, peer reviewed conference papers and datasheets. This ensures the validity of the sources. Reputable websites will also be used, however, it is imperative that the reliability of these sources is determined using the CRAP analysis system. This system ensures the Currency, Reliability, Authority and Purpose of each source is checked.

[bookmark: _Toc155547022]5	Testing the theory
[bookmark: _Toc155547023]5.1	Testing the theory – the hardware

It is clear from section 3.1 that any system which can automatically switch the paint guns off when there are no parts in front of the paint gun will be able to save money. 

The research suggests that this can be done accurately by measuring the parts entering the paint booth and measuring the speed of the conveyor. Before taking this design any further, this theory should be tested. This can be done using the breadboard circuit which is shown in Figure 25.
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[bookmark: _Ref153717870][bookmark: _Toc155527353]Figure 25 - Test circuit
The test circuit consists of two PIC18F46K22s. The first microcontroller is used to replicate the signals from the light curtain and the inductive proximity sensor. This will be referred to as the test microcontroller. A testing software has been created for this which is shown in Appendix B. The second microcontroller is used to read the inputs from the test microcontroller and switch 4 LEDs individually. The LEDs replicate the paint guns. A 5th LED is used to represent the measured tacho signal to confirm it is being received. 

This setup allowed the signals of multiple different sized panels to be replicated onto the microcontroller. Different conveyor speeds can also be replicated. This allows the development of the main software. 

The testing proved that the theory discussed in the research section is a viable option. It also allowed in-depth testing and development of the main software.

[bookmark: _Toc155547024]5.2	Testing the theory – the software

The testing software was originally implemented using the delay_ms() function. This allowed the light guard signal to be simulated to approximate timings, allowing the theory to be tested. This proved that the draft software was able to switch the paint guns on/off based on this input. 

However, the delay_ms() function was not able to implement the tacho signal with enough accuracy, meaning that this test software was not suitable for further testing of the main software. To get around this, an internal timer utilizing an interrupt was utilized. This was able to replicate both inputs with a high timing accuracy. 

To implement the interrupt, the function TMR0L was utilized. The code is shown below.

void interrupt(){
if(TMR0IF_bit){
cnt++;
TMR0IF_bit = 0;
TMR0L = 0;

TMR0L = 0;
T0CON = 11000101;  //prescaler 1:64
GIE_bit = 1;
TMR0IE_bit = 1;


Whenever TMR0IF goes high, the interrupt is triggered, regardless of which line of software is being processed. This is why the interrupt timer is so accurate.

The setup for the interrupt is found in the same section of code as the pinouts are set. This configures the timer. The T0CON register is set to 11000101. The 2 most significant digits are used to enable TMR0L and set it to 8 bits. The 3 least significant digits set the pre-scaler to 1:64. This value was chosen based on testing and was found to be the most suitable value for this application. 

The timer operates by incrementing the TMR0 at fixed intervals. Once the 8-bit register reaches its limit, the TMR0IF flag is set high, which triggers the interrupt and increments cnt. This is prebuilt into the function and is a good reason for why the MikroC software application was chosen.

This timer was utilized to replicate the two sensors. The inductive proximity sensor output was simply toggled high/low at set intervals to replicate the pulsed signal. To replicate the light curtain sensor, the output was switched high for the duration of a part length (in seconds) and switched low for the duration of a gap between parts (in seconds). This function was utilized in the main software.


[bookmark: _Toc155547025]6	Project design
[bookmark: _Toc155547026]6.1	System Diagrams

At this stage, a system block diagram can be provided to give a simplified overview of the whole system. Figure 26 shows this. It is also important to identify the difference between the new wiring and the old wiring. Figure 27 shows this. The existing manual controls are still going to be utilized, meaning that the safety of the system will not be impaired, and the new automatic system can be bypassed if necessary.
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[bookmark: _Ref153718177][bookmark: _Toc155527354]Figure 26 - System block diagram
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[bookmark: _Ref153718559][bookmark: _Toc155527355]Figure 27 - Old and new paint gun wiring

[bookmark: _Toc155547027]6.2	Implementing the 3 operating modes

As mentioned during the project brief, the operator must be able to disable the paint guns on either side of the spray booth whilst still allowing the paint guns on the opposing side to operate automatically. They must also be able to bypass the automated system, enabling the existing manual controls. To avoid unnecessarily complicating the software, this function will be implemented through hardware. 

2-position selector switches [31] along with modular NO & NC contacts [32] from RS Pro will be utilized to do this. The contacts can be stacked onto the 2-position selector switch, allowing multiple contacts per switch. These are shown in Figure 28 & Figure 29.
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[bookmark: _Ref154504406][bookmark: _Toc155527356]Figure 28 - 2-position selector switch [31]
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[bookmark: _Ref154504407][bookmark: _Toc155527357]Figure 29 - modular NO and NC contacts [32]

To disable the paint guns, a NC contact will be connected in series between each PCB output and its corresponding paint gun. A 2-position selector switch will be used to toggle this contact. When the contact is closed, the paint gun will be controlled by the PCB output. When the contact is open, the paint gun will be completely disabled.  Switch 2 will disable paint guns 3 & 4, switch 3 will disable paint guns 1 & 2.

A 3rd selector switch is used to bypass the automatic system. This will contain a single NC contact providing neutral to the PCB. There are then four individual NO contacts, with one contact connected to each paint gun.  When the switch is off, the automatic system is powered and operational. When the switch is on, the automatic system is not powered. Power is brought to each of the paint guns directly, bypassing the automatic system. Each paint gun still has a manual switch which is already installed.

Power is still brought to the N-in tag to provide the neutral for the paint guns. The electronics are not powered though. 

The internal wiring diagram shows the switch implementation, is shown in Figure 30. Figure 31 shows the external wiring diagram, which shows the external connections.
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[bookmark: _Ref154517904][bookmark: _Toc155527358]Figure 30 - Internal wiring diagram
[image: ]
[bookmark: _Ref154517977][bookmark: _Toc155527359]Figure 31 - External wiring diagram
[bookmark: _Toc155547028]6.3	Circuit Diagram

Now that the overall system diagram has been created, the final circuit can be created. This is shown in appendix C. This section will provide more detail on the key aspects of the circuit.

[bookmark: _Toc155547029]6.3.1	Reading the sensors

To read the sensor inputs, an optocoupler circuit which utilizes the EL817 [33] is implemented. The optocoupler uses an LED and a phototransistor to provide galvanic isolation from the sensors. This is essential for protecting sensitive components. This can be used to condition the 24V signal from the sensors into a 5V signal which the microcontroller can read [34].

The light curtain datasheet states that a 0V signal is provided when a part is detected. This is to allow the light curtain to be used as a safety device. 

For this application, this could be confusing when writing the software. Logically, a part being present should mean a high voltage is received at the microcontroller, not a low voltage. To work around this, the circuit is designed to provide a 5V output when the input is 0V and a 0V output when the input is 24V. Figure 32 shows the circuit.
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[bookmark: _Ref152423803][bookmark: _Toc155527360]Figure 32 - Optocoupler circuit
[bookmark: _Toc155547030]6.3.2	Switching the paint guns

As discussed in sections 3.3.4 and 3.3.5, TRIACs and zero-crossing optocouplers will be used to switch the paint guns. The circuit for this is shown in Figure 33.

Whilst the optocouplers provide isolation between the load and the microcontroller, a fuse should also be included on each output. The paint guns are 400W each. Using ohms law,  Equation 1 applies.




[bookmark: _Ref152424902]Equation 1 – Calculating the paint gun current.
The most common fuse sizes in the UK are 3A and 13A. Therefore, it is logical to have a 3A fuse on each output. The total current is 7A so the input fuse for the whole system will be 13A. 

The BTA16-600BRG TRIAC is going to be used. This is 16A. This is capable of handling far more current than required for this application, however the triac is a stocked item at Consort and there is no need to find a smaller TRIAC. They are cheap, reliable, and small. The small load and slow switching speed being implemented onto the triac also means that no additional heat sinks are required. 
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[bookmark: _Ref152424790][bookmark: _Toc155527361]Figure 33 - Triac switching circuit
[bookmark: _Toc155547031]6.3.3	Voltage regulator

The voltage regulator to supply the 24V is a component assembly which is not available on proteus. This will be shown in the PCB drawing referenced in section 6.4. 
The 5V voltage regulator is an L7805. The capacitor arrangement is taken from the datasheet. The D2 LED is used to indicate power.
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[bookmark: _Toc155527362]Figure 34 – 5V voltage regulation circuit

[bookmark: _Toc155547032]6.4	PCB drawing

The next step is to create a PCB DOC. This involves placing all required components onto a PCB. It highlights the size of the PCB which is required and the location of the mounting holes. Whilst designing the PCB, it is important to keep mains voltage components separated from the low voltage components for isolation purposes. 

A double-sided PCB was used to allow the PCB to be made more compact. This allows some copper tracks to run along the top of the PCB and some copper tracks to run along the bottom of the PCB.

Appendix D shows the view from the bottom of the PCB. These tracks all run underneath and are not visible from the top. The black section contains all AC aspects of the circuit. The blue section contains most of the low voltage circuitry. 
Appendix E shows the view from the top of the PCB. The remaining low voltage circuitry is shown in the red section. 

The PCB contains through hole pads to allow the microcontroller to be programmed in situ. There are additional through hole pads to allow easy connection to additional IO ports in the future if expansion is required.

[bookmark: _Toc155547033]6.5	Designing a box for the internal circuitry

As specified in the brief, all circuitry must fit into the existing control cabinet. The cabinet consists of racks stacked on top of each other. These racks slide in and out. The mechanism for sliding them in and out, along with the front cover, are already in place. There are multiple spare racks available which can be used.

A box had to be designed to fit into this slot and attach the front cover. The PCB, wiring and connectors must all fit into this box. Within the box, holes have been included to install cable clips, the PCB, roller drawer slides, external connectors, switches, a lid, and the front cover. Due to the environment it is being installed in, the box must be dustproof. To ensure this, all corners of the box must be welded to provide a sealed container. Norseal closed cell foam tape [35] will be used around the outside of the box, and around the programming hole in the lid, to ensure the box is completely dustproof.

The lid for the box contains a small square hole in the middle. This is located above the programming ports on the PCB. It allows easy retrospective programming of the microcontroller, and it also allows the indication LEDs on the PCB to be seen. An additional lid is required to cover this hole. 

Appendix F shows the drawings for the box, lid, and the programming lid.

[bookmark: _Toc155547034]6.6	Label for the front of the cabinet

An important part of any design is that the product is aesthetically pleasing and easy to use. Whilst this system is automatic, it still has the switch arrangement on the front. To explain how to use these switches, the label shown in Figure 35 has been designed. This is a very simple label and clearly shows what each switch does. It has been designed to fit onto the front of the control panel. The holes will be cut-outs in the label designed to fit over the switches. 

Unfortunately, this was not ordered in time to include a picture of the printed label in this report.
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[bookmark: _Ref152425970][bookmark: _Toc155527363]Figure 35 - Product label


[bookmark: _Toc155547035]7	Bill of Materials
Table 1 shows the BoM. Table 2 shows the cable list. The total cost of £3,714.42 is slightly high however when considering it was estimated the system would save at least £1500 annually, this system will quickly pay for itself and begin saving the company money.

	Part number
	Part description
	Quantity
	Cost per unit
	Total cost

	GL-R
	Light guard
	1
	£1199.99
	£1399.99

	GL-T11R
	Light guard safety relay
	1
	£199.99
	£199.99

	IME12-08NPOZW2K
	Inductive proximity sensor
	1
	£30.42
	£30.42

	NA
	PCB
	1
	£9.99
	£9.99

	NA
	1.2mm Zintec
	NA
	£15
	£15

	NA
	2mm Zintec
	NA
	£5
	£5

	Assorted resistors
	Resistors
	17
	£0.03
	£0.51

	Assorted capacitors
	Capacitors
	4
	£0.03
	£0.12

	1N4148W
	Diode
	1
	£0.03
	£0.03

	EL817
	Photocoupler
	2
	£0.2
	£0.4

	Internal part
	LEDs
	6
	£0.1
	£0.6

	ECE10US24
	24V power supply
	1
	£20
	£20

	L7805CDT-TR
	5V voltage regulator
	1
	£0.8
	£0.8

	BTA16-600BRG
	Triac
	4
	£1.85
	£7.4

	MOC3031M
	Zero crossing optocoupler
	4
	£0.72
	£2.88

	174-7957 [36]
	3A fuses
	4
	£0.22
	£0.88

	174-7960 [36]
	13A fuse
	1
	£0.18
	£0.18

	Assorted cables
	See Table 2
	23
	--
	£3.86

	NOR10701
	Norseal Closed Cell Foam Tape
	2m
	£15.75 per 20m
	£1.58

	Internal part
	4-way connectors
	6
	£0.1
	£0.6

	207-2249 [37]
	3 contact circular connector male and female pair
	5
	£21.62
	£108.1

	144-0628 [38]
	3 contact connector for sensors
	2
	£15.83
	£31.66

	188-1156 [31]
	2-position selector switches
	3
	£7.67
	£23.01

	188-1168 [32]
	[bookmark: OLE_LINK1]NO contact block 
	4
	£2.09
	£8.36

	188-1169 [32]
	NC contact block 
	7
	£2.09
	£14.63

	479-544 [39]
	Natural Nylon P-Clip
	12
	£0.042
	£0.5

	NA
	Miscellaneous – screws, studs, nuts and washers
	N/A
	NA
	£2 estimate

	PCM 175/150 T  [40]
	FiBOX enclosure for GL-T11R
	1
	£38.99
	£38.99

	883-7548 [41]
	3-way Wago 32A
	3
	£0.46
	£1.38

	Labour
	Time for one engineer
	148 hours
	£12.30 per hour
	£1821.40

	Total
	£3,747.26


[bookmark: _Toc155546978]Table 1 – BoM plus labour
	Part number
	Cable colour
	Cable length
	Crimp 1
	Crimp 2
	Quantity
	Cost (total)

	111FF025
	Blue
	25mm
	Ferrule
	Ferrule
	1
	£0.10

	111FM015
	Blue
	15mm
	Ferrule
	Straight with boot
	2
	£0.11

	111FF008
	Blue
	8cm
	Ferrule
	Ferrule
	1
	£0.04

	111FY050
	Blue
	50cm
	Ferrule
	JST
	1
	£0.17

	111FY057
	Blue
	57cm
	Ferrule
	JST
	1
	£0.19

	111FY064
	Blue
	64cm
	Ferrule
	JST
	1
	£0.21

	111FY071
	Blue
	71cm
	Ferrule
	JST
	1
	£0.23

	111FF017
	Blue
	17cm
	Ferrule
	Ferrule
	1
	£0.07

	111FF027
	Blue
	27cm
	Ferrule
	Ferrule
	1
	£0.10

	121FP025
	Brown
	25cm
	Ferrule
	Piggy
	1
	£0.10

	121FF008
	Brown
	8cm
	Ferrule
	Ferrule
	4
	£0.12

	121FM015
	Brown
	15cm
	Ferrule
	Straight with boot
	1
	£.0.7

	121FF050
	Brown
	50cm
	Ferrule
	Ferrule
	1
	£0.17

	121FF057
	Brown
	57cm
	Ferrule
	Ferrule
	1
	£0.19

	121FF068
	Brown
	68cm
	Ferrule
	Ferrule
	1
	£0.21

	121FF075
	Brown
	75cm
	Ferrule
	Ferrule
	1
	£0.23

	121FF017
	Brown
	17cm
	Ferrule
	Ferrule
	1
	£0.07

	121FF027
	Brown
	27cm
	Ferrule
	Ferrule
	1
	£0.10

	131FR010
	Green/yellow
	10cm
	Ferrule
	M4 ring
	1
	£0.05

	131FR016
	Green/yellow
	16cm
	Ferrule
	M4 ring
	1
	£0.07

	131FR022
	Green/yellow
	22cm
	Ferrule
	M4 ring
	1
	£0.09

	131FR028
	Green/yellow
	28cm
	Ferrule
	M4 ring
	1
	£0.11

	131FR034
	Green/yellow
	34cm
	Ferrule
	M4 ring
	1
	£0.13

	3 core mains cable 1.5mm
	--
	100cm
	--
	--
	1
	£1

	Total
	£3.86


[bookmark: _Ref153719256][bookmark: _Toc155546979]Table 2 – List of cables

Following this, the project was implemented. The risk assessment can be found in appendix G.


[bookmark: _Toc155547036]8	Designing the software

This section will cover the design and implementation of the software. It will discuss the early design stages, which involved creating flowcharts to provide a base program structure to follow whilst writing the software in Mikro C. 

[bookmark: _Toc155547037]8.1	Using flowcharts to generate the basis of the software
[bookmark: _Toc155547038]8.1.1	The main flowchart

The first step was to design a flowchart which highlighted the flow of the software. Figure 36 shows this. Sub-processes have been utilized to represent the key functions of the software. This results in multiple smaller flowcharts rather than one large flowchart. This is much easier to follow and will help simplify the writing of the software.

Most of the program will run once every 0.5 seconds. This will be accurately implemented by the global timer. The purpose of this is to allow multiple accurate timers to be implemented by simply incrementing a variable within this 0.5s loop. Each incrementation of a variable represents 0.5s.

The tacho input is continuously monitored outside of this 0.5s loop to ensure no pulses are missed. 

[bookmark: _Toc155547039]8.1.2	Sub-process to calculate the conveyor speed

Figure 37 shows the flowchart for the speed calculation sub-process. The speed is calculated every 10 seconds using the number of tacho pulses received over that 10 second period. This gives an average speed value and will minimise any potential errors due to missed pulses. Equation 2 shows the formula for calculating the speed in mm/s. The value of 1.94 represents how far the conveyor moves for every full revolution of the motor, in millimetres. 



[bookmark: _Ref152526038]Equation 2 - Calculating the conveyor speed.
Following this, the times for switching the paint guns on and off are recalculated using the most up to date conveyor speed and the distance from the light curtain to the paint gun. 

[bookmark: _Toc155547040]8.1.3	Measuring the part length

The subprocess flowchart for measuring the part lengths is shown in Figure 38.

Three different part lengths must be stored. This is the maximum number of parts which can be inside the paint booth at any one time. The variable ‘H’ is used to identify if part 1, part 2 or part 3 is being stored.  

Each part requires its own part timer to allow the system to track its location within the paint booth. The variable ‘H’ is also used to ensure the correct part timer is started. The part timers are latched on once they have been started.

[bookmark: _Toc155547041]8.1.4	Switching the paint guns on

The sub-process flowchart is shown in Figure 39.

To switch the paint guns on, the calculated switch-on times for each paint gun will be compared to the part timers. 

An additional check is required. When measuring the part length, the value isn’t stored into the correct variable until the full part has moved passed the light guard. As a result, a particularly long part would not be detected by the software. Consort manufacture air curtains up to 2m in length, so long parts are painted sometimes. They are suspended from the conveyor by two jigs.

To detect these longer parts, the length of the part which is currently being measured is compared to the distance between the light curtain and the paint gun. This way, the paint gun can be switched on in the event of a long part. 

[bookmark: _Toc155547042]8.1.5	Switching the paint guns off

The sub-process flowchart is shown in Figure 40.

To switch the paint guns off, the calculated switch-off times for each paint gun will be compared to the part timers. 

The conveyor speed will also be checked. If this is 0, the paint guns will be switched off.
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[bookmark: _Ref152497414][bookmark: _Toc155527364]Figure 36 – The main flowchart
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[bookmark: _Ref152502034][bookmark: _Toc155527365]Figure 37 – Speed calculation sub-process
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[bookmark: _Ref152523299][bookmark: _Toc155527366]Figure 38 – Subprocess flowchart for measuring the part lengths.
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[bookmark: _Ref152523885][bookmark: _Toc155527367]Figure 39 - Subprocess flowchart for switching the paint guns on
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[bookmark: _Ref152524319][bookmark: _Toc155527368]Figure 40 – Sub-process flowchart for switching the paint guns off
[bookmark: _Toc155547043]8.2	The final software 

The flowcharts from the previous section were used to help write the final software. The software functions off the same timer as was used in the test software from section 5.1. This section provides a brief explanation of the key aspects of the software which were not mentioned in the flowcharts. Naturally, as the software was in the development phase when the flowcharts were created, additional features were added. 

The final software can be found in appendix H.

[bookmark: _Toc155547044]8.2.1	Latching the tacho pulses

To measure the motor speed, a latching variable, e, is used. This ensures that multiple pulses are not counted for one pulse. Every time a pulse is detected, the variable x is implemented.

      if(PORTA.RA1 == 0) {e = 1;}     
      if((PORTA.RA1 == 1)&&(e == 1)) {x++; e = 0;} 

[bookmark: _Toc155547045]8.2.2	Minimum part length

Parts which can be as small as 50mm wide are sometimes painted. When these are painted, a specialized jig is used which will suspend multiple parts close together, with a very small gap between them. It would be impossible for the automated system to switch the paint guns off and back on in this small gap. It would also cause issues due to the fact that only 3 part lengths can be stored at any time.

To avoid this problem, a minimum part length will be used. Whenever there is a part smaller than the minimum part length, a specific timer will be started. The software will also ensure that the paint guns are not switched off until the small part is no longer present.

[bookmark: _Toc155547046]8.2.3	Measuring the gap between parts

The next main block of code measures the gap between parts. It is important to do this because of the stop and start tolerances allowed before and after switching the paint guns. If the gap between parts was smaller than this distance, issues would occur with the paint guns switching off when there is a part present. The code to do this uses the same theory as the code used to measure the part lengths and is shown below.

   




  if((PORTA.RA0 == 0) && (b == 1)){  // This counts the gap length in 0.5 S increments
            gap++; m = 1;} 
         
  if((PORTA.RA0 == 1) && (m == 1)){    
            if(h == 1){gap_1 = (gap/2);}
            if(h == 2){gap_2 = (gap/2);}
            if(h == 3){gap_3 = (gap/2);}
            gap = 0; m = 0;             
            }

[bookmark: _Toc155547047]8.2.4	Switching the paint guns off 

The paint guns will only switch off if the part off timers are set. This is only done if the gap is larger than the ‘gun_start’ + ‘gun_stop’ value. This is the tolerance used for when the paint guns are switched on/off. The values for these were set in the variable configuration stage of the code. This allowed the value to be easily modified if it needed changing.

The chosen values were 75mm before the part arrives and 75mm after the part leaves. This means that for 150mm between each part, the paint gun is still on. 

If small parts are being painted, the gap between parts could be smaller than 150mm. For example, imagine 900mm long parts are being painted which have a 100mm gap between them. The steps shown below would ensue;

1. Part timer 1 switches the paint gun on 75mm before part 1 arrives.
2. Part timer 2 switches the paint gun on 75mm before part 2 arrives. The paint gun is already switched on because part 1 is only 25mm past the paint gun. The paint gun will not switch off until part 1 is 75mm past the paint gun.
3. Part timer 1 switches the paint gun off once part 1 is 75mm past the paint gun. At this point, part 2 is only 25mm away from the paint gun and it is switched off. It will not switch back on since part timer 2 has already triggered.

It is clear from this example that if the gap between parts is smaller than the start and stop distances, the system will not work. Because of this, the block of code shown below is required. This will ensure the ‘part off timers’ are not activated unless the gap between parts is large enough. 

         if(gap_1 > ((gun_start + gun_stop)/speed_mm_s)){part_tmr1_off = (part_tmr1_on/2);}
         if(gap_2 > ((gun_start + gun_stop)/speed_mm_s)){part_tmr2_off = (part_tmr2_on/2);}
         if(gap_3 > ((gun_start + gun_stop)/speed_mm_s)){part_tmr3_off = (part_tmr3_on/2);}



The next block of code is used to switch the paint guns off. To ensure they are only switched off when required, an IF statement is used to ensure all parts are larger than the minimum part length. If they are not, the paint guns are left on until this condition is met. 

The code to do this is shown below. Paint guns 2-4 are switched off in the same way.

if(((min_part_length/speed_mm_s) <= part1_ms) && ((min_part_length/speed_mm_s) <= part2_ms) && ((min_part_length/speed_mm_s) <= part3_ms)){
         
            if((gun_1_off1_ms == (part_tmr1_off))||(gun_1_off1_ms ==(part_tmr2_off))||	(gun_1_off1_ms ==(part_tmr3_off))){PORTA.RA6 = 0; PORTB.RB3 = 0;}

The next block of code switches the paint guns off if no parts have been loaded onto the conveyor for a suitable distance, or if the conveyor speed is 0. 

The code to do this for paint gun 1 is shown below. 

if(((gap/2) == (gun_1_off1_ms))||(speed_mm_s == 0)){PORTA.RA6 = 0; PORTB.RB3 = 0;}

[bookmark: _Toc155547048]8.2.5	Resetting the variables

The final important section of code is the reset. When the conveyor speed is 0, the important variables are reset. This will only happen once every time the speed reaches 0. If this was not limited to one reset, it would continuously reset until the conveyor speed was greater than 0. The speed takes 10 seconds to calculate, so important data could potentially be wiped during this period.

The code for this is shown below.

  if (speed_mm_s >=1 ){reset = 0;} //Resets the reset variable when the conveyor starts

  if ((speed_mm_s == 0) && (reset = 0)){        // Resets variables
             
       part_tmr1_on =0; part_tmr1_off = 0;
       part_tmr2_on =0; part_tmr2_off = 0;
       part_tmr3_on =0; part_tmr3_off = 0;
       small_part_tmr_on = 0;
       y = 0; b = 0;
       reset = 1; }


[bookmark: _Toc155547049]9	System testing

It is important that the testing phase is thorough to ensure there are no glitches or errors which could occur after the system is installed. The testing can be broken down into three phases. 

The first phase was discussed in section 5 using the test circuit. 

The second testing phase is carried out once the internal wiring is complete, before it is installed into the control cabinet. This is when the PCB is installed and connected to the 3 mechanical switches as well as the external connector blocks. At this stage, the box has not yet been installed into the test cabinet.

The third testing phase is the final testing, which is carried out after the full system has been installed.

[bookmark: _Toc155547050]9.1	Testing before the final installation

In this testing phase the test microcontroller from the first testing stage is connected to the PCB inputs to replicate the sensors. This allows the testing of the four outputs with different combinations of the 3 switches and PCB output. The table shown in table 3 demonstrates the combinations which were tested for paint gun 1. The same combinations were tested for paint guns 2-4. The expected output matched the actual output for all 4 paint guns.
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[bookmark: _Toc155546980]Table 3 - Paint gun 1 switch arrangement testing

This testing stage also provided an opportunity to test the accuracy of the times the paint guns switch on/off. The test circuit was used to replicate a predetermined part length, gap between parts and a speed of 480RPM. The expected switching times of the paint guns was then calculated using the equations shown in 
Equation 3. The expected switching times were then compared to the actual switching times, shown in Table 4.






[bookmark: _Ref152427422]
Equation 3 – Equations to calculate the paint gun switching times.
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[bookmark: _Ref153742454][bookmark: _Toc155546981]Table 4 - Testing the timing accuracy with 4 x 300mm parts
The table shows that the paint guns were switching on and off at the correct times across all 4 parts, demonstrating that the timers are accurate. The measured switch times were all out by roughly 1 second which can be accredited to reaction time when using the stopwatch.

Since some of the paint guns switch at very similar times, these results were obtained over multiple test runs. The output would have remained the same across these test runs because the inputs remained the same.

A similar test was then carried out which utilized two different part lengths. The First two parts were 300mm and the second two parts were 500mm. The gap between parts 1 & 2 was set to 700mm. The gap between parts 2 & 3 was set to 600mm. The gap between parts 3 & 4 was set to 500mm. Table 5 shows the results. As with the previous test, the calculated switching times closely matched the measured switching times.
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[bookmark: _Ref153721420][bookmark: _Toc155546982]Table 5 - Testing the timer accuracy with 2 x 300mm parts and 2 x 500mm parts


[bookmark: _Toc155547051]9.2	Testing the system inside the control cabinet

This testing phase involved physically testing the system in action. Some scrap panels were collected from the CNC shop and loaded onto the conveyor. The system was observed to ensure the paint guns were all switching on and off at the correct times.

During the first test run, it was identified that the connectors for paint guns 2 and 3 had been swapped, causing the timings to be off. This wasn’t picked up in the previous testing phase as the LEDs were used. These connectors were quickly swapped around, and the system was tested again.

On this test run, the timings for switching the paint guns were all wrong. This was interesting as the timings were correct during the previous testing phase. After careful thought, the input signal from the light curtain was measured using a multimeter. It was discovered that the light curtain had an initialization phase during which the output indicated that a part was detected. This was disrupting all the timings throughout the software. To counter this, a 5 second delay was added to the software for when the system is first powered up.

After this was implemented, the system was tested again and worked perfectly. The system was tested with numerous switch arrangements and extensive testing found no faults. These tests included switching the conveyor off mid-way through to ensure the paint guns switched off. The system was also left powered without any parts loaded onto the conveyor, and with the conveyor switched off to ensure the paint guns did not switch on randomly.

After this the system was signed off and has been used with success.


[bookmark: _Toc155547052]10	Evaluation & Conclusion

Overall, all objectives and success criteria were met. This has resulted in the aim of the project being fulfilled. A fully functioning system comprising of a PCB controlled by software and external sensors has been designed and implemented. The system fits into the existing control cabinet can be easily accessed. The system incorporates the features listed below.

· It switches the paint guns on/off individually based on the location of the parts.
· It allows the operator to easily switch between the 3 operating modes
· It allows the operator to bypass the automatic system to use the existing manual controls
· It can switch the paint guns off if the conveyor stops.

The main success of the system is that it switches the paint guns on as a part approaches them and then switches them back off as the part passes by. 
Throughout the design, the applicable standards were followed and the health and safety of everyone remained the priority. The work was completed in a timely manner in line within the Gantt chart targets.

There were some minor teething problems encountered during the final installing testing stage as stated in section 9. Whilst they were quickly resolved, both issues could have been avoided with better attention to detail and more extensive research on the component datasheets.

There are certainly some improvements which could be made to the system. These are listed below.
· The software could have utilized an input capture module as a more accurate method of measuring the motor speed from the proximity sensor. This module outputs the average time between pulses. It would have been simpler and more accurate to calculate the conveyor speed using this method.
· More than 1 screw could have been installed onto the gear for measuring the motor speed to provide improved resolution and accuracy.
· Better planning would have enabled the product label to be ready before the system was authorized for use.

The system has been signed off and has been used with success. It is not clear yet how much money the system will save, however it is clear that the paint shop is using notably less paint. There is no requirement for further work on the project.

Pictures of the project, from the testing phase through to the final installation, can be found in appendix I.
[bookmark: _Toc155547053]11	Reflection

Designing and implementing this system independently has been an excellent opportunity to demonstrate and develop the skills and knowledge acquired over the previous 5 years working at Consort whilst studying electrical and electronic engineering. The experience gained over the course of the project will no doubt aid with any future projects which need to be completed.

Many new skills have been learnt over the course of the project. Particularly, writing software was a new experience. This was certainly the most challenging aspect of the project as it was a new skill which needed to be learnt before implementation.
Another important learning opportunity from this project is time management and dealing with challenges. Project planning plays a key role in this, and it is important to allow additional time for setbacks and additional workload outside of the project which may be a priority.

Overall, it has been an exceptional learning experience and will undoubtably assist with career progression.
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Gannt chart
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The test software
Appendix B contains the testing software which was used to replicate the signals from the two sensors.

/* RB2             35 - Light guard
RB1             34 – Pulse */

unsigned long int x;
unsigned long int y;
unsigned long int cnt;

void interrupt(){
     if(TMR0IF_bit){
         cnt++; 			// Variable for timer, set to increment every 0.0625 seconds
         TMR0IF_bit = 0;
         TMR0L = 0; 
     }}

void main() {

TRISA.RA0 = 1;  TRISA.RA1 = 1;  TRISA.RA2 = 0;  TRISA.RA3 = 0;  TRISA.RA4 = 0;  TRISA.RA5 = 0;  TRISA.RA6 = 0;  TRISA.RA7 = 0;
ANSELA.RA0 = 0; ANSELA.RA1 = 0; ANSELA.RA2 = 0; ANSELA.RA3 = 0; ANSELA.RA4 = 0; ANSELA.RA5 = 0; ANSELA.RA6 = 0; ANSELA.RA7 = 0;

TRISB.RB0 = 0;  TRISB.RB1 = 0;  TRISB.RB2 = 0;  TRISB.RB3 = 0;  TRISB.RB4 = 0;  TRISB.RB5 = 0;  TRISB.RB6 = 0;  TRISB.RB7 = 0;
ANSELB.RB0 = 0; ANSELB.RB1 = 0; ANSELB.RB2 = 0; ANSELB.RB3 = 0; ANSELB.RB4 = 0; ANSELB.RB5 = 0; ANSELB.RB6 = 0; ANSELB.RB7 = 0;

TRISC.RC0 = 0;  TRISC.RC1 = 0;  TRISC.RC2 = 0;  TRISC.RC3 = 0;  TRISC.RC4 = 0;  TRISC.RC5 = 0;  TRISC.RC6 = 0;  TRISC.RC7 = 0;
ANSELC.RC0 = 0; ANSELC.RC1 = 0; ANSELC.RC2 = 0; ANSELC.RC3 = 0; ANSELC.RC4 = 0; ANSELC.RC5 = 0; ANSELC.RC6 = 0; ANSELC.RC7 = 0;

TRISD.RD0 = 0;  TRISD.RD1 = 0;  TRISD.RD2 = 0;  TRISD.RD3 = 0;  TRISD.RD4 = 0;  TRISD.RD5 = 0;  TRISD.RD6 = 0;  TRISD.RD7 = 0;
ANSELD.RD0 = 0; ANSELD.RD1 = 0; ANSELD.RD2 = 0; ANSELD.RD3 = 0; ANSELD.RD4 = 0; ANSELD.RD5 = 0; ANSELD.RD6 = 0; ANSELD.RD7 = 0;

TRISE.RE0 = 0;  TRISE.RE1 = 0;  TRISE.RE2 = 0;  TRISE.RE3 = 0;
ANSELE.RE0 = 0; ANSELE.RE1 = 0; ANSELE.RE2 = 0; ANSELE.RE3 = 0;

cnt = 0; // variable for timer
X = 0;
y = 0;

TMR0L = 0;
T0CON = 0xC5;  //pre-scaler 1:64
GIE_bit = 1;
TMR0IE_bit = 1;

           do{
           
                 if(x == 0){PORTB.RB2 = 1;} //starts with the light guard signal high.

                  if(cnt == 1){                          //Sets tacho high after 0.0625 seconds
                      PORTB.RB1 = 1;}
                  if (cnt == 2){
                      PORTB.RB1 = 0;            // Sets tacho low after 0.125 seconds
                      x++;                                //increments x every 0.125 seconds
                      cnt = 0;} 	/*  Resets cnt to repeatedly toggle tacho. This replicates 1 motor revolution every 0.125 seconds */

                  if(y <= 3){ 	//The first 3 virtual parts use the times specified under this loop
                      if (x == 144){       
                          PORTB.RB2 = 0;}

/* X increments every 0.125 seconds. It is used to time how long the part is in seconds. In this instance, 144 x 0.125 = 18. seconds After this time has elapsed, the light guard signal is set low. The value of X can be adjusted to test parts of different lengths. */
                
                      if (x == 256) {       

/* The previous if statement switched the light guard signal low. The time difference between the last if statement and this one represents the gap between parts. This can be adjusted by changing the value of X. */

                          PORTB.RB2 = 1;
                          x = 0; y++;}}     

/* Resets X for the next loop. increments Y. Y can be used to include different part lengths throughout the cycle to ensure that the main software can detect a change in part length. */   
                  
if (y > 3){ 	/*Once 3 virtual parts have gone through, the following virtual parts use the times specified under this loop */
                   
                    if (x == 160){
                          PORTB.RB2 = 1;}

                     if (x == 280){
                          PORTB.RB2 = 0;
                          x = 0; y++;}

              }while(1)
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Circuit diagram
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PCB Doc bottom view
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PCB Doc top view
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Enclosure to install the PCB into the cabinet
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Lid for the enclosure with a square hole for programming
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Lid for the programming slot
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ASSESSED BY:	 Oliver Kucyj 		LOCATION: Engineering lab & paint shop	               
TASK/PREMISES: Design and installation of the new automated paint shop system

	No
	Activity/plant/
materials, etc
	Hazard/risk
	Persons in Danger
	Severity
1 - 10
	Likelihood
1 - 10
	Rate
	Measures/Comment
	Result

	1
	Working at a computer desk during design phase
	Repetitive strain injury and eye strain
	Engineer
	2
	1
	2
	Computer desk must be set up correctly.
Regular breaks to be taken. HSE recommend taking 5–10-minute breaks hourly [42].

	A

	2
	Using hand tools whilst assembling low voltage breadboard circuit
	Cuts on hands from wire strippers
	Engineer
	2
	1
	2
	N/A
	A

	3
	Soldering components onto the PCB
	Inhalation of fumes
Burn damage to skin
Fire risk
	Engineer
All staff
Visitors
	2
	2
	4
	Use lead free solder
Use a well ventilated room
	A

	4
	Using 12V cordless drill with hole saw attachment to drill holes into the cabinet front cover to install over switches on the enclosure
	Cuts/abrasions
Metal splinters from swarf
Eye injury

	Engineer
Staff/visitors
	4
	2
	8
	Engineer and nearby personnel to wear safety glasses
Area to be cordoned off for non-authorised personnel
	A

	5
	Installing the PCB into the metal enclosure.
	Cuts due to sharp edges/hand tools
	Engineer
	2
	1
	2
	N/A
	A

	6
	Completing internal wiring within the enclosure in accordance with internal wiring diagram.
Requires use of hand tools and wire crimping machines
	Cuts due to sharp edges/hand tools.
damaging fingers in the crimping machines

	Engineer
	2
	1
	2
	Ensure safety guards on the crimping machines are used.
	A

	7
	Testing the enclosure circuit with 230VAC before final installing
	Electric shock
	Engineer
All staff/visitors
	7
	2
	14
	Perform ‘dead’ tests before switching on
Use an isolated, current limiting power supply
Utilize the three-point, live-dead-live method to ensure the circuit has no power [43]
Area to be cordened off for non-authorized personnel
	A

	8
	Installation of the light curtain and inductive proximity sensor. Requires use of the 12V cordless drill
	Cuts due to sharp edges/hand tools
Trips hazards
Working at height
Manual handling
Cuts/abrasions
Metal splinters from swarf
Eye injury
Motor being started whilst installing proximity sensor
	Engineer
All staff
	4
	3
	12
	Keep workstation tidy
Follow working at height regulations [44]
Follow manual handling procedures [45]
Engineer and nearby personnel to wear safety glasses
Area to be cordoned off for non-authorised personnel
Lock out tag out the motor power supply
	A

	9
	Installation of the PCB enclosure and wiring the paint guns to the new system
	Electric shock
Cuts due to sharp edges/hand tools
Trip hazards
Manual handling
	Engineer
All staff
	7
	2
	14
	3-point, live-dead-live test method to be utilized
Lock out tag out
Area to be cordoned off for non-authorised personnel
Work station to be kept tidy
	A

	10
	Final testing
	Electric shock
	Engineer
All staff
	7
	2
	14
	Perform necessary ‘dead’ checks before powering the system
Area to be cordoned off for non-authorised personnel

	A



	A = Adequately Controlled		N = Not Adequately Controlled		U = Unable to Decide
Risk factor findings =   74 DIVIDED BY 10 = Risk factor of 7.4 = LOW  (Adequately controlled)

[bookmark: _Toc155547062]Appendix H
Final software

/* PAINT SHOP AUTOMATIC CONTROL - 18F46K22 

RA0             2  - LIGHT GUARD signal input 
RA1             3  - Tacho signal input 
RA6             14 - LED 1 
RC0             15 - LED 2 
RC1             16 - LED 3 
RC2             17 - LED 4
RC5	        Tacho Indication 
RB4             37 - OUTPUT gun 2 front right 
RB3             36 - OUTPUT gun 1 fron left 
RB2             35 - OUTPUT gun 3 back left 
RB1             34 - OUTPUT gun 4 back right 
*/ 
unsigned long int x; 
unsigned long int y; 
unsigned long int v; 
unsigned long int h; 
unsigned long int e; 
unsigned long int m; 
unsigned long int t; 
unsigned long int b; 
unsigned long int start_delay; 
unsigned long int gap; 
unsigned long int gap_1; 
unsigned long int gap_2; 
unsigned long int gap_3; 
unsigned int part_tmr1_on; 
unsigned int part_tmr2_on; 
unsigned int part_tmr3_on; 
unsigned int small_part_tmr_on; 
unsigned int part_tmr1_off; 
unsigned int part_tmr2_off; 
unsigned int part_tmr3_off; 
unsigned long int gun_1; 
unsigned long int gun_1_on1_ms; 
unsigned long int gun_1_off1_ms; 
unsigned long int gun_2; 
unsigned long int gun_2_on1_ms; 
unsigned long int gun_2_off1_ms; 
unsigned long int gun_3; 
unsigned long int gun_3_on1_ms; 
unsigned long int gun_3_off1_ms; 
unsigned long int gun_4; 
unsigned long int gun_4_on1_ms; 
unsigned long int gun_4_off1_ms; 
unsigned int gun_start; 
unsigned int gun_stop; 
unsigned int long cnt; 
unsigned int long speed_mm_s; 
unsigned int long speed_average; 
unsigned int long act_speed1; 
unsigned long int part1_ms; 
unsigned long int part2_ms; 
unsigned long int part3_ms; 
unsigned int min_part_length; 
unsigned int reset; 
 
void interrupt() { 
       
  if (TMR0IF_bit) { 
    cnt++;                 // Variable for timer – Increments every 0.25S 
    TMR0IF_bit = 0;         
    TMR0L = 0;             
  } 
} 
 
void main() { 
 
TRISA.RA0 = 1;  TRISA.RA1 = 1;  TRISA.RA2 = 0;  TRISA.RA3 = 0;  TRISA.RA4 = 0;  TRISA.RA5 = 0;  TRISA.RA6 = 0;  TRISA.RA7 = 0; 
ANSELA.RA0 = 0; ANSELA.RA1 = 0; ANSELA.RA2 = 0; ANSELA.RA3 = 0; ANSELA.RA4 = 0; ANSELA.RA5 = 0; ANSELA.RA6 = 0; ANSELA.RA7 = 0; 
 
TRISB.RB0 = 1;  TRISB.RB1 = 0;  TRISB.RB2 = 0;  TRISB.RB3 = 0;  TRISB.RB4 = 0;  TRISB.RB5 = 1;  TRISB.RB6 = 0;  TRISB.RB7 = 0; 
ANSELB.RB0 = 0; ANSELB.RB1 = 0; ANSELB.RB2 = 0; ANSELB.RB3 = 0; ANSELB.RB4 = 0; ANSELB.RB5 = 0; ANSELB.RB6 = 0; ANSELB.RB7 = 0; 
 
TRISC.RC0 = 0;  TRISC.RC1 = 0;  TRISC.RC2 = 0;  TRISC.RC3 = 0;  TRISC.RC4 = 0;  TRISC.RC5 = 0;  TRISC.RC6 = 0;  TRISC.RC7 = 0; 
ANSELC.RC0 = 0; ANSELC.RC1 = 0; ANSELC.RC2 = 0; ANSELC.RC3 = 0; ANSELC.RC4 = 0; ANSELC.RC5 = 0; ANSELC.RC6 = 0; ANSELC.RC7 = 0; 
 
TRISD.RD0 = 1;  TRISD.RD1 = 0;  TRISD.RD2 = 0;  TRISD.RD3 = 0;  TRISD.RD4 = 0;  TRISD.RD5 = 0;  TRISD.RD6 = 0;  TRISD.RD7 = 0; 
ANSELD.RD0 = 0; ANSELD.RD1 = 0; ANSELD.RD2 = 0; ANSELD.RD3 = 0; ANSELD.RD4 = 0; ANSELD.RD5 = 0; ANSELD.RD6 = 0; ANSELD.RD7 = 0; 
 
TRISE.RE0 = 0;  TRISE.RE1 = 0;  TRISE.RE2 = 0;  TRISE.RE3 = 0; 
ANSELE.RE0 = 0; ANSELE.RE1 = 0; ANSELE.RE2 = 0; ANSELE.RE3 = 0; 
 
gun_1 = 1230;    	//distance from light guard to gun 1 in mm for gun 1 
gun_2 = 1710;    	//distance from light guard to gun 2 in mm for gun 2 
gun_3 = 1020;   	//distance from light guard to gun 3 in mm for gun 3 
gun_4 = 1510;    	//distance from light guard to gun 4 in mm for gun 4 
gun_start = 75; 	//distance for switching the gun ON in mm 
gun_stop = 75; 	//distance for switching the gun OFF in mm 
 
x = 0; 		//Counts pulses for motor speed 

y = 0;	/*Used to measure part lengths. Increments every 0.5 seconds when light guard is input high*/ 

v = 0;	/* Used as a latch. Is set high when a part is detected, so that once the part passes the light guard, the software knows to store the part length. Prevents the part length from being recalculated every software loop. */ 

h = 0;		/* Used to determine which part has just passed through the light guard. E.G. 		Part 1, part 2 etc. Allows system to have a different timer for each part. */ 

e = 0; 		//Acts as a latch for counting tacho pulses 

m = 0;		// Used as a latch to store the gap between parts 

t = 0;		// Is set high if a ‘small part’ is detected and starts a separate timer 

b = 0;	  	// Used as a latch to measure the gap between parts 

start_delay = 0; // Used to enable a 5 second startup delay to allow light guards to initialize 

gap = 0; 	// Used to count the gap in 0.5S increments 

gap_1 = 200; 	//Used to store the gap for part 1
gap_2 = 200;  //Used to store the gap for part 2 
gap_3 = 200;  //Used to store the gap for part 3 

cnt = 0;	 //Used to count each timer increment (every 0.25 seconds) 

speed_mm_s = 0; //Used to store conveyor speed 

speed_average = 0;	/* Used to reset the speed_mm_s variable every 10 seconds to update 			conveyor speed */  

part1_ms = 200; // Stores the length of part 1
part2_ms = 200; // Stores the length of part 2 
part3_ms = 200; // Stores the length of part 3 

part_tmr1_on = 0; // Timer for part 1 guns on 
part_tmr2_on = 0; // Timer for part 2 guns on 
part_tmr3_on = 0; // Timer for part 3 guns on 

small_part_tmr_on = 0; // Timer for small parts guns on 

part_tmr1_off = 0; // Timer for part 1 guns off 
part_tmr2_off = 0; // Timer for part 1 guns off 
part_tmr3_off = 0; // Timer for part 1 guns off 

gun_1_on1_ms = 20; // Stores time to switch gun 1 on 
gun_1_off1_ms = 20; //Stores time to switch gun 1 off 
gun_2_on1_ms = 20; // Stores time to switch gun 2 on 
gun_2_off1_ms = 20; // Stores time to switch gun 2 off 
gun_3_on1_ms = 20; // Stores time to switch gun 3 on 
gun_3_off1_ms = 20; // Stores time to switch gun 3 off 
gun_4_on1_ms = 20; // Stores time to switch gun 4 on 
gun_4_off1_ms = 20; // Stores time to switch gun 4 off 

min_part_length = 152; /*  minimum part length. This is 151 to avoid clashes with gun_start + gun_stop. If minimum part is under minimum part length, guns switched on permanently */

reset = 0; // Latches the reset to prevent variables resetting whilst calculating speed 

PORTA.RA6 = 0; PORTB.RB3 = 0; // Triac and LED output for GUN 1 
PORTC.RC0 = 0; PORTB.RB4 = 0;  // Triac and LED output for GUN 2 
PORTC.RC1 = 0; PORTB.RB2 = 0;   // Triac and LED output for GUN 3 
PORTC.RC2 = 0; PORTB.RB1 = 0;  // Triac and LED output for GUN 4 
 
TMR0L = 0;                  // Timer0 initial value 
T0CON = 0xC7;           // Set TMR0 to 8bit mode and prescaler to 256 
GIE_bit = 1;                 // Enable global interrupt 
TMR0IE_bit = 1;          // Enable Timer0 interrupt 
 
  do { 
// This block of code counts the signals from the proximity sensor 
      if(PORTA.RA1 == 0) {e = 1;}      
      if((PORTA.RA1 == 1)&&(e == 1)) {x++; e = 0;}  
 
       PORTC.RC5 = PORTA.RA1;          //SETS TACHO INDICATION LED 
 
 /* The next line line of code create a 5 second initilization phase for the light guards. The 2nd line waits for this initilization phase and then causes the main software loop to occur every 0.5 seconds. This creates the global timer */ 

      if (cnt == 10){start_delay = 1;}  
      if ((cnt >= 2) & (start_delay == 1)){    
 
/* The block below calculates the speed in mm/S. 1 full revolution of the motor = 1.94mm travelled for the conveyor. 8 pulses per revolution, so the formula is (((number of pulses in 10 seconds/8)*1.94)/10). It calculates the speed every 10 seconds as an average of a 10 second measurement period */ 
 
         Speed_average++;    
         if(speed_average >= 20){ 
             speed_mm_s = (((x/8)*1.94)/10);    
 
            x = 0;      // Resets Tacho count after speed measurement is stored 
 
/* The next block calculates the time at which each gun should switch on. It does this using the 	latest conveyor speed and is offset for the gun start value. */ 
 
            gun_1_on1_ms = (((gun_1-gun_start)/speed_mm_s));      
            gun_2_on1_ms = (((gun_2-gun_start)/speed_mm_s)); 
            gun_3_on1_ms = (((gun_3-gun_start)/speed_mm_s)); 
            gun_4_on1_ms = (((gun_4-gun_start)/speed_mm_s)); 
             
/* The next block calculates the time at which each gun should switch off. It does this using the 	latest conveyor speed and is offset for the gun stop value. */ 
 
            gun_1_off1_ms = (((gun_1+gun_stop)/speed_mm_s));       
            gun_2_off1_ms = (((gun_2+gun_stop)/speed_mm_s)); 
            gun_3_off1_ms = (((gun_3+gun_stop)/speed_mm_s)); 
            gun_4_off1_ms = (((gun_4+gun_stop)/speed_mm_s)); 
            Speed_average = 0;   // Reset speed_average 
            } 
 
	/* The next line of code begins measuring the part length. It will increment a variable every 0.5 seconds the part is present. It also sets 2 variables to enable the next sections of code */ 
 
         if(PORTA.RA0 == 1){y++; v = 1; b = 1;}  
 
/* Once the part has passed through the light curtain the part length must be saved. This is done below. V is a latch which ensures this is only done once per part. H is used to toggle between parts 1-3, allowing 3 different part lengths to be stored. This section also resets each individual part timer as and when required. The timer increments every 0.5 seconds, so by dividing the part length by 2, it is converted to seconds*/ 
 
         if((PORTA.RA0 == 0) && (v == 1)){   
            if((y/2) < (min_part_length/speed_mm_s)){t = 1;} // sets condition for small parts 
            h++;                                
            if(h == 4){h = 1;}                      
            if(h == 1){part1_ms = y / 2; y = 0; v = 0; part_tmr1_on = 0; part_tmr1_off = 0;}  
            if(h == 2){part2_ms = y / 2; y = 0; v = 0; part_tmr2_on = 0; part_tmr2_off = 0;}  
            if(h == 3){part3_ms = y / 2; y = 0; v = 0; part_tmr3_on = 0; part_tmr3_off = 0;}  
         } 
          
         if(t == 1){small_part_tmr_on++;} //starts a timer for turning guns on for a small part. 
      
         if((PORTA.RA0 == 0) && (b == 1)){  // This counts the gap length in 0.5 S increments 
            gap++; m = 1;}  
      
       /* the next block of code stores the gap measured into gap1, 2 or 3 depending upon what h 	is set to. M is used to ensure it is only done once per gap. */ 
 
  if((PORTA.RA0 == 1) && (m == 1)){     
            if(h == 1){gap_1 = (gap/2);} 
            if(h == 2){gap_2 = (gap/2);} 
            if(h == 3){gap_3 = (gap/2);} 
            gap = 0; m = 0;              
            } 
             
         if((h == 1) || (part_tmr1_on >= 1)) {part_tmr1_on++;}  //timer 1 started and latched 
         if((h == 2) || (part_tmr2_on >= 1)) {part_tmr2_on++;}  //timer 2 started and latched 
         if((h == 3) || (part_tmr3_on >= 1)) {part_tmr3_on++;}  //timer 3 started and latched 
 
         /* The next block of code switches the guns on when the gun on timer is equal to the part timer plus the part length. This is because the part timer begins after the part has passed through the light curtain. Each IF statement checks this for all 3 part timers. Both the triac and LED outputs are switched*/ 
 
         if((gun_1_on1_ms ==((part_tmr1_on/2)+part1_ms))||(gun_1_on1_ms ==	((part_tmr2_on/2)+part2_ms))||(gun_1_on1_ms ==((part_tmr3_on/2)+part3_ms)))  
            {PORTA.RA6 = 1; PORTB.RB3 = 1;}  
         if((gun_2_on1_ms ==((part_tmr1_on/2)+part1_ms))||(gun_2_on1_ms ==	((part_tmr2_on/2)+part2_ms))||(gun_2_on1_ms ==((part_tmr3_on/2)+part3_ms)))   
            {PORTC.RC0 = 1; PORTB.RB4 = 1;} 
         if((gun_3_on1_ms ==((part_tmr1_on/2)+part1_ms))||(gun_3_on1_ms ==((part_tmr2_on/2)+part2_ms))||(gun_3_on1_ms ==((part_tmr3_on/2)+part3_ms)))   
            {PORTC.RC1 = 1; PORTB.RB2 = 1;} 
         if((gun_4_on1_ms ==((part_tmr1_on/2)+part1_ms))||(gun_4_on1_ms ==((part_tmr2_on/2)+part2_ms))||(gun_4_on1_ms ==((part_tmr3_on/2)+part3_ms))) 
            {PORTC.RC2 = 1; PORTB.RB1 = 1;} 
              
 
 
 
         //The next 4 if statements turn the guns on when a long part or short part is present.  
          
         if(((y/2)==(gun_1_on1_ms))||(gun_1_on1_ms == ((small_part_tmr_on/2)+(min_part_length/speed_mm_s)))) {PORTA.RA6 = 1; PORTB.RB3 = 1;} 
         if(((y/2)==(gun_2_on1_ms))||(gun_2_on1_ms == ((small_part_tmr_on/2)+(min_part_length/speed_mm_s)))){PORTC.RC0 = 1; PORTB.RB4 = 1;} 
         if(((y/2)==(gun_3_on1_ms))||(gun_3_on1_ms == ((small_part_tmr_on/2)+(min_part_length/speed_mm_s)))){PORTC.RC1 = 1; PORTB.RB2 = 1;} 
         if(((y/2)==(gun_4_on1_ms))||(gun_4_on1_ms == ((small_part_tmr_on/2)+(min_part_length/speed_mm_s)))){PORTC.RC2 = 1; PORTB.RB1 = 1;} 
 
/* The next block of code sets the part off timers. This is only done if the gap is large enough to avoid potential glitches. A gap smaller than gun start + gun stop could cause errors. */ 

         if(gap_1 > ((gun_start + gun_stop)/speed_mm_s)){part_tmr1_off = (part_tmr1_on/2);} 
         if(gap_2 > ((gun_start + gun_stop)/speed_mm_s)){part_tmr2_off = (part_tmr2_on/2);} 
         if(gap_3 > ((gun_start + gun_stop)/speed_mm_s)){part_tmr3_off = (part_tmr3_on/2);} 
          
/* The next block of code switches the guns off, only when the part lengths are all over the minimum part lengths */ 
 
if(((min_part_length/speed_mm_s) <= part1_ms) && ((min_part_length/speed_mm_s) <= part2_ms) && ((min_part_length/speed_mm_s) <= part3_ms)){ 
          
            if((gun_1_off1_ms == (part_tmr1_off))||(gun_1_off1_ms ==(part_tmr2_off))||	(gun_1_off1_ms ==(part_tmr3_off))){PORTA.RA6 = 0; PORTB.RB3 = 0;} 
            if((gun_2_off1_ms == (part_tmr1_off))||(gun_2_off1_ms ==(part_tmr2_off))||(gun_2_off1_ms ==(part_tmr3_off))){PORTC.RC0 = 0; PORTB.RB4 = 0;} 
            if((gun_3_off1_ms == (part_tmr1_off))||(gun_3_off1_ms ==(part_tmr2_off))||(gun_3_off1_ms ==(part_tmr3_off))){ PORTC.RC1 = 0; PORTB.RB2 = 0;} 
            if((gun_4_off1_ms == (part_tmr1_off))||(gun_4_off1_ms ==(part_tmr2_off))||(gun_4_off1_ms ==(part_tmr3_off))){PORTC.RC2 = 0; PORTB.RB1 = 0;} 
} 
 
 
 
 
 
          
/* The next block of code switches the guns off if no part has been present on the conveyor for a set amount of time, or if the conveyor speed = 0. */ 

       if(((gap/2) == (gun_1_off1_ms))||(speed_mm_s == 0)){PORTA.RA6 = 0; PORTB.RB3 = 0;} 
       if(((gap/2) == (gun_2_off1_ms))||(speed_mm_s == 0)){PORTC.RC0 = 0; PORTB.RB4 = 0;} 
       if(((gap/2) == (gun_3_off1_ms))||(speed_mm_s == 0)){PORTC.RC1 = 0; PORTB.RB2 = 0;} 
       if(((gap/2) == (gun_4_off1_ms))||(speed_mm_s == 0)){PORTC.RC2 = 0; PORTB.RB1 = 0;} 
 
         if(gun_2_on1_ms == (small_part_tmr_on/2)+(min_part_length/speed_mm_s))    
   {small_part_tmr_on = 0; t=0;} //Resets small part timer once its past the furthest gun 
          
         if (speed_mm_s >=1 ){reset = 0;} //Resets the reset variable when the conveyor starts 
 
         if ((speed_mm_s == 0) && (reset = 0)){        // Resets variables 
             PORTA.RA6 = 0; PORTB.RB3 = 0; 
             PORTC.RC0 = 0; PORTB.RB4 = 0; 
             PORTC.RC1 = 0; PORTB.RB2 = 0; 
             PORTC.RC2 = 0; PORTB.RB1 = 0; 
             part_tmr1_on =0; part_tmr1_off = 0; 
             part_tmr2_on =0; part_tmr2_off = 0; 
             part_tmr3_on =0; part_tmr3_off = 0; 
             small_part_tmr_on = 0; 
             y = 0; 
             reset = 1; 
             } 
       
         cnt = 0;     //reset count to start loop again 
      } 
  } while(1); 
} 
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Pictures of the project
Breadboard test setup
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Automatic control PCB

[image: A hand holding a blue circuit board
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Internal enclosure wiring
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Automatic enclosure in testing

[image: A computer screen shot of a computer screen
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View of the enclosure connectors

[image: A person working on a machine
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Light curtain safety relay installation

[image: A close up of a machine
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Enclosure installed into the testing cabinet without the programming lid. The enclosure can be slid in and out of the cabinet.
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View of the paint booth
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Enclosure installed into control cabinet
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moments in the dynamic range of the ADC and the effective resolution of distance measurements.
Moreover, this type of sensor can strengthen the interference resistance of the system and the length
adaptation of the connection cable. The designed differential structured and dimension-reduced IPS
realizes numerical decoupling calculations of vector impedance of the sensing coil by using 61 look-up
table units. The performance verification of the differential structured IPS demonstrates that the
‘measurement resolution increases from 135.5 least significant bits (LSB)/0.10 mm to 1201.4 LSB/0.10 mm
compared with that of single-sensing-coil structured IPS, and the interpolation error decreases from
99.376 pm to —3.240 um. Compared to similar IPS methods, the improved differential structured and
dimension-reduced IPS possesses evident advantages in measurement accuracy.

2. Structure of Sensor Characteristics

The sensing coil is formed by the iron core that is wound with oxygen-free copper wires, and
the local open magnetic field changes with the variation in distance between the sensing coil and the
target. These characteristics are manifested by the sensitivity of the inductance component of the IPS
sensing coil. The processing circuit applies excitation to the sensing coil, detects the response at the
‘measurement node, calculates the inductance parameters of the sensing coil, and outputs the distance
between the sensing coil and the target. The sensing coil is equivalent to a series circuit of inductance
component L; and resistance component 7;, as shown in Figure 1. The inductance component L;
changes slightly with the variation in temperature and is very sensitive to distance. Changes in the
resistance component with distance can be neglected, but the temperature drift cannot be ignored.
The relationships of the vector impedance of the sensing coil with distance, temperature, and cable
length are shown in Figure 2.

Processing
logic

]
Distance

Figure 1. Block diagram of single-sensor-coil structured inductive proximity sensor (IPS).

abient_temperaturs

Inductance companart %
8

7
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% E] C] 70 a0 % 100
Resistance component %

Figure 2. Relationships between vector impedance of the response circuit and environmental factors.
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Figure 15 - Hall effect sensor [10]

Inductive proximity sensors create their own electromagnetic field. When a ferrous or non-
ferrous material enters that magnetic field, currents are induced into that material. This causes
reduced oscillation amplitude and energy lossC)in the inductive proximity sensor. This
change tq characteristics can be measured to ql;ect an object. Figure 16 shows this.

{]
| - Target
Motion Direction

Switch Point +
When Leaving C ) +

Switch Point 1 )

E When Operating Hysteresis J
Approaching Distance  // \

[ \

Proximity
Switch

[, {1 {]

Figure 16 - Inductive proximity Sensor operating principal [11]

They are less prone to magnetic interference than HES, however they struggle to measure
high speeds. This drawback is irrelevant to this application as the motor speed will not exceed
20Hz. An example inductive proximity sensor is shown Figure 17.
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output sections while relaying the signals at high speed. [ ] Figure 16 shows an example EMR from RS.
Also, SSRs consist of electronic components with no mechanical contacts. Therefore, SSRs have a variety of fee
mechanical relays do not incorporate. |
The greatest feature of SSRs is that SSRs do not use switching contacts that will physically wear out. Figure 18 - EMR operation
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Figure 19 - Electromechanical relay [11]
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The functionality of an SSR is identical to an EMR. Internally, the relay is different. Unlike
the EMR, it has no moving parts, reducing the risk of component failure. They consist of an
optocoupler to provide galvanic isolation between the input and output. They then consists of
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An example SSR for switching AC loads is shown in Figure 17.

Figure 20 - SMR operation
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Figure 21 - Solid state relay [12]

https://www.ia.omron.com/data pdf/guide/18/ssr tg e 9 2.pdf

The final option mentioned is to use thyristors. These are 3 terminal devices which can be
switched using a low current applied to the gate terminal. This allows high current, high
voltage loads to be switched. They are small and low-cost devices which can operate
numerons times withont failing.

- » + 117%
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Once a ZCT circuit is triggered, the output will not power the triac gate until the zero-

crossing point is reached. This minimizes switching losses and harmonic noise, since the
instantaneous voltage is at its lowest. The maximum possible delay this can cause is half the
time of an AC waveform. At 50Hz, this equates to a maximum delay of 10ms. This delay is
| | negligible for this application. ZCT is the most suitable switching method for this application
4 | [19].

| | Systems which utilize this method will often reduce the output power by changing the ratio
between the number of AC waves when the output is on and the number of AC waves when
| 4= Relay input turned on | #m-edary Input turned off the output is off. At Consort, the output power of the heating elements is reduced by changing

the amount of time the output is powered over a 2 second period. For 50% power output, the
triac output will be on for 1 second and then switched off for 1 second. Heat retention within
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P
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| | the heating element coil ensures that the heat output remains consistent. Doing this minimizes
the amount of switching the triac must do.

.

The MOC3031SM [datasheet] is a suitable device. This is a 6-pin zero-cross triac driver with
a built in optocoupler for isolation between the load and the microcontroller. They are already
used at Consort. Figure 23 shows this device.

MOC3031SM

onsem S —
Also, a zero cross device does not turn off immediately when the Q i
control signal is removed. Similar to turning on, they stay conductive M :m WZNH
until the current half-cycle is complete. el = R

o

- D)
Chat with us s Figure 23 - Zero-crossing triac driver with optocoupler
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The MOC3031SM [21] is a suitable device. This is a 6-pin zero-cross triac driver with a built
in optocoupler for isolation between the load and the microcontroller. They are already used
at Consort. Figure 23 shows this device.

Figure 24 - Zero-crossing triac driver with optocoupler [21]

22
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3.3.6 Selecting a microcontroller

At this point, a suitable microcontroller can be selected. As far as microcontroller
functionality goes this application is relatively straight forward.

The microcontroller will require 10 I/O ports. This allows two inputs and 8 outputs. 4 outputs
are required for the 4 triacs. A further 4 outputs will be used to have the triac outputs
represented by 4 LEDs located on the PCB to simplify testing. All I/O ports must be digital.
An internal timer module is also required to ensure the timers are accurate.
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