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[bookmark: _Toc187299892]Introduction
This report will cover the research, design and control of a factory system. This system is to sort four different packages according to their size and weight. The design of the factory system will be done using the software ‘Factory I/O’. The control of the system will be done using the software ‘Siemens TIA Portal (V16)’. These two applications work together to allow for the full creation of a simulated factory system where Factory I/O serves as the simulated factory and the Siemens TIA Portal software serves as a programmable logic controller or ‘PLC’. Additionally, the factory itself must also contain a minimum of 4 conveyor belts, 2 pushers, 1 conveyor scale, 2 diffuse sensors, 1 emergency stop, 2 buttons, 1 siren, 1 warning light and 1 stack light. The function of conveyor belts must also be started in sequence and a HMI (human-machine interface) is to be implemented. 
This report is split into: a literature review which explains the use of PLCs as well as comparing available PLCs, a factory design section reviewing the placing of machinery and components throughout the factory and justifying their use, a ladder logic section detailing how the system is programmed to function with the requirements in mind, a HMI design section which will illustrate extra functionality of the system through its use, in addition to a conclusion which will review the success of the factory and its adherence to the set parameters.
[bookmark: _Toc187299893]Literature Review
A PLC is a computer-based device that controls a process in its entirety [1] and is a type of microprocessor. In most cases today a PLC is used to automate equipment within factories and/or the factory altogether. PLCs are used to control automated systems by using the control logic of a ladder diagram [2], where the controls, actions, tasks and measurements are connected in tandem to achieve the required function of the system and thus subsequently displays a ladder diagram. PLCs may be physically hardened, protecting them from external hazards caused by their use environment, such as factories or manufacturing plants. They can also be made with a specific use in mind (sorting, operating manufacturing machinery etc) and thus may allow for various inputs and outputs (I/O) tailored to the PLC function [3]. These I/O are connected using circuits between the PLC and the machinery, allowing for communication between the two. A PLC also contains a CPU as well as memory and operates using RISC architecture [4].
	PLC
	Pros
	Cons

	Siemens SIMATIC S7-1200
	· Modular, allowing for various I/O configurations
· Dedicated Modules, allows for specialized uses (weighing, monitoring etc)
· Communication Modules, allowing for different communication types to be used
· Uses integrated TIA Portal software which is used worldwide and designed with Siemens systems in mind
· Can be used for a variety of system sizes
· Commonly used system
	· Expensive, prices range from £200 to £12000 depending on modules bought and TIA Portal software is an additional cost
· TIA Portal software can only be used by Siemens PLCs, preventing the use of regularly updated software on other machines


	Allen-Bradley ControlLogix 
	· Multiple types of programming (ladder logic, function block, SFC (a flow chart-like visual programming language [5]) etc)
· Conformal coated, protecting the device from the surrounding environment. Conformal coating is the coating of electronics which protect against moisture, dust and gas [6].
· Modular power supply, allowing for device size reduction
· Can operate in extreme temperatures
	· Contains only 17 I/O slots, not as modular as other devices on the market
· Expensive, prices range from £400 to £20000 depending on modules bought
· Integrated software option requires purchase with increasing price dependent on required features
· Not used as much as other PLCs within the UK

	Schneider Electric Modicon M251 Micro PLC
	· Small size, allows for easy storage
· Modular, allowing for expansion slots, communication slots and accessories
· Cheap, prices start at £460 and expansion modules start at £100
· Designed for smaller systems in mind
	· Difficult to scale for larger systems due to device capabilities
· Integrated software (EcoStruxure) prices start at £500 for 1 user
· Less robust than other systems, potentially an intended tradeoff for its size

	Mitsubishi Electric MELSEC FX Series
	· Different sizes available with no resultant hardware limitations
· Modular, allows for an all in one variant or purchase of separate modules
· Specialty modules for counting, positioning and network communication
· Has compatible partner modules
· Integrated software (GX Works 3) has integrated language support allowing for translation, making it suitable for multi-lingual employers
	· High price variance dependent on size and version
· Not used widely in western countries therefore knowledge of use may be limited
· Multiple discontinued/to be discontinued products possibly preventing futureproofing


	Omron CP1H
	· Small size
· Different versions allow for specific output types (relay, NPN (negative positive negative), PNP (positive, negative, positive)) and either a DC or AC supply
· Modular, compatible with previous extension versions and cross-series extensions
	· Limited initial I/O, starting with either 0 or 4 making extension modules a requirement for larger systems making it cost more
· Costs start at £1200 for an all in one device
· Expensive integrated software which is less customizable than other integrated software
 



Links for the PLCs can be found here:
1. Siemens SIMATIC S7-1200 - https://www.siemens.com/global/en/products/automation/systems/industrial/plc/s7-1200.html
2. Allen-Bradley ControlLogix - 
https://www.rockwellautomation.com/en-gb/products/hardware/allen-bradley/programmable-controllers/large-controllers/controllogix/controllogix-standard-controllers.html
3. Schneider Electric Modicon M251 Micro PLC - 
https://www.se.com/us/en/product-range/62130-modicon-m251-micro-plc-with-dual-channel-comm/12692225442-expansion-modules?parent-subcategory-id=3910&filter=business-1-industrial-automation-and-control&N=brand%3Dse%26country-code%3DUS%26language-code%3Den%26node-id%3D12692225442&selected-node-id=12692225442#products
4. Mitsubishi Electric MELSEC FX Series - 
https://www.mitsubishielectric.com/fa/products/cnt/plc_fx/pmerit/contents/index.html
5. Omron CP1H - 
https://industrial.omron.co.uk/en/products/cp1h

[bookmark: _Toc187299894]Factory Design
[bookmark: _Toc187299895]Factory Overview
As stated previously, the factory itself is to be simulated using Factory I/O. Its purpose is to simulate the sorting of four different packages based on size and weight, these being:
· Large Boxes that weigh ≥4.6KG
· Medium Boxes that weigh ≥4.6KG
· Small Boxes that weigh ≤4.5KG
· Palletizing Boxes that weigh ≤4.5KG
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Figure 1
As can be seen above in Figure 1, there is a simulation of a factory. On the far-left side of Figure 1 is an emitter placed directly over the first 6 metre conveyor belt. Shortly after the emitter lies the first diffuse sensor followed by an electric switchboard. Placed on top of the electric switchboard is the first stack light, a siren and a warning light. Placed on the side of it is a start button, stop button and an emergency stop button. Figure 2 below shows this all in more detail.
[image: ]
Figure 2
This first 6 metre conveyor belt connects to a conveyor scale. On the side of the conveyor scale lies the second diffuse sensor (see Figure 3 below).
[image: ]
Figure 3
[bookmark: _Int_bxwqK9q3]The conveyor scale then connects to a pop-up wheel sorter. Placed on the opposite side of the pop-up wheel sorter lie two wheel aligners.  On the left and right side of the pop-up wheel sorter lies two ‘mirrored’ straight spur conveyors. Figure 4 below shows all these connected.
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Figure 4
 
All sections of the factory stated above are connected to form the initial transportation, weighing and sorting half of the factory. Figure 5 below shows this part of the factory in its entirety.
[image: ]
Figure 5
Two more 6m conveyor belts then follow the straight spur conveyors. Placed alongside these conveyor belts are the third and fourth diffuse sensors which are both placed on the side of two pushers. On one of the pushers sits the second stack light. Opposite these pushers and on the outside of the two large conveyor belts are two 2m conveyor belts followed by removers. Continuing from the two 6m conveyor belts are the fifth and sixth diffuse sensors. Finally, two more removers are located on the end of both conveyor belts. See Figures 6 and 7 below for this second half of the factory system.
[image: ]
Figure 6
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Figure 7
The description and images of the factory above identify the connections between all machinery used. The justification and relevance of each item of machinery used will be explained in the following section of this report.

[bookmark: _Toc187299896]Factory In-Depth
[bookmark: _Toc187299897]Package Emitter
The package emitter in Figure 2 serves to emit the selected four different box sizes exclusively.
[bookmark: _Toc187299898]First 6m Conveyor Belt & First Diffuse Sensor
Shown in Figure 2, the first 6m conveyor belt has a package emitter placed above it on its starting end. This first conveyor belt serves to move packages placed upon it towards the conveyor scale. 
Placed just along from the emitter on the side of this conveyor belt lies the first diffuse sensor which serves to count how many boxes are spawned, also known as the ‘Total Box Count’. This is important as a total count of boxes emitted is required for the warning setup, which will be explained further into the report.
[bookmark: _Toc187299899]Electric Switchboard & Parts
Shown in Figure 2, the electric switchboard is placed alongside the first conveyor belt. Its purpose is to provide housing and centralize power buttons as well as the emergency stop button, siren, stack light and warning light. Additionally, the electric switchboard serves to replicate a real-life automated system. 
Placed on the front of the switchboard are the start and stop buttons which do as their name suggests. Also placed on the front panel of the switchboard is an emergency stop button. When pressed, all machines within the factory halt their actions immediately. Although similar to the stop button, when the start button is pressed whilst the emergency stop button is pressed, the factory will not operate. No factory function will occur until the emergency stop button is pressed again for a second time to ensure the manual reset of the factory.
Placed above the electric switchboard is the warning light, siren and a stack light. The warning light activates only when the emergency stop button is pressed. This is to alert factory operators of an emergency within the factory and that factory operations have been halted. It will only turn off once the emergency stop button has been pressed for a second time. The siren serves to provide factory operators with an audio cue to mark the start-up of factory operations. It will sound when the start button has been pressed. The stack light has three different states, these being red, yellow and green. The stack light will display its red light when no factory operations are taking place. The yellow light is only displayed when the factory is beginning its start-up period. This period occurs within the first 7.5 seconds of factory operation and allows each conveyor belt within the system to start up in succession, preventing an overload of the power supply. The green light is only displayed when the start-up period has ended and factory operations are normal.
[bookmark: _Toc187299900]Conveyor Scale & Second Diffuse Sensor
Shown in Figure 3, the conveyor scale receives a package from the first conveyor belt and transports it to the pop-up wheel sorter. It works with the second diffuse sensor placed on its side to stop package movement when detected by the sensor. In this second of no movement, the conveyor scale weighs the package and then transports it along the system. The diffuse sensor is required to initially detect the package and to alert the conveyor scale to stop conveying to accurately weigh the package itself. Weight measurements are inaccurate when the conveyor scale conveys.
[bookmark: _Toc187299901]Pop-Up Wheel Sorter, Wheel Aligners & Straight Spur Conveyors

Shown in Figure 4, the pop-up wheel sorter receives its packages from the conveyor scale and send them to either the left or right straight spur conveyors. It sends packages this way by order of their weight. If a package ≥4.6KG the wheels on the sorter point left and the package is sent to the left straight spur conveyor. If a package weighs ≤4.5KG the wheels on the sorter point right and the package is sent to the right straight spur conveyor.  
The wheel aligners placed on the far end of the wheel sorter are in place to prevent packages from falling off during transport as the straight spur conveyors and direction of the sorter wheels are angled.
[bookmark: _Toc187299902]Second and Third 6m Conveyor Belts & Fifth and Sixth Diffuse Sensors
Figures 6 and 7 show the second and third 6m conveyor belts. Packages placed on these belts are then sent to the pushers.
On the side of each end of both conveyor belts are the fifth and sixth diffuse sensors. These diffuse sensors detect either a Medium Sized Box on the left side of the system or a Palletizing Sized Box on the right side of the system. Upon detection, these sensors add onto their box count known as Medium Box Count and Palletizing Box Count.
[bookmark: _Toc187299903]Pushers, 2m Conveyor Belts & Third and Fourth Diffuse Sensors
[bookmark: _Int_1JdfxADk]Also shown in Figures 6 and 7, alongside both the second and third 6m conveyor belts lie a pusher on one side of the conveyor and a 2m conveyor belt on the other. Each pusher has a diffuse sensor placed on the receiving end of their 6m conveyor belt and is placed at a certain height to detect and sort boxes by size. The diffuse sensor on the left side of the system has its height is set up to detect only Large Boxes. Subsequently, upon detection, its pusher will activate and push the package onto the left 2m conveyor belt. It is of note that this pusher also has a stack light placed on it. This works in the same fashion as the stack light mentioned previously. The diffuse sensor on the right side of the system has its height set up to detect only small sized boxes. Upon detection, its pusher will activate and push the package onto the right 2m conveyor belt. Each activation of a pusher will add to their respective box count known as Large Box Count and Small Box Count. 
[bookmark: _Toc187299904]Package Removers 1-4
Two package removers are placed below both the left and right 6m conveyor belts and remove exclusively the sorted Medium Boxes’ and Palletizing Boxes respectively. The other two package removers are placed below both the left and right 2m conveyor belts and remove exclusively the sorted Large Boxes and Small Boxes respectively. All package removers are shown in Figure 7.

[bookmark: _Toc187299905]Factory Flow Chart
Figures 8 and 9 below show the operational flow chart of the factory:
[image: ]
Figure 8
[image: ]
Figure 9
[bookmark: _Toc187299906]Ladder Logic
[bookmark: _Toc187299907]PLC Tag Table
Figures 10, 11 and 12 below show the PLC tag table:
[image: ]
Figure 10
[image: ]
Figure 11
[image: ]
Figure 12

[bookmark: _Toc187299908]PLC Ladder Logic Networks
[bookmark: _Toc187299909]Networks 1 & 2
Figure 13 shows Networks 1 & 2:
[image: ]
Figure 13
As Figure 13 shows, Network 2 is the main power operation of the system. When %I16.0, a normally open contact, is pressed within the Factory I/O simulation, operation (dictated by %M100.0) will begin. If %I16.1 is activated during operation the system ceases to operate. If either or both of the %M152.1 and %M153.2 (HMI emergency stop and switchboard emergency stop memory bits respectively) normally closed contacts are pressed open, the operation of the system cannot continue until they are pressed again to ensure safe practices are taking place. The purpose of having a NO (normally open) contact on the second rung of the ladder for %M100.0 is to allow for operation to occur after the press of the start button has been released.
[bookmark: _Toc187299910]Network 3
Figure 14 shows Network 3:
[image: ]
Figure 14
Network 3 shows the function of the emergency stop button. It shows that when %I16.2 (the emergency stop button on the switchboard) is no longer pressed the warning light turns on.  %M153.2 (the emergency stop memory bit) retains whether the emergency stop is pressed or not and so when used in conjunction with Network 2 operation of the circuit ceases, meaning the emergency stop button must remain pressed for system operation.
[bookmark: _Toc187299911]Networks 4 & 5
Figures 15-19 below shows Networks 4 & 5:
[image: ]
Figure 15
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Figure 16

[image: ]
Figure 17
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Figure 18
[image: ]
Figure 19
Figure 15 shows that when no operation is occurring (%M100.0 as a normally closed contact), both systems stack lights are to turn red after 500ms.
Figures 16-19 show that when operation occurs, timers at intervals of 500ms will trigger an assignment. Firstly, Figure 16 shows that a siren sounds and the first 6m conveyor belt turn on. The siren is connected to a pulse timer so that it does not sound during the entirety of the systems operation and sounds for two seconds total. As the first conveyor belt is connected after a TON timer, it does not begin to work until two seconds have passed after the start button has been pressed. This occurs in a similar manner at intervals of 500ms for each individual conveyor belt, including the pop-up wheel sorter and straight spur conveyors.
Figure 18 shows that when the time requirements (7.5 seconds) for both green stack lights to activate are not met, and when no green stack lights are on they both turn yellow. Figure 19 shows that once all conveyors have been turned on in sequence, the systems two stack lights will turn green after 7.5 seconds. As the stack lights can only be red when no operation is occurring and can only be green after 7.5 seconds of operation, yellow stack lights are activated to signify the system is starting up and conveyors are turning on sequentially. 
[bookmark: _Toc187299912]Networks 6, 7, 8 & 9
Figures 20 and 21 below shows Networks 6-9:
[image: ]
Figure 20
[image: ]
Figure 21
As seen in Figure 20, Network 8 shows that when the diffuse sensor mounted to the conveyor scale is activated, a TOF timer of 1 second starts and will turn the box-loaded memory bit to true.
Network 7 shows that when the box-loaded memory bit is true, scale control (%M100.1) is set to true. This causes a time delay between this networks operations of 350ms. After this time, the ‘ready’ memory bit (%M100.3) is also set to true. Following this (in Network 9, see Figure 21) becoming true, the ready memory bit triggers a 5ms timer which is connected to a move command. This move command stores the value of the weighed package (weight) on the stopped conveyor scale into the data store (readyweight). Branching off from this move command are two separate comparator functions. The top section of Network 9 states that if the value of readyweight is ≤4.5 (or 4.5KG as detected by the scale), the connected pop-up wheel sorter points its wheels right. The bottom section of Network 9 states that if the value of readyweight is ≥4.6 (or 4.6KG as detected by the scale), the pop-up wheel sorter points its wheels left. This is shown by the direction of the wheels (left being %Q17.4, right being %Q17.5) being set or reset, where being set to true is the direction the wheels are pointed in and being reset or set to false is the direction not to point the wheels.
Network 6 shows that during operation, if %M100.1 (scale control) is opened as a contact, the conveyor belt on the conveyor scale will not move and remain stationary. In other words, this network makes it so that as the conveyor scale pauses to weigh the package, conveying will not resume until the package has been weighed and the following pop-up wheel sorter has aligned its wheels in the right direction.

[bookmark: _Toc187299913]Networks 10 & 11
Figure 22 below shows Networks 10 & 11:
[image: ]
Figure 22
Figure 22 above shows the function of both pushers in Networks 10 and 11. Both networks show that when the pushers respective diffuse sensors detect a package it will trigger a TON timer, activating the pusher after 300ms, which is just enough time to allow for the face of the pusher to align with the package. Once this time has elapsed, the pusher will remain extended until the 200ms TOF timer has been triggered, in which it will then retract. These timings are vital to the sorting process as the pusher needs to wait a short time before the package can be optimally pushed onto the opposite conveyor belt. In addition to this, time must be given in between each extension and contraction of the pusher to allow it to operate correctly. It may push out too far unnecessarily or retract too soon if this was not the case.
[bookmark: _Toc187299914]Network 12
Figure 23 below shows Network 12:
[image: ]
Figure 23
Network 12 shows the operation of the HMI emergency stop button and master alarm clear button.  When the emergency stop button is pressed the value of ‘Alarm’ changes. Once this occurs ‘Master Alarm’ is set. To restore the value of ‘Alarm’ back to 0 a manual reset is required by pressing the master alarm clear button within the HMI.
[bookmark: _Toc187299915]Network 13 & 14
Figures 24-26 below show Networks 13 & 14:
[image: ]
Figure 24
[image: ]
Figure 25
[image: ]
Figure 26
Networks 13 and 14 shown in the Figures above show the master counter and separate counters for each box type. 
Network 13 shows that during operation, when the first diffuse sensor is triggered, it inputs into the CTU (counter up) counter, which counts in unsigned integers. This counter has a variety of inputs and outputs. An input to CU outputs a counter value of 1 into CV every time an input is detected, this being every time the diffuse sensor is triggered. %MW200, the master counter in the case for Network 13, increases in value by 1 because of this. The input to PV %MW400 is the master counter warning. This is a preset value that can be changed on the Engineers Screen of the HMI to display a warning whenever a certain number of boxes have been detected by the diffuse sensor. The R input is connected to ‘Counter Reset’ (%MW100.4). This input is connected to the Master Counter Reset button on the root HMI screen which resets all displayed counter values upon being pressed. Following the other output of the CTU counter, Q, is the MCWL, or master counter warning light. This is only triggered when CV (the counter value) is equal to PV (the preset value) and serves to display a warning light whenever the decided value of packages chosen on the Engineers Screen of the HMI has been reached. Network 14 shown in Figures 25 and 26 shows this occurring for each individual box size of large, small, medium and palletizing. It is worth noting that the counter increases by 1 each time the pusher is activated for the large box and small box counters, not when their diffuse sensors detect a package. 
[bookmark: _Toc187299916]HMI Design
[bookmark: _Toc187299917]HMI Tag Table
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Figure 27
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Figure 28
Figures 27 & 28 above show the tag table for the HMI.

[bookmark: _Toc187299918]HMI Functions
Figures 29-31 below show the Root Screen, Error Screen and Engineers Screen for the HMI respectively:
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Figure 29
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Figure 30
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Figure 31
Figure 29 shows the root screen of the HMI. On this screen are start and stop buttons, counter reset button, counters displaying the total number of boxes and each individual box size, a digital version of both stack lights, a HMI emergency stop button and two separate buttons to navigate to the other HMI screens. The start button is linked to the tags operate (for both HMI and PLC tag tables) where its value for turning on is 1. It will light up when it is pressed and serves as the factories start button. The same applies to the red stop button, except its value for turning on is 0, meaning it will light up and stop factory operation when pressed. The counter reset button resets all counter values to 0 upon being pressed and released. It does this by inverting bits with the InvertBit function in the events section of its properties, where each separate counter tag has its bit inverted upon the press and again on the release of the button. This is done to clear all counters. To the right of the counters on the root screen lies the HMI stack lights, These mimic the operation of the stack lights in the factory. The emergency stop button serves as a separately to the button on the switchboard in the simulation. As it has the ‘Alarm 0’ tag, upon being pressed, no factory operation may continue until the master alarm clear button with the ’Master Alarm’ tag has been pressed on the Engineers screen. This makes it so that a manual reset of the emergency stop button is required before operation can continue. The final 2 buttons send the user to the Error screen and Engineers screen.
Figure 30 shows the Error Screen contains multiple lights and two screen navigation buttons. All box warning lights change from green to red when their respective counter warning is set and reached in the Engineers Screen. The master alarm and emergency stop lights turn red when the emergency stop button is pressed on the root screen. If the emergency stop button is pressed again the light will return to green however the master alarm light will retain its red state until the master alarm clear button on the Engineers Screen is pressed. This means the factory cannot operate unless the master alarm and emergency stop lights are green. The two screen navigation buttons send the user to the Root or Engineer Screen.
Figure 31 shows the Engineer Screen consists of the box count settings, master alarm clear button and screen navigation buttons. The box count settings allow the user to set the count any one box count can reach before triggering a red warning light. The master alarm clear button serves as a manual reset button for the master alarm warning light and allows for factory operation to continue. The screen navigation buttons send the user to the Root or Error Screen.
[bookmark: _Toc187299919]Factory IO Drivers
Figure 32 below shows all the Factory IO drivers used:
[image: ]
Figure 32
[bookmark: _Toc187299920]Conclusion
To conclude, the factory simulation has been built with all required parameters being abided by. In addition, the PLC logic has also been made to allow this to function alongside the factory simulation. A HMI has also been made to allow for the control of the factory from a screen and allows for warnings to be set at the user’s discretion. 
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