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[bookmark: _Toc187167086]Abstract
This report details the design, programming, and implementation of a PLC-controlled box sorting system developed to automate the sorting of packages based on size and weight. The system incorporates key components such as multiple conveyors, stack lights, and a weighing conveyor, ensuring accurate and efficient package handling. A Programmable Logic Controller (PLC) is used to manage the sequential operation of conveyors, detect box characteristics using sensors, and trigger sorting mechanisms like pushers. Additionally, a Human-Machine Interface (HMI) is designed to provide real-time operator interaction, displaying system warnings, alarms, and operational status. The integration of alarms and stack lights enhances fault detection and resolution, ensuring safe and reliable operation. This project demonstrates an efficient approach to industrial automation using PLCs and HMIs.
[bookmark: _Toc187167087]Introduction
Automation is very popular within industry these days for many reasons. One of the most important reasons is Health and Safety. Some manufacturing procedures require complex assemblies, perhaps some which requires handling extremely hot materials or using dangerous chemicals, either way, human interaction isn’t an option, this is where automation systems come into play. Ensuring employees health and safety is just one reason to automate a process, another reason is to avoid human error, ensuring complex assemblies are consistently assembled correctly. Another is speed, moving machinery is far quicker at soldering than a human is capable of. With all this considered, it becomes clear why automation is so popular within manufacturing industries. To achieve automation of a process, it only takes one main component, which is a PLC. The PLC is the centre of an automated process and has the capability to control multiple pieces of equipment at once. 
Throughout this report, a detailed explanation will be given showing how a simple automated process can be set up to sort different sized boxes using pushers, conveyors and diffuse sensors. The report will show relevant research, design and simulation using various software’s, such as Factory I/O and Siemens PLC. The aim is to design a working factory set up, using multiple components, this will be achieved by creating a suitable ladder logic programme allowing the PLC to control the factory and sort each of the boxes into their individual size and weight categories.  

[bookmark: _Toc187167088]Research
[bookmark: _Toc187167089]Overview of PLCs
The first PLC was developed in 1969 with the intention of replacing hard-wired relay logic-controlled systems. Due to frequent manufacturing technique changes, the PLC was first adopted by the automotive industry where the early PLCs primarily performed On/Off control using ladder logic. Advances in PLC technology led to more advanced features and capabilities, allowing for more complex motions and faster process control systems. Today, PLCs are widely used across many industries for many different applications such as driving assembly lines, controlling robotics and even managing chemical plants. [1]
[bookmark: _Toc187167090]PLC Architecture
PLCs contain four basic components, a Central Processing Unit (CPU), Memory, Input Interface and Output Interface.
The CPU is the control centre of the PLC, this is responsible for retrieving programme commands from the PLCs memory and coordinating appropriate outputs to execute the commands. Modern PLCs typically have a microprocessor-based CPU system. The CPU will coordinate actions between Memory, Inputs and Outputs. The memory is split into ROM and RAM. ROM is Read Only Memory; this is where the system software is contained which allows the CPU to interpret and act on the PLC programme. The Random Access Memory stores the written programme. RAM is kept alive using a battery to ensure the RAM is not lost when the system loses power. The newer PLCs use Electrically Erasable Programmable Read-Only Memory (EEPROM) which does not require a battery backup. 
Every PLC works by receiving an input which is then processed in the CPU and then an appropriate output is acted on. The Input Interfacing connects input devices such as sensors, switches and buttons to the PLC which then converts the signal to a readable format for the PLCs CPU, this is then acted on to provide a suitable Output. The output interfacing will connect to components such as motors, lights, robotics or solenoids. [2] [3]Figure 1: Architecture of a PLC [4]



[bookmark: _Toc187167091]Programming Languages
There are five common programming languages used for PLCs.
	
	Ladder Logic
	Function Block
	Instruction List
	Structured Text
	Sequential Function Chart

	Concept
	Resembles a relay logic circuit which is simple to understand
	Uses interconnected blocks for functions, easy to visualise a process
	Low-level text-based language, great for simple memory-efficient programmes
	High-level text based, good for more complex logic programmes
	Graphical representation of steps and transitions in a sequential process. Ideal for batch processes and machine sequencing

	Structure
	Rungs used to represent individual control actions
	Interconnected blocks with signal flow
	Sequential lines of code 
	Text based, using keywords, operators and instructions
	Graphically connected steps, transitions and actions

	Visual Clarity
	Highly Visual
	Visual
	Not very visual
	Not very Visual
	Highly Visual

	Ease of learning
	Easiest to learn for people familiar with electrical circuits
	Relatively easy, intuitive with block connections
	Challenging to learn due to textual nature 
	Challenging, requires knowledge of high-level programming concepts
	Relatively easy to learn, intuitive for sequential operations

	Complex process handling
	Best for simple to moderately complex logic. Can become untidy for large programmes
	Suitable for moderately complex logic, difficult to manage with more complex programmes 
	Not suitable for complex processes due to its low-level nature 
	Best for more complex processes, can handle more complex logic and calculations
	Best for sequential tasks, can handle parallel branching and complex sequences but not ideal for complex logic within the steps

	Debugging and Modification
	Easy troubleshooting with visual representation
	Moderate difficulty for troubleshooting. modification can be complex depending on structure
	Difficult to debug due to lack of visual aids. Modification can be error prone
	Simpler to debug when using breakpoints and step by step executions. Structured nature allows for simple modification
	Relatively simple to debug by tracing steps. Editing programme is straightforward

	Typical Applications
	Simple machine control
	Process control
	Small, simple programmes 
	Data manipulation, complex calculations and mathematical algorithms. 
	Batch processes 

	Examples
	Controlling a motor based on sensor input
	Implementing PID control for a temperature system
	Setting specific bits within a data register
	Performing calculations on sensor data and making decisions based on results
	Controlling a bottle-filling machine which has a sequence of steps to fill each bottle 


[2] [5]
[bookmark: _Toc187167092]Communication in PLCs
PLCs use a variety of methods to communicate data between itself and other devices such as sensors, actuators and supervisory systems. A common method is Serial Communication which will transmit one data bit at a time. There are a few standards such as RS-232, RS-422 and RS-485 which define the appropriate voltage levels, data formatting and transmission speeds used for this method [1] [2]. Parallel communication can transmit multiple data bits simultaneously, this offers higher speeds but requires more complex cabling methods to be used [3]. Fieldbus protocols, such as PROFIBUS and MAP work specifically for industrial automation requirements, this method allows for quick and reliable communication between the PLC and all field devices [5]. 
[bookmark: _Toc187167093]Other Automation Systems vs PLC
	
	PLC
	Microcontroller
	Relay Logic
	PC

	Concept
	Industrial automation and control
	Embedded systems and specific tasks
	Simple Systems
	General purpose computing

	Programming
	Ladder Logic, FBD, Structured Text, Instruction List & Sequential Function Chart
	C & C++
	Physical Wiring 
	Various high-level languages

	Cost
	Medium
	Low
	Low initial cost, more expensive for complex systems 
	High

	Ruggedness
	Designed for harsh environments 
	Less rugged than PLCs
	Durable, bulky and susceptible to wear and tear
	Not designed for harsh environments

	Flexibility
	Easy to modify and reprogramme 
	More difficult to reprogramme once deployed 
	Inflexible, requires manual rewiring
	Highly flexible but not ideal for real-time control




[bookmark: _Toc187167094]Industry PLCs
With research carried out on the overview of PLCs, a comparison can be formed of some of the more popular PLC suppliers’ products. 
	
	Siemens [image: ]
	Omron[image: ]
	Allen Bradley[image: ]

	Product Lines
	Simatic S7-1200, S7-1500, S7-300, S7-400, ET 200SP, LOGO!
	CP Series (CP1E)
	CompactLogix, Compact GuardLogix

	Programming Software
	TIA Portal, STEP 7
	CX-Programmer
	Studio 5000 Logix Designer

	Communication Protocols
	PROFINET, PROFIBUS, MPI, AS-Interface, Modbus, USS, TCP/IP, OPC UA
	Modbus, RTU/TCP
	EtherNet/IP, DeviceNet, ControlNet

	I/O Modules
	Wide variety of digital and analogue, support for various signal types
	Digital, analogue and communication modules
	Wide range of I/O and specialised modules 

	Specialised Features
	· Fail Safe CPUs and modules for safety applications
· Technology CPUs for motion control and other specialised tasks
· SIPLUS extreme products for harsher environments 
	· Pulse output capabilities with various modes and frequencies 
· Built in Analogue I/O options
	· Performance enhancing FactoryTalk software
· Migration profiles available for upgrading older systems


[6] [7] [8]
Using the table above, each PLC has its benefits of use however Siemens specifies a much broader compatibility with different communication methods as well as its fail-safe modules which will increase the systems safety. Therefore, a Siemens PLC will be chosen for the box sorting system. 

[bookmark: _Toc187167095]Factory I/O Design
Factory I/O is a software which allows its user to design a realistic factory setting which can be simulated by uploading a programme to correspond. During the simulation, the user is also able to interact with the components in real time by programming buttons to start or stop the simulation. 
[bookmark: _Toc187167096]Process Requirements
The process is required to organise boxes depending on size, to achieve this the system will require conveyors to allow for the boxes to move along the line. As the boxes move along, they will need to be separated, to do this, diffuse sensors and pushers can be used, this will separate the large boxes from the Medium and Small. As the Medium and Small boxes are the same height, there will be no way to differentiate them by using a diffuse sensor, therefore a conveyor scale will be required to differentiate them by weight. Other requirements include buttons to start and stop the system as well as an emergency stop to ensure user safety. A siren is also desirable to allow others in the area to know when the system is starting up, a Warning Light to alert people when there is an issue and finally stack lights to show the state of the system. 
[bookmark: _Toc187167097][image: A machine in a room

Description automatically generated]Factory Layout
[image: A conveyor belt with a green arrow pointing at the top

Description automatically generated]The image above shows the entire system with each of its conveyors connected, pushers, diffuse sensors, conveyor scale and pop-up wheel sorter. 
The first segment of the system shown above is where the boxes are loaded into the system, this is where the first diffuse sensor is located to count each box as it passes through. On the panel it contains a Start button, Stop Button, Siren, Warning Light and Stack Light. 
[image: A conveyor belt with red lights

Description automatically generated]The second segment shown is where the large boxes are sorted, the diffuse sensor has been set to a height where only the large box will trigger it, the smaller boxes will pass underneath. As the sensor is triggered, the pusher will activate and push the large boxes onto the adjacent conveyor. 
After the large boxes have been sorted, only the Medium, Small and Pallet size boxes remain. 
[image: A conveyor belt with a machine

Description automatically generated]
The third diffuse sensor located next to the pusher (Labelled ‘Pusher 1’) has been set to an appropriate height to only be triggered when medium and small boxes pass it, this will allow all pallet sized boxes to pass through right to the end of the conveyor. All medium and small boxes will be pushed onto the adjacent conveyor. At this stage, the medium and small boxes will be sent onto the conveyor scale where the diffuse sensor will be triggered, causing the conveyor scale to stop to obtain an accurate measurement which will then be displayed on the LCD shown on the front of the panel. 
[image: A machine with black and white objects

Description automatically generated with medium confidence]
Finally, as the weight is registered from each box, it will restart the conveyor and adjust the direction of the pop-up wheel sorter. This will send the small boxes down one conveyor and the medium boxes down the other. The diffuse sensors will be used to count the number of boxes that pass through. 
This system ensures that each box of every size will be organised into their individual piles. 


[bookmark: _Toc187167098]Operational Flowchart
The flowchart below will show the correct flow of the system as a box moves through it. 
[image: A diagram of a flowchart

Description automatically generated]

[bookmark: _Toc187167099]Ladder Logic Programme
[bookmark: _Toc187167100]Overview of Ladder Logic
Ladder Logic consists of "rungs" that simulate electrical connections between inputs (e.g., sensors, switches) and outputs (e.g., motors, lights) through logical instructions like timers, counters, and comparisons. Each rung operates sequentially, evaluating conditions from left to right and energizing outputs based on the programmed logic. Its straightforward, visual approach makes it an effective and accessible tool for automating industrial processes.
Below is the complete Programme with explanations of the purpose of each network. 
[bookmark: _Toc187167101]Programme Design
[image: ]
Network 2 is the beginning of the programme. This is where the system will start, by pressing the Start button it will activate the ‘Operate’ function, this function will activate the other networks and allow for the system to begin. Underneath the Start Button is another operate function; this will latch the operate function to remain on until the stop button is pressed or one of the normally closed functions are activated. 




Network 3 consists of the conveyors starting up. Each branch has a timer on there which has an increase of 50ms for each conveyor, this is a crucial aspect of the programme design as it will stagger the start of the conveyors which in result ensures that it limits the current draw at the beginning of the process. It also includes the Siren, which will activate before the conveyors to warn everyone in the surrounding area that the conveyors are going to begin moving. Finally, the reset ‘Scale Control’ function, this controls the scale conveyor, due to it stopping to ensure an accurate weight is taken from each box, it needs to reset to start again after a measurement is taken. 
[image: A computer screen shot of a diagram

Description automatically generated]Networks 4 and 5 consist of two timers per network, TON and TOF. These networks are designed to control the pushers, using diffuse sensors, it was timed how long it takes from the point the box triggered the sensor to the point where the box was in front of the pusher, this timing is reflected in the first timer and ensures that the box is directly in front of the pusher so it is directly pushed onto the adjacent conveyor and not elsewhere. The TOF timer is the opposite, this brings the pusher back to its original position, without this, the pusher will remain extended. 
[image: A line with text and a light

Description automatically generated with medium confidence]Network 6 identifies if there are any alarms, if there is any alarms other than 0 then it will activate the warning light and the master alarm function on the HMI. 
Networks 7, 8, 9 and 10 activate the counters on the HMI. Using the Count Up function, it allows for every diffuse sensor trigger to be counted on the HMI screen. 


[image: A close-up of a screen

Description automatically generated]Network 11 controls the conveyor scale, joining with Network 12 below.
[image: A diagram of a computer

Description automatically generated]The two networks above work together to control the conveyor scale. Each time Diffuse Sensor 3 is triggered the conveyor scale will stop to allow for the measurement to be taken and then will set itself again to move the box along. This provides ample time to take an accurate weight for each box, giving the box time to stabilise on the conveyor. 
[image: A screenshot of a computer

Description automatically generated]Network 13 ensures that a "Box Loaded" status is maintained for a brief time after the box has passed the sensor.



[image: A computer screen shot of a diagram

Description automatically generated]Network 14 solely controls the pop-up wheel sorter. When a weight is registered from the conveyor scale, it is then determined whether it is below or equal to 4.3kg or above or equal to 4.8kg, this will determine the direction of the pop up wheel sorter to ensure that all boxes below or equal to 4.3kg go right and all boxes above or equal to 4.8kg go left. 
[image: A screenshot of a computer

Description automatically generated]Network 15 receives the weight taken on the conveyor scale and will move the data to be displayed on the LCD. 
[image: A diagram of a line

Description automatically generated with medium confidence]Network 16 ensures that the green of the stack light come on when the system is running. This signals that the system is running well with no issues. Once a warning occurs such as pallet box storage is almost full, it will turn the green off and move on to Network 19. 



[image: A diagram of a computer

Description automatically generated]Network 17 will activate the red stack light; this indicates that there is an issue with the system which needs to be investigated. The red stack light will activate when the Master Alarm, Box Error or Emergency stop is activated. 
[image: A diagram of a computer

Description automatically generated]Network 18 is a mathematical network; this will add the total of the medium and small boxes and subtract them from the total amount of boxes. This will output an error counter for each time the total amount of boxes doesn’t add up to the total amount of small and medium boxes. 
[image: A diagram of a computer

Description automatically generated with medium confidence]Network 19 above is the final network, this will activate the yellow stack lights and warning 0 on the HMI when the master counter has registered 7 or more boxes more than the amount of small and medium boxes which has been counted. This warning will indicate that the storage for large and pallet sized boxes is almost to full capacity. 
When the difference reaches 10 or more, it will set off alarm 1 and set the box error on the HMI. Returning to network 2, it will open the normally closed contact causing the system to shut off and will activate the red stack lights in Network 17 and the error light in Network 6. 

[bookmark: _Toc187167102]HMI Design and Integration
A human machine interface is an important piece of equipment when automating a process. The HMI allows for the human user to interact with the automated system from a safe area, ensuring that they are at a safe distance from the moving components and are still able to start and stop the system. 
Including a HMI within the system is very useful for displaying important information. It can show things such as counters, alarms and warnings. With an industrial automated system many things can go wrong, to avoid too much downtime on the system, certain errors or issues can be pre-empted and a warning can be set up to alert the operator before an alarm goes off when the issue finally occurs. Using a HMI also allows the operator to view data in real time, allowing for a more controlled process. 
With the designed system above, one pre-empted error could be the number of boxes which are able to fit in the storage area before it overflows. As well as this, the number of boxes passing through each diffuse sensor could be displayed to ensure that the operator knows how many boxes are to be expected in the storage areas. The HMI design below shows the layout for the above process. 
[bookmark: _Toc187167103]HMI Design
To begin, the home screen needs to be set up. This will be the default screen for the HMI which will allow the operator or engineer to access all the other screens. 
[image: A screenshot of a computer

Description automatically generated]
The screen above shows two buttons, one green and the other red. These buttons are to start and stop the system manually when required. To the right of the buttons is a larger emergency stop button, the emergency stop button will shut the entire process off and alert the engineers that there is an issue. There are also counters for the boxes, a master counter for all boxes, then individual counters for the large, medium and small boxes. Finally, right at the bottom there are two buttons with arrows on them, [image: A screenshot of a computer

Description automatically generated]these buttons are programmed to move from one page to the other. 

[image: A screenshot of a computer

Description automatically generated]The second page is the Warning/Alarm page, there are 7 lights for warnings and 7 lights for the alarms. This is to specify what the issue is to ensure that it can be dealt with accordingly without wasting too much time problem solving. Some warnings and alarms have been left clear, this allowing for more unidentified issues to be programmed into the PLC and included onto the HMI without having to edit the layout. In the centre of the screen is a large light, this will illuminate each time an alarm is set off and will ensure that the system is unable to start back up until an engineer has corrected the issue and has cleared the master alarm. 

The final HMI screen in the system is the engineering screen. The purpose of this screen is to allow the engineers to clear the alarms once the issue is resolved. Without the alarm being cleared, the system will be unable to restart. There is a larger button for the master alarm which will need to be cleared each time and a smaller button on the bottom which will clear the box error alarm after the storage areas have been cleared. 
[bookmark: _Toc187167104]HMI and PLC Communication
[image: A screenshot of a computer

Description automatically generated]The HMI and PLC will communicate by sending the relevant data between the HMI and System. As previously mentioned, the operator will be able to start and stop the system via the HMI. 
[image: A screenshot of a computer

Description automatically generated]As shown above, the green button is illuminated, and the master counter has begun to count the passing boxes. 
In this image, the red button is illuminated showing that the system has been stopped and the counters have reset. 


[image: A screenshot of a computer

Description automatically generated]
[image: A screenshot of a computer

Description automatically generated]The alarm page responds to the system from communication from the PLC. As shown above, the Box warning LED is activated. This is pre-empting that the box storage is about to reach its capacity. When a few more boxes are stored, the display will then change to show the image below.
This displays the box alarm and the master alarm, ensuring that the engineer is able to identify that the box storage is at capacity, correct the issue and then use the engineering screen to clear the alarms before restarting the machine. 






[bookmark: _Toc187167105]Alarm and Warning Strategy
The alarm and warning systems of the process are implemented to ensure that there is minimum disruption to the production line and reduces system down time as much as possible. By displaying the alarm or warning on the HMI it makes it easy for the engineer to decipher the cause of the issue. 
[bookmark: _Toc187167106]Alarm and Warning Overview
The warning set up in the above system is to alert the operator that the storage is nearing its capacity. By creating this warning, it will prompt the operator to stop the machine and begin clearing the storage area, this will ensure that the storage doesn’t overflow. Furthermore, to ensure that the area doesn’t overflow if the operator does not notice the warning in time, there is also an alarm which will sound once a certain number of boxes have been counted. This however will shut the machine down and will require engineer support to restart the system. 
[image: A screenshot of a computer

Description automatically generated]The second alarm is to ensure that when the emergency stop is activated, the system can be inspected by an engineer to ensure it is in safe working condition before being able to start again. 
[image: A screenshot of a computer

Description automatically generated]In the image above is the activated emergency stop. When the emergency stop is in this state then the Alarm screen will show the below alarms. 
[image: A red oval on a yellow and black striped background

Description automatically generated]To deactivate the emergency stop alarm, the emergency stop button will need to be repressed so that it is in the state shown below. 
This will leave the master alarm active which will then need to be reset by the engineer. 

[bookmark: _Toc187167107]Results and Discussion
[bookmark: _Toc187167108]System Performance
[image: A white box with red buttons and a red light

Description automatically generated]As shown above, the programme was tested through each of its error states and tested to ensure that it runs as it should. Each size of box is successfully sorted into its designated areas, allowing the operators to easily locate the boxes when required without the need to look through them for the desired size. The Warnings and Alarms work as they should, indicating that the Emergency Stop has been pushed or the boxes have reached or are reaching their capacity. The final area of the project was ensuring that each of the warning lights worked when required. 
[image: A white box with red and yellow lights

Description automatically generated]The image above shows the stack light with the green light on. This can be expected when the system is working as it should with the boxes moving along the conveyors and the storage areas are not nearing capacity. 
The image above shows the system in an amber state. This will be expected when the box storage is nearing its capacity and allows the operator to prepare to empty the storage in good time. 



[image: A machine with a box and a box on it

Description automatically generated]Finally, as the system stops due to either the storage reaching capacity or due to the emergency stop being pressed it will enter the red state where the stack light shows red, and the warning light will activate to alert workers near by that the system has come to a stop and engineering is required to restart the system. 
From this we can determine that the system is working as expected and each part of the stack light shows when required as well as the warnings and alarms showing on the HMI. 
[bookmark: _Toc187167109]Challenges and Improvements
There were a few challenges experiences, one of which was the Box Error light shown on the HMI. At first the light would activate but then shut off straight away as the system shut down. It was determined that the alarm needed to be latched to remain on however this didn’t work due to the alarm being stuck on and wouldn’t clear. To ensure that it worked, the set function was used in the programme which would set the alarm to come on but wouldn’t latch it to remain on and would allow it to be cleared. 
Some improvements which could be made to this system would include setting up more warnings and alarms, one issue which could be experienced is boxes getting stuck behind the pushers when they are extended. To improve this, the system could add in a function where if the pusher extends and doesn’t retract in a certain time, the conveyors will reverse and remove the box from behind the pusher to allow it to retract. A second improvement could be to include an alarm if boxes which weigh more than 5kg or less than 4kg are weighed on the weighing conveyor, this would alert the operator that either a pallet box or a large box has gone down the wrong conveyor and will need to be manually moved, or to further this improvement, the conveyors can move in reverse and put it back onto the main conveyor line to continue to its desired storage area. To achieve this, the large box storage would need to be moved along the conveyor line to the end to ensure that it is able to still reach its destination. 
[bookmark: _Toc187167110]Conclusion
To conclude the report, a successful automated system was designed and programmed using a Siemens PLC which sorts boxes into storage areas depending on their weight and size. This system will ensure a much more efficient process and will reduce operator error. The Factory I/O simulation worked as expected and the programme is suitable for use. Each of the components such as alarms, stack lights, warning lights and LCDs work as expected and are accurate. Overall, the system is a success and meets the desired brief. 
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(1) Programme Blocks
(2) PLC Tags
(3) HMI Tags
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