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1 [bookmark: _Toc121837848]Abstract

This report looks at the design of a system capable of organizing four different box types into four different piles. This will be done using two PLC design software packages, Factory IO and Siemens TIA portal 16. Using these two packages together allows a HMI and ladder logic software to control a factory simulation. 
The desired outcome is to find a suitable solution to sort the four boxes which will minimize production down time and packaging errors. To do this the system must be able to detect boxes at various points in the conveyor system and differentiate the 4 different box types. It must also check for errors and instantly alert staff if an error is detected.

[bookmark: _Toc121837849]2	Literature review – Find as many references as possible

There are three main types of PLC. These are unitary, Modular and rack mounted [1]. 
Unitary PLCs are singular units which contain all required hardware to function, including the power supply, processor, memory and I/O units [2]. They are very simple units and cannot be expanded. 
Modular and rack mounted PLCs will usually consist of multiple modules connected together. Additional I/O and memory modules can be added to expand the PLC [3]. The main difference between modular and rack mounted PLCs is the way the modules are connected together. 
Modular PLC modules are all connected directly to a base unit which contains the main PLC components including the power supply and the CPU. Rack-mounted PLC modules are slotted into a rack which connects them to a network with all other modules. Each module has its own slot. 
Table 1 shows the pros and cons of each PLC type.
	PLC type
	Pros
	Cons

	Unitary
	· Cheap compared with other PLC types
· Simple installation
· Robust
	· No room for expansion means upgrades are difficult after installation.
· In the event of a faulty component, the whole PLC must be replaced

	Modular
	· Moderate cost
· Ability to add extra modules makes it well suited to more advanced installations
· The room for expansion means upgrades can be fitted retrospectively
· In the event of a fault, only the faulty module must be replaced
· Robust
	· Installations can become cluttered when lots of modules are added. This can make it difficult to understand the system when revisiting an old installation


	Rack-mounted
	· Ability to add extra modules makes it well suited to more advanced installations
· The room for expansion and rack-mounting setup means upgrades can be fitted retrospectively with ease
· In the event of a fault, only the faulty module must be replaced. The rack mounted installation makes this easier than the modular style PLC
· The simple layout of the rack-mounted modules makes the system very organized. 
· Robust
	· Expensive



Table 1 – PLC type pros and cons

[bookmark: _Toc121837850]3	Operational flowchart

To aid with designing the system, an operational flowchart was created. This shows the basic function of the system and can be referred to when writing the ladder logic code. Figures 1-5 show this.
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Figure 1 – Operational flowchart section 1
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Figure 2 – Operational flowchart section 2
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Figure 3 – Operational flowchart section 3
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Figure 4 – Operational flowchart section 4
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Figure 5 – Operational flowchart section 5

[bookmark: _Toc121837851]4	Alarm and warning strategy

The system uses an alarm and warning strategy to highlight errors which are occurring. The warnings are designed to alert staff that there is potentially a problem. This is triggered when more boxes are on the conveyors than expected, but not quite enough to warrant shutting down the whole system. 
Alarms are triggered by one of two things. The first is when the conveyor is deemed overcrowded enough to warrant shutting down the whole system. The second is when an incorrect weight is detected on the scales. This would require a member of staff to move the box to the correct conveyor. To do this safely and to avoid risk of further errors, the conveyor must be shut down. The error must be rectified instantly as beyond this point, the box would be processed as the incorrect item.
More boxes could be on the conveyor than expected for several reasons. Boxes could fall off, causing the quantity count to be incorrect. This would cause production issues with missing boxes, so it is important staff are alerted to the potential problem. Another potential cause could be a build-up of boxes causing a blockage. The weighing scales are particularly suspect to causing this issue since the scale conveyor must briefly stop to weigh the boxes. The conveyor is designed so that this build-up will not happen however it is important to check for these errors.
A box could end up on the wrong conveyor due to being in a different orientation. For example, if a small box entered the conveyor standing up tall, it would be pushed onto the large box conveyor. The weight detecting alarm system would detect this and shut down the system so that it can be rectified. 
Table 2 shows the alarm and warning strategy for the quantity checks. Table 3 shows the alarm strategy for the weight checks.
	Warning status
	Alarm status
	Stack light colour
	Siren status
	Conveyor status

	0
	0
	Green
	Inactive
	Active

	0
	1
	Red
	Active
	Inactive

	1
	0
	Yellow
	Inactive
	Active

	1
	1
	Red
	Active
	Inactive


Table 2 – Alarm and warning strategy for quantity checks
	Alarm status
	Stack light colour
	Siren status
	Conveyor status

	0
	Green
	Inactive
	Active

	1
	Red
	Active
	Inactive


Table 3 – Alarm strategy for weight checks

[bookmark: _Toc121837852]5	Conveyor system design in factory IO

Figure 6 shows the layout of the conveyor system in Factory IO. The emitter is used to place the boxes onto the conveyor. 
The first pusher is used to move the large boxes onto the large box conveyor. The large boxes are then weighed to verify the correct box is present before being removed from the conveyor.
The second pusher is used to move box small and medium boxes into the small/medium section of the conveyor. These boxes are then weighed and sorted into two separate conveyors, one for small boxes and one for medium boxes. They are then removed from the conveyor.
The remaining palletizing boxes continue down the conveyor. They are weighed to verify the correct box is present before being removed from the conveyor.
An electrical switchbox is present outside the fencing. The provides a start and stop button to enable users to control the system. A green and red LED are used to indicate whether the conveyor is on or not. Stack lights are used to indicate faults using the warning/alarm strategy discussed in section 4. It also displays the weight of the previous box weighed on all three scales. This switchbox allows easy control of the conveyor system from outside the conveyor area where potential hazards may be present.
Inside the fencing, a second electrical switchbox is present. This consists of a second set of stack lights, an alarm siren and an emergency stop button. There is much less control from here however the emergency stop is vital to provide fast and fool proof isolation of the system.
Figures 7-14 contain more detailed views of all sections of the system. This shows the position of all sensors and their purpose. This is important to know whilst designing the ladder logic.
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Figure 6 – Overview of the conveyor system

[image: Graphical user interface, application

Description automatically generated]
Figure 7 – Electrical switchbox 1
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Figure 8 – Electrical switchbox 2
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Figure 9 - Sensor 11 (used to count the total boxes entering the conveyor), Diffuse sensor 1 (Used to detect large boxes) and pusher 1
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Figure 10 – Sensor 7 - Used to detect boxes entering the large box scale and to count large boxes leaving the conveyor
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Figure 11 - Sensor 3 (Used to detect small & medium boxes), sensor 2 (Used to detect palletizing boxes) and Pusher 2
[image: Graphical user interface, application

Description automatically generated]
Figure 12 - Sensor 4 (Used to detect boxes approaching the small/medium box scales), sensor 8 (Used to detect medium boxes) and Sensor 9 (used to detect small boxes)
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Figure 13 - Sensors 5 (Used to count small boxes leaving the conveyor) and Sensor 6 (Used to count medium boxes leaving the conveyor)
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Figure 14 - Sensor 10 – Used to count palletizing boxes approaching the scales and leaving the conveyor



[bookmark: _Toc121837853]5.1	Factory IO connections

Figure 15 shows the PLC I/O connections in Factory IO. This is based on a Siemens S7 1200 PLC [4]. This comes fitted with 8 digital inputs and 6 digital outputs. This system requires 13 digital inputs, 3 analogue inputs and 31 digital outputs. To achieve this, additional modules are required. Table 4 shows this.
	Module type
	Part number
	Cost

	Siemens S7-1200 PLC CPU
	6ES7212-1BE40-0XB0
	£283

	Siemens SM 1231, 4 analogue inputs [5]
	6ES7231-4HD32-0XB0
	£204.12

	Siemens SM 1223, 8 digital inputs & 8 digital outputs [6]
	6ES7223-1PH32-0XB0
	£157.95

	Siemens  SM 1221, 16 digital inputs [7]
	6ES7221-1BH32-0XB0
	£157.95

	Siemens SM 1221, 8 digital inputs [8]
	6ES7221-1BF32-0XB0
	£98.92

	Total cost
	£901.84 +VAT


Table 4 – Required parts
[image: ]+
Figure 15 – Factory IO connections


[bookmark: _Toc121837854]6	Configuring the PLC tags

To run the factory IO conveyor design, the ladder logic program must be designed in Siemens TIA portal V16 software. This software allows the factory IO design to be controlled by ladder logic and an HMI (Human machine interface).  
To begin, all PLC tags must be configured. The tags are used to set all inputs, outputs and variables. The tag must be named suitably, specify the data type and the address. Figures 16-18 show the tags.
[bookmark: _Toc121837855]6.1	Data type
Throughout the tag selection, four data types are used. These are Booleans (Bool), Bytes, unsigned double integers (Uint) and reals. The data type is specified when configuring the PLC tags.
A Boolean consists of one bit in binary form. This bit can represent two different values. In PLC coding it is represented by ‘Bool’.
A Byte consists of 8 bits. Using the formula in equation 1, 1 byte can represent up to 256 different values. In PLC coding it is represented by ‘Byte’ [9,10].


Equation 1
An unsigned double integer consists of 32 bits. Equation 2 shows that it can represent 65536 different values. The fact that it is unsigned means that these values are from 0-65536. A signed double integer would represent values from -32767 to +32767, representing both positive and negative values. In PLC coding it is represented by ‘Uint’.

Equation 2
A real number, like a Uint, consists of 32 bits. The difference is that it can represent numbers with decimal places. This is essential for weighing the boxes. In PLC coding it is represented by ‘Real’.

[bookmark: _Toc121837856]6.2	Addressing
All tags within the PLC must be assigned an address. This specifies the tag a data type and a location. There are three tag types used. These are inputs, outputs and memory locations. The type of tag is specified by the first letter of the address. The data type is specified by either a 2nd letter. A number specifies the location [11].
The first input, ‘start button’, is a Boolean. This means it is represented by one bit. The tags address is %I16.0. The ‘I’ means that it is an input, with the address location being byte 16 and bit 0. The PLC will read the value at input I16.0 on the PLC and assign it to the variable ‘start button’.
Another example is the output tag digital display. The address is %QD30. The ‘Q’ specifies that the tag is an output. The ‘D’ specifies that it is a double word. The 30 specifies the location is byte number 30. The PLC will output the variable ‘digital display’ to output QD30. This tag uses 4 words, so the next location used must be %QD34.
An example of a memory location is the variable ‘Alarms’. The data type is a Byte and the address is %MB201. The ‘M’ specifies that it is a memory location. The B201 specifies that it is using byte number 201. This system uses variables Alarm1 to alarm 8 to set the individual bits within this byte. ‘Alarms’ is then used to read the byte as a whole.
A final point to mention is that the variables are not remembered when the HMI is closed. This is not ideal for the warning and alarm count variables since they are set by the engineers. These tags can be configured to retain the values. The benefit of this is that the engineers will not be required to configure the limits unless they require changing. 
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Figure 16 – PLC tags
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Figure 17 – PLC tags
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Figure 18 – PLC tags

[bookmark: _Toc121837857]7	PLC ladder logic

The PLC ladder logic is created in Siemens TIA portal V16 software. 
A range of functions are used throughout. Table 4 shows all of these functions along with a description of what they do.
	Function name
	Functionality

	NO gate
	When set to 0 the gate is open. When set to 1 the gate is closed

	NC gate
	When set to 0 the gate is closed. When set to 1 the gate is open

	TON
	When the input is triggered, the output is set to 1 once the timer has elapsed.

	TP
	When the input is triggered, the output is set to 1 for a specified duration of time

	Move
	Moves a value from one variable to another

	Comparator
	Checks if an input is within or outside a minimum and maximum value. The output is set accordingly.

	Counter
	Has two inputs. One input increments the counter, the other input decrements the counter. The output is the counter. A Signal on the reset returns the counter to 0.

	Multiply
	Multiplies two values together

	Output
	Can do one of three functions. The first sets the variable to whatever the input is. The second will set the variable to 1. The third will set the variable to 0.


Table 4 – Ladder logic functions
The rest of this section will provide screenshots of each section along with a brief description of the function.
Network 2 – Setting ‘Operate’ & resetting the scale conveyors
Network 2 sets the variable ‘Operate’ which is used to start the conveyor in network 3. The start button is used to set operate and is then latched. Operate is reset when the stop button or the alarm is triggered.
The scale conveyors require a set and reset to allow boxes to be weighed. Due to this, when operate is reset, they remain active since they are latched on. This line resets them when operate is reset.
[image: ]
Figure 19 – Network 2

Network 3 – Starting the conveyors & the start-up alarm
Network 3 is used to start the conveyors and trigger the start-up siren. Once operate is set, 1 TP and 14 TON timers are started. The TP timer is set to 2 seconds. This causes the alarm siren to sound for 2 seconds before the conveyors begin to start. This alerts all nearby staff that the conveyor belts are going to start.
The 14 TON timers are used to start each conveyor in the order that the boxes will reach them. Each conveyor is started 0.5S after the previous one. It is designed like this to limit the high in-rush current. Starting so many motors at once could cause an extremely high strain on the supply due to the inductive nature of motors. 
The scale conveyors have an extra timer. To accurately weigh a box, the scale conveyor must be stopped. To make this possible, the conveyors must be set on and latched with a pulse signal. This allows the conveyor to be switched off and on easily by simply setting and resetting the variable.

[image: ]
Figure 20 - Network 3 part 1
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Figure 21 – Network 3 part 2
[image: ]
Figure 22 – Network 3 part 3
Network 4 – Setting the green & red indicators
Network 4 is used to switch the green and red indicators. These indicators are used to indicate if the conveyor is on or off.
[image: Graphical user interface, application, Word
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Figure 23 – Network 4
Network 5 – Latching the diffuse sensors
Network 5 is used to set the diffuse sensor latches. Only the diffuse sensors which needed to be latched required this.
[image: Graphical user interface, application, Word
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Figure 24 – Network 5
Networks 6 & 7 – Operating the pushers
Networks 6 & 7 are used to operate the pushers. Once the diffuse sensor is set, a timer starts. Once the timer elapses the pusher will activate, moving the box to the required conveyor. After this, another TON is used to reset the diffuse sensor ready for the next box.
[image: ]
Figure 25 – Networks 6 & 7

Network 8 – Master warnings, alarms and resets
Network 8 configures the master warnings, alarms and alarm resets. The ‘Warnings’ tag looks at the byte which contains all warning bits. If any of these bits is set to 1, the warning flag is set. This is used to activate the yellow stack light.
The same principle is used for the alarm flag. The issue is that as soon as the fault disappears, the alarm flag is disabled again. The alarm flag must remain enabled and shut the conveyor down.
To do this, alarm flag is used to set a master alarm variable. This variable is then used to latch itself on. A reset is connected in series to provide a means of disabling the alarm. This reset is activated in the engineering screen of the HMI.
Alarm 9 is wired in parallel with Alarm flag to switch Alarm master on. Alarm flag can only look at 1 byte so the 9th alarm requires an additional bit. The simplest method of resolving this was to connect alarm 9 in parallel. 
The final line allows the master reset to reset the Diffuse sensors. This was required due to a glitch which was occurring in the event of a fault which resulted in the Diff variables being constantly set. This provided a means of resetting these variables after the fault is cleared. 
[image: ]
Figure 26 – Network 8

Network 9 – Weighing the scales
Network 9 is used to briefly stop the scale conveyors and use a variable to state that the reading can be taken.
When Diff4 is set, a 1 second timer begins to allow the box to move to the centre of the scales. Once there, the scale conveyor is stopped and a 2nd timer begins. This allows the box to settle on the scales before the reading is taken. Once the reading can be taken, a variable is set to 1. This is used in network 10 to read the scales. After this, a pulse is sent to reset Diff4 and the scale conveyor.
This method is repeated for all 3 weighing scales.
[image: ]
Figure 27 – Network 9
Network 10 - Reading the scales
Network 9 set a variable which states the box weight can be read. When this is set, a pulse is used to move the value from the weighing scales to the variable used to store the weight and to the digital display. 
Using a variable to store the weight rather than reading it directly from the scales means that the value will not return to 0 once the box is moved on.
[image: Diagram, timeline
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Figure 28 – Network 10
Network 11 – Operating the pop-up wheels
The small and medium boxes are the same height so must be sorted by weight. When the weight is below 4.25, the left popup is set and the right popup is reset. This causes the box to be moved left. The opposite is done when the box weighs more than 4.75.
These values are chosen to prevent the popups rapidly toggling due to an unstable reading. The reading for a box expected to 5kg would need to drop down as low as 4.25Kg to switch the popups. The reading for a box weighing 4kg would need to reach 4.75Kg to switch the popups. If the midpoint of 4.5Kg was chosen for each box, there is a possibility the popups could begin toggling left to right if the weight was close to the midpoint.
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Figure 29 – Network 11

Network 12 – Error checking using weight
The system must check that every box weighed is in the correct place. A comparator is used to check if the box is outside of the expected range. If it is, an alarm is triggered. The alarm is then latched on so that it is clear where the error is coming from. If the indicator disappeared, the alarm would be sounding with no indication of the cause of the fault. When the master reset is activated, the latch is broken and the alarm resets.
[image: Graphical user interface, application, Word

Description automatically generated]
Figure 30 – Network 12
Network 13 – Quantity counters
This network sets the quantity warnings and alarms. Counters are used to count up when a box enters a section and count down when it leaves. The outputs are saved into variables. This provides a total of how many boxes are within a section, allowing limits to be set to prevent overcrowding.
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Figure 31 – Network 13



Network 14 – Triggering the quantity warning and alarm signals
Network 14 uses conveyor quantities to trigger the warnings and alarms. The conveyor quantities are compared to the Alarm and warning count limits. If the variable exceeds the count limit, the alarm/warning is triggered. All alarms are designed with a latching system; however, the warnings will disappear if the quantity drops below the limit.
The count limits are set in the engineering screen of the HMI.
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Figure 32 – Network 14 part 1
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Figure 33 – Network 14 part 2
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Figure 34 – Network 14 part 3
Network 15 – Master alarm and warning count
As well as checking the boxes for overloading on each section of the conveyor, the system counts everything which enters the conveyor against everything which is removed. Every box which enters the conveyor is counted. The variable is then counted down using all 4 diffuse sensors which are fitted at the end of their respective conveyors. A maths function is then used to multiply the quantity limits set by the engineers by 4. This is then used to trigger the warnings and alarms using the same method as network 14.
It is important to multiply the quantity limits by 4 to ensure that there is no ‘nuisance’ alarm or warning signals. There are 5 sections, each of which may contain boxes. Setting the master limit slightly below 5 times the standard limit can help detect faults sooner. 
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Description automatically generated]
Figure 35 – Network 15 part 1
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Figure 36 - Network 15 part 2

Network 16 – Stack lights and alarm siren
Network 16 is used to operate both sets of stack lights, the warning beacon, and the alarm siren.
If the master alarm is active, the siren, both red stack lights and the warning beacon are all switched on. 
If the warning flag is active but the red stack light is inactive, both yellow stack lights are activated. This ensures the yellow stack lights are disabled when an alarm is triggered.
The two green stack lights are only enabled when both the yellow and red stack lights are disabled.
[image: A screenshot of a computer
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Figure 37 – Network 16

[bookmark: _Toc121837858]8	Human Machine Interface (HMI)

The human machine interface is used to allow users to interact with the PLC. This can form part of a SCADA (Supervisory Control and Data Acquisition). SCADA systems are used to monitor and control large factories [5]. The PLC will monitor and control the system and feed the information back to an HMI. The HMI provides the user with the ability to control the factory via the PLC and analyse the data it displays. Modern SCADA systems allow a mobile phone to act as an HMI. The PLC can be programmed to send a text to the engineer when a warning or alarm is triggered [6]. 
The root screen contains all important information including a replication of the stack lights and an emergency stop. The emergency stop is configured to trigger the alarm master.
The alarm screen contains all alarm and warning indicators. It has a description of what each indicator represents, allowing quick and easy fault diagnosis to help minimise down time of the production line.
The engineers screen allows the engineers to set the warning and alarm limits. It contains the master reset button, clearing all alarms. If the fault is still present, the alarm will not clear. It displays the conveyor quantities and box weights.
Figures 38-40 show the HMI screens.
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Figure 38 – HMI root screen
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Figure 39 – HMI alarm screen
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Figure 40 – HMI engineers screen

[bookmark: _Toc121837859]9	Results

Figures 41-51 show screenshots demonstrating that the warning and alarm system is functioning correctly. This proves that everything discussed in the previous sections works correctly. 
[image: Graphical user interface, application

Description automatically generated]
Figure 41 – Root screen with no faults
[image: Graphical user interface

Description automatically generated]
Figure 42 – Alarm screen with no faults
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Figure 43 – Engineers screen with no faults
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Figure 44 – Electrical switchbox with no faults
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Figure 45 – Root screen with quantity warning
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Figure 46 – Alarm screen with quantity warning
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Figure 47 – Electrical switchbox with quantity warning
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Figure 48 – Root screen with weight alarm
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Figure 49 – Alarm screen with large box weight alarm
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Figure 50 – Engineers screen with a large box weight alarm
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Figure 51 – Electrical switchbox with a quantity alarm

[bookmark: _Toc121837860]10	Conclusion

Throughout this report a system designed to organize 4 different packages into 4 different piles was designed. The system was controlled by both an electrical switchbox and an HMI. The system is constantly analysing data from the factory and reporting it back to the HMI. If any fault conditions are met, the system responds accordingly.
Section 9 proves that it successfully completes all of these requirements which were specified throughout the report. By having this automated system in place, packing errors is minimized by detecting them before it is too late. Production down time is also minimized, any fault immediately alerts staff and informs them of where the fault is located. This will reduce the time taken to rectify any issues.
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Part of the alarm system implemented into this system involves weighing the boxes to ensure they
are on the correct conveyor. A simple comparator circuit s used to check if the box s outside of the
expected range. I itis, then the alarm is triggered. A latching circuit is then used to ensure that the
alarm indicator stays active so that it s clear where the error is coming from. If the indicator
disappeared, the alarm would be sounding with no indication of the cause of the fault. When the
master reset is activated, the latch is broken and the alarm resets,
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the conveyor s counted at the start using a diffuse sensor. The variable is then counted down using
all 4 diffuse sensors which are fitted at the end of their respective conveyors. A maths function is
then used to multiply the quantity limits set by the engineers by 4. This is then used to trigger the
‘warnings and alarms using the same method as network 14.
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