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[bookmark: _Toc122019318]Abstract
This report contains a critical analysis of unitary, rack mounted, and modular PLC systems used in industry, while also demonstrating the use of Siemens TIA Portal V16 and Factory I/O to create a conveyor sorting system using ladder logic programming language. The program created sorts through 4 different types of boxes, separating them depending on size and weight, the program also includes safety and process interlocks to allow the program to run independently and flag any warnings and alarms via a human machine interface.
[bookmark: _Toc122019319]Introduction 
Programmable logic controllers were invented to replace old control relay that relied upon physical timers; with compact units that are capable of continuously monitoring multiple inputs, producing pre-programmed outputs to operate an industrial system. The ladder logic programming language used is based upon relay logic, it is a standardised language which represents a program graphically based on the traditional circuit diagrams used in relay logic hardware.
[bookmark: _Toc122019320]Literature Review - Types of PLC Used in Industry
There are three main types of PLC used in industry, unitary, rack mounted and modular. These are made by a range of manufacturers including but not limited to:
· Allen Bradley/Rockwell
· Siemens 
· ABB
· Mitsubishi 
· Hitachi 
· General Electric 
· Omron [1]
[bookmark: _Toc122019321]Unitary PLCs 
Unitary PLCs have many modules built into a small package, including a power supply unit, processor and a fixed number of inputs and outputs (I/O), as shown in Figure 2. Normally used for small applications due to limited number of I/O, these units were created to bridge the gap between old control relay at a fraction of the cost of a modular or rack mounted PLC unit. Shown in Figure 1 below, the Siemens LOGO unitary PLC contains 8 inputs and 4 outputs.
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[bookmark: _Ref121840399][bookmark: _Toc122019339]Figure 1 – Unitary PLC [2]
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[bookmark: _Ref121844822][bookmark: _Ref122009689][bookmark: _Toc122019340]Figure 2 - Internal components of Unitary PLC [1] p.1187.

[bookmark: _Toc122019322]Modular/Rack Mounted PLCs
A modular PLC is very similar to a rack mounted PLC, although there are slight differences. Both systems contain external modules consisting of a power supply, communications module, controller, and I/O module. Rack mounted PLC modules are separate cards that slot into standard communication slots within a rack, all slots are connected through a bus network to communicate. Whereas modular PLC modules contain a base module and all additional modules such as additional outputs connect directly to the base. Commonly used in large industrial applications, both designs provide additional features over a unitary PLC allowing for the number of I/O to be extended to suit the users’ needs. [3]
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[bookmark: _Toc122019341]Figure 3 – Rack mounted PLC [4]
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[bookmark: _Toc122019342]Figure 4 - External Modules of Modular/Rack Mounted PLC's [1] p.1187.
	Figure 5 below shows the expansion of a modular PLC, using a communication cable to link more I/O modules to the existing PLC. This allows you to expand an existing process, where a unitary PLC would need to be replaced.
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[bookmark: _Ref121840425][bookmark: _Toc122019343]	Figure 5 – Modular PLC [3]	





[bookmark: _Toc122019323]PLC Comparison
Table 1 below lists the differences between a compact and modular PLC.
	PLC Type
	Advantages
	Disadvantages

	Unitary
	Cheap to buy
	Limited performance due to having less I/O compared to a modular PLC

	
	Compact design makes it good for small standalone applications
	Cannot be easily repaired as all modules are internal

	
	Portable and easy access
	Fixed number of inputs and outputs decided by the manufacturer

	Modular/Rack Mounted
	Future-proof design due to expandable I/O modules
	Expensive

	
	Individual parts can be changed or upgraded without having to replace the whole system
	

	
	Contains more memory, can therefore store more information, and carry out more commands
	Its size takes up more space

	
	Less downtime compared to a unitary PLC as troubleshooting will take less time than that of a unitary PLC due to external modules
	


Table 1 - Pros and cons of unitary and modular/rack mounted PLC
















[bookmark: _Toc122019324]Operational Flow Chart 
An operational flow chart was created alongside the PLC program to assist in decision making and commands. See Figure 6 to Figure 10 below. 
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[bookmark: _Ref121844098][bookmark: _Toc122019344]Figure 6 - Flowchart Screenshot 1
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[bookmark: _Toc122019345]Figure 7 - Flowchart Screenshot 2
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[bookmark: _Toc122019346]Figure 8 - Flowchart Screenshot 3
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[bookmark: _Toc122019347]Figure 9 - Flowchart Screenshot 4
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[bookmark: _Ref121844106][bookmark: _Toc122019348]Figure 10 - Flowchart Screenshot 5
[bookmark: _Toc122019325]PLC Program and Factory I/O
Shown in Figure 11 and Figure 12 below is the conveyor sorting system created using a program called Factory I/O. The factory contains 11 conveyor belts, a conveyor scale, 9 diffuse sensors, 3 pushers, a physical emergency stop button, a start and stop button, siren, 2 stack lights to illustrate the status of the factory system, a package emitter and package removers.
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[bookmark: _Ref121840143][bookmark: _Toc122019349]Figure 11 – Factory I/O Birdseye View 1
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[bookmark: _Ref121840197][bookmark: _Toc122019350]Figure 12 - Factory I/O Birdseye View 2








Figure 13 shows the start panel, this would also have the HMI screen designed in Siemens TIA V16 incorporated into it.
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[bookmark: _Ref121840462][bookmark: _Toc122019351]Figure 13 - Factory I/O System Panel
Figure 14 shows the height sensor and global counting sensor.
[image: ]
[bookmark: _Ref121840469][bookmark: _Toc122019352]Figure 14 - Factory I/O Emitter and Associated Sensors





Figure 15 and Figure 16 show the first pusher and height sensor which sorts the large boxes.
[image: ]
[bookmark: _Ref121840479][bookmark: _Toc122019353]Figure 15 - Factory I/O Large Box Pusher/Sensor
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[bookmark: _Ref121842651][bookmark: _Toc122019354]Figure 16 – Factory I/O Large Box Slide Remover



Figure 17 to Figure 19 below show the second pusher which pushes the small and medium boxes to the weigh scale to be sorted based upon weight. 
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[bookmark: _Ref121840483][bookmark: _Toc122019355]Figure 17 - Factory I/O Medium/Small Box, Pusher/Sensor
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[bookmark: _Toc122019356]Figure 18 - Factory I/O Weigh Scale and Pop-Up Wheels
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[bookmark: _Ref121840558][bookmark: _Toc122019357]Figure 19 - Factory I/O Small and Medium Box Sorting Section
Figure 20 and Figure 21 below show the final pusher, controlled by diffuse sensor 0 to sort palletizing boxes.
[image: ]
[bookmark: _Ref121840574][bookmark: _Toc122019358]Figure 20 - Factory I/O Palletizing Pusher/Sensor
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[bookmark: _Ref121840583][bookmark: _Toc122019359]Figure 21 - Factory I/O Palletizing Slide and Remover

















[bookmark: _Toc122019326]PLC Inputs and Outputs 
Below is the list of hardware linked within the Factory I/O software to the I/O module of the PLC. 
[image: Text
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[bookmark: _Toc122019360]Figure 22 – PLC Inputs and Outputs







[bookmark: _Toc122019327]HMI Screens
Human machine interfaces (HMI) were created using Siemens TIA V16 program, see Figure 23 to Figure 25, this is used to control the conveyor sorting system and provides a graphical illustration of the operational state of the system to the operator as well as an engineer via an alarm and engineering screen.
[image: ]
[bookmark: _Ref121840735][bookmark: _Toc122019361]Figure 23 - HMI Root Screen
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[bookmark: _Ref121841026][bookmark: _Toc122019362]Figure 24 - HMI Engineering Screen
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[bookmark: _Ref122012097][bookmark: _Toc122019363]Figure 25 - HMI Alarm Screen

















[bookmark: _Toc122019328]PLC Program Explanation 
Figure 26 shows the first 2 networks in the PLC ladder logic program. Network 1 contains the adapter to connect the program to the virtual Siemens S7-1200 series PLC. While network 2 contains normally open (NO) and normally closed (NC) contact inputs that allow the conveyor system to operate. The program will only operate when the emergency stop and stop button are not pressed and there are no alarms present (alarm flag is set by alarms), if either of these things are initiated, the conveyor system will not operate. 
[image: ]
[bookmark: _Ref121840606][bookmark: _Toc122019364]Figure 26 – Siemens TIA V16 Networks 1 and 2




















Figure 27 to Figure 29 contain the conveyor and siren networks. All outputs are controlled by the ‘operate’ NO contact, when this is made, each conveyor is started via a separate ‘TON’ timer operation which each generate an on-delay of a pre-set time. To limit current draw at start up, each set of conveyors are started in sequence, to allow the conveyor motors to ramp up to speed before the next set of conveyors are started. The siren output is controlled via a ‘TP’ timer operation which generates a pulsed output for the pre-set time of 2 seconds to sound the siren for 2 seconds and then stop. The scale conveyor is started slightly differently to the conveyors as this requires automatic stop and start resets while the conveyor system is running. To achieve this, a ‘set’ output is used; for the other outputs to stay energised, they must constantly receive power, whereas a ‘set’ output only needs to be energised once and it will stay energised once power is removed from it. Thus, the on-delay timer feeds a pulse generating timer of 5ms, so that the scale conveyor output is set to on before power is then removed from the output.
[image: ]
[bookmark: _Ref121840619][bookmark: _Toc122019365]Figure 27 - Siemens TIA V16 Network 3
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[bookmark: _Toc122019366]Figure 28 - Siemens TIA V16 Network 3
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[bookmark: _Ref121840625][bookmark: _Toc122019367]Figure 29 - Siemens TIA V16 Network 3













Figure 30 shows network 4 containing the three pushers. Each pusher is activated via a NO contact linked to its adjacent sensor, which is mounted at a specific height to detect each size box. When the sensor is activated, this starts an off delay of 850ms, which provides power to the on-delay timer and pulse timer to allow the pusher to extend and then retract after 850ms. Each on-delay time was set depending on the position of the sensor with respect to the pusher.
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[bookmark: _Ref121840640][bookmark: _Toc122019368]Figure 30 - Siemens TIA V16 Network 4




















Figure 31 below shows the programming for each counter. Each of the 5 count operations are linked to the counters shown on the HMI screen in Figure 23 above, this provides the operator with a clear count for each box and the total box count. Each counter counts up by a value of 1, each time the NO sensor contact supplying it is made. Each count can also be individually reset by the operator using the buttons located on the HMI display shown in Figure 23.
[image: ]
[bookmark: _Ref121840649][bookmark: _Toc122019369]Figure 31 - Siemens TIA V16 Network 5
	










Shown in Figure 32 is the stack lights, warnings and alarms associated with the program. The warning and alarm variables are each 1 byte, made up of 8 bits of data (8 warnings and 8 alarms) that are stored into memory locations within the PLC. The warning flag is set within the PLC memory using a comparator, which acts as a NO contact until the warning byte is not equal to 0, i.e., one or more of the warning bit values that make up the byte are equal to 1. If this is the case, the warning flag output is set. The same can be said for the alarms comparator which sets the alarm flag, as well as the master alarm output.
The stack lights are both controlled via the NO and NC ‘operate’ contact which prevent both the red and green light from being on at the same time, when the conveyor is running with no warnings, both stack lights illuminate green, when the conveyor isn’t running, both stack lights illuminate red.
If either of the warning or alarm flag memory locations are set, the NO contacts make which firstly sets the yellow stack light output linked to the HMI and secondly it makes the two physical stack lights flash yellow to indicate a fault. The on delay timer creates a 400ms delay before feeding the pulse timer, which pulses the yellow lights on for 500ms, when the output of the stack lights are made, the NC contact linked to the yellow stack light breaks the circuit and then remakes the circuit as soon as the light goes out, which starts the on delay and pulse timer again to create a flashing light that is on for 500ms and off for 400ms.
Finally, if the emitter box height sensor (diffuse sensor 9), shown in Figure 14 is made, this suggests that more than one box is at the start of the conveyor (boxes stacked), subsequently setting alarm 6 output, which sets the alarm flag to stop the conveyor and flash the yellow light to indicate a fault. The fault is then shown on the HMI screen.
[image: ]
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[bookmark: _Ref121840773][bookmark: _Toc122019370]Figure 32 - Siemens TIA V16 Network 6

Shown in Figure 33 below is the scale conveyor programming. When a small or medium box is pushed down the conveyor, it enters the scale conveyor, this makes the scale conveyor sensor NO contact, which makes the reset scale conveyor output, a reset output acts in the opposite way to a set output, when supplied with power the output is de-energised, this temporarily stops the scale conveyor and starts an on delay timer of 750ms which feeds a pulse timer to set the scale conveyor again and move the box off the scale. This allows the box to come to a stop before being weighed.
When the conveyor system is not running the NC ‘operate’ contact makes which also resets the scale conveyor so that it can be set (started) again when the conveyor is started.
[image: ]
[bookmark: _Ref121840833][bookmark: _Toc122019371]Figure 33 - Siemens TIA V16 Network 7




















Figure 34 shows how the weight is stored and how the pop-up wheels are controlled based upon weight. When the scale conveyor is stopped, this make the NC contact, starting a 500ms on delay to allow the box to stop before the weigh scale voltage input is sent to a memory location called ‘weight store’, this memory location is then displayed as an output on the local display.
It was determined that a small box weight translated to approximately 4V output from the weigh scale, whereas a medium box was approximately 5V. Therefore, comparator functions were used to set the wheels to transfer the box left when a small box was detected (while resetting the ‘right’ output) and when a medium box was detected the pop-up wheels ‘right’ output was set, while resetting the left output.
An interlock was added, whereby if the weigh scale was to register a voltage of 6V or over, this would suggest that more than one box has ended up on the weigh scale, which would therefore set alarm 5 output, set the alarm flag, and stop the conveyor system.
[image: ]
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[bookmark: _Ref121840853][bookmark: _Toc122019372]Figure 34 - Siemens TIA V16 Network 8












Figure 35 and Figure 36 below show the box error counts for large and palletizing boxes. Both networks are created the same but are addressed to the different sensors associated with each size of box. The sensor next to the pusher counts up, while the sensor at the end of the conveyor counts down, with the output integer value being set to separate unassigned integer memory locations. Two comparators were used on each box size, these compare the warning and alarm values inputted by the user on the HMI with the live value and make the warning or alarm value output if the value exceeds the user’s set value (to warn the user that boxes have not reached the end of the conveyor). The 5 second on delay timer gives the box time to travel down the conveyor belt to prevent the warning or alarm being triggered inadvertently.
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[bookmark: _Ref121840870][bookmark: _Toc122019373]Figure 35 - Siemens TIA V16 Network 9
[image: ]
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[bookmark: _Ref121840876][bookmark: _Toc122019374]Figure 36 - Siemens TIA V16 Network 10
Figure 37 and Figure 38 are set up in the same way as Figure 35 and Figure 36, except these are the boxes that are sent to the weigh scale. To differentiate between each box, a comparator linked to the weigh store memory location was placed in the count up ladder rung along with a on delay timer, this timer prevented fluctuations in weigh scale voltages from counting up on the incorrect box error counter.
[image: ]
[bookmark: _Ref121840891][bookmark: _Toc122019375]Figure 37 - Siemens TIA V16 Network 11
[image: ]
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[bookmark: _Ref121840895][bookmark: _Toc122019376]Figure 38 - Siemens TIA V16 Network 12


[bookmark: _Toc122019329]Data Types and Addresses 
There are several data types used for variables within this PLC program, these are:
· Boolean [5] p.64.
· Byte
· Uint/Word
· Real/DWord
The address of data types defines two things, where the variable sits within the internal memory of the PLC and the size of the variable. 
Shown in Figure 39 is an example of a Boolean variable tag called “operate” stored in memory location M100.0. A Boolean is equal to 1 bit of data and contains one of two values, TRUE or FALSE or 0 and 1 in the decimal system. This means that it can be used to say a variable is on or off. [6]
[image: ]
[bookmark: _Ref121840932][bookmark: _Toc122019377]Figure 39 - Boolean memory location
Figure 40 shows a byte of data that resides in memory table, byte number 200. This byte contains 8 memory bits stored in memory locations M200.0-M200.7.
[image: ]
[bookmark: _Ref121840939][bookmark: _Toc122019378]Figure 40 - Byte memory location
Shown in Figure 41 is an example of where words of data have been used in the program. A Uint (unassigned integer) is a whole number but unlike integers they are always positive in value, it is a 16-bit variable thus occupies two bytes in the memory and can store 0 to 65,535 distinct values.
[image: ]
[bookmark: _Ref121840946][bookmark: _Toc122019379]Figure 41 - Uint/word data type and memory location
Shown in Figure 42 is an example of a real value being used in the program. Real values can directly be assigned a decimal value and is the reason for using it as the data type to store the voltage output from the weigh scale. MD300 means it’s a double word stored in memory double word location 300 and as it’s a double word, it is a 32-bit variable. [7]
[image: ]
[bookmark: _Ref121840954][bookmark: _Toc122019380]Figure 42 - Real/DWord data type and memory location



[bookmark: _Toc122019330]Alarm/Warning Strategy
All possible faults and errors were considered before creating the warning and alarm list, much of these included trial and error of running the conveyor system before recognising that a fault could occur and subsequently programming an alarm to prevent it from causing problems to the factory.
Shown in Figure 43 is all of the warnings and alarms associated with the program. 
[image: ]
[bookmark: _Ref121840972][bookmark: _Toc122019381]Figure 43 - HMI Warnings/Alarms
There are 7 alarms and 5 warnings. If any of the alarms are activated, the program will stop/will not run, whereas the conveyor system will continue to function while a warning is present, and the yellow warning light will flash to indicate a problem. When an alarm is activated, the red stack light will illuminate to show that the conveyor has stopped and the yellow stack lights will flash, along with the yellow HMI stack light, this shows the operator that something has gone wrong.









[bookmark: _Toc122019331]Warning 0 and Alarm 0
The HMI engineering screen shown in Figure 24 contains two buttons that allow an engineer to force either a warning or alarm in order to test the program, with the warning and alarm status shown to the engineer below and on the alarm screen as alarm 0 and warning 0, see Figure 44 and Figure 45.

[image: ]
[bookmark: _Ref121841098][bookmark: _Toc122019382]Figure 44 - Alarm and warning buttons pressed
[image: ]
[bookmark: _Ref121841156][bookmark: _Toc122019383]Figure 45 - Alarm 0 and warning 0 illuminated





[bookmark: _Toc122019332]Resetting warnings and alarms
Warnings can be cleared using ‘general reset’ button, alarms do not clear even after the cause has been fixed. The alarm must be cleared using the ‘master reset’ button before the factory I/O can run again. Both buttons are on the engineering HMI screen, shown in Figure 46 below.
[image: ]
[bookmark: _Ref121841174][bookmark: _Toc122019384]Figure 46 - Reset buttons
[bookmark: _Toc122019333]Warnings and alarms 1-4
Within the engineering screen, the error counter limits can be set by the engineer. These are global warning and alarm limits. If either of the box sizes do not reach the end of the conveyor, the associated memory location for each counter will count up by 1, if 3 boxes do not reach the end of the conveyor this will set the associated warning bit ranging from warning 1 to 4. Similarly, if 5 boxes do not reach the end of the conveyor, an alarm from 1-4 will be set and the program will stop. All warnings and alarms illuminate the associated tag on the alarm screen.
[image: ]
[bookmark: _Toc122019385]Figure 47 - Setting box error limits

[bookmark: _Toc122019334]Alarm 5
If more than 1 box or a large box was to end up on the weigh scale at the same time, this would result in a weigh scale voltage output of 6V or more, which will subsequently trigger alarm 5, this sets the alarm flag which stops the program and illuminates the associated alarm on the alarm screen. Shown in Figure 48 and Figure 49 below.
[image: ]
[bookmark: _Ref121841207][bookmark: _Toc122019386]Figure 48 - Weigh scale overweight
[image: ]
[bookmark: _Ref121841213][bookmark: _Toc122019387]Figure 49 - Alarm screen alarm 5 illuminated

[bookmark: _Toc122019335]Alarm 6
To prevent two boxes from travelling down the conveyor at the same time, which would cause problems, diffuse sensor 9 was installed to detect a second box and subsequently activate alarm 6, shown in Figure 50 and Figure 51 below.
[image: A picture containing indoor
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[bookmark: _Ref121841229][bookmark: _Toc122019388]Figure 50 - Boxes stacked on emitter
[image: ]
[bookmark: _Ref121841233][bookmark: _Toc122019389]Figure 51 - Alarm 6 illuminated

[bookmark: _Toc122019336]Reflection 
Overall, I feel that I have created a factory system and PLC program that very much meets the brief along with some added extras to make the system more intuitive and reliable. Many valuable skills have been gained during the stages of this task that have broadened my knowledge of PLC systems. In hindsight, when programming the factory system, I would have added the ‘operate’ NO contact at the start of every rung, not just the conveyors, as this would have prevented inputs such as the pusher sensors and sensor counters from influencing the program when the conveyor system was not running. 
[bookmark: _Toc122019337]Conclusion 
Most if not all of industrial processes today are controlled by rack mounted or modular PLC’s due to the vast memory locations and I/O available, the factory created in this task uses a modular Siemens S7-1200 due to the large number of inputs and outputs required. The factory contains all of the hardware listed within the brief and more, while the accompanying programming software and HMIs allow the process to run smoothly and independently. The process can run independently due to programmed interlocks such as the emitter height interlock that detects a build-up of boxes at the start of the conveyor, box error warning and alarm to keep track of any lost boxes and weigh scale weight interlock that detects more than one box or the incorrect box on the weigh scale, that all prevent the factory process from running into problems. The system sorts palletizing, small, medium, and large boxes into separate areas of the factory, has stack lights to illustrate the state of the factory, intuitive HMI screens that allow the operator to control the process along with HMI screens to provide an engineer with more information in the event of a fault. 
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Network 10: Palletizing Box Error Count
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Network 12: Medium Box Error Count
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