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In order to meet the specification for the line process, the factory must be able to manufacture bases and lids, assemble them together, and place them into shipping boxes (2 complete items in each). The result of this was the factory pictured below:
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This factory starts with an emitter on each of the entry conveyors. Both emit the raw materials. These conveyors then feed into two machining centres. The machining centre pictured on the left produces lids and the right produces bases.

Once the machined parts leave the machining centres, they exit onto another set of conveyors. The components then reach right positioners, which are situated in the same plane. A pick and place unit is then used to pick up the lid and place it on top of the base to produce the assembled item.

The right positioner then raises to allow the part to pass through. In the event of an alarm or other occurrence that prevents the operation of the pick and place unit, the right positioners may be manually raised. The lid will then fall into a reject box. A pusher is present on the other conveyor that guides the rejected base from the outfeed conveyor, also into the reject box.

Good parts continue to pass down the conveyor to a second pick and place unit which has a roller conveyor and shipping box beneath it. The pick and place unit then picks up the good part and places it into the shipping box two high, before the roller conveyor re-activates and brings another box into position. The replacement of the shipping boxes is controlled by an emitter and remover.

Along with the parts required for the basic process, there are also various sensors placed around the machine to give the PLC information, along with control panels which house start, stop and emergency stop buttons, along with a siren on top of each to alert nearby personnel when the line is about to become operational. There is also guarding placed around the machine to act as a barrier to protect the operators. There are safety doors that will allow access to authorised personnel, but the machine will not run whilst they are open.

Below is a birds-eye view of the factory:
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With the factory built, the drivers then need to be set to allow the factory to communicate with the PLC. Figure 3 shows the configuration of the drivers. A Siemens S7-1200 PLC will be used and a count of 40 has been selected for I/O points to allow all the inputs and outputs to be captured.
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Each of the input and output drivers needed to be given an address to link to the PLC to allow for control of specific components. Figure 4 shows this arrangement.
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Figure 5 is an operation flow chart to describe the process performed by the factory:
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[bookmark: _Toc115426123]PLC Ladder Logic
To control the factory, it is necessary to produce a ladder logic program. Each network will be explained individually to explain the overall control system.
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Network one is a simple PLC connection that allows the program, Siemens TIA V16, to communicate with Factory I/O.
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Network 2 is used to start and stop the line. There are two start buttons on the line. If either is pushed, this energises the ‘Start’ bit. Similarly, there are two stop buttons. If either of these are pushed, the ‘Stop’ bit is energised (they use reverse logic due to the way they are configured in Factory IO). These bits are used in the third rung. 
When ‘Start’ is active, the ‘Operate Line’ bit becomes energised and latches. This remains latched until either the ‘Stop’ or ‘Master Alarm’ bit become active. The Master Alarm will be discussed in the Warnings and Alarms Strategy.
[bookmark: _Toc115426126][image: A picture containing waterfall chart

Description automatically generated]Network 3







[bookmark: _Toc115391123]Figure 8

This network controls the alarm sirens. When ‘Operate Line’ is active, both siren alarm for 2 seconds, controlled by a 2 second pulse timer.
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Network 4 controls all the conveyors on the production line. In order to start, the ‘Operate Line’ bit must be active. There are then a series of on delay timers that increase in time sequentially so that a new conveyor starts every 0.5 seconds. 

For the machining centre infeed conveyors, there is some additional logic to prevent overproduction and misalignment issues from a crowded conveyor. In order to set the conveyor bit, the machining centre that it feeds must not be busy. 

There are then two methods to reset the bit. The first requires the sensor that sits by the entrance to the machining centre to be broken by raw material. If this ’Part Ready to Enter Machining Centre’ bit is active and either of the two machining centres are busy, the conveyor will reset. The second method to reset this conveyor is if the relevant overproduction warning is active.

Additionally, the machining centre outfeed conveyors will also not run if the relevant overproduction warning is active.

The conveyor that transports assembled parts to the second pick and place unit has a normally closed contact that will break when the ‘Part Ready for Unloading Sensor’. This allows the conveyor to stop when the pick and place unit is transporting the completed item to the shipping box.

The final conveyor to be set is the roller conveyor. There is a normally closed contact that will break when the ‘Box in Position Sensor’ is activated. This ensures that if there is no box in position, the conveyor will run until there is. Further logic for this conveyor is included in Network 26.

The bottom rung of this network is used to reset the conveyors that use sets (instead of direct coils) when the ‘Operate Line’ bit is zero. This is done using a normally closed contact that will break and allow the lines to set when the ‘Operate Line’ bit is active.
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Network 5 controls the machining centres. When ‘Operate Line’ is active, the machining centres start and machining centre 1 is set to produce lids. There are normally closed contacts to reset the start bits to prevent overproduction when the relevant ‘Overproduction Warning’ bit is active.

Accompanying this, the next two rungs are used to set the ‘Machining Centre Stop’ bits. These are activated by alarms (which activate the ‘Master Alarm’) or the overproduction warnings.
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This network signals to the PLC that the lids and bases are approaching the first pick and place unit. When the relevant sensor situated before the right positioner is broken, the ‘Lid/Base at Pick and Place’ bit becomes active and latches. This remains latched until either the reset button is pressed or pick and place step 1 begins.
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This network controls the clamping and raising of the right positioners, which are used to place the components in position for transport by the pick and place unit.

After the ‘Lids/Bases at Pick and Place 1’ bits are energised, there are 1 second timers to allow the lids and bases to reach the right positioners. The right positioners then clamp, and this bit is latched. For the lids, this bit remains latched until either pick and place step 2 begins or the reset button is pushed. For the bases, it remains latched until pick and place 1 operation is complete, or, like the lids, the reset button is pushed.

The next two rungs control the raising of the right positioners. Only right positioner 2 raises in normal operation. This occurs when pick and place 1 operation is complete. This latches the right positioner in the raised position until the completed part passes through the ‘Assembled Part Exited Pick & Place 1 Sensor’ or the reset button is pushed.

In order to recover from an alarm or event that stops the pick and place unit from activating correctly, the right positioners may be manually raised to allow them to go to reject. This is done by holding the reset button in excess of the 1 second on delay. Right positioner 1 will drop when the reset button is released and right positioner 2 will drop when the reject part passes through the ‘Assembled Part Exited Pick & Place 1 Sensor’. If, for any reason, this sensor is not activated, the right positioner may be lowered by releasing the reset button and pressing it again for less than 1 second.
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The next network is used to control the reject pusher which diverts reject bases into the reject bin. The first rung is used to set good parts. When pick and place 1 operation is complete this sets the current part as a good part. This bit remains until the part passes to the ‘Part Ready for Unloading Sensor’.

If this bit is not active, the second rung can be activated as the signal may now pass through the normally closed contact. If the ‘Assembled Part Exited Pick & Place 1 Sensor’ bit is activated without the good part bit, a 0.5 second on delay timer starts before activated the reject pusher. This then latches to ensure the signal is not lost (when the part completely passes through the sensor) until the pusher is fully extended.

The final rung causes the ‘Reject Part Counter’ to increase by 1 whenever the reject pusher is activated. This counter can only be reset using the ‘Engineer Reset’ button on the HMI.
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This network controls the movement of pick and place unit 1. All the rungs require the line to be running to energise. The pick and place will extend in the Z axis when either steps 1 or 4 are active. It will grab when step 2 is active, and it will extend in the X axis when step 3 is active.
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This network activates step 1 (Z extend). It only activates when both right positioners are clamped to ensure that both a lid and base are in place. This then latches until step 2 begins. There is then an off-delay timer to give the pick and place unit time to grab the part before it deactivates. It can also be de-energised using the reset button (this is the case for all the pick and place steps so will not be discussed for each one).
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Network 11 activates step 2 (grab) when the unit detects a part at the grabber and when it has stopped moving in the Z axis. There is a 50ms pulse in place to prevent it from re-activating upon release. This latches and remains energised until step 5.
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This network control step 3 (X extend). When step 2 is activated, a 400ms on delay timer begins which allows the pick and place to start moving in the Z axis. After this timer and the unit has ceased movement in the Z axis, step 3 becomes energised and latches. It remains active until step 7 when it needs to retract.
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Network 13 activates step 4 (Z extend). This requires step 3 to be active which starts a 400ms timer to allow the unit to start moving in the X axis. Once it has stopped moving this energises step 4 and latches. It remains energised until step 6 when it needs to retract.
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This network control the release from the gripper (step 5). Again, it requires the previous step to activate which then starts a 400ms on delay timer to allow the unit to begin moving from the previous step. Once the unit has stopped moving, step 5 becomes active which unlatches step 2 to release the lid. Step 5 remains latched until step 6.
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This controls step 6 for Z retract. Again, it requires the previous step to begin and then activates a 100ms on delay timer (to give the unit time to release the lid). This energises step 6 which unlatches step 4 and allows the unit to retract in the Z axis. Step 6 remains latched until step 7.
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This network control step 7 for X retract. After step 6 is activated, a 400ms timer begins to allow the unit to start moving in the Z axis before it needs to see the unit stop moving in this direction to continue. Once it has ceased moving, it activates step 7 and latches. This unlatches step 3 which cuts off the signal to X extend in network 9 and causes it to return. Step 7 remains latched until the operation complete bit is set.
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This is the final logic controller for the first pick and place unit. After step 7 is activated, there is another 400ms timer to allow X to start moving before the signal reaches the normally closed contact. Once the timer has lapsed and the unit has stopped moving, this very briefly sets the pick and place 1 operation complete bit which acts as a final reset for the pick and place unit and also allows the right positioner to raise to allow the finished part through to the next process.



[bookmark: _Toc115426141]Network 18
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This network operates in the same way as network 9 however step 1 activates the X extension, steps 2 and 6 activate the Z extension, and step 3 activates the grab function. It, again, requires the operate line bit to be set to ensure the pick and place unit stops if the line stops for any reason, including alarms and e-stops.
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Network 19 controls step 1 of pick and place 2 for X extension. Once the part reaches the ‘Part Ready for Unloading Sensor’ and there is a box in position on the roller conveyor, step 1 becomes active and latches until step 5. Similarly to line 1, each of the steps can be reset using the reset button and will therefore not be discussed for each step.
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This controls step 2 for Z extend. It requires step 1 which starts a 400ms on delay to allow the unit to begin moving in the X axis before the signal reaches the normally closed contact. After X has stopped moving, step 2 is activated and latches to allow the unit to extend in the Z axis. This remains latched until step 4.
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This requires step 2 before starting another 400ms timer to prevent any unintended movement. Once the timer has lapsed and the unit has stopped moving, step 3 is activated and latched to activate the grab function. This remains latched until step 7.
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Network 22 needs step 3 to be active before starting a 250ms on delay which allows time for the unit to grab the component. This then latches. The latch for this is broken by either step 5 or step 6. This is to stop the unit from performing unintended cycles.
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This network starts when step 4 becomes energised which starts a 400ms timer to allow the unit to begin moving in the Z axis. Once the timer has elapsed and the unit has stopped moving, step 5 becomes active and latches. This remains active until step 6.
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Network 24 requires step 5 to be active, starting a 400ms timer, after which the signal must see the X axis stationary before the signal can pass through to activate and latch step 6 which allows the unit to extend in the Z axis a second time. This remains latched until the operation is complete.
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This needs step 6 to be active before activating another on delay timer for 400ms. Once this has ended and the unit has stopped moving in the Z axis, step 7 becomes activated and latched. This unlatches step 3 and releases the component. This remains active until the operation is complete.
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This network starts when step 7 is activated. This starts a 250ms on delay timer which allows the gripper time to release the part before continuing. This then briefly sets the ‘Pick & Place 2 Operation Complete’ bit. This acts as a full reset for the pick and place unit and consequently also resets step 7 to immediately lose the signal for operation complete and allows the unit to be ready for the next component.
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Network 27 controls the roller conveyor when the shipping box has been filled with the desired number of completed items. To do this, there is a counter that increases by 1 whenever it sees the ‘Pick & Place 2 Operation Complete’ bit. This counter is used in the next 2 rungs.

When the ‘Box in Position Sensor’ sees a box on the roller conveyor, and the counter setting is more than the current count, this resets and stops the roller conveyor.

In the next rung, when the counter setting and current count are equal, this sets the roller conveyor bit and allows it to start moving. Once the box reaches the ‘Completed Box Out’ sensor, this resets the counter, allowing the next box to stop in position and the process begins again.

Also in this network, there are counters for how many lids and bases have been produced and how many completed shipping boxes have left the production line.

The lids and bases manufactured counters increase by 1 each time they see the relevant overproduction warning sensor (which doubles as a presence sensor for completed parts). The counter for the shipping boxes increases by 1 each time a box breaks the ‘Completed Box Out’ sensor. All of these counters are reset using the ‘Reset Counters’ button on the HMI Root Screen.

































[bookmark: _Toc115426151]Warnings and Alarms Strategy (Networks 28 and 29)
In this production line, warnings are considered as any fault or event that needs to be brought to the attention of the operators that does not immediately stop the factory. Conversely, alarms are considered as any fault or event that immediately stops all processes on the line. Alarms also require an engineer to activate the ‘Engineer Reset’ before ‘Alarm Master’ can be cleared to allow production to re-commence.
[bookmark: _Toc115426152]Network 28 - Warnings
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Network 28 is responsible for controlling all the warning systems on the line. The first rung causes a warning flag to be activated whenever the ‘Warnings’ byte is not equal to 0. This means that whenever there is a warning, this flag becomes active which is linked to a light on the HMI to make the operators aware that a warning is present.

There are 4 warnings that can be identified by the PLC. The first two are overproduction warnings.

For the lids, when a component breaks the ‘Lid Overproduction Warning Sensor’ whilst either the ‘Lids at Pick and Place 1’ or ‘Right Positioner 1 Clamped’ bits are activated, this will create the ‘Lid Overproduction Warning’. This is the same for bases with the same respective sensors on the opposite conveyor.

The next warning is a notification that parts have been pushed into the reject bin. This becomes active when the ‘Reject Bin Warning Setting’ is less than or equal to the ‘Rejected Part Counter’. This makes the operators aware that there has been an issue and parts have been rejected.

Finally, there is an ‘Approaching Order Completion’ warning that is activated when the ‘Shipping Boxes Completed’ counter is greater than or equal to the ‘Approaching Order Completion Setting’. There is a second comparator in this rung that requires the ‘Shipping Boxes Completed’ counter to not be equal to the ‘Shipping Boxes Required’ setting. This means that once the order number has been fulfilled, the ‘Approaching Order Completion’ warning will be deactivated as the ’Order Completed’ alarm will then be active instead (this is found in Network 29). The purpose of this warning is to alert the operators that they are nearing order completion so they can stop putting raw material on the line for an easier batch changeover.
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This network controls all the alarms. Similarly to the warnings network, when the ‘Alarms’ byte is not equal to zero, the ‘Master Alarm’ becomes active. However, in the case of the ‘Master Alarm’, it is located in the same bit as the ‘Alarms’ byte. This means that once the ‘Master Alarm’ becomes active, it will always see the bit as not equal to zero and remain active until the ‘Engineer Reset’ becomes active. This ties into the alarms strategy which means that only the engineer can reset alarms which ensures they can make the line safe before production resumes.

There are 5 alarms that can be raised by the PLC. The first is a HMI e-stop alarm which becomes active when the HMI e-stop is pressed. Along with this, there is a machine e-stop alarm which becomes active when either of the machine e-stops are pressed (one is situated at each of the raw material infeed conveyors).

There are also 4 safety doors that allow for entry into the barriered area. When all of the doors are closed, a ‘Safety Doors Closed’ bit is energised. If this is not active, the ‘Safety Door Open’ alarm bit becomes active and stops the line. This logic requires confirmation that the doors are all closed to account for a faulty door sensor.

There is a ‘Reject Bin Full’ alarm that is raised when the ‘Reject Bin Alarm Setting’ is less than or equal to the ‘Rejected Part Counter’. This prevents the reject bin getting too full and makes sure it is emptied.
		
Finally, there is an ‘Order Completed’ alarm which is used to automatically stop the machine for a change in lot or order number when the ‘Shipping Boxes Completed’ counter is greater than or equal to the ‘Shipping Boxes Required’ setting.

In normal operation, these settings are used and are inputted on the ‘Engineer’ screen of the HMI, with the order number variables reliant on the needs of the customer. These numbers are retained by the PLC and are stored in the memory.
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Figure 36
[bookmark: _Toc115426154]Overview of All Networks
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Along with the already discussed Engineer screen, the PLC also has 2 other HMI screens: Root Screen, and Warnings and Alarms.
The Root Screen features buttons for starting and stopping the line, along with an emergency stop button.
Along with this, the counters are displayed to allow the operator to see how many lids and bases have been manufactured, along with the number of completed shipping boxes that have left the line. There is a button underneath to reset the counters for a new batch.
There are also lights to flag up warnings and alarms and a button to reset all operations.
To enable navigation through the HMI, each of the screens have buttons at the top to traverse from one to another.
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Description automatically generated]The Warnings and Alarms screen displays a light for each of the warnings and alarms that illuminate when the relevant bit is true. It also displays the current ‘Parts in Reject Bin’ count to show how many bases have been diverted into the reject bin by the pusher.
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