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Task 1 – Process control system – Thermocouples. 
Tata Steel Port Talbot (=TSPT) operate a singular blast furnace, known as Blast Furnace 4 (=BF4); more recently the business has stopped operations on its sister plant, Blast furnace 5 (=BF5). Both plants operate/d an extensive array of control systems to ensure the maximum efficiency, effectiveness and safety is adhered to. The safety aspect of the furnaces is of paramount concern for the business, this is done through number of control systems, i.e. above and in burden probes, stock-line detectors, pressure gauges, and many more. This report is to be centred around thermocouples and the role they play within the blast furnaces. Thermocouples TCs, these are devices that use the thermoelectrical effect (Seebeck effect) to measure the temperature difference between an initial measuring point, and a reference junction with a known temperature (A A M Sayigh 165–209: 3). The Seebeck effect, in 1774 an Italian scientist Alessandro Volta first discovered the potential of this effect, this was later backed and named by Thomas Johann Seebeck in 1821. The Seebeck effect reads a temperature gradient in the thermoelectric materials that will cause the carriers in the material (the conductors, and semi-conductors) to ensure the movement as to realize the transition from initial thermal energy to an electrical energy (Xingyi, 2019). The energy is diffused through the gradient temperature toward an electron-rich material, and the electrons within an electron rich material diffuse into the material, this creates an electromotive force (Xingyi, 2019). In figure 1.0 is an diagrammatical image of this Seebeck effect occurring. 
. [image: ]
Figure 1.0 – Schematic diagram of the Seebeck effect in order.
The Seebeck effect is regarded as a thermoelectric phenomenon that generates voltage due to temperatures differentials, the electrons move toward the colder end, creating a potential difference (Adresi, 2023). Figure 2.0 illustrates this shift in the electrons. 
[image: ]
Figure 2.0 – Schematic diagram of the Seebeck effect measure. 
Thermocouples are extensively used by engineers as they are regarded as one of the most applicable, accurate, accessible temperature sensors on the market allowing engineers to manage the data more precisely (Oliveria, 2021). Thermocouples have become at the forefront in the desire to increase blast furnace campaign longevity, moreover the hearth of a blast furnace. The hearth is a apparatus containing high temperature molten iron and slag, the structure contains refractories, cooling and monitoring equipment and the steel shell of the blast furnace. The residual lining of the hearth is a key factor to determine the campaign life of the entire blast furnace (Wang, 2023). As the furnace operates the flow of molten iron and slag within the hearth area causes significant effects to the erosion of the hearth itself, figure 3.1 is a schematic drawing of this erosion phenomenon occurring (Jiao, 2017). The purpose of introducing thermocouples into the hearth, and other areas that encounter molten materials is to monitor the campaign life of the refractory materials within. Figure 3.0 is a designed structure of a blast furnace hearth with thermocouple positions. The monitoring of thermocouples at one of the blast furnaces can be seen in Figure 3.2. 
[image: ][image: ]
Figure 3.0 Blast furnace hearth in its ideal state.            Figure 3.1  Schematic of typical erosion occurring within the hearth.
[image: ]
Figure 3.2 - Blast furnace at TSPT hearth pad thermocouple monitoring.
Thermocouples act as a typical first-order dynamic system due to the functionality of the device themselves, due to the inhibiting heat transfer technology (Takakura, 2013). Thermocouples are can be made of many different metals and metallic alloys, however they are normally chosen according to their desired functionality; maximum sensibility, long-term stability, cost etc.. but most commonly they comprise of inexpensive, cheap conductor based materials such as nickel, iron, and copper (Lucia 101–154: 4). The inner workings of the thermocouples consist of a pair of dissimilar wires, these are connected via different junction points, namely hot and cold junctions. The voltage across these is proportional to the temperature difference (Takakura, 2013). Material and the size of the metal probe will affect the overall heat distribution in the thermocouple rod, and can either shorten or lengthen the time it then takes to achieve steady-state temperature. To achieve this steady state there must be an identification in the suitable sampling times on hand to produce accurate and timely data acquisition when thermocouples are in use, in a control system as it is crucial for maintaining system performance and stability. Looking more closely at the sampling times or the system dynamics: 
Time constant – The responsiveness of a thermocouple is often expressed as the time constant. The time constant is defined as the time that is required for the sensor to respond to 63.2% of the total output when the device is subject to the step in change of temperature (Schaevitz, 2022). 
Response time – The time constant of a thermocouple isn’t the same as the response time of a thermocouple. When a person wants to derive the response time of the thermocouple they really are trying o determine the time it takes for the thermocouple to reach its full output (Schaevitz, 2022). The system must read five time constants for the thermocouple to respond to the 99.3% of the total step change in temperature. 
Below in figure 4.0 is a graph that highlights the above statements in regard to time constant, and response time – 
[image: ]
Figure 4.0 - Illustrating the time constant and response times for in-service activation of a thermocouple. 
Delays are an omnipresent feature that are encountered with all dynamic systems; unfortunately they are present at every stage of action. There is a requirement for the time to recognise an issue/problem within a given process, to decide what must be done to mediate, and to implement the chosen action. Engineers have to understand that these issues are to be encountered, and their consequences must be understood. Whether these delays are stabilising or destabilising will depend on the repercussions whether they are concentrated or dispersed, as well as the time lag is long or short. 
Delays in system models can be characterised by two parameters: their length, and their order. The initial length of the delay, or adjustment is the average length that is defined. The order of delays within these systems is an integer that is greater or equal to 1 (Hamilton, 1974). A first order delay (which is what thermocouples are regarded as) of a variable produces an exponential average of the past values of that variable. Below in figure 5.0 is a graphical illustration depicting the potential delays encountered within the systems – 
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Figure 5.0 - System dynamic delays 
The data at TSPT blast furnaces is compiled within a OSI software known as PI. PI is a complex system that has the ability to provide data pipes brining different areas throughout plant together in a series of databases. PI enables TSPT engineers to access real-time data, and historical through the database. PI databases are created with archives, allowing the engineers at TSPT to store and retrieve time series data. An example of this can be seen below in Figure 6.0. 
[image: ]
Figure 6.0  Real-time PI data of a blast furnace at TSPT.
The PI database allows the tracking of thermocouples, and other data throughout the plant to be monitored. As well as the hearth, thermocouples are also positioned throughout the Main Iron Runners (=MIRs) on the blast furnace casthouses. These too act I the same way as the hearth positions, they monitor in-service conditions enabling the engineers at TSPT to determine the actual conditions of the runner beneath the molten iron and slag ensuring that the runner systems can operate as safely as possible. Figure 7.0 is a real-time data reading of a MIR in service. 

[image: ]
Figure 7.0 – Real-time monitoring of thermocouples within MIR.
Using an in service example of the system; in 2022 one of the MIRs at TSPT suffered a Loss of Containment (=LoC) that resulted in molten iron and slag exiting through the side of the MIR onto the iron roads below the casthouse; see figures 8.0 and 8.1 to see the extent of the damage. The LoC occurred throughout the night where there were no specialist engineers in to monitor the thermocouple trend as seen in figure 8.2. The LoC occurred due to thermal shock induced cracking occurring within the refractories in the MIR, it was a sudden failure as figure 8.2 displays the sudden spike in temperature.
[image: ] [image: ]
Figure 8.0 Iron exiting the MIR in service.          Figure 8.1 - Frozen iron with extent of damage shown.
[image: ]
Figure 8.2 – The thermocouple trend for the LoC incident.
An assessment on the process that led to the LoC uncovered several issues, more notably the lack of alarm for the sudden, steep climb in thermocouple temperature. Thermocouple alarm limits are predefined setpoints to alert operators when temperatures exceed a certain threshold. In this instance they didn’t, to better prepare for future scenarios the integration of alarm limits must be set to ensure the process maintains maximum efficiency in protecting people, and the assets themselves. 
Task 2 – Cruise control system. 
Cruise control is a technology that forms part of a suite of driver assistance systems (ADAS), that allow your car to drive at a constant set speed, without having to put you foot on the accelerator (Staff, 2023). It is one of the technologies that is a regarded as a stepping stone to fully autonomous driving, and is a incredibly useful tool for drivers. The origins of the system were first discovered back in 1948,  when Ralph Teetor a blind American mechanical engineer updated the sped control technology from the 18th century steam engines (Staff, 2023). 
Encoding and decoding are used in many different forms of communication, this can include computing, data communications, programming, digital electronics, and human communications. These processes involve the change in format of content for optimal transmission or storage. 
[image: ] [image: ]
Figure 9.0 - Calculation required for raw binary into decimal.         Figure 9.1 Calculation control output from decimal to binary. 
[image: ]
Figure 9.2  Encoding of system. 
[image: ]
Figure 9.3 Decoding of system. 
Proportional-Integral-Derivative (PID) control is the most common control algorithm that is used throughout industry, and has been universally accepted as an industrial control. Th popularity of PID controllers can be linked to the robustness of their performance within a wide range of operating conditions/environment due to their simplistic operational functionality (Zola, 2021). The proportional component refers to the difference that is between the set point and the process variable. The difference can be referred t as the error term. The proportional gain (Kc) is what determines the ratio output response to the error of the signal. For instance, if an error term has a greater magnitude of 10, a proportional gain of 5 would produce a proportional response of 50. To generalise, increasing the proportional gain will increase the speed of the control system response. If the proportional gain variable becomes too large the process variable will begin to oscillate, if these variables continue to increase the oscillations have the potential to become completely unstable eventually leading to the oscillations becoming out of control (Zola, 2021) can be seen in figure 9.6. The figures below show the input change – 
[image: ]
Figure 9.4 – PID set up. 
[image: ]
Figure 9.5 – Initial PID input.
The defined PID inputs were far off the suggested demand, to continue to work the system to correct further analysis was required to deviate the response. 
[image: ]
Figure 9.6 – Input of PID integral resulting in unstable oscillation occurring. 
As previously mentioned, the increase in proportional gain considered to be far greater than required can negatively effect the oscillations, creating an out of control system. This can be seen in figure 9.6 above when the integral was increased far beyond its point. 
[image: ]
Figure  9.7 – Further analysis of input resulting in closely mirrored response.
Eventually with further analysis the system closely represented the required path of demand vs actual velocity, as well as a more mirrored response in error. 
The longest guaranteed sampling time that was analysed and seemed sufficient to maintain performance was a figure of Ts=0.01, the script still ran and produced a comprehensive guaranteed performance as depicted in figure 9.8 below. Further analysis was undertaken and it was realised that to slow the sampling times down any further will only result in errors occurring within the system, this is backed up by figure 9.9 where this is deemed evident. 
[image: ]
Figure 9.8 - 0.01 sampling time still guaranteeing performance.
[image: ]
Figure 9.9 - System sampling time slowed down far too much where errors are now occurring.
Implementation parameters – defining the characteristics of the control system rather than the simulation itself. These are parameters to do with the control system. First annotation; figure 10.0  is the sampling time, this is how frequent the control system is going to sample an error and try to correct it, this is completed within a base unit of seconds. In the base model the system is going to sample and move to correct every 0.5 seconds. Sampling times are key parameters to the design and performance of a control system, there are many different potential impacts that the alteration of sampling times can induce on the system. The sampling time directly affects the responsiveness of the PID controller. Shorter sampling times allow the controller to respond more frequently to changes from the process variable enabling a faster disturbance rejection and tighter overall control. Slower response has the potential to lead to an increase in overshoot, settling times, and likelihood of instability occurring. 
[image: ]
Figure 10.0 - Sampling time within the script. 
Velocity values – these are used to define the range in which the value of the velocity is conducted using the speed sensor , with a minimum value of 0.5 during its base unit; with a maximum if 150 seen below –  
[image: ]
Figure 11.0 – Min and Max values.
Figure 12.0 is the number of bits within the sensor signal, this can be altered to affect the outputs. In a real-life situation we cannot change the number of bits within a car that is communicating with ECU. That’s defined by the specification of the in-service system. 
[image: ]
Figure 12.0 – signal sensor bits. 
[image: ]
Figure 12.1 - System after completing changing sampling time to more closely mirror the required demand.
Altering the sampling time of the system enabled the entire system to more closely emulate the required demand. This was done by increasing the sampling demand from 0.05s to an increased 0.5s, as seen above in figure 12.1.
Setting up the parameters for simulation, so this is not directly involved in the dynamics of the control system. The actuator signal delay. This model allows for real world delay in the communication between an actuator and the control system. For example, the real world systems that is always something that must be considered and comprehended when looking at things like response time of a given control system. 
The simulation loop is the end of the script, where all the defined codes to determine the end condition of the model is known. In the case of this model the end time of simulation is 70 seconds, and the end is defined that vector T is the length or all of the calculations. The entire collaboration can be seen in chapter 4 below – 
[image: ]
Figure 13.0 Entire collaboration of chapter 4.
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