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[bookmark: _Toc146897677]Introduction
The purpose of this report is to describe the functionality of PID (Proportional, Integral, Derivative) Controllers, the many uses and applications within industrial control systems, alternative solutions to PID controllers and characteristics unique to PID controllers. The report will also analyse a MATLAB code created to simulate a PID controller for a cruise control system. It aims to provide an understanding of the code's functionality, and the benefits of using MATLAB for this application.
[bookmark: _Toc146897678]MATLAB
“Matrix Laboratory (MATLAB) is a proprietary multi-paradigm programming language and numeric computing environment developed by MathWorks. MATLAB allows matrix manipulations, plotting of functions and data, implementation of algorithms, creation of user interfaces, and interfacing with programs written in other languages”.
(Mathworks, 2023)
It is widely utilized in various fields, including engineering, mathematics, science and 
economics. When applied to academic/ simulation applications, MATLAB offers several benefits:
1. Ease of Use - MATLAB's extensive library of built-in functions and toolboxes simplifies the coding process
2. Simulation Capabilities - It provides robust tools for simulating dynamic systems, allowing for accurate modelling and analysis
3. Visualization Tools - Advanced plotting functions enable the visualization of system behaviour, aiding in understanding and optimization
The MATLAB code serves as a simulation model for a cruise control system using a PID controller. It simulates the behaviour of a vehicle's cruise control system by implementing a PID algorithm to maintain a desired speed, with the desired speed setpoint changing at time intervals to simulate a driver’s changing demand in a real-world application.
[bookmark: _Toc146897679]PID Controllers
A PID (Proportional-Integral-Derivative) controller is a closed-loop feedback mechanism that reads a sensor (process variable), calculates the difference between the desired setpoint and the measured process variable using proportional, integral and derivative calculations, and sums the three components to compute the controller output response. This is shown in Figure 1.
Developed in the early 20th century, PID controllers have become a standard control method in various industries.
PID controllers are employed in a wide range of industrial applications, including:
· Temperature Control: In furnaces, ovens, and HVAC systems.
· Motor Speed Control: In conveyors, fans, and pumps.
· Chemical Process Control: In mixing, reacting, and distillation processes.
· Water Treatment: In maintaining water levels, pH balance, and chemical dosing.
Alternatives to PID controllers include:
· Feedforward Controllers: Used when the relationship between the input and output is known.
· Model Predictive Controllers: Suitable for systems with constraints and nonlinearities.
· Fuzzy Logic Controllers: Employed in systems where mathematical modelling is challenging.
· Adaptive Controllers: Used when system parameters are uncertain or varying over time.
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[bookmark: _Toc146897066]Figure 1 - PID Block Diagram (Faraj Ahmed Elzarook Barood, 2021)
[bookmark: _Toc146897680]Proportional (Kp)
The Proportional component checks the error term (difference between setpoint and process variable) and multiplies the error by a constant (gain) to produce a proportional response. The greater the error value, the greater the proportional response.
The increase of the gain value will increase the speed of the control system response and the system will achieve an error of zero when the variable matches the setpoint or will reach steady state error. However, If the gain value is set too large - the system will oscillate either side of the required setpoint and the system will become unstable.
[bookmark: _Toc146897681]Integral (Ki)
The integral component accumulates the error term over time. This results in the integral component slowly increasing. This is used to help eliminate steady state error. If the integral increases without the error state reducing, the integrator becomes saturated, this can result in integral windup.
[bookmark: _Toc146897682]Derivative (Kd)
The derivative component predicts future error by checking the rate of change and provides a control action to counteract rapid changes. The faster the observed change, the larger the corrective control action. The majority of control systems use very small derivative gains as the response is highly sensitive to noise in the process variable signal.
[bookmark: _Toc146897683]Steady State Error
Steady state error is when the demand of the system error cannot overcome the error as shown in Figure 2
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[bookmark: _Toc146897067]Figure 2 - Typical response of PID system (John W. Webb, 2002)
[bookmark: _Toc146897684]Tuning
PID tuning is the process of altering the gain values for the proportional (P), integral (I), and derivative (D) functions to achieve optimal system performance. While it's often desirable to have a fast and accurate system response, it's essential to balance this against the increased control effort required, the potential for instability, and the physical limitations of the system components. Proper tuning of a controller, considering both the response and control effort, is crucial for efficient and sustainable system operation. Common Methods for PID tuning are manual tuning and the Ziegler-Nichols Method.
Trial and Error (Manual Tuning):
· Start with all gains set to zero.
· Increase the P gain until the system starts oscillating (constant steady oscillation).
· Once stable oscillation is achieved, set the P gain to approximately half of that value.
· Increase the I gain to reduce the steady-state error. If the system oscillation is too much, reduce the I gain.
· Increase the D gain to improve the transient response. If the system becomes too noisy or starts oscillating, reduce the D gain.
Ziegler-Nichols Method
· Set both I and D gains to zero.
· Increase the P gain until the system oscillates at its ultimate gain, KMAX, and record the oscillation period, f0
· Set the gains based on the Ziegler-Nichols tuning rules as shown in Table 
	
	KP
	KI
	KD

	P controller
	[bookmark: _Hlk145017588]0.5 KMAX
	0
	0

	PI controller
	0.45 KMAX
	[bookmark: _Hlk145017567]1.2 f0
	0

	PID controller
	0.6 KMAX
	2.0 f0
	0.125/f0


[bookmark: _Toc146897082]Table 1 - Settings for P, I, and D Gains According to the Ziegler–Nichols Method (Ellis, 2012)
Both methods provide a starting point for the system gain settings, and in real-world applications the systems often have nonlinearities, disturbances and other factors that can affect performance. Therefore, it is always recommended to use these settings as a starting point and then further fine tune the controller in its physical operating environment to achieve the best results.

[bookmark: _Toc146897685]Industrial Control System
[bookmark: _Toc146897686]Process description
A Blast furnace is a very large pressure vessel, lined with refractory brick. It is used to produce pig iron. Fuel (coke), ores and flux (limestone) are continuously supplied through the top of the furnace vias skip car. Hot Air Blast (sometimes with oxygen enrichment) is heated via stove and blown into the lower section through tuyeres to control the temperature within. This process is shown in Figure 3. The combination of heat and pressure creates multiple chemical reactions within the furnace to reduce the iron oxides into liquid iron. The outer structure of the furnace is cooled using water to prevent over-heating and damage to the furnace. The process is controlled via Programmable Logic Controllers (PLCs) with integrated PID controller function blocks.
[image: Blast Furnace Process]
[bookmark: _Toc146897068]Figure 3 - Blast Furnace Process Flow (National Iron & Steel Heritage Museum, 2012)
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[bookmark: _Toc146897069]Figure 4 - Blast Furnace Chemical Reactions (International Iron Metallics Association, 2021)
[bookmark: _Toc146897687]Inputs
Inputs within a control system are  defined as data sources used to compute the control effort of a control system. (Johnson, 2005)
A critical input for the performance of the blast furnace is the raw materials. Iron ore, coke, and limestone are fed into the system depending on the furnace performance. The iron ore serves as the main ingredient for steel production, the coke acts both as a reducing agent and fuel, and limestone aids in removing impurities. The monitoring of these levels and quantities is required to ensure correct material specification and operation of the furnace.
Another vital input is the air flow rate. It is monitored and meticulously controlled to manage the fuel combustion rate, ensuring the furnace maintains the required temperature to supports the necessary chemical reactions. 
Monitoring the temperature and pressure at multiple points within the furnace is critical to ensure safe, efficient and stable operations as shown in Figure 4. Variations in the pressure can indicate issues with the combustion process or blockages of the burden within the furnace, which when left un-checked can lead to emergency pressure release to prevent catastrophic failures of the furnace structure.

[bookmark: _Toc146897688]Outputs
Defined as the “response signals of a control system” (Visioli, 2006), The system’s main outputs include the operation of various actuators detailed below to control pig iron output, slag generation, and gas emissions. Continuous monitoring and regulation of the molten iron production is necessary to ensure consistent quality output and required volumes. Managing slag production is crucial for waste management and environmental control. Finally, a regulatory requirement demands the monitoring and control of the composition and quantity of gases emitted, ensuring environmental compliance.
[bookmark: _Toc146897689]Sensors
A vast array of sensors (input devices) is integral to the operation of a blast furnace, they gather information from the real world, and feedback to the controller to enable decision making. Temperature sensors such as thermocouples and infrared thermometers are placed at multiple locations through the furnace, lining, tuyeres, pipework and tap holes, to ensure the system is operating within parameters to produce iron safely. Pressure Sensors detect changes in pressure within different parts of the furnace and associated pipework, they are critical in detecting blockages, leaks and combustion irregularities which can affect quality and safety. Flow sensors such as ultrasonic flow meters and vortex flow meters, are used to measure blast air flow inside the furnace, stoves and blast air pipework. This is essential to maintain the correct air/fuel mixture within the furnace. Flow sensors within the cooling water pipework ensure that the cooling system is operating and delivering a sufficient supply of water to cool the furnace structures. Ultrasonic level sensors measure the material levels within the furnace, whilst gas analysers detect the composition of the emitted gas. 
[bookmark: _Toc146897690]Actuators
Actuators (output devices) such as valves, pumps, motors, fans and dampers are pivotal in the control system. The actuators are physical control devices situated within the process which change the process state. Within a blast furnace, valves can open to allow hot blast to enter the furnace, increasing the temperature, and pump speed can be increased to increase water flow to the cooling system if high temperatures are detected within the hearth layer. The PID 
[bookmark: _Toc146897691]Control function/algorithm
A Proportional-Integral-Derivative (PID) control algorithm is commonly used in such scenarios The algorithm takes input from the sensors, computes the error from the desired setpoint, and adjusts the actuators accordingly to minimize this error.
[bookmark: _Toc146897692]Sampling Times
The sampling time depends on the dynamics of the blast furnace process variable being monitored and each independent device used within the control system. Despite the relatively slow dynamics of temperature changes and material levels in a blast furnace, a sampling time in the range of 500-1000ms is typical across most devices used within the system. Delays in sampling can affect the stability, efficiency and ultimately safety of the furnace, possibly leading to overheating or overpressure conditions.
[bookmark: _Toc146897693]Communication protocols
Modbus – “Modbus is a serial communication protocol developed by Modicon published by Modicon® in 1979 for use with its programmable logic controllers (PLCs). In simple terms, it is a method used for transmitting information over serial lines between electronic devices.” (Schneider Electric USA, 2022)
It is a widely accepted and used protocol for connecting industrial electronic devices. Its high adoption rate within industry means that almost all devices on the network can communicate with each other easily. It is often used in conjunction with EtherNet and Internet protocol (IP) suites.
Ethernet/IP -  Common in industrial networks for manufacturing automation, allows for remote connection to systems without physical presence on site.
Open Platform Communication / Unified Architecture (OPC/UA) -
“As Industry 4.0 becomes increasingly common, this protocol is being used for control functions, industrial automation, and data collection for industrial IoT applications.
Unified Architecture means that the protocol isn’t platform-dependent. It’s a highly extensible standard and is inherently more secure because it uses certificate exchange and other point-to-point encryption methods.” (Machine Metrics, 2023)
[bookmark: _Toc146897694]Software/Tools
Several software tools can be employed for system development and analysis, including MATLAB/Simulink for modelling, simulation, and analysis; LabVIEW for a graphical programming approach, PLC programming tools such as Siemens TIA Portal and Allen-Bradley’s RSLogix 5000 for programming of PLCS to enable automation of industrial processes, and Supervisory Control And Data Acquisition (SCADA) systems for real-time monitoring and control.
Figure 5 shows the Blast Furnace 5 SCADA display which displays some just some of the Inputs and Outputs being monitored and controlled during the operation of the furnace. 
“SCADA systems integrate data acquisition systems with data transmission systems and HMI software to provide a centralized monitoring and control system for numerous process inputs and outputs” (Keith Stouffer, 2015)
[image: ]
[bookmark: _Toc146897070]Figure 5 - Blast Furnace 5 SCADA system display 
[bookmark: _Toc146897695]System Improvements
Various improvements can be made to the control system as technology improves and with the introduction of industry 4.0 it has become easier and more cost effective than ever before to implement some of the following suggestions;
Incorporating more advanced sensors such as infrared thermography and acoustic sensors can provide real-time monitoring and detect anomalies.
Predictive maintenance through vibration, temperature, and acoustic sensors, along with machine learning algorithms, can forecast component failures and optimize control strategies. 
The use of wireless sensor networks can reduce wiring costs and improve reliability and flexibility in sensor placement. 
Integrating safety measures such as emergency shutdown procedures and regular independent process safety audits can significantly enhance the safety of the blast furnace operations. 
Cyber security – with the increasing risk of cyber warfare and industrial sabotage, cyber security is a key consideration when controlling industrial systems, especially items like blast furnaces, where there is a potential to injure hundreds of people. To overcome this the blast furnace control network is segregated on a double firewall closed Modbus network as shown in Figure 6 , with access to the control network restricted to authorised personnel only.
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[bookmark: _Toc146897071]Figure 6 - Control Network Topology (Keith Stouffer, 2015)
[bookmark: _Toc146897696]Cruise Control System PID controller
The MATLAB code can be broken down into several key steps:
1. Initialization - Clears previous data and sets global variables.
2. Parameter Setting - Defines PID gains, sampling time, bit encoding, and other parameters.
3. Simulation Loop -Iteratively calculates control signals based on the PID algorithm and updates the system state.
4. Result Plotting - Plots the velocity response and control effort for analysis.

[bookmark: _Toc146897697]Encoding and Decoding Functions
Encoding and decoding functions play a vital role in the digital representation and processing of signals within the cruise control system. They “enable efficient communication between different parts of the system”, ensure consistent interpretation of data, and allow for control over signal resolution and accuracy. The encoding and decoding must be performed in real-time to provide timely control actions. The design of the scaling and quantization functions help meet these real-time requirements.
(Florence Koons, 1949)
The sensor signal encoding and decoding process for the velocity sensor in a cruise control system is a complex but essential part of the control loop. It ensures that the real-time speed of the vehicle is accurately represented in a format that can be efficiently processed by the controller. By understanding this process, it is possible to optimize the system for accuracy, efficiency, and real-time performance, contributing to a safe and responsive cruise control system.
In the MATLAB code, encoding and decoding functions are used to process three main types of signals: sensor signals (velocity), demand signals (desired speed), and actuator signals (throttle/brake commands).
[bookmark: _Toc146897698]Velocity Sensor Signal Encoding/Decoding
The velocity sensor in a cruise control system measures the real-time speed of the vehicle. This information is crucial for the controller to determine the necessary adjustments to the throttle or brake to maintain the desired speed. 
[bookmark: _Toc146897699]Encoding
This process converts information from a human-readable form into a machine-readable form using the dec2bin() function, expressed as 
This is how the function operates:
Measurement
The velocity sensor measures the current speed of the vehicle in physical units (e.g., miles per hour).
Scaling
The raw velocity reading is scaled to fit within a predefined range. In the provided MATLAB code, this range is defined by m_velocityS (minimum velocity) and M_velocityS (maximum velocity).
Quantization
The scaled velocity reading is quantized into discrete levels based on the number of bits used for encoding (n_bits_sensor_signal). A higher number of bits provides higher resolution but requires more data bandwidth.
Encoding (Binary Conversion)
The quantized and scaled value is then converted into a binary number using the dec2bin() function and the appropriate number of bits. This binary representation can be transmitted and processed by the control system.
[bookmark: _Toc146897700]Decoding
This is the reverse process of encoding, where the machine-readable form is converted back into a human-readable form. Decoding is used to interpret the binary signals back into physical quantities like velocity, demand, and control effort. The binary velocity signal is converted back into a physical decimal quantity (mph) using the bin2dec() function. Expressed as .
This is how the function operates:
De-Scaling
The decimal number is de-scaled to convert it back into the original physical units (mph). This involves reversing the scaling applied during encoding, using the same minimum and maximum velocity values.
Interpretation
The decoded velocity value is then used by the controller to calculate the error between the desired speed (demand) and the actual speed (velocity). This error is used to determine the necessary control action (throttle or brake adjustment).
Importance and Considerations
Accuracy
The accuracy of the encoding and decoding process is vital for the correct functioning of the cruise control system. Any error in this process can lead to incorrect control actions.
Resolution
The choice of the number of bits (n_bits_sensor_signal) affects the resolution of the encoded signal. A higher number of bits provides more accurate representation but may increase computational complexity.
Binary to Decimal Conversion
The binary signal is converted back into a decimal number using the bin2dec function in MATLAB. The decimal value can be read and interpreted easily by the driver, i.e. miles per hour.
Demand Signal Encoding/Decoding:
· Encoding: The driver's velocity demand is encoded into binary format, considering the demand range and bit resolution.
· Decoding: The binary demand signal is decoded into a physical quantity using similar methods as the sensor signal.
Actuator Signal Encoding/Decoding:
· Encoding: The control signal (throttle/brake command) is encoded into binary format, considering the actuator range and bit resolution.
· Decoding: In a real-world scenario, the actuator would decode this binary signal to apply the appropriate throttle or brake effort.

[bookmark: _Toc146897701]Feedback Controller Function (Gain Settings)
The feedback controller is implemented using the PID algorithm, where the gains (Kp, Ki, Kd) are selected and tuned to achieve a balance between responsiveness, stability, and minimal overshoot.

To compete tuning of the PID controller, I employed the Ziegler-Nichols (ZN) method to provide a starting point. To assist in the ease of tuning and documenting, I added the process variable setpoints to the graph using the following script within the result plotting step of the main_control_script.
“subtitle([' Kp = ', num2str(P),' Ki = ', num2str(I),' Kd = ', num2str(D),...
   [' Sampling Time, T_s = ', num2str(Ts), 's '], ...
       ['Sensor Signal Bits: ', num2str(n_bits_sensor_signal), ...
       ', Actuator Signal Bits: ', num2str(n_bits_actuator_signal), ...
        ', Demand Signal Bits: ', num2str(n_bits_demand_signal)], ...”
Figure 7 shows the first stage of the ZN tuning method where Kp is increased until oscillation reaches its maximum. All other parameters remain unchanged.
At Kp value = 40, maximum oscillation is achieved, and the following values are observed.
Kmax = 24,  f0 = 1.4 
[image: ]
[bookmark: _Toc146897072]Figure 7 – ZN method tuning stage 1 (Maximum Oscillation)
The second stage in the ZN tuning method requires Kp to be set to 0.5 x Kmax, 0.5*24=12, therefore Kp = 12. All other parameters remain unchanged. The result of this change is shown in Figure 8 . This is a basic P controller.
[image: ]
[bookmark: _Toc146897073]Figure 8 – ZN method tuning stage 2 ( P Controller)


The third stage of the ZN tuning method, Kp must now be set to 0.45 x Kmax and Ki set to 1.2 x f0. 
Therefore Kp = 0.45*24=10.8, and Ki = 1.2*1.4=1.68. All other parameters remain unchanged. The result of this change is shown in Figure 9. This is a PI Controller.
[image: ]
[bookmark: _Toc146897074]Figure 9 - ZN method tuning stage 3 (PI Controller)


The fourth stage of the ZN tuning method, Kp is set to 0.6 x Kmax, Ki is set to 2.0 x f0, and Kd is set to 0.125 x f0.
Therefore Kp = 0.6*24=14.4, Ki = 2.0*1.4=2.8 and Kd = 0.125*1.4=0.175, all other parameters remain unchanged. The result of these changes is shown in Figure 10 . This is a 16-bit, Ziegler Nichols method tuned PID Controller with a 0.05 second sample time.
[image: ]
[bookmark: _Toc146897075]Figure 10 -  ZN method tuning stage 4 (PID Controller, 16-bit system)
To further improve the operation of the controller, I would select a PI controller and fine tune the Kp and Ki values manually. After this trial-and-error method of tuning, I believe optimal tuning for this PI system is shown in Figure 11 where the values for Kp = 2.5 , and Ki = 0.045. 
This system tuning requires much less control effort for a result that is has an improved response compared to the ZN tuned PID controller shown in Figure 10. Therefore I would recommend these system settings.
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[bookmark: _Toc146897076]Figure 11 - Trial & Error tuning method for PI controller


[bookmark: _Toc146897702]System Bits (Resolution)
The number of bits used for encoding and decoding affects the system's resolution and accuracy. Using more bits increases the resolution but also the computational complexity. However, using fewer bits simplifies computation but may lead to quantization errors. Experimentation is required to find the optimal number of bits that guarantee reasonable performance without unnecessary complexity. 
Figure 12 shows an 8-bit system, which when examined, does not have much resolution effect when compared to a 32-bit system as shown in Figure 13 however it took significantly longer for the software to perform the 32-bit simulation, almost 8 times longer to compute. 
Figure 14 shows a 2-bit system which shows a vast difference in the resolution of the controller when compared to an 8-bit, 16-bit or 32-bit system, this setpoint demonstrates a quantization error which is not acceptable.
Due to the limited computing power within a real-world cruise control system and the expected performance required for the system to remain safe, from the testing that has been completed in figures 10,12,13, and 14, it appears that the optimal balance between performance and resolution is a 16-bit system, whereas the minimum number of bits that can still guarantee a reasonable performance is an 8-bit system.
[image: ]
[bookmark: _Toc146897077]Figure 12 – ZN method tuned PID controller (8-bit system)
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[bookmark: _Toc146897078]Figure 13 – ZN method tuned PID controller (32-bit system)
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[bookmark: _Toc146897079]Figure 14 - ZN method tuned PID controller (2-bit system)
[bookmark: _Toc146897703]Sampling Time
Sampling time is a critical parameter that affects the system's responsiveness, computational load and in this case accuracy. A shorter sampling time leads to a more responsive system and improved accuracy but increases computational demands. A longer sampling time reduces computational load but may lead to sluggish performance and reduced accuracy. The selection of sampling times must consider the system's dynamics, computational capabilities, and desired performance characteristics. Figure 15 shows the PID controller with a 1 second sample time, and Figure 16 shows the same controller with a 2 second sample time. When these are compared to a controller with a 0.05 second sample time as shown in Figure 10, it is evident that the 1 and 2 second controllers become too inaccurate. Therefore, they are ineffective at controlling the system, and cannot be used as the sample time setpoints, despite the reduced computational demands.
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[bookmark: _Toc146897080]Figure 15 - ZN method tuned PID controller (16-bit system, 1 second sample time)
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[bookmark: _Toc146897081]Figure 16 - ZN method tuned PID controller (16-bit system, 2 second sample time)

[bookmark: _Toc146897704]Alternative control methods
Exploring alternative control methods such as fuzzy logic or adaptive control can reveal specific benefits and limitations. The choice of control method should align with the system's requirements, complexity, and desired performance characteristics. 

[bookmark: _Toc146897705]Conclusion
In conclusion, the intricacy of managing and optimizing blast furnace operations is addressed through a well-integrated industrial control system. This system meticulously balances a myriad of inputs, including raw materials and air flow rate, and closely monitors key outputs such as molten iron, slag, and gas emissions to ensure quality and environmental compliance. The deployment of a diverse array of sensors and actuators, governed by a finely tuned PID control algorithm, is pivotal in maintaining optimal conditions within the furnace. 
This report has also provided an in-depth analysis of some MATLAB code which simulates a PID controller for a cruise control system. The insights gained from this analysis contribute to a deeper understanding of control systems implementation, PID controllers, and the critical factors influencing their performance. The use of MATLAB as a tool for this analysis has proven invaluable, offering robust simulation and visualization capabilities. While PID controllers remain a versatile and effective solution, the exploration of alternative control methods has proven a diverse landscape of control systems is available. 
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