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Introduction. 
Programmable Logic Controllers (=PLCS) are key pieces of equipment in modern industrial automation systems, these provide precise and reliable control over a wider range of processes. This equipment was originally designed to replace a dated system within the automotive industry, but have since evolved significantly in both capability and application which has resulted in them being used in a vast array of industries. 
The aim for this report is to provide an in-depth analysis on PLCs, covering the initial architecture, operation, programming, and role in automation. It examines the I/O systems, potential hardware configurations, communication protocols, and other technical faucets of PLC design. The development of Functional Design Standards (=FDS) for PLC systems, a crucial step in ensuring that automation projects thrive and maintain the desired operational, and safety requirements. The report also examines a real world case studies where PLC implementation is managed. 















Main body of Content. 
Programmable Logic Controllers (=PLCs) are digitally operated electronic apparatus that use a programmable memory for internal storage of distinct instructions by the implementation of specified functions such as timing, logic sequencing, counting and arithmetic to control, through digital or analog input/output modules (Greeff and Ghoshal, 2004, pp.30–35). In 1968, the initial invention of the first PLC transformed the automation industry. Firstly, adopted by the automotive sector, General Motors began with the deployment into operations in late 1969. Richard ‘Dick’ Morley, the ‘Father of the PLC’ envisioned the programmable controller which could be used to master every job (Brown, 2021). Dick Morley used his creative prowess, and his engineering motive for ‘make things work’ to ponder the ideology of an automated industrial process that had real time input/outputs. The PLC introduction would ultimately replace the hard-wired relay control systems (RadwellInternational and Radwell International, LTD, 2018). The PLC has been a staple workhorse of the industrial automation world since its initial introduction. The technology has, since its initial introduction provided a distinct field of research, development, and application for many controls used within the manufacturing/engineering areas (Frey, 2014). These incredibly designed tools were first introduced through ‘MODICON 084’ which was the very first commercially used PLC (Mohamed, Kialakun Galgal and Umamaheswararao Mogili, 2023), seen below in Figure 1.0. Modicon 084 was extensively used within the automotive industry when first arising, although the technological advancements it brought the device was described as large, and unaffordable by many (Carr, 2023).
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Figure 1.0 – MODICON 084
Engineers desired a more sophisticated, and versatile system than to the existing relay control systems, a system that can perform far more complex control functions, as well as the potential ability to perform data processing and communication with other devices. PLC systems ae widely considered to outperform the conventional relay control systems that were widely used; in terms of flexibility, better integration, reduced maintenance, and reliability and the ability for systems to become far more adaptable through simple programming/reconfigure to accommodate the industrial processes (Carr, 2023). 
PLC’s introduction to automated systems created a major shift, these ‘gadgets’ created a solid-state technology that hadn’t been seen before, a far more dependable, and adaptable control system than that of before. The role they played allowed more complex, intricate jobs to be performed with less human interaction required, as opposed to the systems before in the relay control systems (DO Supply, 2024). PLCs have proved beneficial in a wide range of industries due to their abilities to automate processes; Manufacturing, Automotive, Chemical and Petrochemical, Pharmaceutical, the list is vast with many different scales in process (Automation, 2023). The development of modern-day PLCs was only made possible due to the advancements seen in microprocessors in the latter half of the 20th century (Khan, Pasha and Masud, 2021). The shift from relay to microprocessor-based PLC systems brought many advancements in reliability, improved functionality, but enabled programming languages like Ladder Logic, which simplified the whole system to allow engineers to create more complex control sequences with ease (Roberts, 2023).  As industries evolve the need for technology to advance is crucial, engineers are faced with numerous challenges to create, with shorter development and a need for higher levels of quality. PLCs can aide in the requirements with the ability to efficiently, and effectively evolve to suit the required end goal with the advanced programming techniques available (Sadina, 2024). The advancement of PLCs brought forth better performance, and precision in a more compact system, through the computational methods PLCs enable a diverse array of settings within industry (Martin, 2023). Cost effectiveness and economical benefits, though the initial outlay with PLC systems is greater than that of relay, the need for maintenance and operational lifespan make them a greater option in the long run (Martin, 2023). One of the most useful characteristics of the PLC for many companies is the ability to their digital nature and networking capabilities, allowing the systems to be monitored remotely, this aspect really came around in the 21st century that brought forth the era of Industry 4.0, and the characterised interconnected ‘smart’ devices, derived by data-decision making. PLCs played a vital role in the revolution by embracing advanced technologies like cloud computing, Internet of Things (=IoT), and Artificial Intelligence (=AI) (Roberts, 2023). 
Manufacturers in a variety of industries embraced the utilisation of implementation of PLC automation services to optimise their operations, and remain viable in a volatile, competitive market. A major turning point in the evolution of PLCs in industry was the recognition, and importance of reducing waste and optimising all available resources associated to the systems. Enabling industries to begin the adoption of lean manufacturing principles with the aim of minimising the use of raw materials, energy consumption, and a reduction on industrial impact on the environment. Furthermore, PLC integration enhances the quality in which products can be consistency created. The PLC integration allowed the manufacturers to monitor and enhance the operating systems as the real-time monitoring abilities of PLCs enabled the systems to be monitor all potential variables; temperature, pressure, speed, allowing the immediate adjustments to the system to avoid any and all production errors (NELIPUDI LAHARI, 2024).  PLCs follow a well-established industry standard; this guarantees the compatibility and interoperability between various suppliers and systems. This standard was established with IEC 61131, it is an internationally recognised standard that is used throughout industry with the aims to standardise the associated software and development (ARP Marketing, 2024). 
Creating a Functional Design Specification (=FDS) for a PLC control system requires a structured process that ensures that the system’s requirements are accurately captured, well documented, and must be aligned with the clientele needs. The FDS is essentially a blueprint for the development, implementation, and validation of the entire control system. There are many key benefits to creating an FDS, allows transparency among everyone involved within the project, helps provide the functionalities for everything associated with the specific application (Rosencrane, 2019). There are essential stages in developing an FDS for PLC control systems, and these are as follows: 
Requirement Gathering and Analysis – In any organisation every new product, line, system requires an analysis to determine the viability of the system, even so with the intended use of PLCs. Analysis, and frequent communication with the stakeholders and the final end-users of the system to define the given expectations, resolve any potential vulnerabilities the addition may add, and to document and manage all data key to the system (SimpliLearn, 2020). 
Functional Requirement Specification (=FRS) is a formal document that specifies the required functions of the system, or component must perform. The FRS is essentially the detail of the functional requirements of the system; including the specific control logic, sequences, alarms, and the interlocks of the PLC system (Deshmukh, 2023). It is also used to clearly outline the boundaries and the extent of the PLC system, including the specified processes it has in its control and the hardware/software that would be required; SCADA, DCS, I/O modules, network topology to name a few. One of the first things that must be considered when choosing the use of a new, or updated PLC is how the system will integrate with the existing. Compatibility with current hardware, software and communication protocols are essential to ensure the smooth operation is achieved. Engineers must consider that the PLC can communicate efficiently, and effectively with the existing equipment e.g. Human-Machine Interfaces (=HMIs), and other control systems. Hardware is vary, but a crucial to the system. Each component plays a significant role in the performance and suitability of the PLC in its given application, to name a few key hardware: 
Central Processing Unit (=CPU), the CPU is the heart of the PLC its is responsible for control instructions, the processing of data, and managing the overall operation of the system. 
Input/Output Ports (=I/O Ports) serve as a crucial connection point between the PLC and the external environment. These ports gather the essential data from the sensors (Inputs) and then transmit control signals to actuators (Outputs). These can be done through a number of ways: Analog, Digital, High-Speed Count (=HSC), and Pulse Width Modulation (=PWM) 
Development of specified control strategies, and the implementation of targeted logic flow. The strategies set out enable the system to behave in a certain way that defines a sequence of operations, and when these are to be carried out and the expected outcome. The strategies also must take into account the inputs and outputs of the PLC (Sharma, 2024). The inputs/outputs of the system must be defined for each loop, the PLC processors, power and communication interfaces along with the development of signal types and the associated equipment. 
Human-Machine Interface (=HMI) is a critical aspect of modern day technology and automation. HMIs serve as a bridge between the user and the machines, enabling interaction and communication. HMIs enable humans to interact with a machine or system, the HMI receives input from the user, processes it, and then sends the input commands to the machine or system (Ragno, 2023). In short, the introduction of HMIs ensure that the operator of a given system can efficiently monitor and control the system. 
Control system communication, the PLC communication is needed when the application needs to share the data outside of the process. During operation the PLC data will be shared with an external electronic device; many PLCs have built in communication ports, these are done using RS232, RS 422, RS 485, or the use of the ethernet. A modern day PLC has the ability to communicate via the cloud network to other systems, and devices (Ashlin, 2021). The systems are enabled to communicate very precise protocols, e.g. Modbus, Profibus, Ethernet (Sasi, 2024). The network is able to configure the desired requirements and address the given assignments for all devices within the system. 
A PLC, along with must things before entering use must be tested and validated before it can be safely and effectively used in operation. The testing and validation phase consists of three phases (Components, 2024); unit testing, where a specific section of code will be tested separately, integration testing where all individual units are put together to be checked globally and system testing where the complete system is tested as a whole application (Blanco, A Merezhin and B Fernandez Adiego, 2014). The test results enable engineers to develop test cases and scenarios for each control function, this can include normal and fault operations, it will also enable a validation criteria that can include response times, accuracy and overall reliability. 
Different rules apply to programming methods based on the software and hardware being used, programming in a Siemens PLC is not identical to programming in an Allen-Bradley PLC, there are however general good practices that should be followed in any programming. Maintaining good documentation and housekeeping is good practice, poor documentation can lead to down time in troubleshooting issues (Gutierrez, 2014). It is key that all documentation is kept up to speed with the commissioning code, as this can prove difficult to reverse. Documentation is also key to ensure the end-user fully understands the codes intent (Gutierrez, 2014). 
Looking more closely at some real-world case studies with the implementation of PLC systems at the heart, with a very diverse array of industries:
Engineers created an automated system for  a leading oil and gas company, the client performs regular drilling deep offshore, the process requires a lot of complex equipment and resources. To conduct this drilling the heads of the drills require dozens of utter heads, these encounter high levels of wear and tear every time in use, naturally with the use these are worn. To ensure these are consistently up to standard, they need to be inspected both before and after their in use operation (Pippolo, 2024). DMC, a world leading company that deliver complete automated solutions, including PLCs installed a system that monitors those drill heads within n inspection chamber that uses RGB images and compiles data to analyse and detect any damage sustained to the cutter heads; thus creating a solution for the entire inspection process more efficient and cost-effective but also more reliable and sustainable (Pippolo, 2024). 
Automotive, where it all began, where precision and speed is a key, PLC programming play a vital role in the streamlining of the production process. A world leading car manufacturer implemented a PLC controlled robotic arms to their assembly line, this is to perform intricate tasks like welding, painting, and assembly with unparalleled accuracy (Puja Controls, 2024). This is done by orchestrating the overall movement of such robots through programming of the PLC, the company had later achieved a far more lean process, through significant improvements to productivity, quality, and a safer environment for associated workers (Puja Controls, 2024). 
Production of Food and Beverages:, strict hygienic regulations and precise monitoring of production procedures are crucial in the food and beverage industry. PLC programming was implemented by a large beverage organisation to automate their bottling plant, guaranteeing precise labelling, smooth packaging, and stable filling levels. The organisation could monitor and modify parameters in real-time, eliminating waste and maximising production efficiency while maintaining rigorous quality requirements, by integrating sensors and actuators with PLCs (Puja Controls, 2024). .
Energy Management Systems: PLC programming enables the ability to effectively control and optimise power generation, distribution, and consumption in the energy sector. PLC-based control systems have been installed in power plants for a utility business for the purpose to monitor energy output, monitor turbine operations, and coordinate grid interactions. The company reduced the impact on the environment while meeting growing demand by enhancing overall energy efficiency, minimising downtime, and improving grid stability via the use of PLCs for defect detection, voltage regulation, and load balancing (Puja Controls, 2024).
ATEX rated PLC/SCADA control system, Newfield Automation Limited were approached by a main contractor within the pharmaceutical industry to set up a new process (Automation, 2022). The plant was divided into 3 sections, the safe area containing the main control panel, hazard zone 1 and 2 areas that contain a HMI and a local control station/indication panel. In the three areas different PLC technology was implemented to streamline, and aid the overall operation, below in Figure 2.0 is a clearer representation of this (Automation, 2022). 
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Figure 2.0 – Technology implemented within Pharmaceutical company. 
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