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Abstract
The design and implementation of a custom embedded control system with RS232 connection for an industrial oven testing bench are presented in this project. The goal was to create a scalable, affordable substitute for conventional PLC-based systems that would still be safe, dependable, and designed with consideration of relevant industrial safety standards.
Multiple output channels for load control, real-time temperature, voltage, and current monitoring, and integrated safety features like emergency stop and watchdog protection are all features of the system, which was created using a PIC18F46J50 microcontroller. Data logging and system control are made possible by communication with a PC-based interface.
All system components were shown to operate reliably during experimental testing, with consistent switching performance, precise sensor measurements, and efficient fault detection. The system performed well when operating continuously and accomplished all of the project's goals.
The findings verify that, for small to medium-sized industrial applications, embedded microcontroller-based systems can offer a flexible and far less expensive substitute for PLC solutions. Future projects will incorporate enhanced user interfaces and contemporary communication technologies.
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[bookmark: _Toc228173547]1.   Introduction
[bookmark: _Toc228173548]1.1 Background
Manufacturers must use testing that simulates actual operating conditions while keeping an eye on critical metrics like temperature, voltage, and current to make sure such ovens or other appliances are safe to use and function properly to guarantee that they meet performance and safety criteria.
Programmable Logic Controllers (PLCs) have historically been used to control these testing benches because of their reliability, durability, and proven connection with industrial systems[1][2]. But PLC-based solutions have significant disadvantages as well[2], primarily high costs, restricted flexibility, and vendor lock-in, all of which impact small and medium-sized business capacity to grow. On the other hand, PC-based control systems and embedded microcontrollers have become acceptable, affordable substitutes that provide more flexibility and personalisation[3][4].
An alternative approach is provided by embedded microcontrollers, such as the STM32 and PIC families. These devices enable custom real-time control for applications by combining I/O control, ADC modules, communication interfaces, and timers on a single chip[6][7][8][15].
Mid-range PLC systems with HMI and I/O expansions often cost ~£400 or more, according to market data. [9]
[bookmark: _Toc228173549]1.2 Problem Statement
Despite their benefits, PLCs frequently provide much more functionality than is necessary for specialised testing applications. They are ineffective for custom systems due to their cost structure, which includes hardware, license, and programming[2][5]. In addition, closed architectures limit compatibility with sensors and newer communication technologies[5]. Therefore, there is a significant industrial requirement for a specialised, modular controller that may function similarly to a PLC[4][3][10].
An affordable, adaptable, and dependable control system is needed by industry. [10]. Such a system should comply with PUWER 1998[11], BS EN 61439[12], IEC 60204-1[13], and IEC 62061/ISO 13849[14].


[bookmark: _Toc228173550]1.3 Project Aim and Objectives
To develop, build, and evaluate an embedded control system for an industrial oven testing station that is based on microcontrollers. The system will include contactor control to route load to PC-selected sockets, RS232-based PC connection, and real-time sensor monitoring. It will maintain cost-effective and modular performance equivalent to commercial PLC systems while incorporating extensive safety features, automatic fault protection, and designed in alignment with relevant UK and international safety standards. All objectives can be found in Table 1 Objectives Summary.
[bookmark: _Ref227649164]Table 1 Objectives Summary
[image: ]1.4 Significance 
This project has the potential to reduce system costs by approximately 80–90% compared to PLC-based solutions, it provides a cost-effective substitute for PLCs. Because of its open architecture and modular design, it is more accessible to small and medium-sized businesses and promotes sustainability through reduced power consumption and less overengineered approach which requires fewer components. The work contributes to the affordable modernisation of test benches in small-scale manufacturing by proving that embedded controllers can meet industrial safety and performance standards.

2. [bookmark: _Toc228173551]Research & Review of Literature
[bookmark: _Toc228173552]2.1 Introduction
Over time, industrial automation has changed dramatically, moving from relay-based logic to programmable [15]. Developing a dependable and cost-efficient embedded control system for industrial oven testing requires an understanding of current automation technologies, their limitations, and their suitability for small to medium-sized companies.
PLCs, distributed control systems (DCS), microcontroller-based solutions, open-source boards (Arduino, Raspberry Pi), and FPGA-based controllers are among the control architectures covered in this chapter. The technical abilities, safety compliance, affordability, scalability, and adaptability of each system are examined. The review highlights why microcontroller-based embedded systems are particularly suited to small-scale, multi-socket oven testing benches.
[bookmark: _Toc228173553]2.2 Industrial Automation and the Role of PLCs 
PLCs have established standards for industrial automation since their inception in the late 1960s. intended to take the place of relay logic in manufacturing processes[15], PLCs combine digital and analogue I/O modules with a programmable CPU, which performs programs and controls system communication[5].
PLCs are programmed using IEC 61131-3 languages such as Ladder Logic, Function Block Diagrams, and Structured Text, which provide visual and textual control logic representation[5]. 
[bookmark: _Toc228173554]2.2.1 Limitations of PLC Systems
Despite these advantages, Table 2PLC's Challenges for small-scale testing applications. demonstrates that PLCs have a number of drawbacks for small-scale testing applications.
[bookmark: _Ref211934671]Table 2PLC's Challenges for small-scale testing applications.
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They are less appropriate than microcontroller-based systems for a small-scale oven testing bench due to their expense, complexity, and limited adaptability for quick prototyping, particularly when the main functions include socket switching, temperature monitoring, and data logging. In these situations, a microcontroller system can offer more flexibility and adequate capability at a lesser cost.
[bookmark: _Toc228173555]2.2.2 PCs and Embedded Controllers as alternatives.
Controllers and PCs are becoming more affordable and adaptable options. Higher processing power, extensive data storage, and flexible software development platforms are all provided by PCs, which enable the integration of numerous serial communications and fully integrated HMI systems[31][4]. However, PCs lack integrated switches or relays to regulate parts like contactors, which are necessary for testing station power distribution.

A microcontroller-based control system for a tiny induction-generator wind turbine, for example, was created by Ahshan et al. According to the study, an embedded solution was more economical, satisfies computing requirements, and avoids needless hardware complexity, even though a PLC might have been used. Whilst a particular study highlights embedded systems as cost-effective [3], majority of current research does not address PC-based monitoring and safety interlocks.
[bookmark: _Toc228173556]2.3 Distributed Control Systems (DCS)
A DCS coordinates and manages process subsystems in real-time, acting as the brains behind industrial processes. It enables automated decision-making and instructions throughout a plant by integrating several components, including sensors, actuators, and PLCs, via a communication network. DCSs are made to handle complicated procedures in large-scale production settings, providing advantages including increased productivity, reduced risk, and better cybersecurity and safety[17].
However, a DCS is not suitable for small appliance testing benches. Since a DCS is intended for large-scale industrial operations with complicated process control requirements, its implementation would add excessive complexity and cost. A DCS is an impractical and ineffective option since its infrastructure, software, and maintenance requirements considerably exceed the needs of a small appliance testing environment.



[bookmark: _Toc228173557]2.4 Microcontroller-Based Systems
Microcontrollers (MCUs) provide an integrated, low-cost platform that combines a CPU, memory, timers, and I/O interfaces on a single chip[18]. Any device that measures, stores, controls, or displays data uses them extensively in embedded control applications[18].
Table 3 Modern MCUs offering and why it matters [18] shows Modern MCUs, such as ATmega, Raspberry Pi Pico, Arduino devices, and what they offer:
[bookmark: _Ref212190900][bookmark: _Ref212191365]Table 3 Modern MCUs offering and why it matters [18]
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MCUs are an affordable, small, and reprogrammable option with embedded data logging and real-time control[18]. They have been successfully used for environmental monitoring[19]. Therefore, they can offer data logging, current sensing, and socket control for an oven testing bench without the cost or complexity of an industrial controller.
MCUs must be developed and function with other subsystems in order to accomplish a particular purpose because they cannot function as standalone units. Usually, they function at low logic-level voltages, such as 3.3 V or 5 V[18], meaning that in order to properly operate devices powered through the electrical supply, additional driver circuits are required. Additionally, various integrated circuits for communications, such as RS232 or I²C, and signal conditioning circuits for sensor signals are required.

[bookmark: _Toc228173558]2.4.1 Power Conversion and Voltage Regulation
MCUs operate at low logic-level voltages (3.3V or 5V)[18]. In industrial environments with 24V control lines or power rails, designers must implement robust voltage regulation. Voltage regulator choice was based on Table 4 Regulator Choice. 
[bookmark: _Ref227649417]Table 4 Regulator Choice
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[bookmark: _Toc228173559]2.4.2 Digital/Analogue  Input Signal Level Conditioning
The system must read and interpret external digital signals into the MCU's logic domain, including 24 V control signals, fault signals, and sensor digital thresholds. Table 5 Signal Conditioning Considerations takes it into account. 
[bookmark: _Ref227649751]Table 5 Signal Conditioning Considerations
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[bookmark: _Toc228173560]2.4.3 Communication Interfaces
MCUs in industrial applications often communicate with PCs, sensors, or other controllers. Different choices can be found in Table 6 Communication Interface 
[bookmark: _Ref227649941]Table 6 Communication Interface Summary
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[bookmark: _Toc228173561]2.4.4 Expandable I/O 
MCUs have limited access to inputs and outputs, to obtain more i/o is essential.
· The MCP23017[17] provides additional GPIO lines without consuming MCU pins.
[bookmark: _Toc228173562]2.4.5 Safety
Safety summary can be found in Table 7 Microcontroller Safety Consideration.
[bookmark: _Ref227650204]Table 7 Microcontroller Safety Consideration
[image: ]
[bookmark: _Toc228173563]2.4.6 Load Switching and Protected MOSFETS
Simple discrete transistors may not be as secure as protected low-side MOSFET drivers when MCUs need to switch 24 V inductive loads, like contactor coils. By implementing Self-Protected Low Side Driver with Temperature and Current Limit protection, and ESD robustness, devices like the Onsemi NCV8401 provide direct MCU control of 24 V loads without the need for external protective components. Protected switches are more reliable than relays or unprotected MOSFETs[32].
[bookmark: _Toc228173564]2.5 FPGA-Based Controllers
An FPGA (Field Programmable Gate Array) is a very flexible semiconductor IC that may be modified after it is manufactured. Its foundation is a matrix of Configurable Logic Blocks (CLBs), which can be interconnected according to the user's design. Hardware Description Languages (HDLs) like VHDL or Verilog are commonly used for programming, and loading code onto an FPGA is comparable to programming a PROM[30].
The usage of FPGAs in some applications is limited by a number of their drawbacks. They are difficult to program and require specific expertise in digital system design and Hardware Description Languages (HDLs), as well as familiarity with simulation tools. Additionally, they often use more power than ASICs and have less options for power optimisation. Additionally, the resources on the chosen chip limit an FPGA's design capabilities, therefore selecting the appropriate device early in the design process is crucial. Lastly, FPGAs are more expensive for large-scale manufacturing than ASICs, even though they are more affordable for short production runs and prototyping[30].


[bookmark: _Toc228173565]2.6 Comparative Analysis of Control System Architectures
Table 8 Comparison and Evaluation of Control System Designs.
[image: ]
[bookmark: _Toc228173566]2.7 Summary and Rationale for Selected Approach
The review of current automation and control architectures demonstrates how programmable and embedded solutions have replaced conventional relay-based systems. Depending on application scale, performance needs, and financial considerations, each technology PLCs, DCSs, microcontrollers, and FPGAs offers unique benefits and limitations.
Because of their dependability, adaptability, and adherence to global standards, PLCs have long dominated industrial automation (IEC 61131-3). However, they are less appropriate for small-scale testing applications due to their high cost, restricted flexibility for quick prototyping, and dependence on lock-in programming environments. Similar to this, DCSs add unnecessary complexity and infrastructure expenses that beyond the requirements of an oven testing bench, despite their power for large-scale continuous process facilities.
FPGA-based controllers, though offering exceptional speed and parallel processing capabilities, demand specialized design skills in hardware description languages (HDL) and carry high development overheads, making them impractical for some applications.

MCU’s on the other hand, offer the best possible balance of cost, performance, scalability, and design flexibility. MCU’s enable effective real-time control of numerous oven outlets, temperature sensors, and switching circuits by combining a CPU, memory, and I/O peripherals into a single device. They facilitate easy data logging and PC interface by supporting fundamental communication protocols including RS-232 and I²C. Additionally, scalable I/O modules enable system scalability without requiring major redesign, while safety features like watchdog clocks and brown-out monitoring improve reliability.
MCU's modular and reprogrammable design may meet the needs of small and medium-sized businesses involved in thermal testing and product validation, where cost control, flexibility, and ease of modification are essential. By connecting low-voltage digital control with 24 V industrial inputs, additional circuitry such as voltage regulation, signal conditioning, and isolation guarantees safe operation in mixed-voltage situations.
As a result, the chosen architecture for the oven testing bench controller is the microcontroller-based embedded system. It provides an affordable, reconfigurable, and technically sound solution that can accurately and consistently execute temperature monitoring, data logging, and multi-socket control. This strategy maintains low overall system complexity and lifecycle cost while enabling flexible experimentation and future development. 
While PLC systems provide certified safety and robustness, their cost and limited flexibility make them less suitable for small-scale testing applications. Conversely, microcontroller-based systems offer flexibility and cost benefits but require careful design to ensure safety and reliability. Therefore, the chosen approach represents a trade-off between cost efficiency and the absence of formal industrial certification.

3. [bookmark: _Toc228173567]Research & Development Methodology
[bookmark: _Toc228173568]3.1 Introduction
The research and development process used to build and develop the microcontroller-based control system for the industrial oven testing bench is presented in this chapter. 
The results of the literature review, which highlighted the drawbacks of PLC-based testing systems and the benefits of embedded microcontroller solutions in terms of cost, modularity, and adaptability, served as the basis for the technique. In order to provide a dependable and secure control system, the research uses a practical engineering and experimental development strategy that combines continuous design, simulation, and testing.
[bookmark: _Toc228173569]3.2 Methodological Rationale Based on Literature Review
The literature review demonstrated several important gaps and opportunities that shaped the research direction of this project. Key findings can be found in Table 9 Key Literature Findings Informing the Methodology
[bookmark: _Ref218591133]Table 9 Key Literature Findings Informing the Methodology
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[bookmark: _Toc228173570]3.3 Research Design Approach
This project uses an experimental development and practical engineering methodology:
· Engineering development: To address the industrial oven testing issue, a new embedded control system is developed that combines hardware and software to satisfy project specifications.
· Experimental evaluation: To ensure that the system satisfies functional, performance, and safety goals, it is tested under actual working situations.
[bookmark: _Toc228173571]3.3.1 Development Process
This project followed a step-by-step development process. The system was improved over time by building it, testing it, finding problems, and making changes until it worked as required.
The process included the following stages as seen in flowchart in Figure 1 Development process flowchart. 
[image: ]
[bookmark: _Ref218598735]Figure 1 Development process flowchart
This approach allowed the system to develop and improve gradually, rather than being completed in a single build, helping to increase its performance, reliability, and safety.
[bookmark: _Toc228173572]3.4 System Development Methodology
[bookmark: _Toc228173573]3.4.1 Hardware Design Method
Implementing the features listed in the literature review is the main goal of the hardware design process, which includes:
· Microcontroller-based I/O control
· Signal conditioning for inputs
· Expandable I/O module based on I2C
· Regulated multi-voltage power supply design
· Protected MOSFETS
Recommended guidelines found in investigated research on embedded industrial control hardware were used to support design choices for PCB layout, filtering, grounding, and modular expansion.


[bookmark: _Toc228173574]3.4.2 Firmware and Control Logic Development
The firmware was created in C to give the oven testing system safe, dependable control and monitoring. To ensure that each task runs consistently and is easily maintained, the code is divided into separate functions for sensing, switching control, communication, and safety logic.
The firmware reads measurements from the LM35 temperature sensor, thermocouple module, current sensors, and voltage sensors.
· To lower noise and increase accuracy, analogue values are sampled via the ADC and averaged.
· The firmware uses Serial Peripheral Interface (SPI) to read the MAX31855 thermocouple and looks for wiring and connection issues.
· To ensure that the readings accurately reflect electrical and temperature values, bias correction, calibration factors, and RMS calculations are used.
The MCP23017 I²C I/O expander is used to control digital outputs, while RS-232 is used to communicate with the PC. Commands have the ability to read data, control test activities, and switch outputs.
The firmware shown in Figure 2 Safety-Critical Features includes several safety-critical features
[image: ]
[bookmark: _Ref227650853]Figure 2 Safety-Critical Features
These features ensure that the controller fails safely and prevents unsafe operation during fault or abnormal conditions.



[bookmark: _Toc228173575]3.5 Testing and Validation Methodology
The Stage 2 controller's testing approach is intended to carefully assess its performance, reliability, and safety in order to make sure it satisfies the functional goals set down in Stage 1 and complies with industry standards. The literature highlighting the drawbacks of PLC’s and the benefits of microcontroller-based systems guides testing.
Key testing activities include:
· Functional testing involves the process of confirming that all outputs, such as MOSFET-driven contactor switching, emergency stop functionality, and auxiliary MCB feedback monitoring, are operating correctly. This guarantees that under typical operational conditions, control logic operates as planned.
· Testing for sensor accuracy includes Verifying measurement accuracy and the validity of signals involves comparing voltage sensor, current transformer, and Type-K thermocouple values to calibrated reference instruments.
· In order to evaluate long-term stability, thermal behaviour, and the robustness of RS232 communication, reliability and stress testing involves repeated switching cycles and continuous operation.
· In order to confirm the functionality of safety interlocks, watchdog clocks, and automated shutdown mechanisms, fault and safety testing simulates abnormal conditions such overloads, over-temperature occurrences, and signal disruptions.
· Comparative evaluation compares the system's cost, scalability, modularity, adaptability, and applicability for industrial oven testing scenarios to PLC-based systems.
This carefully structured process guarantees that the controller meets the safety and usability standards determined during Stage 1 and the literature evaluation as well as making it operationally effective.
[bookmark: _Toc228173576]3.6 Ethical, Safety, and Compliance Considerations
Safety and compliance are of the highest priority because it interacts with industrial electrical systems. Among the methodological factors are:
· Testing for safe laboratory practices will be carried out in a controlled environment using the appropriate fusing, electrical isolation, and safety equipment.
· To lower the risk of overvoltage or component damage, electrical protection circuit design includes regulated DC-DC power stages, watchdog timers, and emergency stop capabilities.
· To ensure operator and equipment safety, all design, testing, and operational procedures follow relevant UK and international standards, such as PUWER 1998, BS EN 61439, IEC 60204-1, and IEC 62061/ISO 13849.
· Ensure the integrity of recorded data by using precise sensor calibration, dependable RS232 connectivity, and detailed logging to support appropriate reporting and analysis.
These elements support the safety goals highlighted in earlier research and bring the methodology into line with industry best practices.
[bookmark: _Toc228173577]3.6.1 Risk Assessment and Mitigation
A structured risk assessment was conducted to identify key hazards associated with the system and to implement appropriate mitigation strategies, as summarised in Table 10 Risk Assessment and Mitigation Summary.
[bookmark: _Ref228172333]Table 10 Risk Assessment and Mitigation Summary
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4. [bookmark: _Toc228173578]Design & Implementation
[bookmark: _Toc228173579]4.1 Overview of System design 
The entire design and implementation of the custom embedded controller created for the industrial oven testing bench are presented in this chapter. The design aims to provide a reliable, secure, and affordable substitute for a PLC-based system while adhering to key industry standards, building on the specifications and justification presented in Chapters 1-3. In order to provide real-time monitoring, control, and fault handling within a modular design, the system combines hardware, firmware, and PC-based communication.
[bookmark: _Toc228173580]4.2 Hardware Design and Implementation
[bookmark: _Toc228173581]4.2.1 Microcontroller Selection 
It was essential to understand the operating principles of the microcontroller and evaluate all features before making a selection. Tables 5–8 summarize all the considerations taken into account, and from the analysis of memory requirements, I/O resources, and other factors in the subsections, most suitable microcontroller for the system could be chosen.
The PIC18F46J50 offers its advantages and adaptability. This 8-bit microcontroller provides 28 ADC channels, above the minimum need of 7, making it perfect for many sensor inputs. It also contains two independent UART modules (TX/RX) ideal for RS232 communication support, enabling simultaneous communication. With up to 35 GPIO pins, the microcontroller gives flexibility for additional digital input/output operations. It guarantees wide compatibility with a variety of sensors and modules by operating at a voltage range of 1.8V to 5.5V. Its 65 KB of Flash memory provides program code storage, and its 8-bit and 64 MHz clock speed provide enough processing capability to manage numerous inputs and serial communications[39].

Table 11 Sensor Mechanisms for Data Acquisition of internal Temperature
[image: ] [33] [34]
Table 12 Sensor Mechanisms for Data Acquisition of oven Temperature
[image: ] [35][36]
Table 13 Sensor Mechanisms for Data Acquisition of oven Current
[image: ] [37]
Table 14 Sensor Mechanisms for Data Acquisition of oven Voltage
[image: ] [38]

4.2.1.1 Memory requirements 
The resolution, sampling frequency, and data format of each sensor in the system require certain memory challenges. All requirements are listed in Table 15 Interface Requirements
[bookmark: _Ref220926441]Table 15 Interface Requirements
[image: ]
Total memory usage = 0.12kB/s
The system will need about 120 bytes of memory per second with this configuration in order to store data from every sensor. This calculation helps in determining the memory requirements for the microcontroller and for any external storage needed 
Given the variety of sensors involved, a microcontroller with at least 32 KB of program memory is recommended. This makes room for the firmware and any future additions, such extra sensors or features.
RAM is needed to temporarily store sensor reading before they are processed, each sensor reading is 16/32 bits depending on accuracy and precision of the sensor. As previously calculated, memory use per second will be approximately 120 bytes. To implement communication protocols and temporarily store data, the microcontroller should have at least 1024 bytes of RAM.
4.2.1.2 I/O resources 
The microcontroller must supply the following I/O resources in accordance with the system's requirements, see Table 16 Pin Count Summary on PIC. 
[bookmark: _Ref220931194]Table 16 Pin Count Summary on PIC
[image: ] 
To allow more inputs and outputs, an I/O expander was used. This was necessary since the PIC microcontroller does not have a sufficient number of pins to accommodate all required signals. I/O pins of expander can be found in Table 17 Pin Count Summary on I/O expander
[bookmark: _Ref220931533]Table 17 Pin Count Summary on I/O expander
[image: ]
[bookmark: _Toc228173582]4.2.2 Design Challenges and Continual Enhancements
The controller was developed via a progressive design method, whereby early prototype problems were found through testing and then fixed in the final implementation. A number of real-world issues with manufacturing, signal integrity, and thermal performance were identified by the first Stage 1 prototype.
Using small surface-mount components in the power regulation stage was one of the main problems. The narrow component footprints and exposed thermal pads made manual assembly challenging and raised the possibility of faulty solder joints, even though the original design reduced PCB size. Concerns about reliability in operation and long-term heat dissipation were also brought up by these restrictions. To improve manufacturability and heat dissipation, the PCB layout was changed, component footprints were expanded, and thermal pathways were enhanced in the Stage 2 design.
Early testing also revealed problems with signal integrity. Analogue sensor readings were impacted by electrical noise, especially for low-level thermocouple observations. In order to stabilise communication and lessen electromagnetic interference, various filtering methods were adopted, such as pull-up resistors, ferrite beads, and RC filtering. Measurement precision and stability were greatly improved by these changes.
To better separate high-current switching circuits from sensitive analogue measurement lines, PCB architecture and component location were improved further. The final design satisfied the functional and operational objectives set during the research phase thanks to the continuous improvement strategy, which allowed for gradual improvements in system performance, reliability, and safety.
[bookmark: _Toc228173583]4.2.3 Power Supply and Voltage Regulation
To reduce PCB footprint, the DC-DC buck converter step was implemented in step 1 using small surface-mount components. Despite being electrically functional, this design presented serious difficulties for testing and physical assembly. Important parts, such as the power inductor and buck regulator IC (LMR33620), were delivered in compact, high-density packages that were challenging to solder consistently by hand. Specifically, the regulator used an exposed thermal ground pad on the underside of the package, requiring a strong solder contact to the PCB ground plane for heat dissipation and electrical performance. It was difficult to get proper solder wetting on this pad using manual soldering techniques, which resulted in unpredictable assembly quality.
Furthermore, the inductor's small package size and the surrounding passive components made rework difficult and raised the possibility of soldering errors. The Stage 1 power circuit's manufacturing limits were brought to light by these assembly issues, which also raised questions about the circuit's long-term thermal performance and dependability under continuous operation.
The Stage 2 redesign, which increased component footprints, enhanced thermal pathways, and changed the PCB architecture to make it easier manual assembly and heat dissipation without sacrificing electrical performance, was directly influenced by the problems found during Stage 1 testing.
4.2.3.1 Individual Device Power Consumption
An individual device power consumption study was performed for both the 5 V and 3.3 V supply rails in order to confirm the suitability of the chosen voltage regulation devices and to evaluate worst-case thermal loading. Based on normal operating currents obtained from manufacturer datasheets, the study makes the assumption that all connected loads operate continuously.
The total system power consumption is confirmed to be well within the capacity of the LM2596 switching regulators used in the design by the combined power demand of both rails. The analysis confirms that, even in the worst-case operating circumstances, no single rail exceeds the regulator's current or temperature limits by measuring the contributions of individual devices.
5 V Rail Load
The current usage of devices that are powered by the 5 V rail is summarised in Table 18 5V Rail Load. The MCP23017 I/O expander and external sensing modules are the main sources of load current. Because of its large maximum supply current during full I/O operation, the MCP23017 is the major load on this rail. The RS-232 transceiver, analogue sensors, and indication LED all require more electricity.
It is determined that the 5 V rail's total load current is 180 mA, which translates to a power usage of roughly 0.9 W. This is a sensible worst-case scenario that guarantees enough design margin for startup and unexpected circumstances.
[bookmark: _Ref221005290]Table 18 5V Rail Load
[image: ]
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3.3 V Rail Load
The current consumption of devices powered by the 3.3 V rail is shown in Table 13. With nearly all of the total current flowing through it, the MAX31855 thermocouple interface IC is the dominating load on this rail. The EEPROM, the PIC18F46J50 microcontroller, the logic-level inputs of the NCV8401A devices, and indication LEDs provide additional loads.

With 173 mA of total current used from the 3.3 V rail, the overall power usage is roughly 0.6 W.
[bookmark: _Ref221007168]Table 19 3.3V Rail Load
[image: ]
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4.2.3.2 Heatsink Justification
Using thermal resistance data from the manufacturer, a worst-case thermal analysis was performed to evaluate the thermal performance of the chosen LM2596 switching regulators. The TO-220 package without a heatsink typically has a junction-to-ambient thermal resistance of 50 °C/W, while the LM2596 is rated for a maximum junction temperature of 150 °C.
The result suggests that, without the need for a heatsink, the LM2596 can safely dissipate up to 2.5 W of power at room temperature of 25 °C.
Only a small portion of the 1.5 W total output power drawn from the 5 V and 3.3 V rails is dissipated internally by the switching regulators because of their high efficiency, according to the power consumption analysis shown in Table 18 5V Rail Load, Table 19 3.3V Rail Load. Consequently, the predicted maximum allowed dissipation is far higher than the actual regulator power dissipation.
Therefore, thermal calculations verify that the LM2596 devices function well within safe temperature limits under typical and extreme loading situations, and that a heatsink is not strictly required for proper performance.
Nevertheless, as a precaution, each regulator was equipped with a little heatsink. In the event of high external temperatures, reduced ventilation inside an enclosure, or unexpected increases in load current, this choice offers extra thermal buffer. By lowering junction temperature during continuous operation, the heatsink also increases long-term dependability, which is consistent with excellent engineering practice for industrial control applications.


The thermal resistance was calculated using Equation 1[48]:
Equation 1 Thermal Resistance
[image: ]
Rearranging to determine the maximum power dissipation gives Equation 2[48]:
Equation 2 Max Power Dissipation
[image: ]
Where:
[image: ]
Substituting the relevant values[47]:







[bookmark: _Toc228173584]4.2.4 Output Control and Load Switching
Output control is achieved using protected low-side N-channel MOSFET drivers, which energise contactor coils connected to the oven sockets. Compared to conventional relay-based designs, this method offers a number of benefits, such as quicker switching, less mechanical wear, and built-in protection against thermal and overcurrent faults.
Each output channel is controlled either directly from the microcontroller or via an I²C-based I/O expander, allowing the system to scale beyond the native I/O limitations of the MCU.
[bookmark: _Toc228173585]4.2.5 Signal Conditioning Design and Calculations
4.2.5.1 Voltage divider design for 24V inputs
A number of the controller's inputs, including MCB auxiliary connections, come from 24 V industrial signals. Resistors are needed to scale these signals to an appropriate level because the PIC18F46J50 runs with a maximum safe input voltage of 3.3/5 V on its pins.
The output voltage of a typical two-resistor divider is determined by:
Equation 3 Voltage Divider

As seen in a  Figure 3 Safe Voltage Scaling the resistor divider scales the 24 V input to approximately 9.3 V. This voltage is intentionally higher than the MCU input range and is not applied directly to the microcontroller. Instead, it is further conditioned by a protection stage (Section 4.2.4.2), where a Zener diode clamps the signal to approximately 4.3 V and a series resistor limits current. This two-stage design ensures robust operation under industrial voltage variation while protecting the microcontroller input.
 


9.3V
This voltage is not delivered directly to the microcontroller; rather, it is purposefully higher than the permitted range of PIC controller. Rather, it guarantees sufficient clearance to consistently power the following safety circuitry in all predicted operating circumstances.
[image: A diagram of a circuit
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[bookmark: _Ref221278515]Figure 3 Safe Voltage Scaling
4.2.5.2 Input Protection and Filtering
A series resistor R61 (200 kΩ) is positioned after the divider, between the analogue input pin IN_1 and the divider output. R61 is mostly used as a current-limiting resistor to safeguard the microcontroller input in the event of a failure or a brief overvoltage. When the input voltage rises over acceptable thresholds The input terminal of a Zener diode Z1 (MMSZ5229B-7-F), which has a nominal breakdown voltage of 4.3 V, and is linked to ground clamps the voltage to ground. 
Z1 connects and clamps the voltage at IN_1 to about 4.3 V when the divider output is higher than the Zener voltage, keeping the microcontroller from receiving too much voltage. The voltage across R61 at a 24 V input is:

In order to reduce high-frequency noise and switching transients that may otherwise impair ADC accuracy, R61 additionally forms a low-pass RC filter with capacitor C25 0.1µF. This filtering increases measurement stability while maintaining a sufficient reaction time.
[bookmark: _Toc228173586]4.2.6 Signal Conditioning and Noise Filtering Improvements
Compared to the Stage 1 design, more signal conditioning and noise filtering techniques were used in the Stage 2 to increase the precision and dependability of the temperature readings. Because thermocouples produce low-level voltage signals, the system's Type-K thermocouple interfaced with the MAX31855KASA thermocouple-to-digital converter is vulnerable to electrical noise. In order to avoid measurement mistakes, appropriate filtering and signal stabilisation were required.

4.2.6.1 Ferrite Bead and Capacitor Noise Filtering
Ferrite beads (FB1, FB2) with an impedance of 470 Ω were added in series with the thermocouple input lines in the revised design, as shown in Figure 4 Ferrite Bead and Capacitor Noise Filtering, together with a 0.01 µF capacitor (C8) to ground. This arrangement creates a low-pass filter that lets the low-frequency thermocouple signal through while suppressing high-frequency noise. 
Ferrite beads function as resistive components that change with frequency. They provide little resistance at low frequencies, therefore the thermocouple signal is unaffected. Their impedance dramatically rises at higher frequencies, such as electromagnetic interference (EMI) or switching noise from surrounding circuitry, reducing unwanted signals.
For high-frequency noise, the capacitor offers a low-impedance path to ground. An RC low-pass filter is produced when the ferrite bead is added, and its cutoff frequency is defined by Equation 4 Cutoff frequency:
[bookmark: _Ref223094641]Equation 4 Cutoff frequency 
 
where C is the capacitance value and R is the ferrite bead's effective impedance at high frequencies.
Using R ≈ 470 Ω and C = 0.01 µF (10 nF):




This shows that whilst the thermocouple signal, that changes slowly with temperature, passes through undisturbed, noise components over about 34 kHz are significantly suppressed. The filtering minimises temperature reading errors, enhances signal stability, and reduces electromagnetic interference.
Because the thermocouple generates very little voltage change, it is especially vulnerable to noise pickup from power lines, digital switching signals, and environmental interference, requiring the addition of this filtering stage. As a result, the filter increases measurement accuracy [image: A diagram of a circuit
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[bookmark: _Ref222486165]Figure 4 Ferrite Bead and Capacitor Noise Filtering
4.2.6.2 Addition of Pull-Up Resistors
The addition of 10 kΩ pull-up resistors (R26,R27,R28) on the communication lines, as shown in Figure 4 Ferrite Bead and Capacitor Noise Filtering, was another enhancement made to the Stage 2 design. In the past, erroneous readings and erratic communication with the thermocouple interface were caused by floating or poorly defined logic levels.
When no device is actively driving a signal line, pull-up resistors make sure that the line defaults to a specified logic HIGH state. The converter or microcontroller's input pins may float in the absence of pull-up resistors, leaving them vulnerable to electrical noise. This may result in:
· Digital signals being falsely triggered
· Inaccurate data transfer
· Measurement results that are erratic or inconsistent
Noise immunity and power consumption are balanced by the chosen value of 10 kΩ. The resistance is high enough to limit current draw while remaining low enough to prevent interference and maintain a constant logic level.
[bookmark: _Toc228173587]4.2.7 Safety Features and Compliance Implementation
Multiple levels of safety are incorporated into the hardware architecture to guarantee safe operation when connecting industrial power circuits to low-voltage embedded devices. These safety measures were put in place to reduce operator danger, safeguard machinery, and guarantee adherence to pertinent industrial electrical and machinery safety regulations.
While the system incorporates design practices aligned with relevant standards, formal certification and compliance testing were outside the scope of this project.
4.2.7.1 Emergency Stop Integration
When an emergency stop (E-stop) input is triggered, it instantly shuts all output switching devices since it is implemented as a safety-critical hardware interrupt. All MOSFET drivers that control the contactors are forced into a safe OFF state by the emergency stop circuit, which works separately of normal control logic.
When activated:
· Every contactor output is de-energised right away.
· The system goes into a failure condition that stops it from working.
· To notify the operator, a fault signal is sent to the PC interface.
· Only after a manual reset can normal functionality be resumed.
4.2.7.2 MCB Auxiliary Feedback Monitoring
The I²C I/O expander is used to monitor auxiliary contacts from MCB’s to confirm the correct functioning of the power path. This enables the detection of electrical faults without the need for software control.
The monitoring system detects:
· Loss of supply voltage
· Overcurrent trip conditions
· Unexpected disconnection of load circuits
If a discrepancy between commanded output state and MCB feedback is detected, the system:
· Disables outputs
· Enters emergency mode
· Logs the fault condition
· Prevents automatic restart
This closed-loop verification improves operational reliability and ensures that power switching occurs only under safe conditions.
4.2.7.3 Watchdog Timer Protection
To identify firmware issues or system lock-up, a hardware watchdog timer is used. During regular operation, the firmware updates the watchdog on a regular basis. If, within the specified time frame, the refresh signal is not received:
· The microcontroller resets itself on its own.
· Every output goes back to a secure state.
4.2.7.4 Electrical Isolation and Overvoltage Protection
To protect the microcontroller from higher voltage levels and sudden accidents, several electrical protection measures are implemented:
· Voltage divider networks for safe input scaling.
· Zener diode clamping for overvoltage protection.
· Series current-limiting resistors.
· RC filtering to suppress transients and noise.
· Protected MOSFET drivers with integrated thermal and current protection.
These measures ensure reliable operation in mixed-voltage environments and reduce the risk of component damage.
4.2.7.5 Safety Fuse
A T500 mA time-delay fuse was installed at the 24 V power input to give the controller main overcurrent protection. The control electronics and auxiliary switching circuitry's relatively low current requirements led to the selection of this figure. The combined load of the 5 V and 3.3 V rails is roughly 1.5 W, as demonstrated in the previous power consumption analysis. This only represents a tiny input current from the 24 V supply. The input fuse does not need to be sized for the main PSU load because the MOSFETs are only used as switching components for the control side and the main load current is not carried through the controller. Therefore, a 500 mA time-delay fuse offers adequate protection while permitting brief inrush currents during startup and switching transients without causing nuisance. 

[bookmark: _Toc228173588]4.2.8 PCB Design and Layout Considerations
In order to guarantee electrical reliability, thermal stability, and noise tolerance in a mixed-voltage environment, the printed circuit board (PCB) layout was improved in response to problems found during Stage 1 assembly. Larger component footprints to make manual soldering easier, better thermal pad accessibility, more space between components, and modified power routing for better heat dissipation are all included in the redesigned design. Furthermore, the arrangement ensures safe power distribution, better signal integrity, increased assembly reliability, and long-term operational stability by clearly separating sensitive analogue and digital control circuitry from higher-current switching circuits.
The final PCB layout is shown in Figure 5 PCB Layout.
[image: A black and white circuit board
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[bookmark: _Ref222486456]Figure 5 PCB Layout

4.2.8.1 Separation of the Signal and Power Components
The PCB layout follows a functional zoning approach, dividing the board into zones:
· Higher-current power switching zone - contactor and load switching circuitry
· Control and processing zone - microcontroller and communication circuits
· Signal conditioning zone - sensor interfaces and analogue inputs
· Power converter zone – dc-dc converter to convert 24 V to 3.3 V and 5 V
According to the PCB layout, the microcontroller and low-voltage circuitry are in the middle and bottom sections of the board, while the power converter area is in the upper section using wide copper pours. Sensitive measuring circuits are shielded from switching noise and electromagnetic coupling by this physical separation.
To minimise noise pickup and measurement mistakes, sensitive analogue traces such as temperature and voltage sensing signals were moved from switching elements and higher-current traces.
4.2.8.2 Grounding Strategy
Extensive copper ground planes were used to create a strong common ground reference in order to improve noise immunity and guarantee low impedance return pathways. These improves analogue measurement stability and enhances thermal dissipation.
4.2.8.3 Decoupling and Power Stability
To stabilise supply voltage and reduce switching noise, decoupling capacitors were positioned between microcontroller supply pins and communication IC’s. 
Bulk capacitors were included near voltage regulators to smooth supply variations caused by dynamic load changes.
4.2.8.4 Signal Routing and Noise Reduction
Signal routing conforms to mixed-signal embedded systems:
· Separate routing of digital and analogue signals
· For sensitive inputs, short signal pathways are used.
· Very little high-current trace crossing
· Filtering elements positioned near signal entrance locations
To reduce electromagnetic interference, the analogue sensing circuits and thermocouple interface were placed away from switching components.
4.2.8.5 Thermal Management Considerations
Power components and regulators were positioned with consideration for thermal performance. Large copper regions were used to improve thermal transfer, and high power devices were placed far enough apart to allow heat dispersion.
To enhance airflow and minimise temperature buildup, the load drivers and switching regulators were positioned close to the board's edges.



[bookmark: _Toc228173589]4.2.9 Enclosure Considerations
The PCB includes mounting holes positioned around the board edges to allow secure installation within an enclosure. This allows the board to be mounted and protect the board from vibration during operations. 
Adequate spacing between mounting points and electrical traces was maintained to ensure electrical isolation.
The system is intended for installation inside a protective enclosure to provide:
· Protection from dust and moisture
· Prevention of accidental contact with live circuits
· Compliance with industrial electrical safety practices
[bookmark: _Toc228173590]4.2.10 Communication Protocol (RS232)
Because of its ease of use, dependability, and compatibility with industrial systems, RS232 was selected. RS232 provides reliable point-to-point communication with little implementation complexity, even if newer protocols like RS485 or Ethernet offer greater data speeds and flexibility. This choice, however, restricts networked applications' scalability.
[bookmark: _Toc228173591]4.2.11 Current Transformer Signal Conditioning and Interface
The circuit shown in Figure 6 Current Transformer Signal Conditioning Circuit implements the signal conditioning stage for the current transformer (CT), specifically the SCT013G 100A/1A device. This stage is responsible for converting the raw current signal from the CT into a safe, measurable voltage suitable for the microcontroller ADC input (CT1).
[image: ]
[bookmark: _Ref226962551]Figure 6 Current Transformer Signal Conditioning Circuit
4.2.11.1 CT Signal Conversion and Burden Resistor
As a current-output transformer, the SCT013G generates a secondary current that is proportional to the main current being measured (100 A:1 A ratio). A burden resistor is needed to transform this current into a voltage that can be measured. There is no need to include a burden resistor into the design because it is already present in the SCT013G. 
4.2.11.2 Midpoint Biasing for ADC Compatibility
The AC signal needs to be shifted into the positive voltage range because the microcontroller ADC is unable to measure negative voltages. This can be done by creating a midpoint bias at about 1.5 V (from a 3 V supply) using a voltage divider made up of R4 and R5.
The AC signal from the CT oscillates above and below this reference level rather than actual 0 V since this midpoint serves as a virtual ground. Consequently:
· Above 1.5 V, positive half cycles are visible.
· Negative half cycles appear below 1.5 V (but still above 0 V) 
4.2.11.3 AC Coupling and Filtering
The CT signal is AC-coupled into the bias network using capacitor C32 (10 µF). 
Additionally, the capacitor and surrounding resistances form a high-pass filter, ensuring that low-frequency drift or DC offsets do not affect the measurement.
4.2.11.4 Connector Interface, Noise Reduction, and Design Improvement
As a design enhancement from Stage 1 to Stage 2, the CT is connected to the PCB via a 2-pin terminal block (J8) instead of a conventional 3.5 mm audio jack. Poor mechanical contact reliability, greater vulnerability to electrical noise, and sporadic unstable or inconsistent readings were among the problems the audio jack connection created during Stage 1 testing.
In order to solve these issues, Stage 2 introduced a 2-pin terminal block that increases tolerance to electromagnetic interference (EMI), lowers contact resistance range, and offers a more reliable and secure electrical connection. This change emphasises a crucial development lesson: the quality of analogue signals is greatly impacted by connector selection. Overall, the terminal block approach greatly increased system reliability and measurement stability.


[bookmark: _Toc228173592]4.3 Firmware Implementation
[bookmark: _Toc228173593]4.3.1 Firmware Overview
To enable real-time monitoring, control, and safety management for the custom  controller hardware, the firmware was created in C. Sensor acquisition, power control, hosting PC connectivity, and system protection measures are all managed by the software that runs on the microcontroller.
The modular structure of the firmware architecture can be seen in Figure 7 Software flowchart:[image: A diagram of a flowchart
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[bookmark: _Ref223360026]Figure 7 Software flowchart



[bookmark: _Toc228173594]4.3.2 System Initialisation
Before the main loop launches, the firmware configures all hardware and ensures safe functioning.
The startup process in Figure 8 System Initialisation Flowchart includes:
· Configuring ADC channels
· Initialising RS-232 communication (9600 baud)
· Setting up I²C communication for the MCP23017 I/O expander
· Initialising SPI for thermocouple measurement
· Configuring GPIO output pins
· Setting all outputs to OFF for safety
· Waiting 3 seconds for current sensors to stabilise
The startup delay prevents incorrect readings during power-up. All outputs remain OFF to avoid unintended activation.
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[bookmark: _Ref222487845]Figure 8 System Initialisation Flowchart
[bookmark: _Toc228173595]4.3.3 Flow of Program Processing
The firmware runs continuously using a control loop. The main sequence can be seen in Figure 9 Main Program Execution Flow :
1. Check emergency stop status
2. Verify heartbeat signal
3. Measure temperature, voltage, current
4. Report system status
The system continuously monitors a hardware emergency stop. Upon being activated, a status message is sent, output switching is stopped, the system goes into emergency mode, and all outputs are instantly disabled. Only after the emergency situation has been resolved can regular operations continue.

[image: A diagram of a diagram
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[bookmark: _Ref222488901]Figure 9 Main Program Execution Flow
[bookmark: _Toc228173596]4.3.4 Serial Communication Interface
The controller communicates with a host PC through RS-232 using simple command-based control.
Command Functions
· 0–7  Toggle MCP23017 outputs
· 8  Toggle RD4 output
· 9  Toggle RB1 output
· C  Turn off all outputs immediately
· H  Heartbeat signal from host
Communication Watchdog
If no command or heartbeat is received within a set time:
· All outputs are disabled
· Output drivers reset
· System enters a safe state
This prevents unsafe operation if communication fails.
[image: ]
Figure 10 Serial Communication Flowchart

[bookmark: _Toc228173597]4.3.5 Sensor Acquisition
The system uses a variety of sensor techniques to monitor voltage, current, and temperature. A thermocouple read via Serial Peripheral Interface (SPI) with cold junction compensation, fault detection, and calibration, as well as an LM35 sensor via ADC with 10 mV/°C scaling, are used to measure temperature. The results are averaged for stability. Current transformers with high speed sampling, RMS calculation, automatic zero calibration, and channel scaling are used to measure current across three channels in order to lower noise and increase accuracy. ZMPT101B sensors with RMS calculation, calibration scaling, and noise filtering values suppressed to avoid measurement errors are used to detect voltage.
The current measurement algorithm shown in Figure 11 current measurement algorithm flowchart calculates the present transformer signal's RMS value by high-speed ADC sampling. In order to ensure signal stability, an adaptive settling check is used before sampling. This involves comparing successive ADC values and starting sampling when the difference between readings is less than a threshold set. After removing the DC bias, the real current is obtained by scaling the corrected RMS voltage using the transformer gain and calibration factor. To increase measurement stability, a rolling average filter is used, and results below a predetermined limit are suppressed to lessen the impact of noise.
[image: ]
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[bookmark: _Ref226550706]Figure 11 current measurement algorithm flowchart
A similar method is employed in the voltage measurement procedure, as demonstrated in Figure 12 Voltage measurement algorithm flowchart, where the RMS voltage is calculated by gathering several ADC samples. The real mains voltage is obtained by scaling the result using a calibration factor, and low-level noise is filtered using a threshold condition.
[image: ]
                                                       [image: ]
[bookmark: _Ref226622597]Figure 12 Voltage measurement algorithm flowchart


[bookmark: _Toc228173598]4.4 System Integration and Development Process
The system was integrated through a structured design process to guarantee proper interaction between sensing, control, communication, and protection subsystems when individual hardware and firmware modules were finished. Because integration was done sequentially, each subsystem could be verified prior to the system operating as a whole.
Verifying connectivity between the microcontroller and peripheral devices, such as the I/O expander, temperature sensing modules, current transformers, and voltage sensors, are the main goal of the initial integration. Correct data flow over ADC, SPI, and I²C communication channels was verified by interface testing. In order to guarantee dependable command delivery and status reporting, serial contact with the host PC was then confirmed.
Communication noise and measurement instability were noted in the early stages of system integration. Additional signal filtering, better grounding, and updated PCB routing for reducing electromagnetic interference were used to address these problems. To confirm proper MOSFET operation and safe contactor control, output switching circuits were tested with controlled loads.
Validating safety features, such as communication watchdog timeout protection, and emergency stop operation, was another aspect of the integration process. Before confirming the overall system reaction to fault circumstances, each protection mechanism was evaluated separately.
Prior to final validation, this gradual integration strategy allowed for the thorough detection and repair of design mistakes and guaranteed reliable communication between hardware and firmware components.


[bookmark: _Toc228173599]4.5 Testing and Validation Implementation
To confirm functionality, accuracy, dependability, and safety, the implemented controller passed extensive testing. The methodology outlined in Chapter 3 was followed in the design of the testing procedures, which were carried out in a controlled laboratory environment with calibrated measuring tools.
The testing procedure assessed the system's performance in a variety of operational scenarios, such as long-term continuous operation, fault conditions, and normal operation. However, full industrial deployment would require formal validation under EMC and safety certification procedures.
[bookmark: _Toc228173600]4.5.1 Functional Testing Implementation
To ensure that all system features, such as output switching, communication interfaces, and monitoring functions, operated correctly, functional testing was carried out. Contactors and relays were used to evaluate output control circuits in order to verify that MOSFET drivers and contactor switching behaviour were operating correctly.
By turning on the emergency input while the system was operating and ensuring that all outputs shut down instantly, emergency stop functionality was confirmed. By sending commands from the host PC and confirming accurate system responses and status reporting, communication capability was tested.
The functionality of the MCB auxiliary feedback monitoring was also validated by simulating signal changes using a 24 V reference voltage and verifying that the system correctly detected each simulated signal state and responded accordingly. All other tests can be seen in Table 20 Functional Test Results
[bookmark: _Ref226017222]Table 20 Functional Test Results
[image: ]
[bookmark: _Toc228173601]4.5.2 Sensor Calibration Procedure
To guarantee that physical properties were accurately displayed, sensor measurements were calibrated. To calculate measurement error and modify calibration settings inside the software, measurements of temperature, voltage, and current were compared to calibrated reference devices.
Calibrated Digital multimeter(AMP-220-EUR,DH00058) readings were used to verify voltage and current measurements under controlled circumstances. To confirm accuracy, temperature readings from the thermocouple module and LM35 sensor were compared with reference readings taken from calibrated hand held temperature reader(T2001,SM02604). To reduce systematic measurement error, calibration values, such as offset and scaling factors, were modified.
The measured results are presented in Table 21 Calibration Results Table
[bookmark: _Ref227647589]Table 21 Calibration Results Table
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[bookmark: _Toc228173602]4.5.3 Safety and Fault Testing
By deliberately creating unusual operating situations, safety and fault-handling procedures were assessed. By cutting off the host connection, activating the communication watchdog, and confirming automatic output shutdown, communication loss was simulated.
By disconnecting inputs and confirming that the system accurately detected fault conditions and entered a safe state, automatic fault detection was evaluated. By repeatedly turning on the emergency input while the system was operating and verifying prompt system shutdown and fault reporting, the emergency stop capability was verified.
Tests found in Table 22 Safety and Fault Testing Results verifies that the controller prevents unsafe operation and reacts appropriately to dangerous situations.
[bookmark: _Ref227647970]Table 22 Safety and Fault Testing Results
[image: ]
[bookmark: _Toc228173603]4.5.4 Voltage Regulation Verification
To guarantee dependable operation of the controller and sensing circuits, the power supply rails precision and stability were experimentally confirmed. A calibrated digital multimeter(AMP-220-EUR,DH00058) readings was used to measure the 5 V and 3.3 V rails under both no-load and full-load operating circumstances.
The measured results are presented in Table 23 Power Supply Validation Results.
[bookmark: _Ref227648098]Table 23 Power Supply Validation Results
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[bookmark: _Toc228173604]4.5.5 Reliability and Stress Testing
To evaluate the system's long-term operating stability and thermal behaviour, reliability testing was carried out. While keeping an eye on output switching performance, temperature stability, and communication dependability, the controller was run continuously for lengthy periods of time.
To evaluate the robustness of the output drivers and contactor control circuits, several switching cycles were carried out. To guarantee functioning within acceptable bounds under continuous load conditions, the thermal performance of power components and voltage regulators was monitored.
The outcomes verified the design's suitability for industrial testing applications and showed steady system operation.
Thermal observation test was carried out using calibrated thermal imager FLUKE TiS20, Cert NoDH00071. 
The results are presented in Table 24 Reliability and Stress Test Summary.
[bookmark: _Ref227648114]Table 24 Reliability and Stress Test Summary
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[bookmark: _Toc228173605]4.6 Design Validation Against System Requirements
The functional and performance requirements outlined in Chapter 3 were used to assess the final system design. The implemented controller supports dependable communication with a host PC, safe industrial load switching, and real-time temperature, voltage, and current monitoring.
Through the use of an I²C-based I/O expander, the modular architecture enables system scalability by enabling the integration of new inputs and outputs without requiring significant hardware modification. While maintaining similar control and monitoring capability, the microcontroller-based solution offers a more affordable option than traditional PLC-based systems.
Compliance with industrial safety procedures is ensured by a number of safety measures, such as emergency stop protection, watchdog monitoring, communication timeout handling, and electrical protection circuits. In electrically noisy settings, the applied filtering and calibration methods offer precise and reliable measurement performance.
All things considered, the system meets the design goals of cost-effectiveness, modularity, safety, and dependability that were set during the research and development phase.
[bookmark: _Toc228173606]4.7 Signal Stability and Measurement Accuracy (Stage 1 vs Stage 2)
For both the Stage 1 and Stage 2 prototypes, signal stability and measurement accuracy were evaluated in a controlled experimental setting to see how well the design changes worked. To create a performance baseline, experimental measurements were obtained from the Stage 1 prototype.
Table 25 Stage 1 Measurement Stability Results
[image: ]
Following design improvements, the same tests were repeated on the Stage 2 prototype.
Table 26 Stage 2 Measurement Stability Results
[image: ]

Results from Stages 1 and 2 show a significant improvement in measurement accuracy and stability. While LM35 temperature error dropped from +/-10°C to roughly +/-0.5–1°C, thermocouple variance was reduced from +/-15°C to +/-2°C. In the same way, voltage variation decreased from +/-8–10V to +/-4V and current measurement fluctuation improved from +/-2A to +/-0.5A. These findings verify that filtering, better PCB layout, and improved signal conditioning greatly increased system dependability and measurement accuracy in Stage 2.

[bookmark: _Toc228173607]4.8 Build costs
[bookmark: _Ref226623564]One of the primary objectives of the project was to provide a cost-effective alternative to traditional PLC-based control systems. To evaluate this, a detailed evaluation of the system build cost was performed, taking into account all hardware components used in the final design.
The system's overall cost is mostly determined by the microprocessor, power supply components, sensing modules, communication interface, and supporting circuitry. Table 27 Full BOM provides an approximate cost breakdown of the system's main components.
[bookmark: _Ref226627489]Table 27 Full BOM
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5. [bookmark: _Toc228173608]Evaluation
[bookmark: _Toc228173609]5.1 Overview
This chapter evaluates the built embedded control system's performance carefully in light of the project's initial goals and objectives. Functional testing, reliability analysis, comparison with current industrial solutions, and assessment of continuous improvements made during development are all used to evaluate the system. 
[bookmark: _Toc228173610]5.2 Evaluation Against Project Aim and Objectives
This project's major goal was to design, develop, and evaluate an affordable embedded control system that might replace conventional PLC-based solutions for an industrial oven testing bench while maintaining functionality, safety, and dependability.
This goal was accomplished. The created system showed robust connection with a PC interface, precise real-time sensor monitoring, and dependable multi-channel control. By integrating fault detection and protection systems, the system also maintained compliance to important safety requirements.
The following is how the project's goals were assessed in Table 28 Evaluation Against Objectives.
[bookmark: _Ref227648320]Table 28 Evaluation Against Objectives
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[bookmark: _Toc228173611]5.3 Performance Evaluation
System performance was evaluated through a combination of functional, reliability, and safety testing as found in Table 29 Performance Evaluation Summary.
[bookmark: _Ref227651880]Table 29 Performance Evaluation Summary
[image: ]5.4 Comparison with PLC-Based Systems
According to the literature analysis, PLC systems are reliable and often used in industrial settings, but they are constrained by their high cost, restricted flexibility, and reliance on vendors. Main differences are shown in Table 30 Comparison with PLC-Based Systems.
[bookmark: _Ref227648334]Table 30 Comparison with PLC-Based Systems
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Although the developed system demonstrates comparable functional performance, it does not yet achieve the same level of certified reliability and industry acceptance as PLC systems. This represents a key limitation when considering deployment in safety-critical environments. PLC-based systems continue to be more suitable for large-scale or safety-critical environments needing certified solutions, even though the proposed system is highly suitable for small to medium-scale industrial applications.


[bookmark: _Toc228173612]5.5 Evaluation of Iterative Improvements (Stage 1 to Stage 2)
An original Stage 1 prototype was assessed and improved upon to create the final Stage 2 design as part of an iterative approach to system development. Key practical and performance-related concerns were identified and resolved thanks to this method.
Manufacturability was one of the main constraints found in Stage 1. Compact surface-mount components increased the risk of faulty solder junctions and made hand assembly challenging. Stage 2 involved increasing component footprints and improving PCB layout space. As a result, the design became more durable and strong, increasing long-term endurance and assembly dependability.
Signal instability was another major problem seen in Stage 1, especially with the use of low-level analogue measurements like thermocouple readings. Inaccuracies and irregular outputs were brought about by electrical noise. Ferrite beads, RC filtering, and pull-up resistors were used in Stage 2 to fix the issue. These enhancements resulted in more reliable and accurate sensor readings as well as improved signal integrity.
Additionally, thermal performance was improved. Because of its small layouts and few thermal routes, the Stage 1 design has difficulties on heat dissipation. To ensure safe operation under continuous load circumstances, the updated Stage 2 design included better component arrangement and thermal considerations.
System reliability was further increased by better separation between sensitive analogue components and high-current switching circuits, which decreased electromagnetic interference.
[bookmark: _Toc228173613]5.6 Limitations
Despite the successful implementation, several limitations were identified:
· The use of RS232 communication limits scalability and integration with modern network-based systems such as Ethernet,RS485 or IoT platforms. 
· The system has not been validated in full industrial conditions, where additional elements like electromagnetic interference and environmental stress may impair performance; instead, it has been tested in a controlled environment. 
· Compared to PLC systems, the solution lacks formal industrial certification, which may limit adoption in safety-critical applications. 
· Some aspects of the system design, particularly manual assembly, may limit scalability for large-scale production. 
These limitations highlight areas for further development and improvement.
[bookmark: _Toc228173614]5.7 Evaluation of System Scalability
Scalability was a major factor in the system's design, enabling future growth without requiring a major redesign. To facilitate the integration of external equipment, additional hardware connections have been added, such as RS232 and I²C communication interfaces and spare digital output channels. The system can interact with extra sensors, I/O expanders, or peripheral modules as needed thanks to these features. In future upgrades, the controller will be able to support more functionality, more testing stations, or more complicated control tasks thanks to the addition of these expanding communication paths and unused outputs. The system's long-term usefulness and adaptability are improved by this innovative design approach.
[bookmark: _Toc228173615]5.8 Overall Evaluation
Overall, the analysis demonstrates that an embedded system based on microcontrollers can offer a practical and affordable substitute for PLC-based solutions in industrial testing applications.
The system incorporates suitable safety safeguards, fulfils its design goals, and operates dependably under test conditions. System performance was greatly enhanced by the repeated development method, especially in terms of signal stability and manufacturability.
The system shows the promise of embedded control systems in industrial settings and offers a solid foundation for future development, despite certain restrictions.


6. [bookmark: _Toc228173616]Conclusions and recommendations
[bookmark: _Toc228173617]6.1 Project Summary
The purpose of this project was to design, construct, and assess an affordable embedded control system for an industrial oven testing bench as an alternative for traditional PLC-based solutions. The development of a microcontroller-based system with real-time monitoring, control, and fault protection has effectively accomplished this goal.
The study showed that an embedded system with the PIC18F46J50 microcontroller can accurately acquire sensor data, manage several outputs, and connect with a PC via RS232. The system effectively combines safety features and control logic with temperature, voltage, and current monitoring, offering a comprehensive solution for industrial testing applications.
The review of the literature revealed that although PLC systems are widely used because of their standardisation and dependability, their high cost, lack of flexibility, and vendor dependence frequently make them inappropriate for small to medium-sized applications. By providing a modular, reprogrammable, and substantially less expensive option, the created system overcomes these constraints.
Strong technical judgement was shown during the design and implementation phases, especially in areas like power regulation, safety integration, and signal conditioning. Measurement accuracy and system stability were greatly increased by the use of filtering techniques and better PCB layout. Moving from Stage 1 to Stage 2 of the iterative development process was crucial for improving overall reliability, thermal performance, and manufacturability.
The system satisfies its functional requirements, performs reliably under test settings, and reacts appropriately to fault scenarios, according to evaluation results. Safety features were successfully built and validated, including watchdog protection, fault detection methods, and emergency stop capabilities.
Overall, the project shows that in areas where cost, flexibility, and customisation are crucial criteria, embedded microcontroller-based systems can offer a practical and efficient substitute for PLC-based control systems.
[bookmark: _Toc228173618]6.2 Recommendations for Future Work
Although the system effectively achieves its goals, a number of areas for additional expansion and enhancement have been noted.
Replacing the RS232 communication interface with a more modern standard like RS485, Ethernet, or wireless communication is a crucial suggestion. Scalability, remote monitoring, and integration with Industrial Internet of Things (IIoT) platforms would all be made possible by this.
In order to improve usability and allow real-time data visualisation, future work might focus on creating an integrated system with an integrated HMI and graphical user interface (GUI). As a result, there would be no need for an external PC, making the solution more portable and self-contained and possibly lowering the total cost of the system.
The system could undergo official testing to see whether it satisfies formal certification criteria, such as industrial safety and electromagnetic compatibility (EMC) requirements, in order to increase its industrial usability. This would make the technology more suitable for use in commercial settings.
Furthermore, more inputs and outputs, modular extension, and support for additional testing stations might all be added to the system to provide greater scalability.
Implementing data logging and analysis tools, such cloud-based storage and automatic reporting, is another area that needs work. This would improve the system's potential for performance analysis and long-term monitoring.
Lastly, more hardware design optimisation, such as better PCB design for automated assembly and fewer components, might be carried out to facilitate mass manufacturing.
These suggestions offer a clear route for improving the system's usability, usefulness, and industrial application.


7. [bookmark: _Toc228173619]Reflections
Technically and professionally, this project has been an excellent learning opportunity. It required the use of engineering principles in a variety of fields, such as software development, embedded systems, electronics design, and system integration.
The ability to design and construct an entire embedded system from concept to final prototype was one of the most significant technical abilities acquired during this project. This involved choosing the right parts, creating hardware circuits, creating firmware, and incorporating communication interfaces. The project highlighted how crucial it is to comprehend how software and hardware interact when designing embedded systems.
Signal integrity and measurement stability were two of the project's main challenges. At first, it was overestimated how much electrical noise affected low-level analogue signals, especially those from the thermocouple. Early testing revealed inconsistent readings as a result, requiring more debugging and signal conditioning step modification. Insufficient filtering and PCB layout choices in particular, the closeness of high-current switching circuits to sensitive analogue inputs were shown to be the cause of the problem. This revealed a weakness in my early knowledge of mixed-signal design and showed how crucial it is to take electromagnetic interference into account early in the design process.
The significance of continuous development was a crucial learning consequence. The change from Stage 1 to Stage 2 demonstrated that testing is necessary to find problems in the actual world and that original concepts are rarely perfect. throughout the initial design phase, issues including signal noise, manufacturing difficulties, and thermal considerations were not entirely obvious, nevertheless, throughout implementation and testing, they became obvious. Resolving these problems greatly enhanced the system as a whole and showed the importance of ongoing improvement.
In the early stages of design, several choices were made primarily based on functionality rather than manufacturability. Compact surface-mount components, for instance, decreased the size of PCBs but made assembly extremely difficult, especially for those that needed to be properly grounded thermally. This made it harder to achieve dependable soldering and highlighted how crucial design-for-manufacture principles are. In the past, if assembly constraints had been taken into account earlier in the design process, these problems would have been prevented.
At first, it was believed that reliable real-world performance would follow from obtaining correct circuit functionality in simulation or schematic design. However, real-world testing showed that elements like physical design, grounding, and noise have a big impact on how the system behaves. This misunderstanding was made clear throughout testing phases, when steady operation needed multiple modifications to theoretically correct design. The significance of repeated testing and practical validation in engineering design was confirmed by this experience.
Ability to evaluate and resolve real-world engineering issues was also enhanced by the project. For instance, investigating filtering methods and giving circuit design serious thought were necessary to improve signal stability. In a same way, a fixing assembly and thermal problems required a thorough examination of PCB layout and component choices.


The project increased a number of transferable abilities in addition to technical ones. Because the project needed to balance research, design, implementation, and documentation within a set timeline, time management was very crucial. To guarantee consistent success, the capacity to efficiently organise and organise work was crucial.
Time estimation proved to be difficult from the standpoint of project management. Debugging hardware problems and improving the PCB design took longer than anticipated. Later on in the project, especially during testing and documentation, this resulted in more stress. Workflow would have been enhanced and time pressure would have decreased with a better organised planning strategy that included setting aside extra time for unanticipated technical problems.
Resilience and problem-solving skills were also important components of the project. During development, a number of difficulties were faced, such as hardware problems and debugging difficulty. Persistence, independent investigation, and methodical troubleshooting were necessary to overcome these difficulties.
Through the process of documenting the project and clearly and methodically presenting complicated technical knowledge, communication skills were built. This is a crucial ability for engineering practice, especially when speaking to audiences who are both technical and non-technical.
The project would be improved in a number of ways if it were to be redone. Early-stage testing and prototyping would be prioritised in order to detect possible problems earlier and minimise the need for further redesign. From the beginning, a more structured approach to development would be used, with a greater emphasis on risk assessment and mitigation. To increase reliability from the start, more work would be spent to initial design validation, especially in areas like PCB layout and signal integrity. Additionally, to improve the system's scalability and future applicability, contemporary communication protocols like Ethernet or RS485 will be taken into consideration in place of RS232.
At first, problem-solving with the goal of finding quick fixes was approached. But as the project progressed, this changed into a more analytical and repeated process where issues were carefully looked at and fixed using data and testing. This change was especially noticeable during debugging phases, when system performance became more stable and dependable as a result of repeated testing and small adjustments.
All things considered, this project has greatly improved technical expertise, capacity for problem-solving, and professional abilities. In addition to preparing for future work in embedded systems and industrial applications, it has given  invaluable expertise in designing practical engineering solutions.
The ability to tackle technical problems in a more logical and critical way was also enhanced by the project. Instead than concentrating only on functionality, it became more conscious of aspects like cost, scalability, safety, and reliability. In a professional setting where trade-offs and limits must be carefully handled, this represents a change towards thinking more like an engineer.
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Challenge

Why it matters

High Cost

Scalability is difficult from a financial point of view
because a mid-range PLC with HMI and 1/0 extension
might cost more than £400. [9]

Limited Flexibility

Customisation and integration with more recent,
accessible, or affordable sensors or PC-based systems
are limited by exclusive software and firmware.[5].

Overengineered

PLCs are are optimised for industrial processes. A PLC's
full functionality can be unnecessary, resulting ina
significant amount of the system staying unused.
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delay_us(10);

// --- Settling loop ---
float last_voltage = 0.0f;
int elapsed ms = 0;
while (elapsed ms < settle timeout ms) {
adc_val = read adc():
voltage = (adc_val * ADC_REF_VOLTAGE) / ADC_MAX VALUE:
if (fabs(voltage - last_voltage) < settle_threshold) break:
last_voltage = voltage:
delay_ms(10);
elapsed ms += 10;

// ——= C ct RMS samples ---

for (int i = 0; i < NUM_SAMPLES; i++) (
adc_val = read adc():
if (adc_val < adc_min) adc_min = adc_val;
if (adc_val > adc_max) adc_max = adc_val;

voltage = (adc_val * ADC_REF_VOLTAGE) / ADC_MAX VALUE;
sum += voltage;
sum_sq += voltage * voltage;

delay_us(10);

float bias_voltage = sum / (float)NUM_SAMPLES:
float mean_sq = sum_sq / (float)NUM_SAMPLES;

float var = mean_sq - (bias_voltage * bias_voltage):
if (var < 0.0f) var = 0.0f;

float ac_rms_voltage = sgrt(var);:

// --- Bppl
float voltage_real = ac_rms_voltage * zmpt_scale[channel];

per-channel calibration scale ---

// --- Noise filter: ignore tiny values -—-

if (voltage real < 2.0f) voltage real = 0.0:
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printf("ZMPT%d Bias: %.4f V, RMSraw: %.4f V -> AC: %.2f Vzms, ADCmin:%u ADCm
channel, bias_voltage, ac_rms_voltage, voltage real, adc_min, adc_max]

return voltage_real;
}
//Function for emergency stop
void check_emergency_stop()
int button pressed = !input (PIN_BO); // Active-low

if (button_pressed && !emergency_active) {
emergency_active = 1;
gpioa_state = 0x00;
mcp23017_writed(gpioa_state) ;
output_low (PIN_D4);
output_low (PIN_B1);
printf("!!! EMERGENCY STOP ACTIVATED !

! All outputs OFF\n");
}
else if(!button_pressed && emergency_active) {

emergency_active = 0;

printf("Emergency released. Resuming normal operation.\n");

// If emergency is active, skip outputs but ke
if (emergency_active) {
// Smal.
delay_ms (10

return; //

ela 5232 spam

ax:tu\r\n",
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#include <18F46J50.h>

#device ADC=10

#FUSES NOWDT, HS, NOPROTECT

fuse delay(clock=16000000) // <-- Adjust this to your MCU?s actual clock

#define LED PIN_CO
#define DELAY 500




image4.png
Why it matters

High ADC resolution (8-32 bits)

For accurate temperature sensing.

Analogue outputs

Two common methods to produce an analogue output
with a microcontroller are Pulse-Width Modulation
(PWM) or using a Digital-to-Analog Converter (DAC).

Analogue 1/0

Toread in analogue signal from input pin.

Serial communication (UART, SP, FC)

For peripheral interfacing.

me performance

Ideal for circuits with reliable control.
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Buck converters.

Linear regulators

The most common SMPS topology in industry for stepping down
a higher input voltage to a lower output value is the buck
converter. From a higher-voltage bus that is shared by several
converters in the system, it provides the necessary local

voltage. Typically, the design consists of a rectifier, filter, and a
single active switch that is managed by an integrated circuit

(IC). Cost-effective, high-efficiency power distribution across
applications is made possible by its simple architecture[20].

Without the need for an inductor, linear regulators provide a
simple integrated circuit method of stepping down a greater
voltage to a lower level. They adjust the input voltage from a
source, like a battery, to produce a steady output voltage
appropriate for load-side devices, usually microcontrollers[21],
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Digital inputs

Digital/Analogue Inputs

Protection

Toshiba's application note describes how to use
a high-speed photocoupler (TLP2363) to
construct 24V digital input modules that are
compliant with [EC 61131-2 (types 1-3). To
guarantee proper threshold performance
throughout voltage ranges (5 V o 30 V) while
safeguarding the optocoupler input, the note
determines resistor values R1, R2[22].

‘Avoltage divider is a straightforward circuit that
divides an input voltage into a smaller output
voltage by connecting two parts, typically
resistors, in a line. The output s obtained from
the point between the two resistors after the input
voltage is applied across them. This configuration
produces a constant portion of the input voltage
that can be utilised to power smaller circuit
components or give reference values[23].

Clamping diodes can function as a level
shifter or can be used to guard
components against transient
voltages[24].
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RS-232

'c

Standard for PC-based monitoring and logging; transceiver ICs
(e.g., MAX232[25)) shift MCU logic levels safely and reliably.

Two-wire serial communication protocol that exchanges data
between devices using a Serial Data Line (SDA) and a Serial
Clock Line (SCL). It enables several target (slave) devices, each
with a distinct address, to share a single communication bus.
Additionally, the protocol allows many controllers (masters) to
send and receive data over the common bus in byte-sized
packets[26].
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brown-out reset (BOR)

watchdog timer

‘Amicrocontroller's brown-out reset occurs when the supply
voltage momentarily drops below what is required for
dependable operation. Many microcontrollers have a brown-
out reset (BOR) circuit to guard against this. This circuit senses
low voltage and puts the device in a reset state, guaranteeing
correct starting when power is restored. Usually, a control
register bitis used to enable BOR, and a status bitis setwhen it
causes a reset. This bit can persist through the reset (if the
voltage doesn't fall too low), allowing the program to detect the
brownout event and take appropriate actions, such as logging
the occurrence or performing additional recovery
procedures[28].

‘A specialised timer module called a watchdog timer is made to
assist a microprocessor in recovering from errors. The entire
processor system is reset once the timer approaches the end of
its counting period. In order to avoid this, the CPU needs to
resetthe watchdog on a regular basis. It guarantees that any
malfunction results in a system reset, enabling the processor to
recover from the failure and restart regular operation, by setting
the watchdog timer so that it only reaches the end of ts count
when a processor failure occurs[29].
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Criteria

Programmable Logic
Controller (PLC)

Distributed Control System
(Dcs)

Microcontroller-Based
System (MCU)

FPGA-Based Controller

Typical Application Scale
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Summary from Literature

Implications for This Project

PLCs are reliable but costly and
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|Although PLC systems are reliable and widely|
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A communication heartbeat if not received automatically
<urns off al outputs.

When activated, an emergency stop input instantly shuts
all outputs and shows an error message.

i

The MCP23017 expander is used to constantly track inputs
from the miniature circut breaker (MCB) auiliary
terminals. The system enters an emergency mode and
reports an error status i an MCB signal s lost and no
reference voltage is found. Additionaly, an expander s
used to send signals to transistors so that contactors can
be switched.
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based on the Seebeck
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Time
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Current Transformer (CT)
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Time
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Parameter | Interface Resolution | Sampling | Memory Total
Interval Usage Memory
(Bytes/sec) | Usage
(Bytes/sec)
Internal ‘Analog 16-bit 0.1s 2-bytes 20 bytes
Temperature
Temperature | Analog 16-bit 0.1s 2-bytes 20 bytes
sensor
Current Analog (AC) | 32-bit 0.1s 2-bytes 20bytes
sensor
Voltage Analog (AC) | 32-bit 0.1s 2-bytes 20bytes

sensor
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Category Pin count Description

‘AnalogInputs 7 For sensors like current,
voltage, temperature

SPlInterface 5 For communication with
external storage

USB Interface 2 For data transfer to PG

Power and Ground 3 For system power
connections

Indicator/Status LEDs (Tells) | 1 For status indicators

Emergency Button 1 For starting the system

Signal tower 3 Output pins for mosfets

Oscilloscope 2 Timer pins

Digital Outputs 2 Output pins to drive
MOSFETS

DEBUG Interface 3 Programming port input
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Digital Inputs 8 For DG inputs directly from
AUX contacts to monitor
MCB status

Digital Outputs [ For controlling MOSFETS

SPlInterface 2 For communication with
external storage

Power and Ground 5 For system power

connections
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Device Quantity Current per device _| Total Current
Indicator LEDs 1 14mA 14mA
MAX232 (RS-232 1 10mA 10mA
transceiver)

MCP23017 110 1 140mA 140mA
expander

Zmpt101bVoltage | 3 2mA 6mA

sensor module

LM35 temperature IC | 1 10mA 10mA

Total Power

180mA (0.9W)
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Device Quantity Current per device _| Total Current
Indicator LEDs 2 14mA 28mA
241000 EEPROM 1 2mA 2mA
PIC1BF4GI50 1 0.0062mA 0.0062mA
MAX31855 1 142.6TmA 142.6TmA
thermocouple IC

NCVB401A 13 01mA 0.13mA

Total Power

173mA (0.6W)
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TestID | Function Tested [ Test Method Expected Result Actual Result Status

Tl Outputswitchingvia | Send PC commandto | Corresponding Al commanded outputs | Pass
MCP23017 toggle outputs 07 contactor energises/de- | switched correctly
energises correctl
F12 DirectMCUoutput | 1088 RD4andRBT | Output state changes | Output changed Pass
outputs immediately correctly on command
switching
F13 Emergency stop Trigger E-stop during | Alloutputs shutdown | Alloutputs disabled Pass
operation active output state immediatelyand fautt | immediately, fault
state entered reported to PC
F14 Rs232 Send valid commands | Controller receivesand | Commands received | Pass
from host PG executes commands | and executed without
communication
correctl error
FT5 Heartbeat timeout Remove host Outputs forced OFF and | Safe shutdown occurred | Pass
protection communication safe state entered aftertimeout
FT6 MCB auxiliary Simulate changein | System detects Input state changes Pass
feedback monitoring | auxiliary contact state | mismatch/fault and detected correctly
reports status
F17 Sensoracquistion | Re29LM35, Stable values reported | Measurements stable | Pass
thermocouple, voltage | within expected range | and repeatable
and current channels
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Sensor Reference Test Raw Calibrated Offset Value Reading after Error After
Instrument Point | Reading Reading offset Calibration
[ Handhetd temp | 51 » » o » i 00e
temperature. reader (T2001) 21°C 57:44°C 1a70°C 1030°C 25.00°C 4.00°C
Typek Handheldtemp | - » » » » »
thermocouple reader (T2001) 25°C s6.0°C s6.0°C o 26.0°C oo
Typek Handheld temp ” - - » - »
thermocouple reader (T2001) 250°¢ 281.0°C 281.0°C o 250.0°¢ oo
RS |/ P Py p——" o 00w o
Voltagesensort2 | U0 pgrvac [ oszavams | assov 7140V 2300V 70V
P I L Py Py g, o 00w Tov
o
CurontsensorCH1 | pyiprson | 1094 | 0100%ms | 1008 00a 100A 00a
o
CurontsensorCH2 | pyippromg | 1094 | 0100yms | 1004 00a 100A 00a
Current sensor CH3 DM 1004 |00y | 10.0A 004 10.0A 004

(AMP-220-EUR)
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TestID Fault Expected | o " |ResponseTime | Status
Condition Safe bonstiie
Introduced | Behaviour
Bl Emergency stop | Alloutputs | Outputs <50ms Pass
pressedduring | OFF disabled and
operation immediately, | fautt
faultstate | reportedto
active pC
s12 RS232 Watchdog | Outputs Pass
Within
communication | timeout, | disabled e
loss outputs OFF, | after timeout 8
timeout
safe state
entered
58 Fault Open-circuit | Open-circuitfault | Pass
Thermocouple
rermocoupls | detected | fautt detected correctly
andinvalid | detected
reading correctly
rejected
T4 MCB awiliary | Faultlogged, | Fault T5ms Pass
mismatch outputs condition
disabled | detected and

reported. All
outputs
disabled,
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Rail Nominal No Load FullLoag | NoLoad Full Load Calculated | Status
Voltage Voltage Current Current Power (Full
Voltage
Load)
5V 5.00V 29V 29V 0A 0.180A 0.90W Pass
3.3V 3.30V 3.2V 3.2V 0.1A 0.173A 0.57W Pass
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TestID Test Duration / Status
Cyeles Parameters | Result
Monitored
RTT Continuous 8hours Sensor No Pass
operation test stability, RS232 | communication
link, output | failure or output
state misfire observed
RT2 Repeated 500cycles | MOSFET No missed Pass
switchingtest | per channel | switching, switching events
contactor
operation
RT3 Thermal 2hours Regulator Temperatures Pass
observation test | under temperature, | remained within
normalload | driver safe operating
temperature | limits
RT4 Noise resilience | Normal | Sensor stability | Readings Pass
test operation | and remained stable
with communication | afterfiltering
switching | integrity improvements

loads active
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Parameter | Expected Value Measured Range Variation / Error Observation
Thermocouple | 150°C 135°C - 165°C +/5°C High noise fluctuation
Temperature

LM35 25°C 15.5°C~35°C +10°C Instability

Temperature

Voltage 230VAC 220V-238V +/-8-10V, Noise + scaling variation
Measurement

Current 124 10A-14A /2R Signal fluctuation

Measurement
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Parameter | Expected Value Measured Range Variation / Error Observation
Thermocouple | 150°C 148°C-152°C +-2°C Stable readings
Temperature

LM35 25°C 245°C-26°C +/-051°C Improved stability
Temperature

Voltage 230VAC 226V-234V <-4V Reduced variation
Measurement

Current 124 11.5A-12.5A +/-05A More consistent

Measurement
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| Wire-To-Board Terminal Block, 3.5 mm, 2

12|Ways, 24 AWG, 16 AWG, 1.5 mm?, PushIn__|13,14,015,116 4| 101 404  1825640000{WEIDMULLER
ISMD Chip Resistor, 240 ohm, 5%, 100 mW,
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Objective

Evaluation

Safety and Several safety features, including as watchdog timer protection, emergency stop functionality, and

Compliance | fault detection via MCB feedback monitoring, were successfully implemented in the system.
Effective fail-safe operation was demonstrated by testing, which verified that outputs were instantly
disabled under fault situations. These characteristics meet the requirements for industrial safety
specified in standards like IEC and PUWER.

Hardware Using MOSFET drivers, the microcontroller-based architecture allowed for steady and reliable control

Controland of several outputs. The robustness of the hardware design was confirmed by repeated functional

Reliability testing, which revealed dependable switching behaviour with no faults during operation.

Firmware and

The firmware controlled safety logic, connectivity, and sensor collection all at once with reliable

ControlLogic | performance. The code's modular design made it easier to maintain and guaranteed consistent
system behaviour in both normal and failure scenarios.
Sensor By using suitable signal conditioning techniques, the system was able to measure temperature,

Monitoring and
Data

voltage, and current. When compared to previous prototypes, the addition of iltering and noise
reduction techniques greatly increased measurement stabiliy.

Acquisition
PC For data logging and system control, RS232 connection offered a reliable and strong interface.
Communication | However, there are restrictions on scalability as well as compatibility with present RS232 connection.
Interface:

Costand When compared to comparable PLC-based solutions, the system showed a significant cost
Scalability: reduction, demonstrating that it is suitable for small and medium-sized applications. Future growth

is also made possible by the modular design, however large-scale deployment would require
additional improvements.
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Functional Testing

Every part of the system, including communication, sensor monitoring, and output switching,
performed as planned. Through the PC interface, the system was able to control several outputs
and react appropriately to commands

Reliability Testing

To evaluate stability, the system was put through several cycles of operation. The lack of
unforeseen malfunctions or instability suggests that the system can function continuously under
controlled conditions.

Safety Testing

Simulated fault circumstances included signal loss and emergency stop activation. The system
reacted appropriately in each instance by turning off outputs and going into a safe state. This
demonstrates that the safety measures put in place work as planned.

Measurement Accuracy

The reliability and consistency of sensor readings were improved by the introduction of filtering
techniques, especially for thermocouple measurements. This illustrates how well the final
design's signal conditioning enhancements worked.
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Feature PLC System Proposed System
Cost High (£400+) Significantly lower
Flexibility | Limited High

Scalability | Moderate High (via /0 expansion)
Ease of Vendor-dependent Open architecture
integration

Reliability High (validated through

High

testing)
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#include <main.h>
#include<math.h>
#use rs232(baud=9600, xmit=PIN C6,
#use i2c(Master, Slow, sde=PIN DI,

#define AVERAGE_COUNT §

float temp_buffer [AVERAGE_COUNT];
int temp_index = 0;

int temp_filled = 0;

// --- Per- bias
float ct_zero_bias[4] = {0.0, 0.0,

nnel zero

// Scaling factor to match
float ct_scale[4] = {1, 1,

// --- ZMPT101B zer
float zmpt_scale([8]

scale

(measure when no current flows)

rcv=PIN_C7, bits=3)
sc1=PIN_DO, force_ hw)

0.0, 0.0}; // 1=L1, 2=12, 3=L3

{1,1,1,1,1, 714.0,714.0,714.0};

// index ma annel number (5=L1, 2, 7=L3)
#define RMS_AVG_COUNT §
// Rolling buffers for each CT channel

float rms_buffer_chl[RMS_AVG_COUNT]
float rms_buffer_ch2[RMS_AVG_COUNT]
float rms_buffer_ch3([RMS_AVG_COUNT]
int rms_index =
int rms_filled = 0;

#define MCP23017_ADDRESS 0x40
#define IODIRA 0x00
#define IODIRB 0x01
#define GPIOB 0x13
#define OLATA ox14
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#define
#define
#define
#define

SCK_PIN PIN_B4
MISO_PIN PIN_BS
CS_PIN PIN_AS

LM35_PIN PIN_AO

void mcp23017_writeA (SYTE data)
BYTE mcp23017_readB () ;

void rs232_listener():

float read max31855_temperature () ;
float read lm35_temperature () ;
void max31855_init():

/1 1
BYTE gpioa_state

Glo riable

to
0x00;

store GPIOA state

//Functions
float read_current_rms_debug(int channel,
float read voltage_rms_debug(int channel,

Calibration

float tc_offset = -25.0;
float tc_slope = 1.0; // s!
unsigned intlé comm timeout = 0; // in

#define HEARTBEAT TIMEOUT MS 1000 //

// Global variak
int rd4_state = 0; // 0 = LOW,

int rbl_state = 0;

sta

int settle_timeout_ms, float settle_th:
int settle_timeout_ms, float settle_th:

reshold) ;
reshold);
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Objec

Description

Ensure Compliance and Implement Safety Mechanisms

Incorporate emergency stop monitoring, watchdog protection, and
adherence to with PUWER 1998[11], BS EN 61439[12], IEC 60204-
1[13], and IEC 62061/1SO 13849[14] standards to guarantee
operator and system safety.

Design and Implement Reliable Hardware Control

Develop a microcontroller-based architecture (PICTBF46150) to
manage multiple oven sockets using contactors, using N-channel
MOSFET drivers for safe and reliable output switching,

Develop and Include Firmware Control Logic

To guarantee steady, real-time operation, use strong control
algorithms for input/output management, communication handling,
and safety interlocks.

Develop and Evaluate Data Acquisition and Sensor
Monitoring

Interface with current, voltage, and temperature sensors through
appropriate signal conditioning for accurate, real-time data
measurement and feedback.

Develop PC Communication Interface

Greate RS232-based connectivity between the controller and the PG
for data logging, command execution, real-time data interchange,
and system status reporting.

Evaluate System Performance, Cost, and Scalability

To evaluate reliability, precision, and compliance, perform
functional testing and validation. Evaluate scalability and cost-
effectiveness to make sure the design will support further
development.
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//Global flag to indicate emergency Stop
int emergency_active = 0;
void check_emergency_stop () ;

void main() {
setup_adc_ports(sANO | sANL | sEN2 | sAN3 | sANS |
setup_adc (ADC_CLOCK_DIV_32);

printf("Initializing...\n");
mcp23017_init();

max31855_init();

// --- Add 3-second delay for CTs to settle ——-
printf("Waiting 3 seconds for CTs to settle...\n");
delay_ms(3000);

mcp23017_writeh(gpioa_state);

printf("Ready...\n");

// --- Set RD4 as output (existing) ---
set_tris_d(get_tris d() & OXEF); // RD4 as output
output_low (PFIN_D4); // Initially OFF
// --- Set RB1 as output -—-

set_tris b(get_tris b() & OxFD); // RSL as output
output_low (FIN_B1); // Initially OFF

while (TRUE) {

check_emergency_stop(); //emergency check
rs232_listener(); // reset gomm timeout if
// --- increment comm timeout by time spent in

comm_timeout += 200 + 200 + 200; // sum of all

SANG | sANT);

(bit 4 = 0)

(bit 1

0)

loop ——-
delay ms() in
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if (comm_timeout >= HEARTBEAT TIMEOUT MS) {
gpica_state = 0x00;
output_low (PIN_D4):
output_low (FIN_B1);
mcp23017_writed(gpica_state) ;
princf("Comm lost -> All outputs OFF\n");
comm_timeout = 0;

rs232_listener(

//Tiny delay to avoid gverclocking ADC
(50)
// Read LM35 thermocouple
float Im_temp = read lm3S_temperature():
// Read MAX31855 thermocouple
float tc_temp = read max31855_temperature():

// --- Store valid thermocouple readings and compute moving average
if(tc_temp != -1.0) { // Only store valid readings
temp_buffer[temp_index] = tc_temp:

// Move index forward in circular buffe:
temp_index = (temp_index + 1) % AVERAGE COUNT;

// Track how many valid samples we have (max = AVERAGE COUNT)
if(temp_filled < AVERAGE_COUNT)
temp_filled++;

// Default value if no valid readings yet
float avg_tc_temp = -1.0;

// Compute average if we have at least 1 valid reading
if (temp_filled > 0) {
float sum = 0.0;

for(int i = 0; i < temp_filled; i++) {
sum += temp_buffer[i
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avg_tc_temp = sum / temp_filled:

float ctl = read current_rms_debug(l, 3000, 0.002); // 3¢
float ct2 = read current_rms_debug(2, 3000, 0.002):
float ct3 = read current_rms_debug(3, 3000, 0.002):

/] ——— St ling buff
rms_buffer_chl[rms_index] = ctl;
rms_buffer_ch2([rms_index] = ct2;

rms_buffer_ch3[rms_index] = ct3;

in

rms_index = (rms_index + 1) % RMS_AVG COUNT;
if(rms_filled < RMS_AVG COUNT) rms_filled++;

// --- Compute averaged values ---
float avg_ctl = 0, avg_ct2 = 0, avg_ct3 = 0;
for(int i = 0; i < rms_filled; i++){
avg_ctl += rms_buffer_chl[il:
avg_ct2 += rms_buffer ch2[i];
avg_ct3 += rms_buffer_ch3[i];

}

avg_ctl /= rms_filled.
avg_ct2 /= rms_filled;
avg_ct3 /= rms_filled;

nts below 1A ---
if (avg_ctl < 1.0f) avg_ctl = 0.0f;
if (avg_ct2 < 1.0f) avg_ct2 = 0.0f;
if (avg_ct3 < 1.0f) avg_ct3 = 0.0f;

// --- Ignore cur

// --- Display readings ---
printf("CT1:%.2fA CT2:%.2fA CT3:3.2fA\r\n", avg_ctl, avg_ct2, avg_ct3);

float vl = read_voltage_rms_debug (S, 3000, 0.002):
float v2 = read_voltage_rms_debug(6, 3000, 0.002
float v3 = read_voltage_rms_debug(7, 3000, 0.002):
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Printf("V1: %.2£V V2: $.2£V V3: :.2fV\r\n", vl, v2, v3):
delay_ms(200);
printf("LM35:%.2£,TC::.2£\r\n", 1m temp, avg_tc_temp):

// ---Check which GPB inputs are ON ---

BYTE gpb_state = mcp23017_reads():

BYTE input_state = gpb_state & O0x3F; // keep GPBO..GEBS only

// Send compact format for app
printf("IN:$02X\r\n", input_state);

//debug prints ke
for (int i = 0; i <= 5; i++) {
if (gpb_state & (1 << 1)) {

printf("GPBsd - Input %d ON\r\n", i, i + 1);

}
delay_ms (200) ;

// Function to initia MCP23017
void mep23017_init() {

// GPIOA = outputs

i2c_start();

i2c_write (MCP23017_ADDRESS);

i2c_write (IODIRA);

i2c_write(0x00); // Set all GPIOA as outputs

i2c_stop():

// GPIOB = inputs
i2c_start();

i2c_write (MCP23017_ADDRESS);

i2c_write (IODIRE) ;

i2c_write (OxFF): // Set all GPIOB as inputs
i2c_stop():
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// Inirialize GPIOA output latch to 0

i2c_start();

i2c_write (MCP23017_ADDRESS) ;

i2c_write (OLATA);

i2c_write (0x00
0:

}
// Function to write data to GPIOA
void mcp23017_writeA(SYTE data) {
i2c_starc():
i2c_write (MCP23017_ADDRESS) ;
i2c_write (OLATA):
i2c write(data);
0:
}
//Function to readB from mgp:
SYTE mcp23017_readB() {
BYTE data:
i2c_starc();
i2c_write (MCP23017_ADDRESS) ;
i2c_write (GPIOB);
i2c_starc():
i2c_write (MCP23017_ADDRESS | 1);
data = i2c_read(0):

12c_stop();

return data;

}

//Function to 3.
void rs232_listener() {
if (kbhit()) {

char cmd = getc();
comm_timeout = 0; // Reset watchdog on any command

// --- MCP23017 GPIOA toggle (0-7) ---

if(omd >= '0' && omd <= '7') {
BYTE pin = cmd - '0';
gpioa_state *= (1 << pin):
mcp23017_writeh(gpioa_state]
printf ("GPIOA Pin %u toggled. Current State: 0x%02X\n", pin, gpioa s
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}
// --- Toggle RD4 ---
else if(cmd == '8') {
rd4_state = !rdé4_
if(rd4_state)
output_high (PIN_D4);
else
output_low (EIN_D4) ;
Pprintf("RD4 toggled. Current state: %u\n", rdd_state);

// Toggle state

}
// --- Toggle RBL -——-
else if(cmd == '9') {
rbl_state = !rbl_state; // Toggle state
if (rbl_state)
output_high (PIN Bl);
else
output_low (PIN Bl);
printf ("RB1 toggled. Current state: $u\n", rbl_state):
}
// --- Turn off everything immediately ---
else if(cmd Roib B §
zd4_state = 0;
rbl_state = 0;
output_low (PIN_D4);
output_low (PIN_B1);
gpica_state = 0x00;
mcp23017_writeA (gpica_state) ;
printf("All outputs OFF. GPIOA State: 0x302X\n", gpioa_state);
}
// --- Heartbeat command --——
else if(cmd == 'H') {
printf ("Heartbeat received\n");
}
else (
prints("Invalid command.\n"):
}

}

//Function to read lm35 temp
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float read 1m35_temperature() {
intlé adc_value;
float temperature;

set_adc_channel (LM35_PIN) ;
delay_us (10
adc_value = read_adc():

// Original uncalibrated formula
temperature = (adc_value * 5.0 / 1023.0) * 100.0;

// --- Calibrati on -—-

//Values based on real vs measured
float scale = 0.2559; // 17.5 / €5.4

float offset = 10.3; // Bdd offset if needed

float calibrated temp = (temperature * scale) + offset;
return calibrated_temp;

}

// Initialize MAX31

void max31855_init() {
output_high(CS_PIN); //
output_low (SCK_PIN); //

delay_ms(10); /1

e high

low (SPI mode 0)

to settle

3

// Function to read from MAX

float read max31855_temperature() {
unsigned int32 raw_data = 0;

// SPI read 32 bits
output_low(CS_PIN);
delay_us(10);
raw_data =
for (int i = 0; i < 32; i++) {

raw_data <<= 1;

if (input (MISO_PIN)) raw_data |= 1:

output_high (SCK_PIN) ;

delay_us(10):

output low(SCK PIN);
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delay_us(10);
}
output_high (CS_PIN) ;

// Fault detection
if (raw_data & 0x00010000) { printf("Open circuit!\n"); return -1;
if (raw_data & 0x00000002) { printf("sShort to GND!\n"); return -
if (raw_data & 0x00000001) { printf("Short to VCC!\n");

// Thermocouple temperature (l4-bit signed)
int32 tc_raw = (raw_data >> 18) & Ox3FFF;
if (tc_raw & 0x2000) tc_raw |= ~Ox3FFF;
float tc_temp = tc_raw * 0.25;

// Cold-junction temperature (12-bit signed)
intlé cj_raw = (raw_data >> 4) & OXOFFF;

if (ci_raw & 0x800) cj_raw |= 0XFOOO;

float cj_temp = cj_raw * 0.0625;

// hdd CJ compensatio
tc_temp += cj_temp.

user calibration

// Bppl:
tc_temp = (tc_temp * tc_slope) + tc_offset;

return tc_temp;

¥

//Function to read Current

float read_current_rms_debug(int channel, int settle_timeout_ms, float
const int NUM_SAMPLES = 1000;
const float ADC_REF_VOLTAGE = 3.2;
const float ADC_MAX VALUE = 1023.0;

intlé adc_val;
float voltage, sum = 0.0f, sum_sq = 0.0f;
int adc_min = 1023, adc_max = 0

// --- Select ADC channel —-—-

set adc channel (channel)

settle_th

reshold) {
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delay_us(10);

// --- Settling loop: wait

float last_voltage = 0.0f;

int elapsed ms = 0;

while(elapsed ms < settle timeout_ms) {
adc_val = read adc():

voltage to stab

voltage = (adc_val * ADC_REF_VOLTAGE) / ADC_MAX VALUE:
if(fabs(voltage - last_voltage) < settle_threshold) break:
last_voltage = voltage:

delay_ms(10);

elapsed ms += 10;

adc_min = 1023; adc_max =

for(int i = 0; i < NUM_SAMPLES; i++) {
adc_val = read_adc():
if(adc_val < adc_min) adc_min = adc_val;
if(adc_val > adc_max) adc_max = adc_val;

voltage = (adc_val * ADC_REF_VOLTAGE) / ADC_MAX VALUE;
sum += voltage;

sum_sq += voltage * voltage;

delay_us(10);

/1 Compute DC bi
float bias_voltage = sum / NUM_SAMPLES;

// --- Compute AC RMS
float mean_sq = sum_sq / NUM_SAMPLES;

float variance = mean_sq - (bias_voltage * bias_voltage):
if (variance < 0.0f) variance = 0.0f;

float ac_rms_voltage = sqrt(variance):
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ation: set zero bias
static int ct_initialized[4] = {0,0,0,0};
if(lct_initialized[channel]) {

ct_zero_bias[channel] = ac_rms_voltage;

ct_initialized[channel] = 1;

printf("CHid zero bias auto-calibrated: $.5f V\n", channel, ct_zero_bias

not vet initialized ---

// --- Subtract ent bias ---

ro-c

float ac_corrected = ac_rms_voltage - ct_zero_bias[channel]:
if (ac_corrected < 0.0f) ac_corrected = 0.0f;

// --- Convert voltage to current ---
float CT_RATING = 100.0f; // CT max
float CT_VOLTAGE = 1.0f; // Voltage at £
float gain = CT_RATING / CT_VOLTAGE;

current

float current = ac_corrected * gain * ct_scale([channel];

// --- Debug print ---
printf("CHsd: Bias=%.5f V, RMSraw=%.5f V, Corrected=%.Sf V -> Current=%.2f |
channel, bias_voltage, ac_rms_voltage, ac_corrected, current, adc_min,

return current;
3
//Function to read Voltage
float read _voltage_rms_debug(int channel, int settle timecut_ms, float settle th:
const int NUM_SAMPLES = 1000;
const float ADC_REF_VOLTAGE = 3.3;
const float ADC_MAX VALUE = 1023.0;

intlé adc_val;

float voltage, sum = 0.0f, sum_sq = 0.0f;
int adc_min = 1023, adc_max = 0
rs232_listener():

//Tiny delay to av

delay_us(10)

d gverclocking ADC

[channel]) ;

ADCmin=tu ADCmax=tu\r\n",
adc_max) ;

reshold) {

(channel) ;




