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[bookmark: _Toc210870885]
JF – 1.0 Introduction
This project focuses on the creation of an IoT thermostat that hosts a website interface of which the thermostat can be controlled from, whilst still offering manual control from a knob on the thermostat. The website interface also offers the ability to view previously stored temperatures. The aim of this report is to answer the following question to investigate how a microcontroller-based smart thermostat can be designed to offer an improvement on traditional thermostats:
“Can a smart thermostat be created to offer precise temperature control from a web interface, whilst still offering manual control?”
To achieve the aim of the project, a number of objectives must also be fulfilled. In terms of research and planning, there must be an investigation into existing smart IoT thermostat technologies to identify key features, and user needs along with background research being conducted on the advantages of a smart thermostat over a traditional thermostat. Regarding hardware and software development, an appropriate microcontroller for the application needs to be selected so the final product can operate correctly. Along with an appropriate microcontroller, embedded software must be developed in an integrated development environment (IDE) to control the thermostat. Once the product has been created, rigorous testing must be conducted of the hardware and software to see if the temperature control meets the specified tolerance of 1°C from the set value. Finally, the project must be fully documented by writing a technical report covering the planning, design, development and result of the project. A presentation will be delivered showcasing the product and project. 
This report includes the documentation of the review of existing literature, background research on the product’s requirements along with the design and implementation of it. This will be followed by the process of assembling the components and reaching a final product, which will then be tested. The results of these tests will be listed, and a detailed analysis will be provided based on them. An evaluation of the project’s success will be conducted so a conclusion can then be reached to summarise the whole project.


[bookmark: _Toc317468110]JF – 2.0 Background Research & Literature Review
To give a thorough overview of what is essential to smart thermostats, this section of the report will review the current research available on the technologies, components and design that support these devices. The main topics of discussion include how traditional thermostats work, what smart thermostats can offer, how microcontrollers are used in thermostats, and how crucial it is to have an intuitive user interface and a suitable communication protocol. 
[bookmark: _Toc91259406]2.1 Traditional Thermostats
Traditional thermostats are mechanical temperature control devices which typically rely on thermal expansion principles to control electric circuits. The manufacturer ‘Daikin’ state that ‘at a very basic level, any thermostat will require some sort of temperature sensor and a control unit component-wise’. The most common thermostat setup comes in the form of a bimetallic strip where one metal will expand more than the other as it heats, causing it to bend. This bending either breaks or completes a circuit to control the heating [1]. 
A further source produced by S. Timoshenko adds that a traditional thermostat using bimetallic strips does come with some drawbacks [2]. For example, these traditional thermostats can be slow to react to temperature changes due to the metal needing time to heat up and cool down. The study also highlights how internal stresses can lead to mechanical failure over time. This source shows that bimetallic strip thermostats can be problematic and future thermostats may need to utilise other technologies for temperature control. 
[bookmark: _Toc520100798]2.2 Smart Thermostats
Smart thermostats represent the pinnacle of thermostat technology, integrating advanced features like Wi-Fi connectivity, user interface enhancements and control via applications and websites. According to Stopps and Touchie, a smart thermostat allows for the programming of temperature setpoint scheduling and control of a room’s temperature from a user’s device [3]. They also offer energy saving abilities as the setpoint scheduling can be used to only heat a room when people will be present e.g., after 5pm on weekdays when people return from work. This means that the temperature of the room/house will not be high when there is no one in the room. Some smart thermostats utilise passive infrared (PIR) motion detectors to only heat a room when it can detect people are present in the room. 
The information obtained from Stopps and Touchie shows that these features collectively enhance energy efficiency and the usability of a smart thermostat, giving a great insight into the evolution from traditional thermostats to smart thermostats.


[bookmark: _Toc1785717496]2.3 Temperature control using a microcontroller
This section focuses on previously conducted research on a smart thermostat, which was used to document the design and development of a microcontroller-based temperature monitoring and control system. A study by Sukumar Ponnusamy found that the temperature control of power plant generators improved efficiency by introducing a cooling fan when temperatures exceed a set standard temperature [4]. Although this study was intended for industrial applications, it still provides relevant information to smart thermostats and what is needed to operate them.
A datasheet presented by Texas Instruments demonstrates how a cooling system can use a LM35 temperature sensor as it does not need external recalibration and has a linear voltage output of 10mV; which also simplifies the process of reading temperature data and makes it easier to interface with control circuity [5]. In Sukumar Ponnusamy’s study, an Arduino microcontroller was then used to be loaded and programmed with the user’s code. The use was to receive analogue input from the LM35 temperature sensor and give a digital output to the motor and LCD. The microcontroller would trigger a cooling fan via programmed threshold logic. The decision to use an LCD was made as they use less connections and present data more clearly compared to alternatives, such as 7-segment displays. The LCD display was directly controlled by an Arduino microcontroller, meaning it could easily function to the user’s requirements [4].
This publication was extremely useful as it gave a great insight into the features needed to operate the product. Although the fan element of this system is not relevant to smart thermostats, the overall architecture of a sensor, microcontroller, display and control outputs is directly applicable. The microcontroller’s ability to interpret analogue inputs and control digital outputs was key to this product and allowed the group to achieve their aim of enhancing the efficiency of the power plant generator. 
[bookmark: _Toc1531750150]2.4 Communication and Connectivity
IoT thermostats must communicate with other devices to enable real-time monitoring and control. Protocols like WiFi and Zigbee can be used to provide this communication and are critical to smart thermostat functionality. According to a study conducted by Jie Ding (2018), WiFi is often preferred in this scenario as it is widely used, offers higher bandwidth and faster data transfer rates [6]. This publication is useful as it emphasises the importance of using WiFi as the protocol for communication, showing that the use of WiFi leads to an easy integration of smart devices all under the same home network. 


[bookmark: _Toc1148613714]2.5 User Interface and Functionality
Most smart thermostats include applications or touch screens for configuration and real-time control purposes. The smart thermostat must have a user-friendly design so the advantages of improved energy savings and ease of temperature control can be experienced. 
A study conducted by L.Miu et al. on replacing traditional thermostats with smart thermostats, focused on the behaviour of a group of residents after doing so [7]. The residents started off with a regular thermostat, which came with a ’32-page manual to explain the 5 modes of the thermostat’. These regular thermostats were replaced with a smart thermostat, which was accompanied by a more concise 12-page manual mostly containing screenshots of how to operate the thermostat. From the very start, the smart thermostat can be seen to be more intuitive. The ability to start settings schedules based on different scenarios (e.g., present in room, absent, sleeping) was seen as an advantage over the traditional thermostat as it led to improved temperature control with less user effort. With smart thermostats, users did not have to manually alter the temperature of a room and then wait for the temperature to eventually reach what they selected [7].
However, user behaviour can limit the effectiveness of a smart thermostat. A study undertaken by Huchuk, O’Brien and Sanner, found that only 60% of smart thermostats were operated on a schedule, including those set on default schedules [8]. This highlights a potential disconnection between smart thermostat capability and customer usage, which developers must consider when designing new products. 
[bookmark: _Toc1902438876]2.6 Existing Commercial Products
Smart thermostat products from Nest and Hive are great examples of the transition from traditional to smart systems. These systems offer automated scheduling, smart phone temperature control, real-time feedback, and learning algorithms [9]. 
From this section, it can be seen that smart thermostats definitely have advantages over a traditional thermostat. The smart thermostat was introduced to encourage energy savings strategies and give users the ability to avoid waiting for a room to reach their desired temperature through scheduling features. Smart thermostats are typically more user friendly due to their customisable digital displays that can suit the user’s needs. This section also gives an interesting insight that some users do not use the scheduling features of smart thermostats, meaning they may not be needed for the final product. 
[bookmark: _Toc1414649261]2.7 Findings from background research
From the research undertaken, it was established that the product will require a way for the user to input a value, along with an LCD to display the current temperature. To align with commercially available products, 1 heating output and 1 cooling output will be required. Outputs should be rated for mains voltages up to 10A, which means our product will necessitate the use of relays. The circuit may also require a wide voltage range, so it can withstand a minimum of 24V for possible use in industrial control systems. Additionally, the device will need to be able to retain previously measured temperatures and provide the ability to view the stored data.
[bookmark: _Toc567499539]JF – 3.0 Research and Development Methodology
A Gantt chart, shown in Figure 1, was created to evaluate the success of the project by setting deadlines onto all the tasks required (Appendix A). A Gantt chart offered a clear visual representation of the project’s timelines and made it easier to plan and track progress. Along with a Gantt chart, a logbook was populated every time progress was made with the project (see Appendix D).
[image: ]
[bookmark: _Ref203398940][bookmark: _Ref203398936][bookmark: _Toc203678932]Figure 1 - Project Gantt Chart.


[bookmark: _Toc1112993567]JF – 3.1 Prototype
A prototype of the required circuit was created with the components available in the workshop, as shown in Figure 2. Due to limited components, only the ESP 32, rotary encoder and the push button sections of the schematic could be wired and tested. An LCD was used to display a count of the rotary encoder turns as this would behave similarly to the temperature control on the final product. Relays were also used to simulate the output by testing if they could be driven by the microcontroller.
[image: ]
[bookmark: _Ref203051710][bookmark: _Toc203678933]Figure 2 - Prototype created on a breadboard.
The ESP32 development module type was used, which is designed for prototyping. This cannot be used in the final product as it is too large and too expensive, therefore, an alternative standalone ESP32 will be needed for the final product. The prototype was created on a breadboard as it was readily available in the workshop and allowed the adjusting of the circuit without causing damage. Components also did not need to be soldered and ultimately allowed for quick prototyping of the circuit. Based off the prototype, it is obvious that the breadboard is not manufacturable. Therefore, a printed circuit board (PCB) must be used for the final product.
An example code was created in Arduino IDE to display a test character each time the encoder was turned. This prototype was successful and gave a good starting point to begin creating the final product, as shown in Figure 3. 
Creating a prototype was important as it allowed for early testing and helped to iron out any concerns with the proposed product.

[image: ]
[bookmark: _Ref202870892][bookmark: _Toc203678934]Figure 3 - Working prototype, displaying the test character per rotary encoder turn.
[bookmark: _Toc919724059]GMG – 3.2 Key Design Requirements
From the previous research and prototype the key design requirements can be identified and are as follows:
· Temperature measurement - The device should be able to measure the current ambient temperature to a minimum accuracy of ±0.5°C.

· Wide Input voltage range – The device should be capable of operation in various environments, therefore an input voltage range of up to 24V DC allows for operation in industrial environments [10]. 

· Wireless communication – To enable control of the thermostat via a web interface a network connection will be required. In this case WIFI as it is commonplace in households.

· User Interface – An intuitive method of adjusting the temperature should be used on the thermostat, to avoid confusions had with traditional thermostats.

· Output – To allow for use in various applications including replacement of traditional thermostats to outputs should be included, one for heating and the other for cooling. These outputs should be capable of a minimum of 10A AC at 240V, or 5A DC [11].

· Dimensions – the device should fit within a standard UK Electrical Backbox for use in replacing existing systems.


[bookmark: _Toc1537903077]GMG/SD – 4.0 Design and Implementation
[bookmark: _Toc1059470850]GMG - 4.1 Design Decisions
Design decisions made during the development of this device were primarily chosen due to the product requirements, cost and applicable standards/regulations. Decisions made consisted of component selections, product dimensions, electrical characteristics and user interface.
[bookmark: _Toc256137069]GMG - 4.2 Component Selection
Based on our initial breadboard prototype and Figure 4 - System Block Diagram it was possible to select the final components which will be used in the schematic.
[image: A diagram of a computer hardware system
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[bookmark: _Ref202772806][bookmark: _Ref202274081][bookmark: _Toc203678935]Figure 4 - System Block Diagram.
4.2.1 MCU
The first and core component of the circuit is the MCU [12]. This will be used to control all major functions of the device, such as monitoring the rotary encoder and buttons, displaying information on the LCD, controlling output relays and measuring the current temperature.  
The MCU chosen MCU should include WIFI communication, eliminating the need for external WIFI hardware.
The chosen MCU for this role is the ESP32-S3. This differs from the C3 variant used on the prototype as this lacked the required amount of IO for all the desired components. The ESP32-S3 is available on module known as ESP32-S3-Wroom. The module includes a built-in antenna, crystal resonator and flash memory [13]. 
4.2.2 Power Supply
The design requirement for a large input voltage range necessitates the use of a switch mode regulator on the input. This is due to poor efficiency of linear regulators with Large Vin to Vout differences [14] (See Also Table 1 - 5V Regulator Efficiency Analysis ). The switching regulator will generate the 5V rail, then a further linear regulator will generate the 3.3V where power losses are negligible (see Figure 5 - Power Supply Block Diagram & Table 2 - 3.3V Regulator Efficiency Analysis).
[bookmark: _Ref203593498]Table 1 - 5V Regulator Efficiency Analysis
	Regulator Type
	VIN (V)
	VOUT (V)
	Load Current (A)
	power Loss (W)
	Efficiency (%)

	Switching
	24
	5
	0.555
	0.18
	94%

	Linear
	24
	5
	0.555
	10.55
	20.8%



[bookmark: _Ref203593549]Table 2 - 3.3V Regulator Efficiency Analysis
	Regulator Type
	VIN (V)
	VOUT (V)
	Load Current (A)
	power Loss (W)
	Efficiency (%)

	Switching
	5
	3
	0.416
	0.17
	88%

	Linear
	5
	3
	0.416
	0.83
	60.0%



[image: A diagram of a computer
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[bookmark: _Ref203590076][bookmark: _Toc203678936]Figure 5 - Power Supply Block Diagram
4.2.3 Temperature Sensor
Conventional thermostats typically make use of a bimetallic strip for temperature sensing and control. This method is unusable in this application as temperature measurement is required. where this is not available using bimetallic strips. 
For simplicity the LM35 manufactured by Texas Instruments has been chosen. This is a semiconductor-based temperature sensor which provides several benefits, such as a linear output voltage to temperature relationship and not requiring any pre-amplification [15]. 
4.2.4 User Interface
The design requirements state a simple and intuitive interface. Due to this a character LCD display has been chosen.  
To reduce complexity of the circuit an LCD with integrated driver should be used. However, an issue arose as from reviewing the data sheet of a standard LCD module (Figure 6), has a minimum high voltage level 4V [16] which is likely incompatible with the MCU’s 3.3V logic level.
[image: NHD-0216K1Z-FL-YBW]
[bookmark: _Ref202772819][bookmark: _Toc203678937]Figure 6 - PCB LCD Module.
The solution chosen for this is to uses a chip on glass module shown in Figure 7 which is designed for use with 3.3V logic levels [17].
[image: COG 20x2 Character LCD Module FSTN positive display front ON]
[bookmark: _Ref202788427][bookmark: _Toc203678938]Figure 7 - Chip on Glass LCD Module.
4.2.5 Heating/Cooling control interface
From the device requirement switching a variety of voltages and currents should be possible. To allow for this, relays are the best option. Relays are capable of switching both AC and DC circuits. 
A pair of relays will be used. One to enable output and the second to chooses between heating or cooling, as shown in Figure 8.This introduces a level of fail-safe design in the case of power loss the output is defaulted to off.
[image: ]
[bookmark: _Ref202794635][bookmark: _Toc203678939]Figure 8 - Output Relay Wiring.
[bookmark: _Toc1787014838]SD - 4.3 Software Design
Arduino IDE is one of the main choices when it comes to embedded programming, especially for beginners. Furthermore, as there was already some experience in the group using Arduino IDE, this would make developing software for the chip more streamlined. Also, Arduino IDE has libraries for the ESP32-S3 chip which means that the wheel would not have to be re-invented (after the library code has been checked to ensure it is fit for the purpose of this project) [18].
The primary goal was to integrate several hardware components such as the LM35 temperature sensor, LCD display, rotary encoder, push button and relays with a network interface that would allow remote control. This required careful decisions around code structure and data flow between different parts of the program. 
The main two blocks that run the firmware in the code are the setup() and loop() functions. This is the default configuration that Arduino IDE provides; it is simple yet effective as setup() runs once on boot and loop() is where the program resides. 
The setup() function initialises all the components and attempts to establish a Wi-Fi connection, while loop() repeatedly checks and updates I/O and manages the web server.


[bookmark: _Toc560756107]GMG/SD - 5.0 Implementation
[bookmark: _Toc918408538]GMG - 5.1 Schematic Design
With all major components selected, design of the final schematic could begin. Making use of CAD software (Computer Aided Design) allowed for quickly adding components and connections to the design. 
The chosen software for this purpose is KiCad. This is a powerful design software allowing for schematic and PCB layout, it is free to use and includes a variety of component symbols and footprints for use. 
[bookmark: _Toc1124725509]5.1.1 Power Supply
[image: ]
[bookmark: _Toc203678940]Figure 9 - Schematic Power Supply Layout
The input voltage VCC first passes a diode, used for reverse polarity protection [19]. This ensures the circuit will not fail if incorrectly connected by an installer. 
Following the recommended components for the used switch mode supply, 22uF capacitors are placed for output stability, to reduce BOM complexity they are re-used for input and output capacitors of the linear regulator.
[bookmark: _Toc484941565]5.1.2 Microcontroller 
[image: A computer screen shot of a circuit board
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[bookmark: _Ref203050198][bookmark: _Toc203678941]Figure 10 - Schematic MCU Layout
Shown in Figure 10, the ESP32 is connected to all other sub systems using Identifiable Net labels.
A push button (SW3) has been included for resetting the microcontroller along with a RC delay circuit (R4 & C9) used to hold the MCU in reset until the power supply can stabilise, based on the manufacturer's recommendation [20].
[bookmark: _Toc1469597412]5.1.3 LCD
The chosen chip on glass LCD makes use of the I2C communication protocol. This protocol is open drain; due to this external pull-up resistors are required (R3 & R5). As the communication speed is relatively slow and short trace distances 10k resistors will be adequate [21]. 
[image: A computer screen shot of a circuit board
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[bookmark: _Ref203156954][bookmark: _Toc203678942]Figure 11 - Schematic I2C Layout
Transistor Q1 is a generic NPN type. Its use is to control the LCD backlight for disabling during a power off state. A 4K7 resistor is connected to the base to limit current from the MCU.
[bookmark: _Toc1043012538]5.1.4 Relay Outputs
[image: ]
[bookmark: _Ref203377640][bookmark: _Toc203678943]Figure 12 - Schematic Relay Outputs
The relays as shown in Figure 12 are controlled using a low side switching NPN Transistor. This is due to the limited supply current of 40mA from the IO pins of the MCU [20].  
A diode has been placed across the coil of the relay to remove harmful back EMF produced during switching of the relay. Reducing the risk of component damage [22].
[bookmark: _Toc1067297833]GMG - 5.2 PCB Layout
With a complete schematic (see Figure 22 - Complete Circuit Schematic) PCB layout could begin. During this process several factors need to be considered which are covered in the standard IPC-2221A.
[bookmark: _Toc576324608]5.2.1 Mechanical considerations
[image: A drawing of a square with lines and dots
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[bookmark: _Toc203678944]Figure 13 - PCB Board Edges & Drill Holes
The first step of PCB design was defining the board outline. The standard dimensions of a UK 1 gang 75 X 75 mm with 2 fixing screws [23]. Ensuring all components are located within this dimension and allowed clearance for the mounting holes was crucial for meeting the design requirements.
[bookmark: _Toc1154451868]5.2.2 Component Placement
The placement of several components was critical. Ensuring the MCU’s antenna was away from interference from mains would ensure a better connection. A cutout on the board (see 
Figure 14) was also made as per manufacturers recommendations to avoid unintentional effects on the antenna [24]. 
The temperature sensor was also placed with good clearance from heat generating components such as the linear regulator and Esp32. 
[bookmark: _Toc732891268]5.2.2 High Voltage Clearance
[image: A green circuit board with blue squares and white text
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AI-generated content may be incorrect.]As it is intended for use with high voltages clearances around the power traces needed to be large enough to prevent breakdown and arcing. The minimum specified clearance in the IPC-2221A is 2.5mm however this was increased to 3mm for an extra layer of safety (Figure 15).
[bookmark: _Ref203630813][bookmark: _Ref203597598]
[bookmark: _Toc203678945][image: A computer circuit board with many wires and a black background
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AI-generated content may be incorrect.]Figure 14 - Top and Bottom View of PCB Layout

[bookmark: _Ref203663827][bookmark: _Toc203678946]Figure 15 - Top and Bottom view of PCB Traces

[bookmark: _Toc1259805214]SD – 5.3 Software
[bookmark: _Toc176171062]5.3.1 Main loop logic
[image: ]

[bookmark: _Toc203678947]Figure 16 - Main loop flowchart
[bookmark: _Int_nAnlqNX6]The logic in the loop() function was designed to handle tasks without interference over each other. For example, the temperature sensor is read every 200ms rather than continuously. Each time the interval completes, the oldest value in a rolling array is discarded and the new sensor reading is inserted, with the average of these values stores as CURRENT_MEASURE_TEMPERATURE. This decision improves stability by smoothing out noise from the analogue input of the temperate sensor. Instead of showing raw fluctuating values on the LCD and web page, the systems show a rolling average, resulting in more reliable control.
Another core responsibility of the loop is updating the target temperature. A rotary encoder was implemented as the primary method of local input. The encoder library returns a position value that is directly mapped to TARGET_TEMPERATURE. To prevent conflicting inputs, a local flag called localControlEnabled was introduced which allowed the encoder to change the target temperature when it was set to true. When false, the encoder was ignored, and the target temperature is only set through the web page. This was an important decision because the thermostat has two potential controllers: someone standing in front of the device and someone adjusting it remotely. Without this, they could overwrite each other’s settings which could lead to unpredictable behaviour (in this case, the LCD would simply refuse to update if the someone was controlling the temperature via the web page). This is a simple but elegant solution that doesn’t consume too many resources.
The push button on the encoder is also checked in every loop iteration. A short press toggles power to the display and relays, while a long press (held for two seconds) erases stored Wi-Fi credentials and restarts the unit into access point mode. This functionality reduces the need for extra buttons, simplifying the hardware design. Detecting long presses required storing the time the button was first detected and comparing it to the current time in each iteration of the loop. 
[bookmark: _Toc2112127735]5.3.3 Web server logic
[image: ]
[bookmark: _Toc203678948]Figure 17 - Web page
The ESP32-S3’s built-in networking capabilities allowed the creation of a simple web page using the WebServer library. In setupWebControl(), routes such as / were defined for the main page, /set for submitting a new target temperature, and /local for enabling or disabling local control. Each route is handled by a lambda function [25]that processes form data and updates global variables. After processing, the server sends a redirect back to / to refresh the page.
The logic here is important as all state changes (like setting a new target temperature) are applied immediately; the LCD is updated to reflect the new state. For example, after receiving a new target temperature, showText() is called with a formatted string to redraw both lines of the display. This immediate feedback loop ensures that the physical devices and web page stay in sync.
The HTML page was dynamically built using string concatenation [26]. While it is not as “nice to the eye” as templating, it keeps everything self-contained in the microcontroller and avoids external files. The page also includes a form for local control mode, with the button text changing depending on the current state. This is a small but useful detail that improves usability.
[bookmark: _Toc391211275]5.3.4 Data persistence and setup logic
The firmware stores Wi-Fi credentials in the ESP32’s non-volatile storage using the Preferences library. On boot, the program calls tryConnectToWiFi(), which attempts to connect to the last known network. If successful, the device starts in station mode and runs the web interface. If not, it falls back to access point mode by calling setupAP(), which starts a temporary network and runs a simple page for entering credentials. This logic was chosen because it gives the user a fallback without needing external hardware or a serial connection. By holding down the power button for two seconds, the Wi-Fi credentials are cleared, and the device is restarted.
[image: ]
[bookmark: _Toc203678949]Figure 18 - Flowchart for main setup logic.
[bookmark: _Toc1425347784]5.3.5 Relay and LCD control 
Relay outputs for heating and cooling are controlled based on the difference between CURRENT_MEASURE_TEMPERATURE and TARGET_TEMPERATURE, with a hysteresis [27] of + 1°C to prevent rapid toggling. This logic is implemented in a simple if/else block. If the measured temperature is below the target minus the hysteresis, heating is enabled; if above the target plus the hysteresis, cooling is enabled; otherwise, both are off. These relays drive external circuits.
The LCD itself is managed through the Wire library. Some helper functions were provided by the LCD manufacturer; some modifications were made to functionality for more efficiency. For example, showText() was modified to accept variables too so that it was more efficient to display temperature on the LCD. Furthermore, after a change in target temperature via the web interface, showText() along with moveToLine1() and moveToLine2() were called to redraw both lines on the LCD.
[bookmark: _Toc1650452130]5.3.6 Software conclusion and improvements
The software for the Smart IoT Thermostat successfully integrates multiple components into a solid system. The logic behind the code shows responsiveness, simplicity and user control while remaining flexible enough for future iterations. Decisions such as using a rolling average for sensor readings, introducing a local control flag and implementing a Wi-Fi mode setup were all made to ensure useful functionality.
An improvement would be implementing asynchronous web handling. Currently, the WebServer library processes requests synchronously, which is good enough for low-traffic applications but could block other operations if many requests arrive at once. By implementing an asynchronous approach, the thermostat would remain responsive even under a heavier network load. However, in this instance, there aren’t too many requests made on the webpage. 
The code could also benefit from more extensive error handling. For instance, if the LCD fails to initialise, the current logic halts indefinitely. Instead, a retry mechanism could be implemented or an error messaged could be displayed over the serial monitor. Similarly, user input could be validated from the web page to prevent invalid target temperatures form being applied.
The code could be broken down into multiple files (modules) and improved with asynchronous networking or persistent storage of settings; the current implementation meets the project goals and provides a solid foundation for future development. By using Arduino IDE and libraries that were available within it, the focus was able to be shifted on the logic and behaviour of the thermostat rather than low-level logic, ultimately delivering a solid foundation for a product with a lot of potential.


[bookmark: OLE_LINK2][bookmark: _Toc1888016947]GMG/JF - 6.0 Results and Analysis
This section focuses on the results of the tests performed, following an analysis of them and what they mean for the project’s success.
[bookmark: _Toc964590692]GMG – 6.1 Power Rail Testing
The first test was carried out during assembly of the circuit board; after soldering the voltage regulators the device was connected to a bench power supply and voltage rails then measured. 
As shown in Figure 19 and Figure 20, both the 5V and 3.3V rail are being regulated down to the correct voltage. This was essential to ensure before continued assembly as if an improper voltage was present damage would be caused to other components.
[image: ]
[bookmark: _Ref203396261][bookmark: _Toc203678950]Figure 19 - Test Measurement of 5V Rail
[image: ]
[bookmark: _Ref203396263][bookmark: _Toc203678951]Figure 20 - Test Measurement of 3.3V rail


[bookmark: _Toc984270319]JF – 6.2 Temperature Control Analysis
The following test (see was performed to gain an understanding of the temperature control abilities of the device over an extended period (in this case 24 hours). The device was placed within an insulated box (see Figure 21). The insulated box was placed in a non-temperature controlled environment with a thermometer outside of it to record the ambient temperature. The device was then set to 19°C and allowed to control the temperature, making use of a heater and cooler. The temperature inside the insulated box was measured, and the results of this test over a 24-hour period were recorded and presented in a graph, see Figure 22.
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[bookmark: _Ref203681799][bookmark: _Toc203678952]Figure 21 - Breakdown of insulated box test.

[bookmark: _Ref203473097][bookmark: _Ref203473094][bookmark: _Toc203678953]Figure 22 - Graph showing test results of the thermostat over a 24-hour period.
From analysis of the data, it is seen that the controlled temperature of the insulated box was seen to be in the desired temperature tolerance of 1°C from the set temperature. The maximum deviation from the set temperature was 0.6°C. Oscillations can be seen with a time period of approximately 4 hours and this is due to the temperature control method used. Including PID control instead of on-off control would have removed these oscillations through its methods of removing overshoot. These results were expected, and on-off control was used for simplicity in the software. 
From the reviewed literature, a successful smart IoT thermostat device was created. The device allowed the user to set a desired temperature, and the insulated box test proved the set temperature was met. The smart thermostat contained the essential components discovered from the thorough background research and the project requirements, to create a smart thermostat that offers precise temperature control, were met. 


[bookmark: _Toc545601832]JF – 7.0 Evaluation
The primary aim of the project was to design a smart thermostat capable of offering precise temperature control via a web interface, whilst still offering manual control through a physical knob. Each phase of the project, from the initial development to the final product, was achieved through a variety of objectives and were supported by research into existing technologies and user needs. With this research and the knowledge gained, the objectives set out to achieve this aim were met. A functioning schematic and PCB were created to enable temperature control through the hardware and web interface, and an appropriate microcontroller (ESP32-S3) was selected to manage the connectivity and control logic in the thermostat. Furthermore, the Arduino IDE was used to program the embedded software, and rigorous testing confirmed the product’s precision and responsiveness through the web interface. This technical report and the upcoming presentation demonstrate how the project’s documentation was kept up to date throughout the development process.
The results of the test showed that over a 24-hour period, the maximum temperature deviation from the user’s set value was + 0.6°C and showed the device’s ability to maintain the specified temperature tolerance of + 1°C. The device’s consistent response over time highlighted the design and implementation’s reliability. Although small temperature oscillations were noticed, they were caused by the software’s on-off control method and followed a predictable pattern. This behaviour was expected, and the results demonstrated that PID control could be used for tighter temperature regulation. However, the current on-off control method did still operate effectively to tolerances despite the absence of PID control.
When comparing the data to the research found from the literature review, it was seen that the LM35 temperature sensor performed as expected based on Texas Instruments documentation, by providing consistent and linear temperature readings. Furthermore, the use of the microcontroller to handle the digital inputs and outputs to provide temperature control as outlined in the study conducted by S.Ponnusamy was successfully demonstrated. Additionally, the inclusion of the web-based interface and manual rotary control were implemented after recommendations found in the user behaviour research. The project addressed any usability concerns by maintaining an accessible and user-friendly interface.
If this project was to be undertaken again, a few adjustments could be considered to improve the performance and capabilities of the device. As previously mentioned, adding PID control would enhance stability overall and reduce the oscillations. A memory chip could be introduced to store long-term temperature logs for future trend analysis and diagnostics, as well viewing historical data from the thermostat. To evaluate the usability of the thermostat’s interface, a formal test with users would be beneficial alongside the testing that was already conducted on the device. This would give a great insight into user behaviour with the device and would identify any needed refinements.


In summary, the project delivered a working smart thermostat that met the appropriate technical requirements and showed the abilities essential to thermostats in real-world use. Numerous aspects of the original research and literature were validated during the implementation process, and the evaluation demonstrates that the device functions as intended. Although there is room for improvements in certain areas, the project’s main goal has been achieved and demonstrates a detailed application of research, design and engineering principles.
[bookmark: _Toc18556726]JF – 8.0 Conclusions and Recommendations
This project was conducted to investigate whether a microcontroller-based thermostat could control the temperature of a room through both a digital web interface and a manual input knob. By the end of the development of the product, it could be seen that this was possible, resulting in a functioning device that maintained the temperature set by the user.
The development process started with background research on smart thermostats in detail, which provided a great insight into the components needed in the device, along with the user needs and how the device should function. The design and implementation phases of the project took the findings from the previous stages and made them into a working system. A schematic and PCB, along with detailed software code, were created to allow the device to monitor temperature, control outputs and have a responsive web interface. All digital and analogue functions were successfully programmed into the ESP32-S3 microcontroller, and the embedded software programmed with the Arduino IDE worked reliably. Furthermore, the testing phase of the project showed that thermostat met the aim of having a + 1°C temperature control tolerance by having a maximum difference of + 0.6°C from the user's set temperature.
Further work could be done to expand the device’s functionality and performance e.g. PID control for more stable temperature control. Replacing the current on-off control method in the software with PID control would make the maximum deviation from the user’s set temperature even less than it is now. This will ensure the actual temperature stays as close as possible to the set temperature. As mentioned, adding onboard memory through a flash memory chip would enable the user to view the historic data of the thermostat and allows for analysis of this data.
In conclusion, the benefits of the work completed are seen in its demonstration of how a microcontroller-based smart thermostat can offer convenience and precise temperature control, without having a negative effect on safety or usability. The thermostat uses cost-effective components with well thought out designs to meet the needs of a modern temperature control system. It offers advantages that a traditional thermostat lacked. The previously outlined recommendations of temperature control improvements and data logging would further boost the device’s capabilities and support the continued development of an ideal product for residential or industrial temperature control. 



[bookmark: _Toc1741994511]9.0 Reflection
[bookmark: _Toc1773545603]JF – Reflection
As part of this group project, my main responsibilities included conducting the background research, building the prototype and having a large contribution to the technical report. My engineering and communication skills improved as a result of these responsibilities. I was able to clearly understand thermostat technologies from the detailed background research and literature review, which I then shared with the team to be considered for product design. Prototyping reminded me of the importance of testing and adapting hardware decisions early. The prototype gave us a great real-world example of how the hardware would work together to create our final product. Additionally, documenting the process further developed my technical writing along with my ability to explain complex ideas in a professional yet easy to understand way. 
Working in a team to complete a group project is something I am not used to, so it was important to be able to develop the required skills to do so. I learned how to coordinate tasks, communicate effectively and rely on shared problem solving to keep the project on track. It was very interesting to see the project develop from selecting it as our initial idea to being able to physically use the final product. 
I found myself spending a lot of time of the background research and literature review as it was something I was inexperienced with, and it was stressful trying to complete it. I now understand what is required to complete a literature review however if something similar was to happen in a future project, I would take extra time to read various technical reports to understand what is required in the section I am struggling with. This would remove an reoccurrence of the time I wasted attempting the literature review unsure and uneducated. Overall, the project helped me grow technically to be a functioning member of a team and gave me a practical insight into real-world engineering challenges.
[bookmark: _Toc119590553]GMG – Reflection
My main role during this project was the design and building of the hardware.  This involved the selection of appropriate components, suppliers and applicable standards.
During the component selection phase I was successfully able to choose necessary components by reviewing data sheets, comparing costs and features. I then produced a bill of materials for the project and was able to source the components. During this process I learnt several key concepts such as BOM consolidation and how to choose a reliable supplier.
The next phase of the project involved the design and layout of the printed circuit board. This step draw on knowledge from my previous projects and completed modules. However due to special requirements of this board I learnt new concepts such as high voltage clearance, where ensuring enough space between traces is crucial. Another skill I developed during this project was fit to form design where ensuring the PCB can fit within a specified space was essential for meeting the design requirements.
Communication during this project was also essential for a successful outcome. This is was primarily highlighted during the handover to the software where I produced a pin description table. This allowed for easy understanding of what each pin did on the MCU.


[bookmark: _Toc1007041394]SD – Reflection
The first bit I have learned while doing the project is that Arduino IDE ESP32-S3 does C++ with automatic memory management, which is a bit odd. I have also learned that there are two ways to split up files, in .ino files or .h/.cpp files (I knew about the second option). I have tried to split it up, however, that was after the fact where splitting up the files would’ve required more effort than it was worth for a project of this scope. In the future, I am far more likely to split up files.
I have got previous experience in programming; however, embedded programming is something that truly requires you to think about memory management, what hardware you’ve got, and you need to know what every pin of interest does. Here’s where communication with Gomer was crucial as he designed the board and allocated pins for different parts of it. 
What I would like to do better in the future is to stop trying to rely solely on my programming skills if I am stuck on a particular task and get other teammates more involved if required. There were some bits that I got stuck on that could’ve been solved quicker if I didn’t dwell on the problem and tried to fix it myself. I also need to try and keep code simpler in the future for readability and maintainability purposes.
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[bookmark: _Toc259616816]Appendix
[bookmark: _Ref203471171]Appendix A - JF
Table 3 - Project tasks listed to create Gantt chart.
	Task
	Start Date
	Duration (Days)
	End Date

	Idea brainstorm
	20/05/2025
	1
	21/05/2025

	Final idea selection
	20/05/2025
	1
	21/05/2025

	Preliminary project research
	20/05/2025
	1
	21/05/2025

	Product requirement definition
	20/05/2025
	1
	21/05/2025

	Schematic creation
	21/05/2025
	12
	02/06/2025

	Product/component research
	21/05/2025
	6
	27/05/2025

	PCB layout
	27/05/2025
	14
	10/06/2025

	Software design
	03/06/2025
	25
	28/06/2025

	Mechanical design
	03/06/2025
	14
	17/06/2025

	Submitted component list for acquisition
	10/06/2025
	1
	11/06/2025

	Awaiting component arrival
	11/06/2025
	14
	25/06/2025

	Circuit assembly
	25/06/2025
	2
	27/06/2025

	Mechanical assembly
	27/06/2025
	1
	28/06/2025

	Software integration
	28/06/2025
	7
	05/07/2025

	Software/hardware debug session
	05/07/2025
	7
	12/07/2025

	Testing of final product
	12/07/2025
	2
	14/07/2025

	Presentation of project results
	14/07/2025
	2
	16/07/2025
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[bookmark: _Ref203587514][bookmark: _Toc203678954]Figure 23 - Complete Circuit Schematic
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[bookmark: _Toc203678955]Figure 24 - Shell 3D model top half internal view
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[bookmark: _Toc203678956]Figure 25 - Adjustment Knob 3D Model
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[bookmark: _Toc203678957]Figure 26 - Power Button 3D Model
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[bookmark: _Toc203678958]Figure 27 - Rear Plate 3D Model
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[bookmark: _Toc203678959]Figure 28 - Final Assembly 3D Render 1
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[bookmark: _Toc203678960]Figure 29 - Final Assembly 3D Render 2
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[bookmark: _Toc203678961]Figure 30 - Final Assembly 3D Render 3
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[bookmark: _Toc203678962]Figure 31 - Top side of assembled PCB
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[bookmark: _Toc203678963]Figure 32 - Bottom Side of assembled PCB
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[bookmark: _Toc203678964]Figure 33 - PCB Fit Within top half of Shell
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Appendix C – SD
Source code:
/**********************************************************************************
/                                Smart IoT Thermostat                              /                               
/                               Group Project ACDA5017                             /                              
/                          Stefan-Cristian Daitoiu 2317310                         /                         
/                             Gomer Morgan-Gray 2316794                            /                              
/                                 Jayden Fox 2316329                               / 
 **********************************************************************************/


#include <Wire.h>         // Wire library to communicate with LCD
#include <RotaryEncoder.h>
#include <Button.h>
#include <WiFi.h>
#include <WebServer.h>
#include <Preferences.h>

#define AP_SSID "SmartThermostat-Setup"
#define AP_PASS "setup1234"

#define TempSignal 1          // Temperature reading pin from LM35

#define SPIMiSo 3
#define SPIClock 17
#define SPIMoSi 18
#define FlashCS 8

#define RotaryAPB 4
#define RotaryPBP 5
#define RotaryPB 6
#define PowerPB 7

#define LCDBackLight 2
#define LCDRST 9
#define LCDSCL 10
#define LCDSDA 11

#define HeatingCoolingRelay 15 // Relay pin 
#define COMMRelay 16

// LCD I2C Constants
#define LCD_I2C_ADDR 0x3C      // LCD data line
#define COMMAND 0x00
#define DATA 0x40
#define LINE_1_ADDR 0x80
#define LINE_2_ADDR 0xC0

#define MAX_TEMP 32
#define MIN_TEMP 6

#define MIN_TEMP_ERROR 2
#define TEMP_ERROR_HYSTERISIS 0.5


float TEMPERATURE_CALIBRATION_OFFSET = 6; // Temperature calibration offset
float CURRENT_MEASURE_TEMPERATURE = 0;    // Current temperature reading
float TARGET_TEMPERATURE = 19;            // Initial target temperature
const int numReadings = 20;

bool powerState;
bool wasPowerOn;
unsigned long buttonHoldStart = 0;
bool buttonWasPressed = false;

float readings[numReadings];  // the readings from the analog input
int readIndex = 0;          // the index of the current reading
float total = 0;              // the running total

int currentMillis = 0;
int startMillis = 0;
int period = 200;

bool HeatingON = false;
bool CoolingON = false;


RotaryEncoder encoder(RotaryAPB, RotaryPBP, RotaryEncoder::LatchMode::FOUR0);
Button powerButton(PowerPB);
Preferences preferences;
WebServer server(80);

String ssid, password;

// function to display text on LCD, modified to accept variables in char array too
void showText(const char *format, ...) {  
  char buffer[21];  // 20 chars + null terminator
  va_list args;
  va_start(args, format);
  vsnprintf(buffer, sizeof(buffer), format, args);
  va_end(args);

  // If shorter than 20 chars, you must manually pad in your format string.
  // vsnprintf truncates longer strings automatically.

  Wire.beginTransmission(LCD_I2C_ADDR);
  Wire.write(DATA);
  for (int i = 0; i < 20; i++) {
    Wire.write(buffer[i]);
  }
  Wire.endTransmission();
}

// Function to move to line one of the LCD
void moveToLine1() {
  Wire.beginTransmission(LCD_I2C_ADDR);
  Wire.write(COMMAND);
  Wire.write(LINE_1_ADDR);
  Wire.endTransmission();
}

// Function to move to line two of LCD
void moveToLine2() {
  Wire.beginTransmission(LCD_I2C_ADDR); // Start sending data to LCD
  Wire.write(COMMAND);
  Wire.write(LINE_2_ADDR);
  Wire.endTransmission();
}
// Code provided from manufacturer of LCD to display text
void initCGRAM() {
  Wire.beginTransmission(LCD_I2C_ADDR);
  Wire.write(COMMAND);
  Wire.write(0x38);  // Function set
  Wire.write(0x40);  // Set CGRAM address
  Wire.endTransmission();
  delay(10);

  Wire.beginTransmission(LCD_I2C_ADDR);
  Wire.write(DATA);
  byte customChar[] = {0x00, 0x1E, 0x18, 0x14, 0x12, 0x01, 0x00, 0x00};
  for (byte i = 0; i < sizeof(customChar); i++) {
    Wire.write(customChar[i]);
  }
  Wire.endTransmission();
}

// LCD initialization sequence
void initLCD() {
  Wire.beginTransmission(LCD_I2C_ADDR);
  Wire.write(COMMAND);
  Wire.write(0x38); delay(10);
  Wire.write(0x39); delay(10);
  Wire.write(0x14);
  Wire.write(0x78);
  Wire.write(0x5E);
  Wire.write(0x6D);
  Wire.write(0x0C);
  Wire.write(0x01);
  Wire.write(0x06);
  Wire.endTransmission();

  initCGRAM();

  Wire.beginTransmission(LCD_I2C_ADDR);
  Wire.write(COMMAND);
  Wire.write(0x39);
  Wire.write(0x01);
  int result = Wire.endTransmission();
  if (result != 0) {
    while (true) delay(100);  // Halt on error
  }
  delay(10);
}

// Welcome message
void welcome() {
  moveToLine1();
  showText("     Welcome to     ");

  moveToLine2();
  showText("Smart IoT Thermostat");

  delay(2000);

  moveToLine1();
  showText("Gomer Jayden Stefan ");
  
  moveToLine2();
  showText("Group Proj. ADCA5017");

  delay(3000);
}

void setupAP() {
  Serial.println("Starting in AP mode...");
  WiFi.softAP(AP_SSID, AP_PASS);

  IPAddress IP = WiFi.softAPIP();
  Serial.print("AP IP address: ");
  Serial.println(IP);

  server.on("/", HTTP_GET, []() {
    server.send(200, "text/html", R"rawliteral(
      <html><body>
      <h2>Connect to Wi-Fi</h2>
      <form action="/save" method="post">
        SSID:<br><input type="text" name="ssid"><br>
        Password:<br><input type="password" name="pass"><br><br>
        <input type="submit" value="Save">
      </form>
      </body></html>
    )rawliteral");
  });

  server.on("/save", HTTP_POST, []() {
    ssid = server.arg("ssid");
    password = server.arg("pass");

    preferences.begin("wifi", false);
    preferences.putString("ssid", ssid);
    preferences.putString("pass", password);
    preferences.end();

    server.send(200, "text/html", "Credentials saved. Rebooting...");
    delay(2000);
    ESP.restart();
  });

  server.begin();
}

bool tryConnectToWiFi() {
  preferences.begin("wifi", true);
  ssid = preferences.getString("ssid", "");
  password = preferences.getString("pass", "");
  preferences.end();

  if (ssid == "") return false;

  Serial.print("Trying to connect to Wi-Fi: ");
  Serial.println(ssid);

  WiFi.begin(ssid.c_str(), password.c_str());

  unsigned long startAttemptTime = millis();

  while (WiFi.status() != WL_CONNECTED && millis() - startAttemptTime < 10000) {
    delay(500);
    Serial.print(".");
  }

  if (WiFi.status() == WL_CONNECTED) {
    Serial.println("\nConnected!");
    Serial.print("IP address: ");
    Serial.println(WiFi.localIP());
    return true;
  }

  Serial.println("\nFailed to connect.");
  return false;
}
    
void setup() {
  
  //powerButton.begin();
  Serial.begin(115200);
  
   if (!tryConnectToWiFi()) {
    setupAP();
  }

  for (int thisReading = 0; thisReading < numReadings; thisReading++) {
    readings[thisReading] = 0;
  }
  pinMode(LCDRST, OUTPUT);
  pinMode(LCDSDA, OUTPUT);
  pinMode(LCDSCL, OUTPUT);
  pinMode(LCDBackLight, OUTPUT);

  pinMode(HeatingCoolingRelay, OUTPUT);
  pinMode(COMMRelay, OUTPUT);

  pinMode(RotaryAPB, INPUT_PULLUP);
  pinMode(RotaryPBP, INPUT_PULLUP);
  pinMode(PowerPB, INPUT_PULLUP);

  Wire.setPins(LCDSDA, LCDSCL);
  Wire.begin();

  digitalWrite(LCDRST, HIGH);
  digitalWrite(LCDSDA, LOW);
  digitalWrite(LCDSCL, LOW);
  digitalWrite(LCDBackLight, HIGH);

  delay(10);
  
  analogReadResolution(10);
  Serial.begin(115200);
  initLCD();

  TARGET_TEMPERATURE = (((analogRead(TempSignal)) * 0.00322265625) * 100)-TEMPERATURE_CALIBRATION_OFFSET;
  encoder.setPosition(TARGET_TEMPERATURE);

  welcome();

}

void loop() {

  bool isPressed = (digitalRead(PowerPB) == LOW);

  if (isPressed) {
    if (!buttonWasPressed) {
      buttonHoldStart = millis();
      buttonWasPressed = true;
    } else {
      if (millis() - buttonHoldStart >= 2000) {
        Serial.println("Button held for 2 seconds");
        preferences.begin("wifi", false);
        preferences.clear();
        preferences.end();
        delay(500);
        ESP.restart();
      }
    }
  } else {
    buttonWasPressed = false;
  }

   if (WiFi.getMode() == WIFI_MODE_AP) {
    server.handleClient();
  }
    
  if(powerButton.pressed()){
    powerState = !powerState;
    Serial.println("Power PB");
  }

  moveToLine1();
  showText("  Temp:       %.1fC\xDF", CURRENT_MEASURE_TEMPERATURE);

  moveToLine2();
  showText("Target:       %.1fC\xDF", TARGET_TEMPERATURE);

if (!powerState) {
  if (!wasPowerOn) {
    Serial.println("Power ON: resetting LCD");
    
    // Reset LCD properly
    digitalWrite(LCDRST, LOW);
    delay(50);
    digitalWrite(LCDRST, HIGH);
    delay(50);
    
    // Bring up lines and backlight
    digitalWrite(LCDSDA, LOW);
    digitalWrite(LCDSCL, LOW);
    digitalWrite(LCDBackLight, HIGH);

    initLCD();  // Reinitialize display
    wasPowerOn = true;
  }

  encoder.tick();

} else {
  wasPowerOn = false;

  digitalWrite(LCDBackLight, LOW);
  digitalWrite(LCDRST, LOW);
  digitalWrite(LCDSDA, HIGH);
  digitalWrite(LCDSCL, HIGH);
}

  TARGET_TEMPERATURE = encoder.getPosition();
  
  if (TARGET_TEMPERATURE > MAX_TEMP) {
    encoder.setPosition(MAX_TEMP);
    TARGET_TEMPERATURE = MAX_TEMP;
  }
  if (TARGET_TEMPERATURE < MIN_TEMP) {
    encoder.setPosition(MIN_TEMP);
    TARGET_TEMPERATURE = MIN_TEMP;
  }

  // - get and avarage current temparetrue  ------------------------------------------------------------------------------
  currentMillis = millis();  //get the current "time" (actually the number of milliseconds since the program started)
  if (currentMillis - startMillis >= period)  //test whether the period has elapsed
  {
    // subtract the last reading:
    total = total - readings[readIndex];
    // read from the sensor:
    readings[readIndex] = (((analogRead(TempSignal)) * 0.00322265625) * 100)-TEMPERATURE_CALIBRATION_OFFSET;
    // add the reading to the total:
    total = total + readings[readIndex];
    // advance to the next position in the array:
    readIndex = readIndex + 1;

    // if we're at the end of the array...
    if (readIndex >= numReadings) {
      // ...wrap around to the beginning:
      readIndex = 0;
    }

    // calculate the average:
    CURRENT_MEASURE_TEMPERATURE = total / numReadings;

    startMillis = currentMillis;  //IMPORTANT to save the start time of the current LED state.
  }
  // ----------------------------------------------------------------------------------------------------

  // - termperature controll ---------------------------------------------------------------------------------------------------
    if(CURRENT_MEASURE_TEMPERATURE < TARGET_TEMPERATURE - TEMP_ERROR_HYSTERISIS){
      HeatingON = true;
      CoolingON = false;
      //Serial.println("Heating ON");
    }else if(CURRENT_MEASURE_TEMPERATURE > TARGET_TEMPERATURE + TEMP_ERROR_HYSTERISIS){
      HeatingON = false;
      CoolingON = true;
      //Serial.println("Cooling ON");
    }else{
       HeatingON = false;
        CoolingON = false;     
    }
  // ----------------------------------------------------------------------------------------------------

  if (CoolingON || HeatingON){
    digitalWrite(COMMRelay, HIGH);
  }else{
    digitalWrite(COMMRelay, LOW);
  }

  if (CoolingON){
    digitalWrite(HeatingCoolingRelay, HIGH);
  }else{
    digitalWrite(HeatingCoolingRelay, LOW);
  }
}
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[bookmark: _Toc984553936]20/05/2025 – Lecture 1
Introduction/idea selection
To start the project, a shared OneDrive folder was created to share access of all files and documents between members of the group. 
· Idea 1 – Smart IoT thermostat– device with screen, knob and internet connectivity able to be adjusted using home assistant and able to control other devices over network.
· Idea 2 – GPS tracker, using mobile network for car. Connected to fuse box for constant tracking. With battery backup (maybe).
· Idea 3 – biometric / keypad electronic door lock. Battery powered 
· Idea 4 – digital scale head unit for industrial environment with network connectivity.
The group decided to pursue idea 1 as it provides sufficient workloads for all members of the team including both analogue and digital circuit design, along with mechanical and software design. We felt this idea was most appropriate because of each member’s previous experiences and ability.
Researched other commercially available products 
We plan to use the esp32-c3 Arduino chip; it’s got built-in Wi-Fi and ADC which satisfy the main requirements for the product. It’s also a cheap option.
Provisionally decided we have two relay outputs, one for heating, one for cooling – that’s how standard industry thermostat’s function.
Chosen temp sensor ‘Texas instruments lm35’, it provides a +- 0.5°C accuracy and has a linear 10mv/c output.



[bookmark: _Toc772980012]03/06/2025 – Lecture 2
	Group Member
	Progress

	

JF
	Gantt chart created to outline project tasks and deadlines.
Contributed to creating presentation to document the progress made on the project so far and give a brief overview of project aspirations.

	

GMG
	Progress made on PCB schematic and board design; several revisions have been made for selected components due to design restrictions.

Preliminary mechanical dimensions chosen based around requirement for sues with a standard 1 gang UK back box.

	

SD
	Got an esp-wroom-32 develop board to work with Arduino IDE as an example to see what the expected programming is for the dev board. We had a look at two examples, one for scanning Wi-Fi networks, the other for hosting a webserver. Then printed a few things to the serial console.



ALL – presented mentioned presentation to peers and lecturer, positive feedback received.



[bookmark: _Toc928903379]10/06/2025 – Lecture 3
	Group Member
	Progress

	


JF
	Created prototype of the created schematic using breadboards and components available in room 208. Due to limited components, only the ESP 32, rotary encoder and the push button sections of the schematic could be wired and tested. PINOUT of the ESP 32 used and wired correctly.

Started documenting background research and product requirements/components.



	


GMG
	On top of last week, GMG spent time completing the PCB schematic and used CAD to create an enclosure/case for the thermostat.

Created Final BOM for circuit and found supplier for parts.
Contributed to program the prototype using Arduino IDE to verify it works. Example code was used as a template and was altered to test our prototype.



	
SD
	Contributed to program the prototype using Arduino IDE to verify it works. Example code was used as a template and was altered to test our prototype.






Prototype Images:
[image: A close-up of a circuit board

AI-generated content may be incorrect.]


[image: A person holding a device with wires

AI-generated content may be incorrect.]


[bookmark: _Toc1969604231]17/06/2025 – Lecture 4
	Group Member
	Progress

	

JF
	Made progress on background research, found a publication (star reference) on microcontroller-based temperature control. Introduction of technical report continued. Provisional aims and objectives noted.

	







GMG
	Since last session, parts ordered and delivered. Product PCB created (components soldered).

Replaced components.
[image: A small black device with a blue screen

AI-generated content may be incorrect.]


	

SD
	Calibrated temperature sensor to the ADC.







18/06/2025 – Progress Update
SD – Made a few coding design decisions.
Looked at making a function that pads text on LCD automatically, however, it consumes more resources than it’s worth, so doing manual padding is more efficient from a logical point a view as well as a resource one.
Asked for anecdotes from a few people:
“When you look at the temperature on a thermostat for the central heating in your house, do you expect a whole number or decimal?”
100% of the feedback was that people expect a decimal number with 1 decimal place, upon checking the thermostat in my own home that was the case for me too.
[image: A white device with a screen and a circular button

AI-generated content may be incorrect.]
So, based on that decision, the thermostat will display a 1 decimal place float.[image: A close-up of a digital display

AI-generated content may be incorrect.]
[bookmark: _Toc1153430349]01/07/2025 – Lecture 5 
	Group Member
	Progress

	

JF
	Continued background research and literature review. Understanding required structure to complete this section. Added research on how a bimetallic thermostat works (along with drawbacks), definition of a smart thermostat. 

	

GMG
	Continued writeup for implementation section.

	

SD
	Continued with coding.





[bookmark: _Toc244549877]08/07/2025 – Lecture 6 
	Group Member
	Progress

	

JF
	Continued background research and literature review. Writing up work done with prototype. 


	

GMG
	Continued with write up for design section of book

	

SD
	Continued with coding, started write-up.





[bookmark: _Toc593692127]15/07/2025 – Lecture 7
	Group Member
	Progress

	

JF
	Carried out and documented analysis of temperature control test results on thermostat. Completed evaluation of the whole project. Reflection of project completed.

	

GMG
	Continued with write up self-reflections section and final touch-ups

	

SD
	Cleaned up the code, ensuring basic functionality set up in the brief would be achieved. Write-up + flowcharts essentially finished.



Appendix E
JF GMG SD Ethics Form
Test Results of Thermostat over 24 hour period 
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Manufacturer Description Order Qty. |Price (GBP) Ext.: (GBP)
Alps Alpine Encoders 5 Volts Through Hole 2 £3.41 £6.82
Espressif Multiprotocol Modules SMD module, ESP32-S3R2 with 2 MB PSRAM die inside, 4 MB SPI flash, PCB antenna 2 £2.54 £5.08
'Winbond NOR Flash spiFlash, 64M-bit, 4Kb Uniform Sector 2 £0.768 £1.54
Newhaven Display LCD Character Display Modules & Accessories 2 x 20 FSTN (+) Transf White LED 2 £9.42 £18.84
Diodes Incorporated LDO Voltage Regulators LDO BJT HiCurr 1.15V at 1A 2 £0.156 £0.31
Diodes Incorporated Rectifiers 50V 3A 2 £0.147 £0.29
Amphenol General Purpose Relays Commercial RelayRated Carrying Current :15AType of Sealing 4 £0.912 £3.65
Diotec Semiconductor Rectifiers Diode, SOD-123FL, 1000V, 1A 4 £0.082 £0.33
Samsung Electro-Mechanics  |Multilayer Ceramic Capacitors MLCC - SMD/SMT 10uF+/-20% 50V X5R 3 1206 10 £0.055 £0.55
KEMET Multilayer Ceramic Capacitors MLCC - SMD/SMT 50V 0.1uF X7R 0603 10% 20 £0.008 £0.16
KEMET Multilayer Ceramic Capacitors MLCC - SMD/SMT 50V 100pF X8R 0603 20% 10 £0.022 £0.22
Samsung Electro-Mechanics  |Multilayer Ceramic Capacitors MLCC - SMD/SMT 22uF+/-20% 10V X5R 1 0603 10 £0.079 £0.79
KYOCERA AVX Multilayer Ceramic Capacitors MLCC - SMD/SMT 10V 1uF Y5 A581-KGM15AV51A105ZM 10 £0.042 £0.42
KEMET Multilayer Ceramic Capacitors MLCC - SMD/SMT 10V 1uF X5R 20% 10 £0.035 £0.35
Phoenix Contact Fixed Terminal Blocks PT 1.5/2-5.0-H BK 2 £0.458 £0.92
Phoenix Contact Fixed Terminal Blocks PT 1.5/ 3-5.0-H BK 2 £0.581 £1.16
KYOCERA AVX Power Inductors - SMD 10uH DCR= 125mOhm 20% 0506 2 £0.303 £0.61
Diodes Incorporated Bipolar Transistors - BJT 40V NPN SS Trans 60Vceo 6Vebo 200mA 10 £0.042 £0.42
Vishay Thick Film Resistors - SMD 1/10watt 158Kohms 1% 10 £0.025 £0.25
Vishay Thick Film Resistors - SMD 1/10watt 30Kohms 5% 10 £0.013 £0.13
Vishay Thick Film Resistors - SMD 1/10watt 10Kohms 1% 10 £0.025 £0.25
Vishay Thick Film Resistors - SMD 1/10watt 4.7Kohms 5% 10 £0.013 £0.13
Same Sky Tactile Switches 6 x 6 mm, 5.5 mm Act Height, 260 gf, Black, Long Crimped, Through Hole, SPST, 2 £0.082 £0.16
Omron Tactile Switches Side Actuated w/o boss w/o ground 2 £0.637 £1.27
Texas Instruments Board Mount Temperature Sensors PREC CENTIGRADE TEMP SENSOR 2 £1.21 £2.42
Diodes Incorporated Switching Voltage Regulators DCDC Conv HV Buck TSOT26 T&R 3K 2 £0.556 £1.11
JLCPCB PCB Board 5 £2.00 £2.00
Merchandise: £50.18|
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