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[bookmark: _Toc155525651]1	Abstract
This report investigated portable weather measurement systems before designing one aimed at hobbyists who are interested in meteorological data. The system is portable, powered by a 3000mAH Li-ion battery used in conjunction with a solar panel. It can measure and store data onto an SD card over a duration of 8+ weeks thanks to the solar panel. The data on the SD card can be read by a USB connected to a computer. 

All the sensors, baring the anemometer, will be installed inside a solar radiation shield. This, along with the solar panel and anemometer will be installed onto a tripod which can be fixed to the ground. These are the only 4 parts to the system, making it easily transportable.

Unfortunately, the mechanical design of these parts did not fully develop due to the need for custom made parts which are not available on the market.

[bookmark: _Toc155525652]2	Introduction
In this report, portable weather measurement systems will be investigated. The report will start by assessing portable weather systems which are available on the market and comparing their functionality. Following this, a portable weather system aimed at a hobbyist will be designed. The design will take inspiration from the research on products on the market as well as additional research on the specific parameters which must be measured. The system must be able to measure the following parameters.

· Temperature
· RH
· Wind speed & direction
· Airborne Particle Matter
· VOCs
· UV levels
· Ambient light
· GPS location

This system must incorporate this into a portable device which can measure these parameters over a 14-day period without human intervention. The data must be stored so that it can be read by a computer via USB.

[bookmark: _Toc155525653]3	Portable weather measurement systems
Portable weather measurement systems are designed to collect meteorological data. This data is used to provide users with hyper-local meteorological data. The hyper-local data can provide higher accuracy weather forecasts than generalized weather forecasts. The portable measurement systems can record data to provide users with information on the recent weather and provide users with live, real-time data.

The weather can change quickly in very localized areas, making the hyper-local data essential, especially in the agriculture industry. They can allow farmers to make better decisions on farm activities such as fertilization and irrigation. Correctly using the data from a localized portable weather station can allow farmers to improve efficiency and reduce costs [1]. It has been estimated that the utilization of hyper-local meteorological data could allow farmers to increase revenue by up to 15% per acre [2].

Portable weather systems are also utilized by gardeners and homeowners who like to use smart automation systems such Alexa. They can be programmed to do many automated activities, such as to activate sprinklers based on recent rainfall or to adjust the outdoor light brightness based on the outdoor light intensity [3].

Most of these portable weather systems are completely automatic and require no human interference [4]. This is thanks to technology advancements such as IOT. Integrating this into portable weather systems allows alerts to be sent to people and to other devices. This allows the creation of smart communities, where numerous smart homes in a region are networked together [5]. 

Table 1 shows a comparison of 3 portable weather stations which are available on the market.


	Feature
	Vantage Pro2 plus [6] 
	Tempest Weather system [7]
	ACCUR8 DWS7100 [8]

	Measurable & calculatable data 
	Temperature
Humidity
Wind speed & direction
Dew point
Wind chill & heat index
Barometric pressure
Rainfall
UV levels
Solar radiation
Evapotranspiration
THSW index
	Temperature
Humidity
Wind speed & direction
Station pressure
Sea level pressure
Rain onset, duration, intensity, & accumulation
Lightning sensor
Ambient light
Solar radiation
UV index
	Temperature
Humidity
Wind speed & direction
Rainfall
Light intensity
UV sensor
Dew point
Wind chill & ‘feels like’ temperature


	Update intervals
	As fast as every 2.5 seconds
	3 seconds (For wind data).
Does not state for other data
	Does not say

	Connectivity
	Weather Link console with wired or wireless connection. Up to 8 weather stations / sensor transmitters can be connected from up to 300m away [9]
	Wireless only connection to an app
	WIFI connected & weather console

	Power source
	Solar powered
	Solar powered
	Solar powered

	Compatible with smart home?
	Yes
	Yes
	No, but the weather console has programmable features

	Additional comments
	The system is customisable to suit user requirements. 
Uses a solar radiation shield for temperature and humidity.
	AI powered weather forecast using local and external data.
Uses an ultrasonic anemometer.
Uses a solar radiation shield for temperature and humidity.
	Uses a solar radiation shield for temperature and humidity.

	Cost
	£1460.33 for the highest spec
	£349
	£299.99


[bookmark: _Ref155468139][bookmark: _Toc155716163]Table 1 - Portable weather stations available on the market
The research concludes that the weather stations are available across a wide price range. Even the cheaper weather stations can measure numerous types of meteorological data and are solar powered. A particularly interesting feature to note is the ultrasonic wind sensor used on the Tempest weather system. This means no moving parts are required, reducing the amount of maintenance needed. Figure 1 shows this station. Figure 2 shows the ACCUR8, which utilizes a 3-cup anemometer and a wind vane. 

The major advantage of the Vantage Pro2 Plus is the customisability. Multiple sensors, in different localized locations can be connected to a single console. An example of how this can be utilized is shown in Figure 3.
[image: A screenshot of a computer
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[bookmark: _Ref154949121][bookmark: _Toc155525679]Figure 1 - Tempest portable weather station [7]

[bookmark: _Ref154949539][bookmark: _Toc155525680]Figure 2 - ACCUR8 portable weather station [8]


[bookmark: _Ref154949868][bookmark: _Toc155525681]Figure 3 – A house utilizing multiple portable weather stations [6]






 

[bookmark: _Toc155525654]4	Choosing a microcontroller
The key requirements for the microcontroller are listed below:

· 3.3V
· 1 10-bit ADC input
· 1 x SPI port
· 1 x I2C port (Multiple sensors can be connected to this)
· 1 USB module
· 1 input capture

The microchip comparison tool was used with these parameters. Many microcontrollers were suitable. The ATmega16U4 was one of the options. This was used on a previous project. The familiarity with this microcontroller makes it an ideal choice. Program memory is not important since this system is simply required to read and store data.

An input capture module is going to be used to monitor the wind speed, they are ideal for the measurement of pulsed inputs [10].


[bookmark: _Toc155525655]5	System design
[bookmark: _Toc155525656]5.1	Selecting the sensors 
[bookmark: _Toc155525657]5.1.1	Measuring temperature and humidity

Humidity and temperature measurements are a critical feature of any portable weather station. They provide essential information on the air which is key for anyone interested in meteorological data.

Humidity sensors will usually measure RH. This is a percentage of actual water vapour relative to the maximum amount of water vapour at the current temperature. A change in temperature will change the maximum water vapour, hence why these sensors usually measure RH and temperature in one IC.

There are numerous types of humidity sensors, utilizing resistive, capacitive, gravimetric, optical, and electromagnetic sensing elements. Capacitive sensing elements are the most common type. They measure the change in capacitance which is caused by a change in humidity. The higher the RH, the higher the capacitance. They allow high sensitivity with a linear response and low power consumption [11].

Table 2 shows a comparison table for 3 temperature and humidity sensors. The table shows that the SHT45 is the cheapest and most accurate sensor from the selection. It is highly accurate in both temperature and humidity, it has very low power consumption and comes with an internal heater designed to remove condensation from the sensor. It will be used for this design.

The SHT11, an earlier version of the chip, is used in a paper covering the design and implementation of a wireless portable weather station [12]. 

	Parameter
	SHT45 [13]
	HIH6131 [14]
	Adafruit Si7021 breakout board [15], [16]

	Voltage
	1.08 to 3.6V
	2.3V to 5.5V
	3.3V or 5V

	Average supply current
	2.2 µA with no heater
6-60mA with heater on
	0.65mA with SPI
	0.06μA to 3.5mA 
3.1 to 94.2mA with heater on

	Includes an internal heater?
	Yes. The heater can be on for a maximum 10% of the time
	No
	Yes

	Accuracy
	+/- 1% RH
+/- 0.1°C
	+/-4% RH
+/-0.5°C
	+/- 3% RH
+/- 0.4°C

	Resolution
	0.01% RH
0.01°C
	0.04% RH
0.025°C
	0.025% RH
0.04°C

	Range
	0-100%
-40 to +125 °C
	0-100%
5 to 50 °C (compensated)
	0-80% RH
-10 to +85°C

	Response time
	Humidity - 4s
Temperature - 2s
	Humidity – 6s
Temperature 5-30s
	18s 
5.1s

	Output size
	16-bit
	14-bit
	12-bit

	Communication
	I2C
	I2C or SPI
	I2C

	Cost
	£5.67
	£23.65
	£7.81


[bookmark: _Ref155468288][bookmark: _Toc155716164]Table 2 - Temperature and humidity sensor comparison table
The HIH6131 sensor was used in a study on the colour of the waterproof solar radiation shield.  Solar radiation shields are required to protect the sensor from external factors such as solar radiation and precipitation falls which may affect the sensor reading [17]. It is crucial that one of these is used for this design.

[bookmark: _Toc155525658]5.1.2	Measuring the wind speed & wind direction

Measuring wind speed & wind direction is clearly key information from any weather system. Two methods of doing this were identified in section 3. This is the 3-cup anemometer with a wind vane, and the ultrasonic anemometer.

5.1.2.1		3-cup anemometer with a wind vane

With this method, the 3-cup anemometer measures the wind speed. The wind vane measures the direction. The 3-cup anemometer will provide a pulsed output proportional to the windspeed [18]. The wind catches in the cups of the anemometer, so the faster the wind blows, the higher the frequency of the pulsed output.

The wind vane will consist of two sides. One side has a large surface area, and the other side has a small surface area. The wind will catch the large surface area, so this side will point in the direction the wind is going. The output of the wind vane is often provided by a potentiometer. An example 3-cup anemometer with a built-in wind vane is shown in Figure 4. 

The downside to this type of anemometer is that it contains moving parts.


[bookmark: _Ref155014152][bookmark: _Toc155525682]Figure 4 - 3-cup anemometer with wind vane [19]
5.1.2.2 Ultrasonic anemometers

Ultrasonic anemometers eliminate the need for moving parts. The most common method of calculating the wind speed and direction with an ultrasonic anemometer is the TOF method. The travel time between an ultrasonic transmitter and receiver is measured in both directions. The values for each direction are compared. Using multiple transducer pairs increases the accuracy, 3-axis ultrasonic transducers are commonly used [20]. Figure 5 shows the TOF principal and Figure 6 shows an example 3-axis anemometer.
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[bookmark: _Ref155016333][bookmark: _Toc155525683]Figure 5 - Time of Flight Theory [21]
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[bookmark: _Ref155016336][bookmark: _Toc155525684]Figure 6 - 3-Axis ultrasonic anemometer [22]
5.1.2.3	Choosing a sensor

Table 3 shows the comparison of a 3-cup anemometer/wind vane and a 3-axis ultrasonic anemometer. The ultrasonic anemometer is the superior sensor. It has better accuracy and does not require moving parts. However, the sensor requires a minimum 9V supply. This could be tricky for a battery powered system. Due to this, the Davis anemometer will be used. Despite the reduced accuracy, it has a good operating range and will be simple to connect to the microcontroller. The reduced accuracy will not be a problem considering this project is for a hobbyist’s weather station and is not required to be made to an industrial grade.

	Parameter
	Davis 6410E Anemometer [23]
	3-axis anemometer Wind master Pro [21]

	Voltage
	3-5V
	9-30V

	Average supply current
	20mA
	55mA @ 12V

	Accuracy
	Speed - +/-5%
Direction - +/-3%
	1.5% RMS
2

	Resolution
	0.1 m/s
Direction - 1
	0.01 m/s
0.1

	Range
	1-200mph
0-360

	0-145mph
0-359.9

	Output type
	Speed – pulsed input
Wind vane - Analogue
	Analogue or digital

	Weight
	1.332kg
	1.7KG

	Cost
	£225
	-


[bookmark: _Ref155468624][bookmark: _Toc155716165]Table 3 - Wind speed and direction sensor comparison table
[bookmark: _Toc155525659]5.1.3	Measuring the airborne particle count

The concentration of fine particles is regularly used to evaluate air quality. It is believed that some of these fine particles can cause long term health issues if inhaled regularly. It has been estimated by the WHO that air pollution contributes to 8 million deaths each year [24].

A common method of measuring airborne particles is the utilization of an Optical Particle Counter (OPC). This uses the light scattering method to measure particle concentration. Airborne particles are illuminated, resulting in the light being scattered. A photodetector will detect. The level of this signal can represent the size of the particles, the number of signal pulses represents the number of particles [25]. Figure 7 shows this. 
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[bookmark: _Ref155025725][bookmark: _Toc155525685]Figure 7 - Optical Particle Counter working principal [26]
Table 4 shows a comparison table for these sensors. The SEN50 is the best choice. It is affordable and compatible with I2C communications. The APC1 would have been capable of measuring temperature, RH, and VOC too, however the operating temperature range is not suitable.

It is important that free air can get to this sensor so it must be installed inside the radiation shield with the temperature and humidity sensor.

	Parameter
	HPMA115C0-003 [25]
	Tera Sensor NextPM [27]
	APC1 [28]
	SEN50 [29]

	Voltage
	5V
	5V
	5V
	5V

	Supply current
	>80mA
	>80mA
	75mA
	63mA

	Standby current
	>20mA
	>20mA
	9mA
	0.7mA

	Concentration range
	0 µg/m3 to 1,000 µg/m
	0 µg/m3 to 1,000 µg/m
	0 µg/m3 to 1,000 µg/m (PM2.5)
	0 µg/m3 to 1,000 µg/m

	Measurable Particle matter (PM) 
	PM1, PM2.5 and PM10
	PM1, PM2.5, PM4, PM10
	PM1, PM2.5 & PM10
	PM1, PM2.5, PM4, PM10

	Accuracy
	+/-15% (PM2.5)
	+/-10%
	+/-10%
	+/-10%

	Operating temperature
	-20 to +70 °C
	-20- to +70 °C
	5 to 50°C
	-10- to +60 °C

	Communication
	UART
	UART
	I2C
	I2C

	Output data bits
	8-bit
	8-bit
	--
	16-bit

	Size
	44 x 36 12mm
	61.85 x 52.55 x 23.72mm
	50 x 38 x 21
	22.3 x 52.3 x 43.3 mm

	Comments
	--
	--
	Can also measure temperature, humidity and VOC which are required for this application
	

	Cost
	£58.09
	£93.16
	£29.17 
	£23.08


[bookmark: _Ref155468764][bookmark: _Toc155716166]Table 4 – Comparison table for airborne particle counters
[bookmark: _Toc155525660]5.1.4	Measuring the VOC levels

VOCs, like Airborne particles, are dangerous for people’s health. They can be measured using a heated film of MOx. When heated, oxygen is absorbed onto the surface of the film. When this oxygen reacts with the target gases, electrons are released, changing the electrical resistance of the film [30]. Table 5 shows a comparison of VOC sensors.

The SEN54 is a large component to be installed separate to the PCB. It also measures temperature, RH and airborne particles so it would be ideal to use. Unfortunately, it is not designed for outdoor use, as shown by the operating RH value.

The ENS160 requires a supply voltage lower than 1.98V which would require additional circuitry. The SPG40 is an accurate chip which can be used with 3.3V and I2C, this will be used.

	Parameter
	SEN54-SDN-T [31]
	ENS160 [32]
	SPG40 [33]

	Supply voltage
	5V
	-0.3 to 1.98V but I/O interface is -0.3 to 3.6V
	1.7 to 3.6V

	Supply current
	63mA
	24mA
	2.6mA

	Standby current
	0.7mA
	2mA
	34A

	Response time
	10s
	--
	10s

	VOC 
	1-500 VOC index
	0-65,000 PPB
	0-60,525 PPB

	Operating temperature
	-10 to +50 °C
	-40 to + 125°C
	-10 to + 50°C

	Operating RH
	20-80%
	5 to 95 %
	0-90%

	Communication
	I2C
	I2C
	I2C

	Comments
	Measures PM, RH, Temperature and VOC index
	Also measures CO2 levels
	--

	Cost
	--
	£8.06
	£6.97


[bookmark: _Ref155469266][bookmark: _Toc155716167]Table 5 - Comparison of VOC sensors

[bookmark: _Toc155525661]5.1.6	Measuring UV levels

UV levels must be measured because it can be damaging to human skin. Commonly, the UV levels are indicated via the UV index.

To measure the UV levels, a photodiode will be used. Photo diodes are available with a range of different spectral responses. Filters can be installed onto the photodiode to achieve this [34]. Table 6 shows a comparison of UV sensors which could be used.

	Parameter
	Davis 6490 UV sensor [35]
	Adafruit GUVA-S12SD UV light sensor breakout board [36]
	VEML6075 light sensor [37]

	Voltage
	2.7-3.3V
	2.7 to 5.5V
	1.7 to 3.6V

	Supply Current
	2.4mA
	1mA
	480A

	Standby Current
	-
	-
	800nA

	Operating temperature
	-40 to + 65°C
	-30 to + 85°C
	-40 to + 85°C

	Responsivity
	0.1 MEDs
	0.14A/W
	UVA 0.93 counts/μW/cm2
UVB 2.1 counts/μW/cm2

	What does it measure?
	UV index
	Full UVB spectrum
Most of UVA spectrum
	Full UVA and UVB spectrum

	Comments
	UV resistant housing
Analogue 0-2.5V output
	Analogue output
	I2C output 16-bit

	Cost
	£425
	£5.13
	No cost. Adafruit breakout module assembly is £4.96 [38]


[bookmark: _Ref155469750][bookmark: _Ref155446525][bookmark: _Toc155716168]Table 6 - Comparison of UV sensors
The Davis 6490 sensor would be ideal to use since it is already installed in a useful UV resistant housing. Unfortunately, the price is far higher than the other options. The Adafruit breakout module cannot measure the full UVA spectrum, making the VEML6075 the ideal choice. It uses I2C communications, meaning it will be easy to integrate. 

[bookmark: _Toc155525662]5.1.7	Measuring Ambient light

Ambient light sensors will provide data on the brightness levels. A photodiode can be used to measure this. Table 7 shows a comparison of ALS sensors which could be used.

	Parameter
	VEML7700 [39]
	Adafruit ALS-PT19 breakout board [40]
	SEN0390 Ambient light sensor [41]

	Voltage
	2.5 – 3.6
	2.5 – 5.5V
	2.7 – 6V

	Supply current
	2A
	520A maximum
	700A

	Standby current
	0.5A
	-
	--

	Operating temperature
	-25 to + 85°C
	-40 to + 85°C
	-40 to + 85°C

	Resolution
	0.005 lx/step
	-
	0.054

	Illumination range
	0.01 – 167,000 lx
	-
	0-200,000 lx

	Sensitivity spectrum
	Close to human eye photopic curve
	Close to human eyes
	Close to human eyes

	Communication
	I2C 16-bit output
	I2C
	I2C

	Comments
	--
	--
	External device but does not have an IP rating

	Cost
	£0.52
	£1.96
	£9


[bookmark: _Ref155469821][bookmark: _Toc155716169]Table 7 - Ambient light sensor comparison table
The SEN0390 would be ideal for this project as it is an external device which could be fitted in direct sunlight. Unfortunately, it does not have an IP rating making it unsuitable. The VEML7700 is perfect. It has low power consumption and high accuracy.

[bookmark: _Toc155525663]5.1.8	Measuring the GPS position 

Measuring the GPS position can be a complex operation. The module is required to utilize the GNSS to determine the latitude, longitude, elevation, and time.  Table 8 shows a comparison of two GPS modules. The Adafruit module is expensive, however it can easily be integrated into the circuit via UART, making it the ideal choice. 

	Parameter
	Adafruit Ultimate GPS [42]
	MAX2769B [43]

	Voltage
	3.3-5V
	2.7-3.3V

	Supply current
	20mA
	25mA

	Standby current
	-
	5mA

	Operating temperature
	-40 to + 85°C
	-40 to + 85°C

	Position accuracy
	1.8 meters
	-

	Output
	NMEA 0183, 9600 baud default
	-

	Communication
	UART
	3-wire interface

	Comments
	Easy integration as it is a fully assembled module. Contains a 3.3V regulator which could be used to power the 3.3V component of the circuit
	-

	Cost
	£23.54
	£7.43


[bookmark: _Ref155469892][bookmark: _Toc155716170]Table 8 - Comparison of GPS modules

[bookmark: _Toc155525664]5.2	Storing the data

An SD card will be used to store the meteorological data. The Adafruit microSD card module [44] will be installed onto the PCB to do this. The module and microcontroller will communicate via I2C.

The system will log meteorological data every 5 seconds. This is slightly slower than the systems researched in section 3 and allows the power consumption to be reduced slightly. The system is for a hobbyist, so a slightly slower sample rate will not matter. Parameters such as temperature and humidity do not change quickly so faster sampling is not required. 

Table 9 shows how much data the SD card must store in a 14-day operating period. Due to the low sample speed minimal storage is required. A 2GB SD card will be used [45], providing plenty of additional space beyond the required 14-day period. 

	Measurement
	Input
	Bytes
	Sample rate (Hz)
	Bytes per second

	Temperature
	I2C 16-bit
	2
	0.2
	0.4

	Humidity
	I2C 16-bit
	2
	0.2
	0.4

	Wind speed
	Input capture
	2
	0.2
	0.4

	Wind direction
	Analogue 10-bit
	2
	0.2
	0.4

	PM
	I2C 16-bit
	2
	0.2
	0.4

	VOC
	I2C 16-bit
	2
	0.2
	0.4

	UV index
	I2C 16-bit
	2
	0.2
	0.4

	Ambient light
	I2C 16-bit
	2
	0.2
	0.4

	GPS
	9600 baud rate
	960
	0.2
	16

	Total bytes per hour
	1.1MB

	Bytes per day
	25.5MB

	Bytes in a 14-day period
	356.6MB


[bookmark: _Ref155470023][bookmark: _Toc155716171]Table 9 - Storage requirements

[bookmark: _Toc155525665]5.3	Choosing a battery & charging system

This device requires a battery. It must remain powered for the full 14-day data-logging duration. An estimate of the power consumption is shown in Table 10. This assumes that the temperature/humidity sensors built in heater is not used.

	Sensor
	Total (mA)

	Temperature/humidity sensor
	0.0022

	Anemometer 
	20mA

	Particle matter sensor
	14.68

	VOC sensor
	0.55

	UV sensor
	0.48

	ALS
	0.002

	GPS
	20

	SD card module
	24

	Microcontroller
	1.2

	Total per hour
	80.9

	Total per day
	1941.9

	14-week total
	27187.2


[bookmark: _Ref155470058][bookmark: _Toc155716172]Table 10  - Power consumption
The total estimated power consumption for the 14-days is 27.2A. To power this for the full 14-days, a battery such as the 12V 36AH lead acid battery, shown here [46] would be required. This battery weighs 11.2kg which would make the system very heavy, which isn’t ideal for a portable system. It could also cause long term issues due to battery degradation.

This total for power consumption already considers the utilization of sleep mode, which can help reduce power consumption when using a low sample rate [47]. The SEN50 PM sensor consumes 63mA during operation. The idle current is 2.6mA. Assuming it takes 1 second to wake the device up, read a value and put it back into sleep mode, with a sample rate of 0.2Hz, the device will use full operating current 20% of the time. Equation 1 applies. A similar equation was used for the VOC sensor.


2.6


[bookmark: _Ref155455697]Equation 1 - Calculating the operating current
The solution to this issue is utilized by most weather systems on the market. Solar panels. The Li-ion Solar/USB charger from Adafruit [48] used with the IP rated 5V, 5W ETFE solar panel [49] shown in Figure 8 & Figure 9 can do this. The charger allows a 3.7V Li-ion battery to be charged by solar or USB, meaning the device can be charged at home too. A 3000mAH battery will allow the device to run for 2 days without any power from the solar charger so even on darker days the system will still operate. 


[bookmark: _Ref155455024][image: ]
[bookmark: _Ref155455197][bookmark: _Toc155525686]Figure 8 - Adafruit Solar/USB charger
[image: Angled shot of large solar panel with red cable.]
[bookmark: _Ref155455199][bookmark: _Toc155525687]Figure 9 - Adafruit solar panel
[bookmark: _Toc155525666]5.4	User interfaces

The operator will enable/disable the data logging using an external push switch, MP0037. This is IP rated. Pressing the button will set the output high. Releasing the button will set the output low. Figure 10 shows this.
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[bookmark: _Ref155456080][bookmark: _Toc155525688]Figure 10 - Operator control switch circuit
The status of the system will be indicated by a tricolour IP rated LED from RS [50]. The operation is shown in Appendix A. The tri-coloured LED leaves room for additional features to be added in the future.

[bookmark: _Toc155525667]5.5	Power supply

Figure 11 shows the power supply. A 5.1V Zener diode provides overvoltage protection. An RC circuit provides filtering. The LM7805 regulates the battery voltage to 5V. 3.3V is supplied by the regulator built into the GPS module.
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[bookmark: _Ref155456596][bookmark: _Toc155525689]Figure 11 -Power supply



[bookmark: _Toc155525668]5.6	Miscellaneous

There are two more parts of the system which have not been mentioned yet. An IP rated USB connector will be installed to the outer casing to allow the data to be read and cleared from the SD card. There will also be a 6-pin header on the PCB, allowing it to be programmed in situ.

[bookmark: _Toc155525669]5.7	Final diagrams

The operational flowcharts can be found in appendix A. Appendix B shows the system block diagram. Appendix C shows the circuit schematic. Appendix D shows the PCB design.

 The PCB Gerber files were uploaded to the JLC website for a price. This is shown in Figure 12.
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[bookmark: _Ref155457387][bookmark: _Toc155525690]Figure 12 - JLC website quote


[bookmark: _Toc155525670]5.8	Installing the system into a portable enclosure

Following the design, the system must be installed into a suitable enclosure. The difficult part of this is the sensors. Sensors such as the temperature and RH sensor require airflow. The UV and ALS sensors must be able to see the sun.

An enclosure which can provide this specifically for this PCB is not available, it must be custom made. Solar radiation shields are commonly used in weather systems. They protect the sensors against the environment whilst still allowing airflow, ensuring high quality measurements are obtained. A typical example is shown in Figure 13. This device has built in temperature, RH, light, noise, pressure, and PM sensors built into it. A similar enclosure will need to be designed for this system. It must be made of an acrylic plastic which is transparent to visible light, UVA and UVB. This will allow all sensors to operate correctly. The solar radiation shield, along with the anemometer and the solar panel should then be mounted on a tripod in a similar manor to Figure 14. The legs of the tripod must include mounting holes to allow the system to be bolted to the ground. Without this, high windspeeds would topple it over.

[image: solar radiation shield]
[bookmark: _Ref155457976][bookmark: _Toc155525691]Figure 13 - Solar radiation shield with anemometer [51]
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[bookmark: _Ref155458918][bookmark: _Toc155525692]Figure 14 - Installation of a weather system [52]

[bookmark: _Toc155525671]5.9	PCB connectors

PCB connectors are required for connecting external sensors, the switch, and the LED. The system is going to be exposed to harsh environments with high vibration so suitable connectors must be used. The JST PH range is ideal for this, and they supply all the required connector sizes. For additional security, these connectors should have silicone applied to hold them in place.

The exact part numbers and references can be found in section 6.


[bookmark: _Toc155525672]6	Bill of Materials
Table 11 shows the BOM.

	Component
	Part number
	Quantity
	Total cost

	Adafruit 5V 5W Solar panel
	5367
	1
	£27.47 

	Adafruit solar charging module
	N/A
	1
	£11.75 

	Temperature and RH sensor
	SHT45 
	1
	£5.67

	Davis Anemometer
	6410E
	1
	£225.00 

	Particle matter sensor
	SEN50
	1
	£23.08

	VOC sensor
	SPG40
	1
	£6.97

	UV sensor
	VEML6075
	1
	£4.96

	Ambient Light Sensor
	VEML7700 
	1
	£0.52

	Adafruit ultimate GPS module
	N/A
	1
	£23.54

	MicroSD card breakout board
	N/A
	1
	£6.14 

	2GB MicroSD card
	TS2GUSDC
	1
	£11.86 

	18650 Li-ion 3000mAh 3.7V battery [53]
	The Pi Hut 105184
	1
	£7 

	Battery holder 18650 [54]
	Keystone 1042P
	1
	£4.56 

	External switch [55]
	MP0037
	1
	£16.21 

	Red, Yellow Green IP rated LED
	220-8961
	1
	£18.89 

	Microcontroller
	ATmega16U4
	1
	£4.12 

	Resistor 10KΩ
	N/A
	3
	£0.15 

	Resistor 1.5KΩ
	N/A
	1
	£0.05 

	Resistor 1kΩ
	N/A
	4
	£0.20 

	Resistor 10Ω
	N/A
	1
	£0.05 

	Resistor 4.7Ω
	N/A
	1
	£0.05 

	Capacitor 100nF
	N/A
	4
	£0.80 

	Capacitor 2.2nF
	N/A
	1
	£0.20 

	Capacitor 1uF
	N/A
	5
	£1.00 

	10uf
	N/A
	1
	£0.20 

	Zener diode 5.1V [56]
	BZX79-C27,113
	1
	£0.13 

	5V regulator [57]
	LM7805
	1
	£0.71 

	IP rated USB port type C [58]
	231-7949
	1
	£50.96 

	M3 spacer
	R30-6700994
	4
	£1.72

	JST PH series through hole PCB head 2 contacts [59]
	B2B-PH-K-S(LF)(SN)
	1
	£0.06 

	JST PH series through hole PCB head 3 contacts
	B3B-PH-K-S(LF)(SN)
	1
	£0.04 

	JST PH series through hole PCB head 4 contacts
	B4B-PH-K-S(LF)(SN)
	2
	£0.41

	JST PH series through hole PCB head 6 contacts
	B6B-PH-K-S(LF)(SN)
	1
	£0.28

	JST PHR Female connector housing 2- way
	PHR-2
	1
	£0.05 

	JST PHR Female connector housing 3- way
	PHR-3
	1
	£0.05 

	JST PHR Female connector housing 2- way
	PHR-4
	2
	£0.11 

	JST PHR Female connector housing 3- way
	PHR-6
	1
	£0.05 

	JST PH series female crimp terminal
	BPH-002T-P0.5S
	19
	£0.46 

	Programming header 2 x 3 pins
	PPPRT-10877
	1
	£1 

	PCB from JLC
	N/A
	1
	£7.70 

	Assorted cables for wiring external connectors to the PCB, custom made to the correct length
	N/A
	1
	£2 

	Estimate for custom made solar radiation shield with UV and visible light transparent acrylic
	N/A
	1
	£25

	Estimate for custom made tripod
	 N/A
	1 
	£20

	Design hours
	Engineers time @ £25 an hour
	40
	£1,000

	Labour hours for production once productionized
	Labour @ £12 an hour
	10
	£120

	Total Cost
	 
	 
	£1,631.18 


[bookmark: _Ref155716082][bookmark: _Toc155716173]Table 11 - Bill of Materials
[bookmark: _Toc155525673]

7	Conclusion
To conclude, this project has been a success. Sensors capable of measuring all the required parameters have been identified and incorporated into a single system.  The device can run for the required 14-day period and potentially beyond this. There is plenty of storage to allow more data to be stored and the system is solar powered with a batter backup. In theory, the system could operate for at least 2 months. Incorporating the solar panel means that the system is much lighter than it would have been without it too.

All sensors, except for the anemometer/wind vane are built onto the PCB. This will make for easy installation, since there will only be 4 parts:

· Solar radiation shield with the PCB
· Solar panel
· Anemometer/wind vane
· Tripod

The 3 main system components will all be mounted to the tripod, which can be bolted to the floor for additional stability. There are some areas where the system could be improved. These are detailed below.

· Cost – Compared to the products on the market, the cost is very high for a hobbyist weather system at £1631.18. It does need to be noted that this includes £1000 worth of engineering design hours, however it is still expensive and there should be allowance for a profit margin. The cost of the system could be reduced by bulk buying components and replacing the Adafruit modules with ICs.
· Battery monitoring – The system does not incorporate battery monitoring, which could cause glitches if the battery level drops
· Battery protection – The system does not incorporate batter protection, which is potentially very dangerous with Li-ion batteries. Batteries are available which have this built in.
· Power consumption – The full circuit is always powered. This could drain the battery when not being used. An on/off switch providing electrical disconnection could resolve this.
· The system enclosure – The true system enclosure has not been identified due to the complexity of the sensors which are mounted on the PCB. Requiring airflow and light to reach the sensors whilst remaining protected against the environment made it difficult to find something which already exists on the market. 
· User interface – The user interface is very limited. Many products on the market utilize IOT to provide wireless control and data monitoring. This would allow the operator to monitor the data remotely.
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Flowchart showing the main operation
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Flowchart showing the external switch operation
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Flowchart showing the read and write operation
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PCB with bottom tracks
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3. PRINCIPLE OF OPERATION

( TIME OF FLIGHT THEORY h

TZ = And TI

L = Distance between transducer faces
peed of sound Figure 1 Time of Flight details
V = Velocity of gas flow

T1 = Transit time of ultrasound
T2 = Transit time of ultrasound

o J

The WindMaster measures the times taken for an ultrasonic pulse of sound to travel from an upper transducer to the
opposite lower transducer, and compares it with the time for a pulse to travel from lower to upper transducer.

Likewise times are compared between each of the other upper and lower transducers.

As Figure 1 shows, the air velocity along the axis between each pair of transducers can then be calculated from the
times of flight on each axis.

This calculation is independent of factors such as temperature.
From the three axis velocities, the wind speed is calculated, as either signed U, V, and W, or as Polar and W.
It can be seen from Figcure 1 that the speed of sound in air can be calculated from the times of flight. From this the sonic
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Figure 5 - 3-cup anemometer with wind vane [18]

4.2.2 Ultrasonic anemometers

Ultrasonic anemometers eliminate the need for moving parts and reduce the overall size of
the system. The most common method of calculating the wind speed and direction with an
ultrasonic anemometer is the Time of Flight (TOF) method. The travel time between an
ultrasonic transmitter and receiver is measured in both directions. The values for each
direction are compared. Using multiple transducer pairs increases the accuracy. 3-axis
ultrasonic transducers are commonly used [19].
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Sell different sensors for different areas of house, including soil moisture, barometric
pressure, solar and UV radiation

Davis temp and humidity with radiation shield
https://www.weathershop.co.uk/temperature-humidity-sensor-with-radiation-shield

They sell sensors individually, then transmitters which can have multiple sensors. Very
customisable

https://www.davisinstruments.com/?gad_source=18&gclid=CjOKCQiAv8SsBhC7ARISALIKVT12
aRdPPcIfY S2Aywadbikizl9gzuctWffcRztXgV3MkKaOVx9oh8aAhTcEALW wcB]

Tempest weather system

Complete weather system, connects to app.
Al powered
No moving parts

Measures:
e Ambient light, UV index and solar radiation
e Haptic rain sensor — rain onset, duration and accumulation

Pressure sensor — station and sea level pressure

Sonic wind sensor — continuous wind speed and direction every 3 seconds
Solar powered

Lightning sensor

Long wireless connection

Simple mounting
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