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ABSTRACT
This thesis project is concerned with building a device that measures the concentration of
Particulate Matter (PM) in the Murdoch Library’s air. The particles measured are PM 2.5 which
have diameter less than 2.5 µg and PM10 with a particle diameter less than 10 µg. This data then
was collected using a NOVA SDS011 sensor which connected to a Arduino Mega. In order to
communicate with the library’s building system management, a 16-bit resolution Pulse Width
Modulation (PWM) signal was produced by the Arduino Mega, which varied from 0 to 5V and is
directly proportional to the concentration number for both PM2.5 and PM10. These values can be
monitored through an LCD embedded within this device and a SD Card Data logger used to store
the data onto an SD Card. A Real-Time Clock (RTC) break out board was used in order to provide a
timestamp when the data was logged onto the SD Card. PWM signals were successfully generated,
however the signals were noisy due to the cable used. The noise can be reduced by using a
shielding cable and other options can be considered to transmit the data to the building system
such as MODBUS or by using a Wi-Fi connection.

1 | Page

ENG 470: Engineering Honour Thesis

Air Quality Sensing Device for Murdoch
Library

2 | Page

ENG 470: Engineering Honour Thesis

Air Quality Sensing Device for Murdoch
Library

3 | Page

ENG 470: Engineering Honour Thesis

Air Quality Sensing Device for Murdoch
Library

1.0 INTRODUCTION
Due to urbanisation and technology developed at such a tremendous pace in every aspect of life,
either in the economy, in social life or technology. Many things have changed in the past years,
which of course are a benefit to the people. Despite this, technology also delivers drawbacks
toward nature. Many types of pollution start to emerge as technology grows year in and year out.
Some of the contaminations cause morbidity and can lead to death. Recently, air pollution has
been recognised as having many impacts on our standard of living. Since air is an essential thing in
daily life, the effects of air pollution have become a severe threat nowadays. Human activities,
such as transportation, is one of the factors which increase the amount of particulate matter (PM)
in the atmosphere. The amount of particulate matter is likely to increase over the years especially
in densely populated areas of the world. According to the a study by Pant and Harrison, the big
cities and middle-income countries are more likely to face air pollution problems because of motor
transportation activities [1].
Particulate Matter (PM) is defined as very fine and small airborne particles which fly
around with air. Particulate matter is measured based on their mass concentration, number
concentration, and particle size distributions as claimed in the recent study by obaidullah et. Al, [2].
There are various ranges in the size of particulate matter, but in this study, the focus is on certain
sizes, which are PM2.5 and PM10. Particular Matter 2.5 (PM2.5) is the size of the particular matter
less than 2.5 µm, while Particular Matter 10 (PM10) has a diameter less than 10 µm. Normally, the
diameter of human hair is about 100 µm which is 40 times larger than the diameter of 2.5 µm.
Generally, fine particles may be more toxic than larger ones and they may contain various
dangerous chemicals such as sulphates, nitrates, acid, and metal absorbed into the air [3]. In fact,
this particle is inhalable and small enough to pass through to the cardiovascular system and remain
for a longer period of time within the human body. Many reports have claimed that exposure to
fine particulate matter, for certain, may be linked to several health diseases. According to the
American Heart Association (AHA), exposure to PM2.5 over a few hours to weeks can trigger
cardiovascular disease-related illnesses, and in terms of long-exposure for a few years, it can
increase the risk for cardiovascular disease to a greater extent [4].
The idea of this project is to develop an air quality sensing device which will record air
quality data and interference with the Murdoch Building Management System. There are several
hardware used to construct this device, which are operate by a microcontroller, a NOVA SDS011 Air
quality Sensor, Liquid Crystal Display (LCD), and a Real Time Clock (RTC) processor. Data from the
NOVA SDS011 is transmitted to the microcontroller using a Universal Asynchronous
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Receiver/Transmitter (UART) serial connection. The reading value from the sensor then can be
monitored through LCD in real time. The LCD is connected to the microcontroller using an InterIntegrated Circuit (I2C) connection. The main idea of this project is to transfer the data to Murdoch
Building Management System by using an analogue signal output which varies from 0 to 5V,
directly proportional to the measuring range of the concentration for both PM2.5 and PM10. The
data can also be stored in the offline mode by logging the data onto an SD card. The Real Time
Clock (RTC) processor was also included in this device. Similar to the LCD connection, the RTC also
is connected using I2C to the microcontroller and it’s used to provide the specific time for the data
log into the Excel, since there will become a series of readings from the sensor in a specified period.
The data can be used for study and analysis in the future. Typically, the NOVA SDS011 has a
lifetime up to 8000 hours [5]. One of ways for this sensor to be used over a much longer period of
time, is to use a sleep mode. In this mode, the sensor only runs and reads the air quality in certain
periods, which have been pre-set. The sleep mode is also handy as it can save power consumption.
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2.0 PROJECT OBJECTIVES
Several project objectives are needed to be achieved throughout the research period. The
objectives are as follow:
1. To develop an air quality sensing device which can measure the concentration of air
particle of PM2.5 and PM10

2. To measure the air quality in real time which can be monitor through an LCD

3. To provide reliable and accurate data regarding the concentration of air particles which can
be stored and used for further analysis in the future.

4. To interface the device to the Murdoch Building System for data recording.
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3.0 BACKGROUND
3.1

Arduino Microcontroller Board

The Arduino microcontroller board is an open-source microcontroller board which is suitable for a
entry-level programmer. The board was introduced by Massimo Banzi, at the Interaction Design
Institute Ivrea (IDII) [6]. He tried to build the board at a student-friendly price, as he said: “It had to
be the equivalent of going out to dinner at a pizza place” [6]. The Arduino team also wanted to
make this board as user-friendly as possible, essentially, plug-and-play. As such, Arduino uses
C/C++ programming language which are relatively easy to learn and understand [6]. There is a
wide range of Arduino microcontrollers available on the market and each has a different number of
ports and communication available. Arduino microcontroller boards have the ability to handle and
establish communications protocols such as serial communications, SPI, I2C, and can connect to
sensors, lights, motors, and other devices.

3.2

Pulse Width Modulation

Pulse width modulation (PWM) is a signal which consists of a series of pulses at a certain
frequency. This technique is used for controlling analogue signals with a processor’s digital outputs
[7]. In other words, an analogue signal has continuously varying values with infinite time and
magnitude scales. The size of the pulse produced by the PWM technique will vary depending on
how the analogue signal values are set. Obviously, the larger the analogue signal is, the bigger the
size of the pulse or in other words, the duty cycle of the pulse. For instance, an analogue signal
which varies from 0 to 5V using a PWM approach, will produce 50% of duty cycle to generate 2.5V
from the analogue signal as shown in Figure 1. The PWM signal is still a digital output since the
direct current is either fully on or fully off at any given instant time [7]. Given a sufficient
bandwidth, any analogue value can be encoded with this technique [7]. In this project, PWM
signals are generated by the Arduino Mega and its duty cycle is encoded to the number
concentration of both PM2.5 and PM10, which is between 0 to 999.9 µg/m 3 and 0 to 1999.99
µg/m3 respectively. The higher the concentration is, the wider the pulse width.
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Figure 1 Pulse Width Modulation signal with 50% of duty cycle
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4.0 PARTICULATE MATTER MEASURING INSTRUMENTS
Since ultrafine particle emissions are linked with a various health problem in humans, it is
important to develop a device which can read and monitor the concentration of particulate matter
in the atmosphere. Many reports claim that there is a lack of emission monitoring especially in
developed countries [8]. Generally, particulate matter can be measured using two methods, by
mass concentration and using size distribution.

In the concentration method, the PM

concentration can be measured several parameters, which are mass (m), number (N) and surface
area (S) [9]. There are numerous methods and instruments for measuring the particles in ambient
air. The instruments and measuring principles are gravimetric, optical, microbalance and electrical
charge.

4.1

Gravimetric Method

A recent experiment by Nussbaumer et al. [10] used a gravimetric method to measure the
concentration of particulate matter in air. The fundamental of this approach is to measured the
concentration by calculating the difference in the mass of the filters before and after the sampling
period. The authors claim that the process took up to 15 minutes or more to obtain a result, which
is not suitable for the type of high-frequency response use in a real-time application [10]. However,
a chemical method also can be used to measure the mass concentration from the particles
collected as claimed by Nussbaumer et al. [10] Another study from Giechaskiel et al. [11] used a
Cascade Impactor that is also a gravimetric instrument. However, this method is usually used to
calculate and measure the size distribution of the particles [11]. Typically, various parameters can
affect the reading of the concentration. In this matter, filters are generally packed under suitable
humidity and temperature as affirmed by both Nussbaumer et al. [10] and Giechaskiel et al. [10]

4.2

Optical Method

In the optical method, aerosol particles are used. A light beam illuminates the aerosol particles and
this light is scattered in all directions [9]. As the light scatters, some is absorbed and transformed
into other energy forms (Absorption) as reported by Giechaskiel et al [11]. According to them, the
light scattering pattern and resultant light intensity depends on the ratio between particle size and
the wavelength of the incident light. As a result, the annihilation of the light can be calculated
based on the scattering and absorption of the light. The main advantages of the optical method
are a high-frequency response and the mass concentration of the particulate matter can be
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monitored in real time. Several principles are involved in the optical method such as scattering,
absorption and light extinction.

4.2.1 Light Scattering
4.2.1.1 Respirable Aerosol Method (RAM)
Mass concentration based on light scattering are commonly linked to light scattering by a
group of particles is detected by a photometer. A photometer is a device that measures
the intensity of scattered light in different angles [9]. A study from the United States
mentioned the Respirable Aerosol Method (RAM), a method that uses a pump to draw
out the aerosol, which then passes through a cyclone. The cyclone isolated the respirable
aerosol fraction. Once the aerosol entered the optical sensor zone, infrared light was
scattered at different angles which was detected by a photodiode [12].
4.2.1.2 DataRAM 4
There is also an automated digital version of this instrument called DataRam4, which also
has the ability to store the data. The data it can capture includes mass concentration,
particle size distribution as well as other relevant information such as temperature and
humidity [12]. As a result, Costa et al. [13] used this instrument to sample particulates
smaller than 2.5 μm from the Amazon forest biomass burning, in laboratory and field
experiments. The instrument is reliable, compact and has the ability to store the real-time
data. Data collected from DataRam 4 also shows a good interrelationship with other
instruments used for measuring mass concentration and particulate size distribution [13].

4.2.1.3 USB-PATS
An instrument called USB-PATS (University of California Berkeley – Particle and
Temperature Sensor) developed by the University of California also the uses light
scattering method for particle detection [14]. This instrument uses a combination of
chambers between photoelectric sensors (of light dispersion) and ionization (loss of ions
by particles in suspension). A Light Emitting Diode (LED) with wavelength of 880 nm was
used for the light dispersion chambers and a photodiode was used to measure the light
intensity. Although the USB-PATS does not select the size of the particles specifically, the
authors claim that photoelectric sensor is sensitive towards particles size smaller than 2.5
μm and meanwhile ionizations sensor more sensitive to particles smaller than 1 μm [14].
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4.2.1.4 Optical Particle Counter
Among the light scattering method, there is an instrument known as Optical Particle
Counter (OPC), mentioned by Chowdhury et al. [14]. Similar to other instruments, the
OPC used a LED to beam light toward the sample and used photodetectors to detect
the light scattered as it passed through particles. The mass concentration of the
particles can be measured based on the light intensity from the diode [14]. The
scattered light which was detected by photodetector was transformed to electrical
pulse. As a result, the size of the particles was determined based on the height of the
pulse using a calibration curve method. Generally, this method is based on the
measurement with spherical particles of known size and composition [11].

4.2.1.5 Nova Fitness SDS
Meanwhile, in this project, a NOVA SDS011 sensor was used in order to sense and
monitor the concentration of the PM. This sensor was developed by a company from
China called Nova Fitness. The main feature of this sensor is it is very lightweight,
portable and it can read mass concentration of two different PM, which are PM2.5
and PM10. These sensors consist of a large built-in fan to suck the air into the
device. Practically, the larger the fan is, the more air can be sucked into the sensor.
A built-in laser is used to beam toward the fine particles and produce light scattering.
The electrical signal converted from the light scattering information will be amplified
and processed. By using a particular conversion formula and waveform classifications
size statistic, the size of the air particles and the concentration can be measured [5].
Furthermore, this sensor also has a very high-frequency response and any change of
the reading can be measured within a few seconds, which is suitable for a real-time
application.

In terms of the accuracy of the sensor, no experiment has been

published yet but according to the datasheet provided by the Nova Fitness, this
sensor has relative error of ± 15% and absolute error ± 10 µg/m 3 which is suitable for
a small project application. The Nova Fitness also has developed an advance mass
concentration PM detector called SDS019. It can measure a wider range of mass
concentrations, which go up to PM100 and offers various types of communication
protocol such as MODBUS RTU, UART, and its own NOVA's protocol in order to
communicate with the sensor and other instruments. The main features of this
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sensor are that it requires less maintenance as the sensor has built-in dust removal,
automatic temperature protection, automatic dehumidification and automatic alarm
which is suitable for field testing [15]. Both of these products have passed
CE/FCC/ROHS certification as affirmed by the Nova Fitness.

4.2.2 Light Extinction
Several studies describe the monitoring of particulate matter concentrations using
Satellite-Based Aerosol Optical Depth (AOD). In this method, they mapped global groundlevel PM2.5 concentrations using total column aerosol optical depth (AOD) from the MODIS
(Moderate Resolution Imaging Spectroradiometer) and MISR (Multiangle Imaging
Spectroradiometer) satellite instruments and coincident aerosol vertical profiles from the
GEOS-Chem global chemical transport model. A collaboration between North American and
European agencies, are monitoring and collecting data from various sites practically in
developing countries where the concentration and health impact are crucial. The data
from the National Aeronautics and Space Administration (NASA) has been used to collect
the reading of the AOD. A NASA satellite called Terra was used to measure the light
extinction by aerosol in the atmospheric column on the Earth's surface. Terra orbits the
Earth approximately 15 times each day and crosses the equator at approximately 1030
hours local times [8]. However, the authors listed several factors that effect the reading of
the AOD and therefore the surface air quality which depends on the vertical structure,
composition, size distribution and water content of atmospheric aerosol. Many studies
investigated the correlation between AOD and the concentration of PM2.5 based on the
formula in Equation 1. In the recent survey, they use another method to calculate the
reading of AOD. One of the reports states that they have used light detection and ranging
(LIDAR) instruments to capture the vertical aerosol distribution at specific locations instead
of using a satellite [8].

𝑃𝑀2.5 = 𝜂 × 𝐴𝑂𝐷
Equation 1 Relationship between AOD and 𝜂 [8]
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Based on the formula above, η is defined as functions of the factors that relate to 24 hours’
dry aerosol mass satellite observation of ambient AOD [8]. The unit of η is μg/m3 while AOD
is defined as unitless.

4.2.3 Light Absorption
Typically, a light absorption method is linked to measuring the concentration of Black
Carbon (BC) in the atmosphere. There are several methods and techniques, which are used
to measure aerosol absorption as explained below.

4.2.3.1 Spotmeter
The principle of the spotmeter in measuring the concentration of particles is based on the
light reflection over a filter [9]. This instrument is also known as reflectometers or smoke
filters meter. Filter paper was used to collect and filter the sample from the exhaust gas. A
white light was used and passed through the filter to determine the expose-spot and nonexposed spot of the filter as reported by Giechaskiel et al [11].

4.2.3.2 Aetholometer
Using a similar principle from Spotmeters, the Aetholometers is also used to measure the
BC concentration. Instead of using a paper filter, Aetholometer used a filter of quartz fibre
to collect the PM. Then, the result was measured based on the change of the light
transmission as a function of time at different wavelengths [11]. According to the authors,
conventional Aetholometers have a slow response rate as it takes several minutes to
produce the results. Although there is a version of Aetholometer which has time resolution
between 1-10s, this instrument is still not suitable for real-time application.

4.2.3.3 Photoacoustic Soot Sensor (PASS)
According to the study from the Krecl et al., [16] PASS and Aetholometers have a similar
operating principle to measure the mass concentration of particles. The aerosol which is
detected by light absorption is heated in several periods by absorption of amplitudemodulated light [9]. This heat process of the aerosol produced a gas, which generates
pressure waves as registered by a microphone [11].

As reported by the authors, the

microphone signal is proportional to the volume concentration of the light absorbing
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particles which is less than 300 nm, and also proportional to the surface area for the larger
particles (300 nm).

4.2.3.4 Laser Induced Incandescence (LII)
Heat from the laser was used in the LII method as the particles were heated to just below
the carbon sublimation temperature. The heating process only took a few Nano-seconds,
and after the heating process, these particles reached incandescence and decomposed as
claim by Amaral et al [9]. A photomultiplier was used to measure the particle
decomposition. Then, the number and the average size of the primary particles can be
calculated based on the incandescence intensity and dissolution rate.

4.3

Microbalance Method

In the microbalance methods, Giechaskiel et al. [11] describe that alteration of the
resonance frequency of N oscillatory element from the particles collected on the surface
was used to measure the concentrations of the PM. Some of the parameters that affect
this process are humidity, pressure change, particle bounce, and overloading. Two main
instruments were mentioned by Amaral et al. [9], which are described below.

4.3.1 Tapered Element Oscillation Microbalance (TEOM)
In a report from Giechaskiel et al. [11], it was stated that their TEOM measured the PM
concentration based on a change in the resonance frequency of a tapered quartz wand.
The particles were collected using a sampling filter, attached to its tip. A study from
Nussbaumer et al. [10] use a specific model of TEOM to measure the mass concentration of
particles in a combustion application. They emphasized that the TEOM method produces
an excellent and reliable result in real-time application for measuring PM 10 and PM2.5,
even though Giechaskiel et al [11]. claimed that there is some issue in this method due to
several parameters as stated above. There are also several studies from Jiang and Bell [17],
and Elsasser et al [5], which use TEOM to sample data for the mass concentration of PM10
and PM2.5 respectively.
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4.3.2 Quartz Crystal Microbalance (QCM)
In QCM method, the particles are collected using a thin quartz crystal resonator as
mentioned by Giechaskiel et al [11].

By calculating the changing of the resonance

frequency, the mass concentration of the particles could be obtained. However, some
issues may relate which can affect the sensitivity of the process. For instance, a thick black
powder may accumulate on the crystal surface during the vibration process. Thus frequent
cleaning is required as emphasized by the author. The author also mentioned other
environmental sources such as temperature and humidity, which also can affect the
reading.

4.4

Comparison Particulate Matter Measuring Instrument

Table 1 shows the comparison of the measuring instrument as discussed earlier in general.
Different measuring instruments have different advantages and disadvantages. Some of
the instruments are capable of capturing data in real-time and for this thesis project, it is
essential to consider this factor. After discussion with the supervisor, a NOVA SDS019
sensor was chosen as it offered good and accurate measuring of the particulate matter.
The device is also cheap and portable, suitable for small-scale project and able to transmit
the data with multiple approach such as serial communication and analogue output with
individual pin for PM2.5 and PM10.

Table 1 Particulate matter measuring instruments

Instrument

Advantages

Disadvantages

10 µg/m3

Accuracy
(%)
5

Simple

Lots of procedure

Yes

2.5 µg/m3

30

Measuring Large PM

USB PATS
OPC

YES
Yes

2.5 µg/m3
-

30
30

Able to store
data
Precise
-

NOVA SDS011

Yes

10 µg

15

NOVA SDS019

Yes

100 µg

18

Cleaning needed after
a while
-

Satellite-AOD

Yes

2.5 µg

-

Spotmeter

No

25 µg/m3

15

Portable and
cheap
Measuring
large PM
Accurate and
precise
Measuring BC

Gravimetric
(Filters)
DataRAM 4

RealTime
No

Detection Limit

Measuring large PM
-

Expensive
Response time
15 | Page

ENG 470: Engineering Honour Thesis

Air Quality Sensing Device for Murdoch
Library

PASS, LII
Aetholometers
TEOM

Yes
No
Yes

5 µg/m3
10 µg/m3

10

QCM

Yes

-

-

-

Measuring BC
Measuring BC
Good
correlation
with filter
-

Low response time
Reading may effect by
environmental sources
Frequent cleaning
needed
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5.0 MODULE DESIGN
The sections describes the core components used in developing this device.

Each of the

components used has a function and also a purpose. Since the objective of this project is to focus
on developing a portable air quality sensing device, each of the components uses as small amount
as possible of current to preserve battery life. As such, most of the components are also attached
on the breadboard, which makes the device easily configurable and quickly repairable if any
malfunction of the component occurs. As shown in Figure 2, the components are connected with a
different type of communication for each of them.

Figure 2 Different type of communication protocol wired throughout the Arduino Board

5.1

Principle Operation

The basic idea of this project is to develop an air quality sensing device by using an Arduino
based microcontroller, NOVA SDS011 sensor which is able to measure PM2.5 and PM10.
Other instruments are also installed in this device such as an LCD, RTC, and SD card data
logger module. Figure 2 shows the connection and communication protocol used for each
device in order to talk to Arduino board. As such, reading from the sensor will be
converted to PWM analogue output. Then the PWM signal will feed into second order low
pass filter to smoothen the voltage output which varies from 0 to 5V. An SD card data
logging module was also used to store the data offline and as a backup. In order to
preserve the power consumption of the device, a sleep mode is introduced where the
device will sleep for five minutes before it wakes up. Generally, in sleep mode the device
will run, measure and log the data within a certain period. Practically, the NOVA SDS011
will turn off when sleep mode activated.
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Arduino Mega

Arduino Mega (Figure 3) is power up by an “ATMEL ATmega1280” processor which has a
time clock at 16 MHz crystal oscillator [18]. The board has an operating voltage of 5V
which can be powered up by using an USB interface or external power supply. There are 54
digital input/output pins available in the board and 14 of them can generate a PWM output
in 8-bit resolution by default which can be jumped up to 16-bit resolution by using Timer1,
Timer3, Timer4 and Timer5 [18]. Arduino Mega consists of 16 analog input pins in and
embedded analogue to digital converter (ADC) with 10-bit resolution. A wide range of
communication protocols are available which are four port for serial communication, a pair
of serial clock line (SCL) and serial data line (SDA), and a serial peripheral interface (SPI) and
a communication protocol used for exchanging data between two devices, master and
slave [18]. The board also can retain memory and data with a 128 KB flash memory
available even though the power is absent.

Figure 3 Arduino Mega Micro-Controller Board [18]

5.3

NOVA SDS011

A NOVA SDS011 (Figure 4) air quality sensor is a device that is developed by Nova Fitness as
a by-product from the University of Jinan in China. The main feature of this sensor is that it
is embedded with a built-in fan which is used to give more suction power to suck air. When
operating at 5V input voltage and drawing a maximum of current approximately at 100mA
and a sleep current of 2mA although the sleep mode can be programmed by using Arduino
board. This sensor can measure two types of particulate matter PM2.5 and PM10 with
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measuring range from 0.0 to 999.9 µg/m3 and 0.0 to 1999.9 µg/m3 respectively. The
response time of the sensor is also quite reasonable and it can respond approximately
within one second if there is any change in the measurement. According to the datasheet
[5], there are two types of communication provided by this sensor, two individual PWM
output for PM2.5 and PM10 and a UART serial communication which is used in this project.

Figure 4 Nova Fitness SDS011 Air Quality Sensor [5]

5.4

DS3231 Real-Time Clock

A Real-Time Clock (Figure 5) is used in this project to provide the current time and date
when the data from the sensor is logged into the SD card to make the data more reliable
and easier to analysis and plot. At the beginning of this project, a DS1307 RTC was used,
but it did not keep the real-time precisely. Thus, a DS3231 was chosen for this project
because it offered a very precise time and draws only a small amount of current [19]. Most
of the RTC include a battery backup for continuous timekeeping. In order to transfer data
and addresses to the Arduino Mega board, the RTC uses a I2C bidirectional bus and each
device in I2C bidirectional bus has its specific address.

(a)
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(b)
Figure 5 DS3231 Real-Time Clock breakout board with battery backpack (a)

5.5

SD Card Module Data Logger

An SD card was used to store the data and allow for reading from the SDS sensor in the
offline mode although the reading and measurement is transfer through an analogue
output via a PWM. The purpose of the SD card is to provide a backup if there any faults,
which did happen on multiple occasions. An SPI communication protocol is used to
establish communication and allows the exchanging of data between the master (Arduino
Mega) and slave (SD card Module). The Arduino Mega used pin 50 for MISO, 51 for MOSI,
52 for SCK and 53 for SS and the wiring between these two are shown in Figure 6.

Figure 6 SD Card Data logger breakout board

5.6

Liquid Crystal Display

An LCD (Figure 7) was installed within this device for multiple reasons, such as displaying
the reading of the sensor in real-time, displaying the initializing SD card status and other
relevant information such as current time and the mode of the device (sleep mode and full
performance mode). This LCD has capabilities to display two lines of display with 16
characters in each line. With the RTC, the LCD communicated with the Arduino Mega
board by using a I2C circuit board which is attached at the back of the LCD as shown in
Figure 8.

This break out board then converted a pin which allowed the LCD to

communicate with the Arduino Mega through an I2C directional bus. Before establishing
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the communication, the address of the LCD needed to be determined as the two pieces of
equipment connected to the I2C bus, RTC and LCD, to avoid clashes between these two.

Figure 7 A 16 by 2 LCD Display

Figure 8 I2C breakout board attach at the back of LCD

5.7

Relay

The purpose of a relay (Figure 9) in this design was to control the power flow to the NOVA
SDS011 Figure 9. The relay was connected to digital pin 31 on the Arduino Mega board
which used to control its behaviour. When the device enters sleep mode, the digital pin
went to LOW and broke the 5V supply to the NOVA SDS011 and turned off the sensor.
Then the digital pin went to HIGH which closed the circuit to power up the NOVA SDS011
sensor after five minutes.
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Figure 9 A relay used to control the NOVA SDS011
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6.0 DESIGN STRATEGY
6.1

Circuit Design

Multiple instruments and peripheral were used in this project. Each of the instruments ran
a different function and communicated with the Arduino Board via different transmission
line which can be seen in Figure 10. The communication protocols used within this project
were UART serial communication, SPI, I2C and PWM which are describe below.

Figure 10 Circuit design

6.1.1

Universal Asynchronous Receiver Transmitter (UART) Serial Communication

Asynchronous serial communication is popular and widely used for data exchange between
two devices because of its reliability, long transmission distance and less transmission line
as it requires online two lines, which are a Receiver (RXD) and a Transmitter (TXD).
Typically, Asynchronous serial communication is embedded with UART which allows for a
full-duplex communication in serial link. Full-duplex means both devices can talk to each
other at the same time, for example, a telephone. RXD and TXD are the only two signal
lines needed to establish a full-duplex data communication. TXD is the transmit side as well
as the output of the UART, while RXD is the receiver side know as input of the UART. These
two-lines use logic 1 which means high and logic 0 which mean low [20]. In the idle state,
the idle bit will always be high. When data was about to transmit, the two devices will start
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and initiates the communication with a “Start Bit” shown in Figure 11. The Start Bit is
located on the head of the frame body every time the data is to be transmitted [20].

Figure 11 The UART frame format [20].

The purpose of the Start Bite is to notify and alert the receiver that a word of data is about
to be sent. At the same time, the clock in the receiver is synchronised with the clock of the
transmitter. Both clocks from the receiver and transmitter peripheral must be accurate
enough and must not allow a frequency drift of more than 10% during the transmission of
the remaining bits of the word, otherwise, data transmission is not possible, causing a
Framing error. After the Start Bit is successfully sent to the receiver, the individual data
bits of the words are sent, with the Least Significant Bit (LSB) being send first. Each bit from
the word across the transmission line is transmitted in the same period as all of the other
bits. This allows the receiver to “look” at the transmission line in the same period assigned
to each bit in order to determine if the bit is either high or low. When the entire data word
has been sent successfully, a Parity Bit is transmitted by the transmitter to the receiver to
perform a simple error checking routine. Both sender and receiver must acknowledge and
be aware of the use of Parity Bits on their transmission line. When there is no error, the
receiver will start to look for a Stop Bit, and if the Stop Bit is not there, UART will consider
the entire word was corrupted and will report a Framing error to the host. The Framing
error can occur in two different cases, either both the receiver and transmitter clock are
not match, or the signal was interrupted. Asynchronous data has the ability to be “selfsynchronizing”. This feature is required if new word is about to be sent on the transmission
line, a Start bit of the new word should be transmitted as soon as the Stop bit of the
previous words have been sent [20].
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Inter Integrated Communication (I2C)

In 1980s, Philips introduced an Inter Integrated Communication I2C bus, a control bus that
provides a communication between devices in integrated circuits [21]. The I2C consist of
two wire-bus called SDA (Data) and SCL (Clock) and over the years, this communication
protocol has become a standard for system control. The usage of the bus allows it to
communicate with a temperature sensor, voltage level translator to EEPROM’s, general
purpose I/0, A/D and D/A convectors and many more. While in this project, the I2C bus was
used to establish communication for LCD and RTC. The two wire-bus, SDA and SCL, are
bidirectional wires, which means they can be driven by the IC itself on a particular device or
even from an eternal device [21].
The two-wire bus bidirectional was simple and had the advantages of saving space and low
cost to. Due to its simplicity, the software protocol needed to be robust to ensure its
reliability. As such, every device that attached to the bus has their own unique address,
and the address was not controlled by address-decoding hardware. Instead, they were
programmed by software-controlled as discussed by Muzaffar, 2005 [21]. There are two
main type of process occurring along the bus and these include write and read operation.
These two operation consist of several part as shown in Figure 12. The I2C bus software
protocol consists of several parts as describe below.

Start:

When the microcontrollers wants to start to talk to a device on the I2C bus,
it will initiate the communication with a Start Condition which will be
listened for by all devices that connected to the bus. The voltage of the
SDA line will change from high to low, while SCL will remain high.

Address:

Each device that hooks to the two-wire bus has a 10-bit unique address for
the device known as message is being sent to it.

Acknowledge: Acknowledge (ACK) was used after the microprocessor had sent an address
or data byte across the bus. If the address was matched to a particular
device, then that slave and only that slave will respond to the address with
an ACK [21]. If the address does not match, the one for a device will wait
for the bus until the bus is released by the stop condition.
Message:

Once the microcontroller receives the acknowledge from the device that it
wants to talk to, the microcontroller will start transmitting or receiving the
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data. Once the process is done, microcontroller will transmit a “Stop”
condition.
Stop:

The stop byte was used to indicate the termination of the message to the
device on the bus. The Bus Master will release the SCL and then following
by the SDA Line [21]. At the same time, all the devices that connected to
the bus will be ready and expect another transmission to start any
moment.

Figure 12 Message body for write (above) transaction and read (below) transaction [21].
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6.1.3 Serial Peripheral Interface (SPI)
A Serial Peripheral Interface (SPI) protocol has the same concept as I2C communication bus,
which is used to communicate between one master and multiple slave devices across the
communication. It is called a single-master communication protocol, which means only the
master can control and initiate all the communication with the slaves that are connected to
the protocol [23]. Unlike I2C, SPI has four signal lines which are a clock signal (SCLK), slave
select signal (SS), Master Out - Slave In (MOSI) and Master In - Slave In (MOSI) (Figure 13).
It uses separate lines for data and a clock that keeps both sides in perfect sync. When the
master wished to initiate and start a communication either to send information or request
data from a specific slave, it will select the slave device by pulling the corresponding SS line
to low. Then, the clock signal will activate at a clock frequency between the master and
slave.

After the communication has been initiated, the master sends the desired

information into the MOSI line and samples it on the MISO line as shown in Figure 14.

Figure 13 Configuration Between Master and Slave On SPI Protocol [22].

Figure 14 Data Bits on MOSI are sample on MISO at the same time based on the SCLK falling and rising edge [22].
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For communication between a master and a slave to be possible, they must use same SCLK
frequency, clock polarity (CPOL) and clock phase (CPHA) which will be described later. Thus
each slave has a fixed different configuration and every time the master wants to
communicate to a different slave, it needs to reconfigure itself to suit the configuration of
the slave that it needs to talk to. This process is defined as the SPI protocol. The SPI
protocol does not need any particular addressing scheme nor does it need an
acknowledgment mechanism from the slave devices in order to confirm and transmit data
to them. The SPI master does not acknowledge whether the slave exists unless there is
some kind of additional interruption outside the SPI protocol. It also does not define any
maximum data rate or flow control.
There are four different modes that are available on the SPI which depend on the values of
CPOL and CPHA. Those modes vary from 0 to 3 as describe Table 2 and illustrate in Figure
15.

Table 2 Different mode of operation on SPI Protocol

Mode

CPOL

CPHA Data Transmission

0

Low

Low

On the rising edge of the clock

1

Low

High

On the falling edge of the clock

2

High

Low

On the rising edge of the clock

3

High

High

On the rising edge of the clock
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Figure 15 Illustration on different mode on SPI Protocol [22]

6.2

Second Order Low Pass Filter

A Low pass filter, as its name implies, filters out any unwanted signal which is passed
through it. In simple words, its allows a signal to pass as long as the frequency is lower
than the cut-off frequency and removes the signal that has a higher frequency than the
cut-off frequency. The cut-off frequency can be varied by changing the value of the
resistors and capacitor in the circuit. For example, a signal such as sinusoidal signal has a
voltage that varies between two voltages. This signal changes in a specific way with fixed
period and frequency. When this signal is passed through to the low pass filter, if the cutoff frequency of the filter is higher than the frequency of the signal, the filter will allow
the signal to pass through it. If the signal has a higher frequency than the cut-off
frequency, the signal will be attenuated due to capacitor behaviour in the filter. In
general, a capacitor is an electronic device that has the capability to charge, store the
energy and discharge it when a voltage is applied to it. When the signal is fed to the
capacitor, the capacitor will keep up with the signal, which means, it still able to charge
the signal, store it and discharge the signal as shown in Figure 16. If however when the
signal frequency is higher that the cut-off frequency, the capacitor will not be able to
retain its shape and pass the signal, hence changing the original shape of the signal as
illustrate in Figure 17.
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Figure 16 Output Signal (below) remain its original shape when the
input signal (above) has lower frequency than cut-off frequency

Figure 17 Output Signal (below) filter out the input signal (above)
when the input frequency is higher than cut-off frequency

A low pass filter is used in this project is to give a true linear voltage from the Pulse Width
Modulator PWM signal from the Arduino board. The PWM is a technique to control the
analogue output [7]. In this project, the measurement from the NOVA SDS011 was
converted into a PWM signal which varied from 0V to 5V. This voltage was determined by
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the duty cycle of the PWM. The duty cycle varies from 0% to 100%, as such 10% (Figure
18) and 90% (Figure 19) of the duty cycle indicate the voltage reduces to approximately
0.5V and 4.5V respectively.

Figure 18 PWM signal on 10% of duty cycle

Figure 19 PWM signal on 90% of duty cycle.

The ATMega1280 embedded on the Arduino board runs at a default frequency of 500 Hz
and 8 –bit resolution. This processor is able to run the PWM in higher resolution, up to
16-bit on Timer1, Timer3, Timer4, and Timer 5. On 16-bit resolution, it gives a wider
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range of possibilities of voltage per bit. The calculation and comparison of the 8-bit and
16-bit resolution are shown below.

𝐵𝑖𝑡 𝑅𝑒𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛 = 2𝑛
Equation 2 Bit Resolution

𝑉𝑜𝑙𝑡𝑎𝑔𝑒 𝑝𝑒𝑟 𝑏𝑖𝑡 =

𝑉𝑜𝑙𝑡𝑎𝑔𝑒 (𝑉)
𝐵𝑖𝑡 𝑅𝑒𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛

Equation 3 Voltage per bit

i.

8-bit resolution

𝐵𝑖𝑡 𝑟𝑒𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛 = 28
= 256

𝑉𝑜𝑙𝑎𝑡𝑔𝑒 𝑝𝑒𝑟 𝑏𝑖𝑡 = 5/256
= 19.53

ii.

𝑚𝑉
𝑏𝑖𝑡

16-bit resolution

𝐵𝑖𝑡 𝑟𝑒𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛 = 216
= 65536
𝑉𝑜𝑙𝑎𝑡𝑔𝑒 𝑝𝑒𝑟 𝑏𝑖𝑡 = 5/65536
= 76.3

µ𝑉
𝑏𝑖𝑡
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Clearly, a 16-bit resolution provides a smaller increment per bit compared to the 8-bit
resolution. In other words, this gives a better precision of the output as long as the
output is within this range. In order to filter the signal of the PWM, a second order low
pass filter was used. The Sallen-Key second order low pass filter design is based on the
Equation 4. A Sallen-key second order low pass filter shown in Figure 20 consist two pairs
of resistors and capacitors, connected to the op – amp. The op-amp used is a LMC6482, a
CMOS dual rail-to-rail operational amplifier which drives the amplifier output as close as
possible toward the positive or negative supply rail [23]. The op-amp also provides a
buffer, which is used to apparent the input voltage the same as the output to prevent the
original signal from high impedance.

Figure 20 Sallen-Key Second Order Low Pass Filter

𝑓𝑐 =

1
2𝜋√𝑅1. 𝑅2. 𝐶1. 𝐶2

Equation 4 Sallen-Key Cut of Frequency

Since ATMega 1280 runs on a 490 Hz clock speed, the cut-off frequency must be less than
490 Hz. Thus, 100 Hz cut-off frequency was chosen in order to convert the PWM signal
into a true linear voltage. Typically, a small value capacitor was chosen because it was
smaller in size and low cost [24]. However, as the capacitor value is smaller, the resistor
value must be bigger based on Equation 4. A very small capacitance is sensitive to
resistance in the circuit and if the wiring is not handled carefully, it will result in a highimpedance circuit [24]. In other words, the capacitor used must be not too small (not
smaller than 1000 ρF). In selecting the capacitor, it is important to select the value that is
readily available and in this circumstances, a 0.1 µF was selected for both C1 and C2. The
formula on Equation 4 also can be simplify if RI and R2 have the same value. This

33 | Page

ENG 470: Engineering Honour Thesis

Air Quality Sensing Device for Murdoch
Library

simplifies cut off frequency formula as show in Equation 5. The resistor value can be
calculated using Equation 5 as shown below.

𝑓𝑐 =

1
2𝜋√𝑅2 . 𝐶 2

Equation 5 Simplify Sallen-Key Equation

Cut-off Frequency is 100 Hz.

𝑓𝑐 = 100 𝐻𝑧
100 =
100 =

1
2𝜋√𝑅 2 . 𝐶 2
1
2𝜋√(0.1µ)2 𝑅2

2𝜋√1−14 𝑅2 = 0.01
0.01 2
1−14 𝑅2 = [
]
2𝜋
𝑅

2

2.533−6
=
1−14

𝑅 = √2.5336
𝑅 = ±15915.49 Ω
𝑅1 𝑎𝑛𝑑 𝑅2 ≈ 16 𝐾Ω

Since a negative value resistor does not exist, it can be ignored and 16 KΩ value for R1
and R2 were selected. The full circuit design of the Sallen-Key Second Order low pass
filter is shown in Figure 21.
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C1
0.1µF

PWM SIGNAL
INPUT

R1
16kΩ

R2
16kΩ

C2
0.1µF

OUTPUT

LMC6482

Figure 21 Full Circuit design for Sallen-Key Second-order Low Pass Filter

6.3 Flow Chart
The flow chart of the main programme is show in Figure 22. In the initial part of the
programme, the libraries, variables, strings and characters used within the programme
were declared. In general, every single digital pin embedded on the Arduino board can
be used as an output and input. It is important to assign the pin mode to suit the
applications. This configuration can be done in the “Setup” loop of the script. A serial
port and SD card also need to be initialized in order to use them. After this, the library,
variable serial port, and SD card were initialized and “known” by the Arduino software
and here is where the main loop of the programme is executed. A Sleep mode was
introduced to turn off the NOVA SDS011 sensor for five minutes after taking
measurements, logging the data and producing analogue output signals based on the
reading. This loop will keep looping as long as the Sleep mode was turned on. The main
purpose of the sleep mode was to save power since the NOVA SDS011 draws a lot of
current. It also prevents dust accumulating inside the NOVA SDS011 sensor if the sensor
is run every cycle. This device also can take air quality measurement every second if
the user intends to. These two modes can be selected using a toggle switch connected
within this device.
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Declaring Library
Sensor On
Declaring
Variables

False
Main Routine

Assign PinMode
Sleep
Mode

Initialize Serial
Port and RTC

True
Turn On Sensor

Initialize
SD Card
True

False
Main Routine

Card
Ready

Card
Failure
Turn Off Sensor

Sleep Mode

False

Wait for 5 minutes
or Sleep Mode High

True
Figure 22 Flow Chart for main body of the programme
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7.0 PROGRAM AND OUTPUT
The Arduino environment allows user to use of the libraries. Libraries in Arduino software provide
additional functionality for use in sketches. Several libraries are already included in the Arduino
environment. While others are available online and can be imported into the environment. In
order to perform a specific function within this project, such as serial communication between the
Arduino board and NOVA SDS011, LCD, RTC and data logging, multiple libraries were used. These
libraries need to be added before the function can be used within the sketches.

7.1

Variable Declaration

Same as with the libraries, all variables used in the sketch also need to be declared first.
Generally, various data types were available and each data type consist of a different
number of bits and bit sizes. For these reasons, the libraries hold a different number such
as Boolean (8-bit), word (16-bit), float (32-bit). Table 3 shows the variables used and their
purpose.

Table 3 List of Variable used and their description

No

Variable

Data

Description

type
1

error

Used if there is communication error between
Arduino board and Nova SDS011

2

p10mapped

Map the PM10 reading to 16-bit resolution

3

p25mapped

Map the PM2.5 reading to 16-bit resolution

4

p10pin

5

p25pin

Pin used for PWM output (PM2,5)

6

CS_pin

Chip Select for SPI communication

7

sleepmode

Input use for Sleep-mode selection

8

SDSsensor

Output relay to turn on and off the NOVA SDS011

INT

Pin used for PWM output (PM10)

Sensor
9

p10

Reading measurement of PM10 from NOVA
Float

10

p25

SDS011 sensor
Reading measurement of PM2.5 from NOVA
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11

Data

String

Compile every measurement and reading needed
to log in into SD Card into one string

12

StartTime

Current time before the system enter sleep
Long

13

Duration

mode
Difference

between

current

millis()

and

StartTime
14

FileName

Char

Create a file name based on the current date

Figure 23 Variable were declared in the sketch

7.2

Initialize I2C Communication

Library which is used to initialize the communication of I2C on the Arduino board.

As

mentioned earlier, I2C communication was used for communication for both RTC and LCD.
However, an additional library was used for LCD (Figure 24). Apparent to the reasons,
there are a variety of LCD size and display resolution available on the market. Thus, the
configuration of the LCD used within this project is essential. LiquidCrystal_I2C.h develop
by Francisco Malpartida [25] was used within this environment. Since the LCD also was
embedded with the I2C backpack, the pins assignment to the I2C backpack was required.
Besides, a specific address of the LCD was necessary in order Arduino board to
communicate with the LCD across the I2C transmission. An additional library for RTC
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DS3231 (Figure 24) was also used in the sketch. A library called RTClib.h programmed by
JeeLabs [26] was used to use specific function to capture time and date within the sketch.

Figure 24 Libraries use for initialize I2C communication
between RTC, LCD and Arduino Board

Figure 25 Address scanning for LCD I2C address

Based on Figure 25, the address of the LCD was 0x27. This address needs to be assigned to
the sketch shown in Figure 26, along with the pin assignment for the I2C backpack. Then,
after the initializing were completed, the LCD display size also needed to be declared using
a lcd.begin() function shown in Figure 27 on the void.setup().

The first sentence is

representing as row and the second is defined as a column.

Figure 26 Address and pin assignment of the LCD on I2C transmission line

Figure 27 LCD display size declaration
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Initialize SDS UART Serial Port

A library SDS011-select-serial.h created by Rajko Zschiegner [27] was used to initiate the
UART serial communication line between the Arduino board and the SDS011 sensor. As
discussed earlier, the UART transmission line transfers data at the same frequency between
master and slave. Thus, the bit rate of the communication must be declared first before
the measurement from the sensor can be captured. According to the NOVA SDS011
datasheet, this sensor communicates with a 9600-bit rate [5] and since the sensor was
connected to the Serial 1 pin at the Arduino Mega board, a serial1.begin() function was
used to initiate the bit rate of the UART communication protocol as illustrate in Figure 28.

Figure 28 Initializing bit rate between Arduino Mega and SDS011 sensor

The NOVA SDS011 consists of 10 bytes in its data packet, as in Table 4. Each data packet
contains a message header AA represent “Start bit”. It is followed by the measurements of
the PM2.5 and PM10. The NOVA SDS011 does not have parity bit for error checking,
instead, it uses check-sum which is a better technique for error checking on this
application. There are various check-sum techniques available and one of them is modular
sum, which is used by the NOVA SDS011 sensor communication protocol [5]. The formula
of the checksum is shown in Equation 6. The transmission line then terminated by a
message tail “AB” with a “Stop bit” of 1.

Table 4 Data packet of NOVA SDS011 serial communication [5]

Number

of Name

Content

bytes
0

Message header

AA

1

Commander No.

C0

2

DATA 1

PM2.5 Low byte

3

DATA 2

PM2.5 High byte
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4

DATA 3

PM10 Low byte

5

DATA 4

PM10 High byte

6

DATA 5

ID byte 1

7

DATA 6

ID byte 2

8

Check-sum

Check-sum

9

Message Tail

AB

𝐶ℎ𝑒𝑐𝑘 − 𝑠𝑢𝑚 = 𝐷𝐴𝑇𝐴 1 + 𝐷𝐴𝑇𝐴 2 + 𝐷𝐴𝑇𝐴 3 + 𝐷𝐴𝑇𝐴 4 + 𝐷𝐴𝑇𝐴 5 + 𝐷𝐴𝑇𝐴 6
Equation 6 Modular-Sum for NOVA SDS011 [5]

The PM2.5 and PM10 value were derived using a specific formula based on the data bytes
from the data packet above. Both of the formula are shown in Equation 7 and Equation
8for PM2.5 and PM10 respectively. The values were then stored in the float variables p2.5
and p10 mentioned on Table 3.

µ𝑔
(𝑃𝑀2.5 𝐻𝑖𝑔ℎ 𝑏𝑦𝑡𝑒 × 256) + 𝑃𝑀2.5 𝑙𝑜𝑤 𝑏𝑦𝑡𝑒
𝑃𝑀2.5 ( 3 ) =
𝑚
10
Equation 7 PM2.5 measurement formula [5]

µ𝑔
(𝑃𝑀10 𝐻𝑖𝑔ℎ 𝑏𝑦𝑡𝑒 × 256) + 𝑃𝑀10 𝑙𝑜𝑤 𝑏𝑦𝑡𝑒
𝑃𝑀10( 3 ) =
𝑚
10
Equation 8 PM10 measurement formula [5]
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Initializing SPI Communication

Initializing an SPI communication for transmission between the Arduino board and
Datalogger can be achieved by using a SD.h library (Figure 29) which was included in the
Arduino environment. For the Arduino Mega board, there is only one CS pin available, and
as a result, it can only be connected and talk to one slave at one time. As such, it was vital
to declare the CS pin for SPI communication and the pin was assigned to pin 53.

Figure 29 Initialize SD.h library and assign pin for Chip Select (CS) pin

Before the programme entered the main loop, the device conducted a quick scan to detect
the presence of the SD Card (Figure 30) . If the SD Card existed, a message of “Card Ready”
was displayed on the LCD. If the SD Card was absent, the LCD would display a “Card Failure”
to notify the user. Following this action, the device executes the main loop regardless of
whether the SD card was absence or not.

Figure 30 A quick scan to perceive the present of SD card

7.4

Main Routine

The main captures the data from the NOVA SDS011 sensor, displays it through the LCD,
produces a PWM analogue output and logs the data onto the SD Card. This routine was
located outside of the void.loop(). However, using a function call, this routine can be called
from inside the void.loop() whenever needed. This approach was used because it avoided
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too much code within the void.loop(). The flow chart of this routine is illustrated in Figure
22.

Main
Routine

True

False
Error

Display Error
message
through LCD

Collect
the data
form the
sensor

Generate
PWM
output
Compile
data and
time
stamp
into a
Log the
data into
SD card

Display
data
through
LCD
through

Map the
data to
16-bit
resolution

Return
Figure 31 Flow chart of Main routine
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7.4.1 Collecting and Displaying the Data
As soon as the main routine is executed, it will check for an error across the UART
transmission line and if there is one (Figure 32). If no error has occurred, it would display
the data collected through LCD (Figure 33), map the concentration for both PM2.5 and
PM10 into 16-bit resolution, produce PWM signals, and log the data onto the SD Card. If
there is error between the Arduino board and the NOVA SDS011 sensor, the routine will
exit all the sequence and display an error message (Figure 34) before returning to the
main loop (Figure 22).

Figure 32 The program will check an error on serial communication transmission line

Figure 33 Measurement from NOVA SDS011 are display through LCD

Figure 34 Error message across serial communication line was displayed on LCD
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7.4.2 Analog Output for PWM
The data from NOVA SDS011 which varies from 0 to 999.9 µg/m3 will map from 0 to
65535 (16-bit resolution) correspondingly the using map() function in the Arduino
environment (Figure 35). Since there are two different data set, PM2.5 and PM10, each
of these readings were assigned different variables as described on Table 3 to ensure the
data was not overwriting between each reading and as a consequence, both readings can
be measured independently.

Figure 35 Map the measurement to 16-bit and generate the PWM signal

A library developed by Sam Knight [28] was embedded into the Arduino environment in
order to produce a 16-bit resolution PWM signal. This library use “unsigned short” which
consist of 16 bits which is equal to 65535 decimal value. This allows the Arduino Mega
board to produce 16-bit PWM resolution by using pwmWriteHR() function (Figure 35), to
generate the PWM signal. On the Arduino Mega board, there 11 pins available to process
16-bit resolution PWM signals [18] and in this case, pin 11 and 12 were used for PM10
and PM2.5 respectively. By assigning the pins used to generate the PWM signal and using
the variable as mention earlier, a 16-bit resolution PWM signal was produced.

7.4.3 Data Logging
A string variable name called Data (Table 3) was used to assemble the reading of PM2.5
and PM10 from the NOVA SDS011 as well as the time stamp from DS3231. There is a
coma character “,” which separates the reading of PM2.5, PM10, date and time. Since
the data was saved in excel (.csv) file, the coma character helps excel to create a column
for each of reading as shown in Figure 36. Besides, the file name was created based the
current date when the data was collected. In other words, the file name changed every
day based on the date capture from DS3231. The Arduino environment only allows a file
name up to eight characters with three characters for extension file formats.

On
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extracting the date from the DS3231, the separator between day, month and year were
removed to fit the date into eight characters. As a result, if the data was extracted on
28th December 2017, the file name will looked like 28122017.csv (Day month Year.csv)
(Figure 37). In order to achieved this, a variable called FileName was used (Table 3) which
assembled the current day, month and year when the of PM2.5 and PM10 data were
collected. The advantage of this feature is, that if there is an unexpected occurrence on
the device, the data collected on the SD card is corrupted. However, since the data was
logged under a different file name every day, only particular file names will be affected.
The rest of the data collected on other days remains genuine and not corrupted. The
information that was stored inside the SD card using the command shown in Figure 38.

Figure 36 All the information needed were compile under one string

Figure 37 Create a file name based on the current date

Figure 38 Store the data into SD Card

7.5

Main Loop

Unlike void.setup() which runs once, void.loop is where the programme runs continuously
until the Arduino board is unplugged from the main power (Figure 22). There are two
parts to this loop - a sleep mode, and a full performance mode as describes below. Each
mode can be appointed using a toggle switch wired to the Arduino Mega board. As soon
as the main loop was executed, the loop will check whether the sleepmode pin (Table 3)
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was High or Low using an if() else() statement (Figure 39). If the pin was High, the loop will
run the sleep mode. Otherwise, it would execute the full performance mode.

Figure 39 Main loop look at the sleepmode pin using if() statement.

7.5.1 Sleep Mode
A sleep mode was introduced to reduce the power consumption of the device as well as
prevent dust accumulating inside the NOVA SDS011 sensor if it runs 24 hours a day which
would likely block the laser located inside the sensor and affecting the measurement of
the PM2.5 and PM10 respectively. A relay was used to control the power going into the
sensor, and this relay was assigned from the digital output of the Arduino board. Sleep
mode was carried out when the sleep mode pin was high. At first, the relay was turned
on for three seconds (feed of 5V supply to the NOVA SDS011 sensor) before the reading
was taken (Figure 40). The reason for this approach was to run the sensor’s built-in fan,
and give a buffer time to gain more suction in order to capture an accurate reading.
Variable suction could in an imprecise reading.

During this process, a message is

displayed through LCD. Then the main routine was called (Figure 41) to perform the
action described in Figure 32. The PWM signal produced ensured a steady voltage feed to
other devices.

Figure 40 NOVA SDS011 sensor running for three seconds
and a massage was display through LCD
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Figure 41 Calling a main routine inside the main loop

After the information from the sensor was collected, the relay turned off and broke the
5V power supply to the sensor. This is where the sleep mode occurred. In order to
achieve that, variables called Duration and StartTime were used. As described in Table 3,
a zero (0) value will always store inside the variable Duration to reset its value before it
goes to the WHILE loop. At the same time, variable StartTime will store the current
milliseconds. The millis()function on the Arduino board is like a timer (Figure 42). In
other words, the timer will begin running as soon as the current program is executed and
return a milliseconds value. Though, this number will reset approximately after 50 days.

Figure 42 Duration and Start time variable execute before goes into while loop.

Using a while statement as shown in Figure 43, the statement contains two states. A
statement if Duration value is less than 30000 milliseconds (5 minutes) and if sleep mode
pin is equal to HIGH. As shown in Table 5, the while statement will looping continuously if
both statements were true, and then will keep turning off the sensor. Otherwise, if one
of them is false, the programme will break the loop and carry on to the next line. This
was achieved by using an AND (&&) logic and the truth table as can be seen in Table 5.

Figure 43 While statement was used in sleep mode
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Table 5 WHILE statement truth table

Duration less

Sleepmode pin

than 30000 ms

HIGH

Logic

False

False

False

False

True

False

True

False

False

True

True

True

Inside the while loop, a variable Duration will always take the difference value between
millis() and StartTime (Figure 44). This value then compares its value with the statement
(Duration less than 30000 ms) every time the loop runs. As the millis() function was
running, the difference between millis() and StartTime will increase until the value is
bigger than 30000 ms. As a result, the WHILE statement becomes false and escapes the
program loop. To notify the user, a message along with the timestamp is displayed on
the LCD shown in Figure 44. This whole process keeps running if the sleep mode pin stay
HIGH.

Figure 44 Code within WHILE statement loop.

7.5.2 Full Performance Mode
If the sleepmode was LOW, full performance mode was executed. The relay l goes high
and allows the 5V power supply to flow through to the NOVA SDS011 sensor. The main
routine was then summoned and run the routine as long as the sleepmode pin remained
LOW. Both PM2.5 and PM10 value were capture and display through LCD every second
(Figure 45).
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Figure 45 Full performance mode code
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8.0 RESULT AND ANALYSIS
8.1

SDS011 Sensor Reading

In Perth, Western Australia, the air quality of this region is relatively clean and it is difficult
to study the reliability and accuracy of the NOVA SDS011 sensor. Albeit, a mini experiment
was conducted by using a smoke produced by car to resemble the air pollution. The
experiment was run in a short period of time which ran in three minutes. Besides, an
additional experiment was done by Yang et al., 2017 [29] was also used as a reference to
study in detail the effect of the air pollution of the reading from the sensor. However, the
Yang et al, used an air purifier, controlled by a relay, which turns on and off when the
PM2.5 value reaches a certain setpoint. As such, the relay turned on (switch on the air
purifier) if the PM2.5 concentration reached 50 µg/m3 and turned off (switch off the air
purifier) when the PM2.5 concentration were below 40 µg/m3. Two experiments were
conducted by the Yang et, al. The first experiment was done over a short period of time of
approximately around 5 hours, while the second experiment lasted for 5 days. Both of
these experiments were performed in the authors’ office environment in Beijing, China.

8.1.1 Car’s Exhaust Experiment
Since the air quality of Perth is clean, the concentration of the PM2.5 and PM10 captured
by the NOVA SDS011 were very low and it is difficult to study effect of the air pollution
towards the sensor. In order to resemble and increase the air pollution, smoke produced
from the car’s exhaust was used. The experiment was held on 27th November 2017 for
three minutes and the data was plotted as shown in Figure 46. At the early stage of the
experiment, the concentration for both PM2.5 and PM10 recorded by the sensor were low.
As soon as the sensor was appointed to the car’s exhaust, the concentration increased
drastically where the reading for PM2.5 was recorded approximately at 200 µg/m 3 and
PM10 was recorded to 800 µg/m3. The reading was increasing for a few seconds, and as a
result, the concentration of the PM10 kept increasing up to 1000 µg/m3. Then, the sensor
was taken away from the car’s exhaust and the concentration value for PM2.5 and PM10
gradually decreased until they reached below 50 µg/m3 which is contrast in the early stage
of the experiment.
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Figure 46 Experiment conducted by using smoke from exhaust's car

8.1.2

First Experiment By Yang et. al.

The first experiment was conducted on 4th January 2017 which began at around 17:48 and
the measurement recorded from the SDS011 sensor were plot in the dotted line as shown
in Figure 47. However, the author filtered the data, represented by a solid line by taking
the average data within the timestamp to make the analysing process easier. At the
beginning of the experiment, the authors noted that the reading for PM2.5 concentration
was around 85 µg/m and continue to oscillate around this value approximately until 19:00.
During this period, the value fluctuated because the door of the office was open [29]. After
the door was closed at 19:00, the PM2,5 concentration reading gradually decreased until it
reached below 40 µg/m3 and turned off the air purifier [29]. When the air purifier was
switched off, the PM2.5 concentration value started to build up and increased to 50 µg/m3,
and air purifier was turned on again. This process was repeated continuously until 23:00,
when the air purifier was scheduled to be off for the evening (Figure 48). As shown in
Figure 47, the PM2.5 concentration increased rapidly after that time due to polluted air
from outside as affirmed by the authors.
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Figure 47 PM2.5 concentration value [29]

Figure 48 Control input of the Air purifier for first experiment [29]

8.1.3

Second Experiment by Yang et al

On the second experiment, the Yang et. al, collected the PM 2.5 value concentration on
both inside and outside of the authors’ office. The experiment was held from 4th January
2017 to 8th January 2017, and within this period, a long-duration haze happened in Beijing
[29]. Similar to the first experiment, the doors and windows were opened and closed
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haphazardly, and the air purifier controller was off between 11.00 pm to 7.00 am each day.
The PM2.5 level outside as shown in Figure 49 was very high and reached up to 600 µg/m3.
As such, the PM2.5 reading inside the authors’ office was also affected which recorded
around 200 µg/m3. The PM2.5 level drastically decreased as the air purifier was turned on
at 7:00 on 4th January (Figure 50). The air purifier continued to operate for most of the
day until late afternoon (Figure 51) because there was an unexpected circumstance where
the SDS011 sensor stuck temporarily affirmed by the authors. After that, the system
functioned as is should do by switching the air purifier on and off based on the set-point
[29].

Figure 49 Outside PM2.5 concentration [29]
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Figure 50 Inside PM2.5 Concentration [29]

Figure 51 Air purifier control input for second experiment [29]

8.2

PWM output Reading

Since the PWM was produced using 16-bit resolution (65536 possible bit), the voltage
incremented every 76.3 µV for each bit, and as such, every bit will increase the PM2.5
concentration value by 0.0152 µg/m3. The output value varies from 0 to 999.9 (µg/m3) and
it is directional proportional from 0 to 5V as shown in Figure 52. Then, the linear equation
from the line was determined, show in Equation 9 PM2.5 Linear equation formula. The
value x was represented as voltage produced from the PWM analog voltage output
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Figure 52 PM2.5 concentration linear graph

µ𝑔
𝑃𝑀2.5 ( 3 ) = 199.98𝑋
𝑚
Equation 9 PM2.5 Linear equation formula

Meanwhile, PM10 concentration varies in broader band which is from 0 to 1999.9 (µg/m 3)
and this value was directional proportional from 0 to 5V (Figure 53). Every bit increase the
PM10 concentration reading by 0.00304 µg/m3 and this can be calculated based on
Equation 10 PM10 Linear equation formula derived by the linear graph from Figure 53.
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Figure 53 PM10 concentration linear graph

µ𝑔
𝑃𝑀10 ( 3 ) = 399.98𝑋
𝑚
Equation 10 PM10 Linear equation formula

However, the LMC6482 OP-AMP could not match the maximum input voltage feed to the
input and due to this reason, the OP-AMP was only able to extend the voltage
approximately up to 4.72V which was measured using an oscilloscope shown in Figure 54.
Thus, the concentration reading of PM2.5 and PM10 which was higher than the cut-off
voltages were corrupted.
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Figure 54 Maximum voltage produce by LMC 6482 OP-AMP

8.3

Power Consumption

To calculate the power consumption and difference between sleep mode and full
performance mode, the values were derived from the current drawn from the Arduino
Mega Board. Then, the power ratings were measured using a formula from Ohm’s Law and
Joule’s Law as shown in Equation 11 and since the device was connected via USB, the rated
voltage was measured at 5V. In Full Performance Mode, the NOVA SDS011 sensor was
switched on continuously. It produced a current of 0.221057A as shown in Figure 55.
Meanwhile in Sleep Mode, the NOVA SDS011 was switched off via the delay for five
minutes and as a result, it reduced the current drawn to 89.9322 mA (Figure 56). The
power consumptions were shown in the calculation below.

Figure 55 Current drawn during Full Performance Mode
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Figure 56 Current drawn during Sleep Mode

𝑃 (𝑊) = 𝐼𝑉
Equation 11 Ohm's Law Power dissipated

a.

Full Performance Mode
𝑃 = 𝐼𝑉
𝑃 = 0.221057 (𝐴) × 5 (𝑉)
𝑃 = 1.105 𝑊

b.

Sleep Mode
𝑃 = 𝐼𝑉
𝑃 = 89.9322 (𝑚𝐴) × 5 (𝑉)
𝑃 = 0.449 𝑊

When the device is operated in Full Performance Mode, it used 1.105 W of power and
when it went to Sleep Mode, the power consumption was reduced by nearly half to 0.449
W.

8.4

Real-Time Clock Accuracy

The accuracy of the RTC DS3231 was tested and compared with the current local time in
Perth, Western Australia, from a website (www.timeanddate.com). As shown in Figure 57,
the time and date between the DS3231 (a) and the website (www.timeanddate.com) (b)
showed a slight difference in seconds. The second's count from DS3231 was slight behind
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the current time by 26 seconds due to compiling and uploading the code to Arduino Mega
board. The process takes several seconds and it causes the current time in the DS3231 to
be set behind the current local time. Since this application does not need high precision at
the current time, this variation was acceptable.

(a) Current time from DS3231

(b) Current time from www.timeanddate.com
Figure 57 A different local time between DS3231 (a) and Perth local time (b).
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9.0 FUTURE RECOMMENDATIONS
9.1

Transferring Data Using Serial Communication MODBUS

MODBUS is a serial communication developed by MEDICON in 1979 which intended to
communicate between the Programmable Logic Controller (PLC) and other instruments
such as sensor and switches. Nowadays, this communication protocol is an open source
and the user or manufactures does not need to pay for the license. The Modbus protocol is
defined as a master/slave and it is possible to have multiple slaves hooked on the
transmission line depending on which type of cable was used. The UART serial
communication, sent data along the transmission line in a packet data which consist of
slave ID, function code, data type and CRC. As such, transferring data of the PM2.5 and
PM10 concentration value via MODBUS ensured the accuracy of the information delivered
to the other peripheral, eliminating the difference between actual data and data sent as
well as imprecision information on multiple circumstances such as heat loss from low pass
filter circuit.

9.2

Synapse RF200PD1

A synapse RF200PD1 (Figure 58) module is an IEEE 802.15.4, which allow for the
transmission data and monitoring of the mesh network wirelessly through Wi-Fi [30]. This
module integrated with ATmega128RFA1 and consisted of 20 GPIO and up to 8-pin
analogue-to-digital converter with 10-bit resolution [30]. This module also consists of 2
UART serial communication pins which are suitable to communicate with the NOVA SDS011
sensor. Since data transmission can be done wirelessly, this module can communicate and
transmit the PM2.5 and PM10 concentration value directly to the Murdoch Library system
and allow the system to control the device directly from a computer.
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Figure 58 Synapse RF200PD1 Module [30]

9.3

NOVA SDS019 Air Quality Sensor

A NOVA SDS019 is the latest and newer version of Air quality sensor from Nova Fitness.
This sensor is capable of measuring a wide range of particulate matter sizes up to PM100
[15]. It also offers a wider range in measuring the concentration for PM2.5, PM10 and
PM100 which is extended from 0 to 29999 µg/m3 and suitable for heavy duty applications.
There are two options for transmitting data to other peripheral such as the UART serial
communication and MODBUS RTU. The main advantage of this sensor is that it requires
less maintenance as it has built-in automatic dust removal which automatically reduces the
humidity calibration and alarm function [15]. These features are useful as it allows the
sensor to be used for harsh environments as the waterproof and heat shutter are used to
protect the sensor.

9.4

Cable Shielding to Reduce Noise

The analogue signal produced from the low pass filter contains a lot of noise due to
electromagnetic interference (EMI) [31]. This reason for the noise was because the cable
used in this application was single wire and unshielded. However, the noise can be
reduced if the cable used is multi-wire and shielded with multiple layers. If each wire is
shielded with layers that are made from foil and braid, crosstalk between the wires will be
avoided. The function of the layers are used to reflect the energy, and they can pick up the
noise and divert it to the ground [31].
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10.0 CONCLUSION
In conclusion, a NOVA SDS011 produced a very accurate and reliable data for measuring the
number concentration for PM2.5 and PM10. Since the quality of the air in Perth, Western Australia
was relatively clean, a mini experiment was conducted by using a smoke produced from the car’s
exhaust was used to resemble and increase the air pollution. An additional study from Yang [29]
was used also to justify and study in details the accuracy and reliability of the sensor in order to
measure the concentration of the PM2.5 and PM10. This experiment was conducted in Beijing,
China when it suffered a heavy haze where it is suitable to study the SDS011 sensor’s behaviour.
The data also was successfully monitored through LCD embedded within this system. In order to
interfere the device with Murdoch Building system, two analogue signals were produced based on
the number concentration for both PM2.5 and PM10 by using PWM techniques and Sallen-Key low
pass filter. However, the signal produced consists of noises due to cable use and this inadequacy
can affect the accuracy the number concentration goes into Murdoch Building System though, an
additional approach was used by storing the data into SD Card, which can give a backup storage
and options.
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