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Abstract

Temperature monitoring is used in different applications around the world in industries such
as the plastic industries, automotive industries, medicine, and food processing. Adding
flexibility and cost effectiveness to the regular temperature monitoring devices can expand
the applications and provide more security to the production and processes for the
industries. Digital temperature sensors provide more accuracy and a wider temperature
detection spectrum; adding the flexibility of remote monitoring and data storage, a more
robust temperature monitoring system can be built. In this thesis work, an Arduino device
and a digital temperature sensor are used to build a physical temperature monitoring
system. Arduino IDE and Processing are used due to their flexibility in terms of their
operating system, IDE, and cost effectiveness, to program and configure the system. To
tackle the problem of common bad practices used around programming Arduino devices
and other open source devices, best practices within programming and building the physical
system are illustrated.
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1. Introduction

The aim of this thesis work is to optimize temperature monitoring and control, in terms of
speed, simplicity, and accuracy, using a simple open sourced hardware and software; this
will help in illustrating best practices to be kept under consideration while using such
environments. Within this chapter, the theories behind the methods used are explained,
and then the hardware and software components are introduced.

This project can be used by developers in the field of software development, embedded
systems that would like to migrate their work into the Arduino environment. The work can
also be used by amateur programmers and first time users of the Arduino environment to
start their own embedded systems projects.

Due to the time limitations on this project, heat sinks are not taken into consideration as a
temperature control mechanism. Also, Java and other programming languages that can be
used to increase the attractiveness and the readability of the web interface, and the security
of the webpage were not considered during the project.

1.1. Temperature Monitoring

The need for sophisticated and robust temperature monitoring systems is increasing,
especially for businesses and organizations within the healthcare, food products, and
electronics sectors [1]. Such organizations utilize temperature monitoring technologies to
monitor the temperatures of their products and processes; this is especially important to
safeguard their products and meet regulatory standards within the region they are situated
in [2]. A sophisticated and robust temperature monitoring systems can be defined as
systems that include and integrate the following components:

1 Relatively accurate digital probes
2 Thermal buffers
3 Flexible and reprogrammable measurement device
4 Data storage and representation
5 Well developed software.
6 Alarming: Indication of abnormalities.

Temperature monitoring can be also part of preventative reliability. This is important when
a system is not performing high temperature processes, yet can be at the risk of
overheating.
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1.2. Digital Probes: Temperature Sensors

Industries can use the sensors for cold chain integrity, medical monitoring, equipment
monitoring, and environmental monitoring. There are several kinds of temperature sensors
that are available in the market; thermocouples, RTD’s, thermistors, and semi conductor
based sensors. The different types of temperature sensors can be utilized for different
applications within different sectors due to their different features in terms of
responsiveness, accuracy, and temperature ranges. A semi conductor based temperature
sensor (SMT160 30), shown in Figure 1.1, is used .

Figure 1.1: SMT16030 TO 92 casing temperature sensor:

The temperature sensor has several features that were useful in the project, such as its
energy efficiency, wide temperature range, low noise levels, low current, long term stability,
direct interface with microcontrollers, and the small packaging [3].

1.3. Flexible and Reprogrammable Environments

In this project, different types of environments were researched to identify cheap and easy
hardware and software to implement the project and finally get the results desired. The
researched environments were:

1 Pinguino PIC32
2 STM32
3 MPS430 LaunchPad
4 Arduino Uno
5 Processing™

Yet, only two of the above environments, Arduino and Processing™, were used in the
project to implement the temperature monitoring device. Arduino is relatively cheap to buy,
has a well rounded community to help programmers, abundant in Europe, and features an
open source IDE with a wide range of libraries. While processing is completely free to use,
and also features a community that assists programmers at all levels in their projects. More
details follow in 1.3.1 and 1.3.2.
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1.3.1. Processing™

Processing is a flexible and open source software, sketchbook, and language that is used by
students and developers in the field of software development and visual arts. The
Processing software is open source and free for download on their website Processing.org
[4]. The software can be used to read from serial ports in the computer, timestamp the
data, log the data into a chosen file, and then read and plot it if required. The capabilities of
the visual platform of Processing can be helpful for programmers to show results using plots
programmatically.

1.3.2. Arduino Uno

Arduino is an open source prototyping platform based on relatively easy to use hardware
and software. Arduino boards are able to read inputs from both digital and analog ports,
and also output signals from analog and digital ports. The Arduino environment is useful for
low budget projects that require flexibility [5]. The low price and the cross platform
dependency of the Arduino hardware and IDE, as shown in Table 1.1, proved helpful in
building and programming the system in terms of time and resource limitations.

Table 1.1 shows features of the Arduino that were useful for the project, such the low price, the
cross platform flexibility, the flexible IDE, and the extensible software.

Pricing Arduino boards are relatively inexpensive
compared to other microcontroller
platforms. The least expensive version of the
Arduino module can be assembled by hand,
and even the pre assembled Arduino
modules cost less than $50

Platform Dependency The Arduino Software (IDE) runs on
Windows, Macintosh OSX, and Linux
operating systems. Most microcontroller
systems are limited to Windows.

The environment The Arduino Software (IDE) is easy to use for
beginners, yet flexible enough for advanced
users to take advantage of as well.

The Software The Arduino software is published as open
source tools, available for extension by
experienced programmers. The language can
be expanded through C++ libraries, and
people wanting to understand the technical
details can make the leap from Arduino to
the AVR C programming language on which
it's based. Similarly, you can add AVR C code
directly into your Arduino programs if you
want to.
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2. Methods

In the following sections, the two different methods that are used in the project are
highlighted and explained thoroughly. The methods are divided into two functions; the first
function includes the project with live temperature representation using Processing, while
the second function includes the project with data logging using a terminal and an SD card.
Also, the reasons behind choosing the methods are emphasized within every section. Note
that for both of the functions, the temperature will be represented live on a webpage for
ease of access of the user from anywhere as explained in 2.3. Figure 2.1 shows the design
of the Arduino board used as a temperature monitoring device.

Figure 2.1: Arduino Circuit Board Design

To make it easier for the user to understand the ports used in the board and the
connections done, and assist in writing a clearer code in terms of communication and
memory, a schematics of the design is made as shown in Figure 2.2.
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Figure 2.2: Circuit Schematic

2.1. Temperature Reading

The temperature sensor reading algorithm is the same for both Function one and Function
two. This has simplified the coding process and design. The SMT160 30 temperature sensor
has a duty cycle output that was directly interfaced with the Arduino Board without the use
of any extra components in between. The output is a square wave with a well defined
temperature dependent duty cycle. In general, the duty cycle of the output signal is defined
by:

(2.1)

where DC is the Valid Duty Cycle, T is Temperature in Celsius; the constants 0.32 and 0.0047
are specific for the SMT16030 and are derived from the data sheet. If T is set to Zero, then
the Duty Cycle is at 32%, while at T=130°C, the Duty Cycle is at 93.1%. This shows the
spectrum of the duty cycle utilized by the temperature sensor. Temperature then can be
derived by the duty cycle by:

(2.2)
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Since the digital input of the Arduino board is used to measure the temperature from the
duty cycle provided by the sensor, only the high count can be derived from the digital port.
Thus the equation (2.2) is then changed in the Arduino program to:

(2.2)

Here, hcf is high count and ssf is the sampling count. Also it is noted that the higher the
sampling count or sampling rate, the more accurate the measurements are. This is true due
to the maximum frequency of the temperature sensor, 4KHz while the sampling frequency
should be around 8KHz to reduce the noise and the information loss.

The temperature sensor is placed in the middle of the laboratory to measure the
fluctuations of the ambient temperature along the day. The measurement is taken every 2
minutes to avoid overflowing the memory of the Arduino device and to ease the readability
of the temperature using the serial port.

2.2. Alarming

In this project, three different alarming techniques were studied; visual, audio, and audio
video, yet only the visual alarming system will be utilized. The visual alarming is composed
of three LED lights, each representing a temperature where the RED LED represents
dangerously high temperature, GREEN LED represents normal temperature and that the
device is working properly, and the BLUE LED representing dangerously low temperatures.

2.3. The Web Interface

Part of a robust temperature monitoring device is the facilitation of remote control and
monitoring. This is done in this thesis work by implementing a simple web interface that
would allow the user to view the temperature. The access to the webpage is restricted to
users only within the network to avoid any unauthorized access. HTML and C++ were used
within the Arduino code to build the web interface and refresh the page every second to
update the temperature data.

2.4. Function one: Live Temperature Representation and Plotting

For this function, the temperature is measured and then represented remotely on the
webpage and on a live plot that is done using Processing. The alarming system is used to
alert whenever temperature abnormalities occur. The estimated response time of the
system is 10ns as it is relative to the microcontroller processing speed.
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2.4.1. Data Storage and Representation

In Function one, the data is sent by a predefined serial port (RS232) to the Processing (which
is used as a terminal) to represent the data graphically live and also to include a timestamp
to the data. The data will also be represented on the webpage. The Arduino code in
Appendix A and the processing code in Appendix B show the coding algorithm used to
communicate between the Arduino and the processing in the serial port chosen. Processing
code shows that first, the serial communication is started, then the data is received as a
string and then changed into an integer type. This is done because the string reading is
faster within processing from the serial port. This helps in receiving the data as fast as the
baud rate, hence, more samples are received. Within this function, data will only be stored
in the terminal for approximately 6 months; relative to the hard disk size of the terminal.

2.4.2. Programming and Software

In regards of the programming of the code using the Arduino and Processing Environment,
Figure 2.3 illustrates the flow of the program between the Arduino and Processing and how
each task is taken depending on the temperature.

After the data is received by Processing, a code is written to include a timestamp to the
temperature data and then plot it live on a window to the screen for the user. The plot will
show historical data depending on the size of the window and the sampling rate of the
temperature sent to the terminal.
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Figure 2.3: Flow of the tasks done by the Arduino Board



13

2.5. Function two: Data logging of temperature

Function two is identical to function one in terms of temperature measurements and
webpage representation; yet, the main difference is the additional feature of logging the
temperature on the SD card of the Arduino and on the computer terminal with timestamps,
explained in section 2.5.1. Later the temperature data can be plotted to illustrate the
temperature fluctuations throughout the day, which is explained in section 2.3.

2.5.1. Data Storage and Representation

In Function two, the data is stored on a SD card that is attached to the Ethernet Shield of the
Arduino Board. A file class is used to print the data into a text file with comma separated
data for ease of converting to csv file and then to an illustrative graph. Also, CoolTerm was
used as a terminal software to read the data from the serial port and timestamp it, then
append the data in a chosen file in the computer hard disk. The SD library from Arduino
libraries was to implement the code for the communication between the Arduino Uno and
the SD card attached to the Ethernet Shield. Within this library functions are used to create
files within the SD card to append data into the files. After each appended temperature
reading, a new line command was inserted to indicate a new reading to be appended into
the file. The code in Appendix A, shows the code for the SD card files appending.

2.5.2. Programming and Software

When it comes to programming the code to log the data on an SD card attached and on the
terminal, two extra steps are added and a library for the serial communication and the SD
card communication are used. Figure 2 shows the flow of the code written for Function two.
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Figure 2.4: Flow of the tasks done by the Arduino Board
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3. Results

The results aim to show the output of the experiments in the thesis work. This section is
divided into results from Function One and Function Two. The results will assist in reaching
the proper conclusion and discussing different methodologies in implementing Arduino
codes. The results from Function One includes the live graphical plotting, webpage
presentation of the temperature, and visual alarming, while the results from Function two
includes the temperature logging on the SD Card and the terminal, the webpage
presentation of the temperature readings, the visual alarming, and the graphical
presentation on excel.

3.1. Function One

By entering the specified IP address in the URL field of a web browser, the user can monitor
the temperature live. The readings and the refresh rate of the page can be set by the user in
the code shown in Appendix A. Figure 3.1 shows the plot of the temperature readings taken
by Processing from the serial port. The code for function one takes up to 75% of the
microprocessor’s memory and the compilation took approximately 6 seconds.

Figure 3.1: Processing temperature plot
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3.2. Function Two

First, the temperature log from the SD card is retrieved. The memory card is removed and
inserted in the computer terminal. Figure 3.2 shows the temperature log from the SD card
file.

Figure 3.2: Temperature readings logged in the SD card
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During the temperature monitoring, the computer terminal software CoolTerm is running
and timestamp data is added to the temperature data received by the serial port. Figure 3.3
shows the temperature log on the computer terminal.

Figure 3.3: Cool Term capture window
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Finally, the temperature logs from the SD card and the computer terminal are compared to
check if the data match and then excel sheet is used to read the data file and plot the data.
Figure 3.4 shows the excel sheet presentation and the graph plotted using excel. The code
for function two took 84% of the microprocessor memory and took about 10 seconds to
compile.

Figure 3.4: Excel sheet data representation
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4. Discussions

The discussion section focuses on providing the best practices based on the results in the
previous chapter. Within Function One, best practices around Arduino coding and usage,
visual alarming, usage of html to present the temperature remotely, and using Processing
for data representation are discussed. Within Function Two, best practices for using SD
cards and computer terminal software with Arduino are discussed.

4.1. Function One

Using Arduino Uno memory alone to implement the html code is challenging due to the
limited memory space of the Arduino device. The expansion of memory for coding using an
external SD card attached to the Ethernet shield of the Arduino device assists in building
more secure and better looking webpages. Also using a webpage to remotely represent the
temperature provides more flexibility for the user to monitor the temperature while away
from the office or laboratory. I was able to read the temperature regularly during the day
without having to be around the device.

Using visual alarming, or LED lights, to alert the user of temperature abnormalities was
relatively easy to implement. Building the alarming circuit and writing its code was relatively
simple. A best practice for implementing visual alarming, is to dedicate one of the LED lights,
preferably the green light, to be on at all times to indicate that the device and its software
are working properly. It is also a best practice to indicate that the temperature monitoring
device is working properly.

As mentioned in. 2.3, Processing was used in Function One to graphically represent the data
live on the computer screen of the user. Using processing is simple for Arduino users due to
the similarities in the IDE, and the parallels in the coding and compilation process. This is
due to the fact that the Arduino IDE is primarily based on the Processing software. The
Processing Community and the website provides approximately 100 libraries for the users to
use to expand the usages of Processing within any application. In this thesis work, five
libraries in total were used to assist in writing a better code in terms of functionalities. While
working with processing to receive data from Arduino, it is important to check the COM port
utilized by the Arduino board before running the code. The check must be done because the
port changes randomly every time the computer restarts, thus a failure in communication
occurs.

Using the Arduino environment to implement the functionalities of the project was helpful
in terms of identifying best practices in coding and compiling the code. Structuring the code
using functions and classes, was helpful in preserving memory, compilation speed, and
increase the readability of the code. This can help in the replicability of the code and the
project, and in troubleshooting any bugs within the code. Also, the Arduino forums and
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community provides libraries that are specific for any application required. This helped a lot
in writing a code that meets the Arduino Standards. At first a delay functions were used in
the code to give time for some functions to implement within the functionalities. But then,
it was noticeable that the microprocessor clock would miss some samples and the timing
gets affected negatively causing some lags and misinterpretation of the analog and digital
pins readings. Hence, the removal of the Delay function is removed from code. It is a best
practice to set up a timer in the back instead of using the delay function. This assists in
having more accurate measurements and utilizing the full capabilities of the microprocessor
in the Arduino.

4.2. Function Two

The expansion of the Arduino memory using the SD card was especially helpful in logging
more temperature values along the day, thus increasing the sample size. The user can read
the temperature values by either going through the csv file or graphically plotting the values
using Microsoft Excel as a platform. Also, three different terminal programs were used as
terminals to receive and timestamp the data, yet only CoolTerm provided the flexibility
needed in terms of timestamping, file appending, and the easy to use graphical user
interface.

Using Function Two as a temperature monitoring platform can be considered more flexible
and provides more insight on the ambient temperature in the site or laboratory. By reading
the values on excel sheet at the end of the day, I was able to identify the time of the day
were it is the warmest, and the coolest. In certain applications, this can be important in site
surveying to install new heating or cooling systems.
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5. Conclusion and Future Work

In conclusion, the thesis work is important due to the introduction of new and more robust
temperature monitoring techniques and the comparison between them. It also helped in
providing new best practices for first time and experienced users within the embedded
systems environment. This also helped in building a robust and sophisticated temperature
monitoring device.

It is important to identify the different factors that builds a robust temperature monitoring
device, such as the different temperature probes, programming environments, terminal
programs, and visual alarming hardware and software. Identifying those factors at the
beginning helped map a proper plan for the thesis work. It is also important to understand
the exact functionality of the temperature sensor before writing down the code to facilitate
the thesis work.

Within this thesis work, two functions were built to identify the differences between two
approaches of temperature monitoring. Arduino, Processing, and CoolTerm were used to
build the two functions. An SD card was used to log the temperature values externally. Also,
best practices for all the environments were provided.

5.1. Future Work

Due to time limitations, some functionalities of a temperature monitoring devices were
excluded. If time and resources were not an issue, java and other programming languages
would be used to increase attractiveness of the webpage and optimize the security of the
html page. Also, FPGA can also be used to add an extra functionality to the thesis and
identify best practices in using VHDL or LabVIEW programming. The parallelism in the FPGA
design can be helpful in building a stronger temperature monitoring device in terms of
speed and logging. Finally, an RTC circuit can be attached to the Arduino board to provide
live time stamps for the temperature values. This can increase the readability and reduce
the dependability on Processing and computer terminals for time.
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Appendix A

This appendix includes the code used for the Arduino IDE to program it and configure it as
temperature monitoring device. This code includes functions to send temperature data via
the serial interface to Processing and a computer terminal, and a function to present the
temperature data on a web inteface

#include <SD.h>

#include <SPI.h>

#include <Ethernet.h>

unsigned long now;

unsigned long lastSample;

unsigned int sampleSize;

unsigned int highCount;

unsigned long lastOutput;

unsigned long previousMillis = 0;

float temperature;

float hcf, ssf;

int sensorPin = 2;

const int chipSelect = 4;

// Enter a MAC address and IP address for your controller below.

// The IP address will be dependent on your local network:

byte mac[] = {

0x90, 0xA2, 0xDA, 0x0E, 0x9F, 0x27

};

IPAddress ip(192, 168, 1, 3);

// Initialize the Ethernet server library

// with the IP address and port you want to use

// (port 80 is default for HTTP):

EthernetServer server(80);



24

void setup() {

// Open serial communications and wait for port to open:

SD.begin(chipSelect);

Serial.begin(9600);

while (!Serial) {

; // wait for serial port to connect. Needed for native USB port only

pinMode(sensorPin, INPUT);

pinMode(8, OUTPUT);

digitalWrite(8,LOW);

digitalWrite(sensorPin, LOW);

lastSample = 0;

sampleSize = 0;

highCount = 0;

lastOutput = 0;

temperature = 0;

}

// start the Ethernet connection and the server:

Ethernet.begin(mac, ip);

server.begin();

}

void loop() {

unsigned long currentMillis = millis();

//Serial.println(currentMillis);

if (currentMillis lastOutput >= 50000) {

hcf = highCount;
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ssf = sampleSize;

previousMillis = currentMillis;

lastOutput=currentMillis;

temperature = ((hcf / ssf) 0.32)/0.0047;

sampleSize = 0;

highCount = 0;

}

if (currentMillis lastSample > 100) {

sampleSize++;

highCount = highCount + digitalRead(sensorPin);

lastSample = currentMillis;

}

String dataString = ""; // make a string for assembling the data to log:

dataString += String(temperature);

// listen for incoming clients

// if the file is available, write to it:

File dataFile = SD.open("datalog.txt", FILE_WRITE);

if (dataFile) {

dataFile.println(temperature);

dataFile.close();

}

// print to the serial port too:

EthernetClient client = server.available();

if (client) {

boolean currentLineIsBlank = true;

while (client.connected()) {

if (client.available()) {
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char c = client.read();

// if you've gotten to the end of the line (received a newline

// character) and the line is blank, the http request has ended,

// so you can send a reply

if (c == '\n' && currentLineIsBlank) {

// send a standard http response header

client.println("HTTP/1.1 200 OK");

client.println("Content Type: text/html");

client.println("Connection: close"); // the connection will be closed after completion of the
response

client.println("Refresh: 5"); // refresh the page automatically every 5 sec

client.println();

client.println("<!DOCTYPE HTML>");

client.println("<html>");

// output the value of each analog input pin

client.println("</html>");

client.print(temperature);//here the comms between arduino and the webserver

Serial.println(temperature);//here the comms between the processing and arduino

client.println("</html>");

break;

}

if (c == '\n') {

// you're starting a new line

currentLineIsBlank = true;

} else if (c != '\r') {

// you've gotten a character on the current line

currentLineIsBlank = false;

}

}

}
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// give the web browser time to receive the data

//delay(100);

// close the connection:

client.stop();

}

if (temperature<100)

digitalWrite(8,HIGH);

}
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Appendix B

Appendix B includes the code used in Processing to receive the temperature data from the
serial interface and plot it on a graph on the computer screen. It includes functions for
converting the data from integer to string, to facilitate its reading by Processing, and then
from String back to Integer for plotting.

import processing.serial.*;

Serial myPort;

int current;

float inByte;

int[] yValues;

int w;

void setup()

{

size(640, 360);

w = width 10;

strokeWeight(3);

smooth(); // or noSmooth();

yValues = new int[w];

myPort = new Serial(this, "COM6", 9600);

}

void draw()

{

// Here are simplifications possible

// Probably with read() http://processing.org/reference/libraries/serial/Serial_read_.html

// And get rid of this String Stuff

String inString = myPort.readStringUntil('\n');
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if(inString != null){

inString = trim(inString);

inByte = float(inString);

current = int(map(inByte, 0, 1023, 0, height));

println(inByte);

background(55);

for(int i = 1; i < w; i++) {

yValues[i 1] = yValues[i];

}

yValues[w 1] = current;

stroke(255, 200, 0);

line(w, current, width, current);

strokeWeight(1);

line(0, current, width, current);

strokeWeight(3);

for(int i=1; i<w; i++) {

stroke(220, 75, yValues[i]);

point(i, yValues[i]);

}

}

}


