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ABSTRACT
A Closed-Loop Smart Control System Driving RGB Light Emitting Diodes

Abeer A. Al-Saggaf

The demand for control systems that are highly capable of driving solid-state
optoelectronic devices has significantly increased with the advancement of their
efficiency and elevation of their current consumption. This work presents a closed-loop
control system that is based on a microcontroller embedded system capable of driving
high power optoelectronic devices. In this version of the system, the device in the center
of control is a high-power red, green, and blue light emitting diode package. The system
features a graphical user interface, namely an Android mobile phone application, in
which the user can easily use to vary the light color and intensity of the light-emitting
device wirelessly using Bluetooth. Included in the system is a feedback mechanism
constituted by a red, green, and blue color sensor through which the user can use to
observe feedback color information about the emitted light. The system has many
commercial applications including indoor lighting and research application including
plant agriculture research fields.
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CHAPTER 1
INTRODUCTION
It was an immense accomplishment when early humans were able to create and
control fire. Fire did not only provide them with warmth and an ability to cook food
and protect themselves from predators; it also allowed them to see in the night when
the daylight from the sun was gone.
Since that time, it was an objective of humans to control this precious source of
light. Throughout the years, humans have invented numerous ways to start and preserve
fire to be used as a source of light for them. They used small and big sticks of wood to
hold and transport fire. As techniques and technology progress throughout human
history, more effective ways have been discovered for keeping and controlling fire
indoors, such as using candles of wax with wicks of different lengths and oil lamps that
burn with time.
A variety of modern methods to control light were rapidly developed with the
presence of electricity, and fire no longer became the sole source of controlled light.
From there, There became a variety of lamps were produced to provide electric light
with different working methodologies and materials; these include the incandescent
lamp, arc lamps, gas-discharge lamps such as fluorescent and neon lamps, and finally
solid state lamps such as light emitting diodes and laser diodes which provided
luminescence, otherwise known as the emission of light that does not result from heat.
From previous history, we see how much effort has been spent to control light
since it was an important element of every part of the human life as well as the animal
and plant life. It would be difficult to benefit from light effectively without proper
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control. In the beginning, it was relatively easy; for example, the amount of wood or oil
controlled how intense and how long fire will last. The length of the candle’s wick also
controlled that.
In modern times, on-off switches and dimming switches controlled the flow of
electricity through electrical bulbs. As a result, methods of control became relatively
more complex and advanced with the advancement of the devices it controlled. Bulbs
hosting red, green and blue solid-state optoelectronic devices became more desirable:
with proper control, it had the ability to provide different colors of light including
different shades of white.
The need for a capable and easy-to-use system to control solid-state lighting is
in higher demand since more efficient devices (such as laser diodes) require higher
currents in the range of hundreds to a couple of thousand milliamps of current per
device. In an advanced lighting system, many of those devices are driven, and a much
greater current is needed to be controlled and delivered to those devices.
1.1: PROJECT DESCRIPTION
In this thesis, I present a digital solution to control solid state optoelectronics,
specifically high power light emitting diodes. We were able to build a system that is
easy to use, long-range wireless, fast in response, high in resolution, and self-correcting
to control solid state LED light color and intensity.
The control system is governed by an embedded microcontroller integrated
circuit and a driver integrated circuit, and this system controls an RGB Bulb, which is
a bulb hosting three colors of light emitting diodes (RGB) providing a multitude of light
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colors. A specific color is created by three intensity components: red, green and blue.
Each unique combination of three intensity values represents a unique color.
The solution includes a smart, user-friendly interface mobile phone graphical
user interface (GUI) Android application that allows users to connect to the bulb using
Bluetooth wirelessly and select their desired color by varying the intensity of each LED
using sliders and buttons on the screen. The application also employs an RGB color
sensor which firstly senses the color of the emitted light and then sends the information
as feedback to the microcontroller; this information is relayed to the application that
displays the color on the screen for the user to see.
This control system has a wide range of applications in both the commercial and
research domains. There is a rise in demand for solid state lighting to replace
conventional lighting bulbs due to its many advantages, such as its low price, a long
lifetime and more choices of color and intensity including different shades of white
light. Solid state lighting is also in demand in the research field as well, such as for
agriculture research.
1.2: THESIS OUTLINE
In this paper, Chapter 2 gives some background information on the components
of the control system. Chapter 3 presents the proposed control solution in more detail,
and Chapter 4 demonstrates the results obtained from the constructed system. Lastly,
Chapter 5 discusses future work on the system and the usage of other advanced solid
state optoelectronic devices as well as the addition of new features to the system.
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CHAPTER 2
BACKGROUND
2.1: INTRODUCTION
This chapter depicts the background knowledge that was needed for building
the system as well as the devices in the system. The chapter starts by explaining the
theory behind color models and especially presents the RGB color model. Then, the
output devices that utilize the RGB color model are presented which are the high power
RGB LED package and the RGB color. Embedded systems ICs used in the system such
as the microcontroller and driver integrated circuit are also presented as well as the
Bluetooth module.
At the heart of the system is the AVR microcontroller—the Atmega328P from
Atmel. It is an 8-bit microcontroller with 32KB programmable flash, 1KB EEPROM,
and 2KB RAM. It operates with a supply voltage of 1.8V to 5.5V with a maximum of
6V. It has 14 digital input/output (I/O) pins, and 6 of these can be used as 8-bit PWM
outputs to depict analog-like output behavior. In addition, it also has 6 analog input pins
with a 10-bit resolution. Typically, the microcontroller is operated at 5VDC with a
16MHz crystal. VCC and GND pins can provide up to 200mA, and I/O pins provide up
to 40mA each.
The microcontroller uses serial communication to communicate with other
devices, and it is programmed using a computer. A breakout board containing the
FT232RL USB UART IC from Future Technology Devices International Ltd (FTDI)
is used. This chip is a USB to asynchronous serial data transfer interface, and it enables
the programmer to connect the microcontroller to the computer to be programmed. The
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microcontroller can be programmed with various development environments including
AVR Studio 5 from Atmel Corporation using C++ or with the Arduino software
development environment using a combination of C++ function libraries.
2.2: RGB COLOR MODEL
The RGB color model is an additive color model with three primary colors
namely red, green and blue. In an additive model, all colors are produced by adding
different amounts of intensities of these three primary colors; an example can be seen
in Figure 2.2.1 below as the colors overlap.

Fig. 2.2.1: Red, Green, and Blue lights overlapping resulting in secondary colors:
cyan, magenta, and yellow and white in the middle, source: adapted from [15]
Aside from additive models, there are also subtractive color models. In
subtractive models, light is not added for color formation; instead, it is removed from
the spectrum to create colors. Each color is formed by subtracting (absorption by the
surface) some wavelengths of white light and reflecting the others. The reflected
wavelengths are the ones that become visible, and these wavelengths are recognized as
colors.
There are two commonly known subtractive color models—CMYK and RYB.
CMYK is a subtractive model that is mainly used in printers. The primary colors for
this color model are represented by each letter of the model: C for cyan, M for magenta,
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Y for yellow, and K for black, which is also known as key. Black is added separately
because the black produced by the three primary colors of the model is a rather muddy
black with greyish tones, as seen in Figure 2.2.2. In other words, in printing, colors are
produced using CMY, but black is produced from a separate ink cartridge or toner to
ensure a high-quality printed color. Aside from CMYK, another subtractive color model
is RYB (red, yellow, and blue), which is the standard color model of subtractive
primaries used for mixing pigments. This color model is mainly used in art and painting,
and it usually put in a color wheel, as in the Figure 2.2.2.

RGB

CMYK

RYB

Fig. 2.2.2: Different Color Models, source: adapted from [15], [16], [17].

The RGB color model is mainly used to represent, display, and sense light in
electronic systems. In such systems, a color is represented by the RGB color model,
and each component of RGB is assigned an intensity percentage value, which shows
how much of the total amount is present for each component. Examples of output
devices that use the RGB color model are screens of different technologies (LCD, CRT,
and plasma), computer displays, and video projectors. Examples of input devices
include digital cameras and scanners.
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2.3: POWER RGB LED
One of the output devices that utilize the RGB color model is the RGB LED
package. The colors are formed by superimposing three light beams of the primary
colors with different intensities from fully off to fully on. The RGB color model starts
with a black background (or no light), and light beams are added together (overlapped
on each other) to create the color.

Fig. 2.3.1: Showing light overlapping results of RGB devices onto a spot, source:
adapted from [1]
Full light intensities of all the three colors form a white light. The quality of that
white light depends on the quality of the light sources. When there is no light intensity,
the darkest color is produced, which is black. This situation also implies that LEDs are
turned off. It is produced when there is no light intensity showing the black background
(turned off LED that should have a black background behind it to show black). When
there is an equal amount of the intensities of the three light sources, the resultant light
color is a shade of white. The shade produced depends on the intensity levels of three
light sources: intense colored lights produce a lighter white, while dimmer lights the
form a darker white or grey due to the black background. When the intensities of the
three light sources vary, a color can be seen. When one of the lights has the strongest
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intensity, the resultant color is a color near that primary color. When two primary color
light sources have the same intensity, the color produced is a secondary color (yellow,
magenta, or cyan). Other RGB colors are formed by various intensities of the three
colored lights.
The LEDs (Fig. 2.3.2) used in this system are high power diodes consuming a
current in the range of 350–370mA. Three separate LED devices—one red, one green
and one blue—are placed in proximity and wire bonded in a sealed package as shown
in the figure below. They are very bright compared to the basic LEDs used in projects
operating at a current of 20mA. At 350mA per LED, the total current consumed by the
entire RGB package is 3*350mA = 1050mA. In this project, the LEDs operate at
356mA, meaning that a total of 1068mA is consumed. These LEDs are made from
InGaN material, fabricated by China Young Sun LED Technology; the name of the
model is YSH-FRGBB-IA.

Fig. 2.3.2: Light vs. Current plot of the devices from the datasheet, source: adapted
from [14].

20
Basic LED @ 20mA

High Power LED @ 350mA

Luminous
Flux
in Lumens
(lm)

Luminous
Intensity
in milli-candelas
(mcd)

Luminous
Flux
in Lumens
(lm)

Luminous
Intensity
in milli-candelas
(mcd)

RED

0.168

200

40

12,732

GREEN

0.168

200

60

19,099

BLUE

0.126

150

15

4,775

Table 2.3.1: Comparison between basic and high power LED light intensities

Fig. 2.3.3: Red, Green and Blue LEDs in one package, source:
Sparkfun.

Fig. 2.3.4: Closer View of packaged devices
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RED LED Close-up

GREEN LED Close-up

BLUE LED Close-up

Fig. 2.3.5

2.4: RGB COLOR SENSOR
The RGB color sensor used is HDJD-S822-QR999 from Avago Technologies.
It is a light to voltage converting sensor, and it comprises a photodiode array and three
integrated trans-impedance amplifiers in one monolithic CMOS technology IC. Three
colors of filters cover the photodiode array in red, green and blue to ensure independent
measurement for each color.

Fig. 2.4.1: Color Sensor Chip, source:
adapted from [19].

Fig. 2.4.2: Chip hosted in Sparkfun
breakout board, source: Sparkfun.

The colored filters on top of the photodiode array detect the red, green, and blue
components of the incident light falling on the surface of the sensor. After the
photodiodes convert the RGB light components into current, the integrated trans-
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impedance amplifiers for each component convert the current into analog voltage
outputs.
The supply voltage for this integrated sensor is 5V, and the analog voltage
maximum output voltage swing is 3V. The analog voltage output is fed to the analog
input pins of the microcontroller used in the system, which is Atmega328P from Atmel.
Further processing on the RGB input values is done to establish the feedback
mechanism of the system.

Fig. 2.4.3: Color sensor top view
showing color filters

Fig. 2.4.4: Closer view

2.5: DRIVER
The TLC5940 from Texas Instruments is the driver integrated circuit used in
this solution. It is a 16-channel constant current sink driver that utilizes pulse width
modulation (PWM) with a resolution of 12 bits giving a 4096 steps control.
This driver IC can be connected in a daisy chain up to 40 ICs with a single
microcontroller, which in this case is the Atmega328P. This configuration results in
having 640 channels daisy chained at the serial data port. Each channel can sink current
up to 120mA. One IC containing 16 channels can sink a total of 16*120mA = 1.92A.
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For 40 driver ICs, the total continuous sink current is 40*16*120mA = 76.8A. The
output delay time of each channel is typically 20ns with a maximum of 30ns. The first
channel has no delay while the rest takes a typical delay of 20 ns; in other words, a
single IC has a total delay of 15*20 ns = 300ns. Having 40 driver ICs with 16 channels
each results in a delay of (40*16-1)*20ns = 12.78us.

Fig. 2.5.1: TI TLC5940 Driver

As mentioned before, the maximum current that can be sunk by each channel is 120
mA. The user can set a maximum value of current not exceeding 120 mA by calculating
a value for the reference resistor which will be placed between the reference resistor
pin and ground. Using this formula found in the datasheet of the driver, the maximum
sink current per channel is equal to the current flowing through the reference resistor
multiplied by a factor of 31.5:

𝐼𝑚𝑎𝑥 =

1.24
× 31.5
𝑅𝑟𝑒𝑓

(Eq. 2.5.1)

The driver is connected to the microcontroller to receive control signals in order
to sink the currents as programmed at each PWM channel. The LEDs are also connected
to a sourcing power supply.
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Below is an explanation for the function of each pin of the driver:

1) VPRG
This signal determines the programming mode of the TLC5940. In this project,
it is set to GND in order to allow the grayscale PWM mode. In this mode, the serial
data from the input shift registers will be latched to the internal grayscale registers in
192 bit length. The grayscale data packet consists of 12 bits (resolution) x 16 channels
= 192 bits for one TLC. The format is Big Endian format, meaning that the MSB is
transmitted first, followed by the MSB-1, and so on. In the software program, the
number of TLCs is a parameter to a function that handles the length of the serial data
sent to the entire chain from the microcontroller.

2) SIN
This is the serial data input pin, and it is connected to the MOSI (master out,
slave in) pin 17 of the microcontroller. Serial Data comes from the microcontroller to
the first TLC5940 LED driver in the series. As mentioned, the TLC5940 in the circuit
are connected together in a daisy chain, and the first one is connected directly to the
serial data line coming from the microcontroller. Afterwards, the serial data output line
from the first one is connected to the serial data input line of the second TLC; in the
same way, the output line of the second TLC is connected to the input line of the third
TLC. The TLCs continue to be connected in this manner until the last TLC, thus
creating a daisy chain serial connection. The last TLC does not give any output to other
pins. In the software program, the number of TLCs is set as a parameter to a function
that handles the length of the serial data sent to the entire chain from the
microcontroller. The microcontroller can handle up to 40 TLCs daisy chained as
specified by the data sheet.
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Fig. 2.5.2: Microcontroller – Driver Circuit
3) SOUT
This is the serial data out pin where each of the middle TLCs is joined from
pin’s output to the input line of the next TLC in the serial daisy chain. The last TLC
does not give output to any other.
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4) SCLK
This is an input signal, and it is the serial data shift clock. The rising edge of the
SCLK signal shifts the data from the SIN pin to the internal grayscale register.

5) XLAT
This is the level triggered latch signal. When XLAT = high, the data goes from
the input shift register to the grayscale resister. When XLAT = low, the data in the
grayscale register is held constant. After all data is clocked in, a rising edge of the
XLAT signal latches the data into the grayscale register. New grayscale data
immediately becomes valid at the rising edge of the XLAT signal. All data are clocked
in with the MSB first.

6) BLANK
This can be referred to as the channel output enable pin, and it determines the
output state of the channels of the TLC5940. When BLANK = H, all OUTn outputs are
forced off regardless of the logic operations of the device, and the grayscale counter is
also reset to zero. A setting of BLANK = L would cause all OUTn channels to work
under grayscale PWM control.
7) IREF
This is the reference current terminal, and this pin is used for setting the
maximum current that each channel in a single TLC can sink as a maximum. This is
done by connecting a resistor from this pin to GND. The maximum output current per
channel can be calculated by the equation:

𝐼𝑚𝑎𝑥 =

𝑉𝑅𝐸𝐹
× 31.5
𝑅𝑅𝐸𝐹

Eq. 2.5.1

27
Where:
VREF = 1.24 V
RREF = User-selected external resistor.

8) GSCLK
This is an input pin from the microcontroller to the LED driver. The system of
the TLC5940 has an internal counter that counts from 0 to 4096 as a part of the system’s
PWM control. The GSCLK is the reference clock for its operation for the PWM control;
each successive rising edge of GSCLK increases the grayscale counter by one.

9) OUT0 …OUT15
The pins from OUT0 to OUT15 are the 16 PWM channels sinking constant
current. As per the TLC5940 datasheet specifications, there is no need to put a current
limiting resistor between the LED and the pin since the current is already in control and
is constant at the desired value. In this project, the maximum current that a channel can
sink is set to 120mA. The resolution of each PWM channel is 12 bits as mentioned in
the datasheet, which means that the entire range of 0 to 120mA is cut into 4096 pieces.
The programmer has the choice between 4096 values of current even though their
values are close and the change in light intensity of the LED is not very noticeable.
Having high resolution allows for smooth transitions from one color to another, and
this is always a desirable option until the cost exceeds the limits in the budget of design.
In addition, high resolution is always needed when the maximum current is significantly
high because this will cause a bigger range to be divided by the same number of allowed
pieces.
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10) VCC
This is the VCC power supply input voltage for the integrated circuit of the
TLC5940, and this pin is connected to the main power supply which is set to 5VDC.

11) GND
This is the ground pin, and this pin is connected to the main power supply
ground where all the integrated circuits and components are connected to. In this way,
the closed circuit is complete.

Fig. 2.5.3: Output current vs. output voltage from datasheet, adapted from [11].

Fig. 2.5.4: Graph showing temperature affect, source: adapted from [11].
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2.6: BLUETOOTH MODULE
The system utilizes a Bluetooth module of class 1 which is the RN-41 from
Roving Networks Company. It is has a high power amplifier with an on-board ceramic
RF chip antenna. This Bluetooth Module replaces the cable or wire mediums that
establish the connection; this module allows the sending and receiving of data and of
communication with a wireless connection. The RN-41 is capable of delivering up to
3Mbps data rate and up to a distance of 100 meters.

Fig. 2.6.1: RN-41 Bluetooth Module,
adapted from [12]

Fig. 2.6.2: SparkFun Bluetooth Mate
Gold hosting RN-4, source: Sparkfun.

The RN-41 module needs a typical supply voltage of 3.3V. The SparkFun
breakout board (Bluetooth Mate Gold) hosting the module has an on-board voltage
regulator allowing an input voltage range from 3.3V to 6VDC. In this system, the board
is connected to 5V VCC and ground. The transmitter pin (TX) is connected to the
receiver pin of the microcontroller, and the receiver pin (RX) is connected to the
transmitter pin on the other side.

Fig. 2.6.3: Back view of the Bluetooth Gold Mate showing pin naming, source:
Sparkfun.
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CHAPTER 3
PROPOSED SOLUTION
3.1: INTRODUCTION
The proposed solution for controlling solid state power LEDs in RGB packages
consists of a microcontroller embedded system which governs a driver circuit. This
circuits drives the LEDs and a mobile phone GUI application, which is the user’s
interface with the system; it connects wirelessly via a Bluetooth module to the
microcontroller. Included in the system is a color sensor that constitutes the feedback
mechanism and sends information back to the user to view the emitted color.

3.2: BLOCK DIAGRAM

Fig. 3.2.1: Block diagram of the entire system

3.3: MOBILE PHONE GUI APP (ANDROID)
Users will find it convenient when they no longer need to order to turn the light
on or off by transporting themselves to stationary locations where light switches and
knobs are installed, such as a wall in a room. The graphical user interface mobile phone
application featured in this lighting control system allows users to change the status of
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the lights in a specific room using buttons and sliders conveniently: it is as easy as
calling a friend with a mobile phone. Users do not need to be in close proximity to the
control system; they are only required to be connected wirelessly to the system using
Bluetooth up to a 100-meter range. With this system, users have the option not only to
turn on and off the light but also to change its intensity and color with the solid state
RGB LED package devices featured in the system. Moreover, the user can see feedback
information pertaining to the actual light color that is being emitted by the system using
a monolithic RGB color sensor placed at the RGB LED package.
The application is launched by touching its icon on the mobile device; after the
application is opened, users are taken to the main interface, which has three sliders, one
for each color of red, green and blue with a range of values from 0 to 255. A color
window named “Color View” is situated below the sliders, and it shows the resultant
emitted RGB color. The “Sensor View” color button is found beside the “Color View”
window; users can touch this button to view the feedback color as detected by the RGB
sensor. There is also an LED status button which allows users to turn the light on or
off. In addition, there are two buttons at the bottom of the interface that allow users to
choose the Bluetooth device and establish a connection to the microcontroller as well
as to the rest of the control system.

Fig. 3.3.2: View of the smartphone with
the icon of the system appears with the
title “SLS” for Smart Lighting System

Fig. 3.3.3: View of the Android App
main user interface
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In using the application, the first step is to press the “Choose Bluetooth Device”
button, which brings up a menu of the Bluetooth devices paired to and detected by the
mobile phone. After users select the desired device, they will be returned to the main
interface page. Users then press on the “Connect” button and wait until the button
indicates that the phone is connected to the microcontroller; the text on the button will
be changed to “Disconnect” after connection is made. At this point, a wireless bidirectional, serial communication channel has been established between the Bluetooth
module of the mobile phone and the one on the microcontroller’s side.
Users can begin to control the light from this point onwards by turning the light
on using the “ON/OFF” button. This button can be used at any time to change the status
of the light from off to on and vice versa. After the light is turned on, users can change
the position of the three sliders to alter the intensity value of each of the three colors—
red, green and blue—with a resolution of 8 bits (0-255). The intensity value for the
color appears above the slider. As mentioned before, RGB colors are composed of three
intensity values, which are R, G and B. Changing the position of the slider results in
the change of the color value, and the resultant RGB color is displayed in the “Color
View” window, which shows the RGB color as described by the values. The color
window will always show the resultant color as long as the status of the light is at “ON”;
otherwise, the window will show up as black if the light is turned off.
An important feature added to the system is the capability of detecting the color
being emitted in actuality by the RGB LED package. A color window button is present
in the interface; users can press and view the detected color by the RGB color sensor.
The Android application performs important hidden data processing and
packaging tasks behind the user-friendly graphical interface other than accessing the
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Bluetooth system of the mobile phone to establish a connection with the microcontroller
side.

Fig. 3.3.4: Flow of using the App

34
There are five pieces of data that are sent from the application to the
microcontroller whenever a slider’s position is changed or a button is pressed. The
microcontroller relies on these data fields for making its decisions to derive a specific
LED with an amount of current or for relaying information from the sensor and sending
it back to the application.

Fig. 3.3.5: Diagram showing how data are packed at the App side and sent serially,
then unpacked at the microcontroller side
The first data field carries the information of the user’s request to see the sensed
color is initially set to the value of 7. The request is activated using the “Sensor View”
window, which functions as a button in the application interface as mentioned. After
the button is pressed, the sensor request data field is set to the value of 9 and sent to the
microcontroller. When the microcontroller receives the value of 9, it proceeds to detect
the three analog voltage values for red, green, and blue and sends the voltage values
back to the phone application side serially where the values are parsed, processed and
displayed as an RGB color in the sensor view color window.
The second data field is the LED status which is either 0 or 1. A value with 0
indicates that the user hit “OFF” to turn off the light, while 1 indicates that the user had
positioned the switch at “ON” to turn the light on. The third data field is the digits for
the intensity value for the red LED that is obtained by changing the red slider position.
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This value can range from 0 to 255. Similarly, the fourth and fifth data fields represent
the intensity values for the green and blue sliders respectively.
The five pieces of data will be put together and sent in a series, and the data
appears as a continuous stream of characters. Wherever there is an update for any of
the five values, the entire line of information is sent using the communication link to
update the variable’s values on the microcontroller end and further processing will
reflect that on the LEDs. On its own in its unprocessed state, the stream of characters
is unreadable, and there is no way to read this data or to determine which data sent is
useful unless it undergoes an additional step of data packaging. In particular, some field
delimiter characters must be used to separate the distinct data fields and this step is done
by the Android Application program.
A program in the microcontroller has been developed for disassembling the data
stream and for the process of parsing. The first data field can be easily identified once
the first comma is located, which indicates that the information before the first comma
would be the first data field. The same applies to the other fields as well until the last
field, where a letter “t” is sent instead of a comma so that the program understands that
the data line ends here. This is important because other lines of data will also be sent
one after another, and this is the way to ensure that each individual data field is
identified correctly. Without delimiters, the program will not be able to read the stream
of data, and if it cannot identify individual data fields, it cannot store correct the values
in the variables.

Fig. 3.3.6: Showing serial data sent with and without delimiters
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The data sent from the Android application is a String type in ASCII format.
When the program identifies a specific data field, it extracts the data and stores it in its
designated variable. The program also converts the data to integer data type for later
use in further processing.
In short, with regards to the system, there are two ends: the mobile phone and
the microcontroller. On the mobile phone end of the system, the Android App serves as
a graphical user-friendly interface where users can use buttons and color sliders to
perform a variety of tasks, such as connecting to the microcontroller, sending
instructions to turn on or off the light, changing the intensity and color of the light, and
displaying the emitted and detected color in the color windows. On the microcontroller
end of the system, the underlying program connected to the application would generate
the values and sends them in series with delimiter characters in ASCII format. Another
program taps into the serial communication line at the microcontroller’s end and
identifies each data field with the help of delimiters. The program also extracts the
fields, save them in variables and converts them to integer values to be used in another
scheme for driving the RGB LED lights and sending back sensor color feedback data.

3.4: CONTROL SYSTEM CORE
As mentioned, the core of the control system is a microcontroller, Atmega328.
The Bluetooth Module Class 1 (RN-41) is connected to the microcontroller, and this
module delivers a 3Mbps data rate up to a distance of 100 meters in open air. Using this
module, the microcontroller has added a connectivity feature to connect wirelessly via
Bluetooth to another device, such as a smart mobile phone. The module is connected to
the serial communication port of the microcontroller, through which the
microcontroller receives the data. On the mobile phone end, the Bluetooth device in the
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phone scans for the other Bluetooth devices in range and presents the names of the
devices to the user. The user chooses the Bluetooth device connected to the
microcontroller and types in the password to allow pairing between the two devices.
Once the devices are paired, the connection can be established when the user opens the
application and hits the “Connect” button.
As mentioned earlier, the TLC5940 driver integrated circuit from Texas
Instruments is connected to the microcontroller as well. The driver IC has 16 pins or
channels that provide current sinking up to a maximum of 120mA per channel. The
RGB LED package is connected to the microcontroller through that driver, and the
amount of current sinking corresponds to the intensity the LED will show. Each one of
the three LEDs inside the package is a power LED and it operates within a range of
current from 0 to 350 mA approximately. One channel of the driver cannot supply this
amount of current since its maximum is 120mA. Our solution to that problem is to use
multiple channels or current sinks to sink the current from one LED device, and a
program has been developed to do that. The TLC4950 has a pin where a reference
resistor is connected from it to ground, and this resistor sets the maximum current to be
sunk by each of the 16 channels. The value of this resistance is determined using this
equation taken from the TLC5940 datasheet:
𝑅𝑟𝑒𝑓 =

1.24
∗ 31.5
𝐼𝑀𝑎𝑥

We decided to divide the current needed by an LED between four sinks. Each sink will
sink a part of the current, and all of them combined will be able to sink the maximum
amount of approximately 356 mA. To determine the amount between four sinks, the
maximum amount is divided by 4, which yields 89 mA. Using this number, the
reference resistor is calculated with the following equation:

38
𝑅𝑟𝑒𝑓 =

1.24
∗ 31.5 ≅ 439 Ω
89𝑚𝐴

The resistors practically used were are two 220 Ω in series which results in 440 Ω. The
equation below is used for checking the possible results when in use:
𝐼𝑚𝑎𝑥 =

1.24
∗ 31.5 ≅ 88.77 𝑚𝐴 ≅ 89 𝑚𝐴
440Ω

As mentioned earlier, the microcontroller contains a program that reads data
from the serial port, identifies each data field, and assigns the data in the correct
variable. Once the values from the phone are available, the program works with them
to send out orders to the driver about how much current to sink.
The program first checks the value of the LED status variable. If the value is at
0, the program sends instructions to the driver to not sink any current, meaning that the
RGB LED will be shut off. Otherwise, if the value is at 1, the program proceeds to read
the intensity level values stored in the variables. The program does the same procedure
for all three LEDs.

Fig. 3.4.1: Explaining graphically how the solution for sinking current by multiple
channels for one high power device
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As mentioned earlier, each LED operates with a current ranging from 0 to
356mA. Each LED is connected to four current sinking channels, and the entire range
of intensity is divided among those four sinking channels where each channel sinks up
to 89mA to cover the entire range of 356mA. The four ranges are as follows: 0–89mA;
99–78mA; 179–267 mA; and 268–356mA. The program takes the value of the intensity
level and uses it to figure out which of the four ranges it belongs to. If the value lies
within the first range, the program instructs the first channel to sink the amount of
current to achieve that intensity while the other channels are set to sink no current. If
the value is found within the second range, then the program orders the first channel to
sink the maximum amount which is 89 mA and orders the second channel to sink a
value obtained by subtracting 89 mA from the total current value. In other words, the
second channel sinks the remaining amount from the total amount after the 89mA has
been sunk by the first channel. If the values are found within the third range, then the
program instructs the first and second channels to sink 89 mA while ordering the third
channel to sink the remaining amount of the total current. The same mechanism applies
to the values that are found within the fourth range where the first, second and third
channels sink each of the 89 mA and the remaining is sunk by the fourth. Only four
sinks are unitized since the amount needed to operate a single LED is achieved.

3.5: COLOR SENSOR AND FEEDBACK MECHANISM
The color sensor used is a monolithic solution containing a photodiode array
coated by RGB color filters. The sensor supplies three analog voltages as output
through three trans-impedance amplifiers that convert the photocurrent produced by the
photodiodes into voltages with a maximum of 3V. The color sensor is used in this
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system in the feedback loop; it sends back information about the color that are being
emitted by the RGB LED package.

Fig. 3.5.1: View of the entire application showing the color emitted and the color
detected by the sensor as displayed in the “Sensor View” window

The feedback sensor data is not sent from the microcontroller at all times. The
user must send an instruction to the microcontroller asking it to retrieve the sensor data.
When the user presses the “Sensor View” button in the phone application, the action
triggers the application to send a serial data line with a value of 9 for the sensor request
data field. This field usually contains a default value of 7. When the microcontroller
receives a 7 for this data field, it does not send the data read from the sensor. However,
when a value of 9 is given, the microcontroller will assemble the three data fields of
red, green and blue as text, separate the fields using delimiter commas, and send the
information back serially. On the phone application end, the data is parsed with the help
of the delimitation, and then the data is used for creating the color which is shown in
the “Sensor View” button screen.
To work with the color sensor, all gain control pins are set to ground to obtain
the maximum gain as mentioned by the datasheet. A supply of 5VDC is also connected
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to the breakout board of the sensor. The responsivity of the sensor for each color is not
the same: according to the data sheet, relative responsivity with red is at 100%, green
is at 75%, and blue is at 55%. For the initial calibration correction, each value is
multiplied by a factor: the red analog voltage is multiplied by a factor of 1, green by a
factor of 1.34, and blue by a factor of 1.76.
The three analog input pins of the microcontroller have a 10-bit resolution
analog to digital converter. Since the maximum voltage swing for the color sensor is
3V and the microcontroller maximum voltage is 5V, each of the three input values are
expected to be within a range from 0 to 614 of the full range of 0 to 1023 corresponding
to 3V out of 5V. The values are constrained to this subrange and then mapped to the
lower range that the system is working with, which is from 0 to 255 resolution.

Fig. 3.5.2: Showing the RGB LED package and the RGB color sensor breakout
board situated in an angle with a fixed distance above the LED package.

In conclusion, the values of the analog voltages from the color sensor are sent
to the microcontroller via 10-bit ADC. Each voltage input is multiplied by a factor (1
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for red values, 1.34 for green values and 1.76 for blue values) to reach the maximum
swing range of 3V. Since the voltage outputs will range from 0 to 3V, they are expected
to be from 0 to 614, so they are constrained to that range. Then, the values are mapped
to a resolution range of 8 bits (0 to 255) and sent to the phone application when users
press the “Color View” button. The three data fields are assembled by the
microcontroller serially with two delimiter commas between them. On the phone
application end, the data is parsed and identified; the data is used for creating the RGB
color which is displayed in the “Sensor View” window.
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CHAPTER 4
RESULTS
4.1: INTRODUCTION
This chapter presents the results of using the system, particularly in using the
mobile application to change the color of the emitted light by the RGB LED package.
Comparisons are shown between the results of the actual emitted light color and its
representation in the phone application and between this representation and the
presentation of the detected light color by the RGB color sensor.
4.2: EMITTED LIGHT COLOR
After establishing the Bluetooth connection between the phone application and
the microcontroller, the user starts by turning on the light and changing the sliders to
achieve different colors of light. In our tests, the system showed an instant response to
changing the position of the sliders, which result in a change in RGB values. As soon
as the RGB values are changed, the RGB LED package emitted the colored light
without any noticeable delays. The speed of the connection according to the data sheet
is 3Mbit per second.
In our tests, a large array of light colors was produced by this system, and the
resolution of the RGB colors produced is 8 bits. The system can derive the RGB LED
package with a resolution of 12 bits (4096 steps for each of the three color channels),
but this resolution is considerably high and may even be unnecessary since the human
eye is unable detect the difference between two consecutive colors. For this reason, the
resolution used is lowered to 8 bits. An 8-bit resolution can also be considered high by
others: theoretically speaking, more than 16 million colors can be produced with 8 bits.

44
Many digital systems employ the 8 bits resolution for each channel. The total palette of
colors is 24 bits producing 16,777,216 colors.
The system was tested in a dark room where the light emitted by the RGB LED
package was projected onto a white wall, and photos were taken by a DSLR camera.
The light was not pictured directly from the source because it is a high power light and
it can saturate the RGB value detected by the camera’s sensor. Different shades of blue,
green, red, orange, pink, yellow, and white are presented.

Fig. 4.2.1: Results of bluish shades

Multiple blue shades were produced by the system; these shades were produced
from a blue shade going close to a shade of green, a bright cyan blue, a darker royal
blue, or a warm purplish blue. Users can produce many other shades of blue using the
system. Moreover, different shades of green were also produced, such as Apple green,
a yellowish green and a bluish green. Different combinations can produce more greenlike light colors that can be mixed by users.
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Fig. 4.2.2: Results of greenish shades
White is one of the most important colors in lighting. There are many shades of
white that users can produce with the system. Shades of cold, warm, and color-hinted
white light were emitted by the system. Users can develop many different white light
shades according to their lighting needs.

Fig. 4.2.3: Results of whitish shades
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Shades of white light are produced by the RGB LED package when the values
of intensity for each color of the three are close to each other.

Fig. 4.2.4: Results of orange shades
Other warm light colors were produced as well, such as the colors close to
orange, pink, and red.

Fig. 4.2.5: Results of pinkish shades

47

Fig. 4.2.6: Results of reddish shades
Bright Colors were also produced by the system, such as the shades of yellow
and green.

Fig. 4.2.7: Results of yellowish shades
4.3: SENSED LIGHT COLOR
Users need to know whether or not their desired color was actually emitted. The
system offers a feature where the user can press the “Color View” button and view the
color detected by the sensor at the site of the RGB LED package. When using this
feature, the detected feedback color is not automatically updated; instead, users must
send the instruction to the system by pressing the color window, which is actually a
button. There is a short delay of two to four seconds from the moment the button is
pressed to the moment when the color appears on the screen; this is because the
application sends the order to the microcontroller first, which then has to send the
feedback color data back to the application.
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To show how this feature works and how the outcomes were, comparisons were
made using screenshots of the phone application and side-by-side photos of emitted
light which was projected onto a white wall in a dark room. There are three parameters
that were compared. The first was the difference between the actual emitted light
(pictured by camera in a dark room projected onto a wall) and the color that is viewed
in the “Color View” window, which shows the RGB color representation derived from
the same RGB values sent to drive the RGB LED package. The second parameter was
the difference between the detected light values and their RGB representation on the
phone screen. The RGB values are detected by the RGB sensor, and then they are sent
to the phone application where they are used for representing the color on the phone
screen. Finally, the difference between the “Color View” window and “Sensor View”
window colors was compared.
The sensor feedback functionality was tested for multiple colors. The first colors
tested were the three primary colors and the results show that the emitted color, the
“Color View” and the “Sensor View” color windows displayed close results even
though they do not match completely.

Fig. 4.3.1: Emitting and detecting blue
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Fig. 4.3.2: Emitting and detecting green

Fig. 4.3.3: Emitting and detecting red
Secondary color were also tested, and results also showed minimal error
between the emitted light, “Color View” application color representation, and the color
sensor feedback color. The three secondary colors are composed of intensities from two
primary colors yellow is partly red and partly green; cyan is partly green and partly
blue; and magenta is partly red and partly blue.
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Fig. 4.3.4: Emitting and detecting yellow

Fig. 4.3.5: Emitting and detecting cyan

Fig. 4.3.6: Emitting and detecting magenta
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Both yellow and cyan showed close results, but the results for magenta were
quite different. The difference between the emitted magenta color and the
representation of it in the phone screen do not match closely: the color emitted was
closer to a bluish shade of magenta, while the detected color was closer to the emitted
one even though they do not match completely.

Fig. 4.3.7: Emitting and detecting white

White light was also tested at full intensity. The results obtained showed a bright
white color leaning to a bluish shade. The color representation of white in the phone
application showed a pure white, whereas the sensor sensed an extra blue component.
There were also tests done for other colors of light created from all three primary
components but with different intensities. There were noticeable differences comparing
the emitted light color, the color representation on the screen, and the detected color.
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Fig. 4.3.8: Emitting and detecting a low intensity colored light
As seen in Figure 4.3.8, a low intensity colored light was tested. There is a
difference between the emitted light color and its representation in the “Color View”
window. Also, the sensor showed different results when repeated updates were
requested for this color; this situation suggests that the sensor made different decisions
each time and lacked consistency. In addition, there was some deviation in the RGB
values it detected.

Fig. 4.3.9: Emitting and detecting a shade of magenta colored light

In Figure 4.3.9, a magenta shade light color with a higher red intensity
component showed a deviation when compared with the “Color View” window. The
sensor detection of RGB values also showed deviation, and different values were seen
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when updated. The same behavior of the sensor was detected for the colored light
shown in Figure 4.3.10.

Fig. 4.3.10: Emitting and detecting reddish white light

4.4 DISCUSSION
From the results obtained, there was a deviation between the emitted light color
by the LEDs and its representation in the “Color View” window on the application’s
end. The values chosen using the sliders are the ones used to drive the RGB LED
package and also to create the color in the “Color View” window. This deviation may
have occurred due to the fact that the RGB color model is a device-dependent color
model. This means that using different devices could result in different representations
of the same RGB values. This is especially apparent for our system, where we have
completely different devices working in different conditions with the same RGB values.
We have the RGB LED package which hosts three high power LEDs encapsulated
closely together and emitting light upwards in the air or onto a wall with no optical
filters or polarizers and other layers. On the other hand, the mobile phone has an OLED
screen with additional different layers of filters and polarizers. Other mobile phones
also have liquid crystal displays (LCD) that use the RGB color model.
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The results obtained from testing the sensor-detected RGB values showed the
sensor had less error detecting single primary colors and secondary colors. Deviation
occurred when all three of the primary colors were used to create a single color with
different intensities. Low intensity colors and colors having a high red component
showed the most deviation between the emitted and detected light, and inconsistency
was seen for the RGB values detected by the sensor where different RGB values were
detected for the same color. The color sensor used is a monolithic photodiode array
with RGB color filters covering them. The sensor has a different responsivity for each
of the three primary color components: relative resistivity of red is at 100%, while green
is at 75% and blue is at 55% as mentioned in the datasheet. The sensor was calibrated
with an initial calibration considering the relative responsivity of the photodiode array
to each color. This calibration might not be the optimum; further characterization and
device-specific calibration are needed. The RGB LEDs and the color sensor are each
packaged separately in a discrete package. There are many factors that can affect the
calibration of the sensor that detects the light intensity for the RGB LED package. The
issue is with the consistency of the light intensity power levels as detected by the sensor.
It is crucial to have a fixed and constant distance between the LEDs and the surface of
the sensor. When the distance is changed, the power detected for the same light will
also be changed. In order to achieve optimum calibration and detection accuracy, the
distance between the sensor and the LEDs needs to be a constant distance. The angle of
the sensor when facing the LEDs also has an effect on the power since the LEDs do not
emit the same power from all angles. Another important factor is the effect of ambient
light getting absorbed by the sensor. Light from the surrounding environment can be
detected by the sensor since the sensor is in a discrete package with a direct distance of
5cm away from the LEDs and tilted with an angle of 40o facing downwards onto the
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LEDs. Ambient light could add noise to the value of the RGB intensity components
detected. Those factors could have affected the calibration done in the current system.
A fixed distance, angle, and ambient light control should be employed for constant and
accurate measurements.
Overall, the system was successful in presenting users with a user-friendly GUI
Android application that receives instructions for driving a high power RGB LED
package and emitting a multitude of colored light. The system also successfully added
the functionality of retrieving feedback data of the light color being emitted, presenting
this data to the user within the application, and representing the chosen color in two
different color viewing windows.

Fig. 4.4.1: Box with dome-shaped diffuser hosting the system’s hardware

Fig. 4.4.2: The system’s hardware inside the box
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CHAPTER 5
FUTURE WORK
5.1: INTRODUCTION
A multitude of additions, extensions, and developments to the functionality of
the system are considered. The three main topics we see for future work to be further
added or developed in the system are the following:
1. Using RGB laser diodes
2. Adding light output waveform options
3. Using a monolithic emitter/detector in one package

5.2: USING RGB LASER DIODES
In the future, we are going to be changing the solid stated electronic light
emitting device from LEDs to LDs. The reason for this is because LDs have a greater
power conversion efficiency than LEDs and therefore are more efficient. In addition,
they can give us more light output than LEDs at the same input power.
LDs need to operate at high currents relative in magnitude to high power LED
operating currents. The solution provided in this thesis can accommodate this level of
operating current magnitude.
Another consideration concerning using LDs is that they emit coherent and
highly directional light of high power. This should be optically treated to diverge at
angles of our choice. Optical diffusers are set to be used and calculations are to be made
to achieve this optical diffusion.
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The L-I (light power vs. input current) curve for LDs is different than that of the
LEDs. LEDs have a more linear behavior: light increases in a linear behavior when
current is increased. On the other hand, LDs exhibit a behavior that is non-linear. They
only start lasing (or emitting light) at a certain value of current called the threshold
current, at which point a knee-like shape is created for the curve. This needs to be
corrected using a control solution to be able to order a specific light intensity and obtain
it.

Fig. 5.2.2: L-I Curves of LED and LD, source: adapted from [3]

The reason why this is important is that we are working with three different
devices that should work together to create an output of one resultant light color . To
ensure a good quality of the emitted color, the light emitted by each of the three LD
devices should behave in the same way when current is injected and each should also
emit the same power. It is necessary to ensure equal contributions of intensity from
each LD; a good mixing will result in a good light quality. Similar behavior of the three
can be achieved by correcting the L-I curve using our digital system and controlling the
input current to output a linearly increasing light with the intensity value chosen by
users. Although each device has a different power conversion efficiency, operating the
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three devices in the same output power range is also very important: if any of the
devices has dominance in output power, the color of the resultant light will be severely
affected. For example, if the blue LD provided a higher power, the white light produced
by the LD RGB package will be a bluish-white light which will degrade the quality of
the white colored light. This principle applies to all other produced colors; the colors
will not be accurately translated by the package as the user ordered. The devices have
to be characterized electrically and optically to determine the range of power which all
three can operate within. It is possible to say that the range is determined by the least
powerful device of the three since the higher power devices can operate in a lower
power but the opposite cannot be done. Each device can operated in different currents
according to each device’s power conversion efficiency in order to ensure the same
level of light power output range for each device. In group work and teams, it is said
that the speed of the team is determined by their slowest member; since it is necessary
to work in homogeneity, the way to achieve this is by having the faster members slow
themselves down to the speed of the slowest member.
5.3: ADDING LIGHT OUTPUT WAVEFORM OPTIONS
An important functionality that can be added to the system is the option to
choose the shape of the waveform of the emitted light by the system and its frequency.
This can be added as an option in the mobile phone application interface and executed
by the control system. By default, the emitted light exhibits a continuous waveform;
when the light is on, it is continuously on. Adding more waveform options allows users
to choose other light output waveforms, such as square, sine, triangle and saw-tooth.
With these options, the light output no longer has to be continuous. For example, using
the square waveform allows the light output to be completely turned off and on at a
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frequency of the user’s choice. Choosing the sine or triangle waveforms can gradually
dim and brighten the output light, while choosing the saw-tooth results in a cycle where
the output light increases in intensity until it is shut off, and the pattern continues again.

Fig. 5.3.1: Different signal waveforms, source: adapted from [18].

The advantage of this option can be realized and used practically in research. For
example, studies on plants and plant growth and indoor agriculture can use this option
to test the reactions and growth rates with different frequencies of pulsed light to find
an optimum frequency which will not affect the plant growth while saving energy. This
option might also be beneficial to energy-saving studies in displays and screens for
commercial consumers. Operating your lighting device at a specific high frequency
where human vision becomes persistent can save energy. Moreover, studies in the field
of operating optoelectronics use this option to realize and characterize the power
emitted by the devices with continuous and pulsed waveforms since the devices operate
and emit different amplitudes of light power with pulsed and continuous waveforms.
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5.4: MONOLITHIC EMITTER/DETECTOR IN ONE PACKAGE
In the system we proposed in this thesis, the LED devices are in a single package
and the photodiodes of the color sensor are in another package. One idea for the future
is to further develop a monolithic optoelectronic emitter and its detector in one single
package. In other words, the LED or LD would have its own dedicated photodiode and
color filter all in one package. The feasibility of putting all six devices in one package
(as in three emitters and their three detectors) should be studied. An initial advantage
of this monolithic integration is the compactness and the reduction of the space needed
and power required. In addition, some optical and mechanical advantages can be
obtained with a compact package. An optical advantage could be that the PD can
directly detect the emitted light with no changes in refractive index and loss of emission
power. A mechanical advantage is that the emitter and detector are placed in the
package and held safely together in a fixed position. This enables them to be less
sensitive to any vibration, mechanical damage or any changes that can cause the
distance between them to be altered which might cause inconsistency in readings of the
PD or calibration errors.
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