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Project Description 
Modern advances in LED technologies has led to large efficiency gains in the home 
lighting industry; however, the cost per LED is still much higher than alternatives. An 
LED bulb consists of a power supply and several LEDs. Each power supply consists of 
components like large electrolytic capacitors that can fail easily. The lifespan of LED 
bulbs can be increased by moving the power supply away from the bulb. The purpose of 
our project is to design a system including LED bulbs, switch-mode power supplies and 
a lighting control system that will improve upon these inefficiencies/costs. This project 
covers the whole spectrum of computer engineering/electrical engineering topics and 
skills.  
 
The problem stems from the close proximity of the LEDs to the power supply as shown 
in Figure 1. Our solution implements the switch-mode power supply (SMPS) into the 
switch box (Figure 2). This has several advantages, such as: improved lifespan due to 
reduced heat stress on the SMPS, ease of integration of smart home features, and 
reduced bulb cost. The ability of adding a microcontroller to control the lights is due to 
the central location for a processing unit, as well as easy access to control the lights. 
With only a single SMPS that can power several bulbs, the number of components per 
bulb decreases dramatically compared to standard LED bulbs. 
 

 
Figure 1. Existing LED bulbs utilize SMPS inside of bulb which increases cost and 
decreases lifespan of the bulb. 
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Figure 2. Utilize the switch box to house a single SMPS that can power multiple LED 
bulbs, reducing on component costs and increasing lifespan. 
 
The end goal of our project is to implement a home lighting system that has a single 
SMPS and can be easily integrated into an existing home. The SMPS also has smart 
capability with Bluetooth and the ability to connect to a mobile app. 
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System Level Design 
System Requirements 
The efficient home lighting project requires several components including software and 
hardware. One of the most important components of the project is designing a switching 
power supply that will efficiently convert an AC voltage into a regulated DC voltage. 
Another component is an embedded control system including a microcontroller and 
Bluetooth module. The size of the power supply and embedded system are restricted by 
the size of a light switch box. Another important component of the project is the LED 
bulb that will consist of several LEDs, a mechanical enclosure, and a protection circuit. 
The last component of the project is a mobile application that can send commands to 
the embedded controller to control the lights from a person’s phone. Table 1 gives a 
table of requirements for each sub-system. 
 

 
Table 1. System Specifications. 

Functional Decomposition 
The functional decomposition of this project can be broken into two inputs. The first 
input is the user sending commands via a mobile application or pressing hardware 
switches and the second is the AC mains power. The AC mains is what will power the 
SMPS, microcontroller, Bluetooth, and LED bulbs. It will be at 120 Vrms AC. The user 
input will be from the iPhone app, as well as the light switches on the wall. 
 
System Analysis 
As a whole, the system will have a single power supply that will power multiple banks of 
LEDs. This allows the power supply to be optimized for efficiency without the normal 
constraints of placing the SMPS in a light bulb. The existing AC wires can then be 
rewired in the switch box to function as the DC lines for the bulbs. This idea will allow 
existing structures to rewire the lights without pulling new wire, which can be difficult 
and expensive. The only parts that will need replaced are the switch box and light bulb 
in order to update an existing house to our bulbs. 

  



4 

Project Details 
I/O Specification 
The efficient home lighting system is fairly simple in terms of input and output 
specifications. The two main inputs into the system will be the 120V AC voltage from the 
home and the user input from the mobile application. The output from the system will be 
light from the LEDs. A user will be able to control lights with their smart device by using 
an intuitive user interface on a mobile application.  
 
Interface Specifications 
Each component in the system needs a well-defined interface in order for the system to 
remain modular. Modularity is necessary to allow an efficient design and revision 
process. Below is a short description of each component’s interfaces. The modular 
specification is shown in the block diagram in Figure 3. 
 

 
Figure 3. System Block Diagram. 
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Software/Embedded Specification 
Embedded Microcontroller System 
 
Microcontroller 
 
The standard Arduino C++ libraries are used to control the ATMega328 microcontroller. 
These libraries allow us to read analog voltages, digital states, and manage serial 
objects. Using the open-source Arduino libraries, we were able to focus on 
implementation details without recreating existing functionality.  
 
Bluetooth 
 
The firmware includes a Nordic Semiconductor nRF8001 C++ library implementing 
Bluetooth 4.0 over UART. Nordic Semiconductor library creates an application controller 
interface that allows the microcontroller to use the nRF8001 over a serial connection. 
The application controller interface can exchange system and event information with 
any connected device. The types of information include system commands, system 
events, data commands, and data events. This information is used by the 
microcontroller to detect whether a device is connected and then receive or send 
information to the paired device. 
 
Real-time Clock 
 
The Maxim DS1307 real-time clock is controlled using an open-source library that 
allows an atmega328 to communicate with the chip via I2C serial communication. The 
RTC library uses the wire Arduino library to implement the I2C serial communication. 
The library also includes objects that can be created to keep track of the time and 
differences between times.  
 
The block diagram of the system for the microcontroller is detailed below. The 
microcontroller communicates with the Bluetooth module via SPI configured to serve as 
a UART interface. This is seen below in Figure 4. 
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Figure 4. Microcontroller Block Diagram 

 
The following algorithmic flowchart details the process in which the microcontroller 
makes decisions and interfaces with the user: 

 
Flowchart 1: Embedded System 
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iOS Mobile Application 
The iOS application will run on iOS 6 or higher. The basic UI must allow users to 
connect to a given microcontroller, to modify a selected light, and to save their 
preferences. When forming a connection to the microcontroller, the application shall poll 
the microcontroller for the state of the lights, and adjust the software switches 
accordingly. The application shall provide the user with the ability to adjust the 
brightness of each light, as well as the on/off state of each light. iOS applications use 
MVC design patterns.  
 
 
Android Mobile Application 
The Android application shall run on API 18 and higher. The look of the application shall 
mimic the look of the iOS application. When forming a connection to the microcontroller, 
the application shall poll the microcontroller for the state of the lights, and adjust the 
software switches accordingly. The application shall provide the user with the ability to 
adjust the brightness of each light, as well as the on/off state of each light. Android 
applications utilize an activity stack to pass data between screens. 
 
 
Hardware Specification 
Switch-Mode Power Supply 
The switch mode power supply (SMPS) should take in the existing AC voltage found in 
all buildings, and regulate down to the voltage and current needed for a LED string (18 
V DC and 700mA in this case). The SMPS should also have an additional 5V output to 
supply the microcontroller and Bluetooth module.  
 
Originally, a flyback converter was chosen for proper electrical isolation and efficiency. 
Basic flyback converter operation can be seen in Figure 5. 
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Figure 5. Basic Flyback Converter Operation 

 
The input to the system is high voltage DC that is generated by rectified wall voltage. 
While the switch (a high voltage NMOS) is closed, energy is stored magnetically in the 
transformer. The dot negative connotation of the transformer indicates that there is a 
180 degree phase shift between the primary and secondary. Energy is then dumped 
into the secondary side while the switch is open. This isolation also extends to the 
feedback network, significantly complicating the design of the SMPS. To design the 
feedback network, MATLAB was used to simulate the transfer functions of the switching 
controller, the transformer, and the output filter as well as the feedback network. This 
code can be seen in Appendix IV, as well as the formula for the transfer functions 
inside the code. A PCB was also designed in NI Ultiboard, and the schematic used to 
create the board footprints can be seen below in Figure 6. 
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Figure 6.Schematic of Flyback Converter with 2 Outputs and Current Limiting Circuit 
 
This circuit was then used to create the PCB, which measured less than 2x3 inches. 
This PCB can be seen in Figure 7. 
 

 
Figure 7. PCB Layout for Flyback Converter 
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Unfortunately, time constraints kept the design from being fully implemented, and the 
design will be mostly completed at the end of the semester. An interim design consisting 
of a step down transformer and a buck converter was used to meet the power 
requirements. A second buck converter was then used to step down from 18 to 5V to 
power the microcontroller. Figure 8 shows the fabricated regulator, as well as the step 
down transformer. 
 

 
Figure 8. Soldered PCB of Interim SMPS 

 
Embedded Microcontroller System 
This section is an outline of the embedded system’s interfaces including inputs and 
outputs. The embedded system should be powered with a regulated 5V supplied by the 
SMPS. The system’s outputs include PWM signals to control the state of the light and 
status information sent via Bluetooth 4.0. The PWM signal is used in a current control 
circuit to adjust the light bulb’s brightness. The embedded system is also reading the 
state of hardware switches and adjusting the lights accordingly. The on/off switches are 
being interpreted as a digital value and the dimmer switches are being read in as an 8-
bit analog value. The system is also calculating the power consumption of each 
individual light bulb. The system reads in a DC voltage across a resistor in a current 
control circuit and calculates the power being consumed using Ohm’s law.  
 
The microcontroller team decided to create two versions of PCBs for the project. One 
version the PCB has a through-hole atmega328 microcontroller while the other version 
has a QFN surface-mount version of the atmega328 microcontroller. This allows us to 
reduce the amount of risk involved with manufacturing the PCBs. Each PCB is about 
the same dimensions in size. The following figure is the schematic for each design: 
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Below is an image of the through-hole version of the PCB.  
 

 
Figure 9. Through-hole PCB 

 
The next figure is an image of the surface-mount PCB. You can see the size of the 
microcontroller decreased tremendously. The size of the PCB could be reduced even 
more if the power supply was on the same PCB. This would reduce the amount of 
headers needed.  
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Figure 10. Surface Mount PCB 

 
 

 
Below are images of the final PCB with all of the components soldered into place. 
 

 
Figure 11. Through-hole PCB 

 

 
Figure 12. Surface Mount PCB 

 
LED Bulb 
The LED Bulb is designed to be a replacement for a generic 60W 120V bulb. Since the 
power lines to the housing will now be DC, it is important to keep the polarity correct. 
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Our power supply outputs 18V DC, which is what our bulbs need to run off of. A typical 
60W bulb has a lumen output of 750 lumens to 900 lumens. The color correlated 
temperature is the associated spectrum for a black body radiator at a given 
temperature. One important consideration is also the efficiency, we want our bulb to be 
greater than 100 lumen/W. Using these constraints we can give an outline of our 
specifications. 
 

● 18V DC 
● Color Correlated Temperature of 3000K 
● 60W Equivalent (750-900) lumens 
● Power Consumption Less than 12W 
● Efficient (>100lm/W) 

 
After looking at the given constraints, we were able to decide on a given LED to buy. 
We went with an LED from Seoul Semiconductor (SZ5-M1-WW-C8-V1/V2-GA) outlined 
in the table below. In order to complete a given bulb, six LEDS are needed per PCB. 
 

CCT (K) Lm/W Flux(lm) If(mA) Vf(V) CRI #Per Bulb 

3050 120 124 350 2.95 80 6 
Table 2. Seoul Semiconductor LED Parameters. 

 
With the LEDs specified, the next step was in designing a PCB layout. The PCB design 
is shown below in Figure 13. The six LEDs are arranged in a circular pattern to 
distribute the light evenly. The fabrication of the PCB boards is outlined in Appendix III. 
 

 
Figure 13. Light Bulb PCB Layout 
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Part of designing the LED bulbs is in designing a current limiting circuit. The schematic 
for this circuit is outlined in Figure 14. The function of this circuit is to limit the current to 
each bulb to 350mA and to allow the microcontroller to supply a PWM signal safely to 
the bulbs. The current is set by the resistor across the base emitter junction (.7V drop). 
The current limiting circuit is on the power supply board and is then sent out to the 
LEDS. 
 

 
Figure 14. LED and Current Limiting Circuit 
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Testing Process and Results 
System Level Testing 
In order to verify that the overall system functions correctly, the whole project was 
assembled into a demo fixture (Figure 15). The Microcontroller board and power supply 
were bundled together into a stack to allow them to easily fit into the test fixture (Figure 
16). The switches and dimmers were then wired to work with the microcontroller (Figure 
17).  
 
With all of the system together, we were able to verify correct operation of all of the 
components. The switches, dimmers, and app connected and worked with the 
microcontroller to dim and turn the lights on and off. The demo box layout is very similar 
to what would be in a typical household that would be retrofitted with our system. 
 

 
Figure 15. Demo fixture utilized to test system operation. 
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Figure 16. Microcontroller and power supply stacked on top of each other to fit inside 
switch box. 
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Figure 17. Light switches and dimmers attached to microcontroller. 

 
Switch-Mode Power Supply 
Testing the SMPS is a straightforward process with two common metrics - efficiency 
and load regulation. To test efficiency, the input power will be measured using a sense 
resistor and the output power will be the sum of the power delivered to the LED Strings 
and the Microcontroller/Bluetooth module. The maximum output power is 
 

𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 =  18 ∗ 0.75 +  5 ∗ 0.1 =  14 𝑊𝑊 
 
Input power will be measured by 
 

𝑃𝑃𝑃𝑃𝑃𝑃 =  170 ∗ 𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑃𝑃𝑀𝑀𝑀𝑀𝑀𝑀 𝐼𝐼𝑃𝑃𝑃𝑃 𝑊𝑊 
Efficiency is then calculated as 
 

η = 𝑃𝑃𝑃𝑃𝑃𝑃
𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃
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Load regulation will be tested by measuring the output voltage under no load conditions 
(lights off) and then measuring the output voltage under full load conditions (both lights 
on). The load regulation can then be expressed as 
 

Load Regulation = 𝑉𝑉𝑃𝑃𝑃𝑃𝑃𝑃(𝑁𝑁𝑃𝑃 𝐿𝐿𝑃𝑃𝐿𝐿𝐿𝐿)
𝑉𝑉𝑃𝑃𝑃𝑃𝑃𝑃(𝐹𝐹𝑃𝑃𝐹𝐹𝐹𝐹 𝐿𝐿𝑃𝑃𝐿𝐿𝐿𝐿)

∗ 100 

 
To test load regulation. The circuit in Figure 18 was used to draw current. In this circuit, 
current is controlled by setting a voltage at the inverting terminal of an amplifier, and 
using the non-inverting terminal to set the voltage across a 1 Ohm resistor as the load. 
The initial buffer and voltage divider is used to set the maximum current flow. 
 
 

 
Figure 18. Circuit used to test load regulation. 

 
Embedded Microcontroller System 
 
Before testing the functionality of the board, we performed continuity testing on the PCB 
to verify there were no shorts where they shouldn’t be. After we eliminated all shorts on 
the printed circuit board we, applied 5VDC and measured it at points on the board.  
 
General Functionality 
 
The first function of the board we tested was the ICSP programming capability. After a 
few minor issues with device signatures, we were able to burn the bootloader onto each 
PCB. After the bootloader was burned onto the board we uploaded our firmware and 
tested the Bluetooth connectivity. We were able to connect to the board with no issues, 
so then we moved onto testing all of the additional functionality.  
 
We wanted to make sure the microprocessor was able to output a clean PWM signal. In 
the figure below you can see the PWM signal generated by the microcontroller 
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Figure 19. Pulse Width Modulation Signal Used for Light Dimming 

 
 

After testing the PWM output, we made sure that the hardware switches and dimmers 
operated properly. During testing, we experienced issues with debouncing the hardware 
switches and dimmers. This caused us to adjust the delays before reading data into the 
microcontroller from the hardware. 
 
Bluetooth Signal Range Testing 
In order to test the effective range of the Bluetooth module, we simply tested whether or 
not we could connect to the microcontroller via Bluetooth at a certain distance. The 
maximum range of the Bluetooth module is 10 meters. 
 
Power consumption 
The last testing we performed is measuring the power consumption during different 
states that the microcontroller. The microcontroller draws around 15mA of current with a 
5V supply with nothing connected giving a quiescent power consumption of 75mW. The 
When the PWM output is at full duty cycle, it draws around 30.1mA of current at 5V 
giving a power consumption of 150.5mW.  
 
 
Mobile Application 
iOS 
Testing mobile applications is an arduous task, especially for those who are not yet 
accustomed with the system. The methods used to test the iOS app were somewhat 
naive in nature, as these included printing the different states of the app as it 
transitioned between establishing a connection, forming a command text, and sending it 
over to the microcontroller.  
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Testing became easier when the user's input became restricted to a smaller number of 
possibilities, i.e. brightness and whether the lights were on or off.  
Most tests were performed under a simulated environment, where the test equipment 
included a simple breadboard with an Arduino Uno and a Bluetooth chip. The code 
running on the microcontroller was equivalent to the final microcontroller code that 
would be featured in our prototype. Therefore, any successful tests that ran on the test 
microcontroller were deemed as valid for the final product.  
 
Android 
Testing for Android systems was done mostly by trial-and-error. Once the user’s input 
was restricted by the GUI, there was a finite set of discrete inputs. While not all 1020 
distinct cases were explicitly tested, several combinations of on/off, address, and 
brightness were selected, and it was verified that the bulb exhibited the expected 
behavior. In this manner, only usability tests were performed. 
 
Rather than the final product, the test equipment was a simple breadboard with an 
Arduino Uno and a Bluetooth chip. The microcontroller code that the Uno was running 
was equivalent to the final microcontroller code that would be featured in our prototype. 
Once it was confirmed that the Android application would communicate with the 
prototype as well as it communicated with the testbed, it was evident that the tests were 
still valid. 

 
Figure 20. Setup Used to Test Android Communication via BLE. 

 
 
LED Bulb 
In order to test the correct operation of the LED bulb, we utilized a spectrometer to 
measure the spectrum of the Bulb. We were then able to measure the spectrum of a 
store bought LED 60W bulb and compare the two. This comparison is shown in Figure 
23. The intensity of each bulb is normalized to their peak values in order to accurately 
compare the two. The device utilized to measure the spectrum is shown in Figure 24. 
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Figure 23. Normalized Light Spectrum 

 

 
Figure 24. Test Setup Used to Measure Light Spectrum. 
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Appendix I: Operation Manual 
To properly use the lights on the software side, first install either the Android or iOS 
applications. The applications mimic each other in functionality and appearance; please 
disregard any differences between images displayed here and what you see on your 
screen. 
Launch the application you installed. 
Select “Connect”. If you are prompted with a pop-up, select GT_SD.  
Select Lighting. 
 

 
Figure 25. 

 
Use the widgets (on/off switch and brightness slider) to adjust lighting to taste. If you 
desire more advanced options, you may also open the preferences screen. 
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Figure 26. 

 
This screen allows you to control the lights' state when you connect/disconnect from the 
microcontroller.  
 
When finished, disconnect or close the app. 
 
A user also has the ability to control the lights using hardware switches and dimmers 
that are mounted in the wall. A user can adjust the brightness of the light bulb by turning 
the dimmer knob. The user can turn on and off a light bulb by switching the on/off switch 
mounted in the wall. The hardware switches will take precedent over the mobile 
applications commands. Additionally, there is a hardware reset pushbutton on the board 
that is used to reset the hardware given any hangups with the code or connectivity 
issues. 
 
Embedded Systems Maintenance 
In order to update the software on the board, there is a header used for ICSP 
programming. An Atmel programmer can be used to flash a bootloader or any 
microcontroller code necessary. This allows for easy software updates to the system if 
needed. 
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Appendix II: Alternative Design Versions 
Mobile Application  
There were a couple of features that we would have liked to have added, but didn't have 
enough time to do so. Currently, a connection is established with the closest proximity 
Bluetooth microcontroller, ideally however, the app would be running in the background 
and would automatically connect with a microcontroller when the user entered a room. 
The idea seems straightforward enough, but is actually quite complex. How can you 
define what a room is and whether you are currently inside it or not? It is hard for the 
app to tell whether you are physically inside a room or whether you are simply close to 
it, but have not yet actually entered it. One possibility is to use iBeacons in every room 
and use their signals to triangulate a user's position. Depending on how close the user 
is, establishing a connection with the microcontroller.  
 
The second feature was to supply the user with power statistics, such as how much 
energy/money they are saving by using our lightbulbs and how much power has been 
released in a given time span. For that, we'd have to poll information from the 
microcontroller and use the results to generate and display statistics. 
 
Microcontroller/Bluetooth 
The microcontroller board had two prototypes throughout the course of the design 
process. The first prototype was just a simple breadboard implementation that only 
featured the Arduino Uno and the Adafruit Bluetooth breakout board. This prototype was 
used mainly to test the Bluetooth interface with the app. We were able to develop some 
rudimentary code that had this functionality. The second prototype had a similar setup, 
but a DS1307 real time clock breakout board was added as well as some hardware 
switches and dimmers. Testing and verifying the functionality of this system allowed us 
to implement the final design on our printed circuit boards.  
 
Power Supply  
Due to time restrictions, a fully offline power supply was not able to be developed and 
soldered, although the design was completed. An interim power supply consisting of a 
small 60 Hz transformer was used and placed inside the wall to step the voltage down 
from 120V AC to 13.1V AC. After stepping down the voltage, the supply was rectified 
and a buck converter was used to provide and regulate for the proper voltage. A linear 
post regulator was then used to provide the correct voltage for the microcontroller and 
Bluetooth. If there were sufficient time left, an isolated flyback converter would be 
implemented to increase efficiency and shrink the area required for the circuit. 
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Appendix III: Other Considerations 
Part of the effort to make a working project was in fabricating the LED bulb fabrication. 
The first part of fabricating the PCB was to print the layout onto a clear projector screen 
(Figure 27). Once the pattern is printed, it can then be taped down to a PCB board that 
has photoresist applied. After exposing the photoresist, the photoresist and copper can 
then be etched away (Figure 28). Once the copper traces are on, it is a matter of 
cutting out the PCB boards (Figure 29). With the boards cut out, the LEDs can then be 
soldered onto the boards (Figure 30) and assembled into the bulb case (Figure 31). 
The case of the bulbs were salvaged from existing LED bulbs. The finished bulb is 
shown in Figure 32. 
 

 
Figure 27. PCB printout for fabrication. 
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Figure 28. PCB pattern in copper on board. 

 

 
Figure 29. Cutting out PCB board. 

 
 
 
 
 
 
 
 
 
 
 
 

Figure 30. Cut out PCB boards. 
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Figure 31. Soldered PCB boards being assembled into light case. 

 

 
Figure 32. Finished LED bulb. 
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Appendix IV: Code 
 
iOS Mobile Application 
Model  
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View Controller 
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UART System 
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Android Mobile Application 
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Additional XML files displayed Android layouts are available upon request. 
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Embedded Microcontroller System 
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MATLAB for SMPS Feedback Network 
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