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Abstract  —  The following paper details the design methodology for a small scale solar power system for use by residential consumers who occupy apartments or leased homes where they do not have access to roof mounted photovoltaic systems. The prototype was designed such that it is mobile, self-sufficient, and can power a 300 watt load for over two hours continuously. In addition, power monitoring systems were installed to monitor power generation and provide this data in a web database with graphical representations.
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I. Introduction
Solar technologies are becoming increasingly popular in the renewable energy market, with 1,282,560 modules being shipped in 2009, compared to 517,684 modules in 2007, a mere 2 years before. [1] This is a growing industry in a socio-political environment that is growing increasingly concerned with the effects of traditional power sources on the environment; enough so as to offer incentives for installing solar systems, such as tax exemption on solar equipment and installation in the state of Florida. [2] Some residential consumers are incapable of accessing this source of energy, however, due to occupying apartments or leased homes where they do not have permission to perform large scale photovoltaic installations.  The goal of this design is to provide a low cost and mobile photovoltaic power system for this market, in the form of cart mounted thin film panels with solar tracking and solar collection to increase efficiency of the system overall. In addition to the power system, power monitoring via a browser-based database will provided so the consumer can track how much power the system is generating and how much they save on utilities.
II. Objectives and Requirements

The objective of this project is to design a low cost, mobile solar power system for use by apartment or leased home residents. To meet this goal, the prototype design must be:

· Affordable for residential households.
· Self-sustaining such that it does not draw more power than it produces and does not draw from the existing power grid.

· Relatively low area, such that it can be placed at ground level without impeding normal activities.

· Mobile, such that it can be relocated with ease.

· Capable of providing feedback to the consumer so that they can make adjustments in their power consumption.

· Capable of improving the overall panel output via the use of solar tracking and solar collection.

In order to meet these objectives, as well as additional environmental requirements as determined by the group members, the prototype design must have the following specifications:

· Must generate enough power to operate a 300 watt load for 2 hours continuously.

· Must not exceed 4x4 feet in occupied area.

· Must transmit current and voltage readings up to 50 feet to the internet access point.

· Must be able to store up to one month of data in a back-up storage unit.

· Data readings must occur every 10 minutes.

· All electronic equipment must be able to operate in standard Florida temperature of 50 to 110 degrees Fahrenheit.

· Entire system must be weatherproofed for outdoor use.
III. Overall Design Architecture

The proposed and prototyped design consists of several subsections, including the solar panels, solar tracking, power supply, circuit protection, data collection and storage, data transmission and the user interface.  The general flow of interconnections is separated into the flow of power and the flow of data.  

For the flow of power, the solar panels are the singular source of generation, which is transmitted through the circuit protection system, designed to prevent damage to the batteries or panels from overcharging or back current.  From the circuit protection circuit, power then flows into the power supply, which consists of two 12 volt batteries, a 24 volt inverter, and an array of voltage regulators to power the integrated circuits in the design.  This flow of power is depicted in the block diagram of Figure 1.
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Figure 1 – Block Diagram of Design Power Flow

In the case of data flow, the data originates in the current and voltage sensors of the data collection subsystem.  This information is transmitted simultaneously to the data storage subsystem and through the wireless data transmission subsystem to the user interface, which includes an online database.  The data storage subsystem serves as a data back-up, should the connection to the web-based database be inaccessible due to loss of internet connection.  The flow of data is depicted in the block diagram of Figure 2.
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Figure 2 – Block Diagram of Design Data Flow
The solar tracking subsystem, shown as receiving power in the block diagram of Figure 1, acts almost independently, as its sole purpose is to increase the power output of the solar panels by rotating the panel mounting. This is explained in more detail in Section IV.

IV. Panel Selection and Tracking Design

When first designing this project, the group quickly realized that the most important decision was choosing the two solar panels for the design.  It was decided that the panels must have the following criteria:

· Each solar panel must not exceed 2’ by 2’.

· Solar panel material should be able to withstand 
Florida’s climate- with temperatures in the range of 50 
to 110 degrees Fahrenheit.

· System should perform reliably under harsh weather 
conditions.

· Power output should be consistent for a minimum of 
ten (10) years.

· Panel should be relatively light weight, to keep the 
unit easily portable.

After researching the two main contenders of solar panels on the market, crystalline Silicon (c-Si) and thin films, we decided that thin films have promise in performing to our expectations. We chose the GSE 30W Solar Panel by Global Solar Energy. This panel has an area of 4 square feet and a weight of 11 pounds. The glass covering the solar panel has a two year limited warranty on the materials while also boasting a 25 year limited warranty on the power output of the panel. We were attracted by the high power output of this particular solar panel; at 140 degrees Fahrenheit, the panel can produce up to 85.7% of its rated output power.  Thin film solar panels are also known to work well in cloudy conditions, so the power output will not be depleted due to slight overcast conditions, which are common during the summer months.

For receiving the greatest amount of sunlight on the solar panels by minimizing the angle of incidence between the sun’s rays and the solar panel, we opted for single axis tracking. By implementing single axis tracking, the efficiency of the system will increase by 30% annually. [3] We built our prototype with a fixed vertical angle of 21 degrees, which is in the range of +/- 15 degrees of our latitude of 28 degrees North. As of now, this angle is fixed. Future iterations will include the ability to choose the desired angle manually. The axis of rotation for the single axis tracking is horizontal with respect to ground, which is often called horizontal single axis tracking.  This way the solar panels will be track the sun as it moves across the sky from East to West each day to increase the power output of the design. In order for this to occur, a circuitry was needed to be designed and programmed to drive a motor. A Microchip PIC18F4520 was chosen for its multiple A/D converters, along with ease of programmability. The driver chosen to drive our 12V DC motor was the L298N by STMicroelectronics.  This driver was chosen due to its high DC current rating of up to 4 amps, over-temperature protection, and operating voltage supply of up to 46 volts. The device also has some internal logic, so it works well to drive a bi-directional DC motor on transistor to transistor logic (TTL). The solar tracking circuit can be seen in Figure 3.
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Figure 3 – Solar Tracking Circuit

The microcontroller unit (MCU) was programmed in C language, due to the ease of programming and available libraries and resources for programming the chip. In order for the solar panels to track correctly, some internal logic was programmed into the microcontroller. This allowed the DC motor to receive a voltage with a specific magnitude to determine the direction of rotation.  This table is shown in Table 1.

Table 1 – Logic for Motor Movement
	
	Rotate East
	Rotate West
	Stop

	Input Voltage
	V1>V2
	V1<V2
	V1=V2


This logic is done inside the microcontroller. The outputs must be TTL logic for the input of the motor driver.  This was done by the example in Table 2.
Table 2 – Output TTL Logic Of PIC18F4520

	
	Output 1
	Output 2

	Input: V1>V2
	3V
	0V

	Input: V1<V2
	0V
	3V

	Input: V1=V2
	0V
	0V


Another feature to increase the power output of our system was to mount the panels back-to-back and integrate solar reflection. This was done in order to keep the weight of the panels a balanced load and also decrease the area. Using a solar reflector allowed us to have sunlight reach the bottom facing panel. The solar reflector has a parabolic shape and was calculated in order to reflect one sun’s worth of rays at any given moment on the bottom facing panel.  The reflector was designed by using equations for a parabolic mirror. The equation used for the prototype’s reflector is 
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The variable Y is the depth of the parabola. X is the length across of the parabola, which we chose to be 4 feet at its peak.  The variable 
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is the focal length of the mirror, which was calculated to be roughly 2.3 feet.

In order to keep the weight light, we coated the reflector surface with Mylar.  This material is highly reflective and can be easily changed out for maintenance. An image of the design is shown in Figure 4.
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Figure 4 – 3-D Rendering of Final Design
V. Power Supply and Circuit Protection Design

Due to our specification of being able to run a 300 watt load for at least 2 hours continuously, an inverter must be chosen to handle this power requirement. The inverter chosen was the PowerBright 400 watt continuous and 800 watt peak 24 volt inverter. This inverter would give plenty of leeway for our 300 watt requirement. 

The batteries were chosen based on the ability to charge in a single day during normal operation.  Since the solar panels chosen have an operating current of 1.7A, if we wish for the batteries to charge in 8 hours, a battery capacity of 13AH is needed.  However, battery capacity is not necessarily a good indicator of charging or deep cycle time, so to give more room for error, 18AH batteries were chosen. This estimates our charging time to be in the range of 10 hours, which is still reasonable.
All the integrated circuits in this design are driven by a series of linear regulators, set to 5 or 20 volt dc. The linear regulators, specifically the LM7805 5V regulator and the LM317T adjustable regulator, are connected directly to the batteries in parallel. In addition to those regulators used for power supplies, another LM317T regulator will be used to supply a reference voltage for use in relay logic, to be explained in this section, which is equal to one half the max battery charge threshold.
Since the design is intended to use two 12 volt solar panels, both in different orientations, we decided as a group that we would be able to track their power output separately. This means that the panels must be capable of acting independently of each other in the charging circuit under some conditions; however we still wished to take advantage of the series configuration most commonly used in solar power systems.

The system devised would employ two solar panels attached to two 12 volt batteries in series with a center tap line attached between the panels at one end and between the batteries at the other. Latching double pole, double throw (DPDT) relays will be placed on all three lines, as shown in Figure 5, to redirect the flow of current between series and parallel configuration under certain conditions.
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Figure 5 – Circuit Protection Schematic

In addition to the relays, Schottky diodes and resistors will be placed on the main lines for the express purpose of providing protection against back current that may damage the panels and having something to drop the excess voltage across. Diodes with a 500mV drop and a rating of 2A were chosen for this purpose. The resistors, due to the rather small voltage differential between the battery and the panel, need only be on the order of a few ohms each.
In order to control the circuit flow through the relays, the reference for the control logic that was decided upon was the battery voltage. The batteries we had selected are nearing max charge when they exceed 12.9 volts, so in order to avoid overcharging, the relays in that line only will open and one of the switches in the center tap will close, redirecting the current from the other panel through there. This allows the batteries to charge at different rates and prevents wasted power by creating an open in the entire series line. To implement the logic, comparators will output transistor to transistor logic (TTL) to a relay driver which will then latch the relays in the proper configuration, as shown in Figure 6.
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Figure 6 – Relay Logic Schematic

In order to keep below the voltage threshold of the comparator, the voltage readings from the batteries will be scaled by one half, as will the reference voltage. The comparators shown output TTL high if the battery voltages exceed the reference we set and low if they do not. The operational amplifier shown serves only to add the reference voltage to the voltage of the first battery to ensure the proper cumulative reference is given for the second comparator. The logic output by the comparators passes through a line driver which operates the relays in the following manner:

Table 3 – Summary of Relay Logic

	Logic1
	Logic2
	K1
	K2
	K3
	K4

	L
	L
	Closed
	Open
	Open
	Closed

	L
	H
	Closed
	Open
	Closed
	Open

	H
	L
	Open
	Closed
	Open
	Closed

	H
	H
	Open
	Closed
	Closed
	Open


The relays chosen for this design are TX series two coil latching DPDT relays with a coil voltage of 4.5V.  These were chosen primarily because they operate under TTL logic naturally, with an energized condition of 3.38V across the coil.  However, these particular relays have several other characteristics that make them a good choice for the application, the first of which being the latching.  By latching into place after one of the two coils are energized, the relays only require power during the act of switching.  In addition, because these relays contain two double throw switches operated by the same coils, it makes the logic easier to implement, as one comparator logical output is tied to a pair of switches.

To drive the relays, the DS26C31TN CMOS Quad TRI-STATE Differential Line Drivers was chosen.  This device was chosen primarily because it takes in a TTL input and outputs the same TTL logic at a higher current, as well as the inverse of that input.  This allows one driver output to be placed on one coil of the two coil relays and the inverse on the output.  This applies the right operating conditions for switching of a two coil relay.  In addition, this line driver is capable of outputting up to 150mA per pin, which exceeds the nominal operating current of 30mA for the relay coils.
VI. Sensor Selection and Data Storage Design

One of the requirements for this design is to have a backup storage unit that can store at least up to one month’s worth of continuous data.  This requires both hardware design choices and software design implementation that runs the hardware.  First the hardware used for this aspect of the design will be discussed. 
A. Data Storage: Hardware
Both the data storage and the wireless transmission require the design to have the capability of sensing voltage and current values.  To this regard, voltage sensors and current sensors are attached to the panels, with each panel having its own set of sensors.  

The voltage sensor chosen was an amplifier known as an Analog Devices Low Cost Low Power Instrumentation Amplifier, AD620.  The current sensor chosen was the AS756 Hall Effect Based Current Sensor IC.  With the voltage sensor range being from +/-2.3V to +/-18V and the current sensor ranging from +/-5A, these sensors were ideal for our design, since expected voltage and current values fall within these ranges.  To note, the current sensor outputs voltage values; the conversion factor is as follows: 2.5V converts to 0A, 3.5V converts to 5A, with 185mV for every ampere.  Both sensors output with analog values, so to digitally transfer the data to a backup storage, an analog-to-digital converter (ADC) has to be used, which will be explained later.

It was decided that a USB flash drive would be used to store a backup data log for all voltage, current, and power values.  To utilize a flash drive, there needs to be a method to transfer the output data from the sensors into the flash drive.  That is where a microcontroller comes in. 

The microcontroller chosen for this design was the PIC32MX795F512L, due to its 512KB flash program memory and 32KB RAM.  To decrease hardware design, and to help with programming the microcontroller, the PIC32 Ethernet Starter Kit was chosen.  The starter kit comes with a USB port for connectivity with the flash drive.  It also has an Ethernet port that was considered as a safe guard, in case the wireless transmission aspect of the design that will be explained in the next section didn’t meet the specified requirements.  The starter kit requires a 3.3V-5.0V operating voltage range; though this was originally to be powered by the power supply described in the previous section, it was found out that the starter kit drew too much current from the power supply.  So, it was decided that a 9V power adapter that was specifically designed for the starter kit would be used to power the microcontroller.  The starter kit has a built-in conversion circuit that de-references the inputted 9V to the appropriate range of 3.3V-5.0V.

Now, in order for the microcontroller to transfer the sensor data to the back-up flash drive, the sensors have to be connected via pins.  The PIC32 I/O Expansion Board was chosen for these connections.  The starter kit is connected to the expansion board via the starter kit connector.  The 9V power adapter will be directly connected to the expansion board, allowing the operating voltage to flow through both the expansion board and the starter kit.  

The expansion board contains two sets of test point headers where there are multiple pin connection possibilities.  However, since the voltage and current sensors output analog values, ADC operations have to be done depending on what pins are used for the connections.  It has been decided that the voltage and current sensors will be connected to pins A0-A3.  The reason for this is that these pins have built-in ADC capabilities.  So, the conversions are done automatically; the only thing that needs to be controlled is the enabling/disabling of analog channels to determine when to run the ADC of the sensor values.  

The final piece of hardware used in this aspect of the overall design was a Hitachi HD44780 blue backlight white character LCD.  This LCD had 20x4 character line sizes (meaning twenty characters per line for a total of four lines) with character sizes being 2.94 x 4.74mm and screen size being 76 x 26mm.  The point of the LCD is mainly for testing purposes.  As the sensor data is being stored into the backup flash drive, the data is displayed on the LCD.  This way the data can be verified before having to access the flash drive itself.  Also, this displayed data is used as verification for the wireless transmission aspect of the design.  If the data from the user interface matches the data displayed on the LCD, then the wireless transmission is a success.  The data bus connections for the LCD are connected to four PORTD pins on the expansion board, while the power supply for the LCD will be taken from the board itself through a voltage output pin.

So for a quick summary for the hardware, the voltage and current sensors are connected to four built-in ADC pins on the expansion board, which is in turn connected to the starter kit so as to have the microcontroller run all operations needed through a designed program.  A flash drive is connected to the starter kit via a USB port, and the HD44780 LCD screen is connected to the expansion board via four data bus pin connections and a power supply connection.  The entire system will be powered by a connected 9V power supply adapter. 

The next section will describe the software design that controls the data flow from the sensors to the flash drive and LCD screen. 

B. Data Storage: Software

The PIC32 microcontroller starter kit is programmed through a program called MPIDE.  The microcontroller can either be programmed in Assembly or C language, but for sake of simplicity, C language was used.  Most of the code used to program the microcontroller in the way that this design intends to use is either built in to the system or is easily available on the internet.  So, only simple concepts of the C language are needed in order to design the software for this design, such as converting numbers to strings or writing to a text file.  So designing the software came down to simply manipulating available code to run the logic necessary to store data to the backup flash drive and output that same data to the LCD.

The flow of the software design is as follows.  The first step is setting up the parameters for the ADC conversion channels and initializing the USB port to make sure no residual data passes through into the program.  The code for this step was taken from an ADC example program provided within the starter kit.  After the ADC conversion channel parameters are set, the channels are enabled and the program goes into an infinite loop that will continuously run the rest of the program until the power supply is cut.

The first thing the main program does at this point is check to make sure that a USB flash drive is plugged in, and if that flash drive is compatible with the microcontroller.  The flash drive used within this design is a simple 4GB drive that can be purchased at any tech store/department.  Once these conditions are met, a text file that has permission to be written is created within the flash drive.  An outlined table is created that will hold voltage, current, and power values along with the timestamp of when these values were written to the file.  Once the outlined table is created, it is time for the program to start running the ADC pins by starting another infinite loop.  With the sensors connected to the pins, the program will read in the data from each sensor and store them into four different floating point registers, with a one second time delay in between.  The reason for this time delay is that the ADC pins are connected within the same circuit, causing residual voltage to leak to each pin.  The time delay ensures that the readings from the pins don’t mix with each other.  For example, without the time delay, it is possible that when the voltage from the first panel is outputted, it could be outputted to the register that is supposed to contain the voltage from the second panel.  The time delay prevents this from happening.  

The next step after storing the sensor values into the corresponding floating point registers is the logical conversions.  First and foremost, to note, the PIC32 microcontroller can only reference up to 3.3V.  This means that the circuitry for the voltage sensors have to dereference the voltage to a maximum of 3.3V.  This is not necessary for the current sensors’ outputs since the maximum voltage of 3.5V corresponding to 5A should never be reached.  So, since the voltage is dereferenced to that maximum of 3.3V, a mathematical conversion has to be completed to reference that voltage back to the correct value.  The circuitry used to dereference the voltage has been designed to dereference that voltage by a factor of six.  So, the voltages that are passed through the ADC for each panel are multiplied by six to contain the true voltage value.  Next, by using the previous ratios that the current sensor sets up, a linear mathematical conversion is made to determine what current is actually being read from the current sensors. After these conversions are accomplished, the only other mathematical operation to complete is the operation for power.  The total power of the system is the voltage multiplied by the current for each panel, and then those two results are added together.  

After these conversions are completed, the program can now start outputting these values to the flash drive and the LCD.   The floating point register values are converted into strings, since both writing to the text file in the flash drive and displaying data to the LCD require string inputs.  Then the strings are written to the text file and displayed on to the LCD.  For the displayed strings on the LCD, each string is broken up by its characters, which are then in turn broken up into bytes, then bits.  These converted bits are what determine what character to output to the LCD screen.  

So, after all this is done, for one timestamp, voltages, current, and power data that is outputted by the solar panels are stored onto a backup flash drive and outputed to a LCD screen for verification purposes.  The program then goes into a delayed state for 10 minutes, not reading in any data for that allotted time.  Once that time is up, the data storage program starts reading in new values from the sensors and repeats the cycle.  If at any time throughout the program the flash drive is disconnected, the program breaks out of the main infinite loop and goes back to the previous loop that continuously checked if a USB flash drive is plugged in and is in the right format.

In summary, the software design aspect of the data storage distinguishes whether or not a USB flash drive is connected to the PIC32 starter kit and is in the right format.  Next, the program creates a text file on the flash drive that has write capabilities.  It then reads in the converted ADC values from the connected voltage and current sensors, mathematically determining the correct voltage, current, and power values.  Afterwards, the program converts these values into strings and outputs them to both the text file on the flash drive and to the LCD screen.  Finally, the program goes into a “sleep” mode, where it becomes delayed for 10 minutes, re-running the steps once those minutes are passed.  The flash drive can be disconnected at any time, only causing the program to stop reading in new values until the flash drive is connected again.
VII. Wireless Transmission and Interface Design

The basic principle of wireless data transmission is the physical transfer of data from one device to another wirelessly. The XBee 1mW chip antenna was chosen as a means for wirelessly transmitting the data from the data storage to the user interface instead of the other innumerable options because it was easy to use, most reliable RF device discovered during the research. 
The XBee provides two friendly modes of communication. One is a simple serial method of transmit or receive, another is a framed mode providing advanced features. It runs at 2.4 GHz frequency band. It has up to 115.2 kbps interface data rate. The XBee 1mW chip antenna has a range of up to 300 ft or 100 meters. The XBee module needs to be configured through the X-CTU utility for it to work with a PC or laptop.
The main purpose of a user interface is to receive the data transmitted wirelessly from the storage device and then format it in such a way that it is presented to a remote user via internet. A user interface provides useful information about the operation and what should be done to improve performance of the system. The user interface will report real time voltage, current, and power to the user.
A program written in Python programming language will run on a laptop for getting the data onto a computer.  However, to run a Python script in a Windows® environment requires Python 2.7 along with other necessary Python packages, so those need to be installed in the laptop before running the program. The software will first communicate with XBee, then it will validate the measured data before it display them to the user. The general architecture is shown in Figure 7.
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Figure 7 – Architecture of the User Interface
The end point XBee unit will be harvesting the data from the data storage. It will wake up every five minutes and will send the raw data to the XBee explorer unit which will be connected to a laptop. The software will communicate to the XBee, and the XBee will communicate over the serial port. It is necessary to read the serial data and parse out the packet for it to work. XBee Explorer, attached with a mini USB cable, will be plugged into a laptop. As a result, it will have direct access to the serial and programming pins on the XBee unit. The code that is written in python will analyze what the calibrated voltage and current are for each sample. It will then multiply each point of voltage and current together to get the power in watts for that particular data. Since the power usage will remain unchanged from one cycle to another, probably once in every few seconds a snap shot will be send to the XBee receiver. Then, the data will be uploaded to the website through a data feed and the real time voltage, current, and power graphs will be displayed to the user.
VIII. Conclusions

In summary, the design described in this paper was prototyped such that it could function as a self-contained, mobile unit.  The entire system was mounted onto a cart, which was modified such that the panels are tilted at the critical angle for a region along the latitude of 28ºN.  In order to increase the power output for a given set of panels, single-axis solar tracking and the use of a parabolic solar collector was implemented into the panel mounting.  The power generated by the panels was filtered through a circuit protection system, containing diodes and relays to control current flow that may be harmful to the panels of batteries, to the power supply, which made that power useful to the integrated circuits in the design and modern electronics requiring 120VAC. The power output of the solar panels is monitored independently by two differential amplifiers, measuring panel voltage, and two Hall Effect current sensors, measuring current through each of the lines.  This data is sent to a user interface wirelessly via a Xbee antennae and to a back-up storage device via a hard connection.  The data contained in the user interface and data storage unit is manipulated to obtain the power output for the panels, which is displayed to user in the interface using graphical representations.
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