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Abstract
The mission of this project was to build a self-sustaining energy system using natural sun light.  This self-sustaining system contained solar energy harvesting, conditioning, energy management, power supplying, power storage and energy monitoring.  Design objectives were to analyze needs, research technologies for renewable energy sources, define engineering specifications, build and evaluate this design and offer future project recommendations.  This includes creating engineering drawings, build a customer PCB, test, evaluate and demonstrate the solar cell (photovoltaic) energy harvesting system.  The power output was sufficient to power future real time applications with an energy storage device to supplement this renewable energy when solar energy is marginal or not available.  
introduction
The project goal was to design, build and optimize an efficient cost effective solution to harvest, store and use solar energy. The design captures energy from multiple branches of photovoltaic (PV) panels in order to track the Sun’s rays without the need of mechanical tracking schemes.  That is, while the system is in use, each panel array would be positioned so the sun’s angle of incidence is maximized throughout the day.  Thus the energy varies from branch to branch throughout the day. Once the energy is harvested from the PV’s it is then conditioned to be used in two different ways. Primarily, the energy will be used to provide maximum power to a resistive load. Secondly, the surplus of energy will be directed and stored in a stack of lithium ion batteries to drive the load when there is not enough energy to harvest from the PV’s.  The custom PCB for the system was designed and built but was not completely functional and therefore all testing was conducted using demonstration boards. 

The diagram of Figure 1 shows the system that was designed.  The major functions are: 1. Solar Panels, 2. MPPT Controllers, 3. Buck-Boost Converter, 4.Battery Charger, 5. Battery, Power Switching and 6. Energy Management.  
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Figure 1. System Block Diagram
 Solar Panels
Solar panels are characterized electrically using two primary measurements; . , (or open circuit voltage) corresponds to the maximum voltage produced by the panels. Similarly, , (or short circuit current) or the maximum output current from the panel. Due to the nonlinear relationship between output current and voltage, the maximum power output is not located near  nor  Figure 2 shows the photovoltaic voltage-current characteristics for a solar panel. The rated power of a solar cell is determined by the maximum power point determined under standard test conditions. It is important to note this as the characteristics are heavily dependent upon outside factors such as the angle of incident light and temperature of the cells. 
[image: ][image: ]
[bookmark: _Ref317540470][bookmark: _Ref317540456]Figure 2: Photovoltaic IV Characteristics [1]			 Figure 3: Photovoltaic Irradiance Characteristic [1]
	Current in the solar cells is generated from the energy gained by absorbing photons and is therefore greatly impacted by the intensity of the light exposure.  Figure 3 shows that the overall current and short circuit current varies rather consistently with irradiance, however this only true until the cell temperate is allowed to rise. Note that the open circuit voltage is not greatly impacted by the light intensity levels. 

	As the temperature of the intrinsic semiconductor material begins to rise, the band gap begins to shrink, causing the open circuit voltage to decrease. The decreased band gap allows more energy to be absorbed causing additional charge carriers to move from the valence band to the conduction band resulting in higher currents. This increase in current however, is proportional less than that of the decrease in voltage and causes the efficiency to drop.  Figure 4 illustrates solar cell temperature characteristics. 
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[bookmark: _Ref317542892]Figure 4: Photovoltaic Temperature Characteristic [1]
Partly, the challenge of this project was to protect neighboring “shaded” panels from any reverse current which could be damaging. This challenge was met and the system is able to safely harvest energy even if there are shaded arrays in the system.

MPPT Controllers
	Due to the dependence on temperature, light intensity, and angle of irradiance, the power output of individual solar cells is frequently changing independent of other cells connected in a series/parallel array. To help compensate, a max power point tracking (MPPT) module is used to keep the output of the array close to that of the correct voltage and current which will yield the maximum power. The MPPT IC's may utilize fuzzy logic or perturbation incorporated into a feedback loop. The variances in voltage are superimposed on the PV voltage and its impact on the feedback is monitored. If the current draw increases when the voltage increases, the operating point has moved towards the MPP and therefore the operating voltage must increase as well. Likewise, if the current output decreases, then the operating point has shifted away from the MPP and the operating voltage must be decreased to maintain the max power. Put simply, a MPPT is a highly efficient DC to DC converter which functions as an optimal load for a photovoltaic panel and outputs a power level more suitable for the system. This is crucial when charging a battery as the battery voltage is constantly changing as it charges. The MPPT is able to drive a load correctly while tracking the MPP from the panels as the light conditions change throughout the day. 
3. Buck-Boost Converter
	The one drawback to the max power point tracking system is the lack of output control. The overall operation of the MPPT allows the output voltage to change and therefore further conditioning is needed if a specific voltage output is required. For this application, a charge controller IC was chosen to regulate power to the battery as opposed to diverting power directly from the cells. Since the voltage output from the SPV1020 could exceed the limits of the charge controller, a 15 volt rail was established to drive the battery charging circuitry. In order to efficiently utilize all of the power extracted by the MPPT, a highly efficient buck-boost IC was also required. The LTM4607 is a DC to DC converter from Linear Technologies that also offers up to 98% efficiency [2]. The wide input and output range allows for greater customizations and power management to the charge controller. When the voltage produced by the MPPT is below 15 V, the LTM4607 will further boost the voltage to 15 V at the expense of current. On the other hand, when the input voltage is greater than 15 V, the LTM4607 will buck the voltage down to 15 V resulting in additional current. Through the use of the SPV1020 MPPT and the LTM 4607 buck-boost, the maximum power available can be supplied to the rest of the circuit while maintaining a 15 V rail - assuming sufficient light conditions.

	Shaded or obscured cells limit the current generated by the fully irradiated cells, and if left completely obscured, can block current flow. Due to the resulting loading effect these shaded cells have on the system, 'hot spots’ can develop on the panels. Hot Spots are locations where the current generated from the irradiated cells produces over-voltages, possibly reaching the breakdown threshold, and can cause overheating of the shaded cells and possibly current leakage causing permanent damage. To prevent this phenomenon, bypass diodes are connected in parallel with each series connection of cells. These bypass diodes are similar to Schottky diodes, but feature a very low forward voltage drop and reverse leakage current. 

 Battery Charger, Battery
The energy generated from the photovoltaic cells will be stored in lithium ion batteries due to their energy storage characteristics. Lithium ion batteries have an extended life time and reduced charge memory compared nickel cadmium and similar battery technologies.	
When working with Lithium-Ion batteries, it is crucial that the circuitry be well designed. This type of battery does not allow for any overcharging. The circuitry used in this design takes into account the charge state of the battery. Figure 5 shows the charging curve for a typical Li-Ion battery pack.
[bookmark: _GoBack][image: ]
Figure 5. Li-Ion Battery Charging Curves [3]
When the battery is at 10% or less of the total capacity, the battery charging circuitry “trickle” charges the battery until 10% is reached. At this point, the charging circuitry allows max current to be delivered to the battery. Then at 90%, the circuitry again trickle charges the battery until 100% is reached and there is no current being delivered to the battery. This is when the full power of the PV’s will be delivered directly to the load.

Energy Monitoring
To track the dynamic parameters, a microcontroller was applied which sampled and then captured voltage and current flow parameters.  This monitoring was designed to capture data at each major system interface.  This real-time data is then immediately logged to a PC via a serial connection.  This data could then be used to study the energy stored to the battery, energy used by the load, efficiencies and other calculations.  This could also be used for optimization of the cell’s placement in order to track the Sun through the day and throughout the four seasons.  Since this data is being logged, this enables the potential to study the data off-line for future design enhancements and determine the feasibility to driving a specific load device(s).  

design process
Extensive analysis and multiple components and modules were studied and in some cases bench tested to arrive at the final design.  This continued to evolve throughout the design and build process as knowledge of these devices grew.  

Design Requirements:

The power requirements for the project were: 

Generate (average) ~5 W of energy. 
Sufficient energy storage abilities (~5 A-h, such as 3S2P Li-ion battery package or equivalent); 
Robust voltage stabilization (~10 ± 0.05 V);
Available output voltage to load is 10V
At full solar delivery, maximum output current to load is 0.5 A.

To create a test standard for light intensity measurements, testing was performed with incandescent light. Therefore, during the design process, it was known that more than 5W of power delivery to the system was not possible. A maximum of 3.5 W (on average) was achieved during design using incandescent light. Due to this reason, efficiency measurements were taken instead of designing a system that could deliver 5W of power. Also, the group design of the PCB was not functional which forced testing to be conducted on the demonstration boards that were designed for a 2-stack Li-ion battery module. The obtainable output voltage for the two stack battery pack was 8.4V which is lower than the specified 10V.

Component Selection:
The SPV1020 DC-DC boost converter from ST-Microelectronics incorporates a MPPT algorithm and has a wide input voltage range. The estimated 98% efficiency and robust power capabilities make the SPV1020 a perfect IC for the project. Since the SPV1020 is only available as a three-branch demonstration board, this design incorporated the board as a module in the overall design. Figure 6 shows the physical board layout with visible MPPT controller IC’s on three separate power path branches.
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Figure 6: SPV1020 demonstration board with distinct power path branches and circled MPPT IC’s
	Each power path branch was connected to a solar panel and the combined power output of all three branches was connected to the input of the LTM4607 buck-boost converter.

	The LTM4607 is a highly-efficient micro-module LGA buck-boost converter manufactured by Linear Technologies. The module is able to accept a wide range of input voltages up to 36 volts at a maximum of 5 amps and buck or boost the DC power to match a desired output voltage. The desired output voltage is configured with external passive components attached to the device. Figure 7 shows a typical LTM4607 chip configured for an output voltage of 12V.
	
	

	Figure 7: Typical configuration of the LTM4607 buck-boost converter for an output of 12V [2]
	Figure 8: Efficiency and power loss curves for the LTM4607 buck-boost converter [2]


The LTM4607 was chosen because of its very high efficiency in bucking and boosting DC power. Figure 8 shows the chips efficiency and power loss curves.

	The LTC4006 is a standalone lithium-ion battery charger that is also manufactured by Linear Technologies. This IC autonomously charges lithium-ion cells using a charging curve determined by internal and external timing circuits. Figure 9 shows a typical configuration of the module for normal lithium-ion battery charging in the system.
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	Figure 9: Typical configuration of the LTC4006 lithium-ion battery charger. [4]
	Figure 10: Power Management Circuitry [5]



The output power conditioning was also a factor during design. It was necessary to add a “power management” stage which allowed a switch over from PV to battery supply. In this case, the LT4416 was used. The configuration of Figure 10 shows if V1 is a 12V power supply and the V2 power supply is a 3-cell Li-Ion battery pack. When V1 is 16V, E1 enables the V1 source as being the primary supply, thus disabling the V2 supply since V1 > V2. When E1 > VREF, the H1 output is open. The VS output can be shut completely off by grounding the H1 input and forcing E2 > VREF. The LTC4416 takes its power from the higher of V1, V2 and VS. This configuration will provide power from V1 to VS until the V1 supply drops below 12V.When V1 drops below 12V, the H1 pin closes to GND, G2 drops to a VCLAMP below V2 and G1 rises to the V1 voltage level. V2 will supply current to VS until V1 rises above 13.5V. The H2 output will be shorted to GND until the E2 input goes above the VREF voltage level.

Next, it was necessary to regulate the output voltage with a linear regulator. This kept the voltage at the desired level with minimal AC.

Data Acquisition:
	Data acquisition was performed by a Texas Instruments MSP430F5438 microcontroller. This microcontroller was selected because of its extremely-low power usage and sixteen analog-to-digital converter (ADC) channels. Each node of the main system power path was sampled by the microcontroller’s ADC’s for both voltage (using highly-resistive voltage dividers) and current (using INA193 current sense amplifiers with in-line current-sense resistors) so that the power flowing through each node could be observed. This allowed the efficiency of each stage to be empirically calculated.
	The microcontroller gathered all of this data from its external ADC channels, packetized that data, and sent it out to a PC via the RS-232 serial communications protocol. The data was logged using MATLAB.

Implementation:
	The system was first implemented as a collection of demonstration boards for each module of the circuit. However, an integrated printed circuit board (PCB) model of the system was also designed and developed.
	Eagle CAD 5.7 was used for schematic capture and layout. Figure 11 shows the completed PCB CAD model layout.
[image: ]
Figure 11: PCB layout for the integrated system
	The integrated system PCB was fabricated by MyRO PCB Inc. and populated at RIT with the help of the Center for Electronics Manufacture and Assembly (CEMA). Figure 12 shows the integrated system after population.
	Soldered leads and standard pin headers were used to connect the integrated system to the photovoltaic arrays, battery stack, and load. Figure 13 shows the final system in a typical configuration with one photovoltaic panel.
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	Figure 12: Populated system PC
	Figure 13: Typical configuration of final integrated system with one photovoltaic panel


Results and discussion 
Testing was conducted on the battery circuitry to analyze the transient response of charging with power applied to the system. The plot of Figure 14 shows the voltage across the battery during charging. The top cursor was placed at the 8.4V level (max voltage of a 2-stack Li-Ion battery configuration). As can be seen, the control circuitry of the LTC4006 never allows the voltage on the battery to rise above the maximum allowable voltage. Figure 15 shows a zoomed in portion of the switch over at the 10% charge level. At this point the circuitry switches from trickle charge to a full inrush of current. There is some overshoot during this switch but as mentioned earlier, the overshoot never rises above the maximum allowable level of 8.4V. 
	Switch at 10% Charge

Figure 14. Voltage Across Battery Stack during a Full Charge Cycle.
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Figure 15. Switch at 10% Charge of Battery Stack


	
	


It was also found that abruptly applying power to the circuit had no transient response to the battery. That is, the battery would always begin at a trickle charge state and switch over to full inrush current depending on the state of charge.
Next, the MPPT controller from ST-Microelectronics was tested for its efficiency. Figure 16 shows the efficiency vs load conditions of the MPPT controller. It was found that at lower load conditions, the controller acted more efficient, reaching efficiencies of >90%. Once the load resistance was increased to above 400Ω the efficiency began to drop reaching a reasonable stopping point at 10kΩ where it was ~45%.

[image: ]
Figure 16: Efficiency Vs. Load of the MPPT Controller

The input impedance to the buck/boost circuitry is typically very low. Although this is a dynamic impedance depending on the batteries state of charge, the efficiency of the MPPT controller should remain in the 90’s while the battery is between 10% and 90% of full charge. Outside of these points, the battery charging circuitry will increase its impedance and lowering the systems demand for current. However, the efficiency of the MPPT will also depend on the load conditions. In the case of a low load condition in conjunction with a fully charged battery, the demand for current will not be low and the MPPT will be in the high efficiency range of operation. The MPPT controller was deemed necessary to draw the maximum power from the PV’s during the range of maximum charge rate to the battery to ensure a timely charge.

 	The system efficiency (excluding the MPPT controller) was then measured as a function of time. The plots of Figures 17 and 18 show two different levels of illumination. The level of illumination was characterized by the amount of power into the system. That is, for Figure 17, all three panels were illuminated producing (on average) ~3.5 watts of power in to the system. Figure 18 was plotted by using one panel only with full illumination and the input power was measured (on average) to be ~1 watt.
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	Figure 17. System Power Measured at Each Stage of the System and System Efficiency Vs. Time for ~3.5W Input

	Figure 18. System Power Measured at Each Stage of the System and System Efficiency Vs. Time for ~1W Input




Besides testing with low illumination taking longer to charge the battery, the system efficiency during this test was also a bit higher. By comparing the two plots, the efficiency of the 3.5W input test during the 10%<CHARGE<90% range, was ~65%. The efficiency in the same range for the 1W input was ~70%.  This is beneficial for the system to react this way for low light situations. That is, when the user needs maximum power arriving at the battery in a low light situation, the system will deliver. 
From these plots, it can also be seen where the most power loss is coming from. For the test with 3.5W input the largest power drop was in the buck/boost stage. As for the 1W input test, the power drops were relatively the same. This may reflect that the buck/boost is what is more efficient at lower power.
Part of this testing was also to ensure there was no reverse current (or minimum reverse current)  delivered to the shaded (low-illumination) panels. The SPV1002 Cool Bypass Diodes worked as expected. There were also preliminary tests that showed with a 30V reverse bias across the diode that there was a maximum current of 0.8μA. This 30V is much higher than the maximum reverse voltage that the system will ever see. 
All testing was performed with demonstration boards that were provided by the manufacturers. This is because the PCB that was designed for the system had layout errors, as well as part placement problems that contributed to the non-functionality of the board.  Later analysis and troubleshooting located these layout errors and documented for a future PCB.  One of the issues was the placement of the LTM4607 buck-boost converter, as it was a Logical Grid Array (LGA) component. LGA components have an array of pins on their underside and require specialized equipment and a high degree of skill to place properly.
The only specification that was difficult to directly confirm was the power throughput of the system. Since this project was undertaken in the winter season in Rochester, New York, it was impractical to rely on natural sunlight as a light source to test the system. Instead, banks of incandescent lamps were used. However, the spectral power of a typical incandescent lamp differs greatly from that of the sun’s, as can be seen in Figure 19.
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Figure 19: Relative spectral power of several light sources. Solar spectral power is in yellow, while incandescent is in purple [5]
Since silicon solar panels have a spectral response curve that more closely matches the sun’s spectral power, it was difficult to simulate how the system would respond in natural sunlight. This also made power input a testing difficulty, as it was impractical to use enough incandescent lamps to allow the photovoltaic panels to produce an adequate amount of power. However, this did not affect the functionality of the system, and further testing in natural sunlight will confirm the power specification was met.
Conclusions and recommendations
Overall, the project was a functional success. The concept system (demo boards) was functional, meeting conditional specifications and achieving a maximum average of 70% efficiency.  The incandescent lamp test bench enabled accurate test repeatability across a nearly full range of light source directions and conditions.  Given that environmental conditions prevented the project from being tested in its intended natural-sunlight environment.
There were also issues with the integrated system PCB.  Placement and layout errors contributed to a partially non-functioning circuit board, even though the project was functional with the use of the demonstration board model.
Future work might include a second fabrication run of the integrated system PCB to correct layout errors.  These errors are documented on the website.  Further care would need to be taken to avoid the placement errors associated with the LGA buck-boost module. Future projects based on this one might also use newer or different configurations of lithium-ion batteries.  Features that might be added to the project in the future might include a more sophisticated data-logging system for the microcontroller’s PC data output. Using the packetized data stream, a real-time monitoring system could be realized on the PC to graphically represent the power and efficiency of the system as it operates.
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Figure 1. A typical Li-Ton charge cycle.
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