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1.0 [bookmark: _Toc437157768]Introduction: So-Long Battery – Solar Harvesting System
An electronic circuit will be created that will obtain Solar energy and utilize it to provide 3.3VDC or 5V DC output. The electronics fabrication was originally intended to be constrained to the dimensions of an AAA battery bank (20mmx40mm) [1] footprint but development of the product led to a modification to this specification. The circuit will utilize a method known as Energy Harvesting where “energy is collected from the instrument’s immediate environment, offering perpetual operation with no connection to the 
grid and minimal or no maintenance requirements” [2]. In the case of the circuit being proposed, light will be the energy harvested and the electronics will be the system by which the energy is collected, stored, and delivered to a device requiring 3.3VDC or 5VDC power. 

Sunlight will be gathered through a photovoltaic source, also known as a Solar cell. Solar cell devices are becoming cheap enough for utilization in small projects due to demand and advances in technology. They are appealing to incorporate into harvesting applications “because of [their] relatively high energy output. Photovoltaic energy harvesting can be used to power wireless sensor nodes, as well as higher power battery charging applications to extend battery life, [and] in some cases eliminating tethered charging altogether” [3]. The intent of this project is to create a “non-tethered” power solution that can be utilized by devices running off of 3.3VDC or 5VDC.


[bookmark: _Toc437157769]1.1 Problem Statement.
“Harvesting energy from the environment has been proposed to supplement or completely replace battery supplies to enhance system lifetime and reduce the maintenance cost of replacing batteries periodically” [4]. Devices that exist today utilize batteries which require periodic hands on contact. A plug in power supply can also be utilized as an alternate power source for many devices and are subject to issues if there is a power failure. The power harvesting circuit discussed in this paper will provide the freedom to energize circuitry without the concerns that arise with the current input power solutions. 

The Solar energy that is collected by the Solar cell will be stored in a supercapacitor. The harvested energy will be conditioned to supply 3.3VDC or 5VDC output to a power connector. The design will incorporate a power monitoring system that will automatically cycle between buck and boost mode to ensure that the power provided remains constant at 3.3V or 5VDC. “To cater for different light intensities, we track the voltage of the PV cells to determine whether the charge pump is used or bypassed. Under low light intensity, the PV voltage is low and the charge pump steps up the voltage” [5] to the circuit. The switching between buck and boost mode is necessary for optimal power output. “[The] tracking unit monitors the charge pump output power and determines the adjustment of the system operating parameter. Based on the adjustment decision, the control unit tunes the operating frequency of the charge pump in order to maximize the system' power output” [5]. 


[bookmark: _Toc437157770]1.2 Approach
The Supercapacitor So-Long Battery – Solar Harvesting System will ideally utilize a Solar cell interface (or SMD cells mounted on the PCB) to collect Solar energy, but a Solar cell may be required for desired energy collection. The Solar cell selected provides voltage ranges from 7.0Vdc to 0Vdc depending on the intensity of the excitation light level. The energy collected will be routed through a charging circuit to a supercapacitor configuration mounted inside a single package. The output from the charged supercapacitor(s) will be fed into a buck/boost DC-DC converter which will regulate the output voltage to 3.3VDC or 5VDC depending on the design. For either design, the output voltage is an adjustable output which can be changed with resistor configurations. 

[image: ]
Figure 1.2-1 Power Harvesting Block Diagram.

“There are two main challenges associated with indoor energy harvesting: 1) ambient energy sources in the indoor environment are very weak, hence the harvested power is much lower than that of the outdoor condition; and 2) availability of energy sources are dependent on the indoor environmental conditions”  [3]. To ensure proper charging of the circuit, an evaluation of the Solar cell output will be made under various light level conditions to characterize the cells reactivity to light. This mapping of photovoltaic cell response to light conditions will help define the performance specifications and limitations to the power harvesting system.

Due to the challenges associated with indoor harvesting, the first consideration to be made in the device development is which Solar cell will be utilized in the design. There are several different types of cells available. Evaluating each based on the amount of output power provided will be the determining factor regarding which component to purchase. The original component being utilized in this design was a Radio Shack® 1W, 6V Solar panel (Model P1060) [6]. As the development effort progressed, a 3W, 6V Solar cell was selected for use in the final configuration. 

The capacitor charging integrated circuit must have an input voltage limited to 5.5VDC (max), with an input current no larger than 3A; therefore, careful consideration of a Schottky diode is necessary to ensure proper electrical ranges for the LTC3625 charging IC. The LTC3625 has an internal monitor in the circuit that will monitor the input voltage level and will disable the part if the input voltage falls below 2.9Vdc. [7] In addition, the IC has a built in DC–DC converter with maximum power point tracking (MPPT) capability. The MPPT is not necessary for the design to work successfully but is highly desirable when trying to optimize the capacitor charging levels in any power harvesting system. The MPPT will adjust the load coming out of the cell to maximize the current that can be delivered by the part. “The maximum power point (MPP) is the best operation for a PV module to provide as much power as possible. However, the MPP for a PV module varies with incident light irradiance. In order to improve efficiency, MPPT technology is always utilized in a solar energy harvest system to ensure the PV module works at its MPP” [8].

Another feature of the LTC3625 that makes it appealing for use in this design is that there is an “automatic cell balancing [feature which] prevents overvoltage damage to either supercapacitor while maximizing charge rate” [7]. This is important to supercapacitor harvesting designs because “some properties of super-capacitor like voltage, current, resistance and capacitance are discrete and inconsistent between different super-capacitor units, mainly because of inherent distinctions in product manufacturing. These [mismatched] parameters will cause voltage imbalance, and even decrease the lifetime of super-capacitors” [9]. 

“To cater for different light intensities, we track the voltage of the PV cells and the battery to determine whether the charge pump is used or bypassed. Under low light intensity, the PV voltage is low and the charge pump steps up the voltage [for] powering the circuit. At the same time, the optimal power tracking unit monitors the charge pump output power and determines the adjustment of the system operating parameter. Based on the adjustment decision, the control unit tunes the operating frequency of the charge pump in order to maximize the system power output” [10]. The MCP1252-ADJ charge pump will be utilized in this design. The component output is configurable from 1-5.5VDC [11].

Replacing a rechargeable battery with a supercapacitor is more efficient because the capacitor can be power cycled more times than a rechargeable battery; therefore, there is extended life in the circuit. There is also the added benefit that the power delivery from the supercapacitor occurs much faster than traditional means, so the power delivery is more efficient [12].  Supercapacitors have “Very high rates of charge and discharge; little degradation over hundreds of thousands of cycles; Good reversibility; [they are] light weight; low toxicity of materials used; and have high cycle efficiency (95% or more)” [12] .The supercapacitor chosen for this design is a dual bank 1.2F, 5.5V supercapacitor (P/N: HS230F1.2F) [13]. Previous supercapacitor designs resulted in very large packages which made it impractical to implement in a battery replacement design. The foot print for this part is 17x44mm [14] which makes it very desirable for insertion into a Solar harvesting power source. The part is fairly expensive, so this capacitor may change during the cost and design analysis.

As long as the input voltage to the LTC3625 remains in the operational range, the circuit will charge the supercapacitors [7]. The output at the capacitors is set for 4.8VDC which is in the desired 5VDC range that the design platform requires. There will be a second stage to this circuit which consists of an MCP1252 charge pump. The operating voltage range is 2.1-5.5VDC therefore the desired output voltage should be present as long as the input voltage detected by the LTC3625 enables the charging of the supercapacitor. The output voltage of the MCP1252 can be higher than the input voltage due to the fact that there is automatic switching between buck/boost functions [11]. This automatic switching function also removes the requirement for an adjustable duty cycle of the power level. Lastly, if a situation arises where the power falls below the safe operating conditions of the operating range, a Power/Shutdown will enable or disable the microprocessor before it can be damaged. 
[image: ]
Figure 1.2-2 Block Diagram of System.
Note images taken from [6], [7], and [11].
	
Accurate costing estimates for the design can be taken from the preliminary bill of materials (Figure 1.2-5) created for this project. The cost of the design seems quite high at close to $100 for components alone for the first piece prototype build. Non recurring Engineering (NRE) costs also need to be considered in the development process, and in this design will be approximately $2600. These high costs are normal in development cycles because of the small build quantities being dealt with. When analyzed over a larger build quantity, the cost decreases dramatically.  Figure 1.2-3 illustrates that the cost is cut in half once the 100 piece build quantity is examined. In the case of this design, that cost is still quite high therefore a scrub of the design will be performed that targets cost reduction. The NRE costs usually are a one-time cost which is regained in the profit that is made by the volume of product that is Sod in the market. Things to target for cost reduction when evaluating this bill of materials are capacitor costs, Solar cell costs, and packaging costs.  

[image: ]
Figure 1.2-3 Cost Breakdown by Build Quantity.
[image: ]
Figure 1.2-4 NRE Costs.
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Figure1.2-5 Preliminary Bill of Materials.




The schematic in Figure 1-2.7 incorporates suggestions that the manufacturer includes as part of the data sheet application notes. The top section of the schematic incorporates the proposed typical application for the Solar Powered SCAP Charger with MPPT configuration of the LTC3625 [7].  The regulating charge pump circuit was derived from the MCP1252 Adjustable Output Voltage typical circuit application [11]. The prototype circuit will need to be tweaked with component modifications in order to maximize the desired performance of the design. 

Note: The first prototype had been completed March 30, 2015 and worked as intended in direct sunlight.
[image: ]
Figure 1-6.8: Prototype Circuit Utilizing Solar Cell Excitation as the Energy Source.
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Figure1.2-7 Preliminary Schematic. 


“The world alkaline battery market generated $6.5 billion to $7 billion during 2010. It is expected to grow at a compound annual growth rate of 3 percent to 4 percent” [15]. For the purposes of market share, it is assumed that the midpoint for these statistics will be utilized for projection of future sales of alkaline batteries. Figure 1-2.6 shows the projected growth in sales of alkaline batteries through the year 2025. Out of all of the battery sales the statistics show that between 25% and 30% of those sold were the AAA format [16]. Figure 1-2.6 also illustrates the sales growth potential for AAA batteries over the same time frame. Based on this data, the projected sales for alkaline batteries alone will be over $11billion. The most amazing part of this is that the majority of the batteries sold will end up in a landfill.

 
Figure 1-2.6: Projected Sales of Alkaline Batteries from 2010 to 2025

The target market for this product will be any person utilizing AAA batteries to power an electronic device. The goal would be to gain 1%-2% of the market share. Figure 1-2.7 illustrates that projected sales could run into the millions. When evaluating the price point for the So-Long Battery Solar Harvesting System, the price point for rechargeable AAA batteries were looked at on Amazon.com. Four pieces were being offered for sale in addition to the battery charger which costs about $20. This data indicates that the price point for a battery replacement product like this should be moderately received around $30 but well received around $20. Since the cost for 100 pieces is currently estimated to be around $50, the quantity of product Sod will have to be between 500 and 1000 pieces before any profit would be recognized. 

Figure 1-6.7: Projected sales of So-Long Battery- Solar Harvesting System 
Assuming 1% and 2% of market share.



To help with the NRE costs, the project will be introduced on www.Kickstarter.com where a completed assembly will be provided to those who donate funds for developing it.  The goal will be to raise $7000 that will be utilized to kit for and build 100 initial pieces. This build will take place after the first 5 prototypes have been built, validated, scrutinized, and revised to ensure that a solid product can be launched to the public. 

[bookmark: _Toc437157771]1.3 Motivation
The So-Long Battery - Solar Harvesting System should be created for end users who require a portable power collection and storage device for their application. This is a significant requirement because current usage of electronic devices are limited to a plug in power source or a battery which has a limited life. If the device can be power independent, then the places where it can be utilized are expanded, and usage of the device can be constant without interruption due to power loss. The contribution to the appropriate body of knowledge: By producing this harvester, consumers can extend the reaches that such devices currently have due to the limitations of the power structure that currently exists. The wider principles that emerged from the research are mainly centered on the solar collection methods. The industry is constantly changing and it will be beneficial if a more efficient placement of the Solar collectors can be developed. The current solution is to harvest more than 1 type of energy to resolve the luminescence issue. 

People in the field can use the device for any microprocessor type of application running on 3.3V or 5VDC with a low current demand. As the electronics industry progresses, storage devices such as the supercapacitor will improve. Over time, the replacement of batteries with energy harvesters could possibly happen. It starts with projects like this one. This application is appealing because renewable energy is the trending power technology. What makes this unique to the market is that instead of batteries, or DC power being supplied through a transformer, this design will utilize the technology to provide consumers a whole new avenue for their devices. 

[bookmark: _Toc437157772]1.4 Ethics
Creating devices that utilize renewable energy can be a benefit to society because some current methods of power delivery can be harmful to the environment. If a battery is utilized and then thrown into the garbage rather than properly disposed of, it can create a situation where harmful pollutants can leach into the ground water. By eliminating the need for batteries, a reduction of waste may be possible. 

Another reason to introduce this type of solution to the end user is to ensure continuity of data. The creation of a self-powered remote collection device removes the disruption to a test bed that would transpire during a battery replacement. When using a self-powered supply, the device can stay in a fixed location for as long as necessary without disturbance to the sensors and any other cabling that may be attached to the project.  The relay of collected data through wireless transmission also takes the issue of human factor out of the data collection process. Mistakes that can be introduced into the data by a human error become non-existent because there is a fixed cycle, automated process that ensures consistency in the collection process. 

Other things to consider are the integrity of the design, and how it impacts the user from a safety perspective. The packaging must be evaluated to ensure that the user of the product does not receive a shock when they connect the So-Long Battery-Solar Harvesting System to their portable device. The need to ensure that the harvester can mount to the device without causing electrical or physical damage to it is also of big concern. The integrity of the materials that are utilized in the manufacture of the product must be scrutinized to ensure that there is a reasonable life cycle to the product.  

[bookmark: _Toc437157773]1.5 Standards
Specifications that will be utilized for design validation will include:

For layout standards of the design: IPC2221B: Generic Standard on Printed Board Design

For any tests that will be implemented during the validation process: IPC TM-650 Test Methods Manual.

For Soldering and assembly verification: IPC J-STD-001: Requirements for Soldered Electrical and Electronic Assemblies

For inspection of assembled pc boards: IPC-A-610: Industry-Accepted Workmanship Criteria for Electronics Assemblies.

For power validation: Closed loop tests for performance evaluations of controlled DC-DC switching converters.



[bookmark: _Toc437157774]1.6 Validation
For the validation of the design, project monitoring will be used along with a case study to create the definitions that I will design my product to. Prior to implementing the design, a Solar cell output map will need to be created for the light level conditions that the product will function in. This characterization will inform the operational requirements and establish performance criteria. This data will be obtained utilizing a DVM. Later a correlation will be made from measured VOUT to a luminescence value. When the data is taken, Height is 1M from ground with cells exposed parallel to the sun and with no obstructions in the light path.

	Establishing Functional Charging Range

	Light Excitation Level
	Solar Cell 1 VOUT
(Volts)
	Solar Cell 2 VOUT
(Volts)

	Snowy Overcast Day
	6.44
	5.144

	Inside Ambient Light Snowy Overcast Day
	3.45
	1.55

	Rainy Overcast Day
	4.69
	2.99 

	Inside Ambient Light Rainy Overcast Day
	3.45
	1.55

	Sunny Bright Day
	7.23 
	6.91 

	Inside Ambient Light Sunny Bright Day
	5.05 
	2.75 

	Dusk
	0.62
	.06

	Inside Light On
	4.32
	2.04

	Inside Light On / Dark Outside
	2.74
	0.71


Table 1.6-1 Light Level Output from Raw Solar Cells

After the data has been collected in Table 1-6.1, a selection of the correct Solar cell can be made and the Harvested Vh (IN) functional range will be defined. This will help in selecting the diodes that will be needed to protect the charging circuitry from receiving too much input voltage. There will also be a clear picture as to whether the charging circuit will work indoors as well as outdoors, and under what conditions. 
Next, the Simulation Controlled Execution of the design will transpire. The electronic circuitry will be defined, and then will be simulated utilizing the data obtained in phase 1. The output will be evaluated for accuracy against the initial concept and some tweaking to the design may take place if required. Once the simulation is complete, the design will be created on a breadboard and then tested. The ideal conditions will be that the simulation and the actual results match. If they don’t, then more tweaks will be required to lock in the functionality of the design. 

	Circuit Performance Based on Light Level

	Solar Cell VIN 
	VDiode
	VSuperCapacitor
(Volts)
	VREG
(Volts)

	6.50
	 
	 
	 

	6.00
	
	
	

	5.50
	 
	 
	 

	5.00
	 
	 
	 

	4. 50
	 
	 
	 

	4.00
	 
	 
	 

	3.50
	 
	 
	 

	3.00
	 
	 
	 

	2.50
	 
	 
	 

	2.00
	
	
	

	1.50
	
	
	

	1.00
	
	
	

	0.50
	
	
	

	0.00
	 
	 
	 


Table 1.6-2 Light Level Output from Raw Solar Cells

After the Supercapacitor circuitry has been designed, laid out, and fabricated, it will be necessary to verify that the function of the harvester works as it was intended to. In order to validate the design, it will be necessary to measure some key data points on the hardware while the harvester is running. The data will be taken and recorded in Table 1-6.2 with observational, simulated, and controlled methods to ensure that the circuit works as intended.
A test bed (represented in Figure 1.6-1) will be created to simulate the light source input level. In the real world, a DC power supply could replicate the voltage input at the varying levels of light and the testing would cover the light spectrum from complete darkness to full brightness (equivalent to the light level present on an average sunny day). 
[image: ]
Figure 1.6-1 SoLong Battery Test Bed 





While subjected to each of these light level conditions, certain points will be measured on the So-Long Battery – Solar Harvesting System to evaluate the performance of the charging circuit, and the output of the DC to DC converter. In addition, or as an alternative, the voltage representative values of the light level could also be monitored by a sensor to simulate the conditions that were obtained in Phase 1 of the validation process.
	Circuit Performance Based on Light Level

	Solar Cell VIN 
	VDiode
	VSuperCapacitor
(Volts)
	VREG
(Volts)

	6.50
	 
	 
	 

	6.00
	
	
	

	5.50
	 
	 
	 

	5.00
	 
	 
	 

	4. 50
	 
	 
	 

	4.00
	 
	 
	 

	3.50
	 
	 
	 

	3.00
	 
	 
	 

	2.50
	 
	 
	 

	2.00
	
	
	

	1.50
	
	
	

	1.00
	
	
	

	0.50
	
	
	

	0.00
	 
	 
	 


Table 1.6-3 Light Level Output from Raw Solar Cells
 
The goals of this testing are:
· To determine the optimal Solar cell to incorporate into the design;
· The appropriate light level required for adequate performance of the supercapacitor charging circuit.
In addition, the charging and discharging characteristics of the supercapacitor will be characterized and understood for power management purposes. The last goal is to implement a stable power regulation system that will have the appropriate power management to ensure that the device utilizing the output power and the supercapacitors are not damaged in the application.

[bookmark: _Toc437157775]1.7 Gantt Chart
The Gantt chart shown in figure 1.7-1 is a general overview of the scope for the SoLong Battery - Solar Replacement project. A detailed development Gantt chart can be found in Appendix A. 

Figure 1.7-1 Gantt Chart – So-Long Battery Project Overview


2.0 [bookmark: _Toc437157776]Design
The prototype for the battery replacement circuit was built in accordance with the schematic in Figure 2.0-1. The circuit worked as intended and was fully operational in direct sunlight. In the original prototype, the capacitor that was chosen was a high energy capacitor with an extrememly quick discharge that had a cost of about $18. As a means of reducing BOM costs a new capacitor was selected and then incorporated into the prototype design. During indoor testing, the circuit did not function optimally. After a little investigating it became apparent that the LT3625EDE Supercapacitor charging chip was the culprit. The chip that was utilized in this design had a minimum input requiremet of 2 V. When using a 3W Solar cell, the cell provides a source volatge as low as 0.6V with ambient indoor lighting as the stimulus. The 2V operating requirement of the Linear Tech part limited the design to only functioning in daylight outdoors. One of the goals of this design was to harvest the indoor ambinet light, therefore a new approach needed to be investigated.  A decision was made to carry this design into the next phase however because a 5VDC harvester for outdoor use is an appealing design for the cell phone charging market. [image: ]
Figure 2.0-1: Solar Harvesting schematic - circuit utilizing LT3625EDE

[image: ]
Figure 2.0-2: Prototype Board utilizing the utilizing LT3625EDE 
After researching different harvesting chips, a second design was prototyped utilizing the LTC3105 chip which is a 400mA step-up DC/DC Converter that has Maximum Power Point Control and a 250mV Start-Up [17]. The appeal of this chip is that the component will operate with an input voltage of 225mV to 5Vdc.  In this design, the 9F capacitor was incorporated for harvested energy storage. The secondary stage of this circuit utilized the same components that were in the third stage of the original prototype. A preliminary schematic, (Figure 2.0-3) was created and the prototype was then made to prove out the concept.
 The prototype circuit was completed and tested in ambinet light conditions. The testing yielded favorable results with the new Linear Technology component. The 9F capacitor charged with a lower Solar cell input voltage (1.5v) but the demand for current from the Solar cell by the circuit caused the Solar cell input to drag down. The next step was to obtain a more powerful Solar cell and test with the new circuit. The testing results in the sunlight were as expected. The analysis of the test results indicated that the battery replacement with this approch is feasible, but in order to properly implement, a smaller capacitor or larger Solar cell would have to be utiized. The second prototype circuit is more desireable for two reasons: there are less parts, which makes it easier to manufacture, and cost - the final product will also be less expensive. The new Solar cells being analyzed will be 2.5 W and 3 W – 6V cells.[image: ]
Figure 2.0-3: Solar Harvesting schematic - circuit utilizing LTC3105
[image: ]
Figure 2.0-4: Prototype Board utilizing the utilizing LTC3105
With the new Solar cell, the circuit worked much better than the original design but there was still a litmitaton to the usebale light source due to an additional part selection problem. In the second stage of the circuit, the buck boost regulator would also only work at 2Vdc or higher. Since the 9F cap is only charging to  2.25V, the second stage will not work once the cap voltage falls below 2.0 V. Other buck-boost components were identified that would work for the intended application. A list of possible componets shown in Table 2.0-1 were identified and evaluated. Each component is intended for use in battery applications with low quiescent current, high switching frequency for good efficiency and small inductor size, and desirable features for low voltage turn off:
	Manufacturer 
	Part Number
	VLow
	Imax
	Fsw
	Package
	Price

	Skyworks Solutions
	AAT12171ICA-1.2-T1 
	0.5V      
	750mA
	1.2MHz
	SOT23-6
	$0.44

	Texas Instruments
	TPS61220DCK
	0.7V
	200mA
	2MHz   
	TSSOP-6
	$1.39

	Intersil 
	ISL9111EHADJ
	0.8V
	800mA
	1.2MHz
	SOT23-6
	$3.60


		Table 2.0-1:Step Up converters being evaluated for design implementation
Incorporation of any of the above components requires an additional inductor, which will add to overall system cost. Most of these parts require a 4.7uH inductor which has a footprint of 3x3mm, increasing the size of the circuit layout. This is probably the single greatest drawback compared to the Linear Technology part, but the low voltage operation is spectacular: 0.5V to 0.8V. The benefit of changing to one of these components is that the lower turn on voltage is ideal for a design where charging the supercap with the lower voltage was the goal. The Skyworks Soutions part seems almost too good to be true! This part is just 44 cents in quantity, and it has the anti-ringing control, not to mention the lowest operating voltage before cutoff. It has great current sourcing and pretty high efficiency too; therefore this part was the first choice for design-in and modifications to the prototypes. The Texas Instruments part does not have enough current capability, and the ripple currents seem a bit high, although the other vendors didn’t publish much about ripple compared to TI’s data sheet. It is in the middle of the cost spectrum for these three parts, and it was ranked last in line for down select. The Intersil part is also a good candidate, even though it’s the most expensive. The feature set is good, the ripple currents are pretty low, and though it has the higher of the three Vlow voltages, it would be a good backup Soution if the Skyworks part had some hiccup not realized until the prototype was completed. Each IC was added to the prototype board and tested; the final selection was the Skyworks Soutions part.
Once the design was locked in and  the prototype performed satifactorily, a printed wire board layout was done. The original design schematic (Figure 2.0-5, Figure 2.0-6) as well as the revised design schematic (Figure 2.0-7 and Figure 2.0-8) were utilized during board layout. For this activity, time savings was more important than cost savings therefore the board fabrication company was selected by “turn around time” rather than cost. Five boards were ordered for each design with a cost of $150 per design. The boards were manufactured with only a top mask to save costs. The configuraton of the fabricated spin for each of these designs is not reflective of the true build cost or finished product. Each board layout was performed using EAGLE 7.3.0. 
Final BOM and cost projections for production of both designs is included in Figures 2.0-8 and 2.0-12. The production costs ranged from $37 to $43 when built in $500 piece lots. Based on focus group input, most people would buy this device for $30 therefore an effort will be made to reduce the production cost to $20 and to target the market cost at $30. As part of the cost reduction, the board will be re-spun with the dimensions of the fab reduced to a 1” x 2” area. By mounting the super capacitors on the rear of the board, the area of the PWB can be reduced which will translate into a cheaper raw board cost. In addition, capacitors used in the first stage of the harvesting circuit run about $7 each. Seeking an alternate for this part with the goal of cost reduction is a key effort and if successful, would make the cost of the design plausible. 
[image: ]



Figure 2.0-5:Layout Design 1:Top Layer
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Figure 2.0-6:Layout Design 1:Bottom Layer
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Figure 2.0-7:Assembled Design 1
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Figure 2.0-8:Design 1 Assembled Design BOM and cost estimates
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Figure 2.0-9:Layout Design 2:Top Layer
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Figure 2.0-10:Layout Design 2:Bottom Layer
[image: ]



Figure 2.0-11:Assembled Design 2. 
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Figure 2.0-12: Assembled Design 2 BOM and cost estimates
3.0 [bookmark: _Toc437157777]Data
SoLong Battery Harvesting Solution Design 1 (5V):
	Circuit Performance Based on Light Level

	Power Supply VIN 
	VDiode
	VSuperCapacitor2
(Volts)
	Vbuckin
(Volts)
	VREG
(Volts)

	6.55
	6.28
	.600
	2.200
	5.25

	6.02
	5.737
	.929
	2.400
	5.25

	5.51
	5.231
	.730
	2.460
	5.25

	5.030
	4.765
	.407
	2.178
	5.25

	4.530
	4.268
	.403
	2.210
	5.25

	4.009
	3.729
	.418
	1.994
	5.25

	3.494
	3.220
	.409
	1.603
	5.25

	3.033
	2.768
	.395
	1.270
	5.25

	2.533
	2.337
	.135
	0.136
	0.062

	2.097
	1.937
	.135
	0.136
	0.063

	1.506
	1.359
	.135
	0.136
	0.062

	1.278
	1.153
	.135
	0.135
	0.061

	0.50
	.375
	.135
	0.135
	0.061


Figure 3.0-1: Design 1  Vin vs. Vout Data






Figure 3.0-2: Assembled Design 1 Vout vs. Vin Plot
SoLong Battery - Harvesting Solution Design 2:
	Circuit Performance Based on Light Level

	Solar Cell VIN 
	VDiode
	VSuperCapacitor
(Volts)
	VREG
(Volts)

	6.490
	 6.268
	 2.227
	 3.301

	5.99
	5.841
	2.224
	3.301

	5.510
	 5.352
	 2.223
	 3.301

	5.040
	4.886 
	 2.223
	 3.301

	4.510
	4.340 
	 2.223
	 3.301

	4.029
	 3.863
	 2.224
	 3.301

	3.540
	3.36 
	2.224 
	 3.301

	3.001
	 2.813
	 2.224
	 3.301

	2.492
	2.266 
	 2.225
	3.301 

	1.998
	1.766
	0.640
	3.302

	1.489
	1.255
	0.592
	3.16

	1.255
	1.019
	0.591
	3.120

	0.50
	.375
	.135
	0.135


Figure 3.0-3: Design 2  Vin vs. Vout Data

Figure 3.0-4: Design 2 Vin vs. Vout Data


4.0 [bookmark: _Toc437157778]Packaging
The So Long Battery – Solar Harvesting electronics fabrication was originally intended to be constrained to the dimensions of an AAA battery bank (20mmx40mm) [1] footprint. The original packaging concept was to run a length of wire from the solar cell to the circuit board that would be sealed in a battery bank footprint style case. The premise for this was that consumers currently utilize battery packages now, therefore it would be easier to introduce a new technology if it could be made as a drop in replacement for the existing product. The difficulty with this concept however was the question of the solar cell. The cell is somewhat bulky with dimensions of 5 ¼” x 6 1/2” x 1/8” which makes it awkward to expect a user to carry the cell while the mating end is mounted in their electronic device. 
It became apparent that the solar cell could be utilized as part of the design to help strategically position the product.  A concept was developed which utilized a fairly large off the shelf box (4 7/8” x 2 7/16 x 2 1/8”) as a housing for the electronic circuitry. The circuitry would be mounted inside the housing and the cell would be mounted flat on the top cover. The construction would allow the user to place the product at an angle for morning and afternoon solar harvesting (Figure 4.0-1) or to position the cell flat for high noon solar collection (Figure 4.0-2). The design could then be marketed as a feature to be used for maximum solar harvesting.
The case contained a pre-drilled mounting plate that the electronic assembly could be mounted to utilizing double sided tape. Holes with a 3/16” diameter were drilled on both short side walls of the box, then the wires were passed through to allow access for the wiring (Figure 4.0-3) from the solar cell to the harvesting board and from the output of the harvesting board to a red clip for positive and a green clip for ground.  The plate holding the board was then mounted to a shelf that was designed into the case, and the cover was added. The entire assembly was then locked together utilizing 4 screws that were provided with the case. Double sided tape was applied to the top area of the box, [image: ]and then mounted to the rear of the solar cell.





Figure 4.0-1: SoLong Battery – Morning and Afternoon Harvesting Position
[image: ]




Figure 4.0-2: SoLong Battery – High Noon Harvesting Position
[image: ]




Figure 4.0-3: Assembly of the So Long Battery – Solar Harevster
5.0 [bookmark: _Toc437157779]Marketing
A Kickstarter project was launched on November 2, 2015. The product was launched as a prototype with no packaging. One goal of the launch was to see whether a feasible market existed for solar harvesters. Another goal of the launch was to determine whether there is backing available for the development of solar harvesting products. The design that had been developed to date required a re-spin and the data obtained through this product introduction was intended to help determine whether to proceed with a re-spin or to stop development efforts altogether. The project lasted a full month but was not successfully funded. The SoLong Battery – Solar Harvesting Solution was offered to backers for a contribution of $25 and required $5 for shipping and processing. There were 4 people that fully backed the product and then many backers signed on for a contribution ranging from $1 to $10. The final amount of funding that the project received was $125 and most would consider this a fail. There will be a second funding cycle launched in January 2016 with the final packaging and an improved video to try and increase the number of backers for the project.

6.0 [bookmark: _Toc437157780]Conclusion
The So Long Battery – Solar Harvester design was able to provide 5.25VDC at the output of the device when provided with an input voltage of 2.7VDC and higher gathered from a solar cell. This did not meet the original intent of the project which was to utilize indoor lighting as the light energy that was to be harvested by the design, therefore a second design effort had to be undertaken. This effort however, was an excellent attempt at providing a higher current 5VDC renewable energy power source if the input stimulus was higher than 2.7VDC. The device is capable of charging cell phones because of the constant power delivery ensured by the supercapacitor storage method. This market is in such demand that the application of the harvester and the cell phone creates a strong appeal for the development of a portable device that would keep phones powered. 
Two downfalls of this design are the packaging and the size of the solar cell. If the solar cell could provide the same input power in a smaller package it would be more ideal for implementation in the portable electronic arena. In this case, an option would be to create a carrying case for the cell phones that would integrate the solar cell directly into the design which would make the implementation invisible to the end user. The current design is bulky and awkward. It is designed to be utilized by someone that is planning to be stationary for long periods of time. Convincing someone to attach the harvester to their electronic devices would be a hard sell.
The So Long Battery - Solar Harvester design number two worked the best of all the prototyped designs. The circuit had a stable output of 3.3 VDC when the Solar cell provided input voltage around 0.8VDC. The output voltage remained stable throughout the remaining input voltage spectrum from the solar cell.  Based on the Solar cell chart in Table 1.6-1, the So Long Battery - Solar Harvesting Solution design 2 would work when the cell is exposed to bright ambient indoor light which was the goal of the original design specification.  
Overall, solar cell technology is the limiting factor in harvesting systems because of the amount of available light that solar cells must have to provide reasonable power to the circuit input. Devices that are currently being developed can operate with 0.6 V input but the current delivery is so low, that the devices are impractical for use indoors. The work and analysis performed in this development effort has proven that a solar harvester will function indoors as long as there is a strong enough light source, or a direct line of sight to the sun through a window or glass door. 

7.0 [bookmark: _Toc437157781]Historical Survey
Lead-acid batteries (Dry Cell) currently used to supply power to electronics are problematic because the concept that they were designed to was convenience and disposability. The volume at which these batteries are being purchased is an issue because the average consumer tosses them into the garbage once the battery is “dead”. The chemicals that they are made of can leach into the environment if the cases split open after they end up in a landfill. Lead-acid batteries are also problematic because they can’t compensate for the power fluctuations that are inherent in alternative energy harvesting systems [18]. Supercapacitors can help to provide a solution to the problem of lead acid batteries because they can compensate for the demands of instantaneous power that are created by the energy fluctuations in a harvesting device such as a Solar cell [18]. These power fluctuations stem from clouds passing by on a sunny day, or can be caused by moving the Solar cell collection device under a tree while walking. With lead acid batteries, these power fluctuations dramatically reduce battery performance and shorten their lifetime. Supercapacitors can help to provide a solution to the problem of lead acid batteries by replacing them with a low cost, long lasting, renewable solution.

One approach utilized to address the Dry Cell battery issues was to create a rechargeable storage device using chemicals that could be re-vitalized with the introduction of an electric current applied through the battery terminals. This product is a much better solution, but the issues of the Nickel and Cadmium leaching into the ground once the battery is discarded still existed. Recycling programs have been instituted to help with the problem but the issue still remains. Again, by creating a batteryless solution, the problem of chemical contamination in the environment is addressed [19]. 

There has been a growing requirement in the electronics industry for embedded systems that can operate without batteries and power adapters. Technology breakthroughs in recent years have improved power requirements of embedded systems. The size of these systems is being reduced, which leads to a smaller power consumption of the circuitry [20]. The Supercapacitor So-Long Battery- Solar Harvesting design is an attempt to create a self- powered regulated power supply. This work is important because it will help to establish the performance of a Solar charging supercapacitor circuit that will replace batteries.  

The problem of battery replacement in mobile devices is also an issue that can be solved by utilizing the supercapacitor power unit. Supercapacitors are highly desirable components to use because unlike normal capacitors, they are not prone to failure over time due to the nature of their construction. Since the Supercapacitors keep their electrical properties because there is no electrolytic material that can dry out or weaken, they are more appealing to use in an energy harvesting system [20].

The need for photovoltaic charging systems, and the idea of power harvesting are presented as a solution to the power source issues that new designs in electronics will continue to have. By incorporating a power harvesting system into an actual design, demand may be created for improvement in Solar cell performance, and in size reduction of the collection cells [19].  My contribution to the field will be to prove, on a very small scale, that power harvesting works and that this technology is worth investing in. Although the power requirements for more advanced electronics is beyond the capability of supercapacitors on their own right now, further developments in this field will only enable the growth and capabilities of the power management systems being developed [20].

Most electronics are powered either by plug in power adapters, rechargeable batteries, or by disposable alkaline batteries. “Since the power source is not a major selling feature of the products people buy, low cost is the primary design consideration. In order to deal with the fact that every device has a unique power requirement, EPS [external power supply] units are designed to be dedicated to the specific devices they power” [21]. This one criteria is the biggest reason why so-called, “wall warts,” are such an issue. Every device that utilizes one spells out a specific connector, an internal power circuit structure, and a unique packaging style for their product. This can lead to having way too many wall adapters, and can be quite frustrating when you are looking for the adapter that you need for the specific product you want to use. In addition to the obvious consumer usage issues, these devices can be inefficient and waste energy in the form of the heat dissipation, and “vampire energy drain” which occurs when the product is fully charged yet the transformer is still acquiring energy. The supercapacitor solution will eliminate the need for wall warts altogether. It will have the same fit and function as a battery therefore there will be a commonality across the devices that will utilize it [21].
[image: ]




Figure 3.0-1 Taxonomy of Consumer Electronics Energy Sources
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[bookmark: _Toc437157783]Appendix A: Schedule
A.1 The following chart is the comprehensive schedule for the So-Long Battery – Solar Harvesting project. This time line covers the effort required during the Readings course. The formulation of the project and the scope of the work is outlined during this timeframe.
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A.2 The following chart is the schedule for the objectives set during the Thesis I semester.
[image: ][image: ]




A.3 The following chart is the schedule for the objectives set during the Thesis II semester.
[image: ][image: ]
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ay Value Devi Package Parts Description Manufacturer Mfr Part Number Vendor Vendor Part Number  Price Per | Extended Price  QtyNeeded Qty on Hand
1 ow c cosos a CAPACITOR, 10000pf, 10%, 25V, XTR 0805 Kemet ‘COB0SC103K3RACTU Digi-Key 399-7994-1-ND 5010 5010 s 0
1 1om R R0805 R11 RESISTOR, 1.02M ohm, 1%, 1/8W, 0805 Panasonic ERJ-3ENF1024V Digi-Key P102BTCT-ND 50.02 50.02 s a7
1 100pF c cosos ) CAPACITOR, 100pf, 10%, 50V, X7R 0805 Kemet ‘COB0SCI01KSRACTU Digi-Key 3299-7981-1-ND 5023 5023 s 0
2 0k R R0805 RLR3  RESISTOR, 10k ohm, 1%, 1/8W, 0805 Panasonic ERA-GAEB103V. Digi-Key P10KDACT-ND. 50.02 50.04 10 2
1 10w c cosos 6 CAPACITOR, 10uf, 10%, 16V, X7R 0805 samsung CL21B10GKOGNNNE  Digi-Key 1276-2872-1-ND. 5030 5030 s 7
1 ek R R0805 RS RESISTOR, 143k ohms, 1%, 1/8W, 0805 Vishay CRCWOS0SI43KFKEA  Mouser 71-CRCWOSO0S143KFKEA 5010 5010 s a
1 R R0805 R4 RESISTOR, 174k ohm, 1%, 1/8W, 0808 Vishay CRCWOS0S174KFKEA  Mouser 71-CRCWOBOS174KFKEA 5010 5010 s a
2 K R R0805 R6,R7  RESISTOR, 1k ohm, 1%, 1/8W, 0805 Vishay CRCWOSOSIKOOFKEA  Mouser 71-CRCWOBOS1KOOFKEA 5010 5020 10 10
2 ™M R RO805 R8,R10  RESISTOR, IMEG ohm, 1%, 1/8W, 0805 Panasonic ERJ-6ENF1004V. Mouser 667-ERJ-6ENF1004V $0.10 $0.20 10 8
1w c cosos a CAPACITOR, 1uF, 10%, 10V, X7R 0805 Vishay VI0805Y105KXQTBC Mouser 77-VI0805Y105KXQTBC 50.05 50.05 s 2
2 2»3n 223201 22232021 X1,X3  Terminal Block, 3.5mm centers, 2 Position, Screw Terminal On shore Technology ~ OSTTE020104 ED2740-ND 5036 5073 10 B
1 6% R R0805 R2 RESISTOR, 26.7k ohms, 1%, 1/8W, 0805 Vishay CRCWOS0S26K7FKEA  Mouser 71-CRCWO805-26.7K-E3 5010 5010 s a
1 3%0u ccaze a6 @ CAPACITOR, 330UF, 10%, 6.3V, Tantalum 0805 Vishay T428P397K006AHG1L Mouser 74-594D397X96RIR2T $7.61 $7.61 s a
2 3 c c25/54 €5,C8  super Capacitor, 3F, -10% +20%, 2.7V, TH Nesscap ESHR-0003C0-002R7 Digi-Key 589-1000-ND $2.07 414 10 2
1 a7 c o805 =] (CAPACITOR, 4.7uF, 10%, 6.3V, X7R 0805 DK (C2012X7R0J475K08SAB. 445-14523-1-ND $0.20 $0.20 5 12
1 aama7 AATII7 TSOT236 U1 IC, 600mA 1.2MHz, Micropower Synchronous Step-Up Converter Skyworks Solutions  AAT1217ICA-1.2-T1 Digi-Key 863-1495-1-ND s0.4a s0.4a s 3
1 cMsH3-40 SCHOTTKY-DIODESMC  DIODE_SMC D2 Diode, Schottky, 34, 40V, SMC Central semiconductor | CMSH3-40-TR13 Mouser 610-CMSH3-40 50.68 50.68 s a
2 ;B DR73 DR73 1,12 inductor, 3.3uH, 4.224, 25.9m ohm, Shielded, 7.6mm x 6mm Eaton DR73-3R3-R Mouser 704-DR73-3R3-R s1.84 $3.68 10 8
1 Lam2Hp_GC1 Lam2HP_GC1 c1210k [5) Inductor, 4.7uH, 800mA, 180m ohm, SMD. Murata LOM2HPNARTMGCL Digi-Key 490-7783-1-ND 5036 5036 s 2
1 LT1630-125BMCMSE  LT1634-1,25BMCMSS  MSOPS b1 IC, Micropower Precision Shunt Voltage Reference, 125V, SO-8 Linear Technology LT1634BCS8-1.254PBF  Digi-Key LT1634BCS8-1.254PBF-ND | $4.72 .72 s 1
1 m 78 TSOT236 U2 IC, Op Amp, 215MHz, Rail-to-Rail Output, 1.1nV/Hz, 3.5mA TSOT23-6 Linear Technology LT17841SS#TRMPBF. Digi-Key LTI784ISS#TRMPBFCT-ND | $1.37 5137 s 1
1 ueses LTC3625C0E DFN12 us IC, Super Cap Charger, 1A, 12DFN Linear Technology LTC3625IDE#PBF Digi-Key LTC3625IDE#PBF-ND $7.36 $7.36 s 1
1 SolongBatt.Sol.2  PWB 35mmx100mm PWB  Printed Wire Board, So Long Battery Solution 2 Revision A Sunstone Circuits XXXXX Sunstone Circuits  xxxxx. $25.00 $25.00 s 0
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Description
RESISTOR, 1.02M ohm, 1%, 1/8W, 0805

RESISTOR, 10k ohm, 0.1%, 1/8W, 0805

(CAPACITOR, 100, 10V, 10%, XTR, 0805

Inductor, 10uH, 2084, 65.6m ohm, 7 émmxmm

RESISTOR, 1MEG ohm, 1%, 1/8W, 0805

(CAPACITOR, 1uF, 25V, 10%, XTR, 0805

Terminal Block, 3.5mm centers, 2 Position, Screw Terminal
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(CAPACITOR, 47uF, 10V, 10T5%, XTR, 0805

RESISTOR, 602K ohm, 1%, 1/8W, 0805

RESISTOR, 8.06k ohm, 0.1%, 1/8W, 0805

C, 600mA 1.2MHz, Micropower Synchronous Step-Up Converter
Inductor, £ 7uH, 800mA, 180m ohm, SMD

€, DC/DC Converter, 400mA, 12MSOP

Super Capacitor, OF, -20% +80%, 2.5V, TH

Diode, Schottky, 20V, 1, 50D123

TESTRIN

Printed Wire Board, So Long Battery Solution Revision A

Manufacturer Mifr Part Number Vendor Part Number
Panasonic ERIIENFI02V PLOZBTCT-ND.

Panasonic ERASAEB103V PLOKDACT-ND

Murata ‘GOM21BR71AL0BKEZ2L 1-GOM21BRTIALOBKEZ2L.
Eaton DR73-100R 5131128 1-ND.
Panasonic ERJ-GENFL004V 667 ERL-GENFL004V
Murata ‘GOM21BR71E10SKASSL. 490-4785-1-ND.

On Shore Technology | OSTTEO20104 ED2720-ND.

Kemet CORDSC220I5GACTU 3981113-1-ND.

Vishay CROWOB0S30KIFKEA 541-30.1KCCT-ND
Murata ‘GRM21BRTIAGTSKATSK 490.6478-1-ND.
Panasonic ERJ-GENFE043V PEOSKCCT-ND.

Panasonic ERA-SAEBS0LV PE.OGKDACT-ND
Skyworks Solutions | AATI2I7ICA-L2-T1 863-1495-1-ND.

Murata LOM2HPNERTMGCL 290-7783-1-ND.

Linear Technology  LTC310SEMS#PBF LTC3105EMSHPBF-ND.
Eaton M1325-2R5305-R. 283-3013-ND

Micro Commercial  MBRXI20LF-TP MBRX120LF-TPMSCT-ND
Provisional Part

Sunstone Circuits o000 ‘Sunstone Circuits oo

5057
s1e0
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