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Abstract  —  The Green Box is a system intended to make green energy practical for use in the average home.  The purpose of this system is to allow for the easy connection of up to 3 types of energy producing devices that include wind, solar, water, human power or other “green” inputs, in any configuration.  The system will also store any power generated and provide interfaces to the consumer that will allow for easy practical use of the power.  Since the main purpose of The Green Box is to bring a small scale green energy solution to the general consumer, it must provide user friendly interfaces that are familiar to the public for connecting power generating devices and for extracting power that has been stored.

Index Terms  —  Batteries, battery chargers, charge measurement, current measurement, DC generators, DC-AC power conversion

I. Introduction of The Green Box 

The Green Box aims to make integration of green energy into the home as simple as possible.  Consumers will be able to create an entire alternative energy system, even with minimal knowledge of electrical engineering.  Up to three different types of devices (wind, solar or other “green” input), can be connected to the Green Box at any time.  The consumer may also take advantage of local weather conditions to easily connect the most efficient devices for their area.  For example, a consumer in Florida may wish to plug in 3 solar panels, while a consumer in Alaska would prefer to plug in 3 wind turbines.  The Green Box aims to be an all-in-one solution to allow consumers to harness the abundant renewable energy sources in the world today.  The Green Box will simplify the technical side of alternative energy and provide an easy interface to the consumer, therefore overcoming the fear of the unknown that may be hampering many consumers.

II. The Design Goals

In order to achieve the desired goal of making a system which is easy for the average person to use, several major components will need to be integrated into the final design.  First, compact power generation devices must be implemented such that they produce practical amounts of energy and are simple to use, requiring little specialized knowledge.  The Green Box should allow the user to plug any “green” input into the box, as long as it meets the input requirements.  An energy storage system must also be designed and implemented that provides an efficient means of transferring the power generated into a ready to use form available for consumer use.  The proposed design includes a charging system capable of handling the simultaneous connection of 3 input devices, as well as the most durable battery given the anticipated usage patterns of The Green Box.  Another subsystem of The Green Box to be designed and implemented is the conversion of stored energy into the familiar AC and DC sources that the end consumer will require.  Diagnostic components will also need to be designed and implemented which provide the consumer with a user friendly way to access  information such as how much power they are generating, how much energy has been stored, how much money the green box has actually saved the consumer, etc.  All of these subsystems of the green box must be designed while still employing the best electrical and safety principles, given that this system is intended for the average consumer.  Finally, the entire system will be enclosed in a compact and easy to use box, as shown below in Figure 1.
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Fig. 1..
The Green Box in its raw, prototype form showing easy to use and familiar inputs and outputs, as well as a simple on/off switch to turn on the outputs.

III. The Proposed Design

In order to meet the goals and requirements the group had set for The Green Box, several ideas had to be molded into a small, portable and easy-to-use system.  An overview of the inputs, charging system, battery, output system and system diagnostics will now be briefly discussed. 

The first component of the Green Box system is the three inputs chosen for demonstration purposes.  Although the goal of the Green Box was to accept any type of DC input, 3 specific green energy sources were chosen.  The first was a low-speed, high power wind turbine that could meet a user’s power requirements throughout most of the United States.  Next, A solar panel was chosen that was affordable, produced ample amounts of power, and was small enough to be transported.  Finally, a human power generator was created using a 12V DC  permanent magnet motor attached to a rigid gear system.

Next was the charging and energy storage system.  It was ultimately decided to have three different green energy sources run independently through three separate Xantrax C35 3–Stage charge controllers.  The quick explanation for choosing this method was that it yielded the best efficiency for three inputs at different voltages.  In other words, without these three separate charge controllers, charging the same battery with three different input voltages would not be possible. The Xantrax 3–Stage charger rated for 35 amps was the best choice for each input for various reasons which will be discussed in further detail later in this paper. The battery  that was chosen was an absorbed glass mat, deep cycle battery.  This battery technology is quite new, but was chosen for its extreme longevity and common use in many alternative energy systems today.

The next component of The Green Box is the three types of outputs that would be required by the average consumer.  The three outputs that were chosen were: a 12V DC output for items that can be plugged into an automobile’s cigarette lighter;  a 5V DC USB output for electronics including iPods, MP3s players, and cellular phones; and finally a 110V, 60 Hz alternating current modeled for use of high wattage home electronics and appliances such as televisions, microwaves, etc. The 12V DC and 110V AC outputs will come from a 1000 Watt pure sine wave inverter. Due to power consumption of the inverter even at no load, a switch, as visible in the prototype in Fig. 1, was installed to save power. The 5V DC USB output is regulated via a 5V voltage regulator on the circuit board.

Finally, a microcontroller was incorporated into The Green Box to allow for several useful features.  First, the microcontroller will allow the LCD display to present various parameters of the Green Box system to the user.  These parameters include the current from each of the three inputs, the voltage and approximate charge of the battery, the power currently being consumed by the outputs, the temperature inside the box, and finally the total amount of money the Green Box has saved the consumer. The temperature sensor will allow the microcontroller to alert the user of overheating inside the box and will turn on an exhaust fan when the reading is above 85 degrees Fahrenheit.  Also, If the temperature gets close to The Green Box’s operating limit, the microcontroller will turn on a buzzer to alert the user to cease operations.

Figure 2 below presents a simple overview of The Green Box system, but does not show the more complex wiring of certain components or circuit design of the microcontroller.
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Fig. 2.
The Green Box diagram. This flow graph explains how the system generates, regulates, stores, outputs, and monitors “green” energy.

III. The Individual Components

With the design requirements set, it is important to discuss the individual components that make up The Green Box. Each piece serves its own function that makes up the green energy system, and the design decisions that were made to incorporate them are discussed in the subsections below.

A. The Solar Panel

One of the best ways to produce energy from nature is from a source which is abundant most of the day, and nearly every day of the year in virtually every part of the United States.  This natural source of energy is sunlight.  Solar panels are an obvious choice for use within the Green Box design, and the decision can be reinforced by noting that solar panels are used for energy production worldwide, and even in outer space by the International Space Station. 

The process for solar energy production is quite simple, and will be briefly discussed.  Sunlight shines on a solar panel and passes through three layers of transparent material including an anti-reflective coating, a transparent adhesive, and finally the glass cover for the solar panel.  These perform their obvious roles.  The important part is how the photovoltaic module generates electricity.  This is created by placing an n-type semiconductor and p-type semiconductor’s surfaces together.  The n-type semiconductor has an abundance of excess electrons with negative charge, while the p-type silicon has an abundance of positively charged holes.  The point of contact between these two different types of semiconductors is called the p/n junction, and excess electrons can easily move from the n-type semiconductor to the p-type semiconductor and produce a current.  This is where sunlight capture becomes important.  Sunlight helps create an abundance of extra electrons by breaking the silicon structure’s bond with its photon energy.  Not all photons can break the bond of a semiconductor material like silicon, though.  Also, some photons might be too powerful.  For an electron to be freed from its crystal structure, its band-gap energy should be matched by photons from the sun.  If the energy from the photon is too low, then nothing will happen.  If the photon energy is too high, then the excess energy will be dissipated as heat in the solar panel.  Therefore, a balance must be found for efficient solar energy production.

This technology can be utilized everywhere in the World, as everywhere has contact with sunlight. However, some areas are better fit for solar energy production due to local climate and position. Some areas in the Mojave and Sonoma deserts and along the southern United States are capable of production of 9 kWh’s per meter squared, per day. Fig. 3 is a map of solar energy per meter average in the United States. As shown in the map, solar energy is a practical addition to The Green Box. Since it can be used anywhere in the World to some extent during the day, particularly in southwestern United States, a solar cell could be one of the largest energy producers for The Green Box. 

The growing green-energy field has made many breakthroughs in technology over the past two decades, and gives users great options for harnessing solar power.
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Fig. 3.
A map of direct normal solar radiation. This map displays the annual average kilowatt-hours per square meter per day, and shows worthwhile areas of solar production in the American Southwest. – Department of Energy [1]

 It was discovered that four types of solar panels existed including monocrystalline, polycrystalline, amorphous, and finally Copper Indium Gallium de-Selenide (CIGS).  It was then discovered that polycrystalline would be the best choice for the green box, since it was moderately efficient, cheap, and readily available for purchase.  Amorphous solar panels were found to be uncommon and inefficient, while monocrystalline too expensive.  However, when the group searched for a solar panel which yielded the most power per dollar, a monocrystalline panel was found to be the best.  This will not be true when solar panels are purchased in large quantities, since polycrystalline is easier and cheaper to make and still produces a lot of power.  

 The actual Solar Panel chosen was a SUN-100(M). This monocrystalline solar panel produces 100 watts at its maximum output. The dimensions are 42.5” x 31.375” x 1.375”, and weighs 30 lbs. This individual unit was priced at $2.78 per Watt, and generates a great amount of current for fast, efficient storage of power.  Below in Figure 5 is a picture of the SUN-100(M) Solar Panel.
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Fig. 5.
The SUN-100 (M) monocrystalline silicon solar panel. Image courtesy of Sunelec.com.

B. Wind Power Generator

The green box system also includes a wind turbine to harness the power of another abundant natural resource throughout the world, wind. First, the different physical types of wind turbines will be discussed. The first option considered for integration in The Green Box was a horizontal-axis wind turbine. This type is similar in appearance to an old windmill and also what most people imagine when they think of a wind turbine. 

Two of the biggest advantages of a horizontal-axis wind turbine are that it is mountable high up on a pole allowing access to higher winds, and their inherent higher efficiency due to the blades moving perpendicular to the wind throughout the whole rotation.  The fact that a turbine mounted high up on a pole will have greater access to stronger winds is obvious, but the turbine chosen for use in The Green Box system will only be able to take advantage of this on a very limited scale.  As a requirement of this project the turbine would need to be rapidly deployable, so it will likely not be mounted high up on a pole.  However, if the consumer desired to achieve maximum efficiency and wanted to mount the wind turbine as high as possible, they would be able to do that as well.  The second big advantage is the fact that horizontal axis wind turbines are more efficient due to the blades being perpendicular to the wind. This is a much more important factor when considering its use in The Green Box system.  Due to the nature of the system, and the small amounts of power that will be generated, care must be taken to conserve efficiency at every possible point in the system.  The increased efficiency of the horizontal-axis wind turbine is intriguing when thinking of the applicability to The Green Box.

Two of the biggest disadvantages of the typical horizontal-axis wind turbine are the necessity for a yaw mechanism to turn the blades toward the wind, and the inherent difficulties in installing high up on a pole or tower.  For the Green Box system the lack of a yaw mechanism is acceptable, because most small scale horizontal-axis wind turbines such as the one the group would use come with a tail that keeps the blades pointed in to the wind instead of a yaw mechanism.  The disadvantage of inherent high elevation installation difficulties will also be minimized by the fact that the Green Box system would be using a very small scale horizontal-axis wind turbine, since that is all that would be required to meet the power requirements.

The second option for integration in to the Green Box system is to acquire what is commonly referred to as a vertical-axis wind turbine.  These turbines are designed to handle wind from any direction without repositioning the turbine.  While this would obviously help for areas with irregular wind patterns, it has inherent inefficiency due to the blades not being pointed in to the wind throughout the entire rotation cycle.

The main advantage of a vertical-axis wind turbine, besides that it can handle wind from multiple directions, is that it has a lower startup speed than most horizontal-axis wind turbines.  This has a direct impact on it’s attractiveness for use in the Green Box system.  Vertical-axis wind turbines can usually start producing electricity in wind speeds at less than 10 m.p.h. This would indicate that the vertical-axis wind turbine may be more suitable for use in areas where the Green Box is deployed, but where the wind conditions are less than ideal for power generation.

However this seemingly huge advantage may be more than overcome by the biggest disadvantage of a vertical-axis wind turbine, which is it’s inherent inefficiency.  This inefficiency results from the fact that additional drag is created when the blades rotate in to the wind as part of the revolution cycle.

Fig. 6 illustrates that different parts of the country present drastically different opportunities for wind power production.  Perhaps a Green Box system produced for use in a certain area would be able to make better use of the increased efficiency of the horizontal-axis wind turbine, while a Green Box system produced for use in a different area may stand to gain from the lower turn on speed of a vertical-axis wind turbine.  An even better solution may be for Green Box systems in areas with “Marginal” or below wind production to include more solar panels with the system instead of a wind turbine.  The design philosophy of the Green Box, with flexible input ports, makes such a change not only possible but actually quite simple and practical.
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Fig. 6.
A map of the effective wind power areas of the United States. – Department of Energy [2]

The Wind Turbine selected for demonstration purposes of The Green Box was the Southwest Windpower Air-X Turbine. One major advantage of this unit is that is small and easy to assemble with a blade diameter of just 27”. It is lightweight and reasonably quiet, and includes a fully integrated regulator. This allows the current to be DC and not AC. Another advantage of this wind turbine is that it can survive up to 110 mph wind speeds, but still create power at a low wind speed of 8 mph. Along most of the United State’s coastline, average daily wind speeds fall between 6-8 meters per second. This means that the wind power alternative can be used daily in a large portion of the country. Figure 7 displays the Green Box’s finished Wind Turbine Generator. Per design plan requirements, it is portable and easily set up so that the user can take advantage of great wind opportunities. The base was built with PVC construction such that the base folds for easy storage, yet provides enough support so that the turbine can spin in the most prevalent wind direction. The Green Box’s wind turbine is small for demonstration purposes, but if a turbine was to be built into the ground, it could be much taller and gain efficiency with the high wind speeds that are above the surface wind ground roll.
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Fig. 7.
The Green Box’s actual wind turbine, a Sunforce Windpower Air-X Turbine. It is a horizontal access, pivoting turbine which can produce 60 kWh’s of energy over a month of 14mph winds. 

B. Human Power Generator

The human power generator portion of The Green Box system will be designed to use the rotational force provided by a human, which will then turn a generator to convert the mechanical power produced by the user to electrical power.  The design team made the decision to use a DC motor used as a generator  to supply power for this portion of the project. 

The permanent magnet DC motor that the design team selected was the Ametek Permanent magnet DC Motor. The selection of this particular motor was based on a number of factors including cost ($170.00), weight (7lbs), and the fact that this motor was designed for relatively low revolutions per minute (rpm) that produce the desired charging voltages. Because RPM and voltage are linear, the equation used in determining this is found below in Equation (1)


            RPMnew = Vdesired x RPMrated/Vrated             (1)

This individual permanent magnet DC motor is rated for 38V at 1100 rpm. Using the stated equation (1), we find that at approximately 420 RMP's, this DC motor will produce 14.5 Volts. This is an ample amount of energy for charging the system. However,  this is an unreasonably high RPM for the average person to produce. Therefore, the human power mechanism is geared with an 8:1 gear ratio. This cuts down the amount of human energy put into operating the generator significantly and makes it a practical application to The Green Box. When in need of energy, a person can turn the pedals of the mechanism as fast as possible to develop an adequate amount of charging the battery.  Testing of the human power mechanism have yielded results of more than 70 watts, which is enough to power a small televison.  The prototype human power mechanism is shown in Fig. 9.
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Fig. 9.
The Human Power Mechanism, a gear system built around the Ametek Permanent Magnet DC Motor, and its wiring for direct connection to The Green Box.

Another decision in the design of the inputs for The Green Box is the method of transferring the power from each input to the box itself.  First, the wires will have to be sized properly, making sure that they are rated for the current that will be produced by the generator.  This is done to avoid building resistance in the wire, which could be a potential fire risk due to overheating, and possibly damage the electrical equipment.  The selection of the wire was based on the maximum expected power to be produced by each input.  It was decided to use 10 gauge wire in connecting each input to the The Green Box input terminals.  Next, special turn and lock connectors and recepticals were used to keep users from plugging an input into the output and vice versa.  These end connections also allow the consumer to quickly interchange connections between desired green energy sources.

E.  The Battery

The choice of battery was not a task to be overlooked.  Research was conducted and it was found that a lead acid, deep cycle battery was the best choice for use in the project.  Then, the choice had to be made between three different types of deep cycle batteries including flooded, gel and absorbed glass mat.  In the end, the absorbed glass mat battery was found to be superior, and the advantages and disadvantages are listed in the table below. The AGM battery has less hazards from battery acid, a longer life cycle, fast recharge rates, low internal resistance, slow self discharge rates, and 99% efficient power storage. However, it is heavy, expensive, and requires a sophisticated charge controller. 

The Green Box’s AGM battery is a Werker 100 Amp Hour, 12 Volt battery weighing 75 pounds. The cost of the battery was $280.  This Absorbed Glass Mat Battery has a complex charging algorithm, that is shown below in Figure 10.A.
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Fig. 10.
 Charging Algorithm for an AGM battery.  

F. The Charge Controllers

  The Green Box will include three Xantrax-35 3-stage Charge Controllers. The Charging System  chosen consists of 3 separate charge controllers.  The setup creates maximum power transfer compared to the other option of voltage regulating each input and sending it to a single charge controller.  Initially, the only resistance to the decision of choosing three separate charge controllers was price.  In the end, however, the three separate charge controllers cost $100 each, to bring the total to $300.  The system of a single charge controller and three voltage regulators nearly matches this price, so no price benefit was gained.  Also, the time required to design and test a system with only one charge controller would be much more of a challenge than using three commercially available charge controllers.  Finally, the use of separate charge controllers for generators of different voltages is common in solar and wind (hybrid) installations throughout the world today. Figure 11 below is a table further explaining the attributes and value of the Xantrex-35 Charge Controller.

	Attribute
	Value

	Current
	35 Amps

	Voltage
	12 or 24 Volts

	Cost
	$100

	Weight
	2.5 lbs

	Size
	8” x 5” x 2”

	Features
	1. Microprocessor Control

2. Pulse Width Modulation

3. Absorbed Glass Mat Compatible

4. Solar or Load Diversion Modes

5. Battery Temperature Sensor




Fig. 11
Listed are the specifications and features of the Xantrex-35 Charge Controller. 

G. Inverter and Outlets

In order to effectively use the stored energy of The Green Box, the system must provide the consumer with desired power outlets. The first outlet is the common household voltage: 110V AC.  A square wave or basic sine wave inverter could be built by the group, but is terrible with inductive loads.  The design of an efficient pure sine wave inverter is extremely complex, and would be a senior design project all inside itself.  Therefore, because of the difficulty involved in designing and building a pure sine wave inverter, it was decided to purchase one instead. The benefit of using a factory built inverter is that the user will be able to safely utilize any home electronics that fit the power rating without damaging any circuitry.

The group decided to use an inverter that included a 12V DC regulator as well. Hence, The Green Box is built with a 1000 Watt Pure Sine Wave Inverter, that  will supply 110V AC, 60Hz to the output plugs to be used, as well as a 12V DC regulator and output. The outputs from the inverter were then manipulated and made into easy to use external plugs on The Green Box’s front face.

The inverter, when left on, draws a 20 Watt load, even if nothing is plugged in. Hence, an interrupt switch was installed next to the output plugs to break the battery’s connection with the inverter.  This switch turns a 12 volt, 80 amp automotive relay on or off. Turning off the system in this way saves the battery’s charge.

H. The Microcontroller and Display

The Green Box uses an Atmel Atmega168 microcontroller to operate the various features of the box. This microcontroller uses an AVR enhanced RISC architecture, which the group was familiar with. This individual controller has 16kB of flash memory and is capable of 10,000 write and erase cycles. This means that throughout the testing and optimization stages, the microcontroller would be durable. There are 23 programmable input output lines, as well as 32 8-bit registers. 

The Microcontroller has several purposes. The most important is to control the LCD, which will be discussed soon. However, many features of The Green Box operate through the microcontroller. The controller detects four current readings. The user can toggle the display to read the current coming out of any of the three inputs, as well as the output from the inverter. This will let the user know how much power each individual generator is producing, and how much power the outputs are drawing. A temperature sensor is also included in the design, which allows for control of a fan. Once the temperature sensor reaches a certain temperature, it turns on the fan. If the temperature exceeds safe operation, the microcontroller will turn on a High Temperature Alarm. This buzzer will notify the user to cease operations immediately. The controller also reads the voltage of the battery, which may be augmented by a battery state of charge chart to give the user a close approximation to the percentage of charge left on the battery for safe operation.  When the battery’s charge is excessively low, the same buzzer will be used to notify the user of the problem, and the inverter will automatically turn off.  The microcontroller and printed circuit board are shown below in Figure 12.
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Fig. 12 Printed Circuit board with microcontroller

I. Testing Results and Conclusion

The biggest concern for the system was if they would all work simultaneously. The system design took the three inputs to their respective charge controller and then to the battery.  The battery would then supply power to the inverter, 12DC output, USB connection and microcontroller. Therefore, it was necessary to insure that the system was operating correctly under every possible condition.

The testing started with insuring the inverter’s output was never affected by the load. Using an oscilloscope to check the inverter’s output versus ground, the output sine wave was checked for deviations under a full battery and no load situation. The wave was then checked at full battery with loads of 300 Watts, 600 Watts, and 900 Watts. Each time, the pure sine wave inverter showed no noticeable signs of deviation. The test was then repeated with one, two and then three power sources attached, checking for deviations in the inverter and current flow to the battery while both producing and using power. In each of the four test cases  (0 W load, 300 W load, 600 W load, and 900 W load), the inverter again showed no deviations. The next step in the testing procedure was to repeat this process while the battery was at 50% power, proving that the lower battery voltage had no affect on the inverter’s 110V, 60Hz pure sinewave. The test was repeated at each load, and with all combinations of loads. Lastly the same test was repeated while the battery was at a low charge (12.2 Volts). This was performed to ensure that during critically low voltage, the inverter was not affected. This was also a test to see if the battery could be drained and recharged. Every test was successful, proving that the charging system and output system worked as expected.

The next test was the Message Display system and the microcontroller control. Temperature sensors tests involved a hair dryer that allowed the fan to come on, as well as the High Temperature Alarm. This proved that the controller recognized the code, its outputs, and functioned entirely as one. The next test was reading the current from each individual input, as well as the output from the inverter. The readings from the LCD for each input and output were confirmed with a digital multimeter which had a solenoidal current meter. This concluded the testing portion of The Green Box, proving that the entire generator and power storage system worked safely and efficiently.

The Green Box is able to store 100 Amp Hours of energy capable of powering any 120V AC household device with a rating up to one kilowatt, as well as charge a 5V device and a 12V device.  This can be done all while using renewable energy simultaneously. All design requirements and goals have been met: a marketable product that can safely bring green, renewable energy into the average consumer’s home as a backup generator or an every day utensil. 
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