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Renewable energy has become a major concern over the last few decades. There have been advancements within the wind, solar, hydro, and other forms of renewable energy during this time. Wind energy harnesses the power of wind to turn a turbine that will generate electrical energy from the conversion of mechanical energy to electrical energy. As motors and turbines have become more efficient, more energy can be harnessed from wind while not polluting the environment such as other forms of energy like coal and oil. Although solar energy implementation is on the rise, we believe that wind turbines can also be implemented in a way such that they can also be an appealing form of renewable energy, especially in areas with low photovoltaic access. As of now, wind turbines are considered an eyesore because they are enormous and take up a lot of space. Due to their large spatial needs, this renewable energy source is placed a way away from the cities that need them. With this, we wondered if there was a way to integrate these turbines closer to home. Thus, it was discovered that mini-wind turbines exist for this purpose.

For this project, we plan to implement a vertical mini-wind turbine in the sense that it will be placed on taller buildings. Having the turbines up high will increase the possibility of collecting energy from the wind. This turbine will be placed on a platform that will also contain an energy storage system. Attached to the turbine will be various sensors that will send data about wind speed, temperature, and energy production to a microcontroller. Along with the microcontroller, an Ethernet module will be accessible on a printed circuit board that we will design and assemble. Through the Ethernet module, the collected data will be sent to a website that will display all this information. A local display will also be available to view this data directly on the turbine set up. 

While designing this project, many constraints will need to be taken into consideration. Economically, it would be ideal to find the cheapest parts needed to put this all together. Of course, reality doesn’t always provide the best parts for a low price. Environmentally, this turbine should be should be not be visually polluting. Many have the opinion that wind turbines are not visually pleasing because they are too large. This mini-wind turbine will be much smaller than traditional wind turbines, but it will still be noticeable on top of structures. Because of this, the system should be visually pleasing, and should also try to take up as little space as possible. Time is will also be a big factor in this project, because it will dictate how achievable any goals will be. In regard, to health and safety, this product should be able to operate without any malfunctions. Lead acid batteries will be used in the design, so they will need to be stored and connected properly to reduce any electrical dangers from happening.

Along with constraints, there are a handful of codes and standards that apply to wind turbines. Some talk about the way a wind turbine should be built and even how they should be protected from lightning strikes. Electronically, there are some standards for how a printed circuit board should be designed. These PCB standards cover specifications on dimensions, tolerances, materials, traces, annular rings, and many more. Knowing what these codes and standards are will help to ensure that the design will be constructed in a safe and productive way.
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Our project has gone through many design phases throughout our brainstorming process. Initially we were going to go with a hovering/flying Wind Turbine that was anchored with cables and used helium balloons to get airborne. Overtime, that idea slowly changed into a rooftop wind turbine that could be used in place of solar in areas that have limited sunlight most of the year. That is our main motivation for our project which is described in more detail below. There are certain objectives that we as a team want to achieve as well as project goals we want to adhere to during development.
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In terms of growth in the industry, both solar and wind are viable options, but it is wind energy that will be the focus of our project. Our motivation is due in part to two reasons. The first reason is the industries’ perceived inclination towards the implementation solar technology versus wind technology. A big cause for this trend is the spatial advantage that solar energy possesses over wind energy. Solar panels require significantly less space to operate than the current wind turbines and their massive rotating blades and large towers. Additionally, solar energy is much more viable in residential areas because the wind speed and wind abundance in those areas is not consistent enough to compete with the available solar light, which is why the industries lean more towards solar in smaller applications as stated in the first reason. The second reason is that currently most wind turbines are either built onshore far removed from cities and other population centers or offshore on floating platforms over huge bodies of water. Even though onshore and offshore wind turbines farms produce more power than solar farms of comparable size on average, this however is not the case when both power sources are scaled down. The drawbacks of having to locate a wind turbine to a scare area with sufficient enough wind speed and abundance to attain the same power output as a solar panel is impractical on all but the largest scales. It would be much more convenient to place solar panels on a building roof than to deal with all the perceived cons of wind generation as the industry’s trend would suggest.  
 
There is however a growing concept to wind turbines that could be designed to compensate for this perceived weakness. As opposed to the ever-growing trend of wind towers getting taller and taller and rotating blades getting longer and longer for the new generation wind turbines, our group is instead proposing the further development of small wind turbines for use on top of buildings. Small wind turbines have existed for generations, but their popularity is growing due their spatial advantage over their larger counterparts. Another reason for small wind turbine growth is there power generation advantage over solar energy in areas with low solar penetration and areas devoid of consistent solar light for long periods of time. Colder climates where daytime is significantly shorter and solar penetration is extremely lower than the average would warrant the implementation of small wind turbines over solar panels. Also, larger wind towers might be applicable in these colder areas as well, but our focus is on small wind turbines because small wind turbines would still be able to produce energy in these areas too and would still be spatially convenient enough to be mounted atop of residential houses as opposed to larger towers. One of our goals is to produce supplemental power on a small scale and to show that small wind turbines are a source of clean energy, spatially convenient, and the power source that's best for low sunlight areas. 
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There are already existing designs for small wind turbines but none of these pre-existing ideas are contemplating the scale or advantages of our design proposal. Our design would consist of a mini wind turbine mounted on a special platform and placed on top high buildings in metropolitan areas. This platform would farther elevate the mini wind turbine on top of the already tall building, further increasing the amount of wind energy produced. Of Course, our mini wind turbine is not meant to match the power output of onshore and offshore wind turbines but rather to overcome the spatial disadvantage of the two former designs while also producing viable power output. There will be one vertical wind turbine on top of the special platform. While designs for smaller windmill turbines do exist, the problem with them is the amount of space required for them to operate. Our design overcomes this by reducing the size of the turbine to allow for its placement on top of commercial buildings and potentially even homes. One of the main things that will allow us to achieve this is by using a vertical turbine in pairs of two. This is space efficient because they would be attached to one base. We will have sensors that detect high wind speed based on a threshold. These sensors would activate (tentatively) motors that will lock the turbine blades from turning to prevent damage to the turbine. 

The base will tentatively be about 4 to 5ft high with a width of tentatively 3 to 4 feet. The platform that the turbines will be on will be tentatively 8-10 feet. The turbines will store their energy in a battery located in the base. The microcontroller controlling the motors will reside on the platform and will tentatively be powered by a battery located on the platform.  The most essential part of our design is scalability. Since the footprint of the design is small, multiple bases can be placed within a small area which overall increases the amount of energy produced. 
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From a design perspective, there is certain criteria that we feel our project must adhere to. We feel that the following list is a good comprehensive list of goals for our project. There are testable and quantifiable. Most of these goals came about while coming up with a motivation for our project. Any design decision that we make, we will first ask if it meets all of these or at least 80% of these goals.

· System meets codes and standards
· System is power efficient
· System is reliable
· System is affordable
· System is safe
· System generates electrical energy from wind energy
· System maintains stability
· System will protect itself from heavy winds by stopping blades
· System will protect itself from heavy winds by retracting self to base
· System will provide or store energy
· System will be as compact as possible
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Once we had our project preliminary design solidified, the next step was the research all of the components our design will implement. None of us knew how a wind turbine worked, let alone how sensor and sensor data was transmitted to a device of some kind. Below is our major finding from our research and a brief explanation of how it relates to our project and how we might implement it into our design.
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This section of the document will give some background into the main components of a wind turbine. This section is important because not everyone is familiar with all the components wind turbine is. We want to clarify exactly which components will be researching, analyzing, comparing, and purchasing. 

Starting with a turbine, the main function of a turbine is to convert a source of energy in one form to a source of energy in the form of mechanical energy. The starting energy sources can vary but in terms of a wind turbine the starting energy source is wind. The energy from the wind passing by the rotor blades of wind turbine causes rotation of those same rotor blades. The rotor blades are interconnected to a shaft which rotates as well. The shaft rotation would be classified as mechanical energy. There are further energy transfers in from the shaft to the gearbox but there is no energy conversion to another from since this is still mechanical right through up until generator. So, the process of the turbine of converting wind energy to mechanical energy is practically complete. After the mechanical energy is generated and goes through the gearbox, the next step is the generator process. Again we will cover basis by explaining the function of a generator. A generator is similar to a turbine in fact that in converts energy in one from to energy in another form, the difference being that a generator converts mechanical energy to electrical energy. This is done by the rotational mechanical energy from gearbox rotating a permanent magnet or current carrying wire within the generator structure. It was important to go over the main process of turbine because our design will incorporate this main process in the analysis and research aspect of this document. For example, we will look at the wind turbine first, than the gearbox, and after the generator. 

The figure on the next page will display the process I just explained. The major components of the wind turbine can be seen. This picture provides us an internal view into of the wind turbine and allows us to see the orientation of the major components and their respective sizes and locations.

We learned from this figure that the wind turbine is the whole shell of the system not just the rotating component of the machine that coverts wind energy to rotational mechanical energy, meaning that the generator and gearbox comes provided with the wind turbine. We do not yet know if this the normal case or if this only applies to certain wind turbines. Will clear this up in the research section of this document.
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Figure 3.1.1
The Generator can be seen at the very back of the wind turbine enclosure as well as the gear box. The mechanical energy from the gears is used to rotate the generator and produce electricity.
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Part of our goals is to justify the placement of our small wind turbine in low photovoltaic regions. This justification will be addressed in this section of the document.

In far northern cities or cities located above 42 degrees parallel, such as Barrow, USA and Torshavn, Faroe Islands, the amount of average sunlight during the winter season is little to none.  This phenomenon is due to the earth’s tilt about its axis which places northern cities at acute angle from the oncoming sunlight generated by the sun. The far northern cities like the mentioned previously are exposed to far less sunlight on average than other cities of world during the winter seasons. The average sunlight year-round for the cities of Barrow and Faroe Islands are shown in following graphs.
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Figure 3.2.1
An Hours of Daylight and Twilight graph of Barlow, USA. On the Y-axis is the number of hours. On the X-axis is the 12 months of the year. The yellow shading is representative of daylight. The light gray shading is representative of twilight. The dark gray shading is representative of night time. Polar day is representative of 24 hrs. Of daylight or no night time.
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Figure 3.2.2
An Hours of Daylight and Twilight graph of Torshavn, Faroe Islands. On the Y-axis is the number of hours. On the X-axis is the 12 months of the year. The yellow shading is representative of daylight. The light gray shading is representative of twilight. The dark gray shading is representative of night time.

As the above graphs display, during the winter seasons there are only a few hours of sunlight, and in the special case of Barlow, there are days without any sunlight at all. With this data in mind, solar panels would not be the optimal power alternative in these places during the winter time periods. However, not only is wind speed and abundance strong year-round in these types of areas but also wind speed tends to increase during the winter seasons. The following graphs are the average wind speed year-round for Barlow, USA and Torshavn, Faroe Islands.
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Figure 3.2.3 an average wind speed graph of Barlow, USA; On the Y-axis is the wind speed in mile per hour (mph). On the X-axis is the 12 months of the year. The darkest gray shading is representative of 25th to 75th percentile of average wind speed. The medium gray shading is representative of 10th percentile and the 90th percentile of the average wind speed. The dark gray line is the average wind speed throughout the year.
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Figure 3.2.4 An average wind speed graph of Torshavn, Faroe Islands; On the Y-axis is the wind speed in mile per hour (mph). On the X-axis is the 12 months of the year. The darkest gray shading is representative of 25th to 75th percentile of average wind speed. The medium gray shading is representative of 10th percentile and the 90th percentile of the average wind speed. The dark gray line is the average wind speed throughout the year.

The above graphs clearly display a relatively high wind speed year-round in both places as well as the wind speed increasing during the winter months. It should be noted that while there is an increase in wind speed during the winter seasons, sunlight is decreasing during these same time periods as mentioned before. So, it would practical and advantageous to implement small wind turbines in these far northern areas, contrary to the usual solar panels that would be more viable in other regions of the world. Our design proposal of small wind turbine is focused towards that application and it is warranted by the data.
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To optimize our design of a smart small wind turbine operating in low photovoltaic penetration areas it was necessary to research pre-existing designs or similar proposals by others. Additionally, to avoid potential hazards of copyright, existing patents, and/or all other forms of legal protection in terms of smart small wind turbine this research was applicable towards that end as well.

Small wind turbines for the most part are identical to their larger counterparts. The key aspect that distinguishes a small wind turbine from a regular one is the sizing of components and the amount of average power that the wind turbine can produce. Small wind turbines are generally considered to be with in power range of 1000 W (1 KW) and under. Some consider the upper range to extend even up to 3000 W (3 KW). In either case, the amount of power that small wind turbines produce is far lower than the generation of larger wind turbines and their average megawatt power yields. That is to be expected because most of the large wind turbines are used for commercial use while majority of small wind turbines are used for residential/local use. With these factors in mind most of the pre-existing small wind turbine designs that we came across had rated power up to 1 kW and were designed for local use only. Local use means small loads in the immediate vicinity without any power grid connections. The following paragraphs will give a summary of each of the most popular small wind turbine designs and will conclude with what out group gleaned from other designs to incorporate in our own small wind turbine design.
[bookmark: _Toc512461449][bookmark: _Toc512461233][bookmark: _Toc512509500][bookmark: _Toc512510073][bookmark: _Toc512511186][bookmark: _Toc512511828][bookmark: _Toc512518033][bookmark: _Toc512519301][bookmark: _Toc512528971][bookmark: _Toc512529407][bookmark: _Toc512535063][bookmark: _Toc512535229][bookmark: _Toc512535934][bookmark: _Toc512537187]Xzeres Skystream 3.7
The first wind turbine designed to be fully integrated to the power grid for residential use, hence the term “plug-and-play”. This wind turbine comes with controls and inverter already built in. However, there is no tail rudder, which prevents the turbine from facing into wind at all times. The cost is list as $5399 and that does not include the price of a tower and installation materials, so the initial price would increase by sizable margin. Rated capacity is 1.9 kW continuous. Startup wind speed is 8 mph. Rotor diameter is 12 ft. with RPM range of 50-325. Designed for the potential of grid connection but can also be interconnected for just battery charging. Alternator is gearless and has a brushless permanent magnet. Voltage output is 240 VAC (Volts with alternating current). Estimated energy production is 400 kWh per month with a 12 mph (5.4 m/s) wind speed. The following two figures are of the Xzeres Skystream 3.7 wind turbine and some of the previously mentioned specifications in visual form.
[image: ]
Figure 3.3.1: Xzeres Skystream 3.7
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Figure 3.3.2: Power Curve & Monthly Energy Production
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One of the world’s bestselling small wind turbines, Incorporates microprocessor based technology that increases performance and several other important parameters. It is designed to power small loads or appliances in off grid applications— i.e. remote communications. The wind turbine Cost is listed at $600. This is lowest cost out of all the top small wind turbines that will be discussed. It has a rated capacity of 400 watts or 0.4 kW, the startup wind speed is 8 mph, the rotor diameter is 3.83ft (1.14 m). Interconnection is designed for battery charging only. Voltage output varies from 12 V, 24 V, and 48 V VDC (Volts with Direct current). The estimated Energy production is 288 kWh per month at 12 mph (5.4 m/s) wind speed. The following two figures are of the Xzeres Skystream 50 wind turbine and some of the previously mentioned specifications in visual form.
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Figure 3.3.3
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Figure 3.3.4 Power Curve & Monthly Energy Production	
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Small modular wind turbine system designed to be mounted in urban areas. Instead of using a support tower there is a modular housing that supports the tower without infringing upon the building's structure. The following figure is of the AeroVironment Architectural Wind turbine.
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Figure 3.3.5
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It is stated that it can produce enough energy to power a small to medium sized home. It is designed to work in harsh wind environments. Has a patented angle governor to enable quiet operation in high wind speeds. Can still operate in high wind speeds without dropping in power output. Listed cost is 7095. Rated capacity is 3 kW. Cut in wind speed is 7.7 mph. Rotor diameter is 15 ft. (4.6 m). The wind turbine can be connected either to the grid or for battery charging. Voltage Output can be either AC or DC. The VDC comes in 24 V, 32 V, and 48 V. The VAC only comes in 240 V. The estimated energy Production is 500 kWh per month at 12.5 mph wind speed. The following two figures are of the Xzeres Skystream 442SR wind turbine and some of the previously mentioned specifications in visual form.
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Figure 3.3.6
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Figure 3.3.7
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This wind turbine is designed to be automatic in hazardous weather conditions. Can provide most of the energy that an average home uses. Listed cost ranges from $21,900-$27,000. Rated capacity is 10 kW.  Startup wind speed is 7.5 mph. Rotor diameter is 22 ft. (6.7 m). The wind turbine can either be grid connected or connected for battery charging. Voltage output can be either VDC or VAC. VDC comes only in 48 V. VAC varies between 120 V or 240 V.  The following figure is of the Bargey Excel.
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Figure 3.3.8
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After going over and reviewing the other popular small wind turbine designs, several design similarities became apparent. We will go through and elaborate on each design trend and compare it to the design parameters that we are aiming for. First is the wind turbine axis orientation or axis of rotation. All of the small wind turbine designs implemented a horizontal axis orientation for their rotating blades. For those unfamiliar with this nomenclature, a horizontal axis wind turbine or HAWT is a wind turbine that has its rotor blades facing into a specific direction, hopefully the direction with the most wind speed and consistency.  The following diagram is one of a traditional horizontal axis wind turbine.
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Figure 3.3.9
In contrast to the design of a horizontal axis wind turbine is the design of a vertical axis wind turbine or a VAWT. None of the popular wind turbine systems covered in this document made use of vertical axis wind turbine as will show in following figure.
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Figure 3.3.10

The primary reason that all of the popular wind turbines covered probably implemented horizontal axis over a vertical axis was for the advantage of more potential power output. A major factor for the amount of power output possible for a wind turbine is the amount of wind captured by the rotating blades. The more surface area of the turbine blades the wind can come into contact with, the greater the power output and efficiency of the turbine.  With a horizontal axis wind turbine, more wind can hit its blades as opposed to a vertical axis wind turbine. This fact is what all the other wind turbine designs are banking on. They’re aiming for the most power output possible versus cost. This is further evidenced by the power and annual energy models that are provided by their websites. However, a major drawback of horizontal axis wind turbines is their drop-in power output and efficiency when the wind is no longer passing through the specified direction that the horizontal axis is oriented to. Wind is volatile by nature and wind direction switches regularly so the occurrence of power output drops in horizontal axis wind turbines happens frequently. On contrary, vertical axis wind turbines do not possess this same weakness. The blades of vertical axis wind turbine are orientated fully around the exterior of the turbine. Wind passing by from any direction will still spin a vertical axis wind turbine. Albeit that the vertical axis wind turbine is more reliable because of the previously mentioned advantage, they are used less often due to their inherently lower power output. This lower power output is due in part to less surface area being hit by oncoming wind. As mentioned before none of the popular wind systems listed made use of vertical axis wind turbines because they’re focus was the most power output and efficiency possible and that realization is not possible with vertical axis wind turbine currently. However, the primary focus of our project is energy storage, reliability, cost, and space. Our wind turbine is not going to be used to power huge loads, but it does have to produce enough energy to power small loads continuously as well as store the rest of the power to a battery for later use. We also want our turbine to be as low as possible in cost both in monetary value and spatial value. With these goals in mind a horizontal axis wind turbine is the preferred choice for our application. Horizontal axis wind turbine produces more power than a vertical axis wind turbine, which is necessary to power all our loads and still have excess energy to store. In terms of space and cost, vertical axis wind turbines are slightly better, but it does not make up the gap in power production and efficiency. 
 
The second design trend we noticed is the need for a control options for the horizontal axis wind turbines.  As mentioned previously, horizontal axis wind turbines are most efficient when facing directly into oncoming wind but wind changes direction regularly. In order to keep a horizontal axis wind turbine facing towards the wind there must be additional control circuits and servo/motors added on to a wind turbine to turn the blades into the strongest wind. This is the case if active control is being used. However, some of the small wind turbines discussed above made use of passive control systems to rotate their turbines. Passive control is when wind power is used to rotate the turbine without the need for servos and added control circuits. This supplemental layer of complexity is not required with vertical axis wind turbine which can caught wind from any direction. Since one of goals is to reduce cost as much as possible but also produce as much power as well, it is imperative that we choose the horizontal axis wind turbine with a passive control system control, because additional control circuits and motors/servos would add on to cost significantly. It would also add more developmental time to our small wind turbine design in the form of buying more parts thus increasing delivery time and in the form of increased programming time for the logic required for the controls. Time is major constraint for our group as it will be discussed in constraints section of this document. 

The third design trend that we notice was that all the small wind turbines came with generator already built. This answers an earlier question that was posed in the beginning of this document on whether or not wind turbines normally came with a gearbox and generator already integrated. For generators, the normal case is integration within the wind turbine case, but for gearboxes it can vary. For the wind turbines discussed some had a gearbox and others did not. It seems like it more common to have a gearbox though. We will work under assumption that our wind turbine will have a gearbox integrated unless proven otherwise.

The final design trend that is relative to our small wind turbine design is the interconnection of wind turbine to either a battery only or to the power grid with the option for battery connection as well. The wind turbines with the higher power output were the ones that offered the latter possibility of both grid connection and battery connection, while the wind turbines with the lower power outputs were battery connected only. With a power grid connection, a wind turbine could feed power back into the power grid thus providing incentives to the owner provided by the utility company. Although this advantage for a larger-scaled small wind turbine is warranted, the huge increase to the initial investment of one of these types of wind turbines is not cost effective in the short-term. It would take years for the returns on incentives and potential power savings to break even with the startup cost of larger-scaled small wind turbine. To meet our goals of low cost and supplemental energy use the former option of just battery connection only is what is needed for our project. The differences in interconnection will also affect the complexity of the wiring and power electronics used in the power system design for our project. This will further have elaborated in the power system design section.
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Since our focus requires a mini-wind turbine, the energy generation will be implemented on a smaller scale. Traditional wind turbines are large and harness wind energy that is sent to the grid. Our mini-wind turbine will generate energy in a localized area; therefore, this design will require energy storage through the use of a battery. This section will go over some of the battery technologies that are readily available. It will also discuss which battery technology is best fit for this design.

To an average consumer, the battery technologies that come to mind today are probably alkaline, lead-acid, and lithium-ion— Alkaline being the most popular, because they have been around for decades and are pretty much available anywhere. Although that is the case, alkaline would not be a good fit for energy storage because they are classified as primary batteries. Primary batteries are essentially batteries that are disposable and cannot be recharged. Another classification of batteries, secondary batteries, which are better known as rechargeable batteries, can be recharged. Because this design will require a battery that stores and outputs energy, secondary batteries will be the right choice.

The general secondary battery types that exist today are lead acid, lithium-ion, and nickel-cadmium. There are many characteristics that these secondary batteries share. Table 3.5.1 shows some of these characteristics for each secondary battery type. Let us briefly define some of these characteristics:
· Specific energy: the energy per unit mass and is also referred to as energy density.
· Cycle life: the amount of charge/discharge cycles a battery can handle before its capacity falls under 80%.
· Charge time: the time required to recharge a battery.
· Cost: the value of the battery in regard to money and materials.
These four characteristics should be enough to help determine which battery type is appropriate for this design, but all factors will be considered. Before this decision, some overview of these battery types is needed.
[bookmark: _Toc512013783][bookmark: _Toc512074271][bookmark: _Toc512074526][bookmark: _Toc512074640][bookmark: _Toc512075441][bookmark: _Toc512075905][bookmark: _Toc512075719][bookmark: _Toc512076529][bookmark: _Toc512076977][bookmark: _Toc512077342][bookmark: _Toc512077477][bookmark: _Toc512083579][bookmark: _Toc512091688][bookmark: _Toc512091593][bookmark: _Toc512091880][bookmark: _Toc512093583][bookmark: _Toc512094547][bookmark: _Toc512205796][bookmark: _Toc512205867][bookmark: _Toc512285782][bookmark: _Toc512368083][bookmark: _Toc512368189][bookmark: _Toc512368432][bookmark: _Toc512368648][bookmark: _Toc512368812][bookmark: _Toc512369657][bookmark: _Toc512373670][bookmark: _Toc512374237][bookmark: _Toc512374156][bookmark: _Toc512375533][bookmark: _Toc512375857][bookmark: _Toc512374826][bookmark: _Toc512375159][bookmark: _Toc512375321][bookmark: _Toc512377184][bookmark: _Toc512376867][bookmark: _Toc512376669][bookmark: _Toc512378942][bookmark: _Toc512380929][bookmark: _Toc512381824][bookmark: _Toc512382721][bookmark: _Toc512382885][bookmark: _Toc512383295][bookmark: _Toc512383542][bookmark: _Toc512382676][bookmark: _Toc512384116][bookmark: _Toc512383049][bookmark: _Toc512384963][bookmark: _Toc512383836][bookmark: _Toc512420932][bookmark: _Toc512421194][bookmark: _Toc512427165][bookmark: _Toc512430483][bookmark: _Toc512433033][bookmark: _Toc512433923][bookmark: _Toc512435155][bookmark: _Toc512436630][bookmark: _Toc512446672][bookmark: _Toc512449198][bookmark: _Toc512453143][bookmark: _Toc512461455][bookmark: _Toc512461239][bookmark: _Toc512509506][bookmark: _Toc512510079][bookmark: _Toc512511192][bookmark: _Toc512511834][bookmark: _Toc512518039][bookmark: _Toc512519307][bookmark: _Toc512528977][bookmark: _Toc512529413][bookmark: _Toc512535069][bookmark: _Toc512535236][bookmark: _Toc512535941][bookmark: _Toc512537194]Lead Acid Batteries
Lead acid batteries have been around since 1859. This technology has had over one hundred years to develop, so it's clear why it is one of the most usable battery technologies to date. One reason it is still widely used is the fact that it has a low cost, per watt, while being a reliable source of power. The introduction of sealed lead acid (SLA) batteries in the 1970’s enabled lead acids to be placed in any orientation without the worry of chemical leaking. This new form of lead acid introduced a valve system that provided relief to high and rapid charging/discharging. Some of the most common SLA batteries today are valve regulated lead acid (VRLA) and absorbent glass mat (AGM). These two batteries are types of gel SLAs. Common SLA batteries suspend the electrolytes in a gel past, as do VRLA’s. AGM batteries suspend the electrolyte in a glass fiber mat. [1] Unlike the first lead acid batteries, sealed lead acid batteries were made to prevent excess gas from forming when the battery is charging. This is achieved through a valve system that releases any buildup of gas. This excess gas is caused from overcharging and can lead to the battery life depleting much faster than it should. Lead acid batteries are still very popular today and can be commonly used in applications such as automotive, motive power, and uninterrupted power supplies [1].
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Lithium batteries didn’t start off with the lithium-ion chemistry. Instead, the first lithium battery used lithium metal as the anode, while lithium-ion uses graphite. Unfortunately, using lithium metal did not produce a stable battery [2]. Another problem was discovered when recharging these lithium metal batteries. It was seen that tiny particles, called dendrites, grew during cycling. It became a problem because these dendrites would grow into the separator of the battery and create a short. This would heat up the battery and cause permanent damage to the lithium metal. Since it was too risky to keep a lithium anode, different chemistries using lithium ions were developed—hence, the development of lithium-ion batteries.

Lithium-ion batteries are the fastest growing batteries in today's market. They have many advantages over other secondary batteries including high specific energy, high capacity, and a long cycle life. There are many chemistries that encompass lithium-ion batteries. One example of this is the chemistry of lithium nickel manganese cobalt oxide, also known as NMC. This battery uses a combination of nickel, manganese, and cobalt as its cathode. The sweet spot here is the combination of nickel and manganese. Nickel is known for producing high specific energy, but its stability is poor. Manganese offers low specific energy, but its structure allows for a low internal resistance [3].
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Figure 3.4.1 NMC battery
Combining these two elements create a stable chemistry that can deliver a high specific energy. This type of Li-ion is commonly found in electric powertrains and power tools.

Another common Li-ion battery chemistry is lithium iron phosphate. Li-phosphate, for short, provides good performance with a low internal resistance. It can put out high currents and has a long cycle life with a reputable safety tolerance. Although it can boast these traits, Li-phosphate does have its own drawbacks. For one, it has a lower voltage per cell compared to standard cobalt blend batteries; therefore, its specific energy suffers. Compared to other Li-ion batteries, Li-phosphate also has a high self-discharge rate. Despite these issues, Li-phosphate is commonly used in applications that require high load currents and tolerance.
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Nickel batteries mostly provide an alternative to lead acid batteries. The first chemistry, nickel-cadmium, was introduced just before the coming on the 1900’s. It was the only other secondary battery aside from lead acid. Today, nickel-cadmium, NiCd for short, can provide a long cycle life, good load and low temperature performance, long shelf life, and an economic cost per cycle. It lacks in its specific energy and suffers from a memory effect. This memory effect ‘remembers’ a routinely charge and will not go above this rating. NiCd contains cadmium, which is a poisonous metal, so disposal is difficult for this chemistry.

Another nickel-based chemistry is nickel metal hydride, or NiMH. This chemistry can be thought of as the environmentally friendly replacement of NiCd. The chemistry can be commonly found in AA and AAA size batteries. It has an increased capacity from NiCd and does not suffer the memory issue that was previously discussed. Although it is any improvement from NiCd, it still has its own issues. One drawback is the short cycle life, and it also has a very high discharge rate. Instead of being able to hold a charge for years, this chemistry may lose its energy within a matter of weeks. Though it is rechargeable, this is not an idle case for most consumers.

An interesting nickel chemistry to mention would be nickel hydrogen, also known as NiH batteries. These batteries can perform as good as the previously two mentioned, but its setup is unique because it uses hydrogen gas as the anode of the battery. This chemistry is very popular in aerospace applications such as satellites. It can boast a high gravimetric energy density and high cycle life of about 50,000 cycles. Some disadvantages of this battery include low volumetric energy density, high self-discharge and high cost due to materials [4].
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One important factor, that has not been discussed yet, should be brought up now. That factor is whether this is a deep cycle or shallow cycle battery. A battery’s cycle can be split into its discharge and recharge cycles. To have a deep cycle means that the battery was made to provide energy for a long period of time. The important idea to note is that deep cycle batteries will go well below 50% of discharge before having to be recharged. Shallow cycle batteries are made to provide a lot of energy in a small amount of time.

An example of a deep cycle battery would be golf cart batteries, as seen below in the figure.
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Figure 3.4.2 Golf cart batteries in compartment

To fulfill the uses of a golf cart, the batteries need the ability to be charged and used for a long period of time before having to be charged again. Let’s say the golf cart is not in use, and then the batteries should be able to hold as much charge as possible in case the cart needs to be used again. Another example would be the battery in a smartphone. As everyone knows, smartphones are typically in use for most of the day. The battery has a slow, continuous drain depending on how much it is in use. An example of smartphone batteries can be seen in the next figure. As seen, deep cycle batteries are used in many different applications, typically, because there are many things in today's world that need to be powered on the go.
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Figure 3.4.3 Smartphone batteries

A perfect example of a shallow cycle batteries is a car battery. As mentioned before, shallow cycle batteries provide a lot of energy in a small amount of time. A car battery is a perfect example because these are used to start a car’s engine. These batteries are called SLI batteries, where SLI stands for starting, lighting, and ignition. Most lead-acid batteries can be considered as shallow cycled, unless specified otherwise. The way so much energy is generated so quickly is due to the plates inside the lead-acid battery. The plates are very thin, and there a typically a lot of them. This allows for more surface area to produce energy. Having this setup does not allow the battery to be discharged too low. Deep cycle batteries are the direct opposite. They contain thick plates that are few in quantity. This allows for a slower discharge and the ability to discharge 50-80% of the battery’s capacity. 
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To recap, this project design will need a battery that is able to discharge and recharge. It will recharge when it is receiving energy from the wind turbine’s generator. Energy will also be discharged when appliances need to draw power from it. From the last section, it is clear to see that this battery will have to be a deep cycle battery. Considering the battery technology today, a great choice would be lithium ion chemistry. Compared to when they first came out onto the market, prices for Li-ion are dropping at a considerable rate. They are slowly becoming the go to chemistries that an average consumer can use. Although this is the case, lithium ion batteries are still expensive up front. Especially if a deep cycle version is needed. Because of this, a lead-acid chemistry would be the best bet for this design. Lead-acid is already implemented all around the renewable energy world. Since the technology has been around for so long, costs for these batteries are more manageable up front. This upfront cost is important because this design will only be implemented over the next couple of months. In the long run, the lead-acid versus lithium ion argument shifts towards lithium ion, but this project will be satisfied with lead-acid. 

Confidence in lead-acid technology can be trusted since it is already used for renewable energy purposes. Cost can be cut down here to leave more room for other factors of this project that may be a bit pricier. Looking at the table below, it may show that lead acid lacks in comparison to the others in terms of specific energy and cycle life. If this project was fully implemented for the long run, then lithium ion would be the best bet. Since this will only need to run during the next few months, SLA/AGM would do the trick. It should have enough capacity to power the design, and enough cycles to run tests. 

One benefit of using SLA instead of a flooded (wet) lead acid is the fact that it requires less maintenance. Flooded lead acid batteries contain liquid electrolyte that requires frequent maintenance.
[image: ]
Figure 3.4.4: Visualization of flooded lead acid

The general way batteries work is through chemical reactions between the metal and electrolytes. In flooded lead acid batteries, each reaction reduces the battery’s capacity. This happens when the by product, lead-sulfate, builds up along the metal plates and causes damage. Since this happens, maintenance is important to ensure that the batteries are ready to use when needed. Having a sealed lead acid, absorbed glass mat prevents some issues that flooded batteries have. The glass mat gets rid of the liquid electrolyte and places it exactly where it needs to be. Not having the liquid electrolyte also eliminated the buildup of residue on the plates. SLA/AGM batteries are also sturdier than flooded lead acids. Using these batteries in the design will ensure that energy storage needs will be fulfilled while keeping the cost low.
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For this project to be successful, the use of sensors will be a must. These sensors will provide the necessary data for testing the design and will also provide a way for the microcontroller to collect the necessary data that will be displayed graphically and through an LCD installation. For this wind turbine design, the sensors will be measuring wind speed and direction, energy output, and temperature. It will be important to measure wind speed and direction to ensure that the wind turbine is producing as much energy as possible. Measuring energy output could give data on how efficient the design is and how much energy is being stored in the batteries. Temperature sensors will be placed on the inside and outside of the system. Knowing the temperature inside can prevent overheating with electronics. Knowing the temperature outside will just be an extra amenity and will serve as more data to be pushed to the microcontroller.
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Wind turbines can be oxymoronic. They produce power from the wind, and from a theoretical standpoint, the faster the wind, the more energy produced. However, as seen above in the graphs for existing wind turbines, there is a diminishing returns effect as the speed of the wind gets faster. So, at some point it would be ideal to stop the blades from turning to both account for the diminishing returns effect, but also the overall integrity and lifespan of the blades and rotor. To do this, we would have to use a combination of software and hardware. From the hardware side, we would need to use an air speed sensor. Below is an example of an air speed sensor:
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Figure 3.5.1 An Anemometer (wind speed sensor)
A wind speed sensor consists of three spoon-like cups attached to a rotating assembly. The cups catch the air and cause it to spin. Underneath the top part of the sensor is a reed switch, pictured below.
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Figure 3.5.2: Reed Switch inside anemometer

Further, inside the cap on the top part of the sensor, is a magnet. The way reed switches work, is that when a magnetic field is applied to them, they produce a signal and when there is no field applied to them, they do not produce a signal. This makes calculating wind speed easy. The magnet will trigger a signal on the reed switch for twice for every full rotation of the cups. With this information, you can calculate the speed by measuring the diameter of the base that the reed switch resides in (pictured above) and then calculating the time in between reed switch signals and using the speed = distance / time formula to calculate the wind speed.

There are also digital sensors out there that can be used to calculate wind speed. One of the main drawbacks of using this instead of the analog wind speed sensor shown above is that there is no way for this device to communicate with a microcontroller which is necessary for our purposes. Because of this, we will not be using a digital anemometer, as it doesn’t meet the requirements of our project. Therefore, due to its small size and ability to communicate with a microcontroller with ease, the best suited air speed sensor for our project would be the reed-switch variant pictured above. 

If we decide that in addition to airspeed, that we would also like to gather data for wind direction, there is a sensor for that. There is also a sensor for rainfall. At this point, what we have is a miniature weather system. The ideal thing about this is that it comes neatly packaged in an all in one package, pictured below:
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Figure 3.5.3 WeatherRack - Anemometer / Wind Vane / Rain Bucket 
While rain data and wind direction aren’t necessary for what our project design is, having a miniature weather system would not be bad at all. It would allow us to display a lot more data than we would be able to with just the airspeed sensor alone. Couple this with the information we will get from the other sensors described below, this design could double as a device that can gather data about the climate in given areas on a scale that was not possible before.

However, given the time constraints for our project, the only thing we absolutely must measure is wind speed. So, while using the reed-switch variant sensor above would be ideal, we wanted to find a way to measure wind speed without having to rely on a physical sensor. After some brainstorming, we came up with a way that we can measure wind speed by utilizing the energy generated by the turbine and doing calculations on this data. Utilizing this method would be easier to implement on our PCB and is independent of the MCU we decide to use. The specifics of this method will be discussed in a later section (insert section here).	Comment by Zachary Bischoff [2]: Insert section where we talk about this.
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Due to the unpredictability of wind, and the direction of it, it would behoove of us to include a wind direction sensor to our project. Wind direction designs have been around for ages. They could often be seen on old farm buildings, and the current sensors are extremely reminiscent of that design.
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Figure 3.5.4: La Crosse Technology TX-23U Wind Sensor 

In the figure above, is a combination wind direction and wind speed sensor. This would suite our needs for our project. However, we wish to avoid having to mount physical sensors if necessary. Since the wind turbine that we are using has one of these attached to it, we determined that we could use a magnetometer to determine the wind direction by attaching the magnetometer to the direction indicator on the turbine and then passing that data to the microcontroller.
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Figure 3.5.5: FLORA 9-DOF Accelerometer/Gyroscope/Magnetometer Breakout
The figure above shows an example of a magnetometer. It is about the size of a quarter. In a section below, we will go into more detail about how we would implement this sensor, should we choose to use it.
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While researching existing wind turbine designs, we encountered some turbines that utilized a noise sensor because the noise generated by the turbine was excessive. The idea behind the noise sensor is that if the turbine reached a threshold level of noise, it would be effectively ‘turned off’ until the noise level died down and then it would start back up again.

It turns out, that an effective noise sensor could just be a standard microphone and then read the decibel levels off of the microphone and use that to determine if the threshold is met or not.

Below is a picture of a microphone sensor made by Adafruit that is used on a microcontroller. It’s pretty small, but since it has an adjustable gain, this can be overlooked. Having the adjustable gain would allow us to fine tune the microphone to only pick up the sounds we need to check vs the ambient sounds that don’t contribute to the sound of the turbine.
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Figure 3.5.6 Adafruit Electret Microphone Amplifier with Adjustable Gain
However, upon further discussion, it was decided that since our turbine is a mini turbine, that the noise produced by the turbine would be minimal to that of an bigger turbine. Thus, we will not be using the noise sensor in our project.
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In addition to airspeed, there are other variables that we want to have sensors for, temperature being one of them. There are several reasons as to why we should implement a temperature sensor into our design. However, two reasons stand out: being able to tell what the temperature is and if it is too low, turning off the generator to prolong its life and reduce unneeded wear and tear as well as to monitor conditions for the battery we are going to be using. Below are two examples of temperature sensors that we could use.

The sensor pictured below is a temperature and humidity sensor. This sensor would be ideal because we want to measure temperature. It’s small nature would allow us to place it in an ideal spot to capture the outside temperature. However this brings with it a challenge, because the sensor is not weather proof. So we would have to have some sort of shield in place to make sure that the temperature we read is accurate while still being outside and in the elements. That shield will be discussed later in this section.
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Figure 3.5.7: Humidity sensor from adafruit
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Figure 3.5.8 Raspberry Pi Sense Hat

The board shown above is the Raspberry Pi Sense Hat. This board contains a lot of sensors on it; orientation, pressure, humidity and temperature. Again, while the only thing we would need this sensor for is temperature, having the other sensors is a bonus, especially pressure, because we are making a wind generator, having an idea of pressure could help predict if there is going to be wind or not. While not essential to our project or design, this information could be displayed and presented on a screen with all the other information. 

Given that this sensor almost encapsulates the Raspberry Pi, heat comes into play. We do not want the temperature sensor to incorrectly read the temperature of the Pi’s MCU. To circumvent this, we can use a thermal dissipater on the Pi’s MCU to help negate this possible effect.
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Figure 3.5.9: Zebra Black Ice Case ~ for Raspberry Pi 3, Pi 2 by C4labs
The above case for the raspberry Pi includes heat sinks and these are very good at reducing the effect of the temperature sensor from the Sense Hat incorrectly reading the temperature of the Pi’s MCU rather than the ambient temperature. If we decide to use the Raspberry Pi, we will most likely utilize this sensor and case configuration.

The last issue with calculating the temperature is that most temperature sensors, including the Sense Hat, are designed to be used indoors and measure inside temperature despite the sensors having a high range of temperatures that they can read. On top of that, by default, the Pi and the electronic sensors such as the Sense Hat are not waterproof, and any interaction with water could severely damage the sensors and Pi itself. 

So, we would have to create some sort of waterproof shield to fully enclose the Raspberry Pi and the sensors and our PCB. The biggest issue with this method though, is that it will make the temperature readings not 100% accurate. There are several designs online where people have used various methods to create this weather shield, one of which is pictured below.
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Figure 3.5.10: Example of a water shield for the Pi with Sense Hat

In figure 3.5.2.4, the designer used some plywood and some plastic containers to create the shield. Then, to help with the temperature readings, he drilled holes into the top in bottom. Doing this helps equalize the temperature between the outside air and the air inside the plastic container. The result is a shield that is moreover waterproof while achieving a temperature reading that is still relatively accurate.

The above sensor is designed to be specifically used with the Raspberry Pi; however, there is a chance that we will not be using a Pi. Therefore, we investigated other ways of measuring temperature that would have a universal implementation regardless of which MCU we decide to use. Further, since our project is utilizing a PCB for its components, we specifically searched for ways to measure temperature that would work within a PCB. Ultimately, we came across thermistors. An example of one is pictured below. A thermistor is a special type of resistor where the resistance is dependent on temperature. The thermistor pictured below is a negative temperature coefficient thermistor or NTC. In this type, the resistance decreases as temperature rises. Since this sensor does not rely on GPIO Pins on the microcontroller, and because we are making our own PCB, this sensor would be preferable to use to measure temperature. More information about how this would be implemented can be found in section 5.8.3.
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Figure 3.5.11: Example of an NTC thermistor reprinted with permission
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Since the main purpose of our project is to create a system that can produce energy on a tighter budget, one other sensor we would need to use would be an energy output sensor. Now, moreover, this is just a glorified way of saying a multimeter, however, said device must be a compatible peripheral of the microcontroller we are using. This is so we can monitor the amount of energy being produced. This is essential, because we are going to be displaying this value on our display. It has a built in 0.1 Ohm resistor which makes it capable of measuring a current up to 3.2 A. Since we are using a 12v battery, and only using the battery to power things that don’t require a lot of power, this 3.2A limitation is adequate for our purposes. In section ___, we will explain how we will use this sensor in our design to measure current and energy.
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Figure 3.5.12: INA219 Current and Voltage Sensor
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Figure 3.5.13: Solar Charge Controller
While we are not using a solar panel to produce power, the wind turbine that we will be using will come with a charge controller included. The charge controller can provide us with valuable information as shown below. However, the main purpose of the charge controller for our purposes is to down convert the high output voltage of the turbine, down to 12V. Subsequently, we will also make our own step-down voltage converter because the MCUs we are researching all have a power intake of 5V. The schematics for this design and how it will be implemented will be discussed in section ___.
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Table 3.2 Solar Controller Data

The data that the charge controller can tell us is very important. While we will be using other sensors to measure current, this can tell us information about the battery that we can display on our display. This is extra information and it is not critical to our project, but it is vital information to have, especially when dealing with batteries, as discussed above, in determining their health and charge capacity. By having access to this information and being able to display it, we can create alerts that appear when there are issues with the battery which will be discussed in more detail in section ___.	Comment by Zachary Bischoff: insert section here

[bookmark: _Toc512446683][bookmark: _Toc512449209][bookmark: _Toc512453154][bookmark: _Toc512461466][bookmark: _Toc512461250][bookmark: _Toc512509517][bookmark: _Toc512510090][bookmark: _Toc512511203][bookmark: _Toc512511845][bookmark: _Toc512518050][bookmark: _Toc512519318][bookmark: _Toc512528988][bookmark: _Toc512529424][bookmark: _Toc512535080][bookmark: _Toc512535247][bookmark: _Toc512535952][bookmark: _Toc512537205]LCD Display
Since we will be generating power with our wind turbine, and we have these sensors to measure different aspects of environmental variables, it makes sense to have a display that displays the relevant information. In addition to displaying the readings of the various sensors our wind turbine will have, utilizing a display will allow us to show alerts for various conditions and how to best proceed when those conditions arise. 

When choosing a display, one of the first aspects that would need to be looked at is the use of the display. The data that we want to display is not going to be persistent—that is, we want to display at a first level very basic information but then be able to expand that information into more detail on demand. For this reason, a standard display would not be ideal because we would have to implement a mouse and keyboard for the display. While in most cases this would not be a deal breaker, one thing we must consider is the distance of the display from our MCU. Since ideally the display would be inside, it would not be practical to have a mouse and keyboard be wired up that distance from inside, to the outside where the MCU and PCB is located. Thus, we will utilize a touch display. 

A touch display will allow us to display the data in the way that we want. In addition, it only requires a single HDMI cable and a single USB cable. The specifications of these cables are discussed in section __. This will allow us to have the display inside and not have the extra burden of protecting it from the weather elements outside, not to mention a display outside doesn’t amount to much when that is information that a homeowner would like to be able to see without having to go outside to the wind turbine to read the data. In section __ we will compare our top 3 choices for a display and choose one that we will use for our project.	Comment by Zachary Bischoff: insert section here
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Given all the data that we will have access to, and with the arrangement of sensors we will deploy alongside our wind turbine, we would have enough data to use this data for describing the climate conditions on a more widespread scale. Since one of our goals with this project is to make this design cost-effective, a byproduct of that would be that more people would be able to access it from a consumer standpoint. With that in mind, it is general knowledge that the more people that have your device, the more data about said device you receive. 

So then ideally, a lot of consumers would have this design and would be collecting data as it relates to airspeed, wind direction, temperature, humidity, and energy generation. All this data would be posted to the web and could then be used to draw more accurate conclusions about the weather in certain areas of the world regarding those factors and could aide researchers and other professional entities in better catering to the population in those areas regarding how the weather impacts them specifically.
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Microcontrollers are one of the largest aspects of this project. These pieces of silicon will allow us to monitor our sensors and perform different actions based on the readings. Some of these microcontrollers can run an operating system and allows for creation of a server to send data over the network via various methods such as Bluetooth, Wi-Fi, or Ethernet. Most microcontrollers have very low power requirements and 
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The MSP430 from Texas Instruments are a line of microcontroller units with varied specifications. Most of the MSP430 MCUs use a 16-bit processor running between 16 to 25MHz. The MSP430X uses a 20-bit processor instead. With this 16-bit processor limitation, the MSP430 can only address up to 64KB whereas the MSP430X can address up to 1MB. The MSP430 MCU can contain up to 64KB of RAM with up to 512KB of flash storage memory. External storage can be used because it contains a DMA controller; it is difficult to do because it lacks a DMA output strobe. 
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Figure 3.6.1:  MSP430 Launchpad with a MSP430G2553 processor
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Figure 3.6.2: MSP430G2553 pinout diagram

The MSP430 can have up to eight ports that are 8-bits wide and has eight associated I/O (Input/Output) pins with most of them functioning as General Purpose I/O (GPIO) pins. Only the pins in Ports P1 and P2 support interrupts. Each I/O pin has configurable pull-up/pull-down resistors and each port has an associated group of registers used to control its individual pins. The MSP430G2553 only supports up to two ports. The MSP430 can communicate through UART, I2C, and SPI.[image: ]
Figure 3.6.3 - MSP430 Port Grouping
[image: ]Figure 3.6.4: MSP430 Register Mapping

The MSP430 specifies its VCC at 3.3V. Pins are marked high and low via how much voltage is running through them. High is marked at VCC + 0.3V and low is marked at VCC - 0.3V, but it is not recommended to pass VCC as this may damage the board. The MSP430 uses a Schmitt-Trigger at the input of each pin to determine whether the voltage represents a logical high/low. By default, the MSP430 clears all registers to 0, therefore all pins are generally configured as inputs with high impedance where the pins draw almost no current and avoid disturbing the circuit. 

All MSP430 devices have a JTAG interface. This can either be done with Spy Bi-Wire or using a 4-wire JTAG with a 14-pin header depending on the model of the MSP430.
[image: ]
Figure 3.6.5:  MSP430 JTAG Diagram

The MSP430 primarily uses Code Composer Studio (CCS) for software development. This piece of software allows for software based JTAGing on any MSP430 device and allows for code editing, code building, and debugging programs on the MSP430. The primary languages allowed for code editing in CCS is either embedded C or embedded C++. These are supersets of their respective languages as they do not contain most of the standard functions and libraries that are used in most other pieces of software. Embedded C++ does allow one to make use of classes, but you cannot use templates. The MSP430 does not handle allocating dynamic memory very well as malloc and new because this function/operator will fragment the heap.
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The MSP432 line of microprocessors is similar to the MSP430 line but have a few fundamental differences. While the MSP430 uses a 16-bit processor and MSP430X uses a 20-bit processor, the MSP432 uses a 32-bit ARM Cortex-M4F processor that supports up to 4GB of memory address space. The MSP432 also supports floating point natively as it has a 32-bit FPU. The amount of RAM on the MSP432 ranges between 64KB to 256KB of SRAM and depending on the model, the amount of flash storage ranges between 256KB to 2MB. 
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Figure 3.6.6 - MSP432 pinout diagram

Most MSP432s have 40 pins for peripherals. The MSP432 can also support a display through the SPI interface at 320x240 pixel resolution. Optionally, a CC3100—an integrated ARM processor with a Wi-Fi adapter, can be attached to the MSP432. This would allow the MSP432 to connect to a network to transfer data and act as a server/client. The MSP432E401Y is an MSP432 with integrated Ethernet with 80-pins for peripherals which would allow for direct connections to a network. The CPU’s clock speed is increased to 120MHz, 1MB of flash storage, and 256KB of SRAM.

[image: ]Figure 3.6.7 - Block diagram of CC3100. (Reprinted from TI with permission)
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The Kinetis K66 is a microcontroller created by NXP. It features a 32-bit ARM Cortex M4F processor with a native FPU. The processor runs at a clock speed of 180MHz and features up to 2MB of flash storage and 256KB of SRAM. This microcontroller features 5 UART modules, 4 I2C modules, and 3 SPI modules and also features a number of GPIO pins and touch sensor interface (TSI). This microcontroller also features dual USB ports up to 480Mbps (USB 2.0) and features a 10/100 Fast Ethernet port. This chip also has a DSP and supports audio processing and audio input/output. This chip can come in both the BGA (Ball Grid Array) and LQFP (Low-profile Quad Flat Package) form factors.
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Figure 3.6.8 - K66 block diagram
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The PIC Series are a set of microcontrollers from Microchip. The main series of chips include the PIC18, the PIC24, and PIC32. The PIC18 microcontroller was created in 2000 after the PIC17 series. The PIC18 features a 16-bit processor but only has a 12-bit RAM space. Instead of using assembly for programming as with many microcontrollers at the time, the primary development language switched to C instead. The PIC24 was released in 2004 and was Microchip’s first inherently 16-bit microcontrollers. All its registers are 16-bits wide making its memory address space 64 KB. Instructions are 24-bits wide to allow for modifying the Instruction ROM which is 24-bits wide. Software access to the ROM can access the first 16-bits in one word whereas the next 8-bits are accessed in another word where the top of the bits are zeroed out.
[image: ]Figure 3.6.9 - PIC24 processor pinout

The PIC32 series was released in 2007. These microcontrollers are based on the MIPS32 M4K Core where the first 18 models in the series are pin-to-pin compatible and share the same peripheral set as the PIC24. The MIPS32 M4K is a 32-bit processor running as low as 25MHz and can run as fast as 252MHz. The amount of RAM will vary between 512KB to 32MB of DDR2 DRAM as with the PIC32MZ DA. The PIC32MZ DA also features an integrated GPU. Most models will have up to 2MB of flash storage. The PIC32 models feature CAN, USB OTG, and most importantly, Ethernet. There is full JTAG support on every model.

[image: ]Figure 3.6.10 - PIC32 pinout
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Raspberry Pi’s are a series of small single-board computers. They do not contain keyboards, mice, or cases. All the models feature a Broadcom system on a chip (SoC) with an ARM CPU and an integrated GPU. The ARM processor’s speed ranges from 700MHz to 1.4GHz depending on the model. The storage medium for the Raspberry Pi are SD cards and depending on the model, full size SD cards or microSD cards. All models contain an HDMI port for video output, a 3.5mm jack for audio output, and USB ports. The B-models have an Ethernet port while the Pi 3 and Pi Zero W have onboard 802.11n Wi-Fi and Bluetooth. All models contain GPIO pins that support protocols such as I2C. Power requirements are low on the Pi only requiring 5V at 2.5A to fully function. All models can run a lightweight Linux distro where the Pi Foundation recommends the use of Raspbian, a Debian-based Linux distro, but one can install any OS that supports an ARM processor such as Arch Linux ARM, Ubuntu, Windows 10 IoT Core, LibreElec, etc.
[image: GPIO layout]Figure 3.6.11 - Raspberry Pi GPIO pinout

For our purposes, we would use the Pi 3 model for our GPIO needs as it has 1GB of RAM, the 1.4GHz processor, and has the full count of GPIO pins that will be needed for our sensors. This model has 26 GPIO pins with both 5V and 3.3V rails. Pins are marked as high when the voltage is at 3.3V and low at 0V. The devices connected to the pins can communicate using I2C, SPI, or UART. JTAGing on the Raspberry Pi involves using specific GPIO pins. The JTAG uses the TDI, TDO, TMS, TCK, TRST, and RTCK pins.

Since the Raspberry Pi can support multiple Operating Systems (mostly Linux-based), a number of different programming languages and libraries exist for controlling the GPIO pins onboard. These languages include C, C++, C#, Python, Java, JavaScript, and so forth with their libraries such as WiringPi (C, C++), WiringPi.NET (C#), RPi.GPIO (Python), Pi4J (Java), and Node.js (JavaScript). Most of the libraries allow for full access of the GPIO pins and allow for UART, I2C, or SPI communication. 
[bookmark: _Toc512013801][bookmark: _Toc512074289][bookmark: _Toc512074544][bookmark: _Toc512074658][bookmark: _Toc512075459][bookmark: _Toc512075923][bookmark: _Toc512075737][bookmark: _Toc512076547][bookmark: _Toc512076995][bookmark: _Toc512077495][bookmark: _Toc512083597][bookmark: _Toc512091706][bookmark: _Toc512091611][bookmark: _Toc512091898][bookmark: _Toc512093601][bookmark: _Toc512094565][bookmark: _Toc512205814][bookmark: _Toc512205885][bookmark: _Toc512285800][bookmark: _Toc512368101][bookmark: _Toc512368207][bookmark: _Toc512368450][bookmark: _Toc512368666][bookmark: _Toc512368830][bookmark: _Toc512369675][bookmark: _Toc512373688][bookmark: _Toc512374255][bookmark: _Toc512374174][bookmark: _Toc512375551][bookmark: _Toc512375875][bookmark: _Toc512374844][bookmark: _Toc512375177][bookmark: _Toc512375339][bookmark: _Toc512377202][bookmark: _Toc512376884][bookmark: _Toc512376686][bookmark: _Toc512378959][bookmark: _Toc512380946][bookmark: _Toc512381841][bookmark: _Toc512382738][bookmark: _Toc512382902][bookmark: _Toc512383312][bookmark: _Toc512383559][bookmark: _Toc512382693][bookmark: _Toc512384133][bookmark: _Toc512383066][bookmark: _Toc512384980][bookmark: _Toc512383853][bookmark: _Toc512420949][bookmark: _Toc512421211][bookmark: _Toc512423026][bookmark: _Toc512427182][bookmark: _Toc512430500][bookmark: _Toc512433050][bookmark: _Toc512433940][bookmark: _Toc512435172][bookmark: _Toc512436647][bookmark: _Toc512446691][bookmark: _Toc512449217][bookmark: _Toc512453162][bookmark: _Toc512461474][bookmark: _Toc512461258][bookmark: _Toc512509525][bookmark: _Toc512510098][bookmark: _Toc512511211][bookmark: _Toc512511853][bookmark: _Toc512518058][bookmark: _Toc512519326][bookmark: _Toc512528996][bookmark: _Toc512529432][bookmark: _Toc512535088][bookmark: _Toc512535255][bookmark: _Toc512535960][bookmark: _Toc512537213]A10-OLinuXino-LIME
The A10-OLinuXino-LIME or the A10-LIME is an open-source microcontroller/development board. Since it is open source, all CAD files and schematics are freely available and licensed under GPL. The board by Olimex features an ARM Cortex-A8 CPU running at 1GHz, an integrated Mali 400 GPU, and 512MB of DDR3 RAM. For storage, a microSD card is used and optionally a 4GB NAND chip can be installed as well. It features a SATA port that can be used for additional storage if necessary as well as 4 USB ports that can be used for more storage or peripherals. For networking, the A10-LIME comes with a native 100Mbps Fast Ethernet port. For video display, an LCD connector can be used, or the HDMI port can be used for Full HD (1920x1080px) video display. The A10-LIME features 160 GPIO pins on three GPIO connectors with support for UART, SPI, and I2C.
[image: ]Figure 3.6.12 - A10-LIME GPIO 1 pinout (Reprinted from Olimex under GPL)
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When thinking about constraints on our design, we were hard-pressed to find many constraints overall. However there are economical and time constraints which must be addressed during the course of the project. And while we couldn’t find any other constraints, it is indeed possible that they may arise throughout the course of our project. Therefore this is just a preliminary list of constraints. We will monitor any potential new constraints as we build our project.
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Economically, this project is somewhat pricey. Prices can shift, but the most expensive component of this project is the wind turbine itself. Depending on the height, the wind turbine can range in cost anywhere between $100 and $500 for a turbine that is around 4 feet in height. This can make expanding system quite costly at $1,000 per unit. The microcontroller and other components are inexpensive with the only other component exceeding the $100 mark is the motor.
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Timewise, as soon as we finish ordering the parts, we need to test and assemble the components. We have 12 weeks to test, debug, tweak, and finalize this project. Testing most of the sensors will be simple as they can be quickly tested with the microcontroller. Most of the sensors are simple GPIO devices that can be quickly interfaced. Writing the software will be much simpler since there are libraries available for interfacing with the GPIO pins. PCB creation will also take some time, as PCB components must be finalized, sent away, created, shipped back, and then finally tested to make sure it all works. This increases the time crunch as we may need to make multiple PCB revisions before completely finalizing the design and having to wait for each new revision. Also, if any component fails, we would have to reorder, wasting more time as we wait.
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This project will not pollute the environment and will attempt to harness the power of the environment to generate energy that can be used to power something such as lights or the system itself, though the power and efficiency of the system will depend on the environment itself. Since we are primarily using a wind turbine to generate energy, we require that it is windy out and the turbine can generate more electrical energy. This is mainly a problem in this location as it is not as windy as other places. This can be somewhat resolved by increasing altitude, but this increases other problems such as temperature. The colder temperatures may introduce condensation to the system and could potentially short out the electrical system if not sealed properly. Rain could also make the system short, so that should be taken care of as well.
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Socially, this could be seen as something new and unique as I don’t think it will be marred from society considering it is a wind turbine that generates electricity. I do see where it may seem odd to put one of these systems on top of a house or building as it is generally not done as there are usually solar panels that are put there instead. The only problem with solar as that it will only be at most 30% efficient unless it angled towards the sun at all times when the sun is out. As stated before, the problem with wind if that it depends on the speed of the wind which is also inconsistent, so there are pros and cons to both approaches.
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Politically, there are not many constraints when it comes to this project. The project, to my knowledge, does not violate any laws, as it will not interfere with airspace and will not pollute the environment. Unless we raise one quite high to harness wind from that altitude, I do not believe we have to worry about polluting the airspace and getting a notice from the FAA about this.
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Health and safety constraints will be an important part to consider when running through design ideas. Mechanically we will have a structure that will have rotating blades. Generally, any objects around the wind turbine system will need to be at a safe distance away from these blades to prevent any collisions while rotating. The turbine will also be mounted on top of a platform. It should be stabilized from all sides to avoid any toppling during extreme weather. 

Electrically this system will be generating electrical energy that will be stored in batteries. This power will need to be transported safely and in a way that does not accidently discharge any dangerous current levels. The batteries being used will be sealed lead acid batteries. Even if these are designed to be much safer than flooded lead acid batteries, there is still a chance that electrolytic fluid can be released in extreme situations. Because of this, they should be stored in a safe location, away from anything that produces a considerable amount of heat.
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Once the PCB layout is finalized, the most difficult points of manufacturing will be creating a base to hold the components and to make sure it is balanced and will not topple over onto itself. Certain components would have to be checked such as the lead-acid batteries and those leaking could spell certain doom. If the PCB fails and it does not regulate power correctly, there may be problems with the system and components could fail over time or sporadically. This may even cause undefined behavior within the system. As long as most of the electrical components hold, the system will do fine and will be sustainable. The most important thing about this system is its sustainability and its ability to generate electrical energy from wind so if there is wind, it will generate power.
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A big portion of this project is related to hardware. This section will discuss how we intend to implement the hardware and also give schematics and tables concerning certain aspects of our hardware design. 
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This section will focus on the hardware design and how it will be implemented into a real, working, system. We have already done the research into the different components needed in this design, so now we will ultimately select the specific components we will be using in the design. This project focuses on a wind turbine, so naturally the whole design depends on what turbine will be used. For our purposes, and for its cost, a 500W 12V wind turbine will be used. Since this is a turbine, the gearbox and generator are already built in. A tower is not provided with the turbine, so we will discuss what will be used as a mounting place for the turbine. One thing that comes with the turbine is a charge controller. This will be very important to the design because it steps the voltage from the generator down to 12V. This will be important because our energy storage is a 12V battery. 

Sensors are the next big part of this project. The sensors will provide us with all the necessary data we wish to display. The sensors include, but are not limited to, wind speed, wind direction, power/energy, and temperature. These sensors will ultimately be connected to a microcontroller chip on a printed circuit board that we will design. If we are going to power this system with the turbine alone, then we must drop the voltage down to 5V and 3.3V to accommodate for the smaller components that run at these voltage levels. To accomplish this, resistors will be used in a voltage divider circuit.

Once again, there will be quite a bit of data being collected from the sensors. This information will be fed to the microcontroller. From here, the information will be displayed on a touch LCD display to add more interaction to the design. More of this will be discussed in Section 6 of this document. On another note, this will not be possible without the development of a printed circuit board that will contain all the necessary components needed to run the system.
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Figure 5.1.1
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This section is dedicated to the comparison and selection of a wind turbine that will fit our design expectations determined previously in section 3. Pictures of each turbine will be shown as well as the complementary specifications for each wind turbine. Theses specifications will be contrasted in the following subsections with the purpose to select the optimal wins turbine for specific application. Each of following three wind turbines is very similar but there are a few key differences that have narrowed done the selection to one. Additionally, each wind turbine comes with its own generator and gearbox. In the subsequent main sections, the generator and gearbox will also be discussed    
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This is wind turbine designated as wind 1. It is unbranded, and the manufacturer is unknown so will refer to this wind turbine as wind turbine 1. The specifications are below as well as a picture. The turbine is listed on eBay for the price of $154.99. Has a DC voltage output and comes with a charge controller.
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Specifications
· Color: White
· Number of Blades: 3
· Rated Power: 500W
· Maximum Power: 510W
· Rated Voltage: 12V
· Start-up wind speed: 2.0m/s
· Rated wind speed: 13.0m/s
· Survival wind speed: 50m/s
· Top net weight: 6.8kg
· Wheel diameter: 1.4m
· Blade length: 55cm
· Blades material: Nylon fiber
· Generator: three phase permanent magnet ac synchronous generator
· Magnet: NdFeB
· Generator case: Casting aluminum alloy
· Control system: Electromagnet/wind wheel yaw
· Speed regulation: Automatically adjust windward direction
· Working Temperature: -40C-80C
· Package size = 67x29x23cm
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This is wind turbine designated as wind 2. It is unbranded and the manufacturer is unknown, so will refer to this wind turbine as wind turbine. The specifications are below as well as a picture. The turbine is listed on eBay for the price of $140.59. Has a DC voltage output and comes with a charge controller.
[image: ]Figure 5.2.2

Specifications
· Color: White
· Number of Blades: 3
· Rated Power: 400W
· Maximum Power: 410W
· Rated Voltage: 12V
· Start-up wind speed: 2.0m/s
· Rated wind speed: 13.0m/s
· Survival wind speed: 50m/s
· Top net weight: 6.8kg
· Wheel diameter: 1.2m
· Blade length: 55cm
· Blades material: Nylon fiber
· Generator: three phase permanent magnet ac synchronous generator
· Magnet: NdFeB
· Generator case: Casting aluminum alloy
· Control system: Electromagnet/wind wheel yaw
· Speed regulation: Automatically adjust windward direction
· Working temperature: -40C-80C
· Package size = 67x29x23cm
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This wind turbine is designated as wind 3. It is unbranded and the manufacturer is unknown so will refer to this wind turbine as wind turbine 3. The specifications are below as well as a picture. The turbine is listed on eBay for the price of $179.99. Has a DC voltage output and comes with a charge controller.
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Figure 5.2.3

Specifications
· Color: White
· Number of Blades: 5
· Rated Power: 500W
· Maximum Power: 510W
· Rated Voltage: 12V
· Start-up wind speed: 2.0m/s
· Rated wind speed: 13.0m/s
· Survival wind speed: 50m/s
· Top net weight: 6.8kg
· Wheel diameter: 1.3m
· Blade length: 57cm
· Blades material: Nylon fiber
· Generator: three phase permanent magnet ac synchronous generator
· Magnet: NdFeB
· Generator case: Casting aluminum alloy
· Control system: Electromagnet/wind wheel yaw
· Speed regulation: Automatically adjust windward direction
· Working temperature: -40C-80C
· Package size = 67x29x23cm
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We decided to select wind turbine 1 for our project due several reasons. The first reason was because the price versus power generation of wind turbine 1 was the most optimal by our standards. Wind turbine 1 is listed at $154.99 and is expected to produce 500W of power at a rated wind speed of 13m/s. Wind turbine 2 is indeed cheaper than wind turbine 1 with wind turbine 2 having a listed price of $140.59. However, wind turbine 2 can only produce up to 400 W at the same rated wind speed of wind turbine 1, that being 13 m/s. One of goals is to produce as much power as possible while being as efficiency as possible. Thus, the 500W provided by wind turbine 1 would be more optimal to meet that goal rather than the 400W provided by wind turbine 2. The initial price difference between the two is compensated by increased power output. The following example and figure will show this. 

We will be using one of the northern cities mentioned in a previous section 3.2.3, Barlow, USA, as an example for the energy savings for between wind turbine 1 and wind turbine 2. The average cost of energy per hour in Barlow, USA is shown below in the following figure. 

[image: ]
Figure 5.2.4 Residential electricity rates in Barrow
The average price of energy in Barlow, USA is 11.85 cents per kilowatt-hour or 0.01185 cents per watt-hour. There is 168 hours in a week. Multiplying this amount time by the cents per watt-hour in previous line and the energy cost in a week is approximately $1.99. Now multiply $1.99 by the 100W difference between wind turbine 1 and wind turbine 2 and the total money difference between the turbines for a one-week period is $199.08. Within the first week alone the initial price difference wind turbine 1 and wind turbine 2 of $14.40 has been overcome significantly. Therefore, wind turbine 1 higher initial cost of $154.99 is justified because the savings produced in one week will make up for it when compared to wind turbine 2. Therefore, wind turbine 2 will eliminated from the consideration because its only difference from other turbines was price and power production, which has been proven to be inferior to the other two wind turbines under consideration. Wind turbine 3 was not used in this cost comparison because it has the same power rating as wind turbine 1 albeit a higher initial cost which will lead to reason two.

Reason two is that although wind turbine 3 has a notable higher initial cost, $170.99, than wind turbine 1, $154.99, the added benefits of more blades of wind turbine 3 is unwarranted in our application. The use of more blades pass the number of 3 blades, which is standard number of blades for a wind turbine, is to lower the startup- speed for a wind turbine and to provide more stability. This has to do with aerodynamics of the blade itself but in terms of our project we will not go into more details about the aerodynamics because that is a mechanical aspect. Instead we will focus on fact that that wind turbine 3 is supposed to have a lower start-up wind speed and be more stable than wind turbine 1. On the contrary, in the specifications for wind turbine 3 the start-up wind speed is 2.0 m/s, the same as the start-up wind speed for wind turbine 1. We are assuming this is a discrepancy or a rounding up of the start-up wind speed to nearest meter for wind turbine 3. If this assumption of fallacy or rounding up is correct than this perceived advantage of a lower start-up wind speed that wind turbine 3 possesses over wind turbine 1 still would not be necessary for out particular application because we will have more than sufficient wind supply in the specific areas we are designing for. As shown in previous sections, the average wind speed in northern areas are about 12 m/s and up so therefore the need for a lower start-up wind speed is unnecessary, especially at a cost of $25 more. On the other hand, if this assumption of fallacy or rounding up is false than the only other possible advantage would be stability but this too would be unnecessary for our project.  All the wind turbines have a survival wind speed of 50 m/s and the maximum wind speed in the areas of interest do not come anywhere close to this value. The max wind speed we must consider is 28 m/s, so stability is not a concern. Wind turbine 2 was not used this analysis because it has the same number of blades as wind turbine 1.

There are no other differences to between the turbines so with these comparisons listed above, wind turbine 1 will be the one selected for out project. We will base our specifications off those specifications provided with wind turbine 1 and will we now discuss the gearbox and generator in our design impact based off the ones provided with wind turbine 1
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The gearbox in our application will already come assembled and integrated with the purchase of the wind turbine and that is why we did not do any prior research into different types of gearboxes because the selection was determined by wind turbine component. However, the gearbox located within wind turbine might have an impact on our overall design or safety concerns, so farther inquiry is required now.  As of now there is no listed information on EBAY about the gearbox for wind turbine 1 so we have sent a request to the supplier for additional information about the gearbox but in the meantime, we can do our own research and based the other information already provided. Based on the 500 W power output of wind turbine 1 the gearbox is most likely in the medium range of gear ratio of 1:30. The gear ratio is amount of revolutions inside of the generator versus the amount of revolutions of the rotor. The top gear ratio is 1:90 for larger wind turbines the larger the ratio the more the revolutions were increased from the rotor to the generator. For some of the megawatt wind turbines there is no gearbox in fact and the use of direct-drive or directing using the revolutions produced by the rotor inside of the generator is used instead. The use of direct-drive is due impart because the use of a gearbox comes with drawback of increased concern of stress and ware for other supporting components inside the wind turbine like the bearings.  In fact, the higher the gear ratio to more stress there is to the supporting parts.

 	As previously stated, wind turbine 1 will probably have a gearbox because it is not a megawatt wind turbine, so the ability to use direct drive is not viable, and the gear ratio is probably in the ball park of 1:30 because of sizing of the wind turbine 1, which should not cause significant stress and ware to the supporting parts of the wind turbine. We should not have considered this as safety issue than according to our assumptions and no additional is needed to account for the gearbox. The follow picture below is picture of general 1:30 gearbox that we would expect to be in the wind in turbine 1.
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Figure 5.3.1 30 Gearbox   
If the seller of the wind turbine that we are purchasing replies with the information regarding the gearbox and that information differs from our expectations as seen in the picture above, then this section will be reviewed again and the design will be updated.
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A similar investigation into the actual generator within wind turbine 1 is needed just as with the gearbox in the past section. Similar to the situation with the gearbox, there was no need to research different generator designs and/or trends in the research sections of this document because the wind turbine we chose comes with its own generator already integrated. Also similar to the gearbox situation there is a need to consider the potential impact that wind turbine 1’s generator will have on our overall design. We plan to incorporate several different types of sensors around and on the wind turbine, as well as cable runs leading to these sensors. Some of these sensors could be located wit in the immediate proximity of the wind turbine 1’s generator. The potential impact of generator is even more prominent than the gearbox because the generator’s internal magnet field might have a detrimental effect on some of our sensors/measuring instruments and/or the cabling with current flowing through it. Also, the opposite could be possible, with the sensors and current carrying wire possibly affecting the inner workings of the generator. The generator’s magnetic field could be a possible issue in two ways. The first way could be that the magnetic field from the generator could be large enough to reach and affect the measurement of some of our sensors. This is the case because the sensors we plan on implementing will rely on outputting a voltage signal to transmit their sensory information to the pins of our microcontroller. The intruding magnetic field and thus the magnetic flux could produce undesired voltages on our sensors input due to induced Electromotive forces (emf) as shown in faraday’s law below:

For Faraday’s law to be valid in sense the magnetic flux has to be time varying, which is the case because the generator is operating with alternating current (AC). If there are indeed unforeseen voltages on our instruments than our measurements could then become erroneous and therefore ineffective for data collection. 

The second way that the generator’s magnetic field could be harmful is the possibility of magnetic forces moving cables and/or interfering with internal workings of the sensors. Due to Biot-Savart’s law, a current carrying wire in the presence of an external magnetic field will experience force acting upon it as shown in following equation:



If cables were moved or sensors were disrupted than this could mess with the operation of our wind turbine. Given these two scenarios of interference it would beneficial to learn exactly what type of generator is in wind turbine 1. From the specifications provided with wind turbine 1, the generator type is listed as a three AC synchronous generator with a permanent magnet. Since the generator is an AC synchronous generator with a permanent magnet, most likely the magnet is a 1st stage exciter for the main exciter, the concern for interfering magnetic fields is farther confirmed because the 1st stage exciter and main exciters rely on their magnetic fields to operate properly. The magnet has even more detail and is listed as an NdFeB type. An NdFeB type magnet, also known as neodymium magnet, is the most popular magnet used in commercial settings due to it being the strongest type of permanent magnet available commercially. Since NdFeB is considered for its magnetic strength, calculations will have to be done with these parameters in mind. The NdFeB parameters are listed below in the following two figures figure.
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Figure 5.4.1 NdFeB Parameters 1
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Figure 5.4.2 NdFeB Parameters 2

The first figure shows magnetic field values of an NdFeb sintered versus bonded. We need to do testing to see which one type we have because this is not listed. The second figure shows other related values of magnetic properties that could be used in calculations if needed.
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In order to produce as much power as possible, a wind turbine needs to face in the direction of oncoming wind as much as possible. To achieve that there is often a control system that pivots or rotates the wind turbine to face the wind the wind no matter the direction its coming from. There was no need to research wind turbine control systems because one was provided with wind turbine 1.Our small wind turbine will have a passive control system as stated by the seller. A passive control system is a system that uses wind power to turn a back fin on the wind turbine towards to downwind direction. An active control system requires using a servo and internal control system to provide feedback to produce the rotation towards the wind. We could have implemented an active control system but we decided that it would be unnecessary due to the extra cost monetary and time-wise to buy and integrate a servo and more cabling to purchase. Also we decided the viability of passive control system was already effective enough. The following figure is of the back fin on wind turbine 1 that will provide the passive control needed to rotate the wind turbine 1 into the wind.
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Figure 5.5.1 Back Fin
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The power coming out of the generator is three phase AC current that is then converted to DC by a charge controller. This charge controller is provided with the wind turbine 1. The charge controller comes with its own specifications and these should be listed and analyzed as well because the charge controller will have an impact on the overall design. The following figure is of the charge controller provided with wind turbine 1. The specifications are shown on the picture but will also be listed out after the figure for clarity.
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Figure 5.6.1 Wind Turbine 1 Charge Collector
· Charge Controller Specifications:
· Rated Battery Voltage: 12V
· Rated Wind Generator Capacity: 600W
· Wind Generator Braking Voltage: 15V
· Wind Generator Recover Voltage: 13.5V
· Quiescent Power Consumption: < 15mA
· IP Protection Level: IP67
· Model Number: FW06-12

From the picture the three green wires are from the turbine and are carrying three phase AC current. The red and black are DC current; the red wire being the positive terminal and the black is the negative terminal.

Most of these specifications will not have a substantial impact on our design of our circuit, except for maybe the Quiescent Power Consumption. This might affect our current of our main circuit connecting the wind turbine to the battery and PCB. Will account for this in hardware testing and if it has an effect we will add the charge controller as power consuming load.
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Figure 5.6.2
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With wind turbine 1 now selected as the turbine for our project, it is now necessary to select an appropriate tower to support it. Research into tower designs was not needed because the most used tower design is a monopole tower/ single tower. All the other wind systems mentioned in the research section used a monopole and this because it is simple to design and is the cheapest. One of goals for our project is to be as cheap as possible so the monopole design is the best to fit that goal. 

Although research is not needed into different tower types, there is need to compare different monopole towers for the selection for best one that fits our project and this analysis shall be done subsequent subsections.
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Based off our research of looking for a commercial tower that would fit our project design, there was not a tower that we could find that would match our exact design. All the towers being sold were monopole towers but they had tower diameters that were tiny. The towers were basically just single poles being held up by several tethers for stability and the base of these towers is just flat with no enclosure like structure. In our design we are hoping to have a monopole tower with a big enough tower diameter in order to house a few cables. These cables would run from generator and our printed circuit board (PCB) through the hollow pole and connect to our wind turbine and sensors mounted on the wind turbine. We also want to have a hollow, box-like base for our tower in order to house all our PCB, battery, other electronics, and cabling. Our tower and base will double as the support for wind turbine 1 and a protective enclosure for everything else. With this concept in mind we have decided to build our own wind tower as of now. 
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This section will explain the design of the tower and base for our project through visual representation of schematics.  The first schematic will of the tower portion and the second schematic will be of the base.

Wind turbine Tower
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Figure 5.6.1 Wind Turbine Tower
This is figure of how tower will look like in the design, minus the back fin. The back fin is not important to this figure. The focus is just tower in this figure. We wanted to show that pole supporting the tower will be hollow in the inside, which allow for cabling to through pass through internally from the base structure to the bottom of wind turbine component on top. The tower will act as the enclosure for free cables and we plan to have to cables fixed to the sides of the tower walls to ensure there will not be movement or tangling of wires. The cables are gray lines in the figure. 

Wind turbine Base:
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Figure 5.6.2 Wind Turbine Base

	This is simple base schematic to the orientation of the major components internally. The three cables from the last figure will be connected to the following loads in this way. The battery and PCB will be on opposite sides of the base structure to ensure there will not be any interference with each other. The loads will be elevated from the base’s floor for grounding of the loads. The ground pegs are there for the same purpose.  There also are venting ducts attached to the base structure for the purpose of cooling air flow to avoid overheating of the loads inside. The ducts are pointed downwards in order to prevent too moisture from penetrating the inside of the base and thus affecting the electrical loads on the inside. This schematic is meant to reflect the main circuit schematic shown in figure 5.7.3. There is one main wire connected to the battery and two main wires connected to the PCB. The two wire connection is needed for MCU and peripherals devices respectively.
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Resistors will have to be added to the main circuit in order to drop the voltage and current coming from out of the charge controller. The voltage coming out of the charge controller will be 12 V and current coming out will vary depending on the amount power being produced by the wind turbine. This drop in electrical parameters is necessary to meet the requirements of the electronics on our PCB and to make sure these parameters will not exceed the upper safety limits of those same electronics. Our initial main circuit design will be shown in the section about the PCB layout. Prior to that section will be give design details in this section about the resistors values chosen for main circuit in order to describe part selection. 
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The two resistor values that we will need in our initial design are 1.47Ω and 0.7Ω. 1.47 Ω was chosen to drop the 12V coming out of the charge controller to 5.5V, which is required voltage for the MCU. Notice that this resistor is after the branch containing the battery. This is because our battery will require 12V to charge adequately; therefore the 3.25 Ω resistor was purposely placed after. The 2.2 Ω was placed after the MCU load in the first branch for the same reason. We needed to farther lower the voltage of 5.5V to 3.3V for our peripherals load in the second branch. The peripherals are our sensors and other various electronics mounted onto the PCB. The following calculations discussed above will be shown below through equations to provide clarity.

R1 calculation:

 =  = 3.25 Ω

R2 calculation:

 =  = 2.2 Ω

Vg: Voltage from the Generator
: Voltage for the MCU
: Current from the Generator
: Voltage for the Peripherals
:  Current for the Peripherals
: First Resistor to drop Voltage
: Second Resistor to drop Voltage
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We have already selected the resistors we are planning to purchase and there was not really a need to compare different types because our resistor values were so specific and normal resistors are extremely low price anyway. The following figures are of resistors will have selected. These images are provided in order to separate visually the two types of resistors when they are mounted on the PCB. The first figure is of the 3.25Ω resistor and the second figure is of 2.2Ω resistor
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Figure 5.8.1 2.2Ω Resistor
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Figure 5.8.2 3.25 Ω Resistor 1


The pricing for an individual resistor is $0.20 and under so its cost is negligible. We will be purchasing bundles of these types of resistors for prototyping and testing so the cost of the bundles will be added to the bill of materials. 
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The diagram shown below is of main incoming circuit that connects the generator of the wind turbine to the battery, MCU, and various other peripherals on the PCB. The emphasis of this diagram in this sections is show the resistor values and there orientation in the circuit.
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Figure 5.8.3 Main Circuit w/ Resistors   
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This section will go over the sensor selections made for this design. After going through the research, we were able to determine what is needed for the system to work. Instead of buying an external wind speed sensor, we discovered a way to tell wind speed from a turbine specification. To do this, we had to consider what type of energy sensor we would be using. There were a lot of ways to measure temperature and it was clear what was easiest and more cost effective. All these topics will be discussed in the following sections.
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In our sensor research we discussed many different wind speed options that can help us obtain the data we need. After looking at various options and other form factors, we realized that the wind turbine could be used to measure speed. Since we are purchasing our wind turbine, we are already aware of its specifications. Along with these specifications is a power curve for the turbine. This power curve represents the power generated according to different wind speeds. We will have a way to track the power being produced by our generator; which will be discussed in the next section. Using the data gather from the power readings, it can be compared to the power curve to output a specific wind speed. An example of a power curve can be seen below.
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Figure 5.9.1: Example of a power curve for a wind turbine
We believe that this approach for a wind sensor would allow us to showcase our engineering knowledge better than just buying an external sensor. It will also decrease the budget of our design. Of course, there will be some downsides to this approach. The biggest downside is the increase in complexity for the design. Another may be some inaccuracies when trying to determine the right wind speed. Although this is the case, we believe that this can be implemented and will work for our design.
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Along with our wind speed sensor idea, we had to come up with a way to measure the power being produced. As mentioned in the sensor research, this sensor will mainly be measuring the voltage or current, in this case it will measure current. We know that the wind turbine is rated for 12 volts; therefore we can just read the current and convert these two values to a power reading. The TI INA219 current sensor and power monitor will provide the capability of measuring the current coming from the generator. The sensor contains eight pins to make this all possible—two pins for the positive and negative inputs, two address pins, and one voltage supply pin, one ground pin, and two pins for serial bus clock and serial bus data.
[image: ]
Figure 5.9.2: Pin configuration for TI INA219
	An important thing to note is that this sensor requires a shunt resistor. This resistor will be of a low resistance. The sensor works by reading the voltage drop across the resistor through the two input pins. This is the shunt voltage and it is compared to the voltage from the negative input with respect to ground. The calculations are done by the IC and this comparison is translated into a current reading. Knowing this, we will connect this sensor and shunt resistor between the charge controller and microcontroller on the printed circuit board.
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Figure 5.9.3 Flow diagram showing current sensor placement.
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As mentioned in the research, thermistors will be the sensor choice for measuring temperature—specifically, NTC thermistors. Negative temperature coefficient (NTC) thermistors are great for temperature measurement. Another option of thermistor is positive temperature coefficient (PTC) thermistors. NTC’s decrease in resistance as the temperature increases. PTC’s do the opposite and increase resistance when the temperature increases. For our design, the thermistor is needed to keep track of the outside and inside the system enclosure. We want to keep track of the outside temperature as data to display on the touch LCD. We will also use a thermistor inside of the system to make sure the enclosed environment does not heat up too much. For this application, a NTC thermistor will be used because of its capability to change resistance over a large temperature range.

To implement the thermistors, we will use a simple setup shown in Figure 5.8.3.1. As shown, there will be a thermistor connected between loads. Having two wires will allow for a current to be passed through the thermistor while also providing a way to measure the voltage of the resistor. From here, the resistance can be calculated from the current and voltage reading. This resistance is then translated to a temperature according to resistance-temperature curves provided by the thermistor’s manufacturer.
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Figure 5.9.4: Example of two-wire setup for NTC thermistor.
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The wind direction sensor we will use was briefly mentioned in Section 3.5.2. This would be the LSM9DS0 inertial module that contains a gyroscope, magnetometer, and an accelerometer. The module will be electrically connected to the circuit board, but it will need to be placed in an area that rotates with the wind turbine. As mentioned previously, the wind turbine comes fashioned with a tail that will allow it to rotate in the direction of incoming wind. Therefore, the LSM9DS0 module will need to be housed and placed on the exterior of the turbine system. Initially, we thought of securing this to the base of the rotating section of the turbine but realized that this would not work, the reason being that the base would need to stay static to allow the turbine to rotate freely.
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This section is dedicated to the comparison and selection of a microcontroller that will fit our design expectations determined previously in section 3. Specifications will be shown once again, and block diagrams of the microcontroller setups will be pictured. Theses specifications will be contrasted in the following subsections with the purpose to select the optimal microcontroller for this project. There will be four different microcontrollers that will be compared: the MSP432, the A10-OLinuXino-LIME, the FRDM-K66F, and the Raspberry Pi 3. The following criteria are what will determine what microcontroller will be supported: price, clock speed, memory, networking support, Operating System, graphics processor, open-source hardware schematics, and GPIO.
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Right off the bat, we can determine that MSP432 is the least expensive option followed by the Raspberry Pi, A10-LIME, and finally, the FRDM-K66F respectively. This will allow us to create a price to performance metric to determine whether we are getting a good deal on the microcontroller compared to the hardware that is available on it.
	Microcontroller
	Price

	A10-OLinuXino-LIME
	30 EUR (approx. $38)

	MSP432
	$19.99

	FRDM-K66F
	$63.75

	Raspberry Pi 3
	$35.00


Table 5.1 - Microcontroller pricing comparison
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In the case of clock speed, the MCF2553X has the lowest clock speed by far followed by the MSP432; however these microcontrollers require much less lower power requirements than the remaining two. All MCUs feature an ARM Cortex processor that are at least 32-bits wide (the Raspberry Pi uses a 64-bit processor), so similar toolsets can be used because the processors should have most of the same assembly instructions if writing code using a native language such as C, C++, or even hand-written assembly. The Raspberry Pi is the only microcontroller that features a multicore processor.
	Microcontroller
	Processor
	Clock Speed
	Data Width

	A10-OLinuXino-LIME
	Allwinner A10 (ARM Cortex A8)
	1GHz
	32-bit

	MSP432
	ARM Cortex M4F
	120MHz
	32-bit

	FRDM-K66F
	ARM Cortex M4F
	180MHz
	32-bit

	Raspberry Pi 3
	ARM Cortex-A53
	1.4GHz
	64-bit


Table 5.2 - Microcontroller processor and clock speed comparison
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Both the MSP432 and the FRDM-K66 have 256KB of SRAM whereas the A10-LIME and the Raspberry Pi feature different generations of DRAM. The generation is not so important rather that it is running DRAM. The problem with those microcontrollers is that allocating memory on the heap is not effective and can even cause problems in programs because of heap corruption due to the microcontroller wanting to keep the heap contiguous and malloc/new not abiding by that. This is the main reason why allocating memory is not recommended on these microcontrollers and why templates should not be used if writing C++.
	Microcontroller
	Amount
	Type

	A10-OLinuXino-LIME
	512MB
	DDR3 DRAM

	MSP432
	256KB
	SRAM

	FRDM-K66F
	256KB
	SRAM

	Raspberry Pi 3
	1GB
	DDR2 DRAM


Table 5.3 - Microcontroller memory comparison
[bookmark: _Toc512205835][bookmark: _Toc512205906][bookmark: _Toc512285821][bookmark: _Toc512368127][bookmark: _Toc512368233][bookmark: _Toc512368476][bookmark: _Toc512368692][bookmark: _Toc512368856][bookmark: _Toc512369701][bookmark: _Toc512373714][bookmark: _Toc512374281][bookmark: _Toc512374200][bookmark: _Toc512375577][bookmark: _Toc512375901][bookmark: _Toc512374870][bookmark: _Toc512375203][bookmark: _Toc512375365][bookmark: _Toc512377228][bookmark: _Toc512376910][bookmark: _Toc512376712][bookmark: _Toc512378985][bookmark: _Toc512380972][bookmark: _Toc512381867][bookmark: _Toc512382764][bookmark: _Toc512382928][bookmark: _Toc512383338][bookmark: _Toc512383585][bookmark: _Toc512382801][bookmark: _Toc512384159][bookmark: _Toc512383092][bookmark: _Toc512385006][bookmark: _Toc512383879][bookmark: _Toc512420976][bookmark: _Toc512421238][bookmark: _Toc512423053][bookmark: _Toc512427211][bookmark: _Toc512430531][bookmark: _Toc512433081][bookmark: _Toc512433971][bookmark: _Toc512435203][bookmark: _Toc512436679][bookmark: _Toc512446723][bookmark: _Toc512449249][bookmark: _Toc512453194][bookmark: _Toc512461506][bookmark: _Toc512461290][bookmark: _Toc512509557][bookmark: _Toc512510130][bookmark: _Toc512511243][bookmark: _Toc512511886][bookmark: _Toc512518091][bookmark: _Toc512519359][bookmark: _Toc512529029][bookmark: _Toc512529465][bookmark: _Toc512535124][bookmark: _Toc512535291][bookmark: _Toc512535996][bookmark: _Toc512537249]Microcontroller Networking	Comment by Zachary Bischoff: Flip table and text so section doesn’t start with a table
All the listed microcontrollers can use network communication over Ethernet and all the microcontrollers have a Fast Ethernet (10/100) 100Mbps connection other than the Raspberry Pi. The Pi has a Gigabit controller, but it is somewhat incorrect. While the controller itself is 1Gbps, it uses a USB to Ethernet adapter limiting the speed to 300Mbps due to the limitations of USB 2.0 which can transfer data up to 480Mbps. The MSP432 and the Raspberry Pi can network over Wi-Fi as well with the Pi having a native Wi-Fi adapter whereas the MSP432 requires the use of the CC3100 to do so. The Pi and the FRDM-K66F both can use Bluetooth as well where the Pi has a native Bluetooth module that occupies a UART slot and the FRDM-K66F has it as an add-on board. The Bluetooth module can be disabled on the Pi if the UART is required.
	Microcontroller
	Type

	A10-OLinuXino-LIME
	Ethernet

	MSP432
	Ethernet (Wi-Fi with CC3100 module)

	FRDM-K66F
	Ethernet/Bluetooth (with add-on board)

	Raspberry Pi 3
	Ethernet/Wi-Fi/Bluetooth


Table 5.4 - Microcontroller networking type comparison
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Both the MSP430 and FRDM-K66F are pure microcontrollers as they do not feature the ability to install an operating system. You have direct hardware access in software to manipulate registers, GPIO, etc. On the flipside, the A10-LIME and the Raspberry Pi can run an operating system and are encouraged to. Most applications on them will run a variant of Linux or UNIX. The OS will have a built-in memory manager that will allow us to allocate memory without heap corruption not to mention the fact that these microcontrollers have an abundance of memory to spare once the OS has booted. Even if we don’t have direct access to all of the registers, we can still make use of the GPIO given that they show up as device drivers within Linux and we can read values and can even write kernel extensions to play around with it or use a pre-built library.
	Microcontroller
	OS

	A10-OLinuXino-LIME
	Linux/Android

	MSP432
	N/A

	FRDM-K66F
	N/A

	Raspberry Pi 3
	Linux/Windows IoT/Unix derivatives that support ARM


Table 5.5 - Microcontroller Operating System comparison
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Neither of the true microcontrollers have any sort of graphics processor available. The MSP432 can run some graphics using a display over a SPI interface, but this is quite limited due to lack of processing power on this microcontroller as everything will have to be rendered in software. This will only allow the hardware to output at 320x240 with eight concurrent colors at a low framerate. The FRDM-K66F does not have the ability to output any sort of graphics whatsoever. 

The Linux-based microcontrollers both have a GPU integrated within their microprocessors. Both also have a full-size HDMI port included on-board allowing for a resolution up to 1920x1080 at a refresh rate of 60Hz. This can also be actively and passively converted to other forms if needed with appropriate adapters such as HDMI to DVI, HDMI to VGA, etc. Both also feature an LCD connector that can be used with appropriate displays, but this can be at a lower resolution but with touch integration. The Pi can also natively output composite video at 720x480i with NTSC displays and 720x576i with PAL displays.
	Microcontroller
	GPU
	Max Supported Resolution

	A10-OLinuXino-LIME
	MALI 400
	Full HD (1920x1080p)

	MSP432
	N/A
	320x240 at 8 colors over SPI

	FRDM-K66F
	N/A
	N/A

	Raspberry Pi 3
	Custom Broadcom SoC
	Full HD (1920x1080p) over HDMI, 720x480i (NTSC) or 720x576i (PAL) over composite


Table 5.6 - Microcontroller GPU and resolution comparison
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All boards other than the Raspberry Pi feature some sort of hardware schematic available for their respective board. Since the Raspberry Pi uses proprietary code and hardware, the Raspberry Pi Foundation does not want to release the schematics for any of the Raspberry Pi models. On the other hand, within the documentation, TI, NXP, and Olimex have explicit circuit diagrams and schematics for their board. Olimex also has all their board schematics and example software on their GitHub repository freely available to use and is licensed under GPL.
	Microcontroller
	Hardware Schematic Available?

	A10-OLinuXino-LIME
	Yes (documentation and GitHub)

	MSP432
	Yes (documentation)

	FRDM-K66F
	Yes (documentation)

	Raspberry Pi 3
	No


Table 5.7
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All the microcontrollers feature some sort of GPIO and all of them contain UART modules, I2C modules, and SPI modules. Most of the microcontrollers have a decent amount of GPIO with several modules listed above, but the FRDM-K66F does not have the amount of GPIO pins listed within its datasheet.
	Microcontroller
	Pin Count
	Supported Methods

	A10-OLinuXino-LIME
	160 pins
	UART, I2C, SPI

	MSP432
	80 pins
	UART, I2C, SPI

	FRDM-K66F
	Unknown
	UART, I2C, SPI

	Raspberry Pi 3
	40 pins
	UART, I2C, SPI


Table 5.8 - Microcontroller GPIO pin count and method comparison
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From the above sections, we can determine which microcontroller we will ultimately go with. Let’s consider price to performance: the pricing wildly varies with the FRDM-K66F being the highest. With its feature set, it does not offer enough for this project to justify that price as this project does not require the DSP chip that it boldly advertises, but the magnetometer and accelerometer would benefit us. The fact that the GPIO count is hidden hurts it as well as not having any GPU.

The MSP432 is the weakest in terms of processing power. While this project does not require the fastest processing times, it does make sense that this device is the weakest due to the low price. GPIO is clearly listed and that the schematic is available to see is a plus, but the biggest drawback is the lack of somewhat high-resolution display. 320x240 is way too low to effectively show off the data with graphical displays and since it would be rendered in software, this would affect the overall performance of the microcontroller.

The Raspberry Pi is the strongest of all the microcontrollers. Its price is in the middle ground of all the above microcontrollers. It features a high clock speed, multicore processor and the most amount of RAM available compared to the others. It also features an LCD connector, HDMI, composite, and a good amount of peripheral support using its GPIO. The Pi can also run an operating system, allowing for the use of higher-level languages other than embedded C/C++ and has an abundance of libraries for its GPIO. The biggest downfall of the Pi is its closed-source nature as we cannot obtain hardware schematics due to proprietary code and JTAGing is quite difficult on a Pi.

The final microcontroller that was looked at is the A10-OLinuXino-LIME. This is the second most expensive microcontroller that was compared. The clock speed and memory amount are second to the Raspberry Pi, but it is the fastest single-core processor on the list. As with the Pi, it can run an Operating System, but its number of libraries is lacking as there is only one written in Python and one written in C++. The A10-LIME, by far, has the most amount of GPIO available with four times the amount in the Raspberry Pi. The A10-LIME also features an LCD connector and HDMI like the Pi. The A10-LIME also all of its schematics freely available for the public in both its datasheet and Olimex’s GitHub repo.

To conclude, the real battle was between Pi and the A10-LIME. The other two microcontrollers lacked the ability to really process any sort of graphics, so they were tossed out somewhat quickly. The Pi is more powerful than the A10 and has quite a few more features, but it does not have an open-source design. Even though it would be easier to write code for the Raspberry Pi and there are many more third-party peripherals for it, ultimately, the closed-source nature is what removed it from the running; the A10-LIME will be the designated microcontroller for this project as its open-source nature allows us to quickly and easily integrate the parts of the board we need into our own design and some code can be simplified because of the few libraries that have been written for it.
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Figure 5.10.1 - A10-OLinuXino-LIME
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We will also need to consider a display as well to show our information from our sensors. Ideally, we would want this to be an interactive display that would dynamically update and show the user details in some time interval. A color display would be nice to implement an informative GUI application and display size is important as well to strike a balance between convenience and readability. Touch would also be nice to have so that the user can tap the screen and not have to fumble with a mouse.
	Model
	Price
	Size
	Resolution

	LCD-OLinuXino-10-TS
	75EUR (~$91.00)
	10”
	1024x600

	SunFounder
	$125.99
	10.1”
	1280x800

	LANDZO
	$42.88
	7”
	800x480


Table 5.9 - Comparison of display prices and resolution

	Model
	Touch?
	Power
	Weight

	LCD-OLinuXino-10-TS
	Yes
	TBD
	TBD

	SunFounder
	Yes
	24W
	1.87lbs

	LANDZO
	Yes
	10W
	13.9oz


Table 5.10 - Comparison of display touch capabilities, power requirements, size, and weight
The pricing varies quite wildly between the displays, but the higher the resolution, the higher the price point. The least expensive option by a country mile is the LANDZO display, but the resolution is poor, and the actual display is not large. It does feature a touchscreen by using a USB port to create the HID I/O device and requires the least amount of power and is the lightest.
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Figure 5.11.1 - LANDZO display
On the other hand, the SunFounder display is the most expensive display on this list. This display also has the largest screen size and resolution at 10.1 inches and 1280x800 respectively, making this an HD resolution. It also uses USB for the touchscreen to act as an HID device. This device is normally meant for a Raspberry Pi as it has a Pi mount that probably can be repurposed for our microcontroller, but this may not guarantee compatibility with our MCU. However, as both the Pi and the A10-LIME can run both Debian and Ubuntu, so this may allow this product to be cross-compatible. For the main video input, this unit uses HDMI.
[image: https://images-na.ssl-images-amazon.com/images/I/61x8TnLB1FL._SL1500_.jpg]
Figure 5.11.2 - SunFounder display
The final display that was chosen is one directly meant for the A10-LIME. This A10-display features a 10-inch screen with a maximum resolution of 1024x600. Instead of using HDMI as with the other two displays, this display uses an LCD ribbon cable that directly attaches to the microcontroller. The way the touchscreen is intercepted is unknown but possibly uses some form of GPIO. Not much information is given about this display from the datasheet including power and weight.
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Figure 5.11.3 - LCD-OLinuXino-10TS display
All these displays are quite functional and can be used for this project. While 7 inches on the LANDZO display is a bit too small for this project, the resolution is also quite poor, but it does use HDMI and is the least expensive. The A10-display has the middle ground resolution and price but uses an LCD Connector and an unknown method of translating touch to HID clicks or taps. THE LCD Connector limits how far the display can be from the device as the parallel devices such as a ribbon cable cannot be lengthened past a certain point otherwise there will too much noise and crosstalk on the connection. In contrast, the HDMI cable used on the SunFounder display also has a maximum range, but it is quite a bit farther than the LCD Connector. An HDMI cable can be around 100ft in length before the signal starts to degrade due to its serial nature. The USB cable that is used for touch can also be that length before signal degradation happens. It is for that reason that we will be going with the SunFounder display. It is the most expensive display in this comparison, but it is the most feature-packed and will suit our needs so that we can move the display around. While there is the possibility that the touch portion may not work due to conflicting hardware, there is a good chance that it will due to how Linux handles HID devices as this device is driverless and both microcontrollers run a form of Linux, specifically Debian and Ubuntu.
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The printed circuit board will be designed using OrCAD PCB Design Editor. This design software was chosen because of a team member’s familiarity with it. OrCAD Capture CIS will also be used to create schematic drawings for the project. Using these two programs together will provide an easy way of transferring any circuit connections and PCB footprints from Capture CIS to the PCB Design Editor.

Designs will begin in OrCAD Capture by creating schematic drawings. These drawings will show each electronic component that has been chosen and all the connections between them. OrCAD capture has the capabilities to accurately add these needed components through default, or even custom, libraries. Most discrete components can be found in the default libraries. Custom libraries will be created to ensure that the sensors implemented are accurately represented. Block diagrams will also be created and used in the schematics. These diagrams will help illustrate and create a better understanding of how the system should operate.
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Figure 5.12.1: OrCAD Capture CIS Interface
The final step of the circuit design will be placing components onto a PCB. OrCAD PCB editor will be used to create the layout of the board. PCB footprints will either be downloaded from libraries online or created using a wizard that is integrated into the software. Simple components like resistors and capacitors are readily available in SMD package types like 1206 and 1812. These types of components will likely be found in PCB design libraries. More complex parts like microcontrollers and RAM modules may not be easily found in libraries. These are the parts that will likely be created using the part wizard.

When all part footprints and pad stacks are accounted for, the challenge of placing components on the board will begin. At this point, all characteristics of the electric circuit should be known. This will help determine board characteristics like trace widths, annular ring radii, and the number of layers needed. We have not officially gotten to this point yet, but we have an idea of what is needed to complete a board. This knowledge will help us prepare for this part of the design.
[image: ]
Figure 5.12.2: OrCAD PCB Editor Interface
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A table displaying all the electrical loads for the project and the basic complementary parameters for the loads. The listed parameters of voltage, power consumption, type of current, and phase are important for determining connecting parts in the overall design such as regulators and cables.
	
	Loads
	Voltage (V)
	Power Consumption(W)
	AC/DC
	Phase

	Temperature Sensor
	TBD
	TBD
	DC
	N/A

	Wind Speed Sensor
	TBD
	TBD
	DC
	N/A

	Light Sensor
	TBD
	TBD
	DC
	N/A

	Humidity Sensor
	TBD
	TBD
	DC
	N/A

	Energy Sensor
	TBD
	TBD
	DC
	N/A

	Digital Compass
	3.3V
	-
	DC
	N/A

	Microcontroller
	5V
	5W
	DC
	N/A

	Battery
	12V
	N/A
	DC
	N/A


[bookmark: _Toc512285676][bookmark: _Toc512285828][bookmark: _Toc512368136][bookmark: _Toc512368323][bookmark: _Toc512368485][bookmark: _Toc512368701][bookmark: _Toc512368865][bookmark: _Toc512369710][bookmark: _Toc512373723][bookmark: _Toc512374290][bookmark: _Toc512374209][bookmark: _Toc512375586][bookmark: _Toc512375910][bookmark: _Toc512374879][bookmark: _Toc512375212][bookmark: _Toc512375374][bookmark: _Toc512377237][bookmark: _Toc512376919][bookmark: _Toc512376721][bookmark: _Toc512378994][bookmark: _Toc512380981][bookmark: _Toc512381876][bookmark: _Toc512382773][bookmark: _Toc512382937][bookmark: _Toc512383347][bookmark: _Toc512383594][bookmark: _Toc512382810][bookmark: _Toc512384168][bookmark: _Toc512383101][bookmark: _Toc512385015][bookmark: _Toc512383888][bookmark: _Toc512420985][bookmark: _Toc512421247][bookmark: _Toc512423062][bookmark: _Toc512427220][bookmark: _Toc512430540][bookmark: _Toc512433090][bookmark: _Toc512433980][bookmark: _Toc512435212][bookmark: _Toc512436688]Table 5.11
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While the heavy burden of our project relies on sensors and hardware, the software side of things is just as important. The software is what is going to read the data from the sensors and push it to the display and web page. The software will also control the web page and display. Therefore it is crucial that a solid software design is followed so that all of the pieces can interact correctly with one another.
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	Comment by Devin Goldstein: Yep
	Comment by Zachary Bischoff [2]: Okay cool
Since the A10-OlinuXino-LIME is Linux based, it can use multiple programming languages. This is beneficial because it will allow us to make the web server run on the MCU itself. Additionally, it will allow us to utilize object-oriented programming languages instead of assembly or C. This will make writing the software much more streamlined. As discussed in the final code plan, we will be using python as our programming language of choice. It will be good experience for us, as neither of us has much experience writing code in python. For the server end, we will be using Node.js as our programming language.

The software will at a fundamental level, take data from the various sensors and pushes it to the display and to the web server. To do that, however, it will have to communicate with the hardware. Since most of our hardware has high compatibility with our MCU of choice, this will turn into just a matter of loading the appropriate libraries and getting and then pushing the data to the server and display.
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The core nature of object-oriented software design is the use of different objects and classes to compose a project and for those separate entities to talk to each other. Thus, a rough outline of what our class structure will look like is as follows:
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This class will be responsible for connecting every class together and transferring the data between the classes for processing. In the diagrams below, this will be referred to as the MCU.
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This class will be responsible for reading the data from the energy sensor and calculating the power being produced and then passing that data to the display driver class, the web server class, the energy data class and the wind speed class.

Some potential methods in this class include:

readEnergyFromSensor()

pushEnergyDataToDisplay()

pushEnergyDataToStorage()

pushEnergyDataToServer()

pushEnergyDataToWindSpeed()
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Figure 6.2.1 Software and Hardware integration for the Energy sensor.
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This class will take in the readings from the energy sensor and compute the approximate wind speed based on that data and then send that data to the Display Driver class, the Web Server class and the wind data class.

Some potential methods for this class include:

calculateWindSpeed()

pushWindSpeedDataToServer()

pushWindSpeedDataToStorage()

pushWindSpeedDataToDisplay()
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Figure 6.2.2 Software Diagram for Wind Speed
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Will take readings from the magnetometer sensor and compute the approximate direction of the wind and then push this data back to the main class where it will be pushed to the display and to the server.

Some potential methods for this class include:

calculateWindDirection()

pushWindDirectionDataToServer()

pushWindDirectionDataToStorage()

pushWindDirectionDataToDisplay()
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Figure 6.2.3
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Will take in the readings from the energy sensor and compute the approximate temperature based on the data that is passed to it. It will then push this data to the display diver class, the web server class and the temperature data class.

Some potential methods for this class include:

calculateTemperature()

pushTemperatureDataToServer()

pushTemperatureDataToStorage()

pushTemperatureDataToDisplay()
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Figure 6.2.4 Software and Hardware interaction of Temperature sensor
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This class will be responsible for creating the boxes we see in the GUI screen, which is described more in the next section. This class will mainly let us choose the background color and add text and labels to the box before adding it to the screen. An example of a generic layout is shown below.

Some potential methods for this class include:

createDisplaySegment(bkgdcolor)
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Figure 6.2.5
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This class will take in data from the energy sensor and average it over 15 minutes. It will then copy that average over to a text file for storage. If the user clicks on the additional information tab on the GUI, this class will also load the relevant data from the text file and create a graph representation of it and push that to the GUI for display.

Some potential methods for this class include:

averageEnergyData()

pushEnergyDataToTextFile()

pushEnergyDataToDisplay()

pushEnergyDataToServer()

readEnergyDataFromTextFile()
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Figure 6.2.6
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This class will take in data from the temperature sensor and average it over 15 minutes. It will then copy that average over to a text file for storage. If the user clicks on the additional information tab on the GUI, this class will also load the relevant data from the text file and create a graph representation of it and push that to the GUI for display.

Some potential methods for this class include:

averageTemperatureData()

pushTemperatureDataToTextFile()

pushTemperatureDataToDisplay()

pushTemperatureDataToServer()

readTemperatureDataFromTextFile()
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Figure 6.2.7
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This class will take in data from all sources and push it to the web server. If the user clicks on additional information on the web page, this class will request that data from the data classes. Otherwise, it will push the data from the sensor classes to the web page every minute so that the web page is as accurate as possible. The server will be using Node.js for its display, so the data would have to be converted to a JSON format before being pushed to the server.

Some potential methods for this class include:

createDisplayBox()

addDataToDisplayBox()

pushDisplayBoxToServer()
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Figure 6.2.8 Web Server class
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This class will operate in a very similar fashion to the web server class. It will take in data from all the sources and if the user clicks additional information on the GUI, it will request that information from the data classes.

Some potential methods for this class include:

createDisplayBox()

addDataToDisplayBox()

pushDisplayBoxToDisplayr()
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Figure 6.2.9
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Like the temperature data class and the energy data class, this class will save data about wind speed and direction and every 15? Minutes, push the data to the text file to save RAM.

Some potential methods for this class include:

averageWindData()

pushWindDataToTextFile()

pushWindDataToDisplay()

pushWindDataToServer()

readWindDataFromTextFile()
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Figure 6.2.10
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For our GUI for both the server and the display, we want the most relevant data to always be present, so the GUI will always display the most recent recording of wind speed, wind direction, temperature, and energy. Each piece of data will have its own dedicated section on the GUI. And while the information that is continuously shown is basic in nature, there will be an option to click to view more detailed information. Clicking this button will bring up a graph showing the various data in 15-minute increments over the past 2 hours. Below are two sketches of what our GUI will look like. 
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Figure 6.3.1Example of default view for our GUI
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Figure 6.3.2 Example of our GUI after clicking the more detailed information in each box

As the project moves along, more data could be added to either screen, but what is currently shown will be the absolute minimum shown on the server/display at any given time. The current data will be data that is pulled and will be refreshed every 1 minute to provide the most accurate up to date information.	Comment by Zachary Bischoff [2]: Thoughts?	Comment by Devin Goldstein: That looks good and 1 minute isn’t bad.

When it comes to the 15-minute time intervals, the data for those graphs will be the average over those 15 minutes. Additionally, some data that we could put on the graph could be max speed/temp/energy over the 15-minute time span as well as the low for that time span. On the server, an additional option could be added to load and display the text file that stores the data, if you wanted data that was older than 2 hours.
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This section will cover the standards related to the wind turbine and associated components. The standards will be listed out one by one first. After the standards will be discussed in the same order as listed to determine its impact on our wind turbine design.   
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Standards and codes are from several sources including but not limited to IEC, ISO, CSA, etc. There is some overlap between standards and this will be mentioned in section 7.2. There might be more standards that might apply to project but these were the major ones that we could locate for free with a description. Not all standards and codes listed here will be directly applicable and that will be explained also in section 7.2.
IEC 60050-415 Ed. 1.0 b:1999
International Electrotechnical Vocabulary - Part 415: Wind turbine generator systems
ISO 12494:2017
Atmospheric icing of structures
ISO 12494:2017 describes the general principles of determining ice load on structures of the types listed in this clause. In cases where a certain structure is not directly covered by this or another standard or recommendation, designers can use the intentions of this document. However, it is the user's responsibility to carefully consider the applicability of this document to the structure in question. The practical use of all data in this document is based upon certain knowledge of the site of the structure. Information about the degree of normal icing amounts (= ice classes) for the site in question is used. For many areas, however, no information is available. Even in such cases, this document can be useful because local meteorologists or other experienced persons should be able to, on the safe side, estimate a proper ice class. Using such an estimate in the structural design will result in a much safer structure than designing without any considerations for problems due to ice. CAUTION it is extremely important to design for some ice instead of no ice, and then the question of whether the amount of ice was correct is of less importance. In particular, the action of wind can be increased considerably due to both increased exposed area and increased drag coefficient. ISO 12494:2017 is intended for use in determining ice mass and wind load on the iced structure for the following types of structure: - masts; - towers; - antennas and antenna structures; - cables, stays, guy ropes, etc.; - rope ways (cable railways); - structures for ski-lifts; - buildings or parts of them exposed to potential icing; - towers for special types of construction such as transmission lines, wind turbines, etc. Atmospheric icing on electrical overhead lines is covered by IEC (International Electrotechnical Commission) standards. This document is intended to be used in conjunction with ISO 2394. NOTE some typical types of structure are mentioned, but other types can also be considered by designers by thinking in terms of which type of structure is sensitive to unforeseen ice, and act thereafter. Also, in many cases, only parts of structures are to be designed for ice loads because they are more vulnerable to unforeseen ice than is the whole structure. Even if electrical overhead lines are covered by IEC standards, designers can use this document for the mast structures to overhead lines (which are not covered by IEC standards) if they so wish.
ANSI/AGMA/AWEA 6006-A03 (R2016)
Design and Specification of Gearboxes for Wind Turbines
IEC 60076-16 Ed. 1.0 b:2011
Power transformers - Part 16: Transformers for wind turbine applications
"IEC 60076-16:2011 applies to dry-type and liquid-immersed transformers for rated power 100 kVA up to 10 000 kVA for wind turbine applications having a winding with highest voltage for equipment up to and including 36 kV and at least one winding operating at a voltage greater than 1,1 kV."
ISO 12925-1:2018
Lubricants, industrial oils and related products (class L) - Family C (gears) - Part 1: Specifications for lubricants for enclosed gear systems
ISO 12925-1:2018 establishes the specifications relative to family C (gears) for lubricants, industrial oils and related products of Class L (see ISO 6743 6). This document deals only with lubricants for enclosed gear systems. Lubricants for open gears and greases for gears (enclosed or open) are not covered. ISO 12925-1:2018 can be read in conjunction with ISO 6743 6. The following categories specified in ISO 6743 6 are covered by this document: CKB, CKC, CKD, CKE, CKSMP, CKTG, CKES, CKPG, CKPR.
AS 4959-2010
Acoustics - Measurement, prediction and assessment of noise from wind turbine generators (FOREIGN STANDARD)
Sets out a method for the measurement, prediction and assessment of noise from wind turbine generators.
BS EN 50308:2004
Wind turbines. Protective measures. Requirements for design, operation and maintenance (British Standard)
This European Standard specifies requirements for protective measures relating to the health and safety of personnel, relevant to commissioning, operation and maintenance of wind turbines. It does not describe instructions and provisions for safe working during manufacture, transport, assembly and installation of the wind turbine. Requirements are specified regarding-- hardware provisions being a part of the turbine such as platforms, ladders, lighting,-- manuals and warning signs to accommodate safe and quick operation, inspection and maintenance. The requirements and/or measures specified account for the hazards-- of mechanical origin such as falling, slipping, locking in, -- of thermal origin (fire) such as burns by flames or explosions, -- of electricity such as contact with live parts, -- generated by noise such as stress and loss of hearing, -- generated by neglecting ergonomic principles in machine design such as unhealthy postures or human errors. This standard is prepared for horizontal axis, grid connected wind turbines. For other concepts (e.g. vertical axis turbines) the principles are still valid, but the specific rules or requirements have to be adjusted to the actual concept. Additional provisions and procedures are necessary for turbines installed in water or offshore. The present document only draws attention to these. Provisions and procedures for lifts and Suspended Access Equipment (SAE) in the turbine tower are not included in this standard. This standard is not applicable to wind turbines manufactured before the date of its publication by CENELEC.
BS EN 12843:2004
This Standard specifies requirements for precast concrete poles (also commonly called masts) (either all of a piece or composed of elements), reinforced and/or pre-stressed as structural elements; they may be hollow or solid and may receive or include additional components (e.g. cross-arms, platforms etc.), inserts and connectors. Additional elements may be connected to pole elements. Structures made from such elements in mono- or multi-legged form may be used for: - overhead electrical lines; - telecommunication lines; - overhead electrical lines for railways, trams and similar; - supports for lighting; - supports for loudspeaker installation; - antenna and telecommunication poles; - supports for wind turbines; - and similar installations. This Standard does not cover lighting columns for use in traffic circulation areas.
IEC 61400-1 Ed. 3.0 b:2005
Wind turbines - Part 1: Design requirements
"Specifies essential design requirements to ensure the engineering integrity of wind turbines. Provides an appropriate level of protection against damage from all hazards during the planned lifetime. Is concerned with all subsystems of wind turbines such as control and protection mechanisms, internal electrical systems, mechanical systems and support structures. Applies to wind turbines of all sizes. See IEC 61400-2 for small wind turbines."
IEC 61400-2 Ed. 3.0 b:2013
Wind turbines Part 2 Small wind turbines
IEC 61400 2 2013 deals with safety philosophy quality assurance and engineering integrity and specifies requirements for the safety of small wind turbines SWTs including design installation maintenance and operation under specified external conditions It provides the appropriate level of protection against damage from hazards from these systems during their planned lifetime This standard is concerned with all subsystems of SWTs such as protection mechanisms internal electrical systems mechanical systems support structures foundations and the electrical interconnection with the load While this standard is similar to IEC 61400 1 it does simplify and make significant changes in order to be applicable to small wind turbines The main changes with respect to the previous edition are as follows: the title has been modified to better reflect the scope and restructured into a part Design evaluation and a part Type testing to harmonize use with IEC 61400 22 conformity testing and certification. Caution provided regarding the use of simplified equations and added various annexes wind conditions tropical storms extreme environmental conditions EMC testing dynamic behavior etc.
IEC 61400-3 Ed. 1.0 b:2009
Wind turbines - Part 3: Design requirements for offshore wind turbines
"IEC 61400-3:2009 specifies additional requirements for assessment of the external conditions at an offshore wind turbine site and specifies essential design requirements to ensure the engineering integrity of offshore wind turbines. Its purpose is to provide an appropriate level of protection against damage from all hazards during the planned lifetime. Focuses on the engineering integrity of the structural components of an offshore wind turbine but is also concerned with subsystems such as control and protection mechanisms, internal electrical systems and mechanical systems. It should be used together with the appropriate IEC and ISO standards, in particular with IEC 61400-1."
IEC 61400-4 Ed. 1.0 en:2012
Wind turbines - Part 4: Design requirements for wind turbine gearboxes
IEC 61400-4:2012(E) is applicable to enclosed speed increasing gearboxes for horizontal axis wind turbine drivetrains with a power rating in excess of 500 kW. This standard applies to wind turbines installed onshore or offshore. It provides guidance on the analysis of the wind turbine loads in relation to the design of the gear and gearbox elements. The gearing elements covered by this standard include such gears as spur, helical or double helical and their combinations in parallel and epicyclic arrangements in the main power path. The standard is based on gearbox designs using rolling element bearings. Also included is guidance on the engineering of shafts, shaft hub interfaces, bearings and the gear case structure in the development of a fully integrated design that meets the rigors of the operating conditions. Lubrication of the transmission is covered along with prototype and production testing. Finally, guidance is provided on the operation and maintenance of the gearbox.
IEC 61400-11 Ed. 3.0 en:2012
Wind turbines - Part 11: Acoustic noise measurement techniques
IEC 61400-11:2012(E) presents measurement procedures that enable noise emissions of a wind turbine to be characterized. This involves using measurement methods appropriate to noise emission assessment at locations close to the machine, in order to avoid errors due to sound propagation, but far away enough to allow for the finite source size. The procedures described are different in some respects from those that would be adopted for noise assessment in community noise studies. They are intended to facilitate characterization of wind turbine noise with respect to a range of wind speeds and directions. Standardization of measurement procedures will also facilitate comparisons between different wind turbines. This new edition constitutes a technical revision, introducing new principles for data reduction procedures.
IEC 61400-12-1 Ed. 2.0 b:2017
Wind energy generation systems - Part 12-1: Power performance measurements of electricity producing wind turbines
IEC 61400-12-1:2017 specifies a procedure for measuring the power performance characteristics of a single wind turbine and applies to the testing of wind turbines of all types and sizes connected to the electrical power network. In addition, this standard describes a procedure to be used to determine the power performance characteristics of small wind turbines (as defined in IEC 61400-2) when connected to either the electric power network or a battery bank. The procedure can be used for performance evaluation of specific wind turbines at specific locations, but equally the methodology can be used to make generic comparisons between different wind turbine models or different wind turbine settings when site-specific conditions and data filtering influences are taken into account. This new edition includes the following significant technical changes with respect to the previous edition: new definition of wind speed, inclusion of wind shear and wind veer, revision of air density correction, revision of site calibration, revision to definition of power curve, interpolation to bin center method, revision of obstacle model, etc. Key words: Wind turbines, Wind energy, renewable energy, performance, efficiency
EC 61400-13 Ed. 1.0 b:2015
IEC 61400-13:2015(B) describes the measurement of fundamental structural loads on wind turbines for the purpose of the load simulation model validation. The standard prescribes the requirements and recommendations for site selection, signal selection, data acquisition, calibration, data verification, measurement load cases, capture matrix, post-processing, uncertainty determination and reporting. Informative annexes are also provided to improve understanding of testing methods. This standard replaces IEC TS 61400-13 published in 2001; it constitutes a technical revision and transition from technical specification to International Standard.
IEC/TS 61400-14 Ed. 1.0 en:2005
Wind turbines - Part 14: Declaration of apparent sound power level and tonality values
Gives guidelines for declaring the apparent sound power level and tonality of a batch of wind turbines. Is to be used in conjunction with IEC 61400-11 which gives measurement procedures for apparent sound power level and tonality.
IEC 61400-21 Ed. 2.0 b:2008
In turbines - Part 21: Measurement and assessment of power quality characteristics of grid connected wind turbines
"IEC 61400-21:2008 covers the definition and specification of the quantities to be determined for characterizing the power quality of a grid connected wind turbine; measurement procedures for quantifying the characteristics; and procedures for assessing compliance with power quality requirements, including estimation of the power quality expected from the wind turbine type. The main changes with respect to the previous edition deal with interharmonics and current distortions (<9 kHz); response to voltage dips; active power ramp rate limitation and set-point control; reactive power capabilities and set-point control; grid protection and reconnection time after grid faults."
IEC 61400-22 Ed. 1.0 b:2010
Wind turbines - Part 22: Conformity testing and certification
"IEC 61400-22:2010 defines rules and procedures for a certification system for wind turbines (WT) that comprises both type certification and certification of wind turbine projects installed on land or off-shore. This system specifies rules for procedures and management for carrying out conformity evaluation of WT and wind farms, with respect to specific standards and other technical requirements, relating to safety, reliability, performance, testing and interaction with electrical power networks. "
IEC 61400-23 Ed. 1.0 en:2014
Wind turbines - Part 23: Full-scale structural testing of rotor blades
IEC 61400-23:2014(EN) defines the requirements for full-scale structural testing of wind turbine blades and for the interpretation and evaluation of achieved test results. The standard focuses on aspects of testing related to an evaluation of the integrity of the blade, for use by manufacturers and third party investigators. The following tests are considered in this standard: - static load tests; - fatigue tests; - static load tests after fatigue tests; - tests determining other blade properties. The purpose of the tests is to confirm to an acceptable level of probability that the whole population of a blade type fulfils the design assumptions.
IEC 61400-24 Ed. 1.0 en:2010
Wind turbines - Part 24: Lightning protection
"IEC 61400-24:2010(E) applies to lightning protection of wind turbine generators and wind power systems. Defines the lightning environment for wind turbines and application of the environment for risk assessment for the wind turbine. Defines requirements for protection of blades, other structural components and electrical and control systems against both direct and indirect effects of lightning. Recommends test methods to validate compliance. Provides guidance on the use of applicable lightning protection, industrial electrical and EMC standards including earthing. Provides guidance regarding personal safety. Makes normative references to generic standards for lightning protection, low-voltage systems and high-voltage systems for machinery and installations and EMC. "
IEC 61400-25-1 Ed. 2.0 b:2017
Wind energy generation systems - Part 25-1: Communications for monitoring and control of wind power plants - Overall description of principles and models
IECá61400-25-1:2017 gives an overall description of the principles and models used in the IECá61400¡25 series, which is designed for a communication environment supported by a client-server model. Three areas are defined, that are modelled separately to ensure the scalability of implementations: wind power plant information models, information exchange model, and mapping of these two models to a standard communication profile. This new edition includes the following significant technical changes with respect to the previous edition: general harmonization of text and overview models with the other parts of the IECá61400¡25 series, harmonization of definitions in other related standards.
IEC 61400-25-2 Ed. 2.0 b:2015
Wind turbines - Part 25-2: Communications for monitoring and control of wind power plants - Information models
IEC 61400-25-2:2015 specifies the information model of devices and functions related to wind power plant applications. In particular, it specifies the compatible logical node names, and data names for communication between wind power plant components. This includes the relationship between logical devices, logical nodes and data. The names defined in the IEC 61400-25 series are used to build the hierarchical object references applied for communicating with components in wind power plants. Main changes with respect to the previous edition consist of: - harmonization with newer editions of IEC 61850 standards; - reduction of overlap between standards and simplification by increased referencing, - extension of data objects for operation of smart grids, - extended and enhanced semantics for existing data objects, etc.
IEC 61400-25-3 Ed. 2.0 b:2015
Wind turbines - Part 25-3: Communications for monitoring and control of wind power plants - Information exchange models
IEC 61400-25-3:2015 specifies an abstract communication service interface describing the information exchange between a client and a server for: - data access and retrieval, - device control, - event reporting and logging, - self-description of devices (device data dictionary), - data typing and discovery of data types. Main changes with respect to the previous edition consist of: - harmonization with newer editions of IEC 61850 standards; - reduction of overlap between standards and simplification by increased referencing, etc.
IEC 61400-25-4 Ed. 2.0 b:2016
IEC 61400-25-4:2016 specifies the specific mappings to protocol stacks encoding the messages required for the information exchange between a client and a remote server for: data access and retrieval, device control, event reporting and logging, publisher/subscriber, self-description of devices (device data dictionary), data typing and discovery of data types. The mappings specified in this part of IEC 61400-25 comprise: - a mapping to SOAP-based web services, - a mapping to OPC/XML-DA, - a mapping to IEC 61850-8-1 MMS, - a mapping to IEC 60870-5-104, - a mapping to DNP3. The main technical changes with regard to the previous edition are as follows: - general harmonization with information models in IEC 61400-25-2 and information exchange services in IEC 61400-25-3; - reduction of overlap between standards and simplification by increased referencing.
IEC 61400-25-5 Ed. 2.0 en:2017
Wind energy generation systems - Part 25-5: Communications for monitoring and control of wind power plants - Compliance testing
IECá61400-25-5:2017 specifies standard techniques for testing of compliance of implementations, as well as specific measurement techniques to be applied when declaring performance parameters. The use of these techniques will enhance the ability of users to purchase systems that integrate easily, operate correctly, and support the applications as intended. This part of IECá61400-25 defines: the methods and abstract test cases for compliance testing of server and client devices used in wind power plants; the metrics to be measured in said devices according to the communication requirements specified in IECá61400-25 (all parts). This new edition includes the following significant technical changes with respect to the previous edition: - harmonization with structure and test cases in IECá61850-10:2012; - reduction of overlap between standards and simplification by increased referencing to the IECá61850 standard series.
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As mentioned before this section will list go through each standard individually and discuss that standard or codes possible impact on our design.
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This standard is about using common, international electro technical terminology in the documentation for a wind turbine system. While this standard does not have a direct impact to our design, it is relevant to our project documentation and therefore we will abide using common electro technical terms throughout this document whenever possible. 
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This standard is for accounting for the possibility of ice load on a wind turbine. An ice load can decrease the efficiency and power output of a wind turbine. In the case of our design, we do not think that the potential of an ice load on a small wind turbine is great enough to consider ice load calculations. Ice load is more of concern for large wind turbines whose goal is the produce as much energy and efficiency in the megawatt as possible. We are only concerned about producing 500 watts, a minuscule amount in comparison. Even though we would ideally design our wind turbine system for far northern areas, where ice load for small wind turbines might be a concern, our goal of just producing supplementary power will lower the concern of ice load.
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This standard has to with the design and specification of the gearboxes inside of the wind turbine. This is not a design concern for us because the wind turbine we are purchasing comes with its own gearbox and therefore will meet these standards already. This assuming that seller of wind turbine did in fact adhere to this standard which is most likely the case. Nevertheless, upon procurement we will check gearbox for this standard if there is a possibility to have access to the inside of wind turbine we are buying. 
IEC 60076-16 Ed. 1.0 b:2011
This standard is about power transformers and there application in wind turbines. Since our wind turbine is produces DC current there is no need for us to use a transformer so this standard is not applicable.
ISO 12925-1:2018
This standard covers lubricants for enclosed gear systems. This will not have a direct impact on our design but might need to be included for maintenance purposes. 
AS 4959-2010
This standard is related to the acoustics measurement and assessment of a wind turbine. This is a consideration for us because our small wind turbine will not produce enough noise to be of concern.
BS EN 50308:2004
This standard regarding hardware provisions to facilitate inspection and maintenance. This is a British standard so it is not directly applicable to our project and even so our project is too small in scale for such hardware parts such as a ladder or manuals.
BS EN 12843:2004
British Standard regarding masts and poles. Since it is British we do not have adhere to it for our project but also this standard more so for large wind turbines not small wind turbines. Not applicable.
 IEC 61400-1 Ed. 3.0 b:2005
Standard regarding the design requirements of a wind turbine. This standard will not affect our design. Since we are purchasing the wind turbine than we will not have to worry about the implementing the standards ourselves but we have double check that our wind turbine meets these standards after procurement.   
IEC 61400-2 Ed. 3.0 b:2013
This standard is a rehash of the standard above, albeit more word specific for small wind turbines.  As with the standard above, there will be no design impact from this standard. Just the need to double check to see that wind turbine meets these standards.
IEC 61400-3 Ed. 1.0 b:2009
This standard has to with farther design requirements for offshore wind turbines. This is not applicable to our project because our wind turbine will be onshore.
IEC 61400-4 Ed. 1.0 en:2012
This seems to overlap other standards mentioned before about gearbox design and lubrications. This will not be applicable to our design because the wind turbine should meet these standards
IEC 61400-11 Ed. 3.0 en:2012
This standard is an overlap of a previously listed standard about acoustic measurement for a wind turbine. Also not applicable for our small wind turbine project.
IEC 61400-12-1 Ed. 2.0 b:2017
This standard is for measurement of power performance of wind turbines. This standard could potentially affect our design because it applicable to wind turbines connected to battery banks. We will potentially have to add more sensors to account for the multitude of testing required and will have to incorporate this standard in hardware testing. 
IEC 61400-13 Ed. 1.0 b:2015
Standard regarding measurement of mechanical loads. Should not be applicable to our small wind turbine and should be already accounted for by the seller. The only mechanical load we could encounter is icing and that is not relevant to our project.
IEC/TS 61400-14 Ed. 1.0 en:2005
Standard for declaring apparent sound power level. Not applicable to us because we are not concerned with the sound level of our small wind turbine. We believe sound level will not be concern due to the scale of our project.
IEC 61400-21 Ed. 2.0 b:2008
Standard having to deal with the measurement and assessment of grid-connect wind turbines. Is not applicable to us because our small wind turbine will not be connected at all. Connection to battery bank or off-grid connection.
IEC 61400-22 Ed. 1.0 b:2010
Standard concerning conformity testing and certification. Of wind turbines. This standard could have impact on design in terms testing and safety. Will account for it in hardware testing.
IEC 61400-23 Ed. 1.0 en:2014
Standard relating to the testing of the rotor blades. This standard is not applicable to us because this type of testing should have been performed by the manufacturer of our wind turbine.
IEC 61400-24 Ed. 1.0 en:2010
Standard regarding lightning protection. The wind turbine we will purchase should have already been designed with this standard in mind, show it should affect our design.
IEC 61400-25-1 Ed. 2.0 b:2017
Standard relating to Communications for monitoring and control wind power plant.
IEC 61400-25-2 Ed. 2.0 b:2015
Standard relating to Communications for monitoring and control wind power plant.
IEC 61400-25-3 Ed. 2.0 b:2015
Standard relating to Communications for monitoring and control wind power plant.
IEC 61400-25-4 Ed. 2.0 b:2016
Standard relating to Communications for monitoring and control wind power plant.
IEC 61400-25-4 Ed. 2.0 b:2016
Standard relating to Communications for monitoring and control wind power
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This diagram shows how we intend to connect all of the hardware components together. This is a very high level diagram, and more specifics regarding each component are described in detail in other sections.
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The diagram below shows a high level over view of how we intend the software to interact with the various sensors and peripherals for our project. The software is described in more detail in section 6.2. 
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Figure 8.2.1
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Most of the basic parts will be acquired from online retailers such as Amazon. Things such as the display, the microSD cards for the microcontroller, and cabling can be acquired from this retail giant. Prices are generally on-par or significantly cheaper on Amazon compared to other vendors and their large stock allowed us to compare different products and select what would be considered optimal for this project. The microcontroller on the other hand will need to be purchased from the manufacturer directly as no other retailer carries this specific one. Most of the sensors can be acquired from either sparkfun or adafruit. The sensors are relatively inexpensive and usually come on a breakout board that will be helpful when using the development board and prototyping/testing the system. Other major components such as the wind turbine itself and the battery that will be using will come from eBay. EBay usually has a large stock of used and or relatively uncommon items due to how many users sell on the platform. While batteries are quite common, this specific battery is not common enough to be sold on Amazon and the wind turbine is quite niece and will either must be ordered from eBay from someone who is selling it or buying it straight from the manufacturer, but that may not be possible due to the unbranded nature of the item in question.
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Once the PCB board design is confirmed to be completed, the board file will be sent to 4pcb.com to be printed. We will probably need to order at least two
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As we will go with the A10-OLinuXino-LIME for our microcontroller, we will be using a Linux distro for the board meaning that we can write in higher-level languages such as C++ with templates (because we can freely dynamically allocate memory), Java, C#, Python, JavaScript, and so forth. Within Olimex’s GitHub repository lays the libraries necessary for manipulation of GPIO, I2C, and SPI. The libraries exist in two flavors: C and Python. The C library is a bit un-kept and we would have to write a bit of code to initialize the pins, set them to high low, and to pull data off them. 

The Python library is the most complete and will be used instead as there would be no need to redundantly rewrite code for something that has been written. Python would also allow us to asynchronously pull data off the pins as we don’t need to get any of the data in any specific order. This would allow us to poll the data from the pins in any order and write to files whenever they are finished polling.


Figure 9.3.1 - Example of Python code to blink an LED on GPIO port PH2
This data would later be sent to a web server running on the device. This server could code written in any of the languages written above, minus C++ usually. Most server code has shifted away from using Apache or Nginx (Engine-X) and serving PHP and instead has shifted towards using Node.js as their primary server platform. Node.js allows the user to write JavaScript for server code and use that for their web server. JavaScript is a very common language used on the internet and browsers to allow for interactivity of web pages. For example, JavaScript was used to control playback on a video player and tells the video to seek to a certain part or even play and pause which would be styled with HTML and CSS on the frontend. However, JavaScript was only client-side where PHP or JSP would take of the server interactivity. With Node.js, the server can also be written in a familiar web language and expand the interactivity on the web page as JavaScript is inherently object-oriented allowing for the creation of classes, which allow for polymorphism and the like.


Figure 9.3.2 - Node.js JavaScript code to start a basic server with a webpage
All data from the sensors would be pushed to a Node.js server. The webpage that it is running would be divided into multiple sections depicting the temperature from the temperature sensors, the weather pulled from the internet, the wind speed and wind direction, and finally how much energy has been pulled in from the turbine. This page would be dynamic. When you tap or click on a section, for example, energy, a chart with energy vs time would appear displaying how much energy you have accused over time. This could also change into how much energy was generated per unit of time, say watts per hour.

Since our server will be available over the network and connected to a router, using Ethernet, we will set a static IP to the microcontroller. Any device in the house or wherever the system is can natively access the web page and get the information. An Apache or Nginx reverse proxy can be used along with a port forward of port 80 and port 443 for SSL and a free domain with a free SSL certificate from Let’s Encrypt to securely access the page over the internet. 

We would also use the display and mount it somewhere convenient for the user such as a wall. Therefore, the user has two options for getting the system’s information: the user can access the web page using any device on the network or by walking to the display and interacting with it using the touch screen. Behind the scenes, SSH could be used for quickly resetting the server and microcontroller and installing updates without being intrusive to the other users of the system.
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Figure 9.3.3 - Block diagram of network setup
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Prototyping will be one of the most important parts of this project. Most of the sensors do not come with full specifications, so we will have to learn how each of them works via experimentation. Circuit design and components may change due to prototyping and experimentation if we find out, for example, we need to add a low-pass filter somewhere or we need to add resistance to a sensor to get the correct voltage for it to work. All the software requires that everything that comes into the microcontroller to be within a certain voltage range to not damage both the sensor and microcontroller, so it is important that we can get our power regulation correct. Most of the important hardware will be more robust, but we still want to get the correct data from it and supply it with the correct power requirements.
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The first step to testing the hardware is to place each component on a breadboard. Every component should be connected the way that they need to be, and the voltage being supplied to each will be checked. Most of the IC’s on the board will be operating at either 3.3V or 5V, so it is very important to make sure that the 12V being supplied by the turbine will be stepped down to these voltages levels. This testing environment will provide some crucial information on components that are very important to the system’s operation. A working system on the breadboard will also translate to the PCB design to ensure that all electrical connections are correct.

To test the power being generated from the turbine, we will require that the turbine spins at different speeds. Since we cannot rely on Mother Nature to provide the correct wind speeds for us, we will be using an electric drill instead. This will allow us to simulate wind speeds at a couple of different levels. As mentioned previously in Section 5.8.1, we can use the turbine’s power curve to determine wind speed. For testing, we can generate our own power curve to compare with that provided by the manufacturer. This will ensure that out wind speed readings are as accurate as possible.
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The system will need to be powered by two sources, the turbine and battery. We will have the system set up to always be self-powered. In normal conditions, where winds are fast enough to rotate the turbine blades, the power generated should be supplying the sensors and microcontroller. This would be ideal because we are generating clean energy and it makes sense to use some of this to power the system. In the chance that wind speeds are not strong enough to spin the turbine, the system should be powered by the battery. This battery will be storing power while the generator is running, so it should always have enough juice to run any processes the microcontroller needs. 

Normal Operation:
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Off Operation:
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Most of the software code can be tested without the main assembly as most of the sensors do not rely on the completed product. Using a standard breadboard and breadboard wiring, we can connect most of the sensors to the microcontroller’s GPIO. To make this aspect more convenient and to make sure a display, keyboard, and mouse is not necessary, we will connect the microcontroller with Ethernet and use another computer to SSH into the microcontroller. This will allow us to access a full Linux terminal environment on the microcontroller over the network. We will then write Python scripts to access GPIO and pull data off the pins. Data will be written to stdout (standard output) and verify if our data is correct or if they need to be run through a formula for correctness. The Node.js server will run in the background and will be checked over the network if our Python script is also outputting the data into the JSON (JavaScript Object Notation) format within the time we have specified.
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[bookmark: _MON_1586204708]As our design became more complete, we started collecting pricing for various components that our project would need. In the beginning, we estimated that the cost of the project would be somewhere in the ballpark of $1000. However, after analyzing the costs of the components we will need, it was determined that the total cost would about half of our estimate at $569.85. But since unexpected issues arise, we will still keep with our estimation of $1000 just in case we need to order more components, or something breaks and we have to spend money to fix it. Generally, it is a good rule of thumb to double what your estimated cost will be to have a cushion for those accidents.
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Below is our cost table as described above. The most expensive component for our design is the wind turbine itself. The second most expensive component is the display. Other than that, the rest of the bill of materials is relatively cheap. As mentioned above, though we calculated our total cost to be $569.85, we are still going with an over estimate of $1000 just in case we need to purchase spare parts.



Table 11.1
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This is our preliminary house of quality. The goals are listed on the right-hand side and the specifications and their respective values are listed on the top and value. The values and relations are pending and are subject to change as we progress.  The goals and the specifications with their values shall be listed out below for clarity.

Goals:
· Affordable
· Reliable/Useful
· Safe
· Easy to install/Operation
· Compact
· Smart Technology

Specifications:
· Power Output = 500 W
· Total Cost = $800
· Weight = 6.8 Kg
· Height = 4m
· Start-up wind speed = 2 m/s
· Survival wind speed = 50 m/s
· Rated wind speed = 13 m/s
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To successfully complete this project on time and within the given constraints and design goals, it is adamant that we adhere to a schedule to keep ourselves on track. Below is a tentative milestone list for our project. We have broken our milestones down into weeks, so that gives us a little bit of leeway when it comes to meeting deadlines. In addition, we have allotted some milestones to take more time than we expect them to, which we can then use should we run into issues elsewhere in the project. 
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Our Milestones for Senior Design I revolve around completing this research document. Since we changed projects around week 8, we actually had half the amount of time to complete this milestones but because of the extra weeks we gave ourselves, we were able to complete it within the allotted time.
	Weeks
	Milestones

	Week 3
	Divide and Conquer: Initial documentation completed 

	Week 4
	First interdisciplinary meeting & first design interaction completed 

	Week 5
	Begin researching and adding to documentation

	Week 6
	Decide on needed hardware and software

	Week 6, 7
	Completed at least half of documentation completed

	Week 8
	Begin layout of PCB

	Week 9
	Restart with new project/Begin ordering parts

	Week 10, 11
	Experiment with parts and start writing code

	Week 12
	Have at least 75% of documentation completed

	Week 13, 14
	Finish document and start proofreading entire document

	Week 15
	Begin to finalize document

	Week 16
	Documentation is completed
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Our milestones for Senior Design II revolve around building a prototype for our design. We have given ourselves extra weeks to complete certain milestones in the event that we have a catastrophic failure or incident. Also, since we are doing this class during the summer, we have even less time to complete our milestones than we did for Senior Design I. 
	Weeks
	Milestones

	Week 1
	Begin constructing first prototype

	Week 2
	Begin to Finalize Code, determine if parts for a mock 2 need to be ordered

	Week 3
	Finish/Finalize Prototype 1

	Week 4
	Finish/Finalize Prototype 1, Test Porotype 1

	Week 5
	Test Prototype 1, analyze Test Results, note any changes that need to be made

	Week 6
	Begin Building prototype 2

	Week 7
	Finish/finalize prototype 2

	Week 8
	Finish/finalize prototype 2, Test prototype 2

	Week 9
	Test prototype 2, analyze test results, note any changes that need to be made

	Week 10
	Implement any changes, make sure documentation is up to date

	Week 11
	Final design product is working and ready to be finalized, finalize documentation 

	Week 12
	Final design product will be presented to board committee 
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 led  =   port. PH2   gpio.init()  

 gpio.setcfg(led, gpio. OUTPUT )  

    

 try :  

      print   ( "Press CTRL+C to  exit" )  

      while   True :  

          gpio.output(led,  1 )  

          sleep( 0.1 )  

          gpio.output(led,  0 )  

          sleep( 0.1 )  

    

          gpio.output(led,  1 )  

          sleep( 0.1 )  

          gpio.output(led,  0 )  

          sleep( 0.1 )  

    

          sleep( 0.6 )  

 except   KeyboardInterrupt :  

      print   ( "Goodbye." )  

 


Microsoft_Word_Document.docx
		

		





		

		led = port.PH2

gpio.init()



		

		gpio.setcfg(led, gpio.OUTPUT)



		

		





		

		try:



		

		    print ("Press CTRL+C to exit")



		

		    while True:



		

		        gpio.output(led, 1)



		

		        sleep(0.1)



		

		        gpio.output(led, 0)



		

		        sleep(0.1)



		

		





		

		        gpio.output(led, 1)



		

		        sleep(0.1)



		

		        gpio.output(led, 0)



		

		        sleep(0.1)



		

		





		

		        sleep(0.6)



		

		except KeyboardInterrupt:



		

		    print ("Goodbye.")
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var   sys = require("sys"),        http = require("http");            http.createServer(function(request, response) {        response.sendHeader(200, {"Content - Type": "text/html"});        response.write("Hello World!");        response.close();   }).listen(8080);       sys.puts(" Server running at  http://localhost:8080/ ");    


Microsoft_Word_97_-_2004_Document.doc
var sys = require("sys"),

    http = require("http");

     


http.createServer(function(request, response) {

    response.sendHeader(200, {"Content-Type": "text/html"});

    response.write("Hello World!");

    response.close();

}).listen(8080);

 


sys.puts("Server running at http://localhost:8080/");
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Item MFN MFN P/N Price Qty Total Price Total

PCB $20.00 1 $20.00 $569.85

A10 Linux (MCU) Olimex A10-OLinuXino-LIME $38.00 2 $76.00

Wind Turbine Unbranded N/A $155.00 1 $155.00

Battery Might Max Battery ML35-124237139 $64.00 1 $64.00

Power Cables $20.00 1 $20.00

Tower $50.00 1 $50.00

Temperature Sensor $0.00

Wind Sensor $0.00

Sensor Wiring CIRCUIT-TEST 10-HT22K6-25 $20.00 1 $20.00

microSD cards SanDisk

DSQUNC-016G-

GN6MA

$9.87 2 $19.74

SunFounder 10.1 Inch 

HDMI

SunFounder $109.99 1 $109.99

1.47Ohm Resistors Various $0.02 10 $0.17

700mOhm Resistor Various $1.50 10 $15.00

Digital Compass FLORA LSM9DS0 $19.95 1 $19.95


Microsoft_Excel_Worksheet.xlsx
Sheet1

		Item		MFN		MFN P/N		Price		Qty		Total Price		Total

		PCB						$20.00		1		$20.00		$569.85

		A10 Linux (MCU)		Olimex		A10-OLinuXino-LIME		$38.00		2		$76.00

		Wind Turbine		Unbranded		N/A		$155.00		1		$155.00

		Battery		Might Max Battery		ML35-124237139		$64.00		1		$64.00

		Power Cables						$20.00		1		$20.00

		Tower						$50.00		1		$50.00

		Temperature Sensor										$0.00

		Wind Sensor										$0.00

		Sensor Wiring		CIRCUIT-TEST		10-HT22K6-25		$20.00		1		$20.00

		microSD cards		SanDisk		DSQUNC-016G-GN6MA		$9.87		2		$19.74

		SunFounder 10.1 Inch HDMI		SunFounder				$109.99		1		$109.99

		1.47Ohm Resistors		Various				$0.02		10		$0.17

		700mOhm Resistor		Various				$1.50		10		$15.00

		Digital Compass		FLORA		LSM9DS0		$19.95		1		$19.95
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By posting and allowing others to access or use your content, you grant to Maker Media and all users of the Maker
Share Service a license to use and reproduce your content under the Creative Commons Attribution-
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s2/4.0/) Additionally, to the extent permitted under applicable law, you agree not to assert any and all rights that
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Battery: 215 Nickel Magnesium Cobalt (NMC) Voltage: 78V |
Est. Cycle Life: ~1000 Cycles Capacity: 12.500 |
SIN: UIS7812 Max Current: 60A
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Specifications | Lead Acid | Nicd | NiMH Lison®
Cobalt  Manganese  Phosphate
Specific energy 3050 | 4580 | 60-120 |150-250 | 100-150 | 90-120
(Whikg)
Internal resistance | VeryLow | Verylow | Low |Moderate| Low | Verylow
Cycle life? (80% DoD)|  200-300 | 1,000° | 300-500° | 500-1,000 | 5001000 | 1.000-2.000
Charge time* 8-16n 120 24n | 24n 120 120
Overcharge High | Moderate |  Low Low. No trickle charge
tolerance
Self-dischargel 5% 0% | 3% <5%
‘month (room temp) Protection circuit consumes 33%/month
Cell voltage (nominal)| 2V 12vs 12ve | 36v [ 37v | 3233v
Charge cutoff 240 | Ful charge detection 420 typical 360
voltage (V/cel) Float 225 | by voltage signature | Some goto higher V.
Discharge cutoff 175V 1.00v 250300V 250V
voltage (Vicell 10)
Peak load current 5t 20 50 2 >30C >30C
Best resut 020 1C 05c | <ic <10C <10C
Charge temperature | 20 to 50°C 0t0 45°C 010 45°C*
(410122°F)| (320 113°F) (3210 113°F)
Discharge 2010 50°C. 2010 65°C 2010 60°C
temperature (410°F) (410 49°F) (410 140°F)
Maintenance 3.6 months'o| Full discharge every 90 Maitenance free
requirement (toping chg.) | ~days when n full use
Safety requirements| Thermally | Thermally stable, fuse |  Protection ciroutt mandatory"
stable. protection
In use since Late 1800s | 1950 1990 | 1991 1996 1999
Toxicity Veryhigh | Veryhigh | Low Low
Coulombic -~90% ~70% slow charge 99%
efficiency’2 ~90% fast charge
Cost Low Moderate High's
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