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ABSTRACT

In a modern engy ecanomy undergoing ahift towards renewable and clean energy
sources, it is important that universities maintain the ability to participate iradvancing
research into these energy sources to keep up with the progress in industry. Here at Penn State, a
lot of good work is being done by faculty and students to push the boundaries of our
understanding and applicable knowledge about everything from energy production to storage to
the most efficient ways to use that energy.
One of these areas afvencemenis wind energy. With a growing number of eager
students and ambitious companies looking to expand their abilities to harness our unlimited
supply of wind, it is crucial for Penn State to be able to use all of the resources at its disposal to
participate irthis quest for new knowledge. One of those resources is a cumuadiyutilized
wind turbineat the edge afampus that would be a willing and helpful subject for testing, if not
for a mix of mechanical failurmes and a mismat
The purpose of this project is to design and construct a new generator for the turbine that
will be more effective at generating useful data at the low wind speeds encountered in this area.
In pursuit of this goal, a single stagetloé generator degn was constructeahd testedThe
generator typéeingproduced is known as an axial flux permanent magnet generator, and while
this kind of generator isnodét new, -mddeforaubj ect

specific existing mechanitaystem.
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Chapter 1

Literature Review

1.1Introduction to the Permanent Magnet Generator

A generator, in its most basic sense, is a meshathat takes some form of energy and
converts iinto a different form of energy. Typically, the generator converts mechanical energy
into electrical energylhis electrical energy can then be stored and attached to a load to provide
power br any numbepf applicationd1]. For wind turbines, it is common to use
electromagnetic generators to convert energy from the wind into electrical energy, with
rotational kinetic energy being the intermediate energy conversion in between.

An electromagnetic generator is a generator that utilizes a rotational energy to vary a
magnetic flux through coils of wire. Accordin
through an area enclosed by a conductive material, that materiakwellogh a current and
therefore an electrical potential. This electrical potential is known as an electromotive force, and
it can be transmitted through a wire and some subsequent congptmprivide energy to a
load[2], [3]. Typical wind turbinegenerators are constructed toguce a hase AC power
outputas opposed to singlephaseAC or DC power outpytalthough it is theoretically possible
to construct a generator with any number of phal@s 3phase AC power must be rectified
into one DC input in order to be used to charge a batterydraiokmore easilyfeed into a power

grid [4].
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For manywind turbines, the electromagnetic generators used are called petman

magnet (PM) generators. A permanent magnet is a component that maintains a magnetic field
with no power input. These magnets are often made out of rare earth minerals such as
neodymium (NdFeB) or somerkl of ferromagnetic materigd]. In most cases, rare earth

minerals that act as permanent magnets have stronger magnetic fields per unit of mass or volume
than their more common ferromagnetic mineral counterparts. Unfortunately, rare earth minerals
are, as the name impliesarder to obtain and significantly more expensive than materials like

iron and steel. For this reason, the selection of what magnet to BS machines is a balance

of cost and magnetic properties.

According toArand[5], PM machines have historically been made in three different set
ups: Transverse Flux (TFPM), Radial Flux (RFPM), and Axial Flux (AFFRFPM gemrators
operate by rotating a rotor with permanent magnets fixed on the surface around the outside or
inside of a stgr core. RFPM machingsnd to consist of one or more rotors and one or more
staors, depending on the desi}. The rotor may be inside the stator, outside of it, or both.

TFPM generatorare highly variable and can be deain a broad array of configurations
depending on the geometry that a designer desires. The typical geometry of a TFPM is not
described here as the difference between designs is significant. The TFPM machine works
similarly to the RFPM machine by rotatiagotor with permanent magnets, but instead of a
radial flux it creates a transverse fli8§.

Axial Flux generators are considered the easiest design to manufacture, since each stage
is made of two rotor plates with permangrdgnets and one stator plate with conductive wiring.

AFPM generators can be made with multiple stages in series with each other, depending on the
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desired output. The axial flux generator is the main focus of this paper and it will be investigated

in muchgreater detail further on in this literature review.

TFPM generators are complex to manufacture and are prone to mechanical failures,
addition tohaving a high flux leakage. This high flux leakage reduces the amount of power that
the generator can outpuror these reasons, TFPM generators are not widely used and they will
not be discussed further. RFPM generators and AFPM generators have been compared somewhat
extensively, with AFPM generatogenerally proving be better categories of comparisaf
interest to the research¢®$, [5]. RFPM machines have a higher power output at very high wind
speeds (10 m/s and above), but the lack of efficiency at more common moderate speeds has
given the advamige to AFPM generators. Since tthiesiscenterson the construction of a
generator for a turbine located in a region with mostly low to moderate wind spe®d¥/$2,
AFPM generators are the main focus.

Accordingto a number of sourcd&0], [2], [4], [5], [9], axial flux generators have come
to dominate modern research into wind energy systems for their numerwfgover other
kinds of wind energy conversion generators. Axial flux generators boast a tendency to have very
low cogging torque, a high efficiency, high durability (due to a simple design), cost effective
construction, and relatively quick and simp@nstruction as compared to similar permanent
magnet generators.

Axial flux generators tend to be composed of a small list of basic parts, although
designers and researchers have worked extensively to vary aspects of common components to try
and achieveartain performance specifications. The generator consists of two main sections: the

stator assembly and the rotor assembly.
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The stator assembly is comprised of a plate and a series of conductive coils arranged in a

circle, with each coil being the samelial distance from the center of the plate as the rest of the
coils. The coils also must also maintain an equal angular separation from each other as defined
by the circle they fornp]. These coils arasuallyattached to thetator by setting them in a

resin. This resin serves a second purpose of protecting the coils from corfodesigner may
choose to include ferromagnetic cores in this portion of the assembly that act to guide the
magnetic field through the coils, ince#ag the use of the magnetic field from the magnets.

Doing so, however, will dramatically increase the cogging torque.

The second major assembly of the axial flux generator is the rotor assembly. The rotor
assembly is composed of two circular plates naEd®me ferromagnetic material with magnets
attached to them in a circle. The magnets are arranged in pairs and are alignefAn B{$
manner, with one of the magnets in a pair directly across from its counterpart on the second disk.
The magnets carelcovered with a thin layer of resin to protect against corrosion and increase
the lifespan of theotor assembly, although the resin is not a structurapooent as it is in the
stator

Although the basic setps are the same, many researchers hmdified components of
the AFPM generator in order to see if those modifications would further enhance the

performance of AFPMs. This research is considered in the subsequent section.

1.2 Modifications to the Axial Flux Generator Design

Many researchers f1a focused their efforts on making small changes to the already well

accepted AFPM generator design in order to increase performance in a number of categories.
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These categories include, but are not limited to, cogging torque, torque density, powercgfficien

total cost, weight and size, and letegm energy efficiency.

Arand and Ardebil[2] investigated a number of methods for reducing cogging torque in
for an AFPM generator. Cogging torque is a torque that arisesriteractions between the
magnets and stator components at [t This phenomenon can greatly increase the minimum
wind speed to initiate rotation, reduce the efficiency at low wind speeds, and generate noise in
the generator iftiis not carefully mitigatedn order to investigate solutions to this problem,

Arand and Ardebili compared a method of segmenting the PMs against a method of skewing
magnets with relation to the plane of the rotor disk. The method of skewing magnbeehad
previously implemented and was found to greatly reduce cogging torque at the expense of power
output. Arand and Ardebili found that segmenting the PMs radiatlyr@eequal sections and

shifting each section angularly by 1.5 degrees with respeeido other achieved the same level

of cogging torque reduction (87% reductionskswing the magnets by 30 degrees does. The
segmentation, however, led to much smaller power losses for the same cogging torque reduction
as compared to skewing the magnets.

Alternatively,Minaz andCelebi[13] investigated power production of a generator that
eliminated the stator core and used three rotors with two stators instead of the conventional two
rotors and one stator. The eliminatiortled ferromagnetic corggovidesa number of benefits
to the system as a whole. For one, the lack of several metal cores in the generator greatly reduces
the weight of the generator. The rotor and stator assemblies may also be placed closer together,
allowing for the addition of more stages of the assembly for more powerful turbines.

Additionally, the elimination of cores effectively eliminates cogging torque and iron losses that

hinder performance of generators with cores. While it is true that powel clgifreases in
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general with the elimination of the core, Minaz &wlebishow that the benefit of being able to

start at lower wind speeds and the ability to include multiple stages outweigh the power loss in

many applications.

1.30n-Site Wind Conditions and Tower Parameters

Before a generator can be designed, the initial parameters must be determined. For this
thesis, the generator is being built for a specific site on the Penn State campyvsdiaaField
There are already electrical and storageesgstin place that must play a role in the design of
this generator. A previous graduate studBntin Wallaceworked on a similar project and has
included abundant information about the site in bothhisMadte t hesi s afi4, hi s d
[15].Wal | aceds work centered around met hodol ogy
turbine, and he used the same site for his research as will be used in this paper to set the
parameters for the axiduk generator to be built. It is therefore important to understand where
these parameters are being gathered from, and how they were gathered.

First, it is important to look at the size limitations of the towdse enerator hub sits
atop a 5€foot tower.This tower height was chosen to put it above the wakes of a set of trees that
act as obstructions to the normal wind flow. This tower is designed to hold a generator that
weighs 155 pounds attached to a-wade design with &45-foot blade dameter. Theswept area
is 175/&0The current mechanical system is designed to passively furl at 27 mph, meaning that
this is the wind speed that will result in maximum power output for the generator attached. It

furls through a sidéurling action, but it may camue producing power after furling.
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This system currently sends power through a three phase AC output. The current site has

a rectifier to turn this three phase AC output into DC for charging the battery bank. The battery

bank can be regulated by the troller at 24VDC, 36VDC, and 48VDC. The controller may

dump excess | oad to a Adump |l oado. Since thes

designed will be three phase AC, there is little need to completely overhaul the electric systems.
Perhas the most important information to be recorded about the site itself is data on the

wind resourceThe tower is located approximately 1050 feet above sea level. The average wind

direction is 290 degredsom due northand this occurs most commonly dgipeak wind

season from October to March in this ar®eerage daily wind speeds will vary between 5 and

10 mph throughout the year, or about 2.265 mk. On many days, the site will not experience

sufficient wind to reach the cut speed of the currélassembly. In addition to a low average

wind resource, there are tregfssimilar height to the tower in surrounding ar@egeneral, wind

in this area blows from a direction with no interference by the trees, so they are of less concern

than the wind sped itself.



Chapter 2

Objectives and Initial Design

2.1Design Objectives

Thepurpose of creating this new axial flux generator is ultimately to increase the utility
of the Penn State Research Wind Turbine. This turbine is currently located on the northeast pa
of Penn Stateds campus, a few hundred feet
constructed for research purposes and has been used intermittently fosesisinc€005
Unfortunately, the wind resource at this location is p&tate Colleggenerally does not
experience sustained high wind spggevhich means there are few days during the year when
windgustseest rong enough to overcome the current
generator is a radial flux permanent magnet generasadescribed in ChapterAverage wind
speeds at this location range from 2.5 m/s to 4.5 m/s, but on many days even the strongest gusts
will not be sufficient to reach cuh speed for the current generator, which has been estimated to
be just under 4n/s. Radial fluxgenerators produce power more efficiently at high wind speeds
but require a higher wind speed in order to start turning, resulting in fewer days when the turbine
was operationalAlthough wind speeds tend to be sufficient in peak windaeésctober
March), the weather during this time of year is often prohibitive for work since the facility is not
well-protected from the environment. It would be ideal to have a generator in place that could

start up at lower wind speeds, so the rangeegtier conditions suitable for operation can be

f

r

g
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expanded. Increasing the number of possiblgs of operation meanscreasepportunities to

perform research on the operation of the tower. For this reason, it was decided that the ideal
replacemengener#or/turbine assembly shoube capable of achieving a aatspeed of 2 m/s.

Since the purpose of this generator and its associated mechanical turbine assembly is for
research, power output is significant only as far as our ability to track that outfmutdifierent
operating conditions and compare it to operation under nominal operating conditions. For this
reason, the replacement generator is not intended to produce the leafiika the current
generator produces. This generator is being designadhvatpurpose of increasing the wind
turbines utility as a research subject, not to consistently power any machines, attteough
computer used to track data points may draw on the turbine for power when operational.

Part of the design process for this geator includes designing it to be mechanically
compatible with the mechanical portion of the current generator. The generator and its housing
must be weather resistant, be able to effectively translate energy from the blades to the generator,
and it mushot bedetrimental to the operation of the tower due to its physical size. The size and
shape of the generator must not be too excessive for the tower to hold and remain stiff as it is
raised. The generator housing should also be of similar size to Iivgetbiade hub so that it is
not interrupting air flow and causing a reduction in efficiency.

Similar to the current generator, the new aiiat generator will generate-8hase AC
power. The intention is to keep most of the current electrical systésmes amd simply integrate
the new generator intbi¢ overall electremechanical systenThe final product should result in a
robust turbinghat starts up at wind speeds regularly achieved at the current turbine site that can
be used to track performanceder various artificial and natural conditiokwever, this phase

of the project examines only the design and construction of a single prototype stage of the
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generator. The researchers intend to verify the successes and failures of this prototype based

upon electrical property measurements of the unloaded generator stage taken using a benchtop

dynamometer.

2.2 Initial Design

The first decision to be made before designing this generator was to establish goals for
power outputThe current generator is eat at a peak of BW, but sinceghe new generator
doesndét have a specific power requirenent we
higher the output, the larger the generator would have to be. With this inthrertdam decided
to start workng on understanding how changing different aspects of the generator would impact
expected power output and generator size. In order to do this, the team adapted a Microsoft Excel
spreadsheet with built in calculations that had been used by the PenwiBthtenergy Club to
build a much smaller scale competition turbiiis spreadsheet allowed fibve input ofa target
cutin speed coil gauge, number turns for the coils, coil dimensions, number of coils and
magnets, as well as the magnetic flux throtighcoils. This spreadsheet shows the power output
of a single stage of an ax@génerator, but these stages are rather thin and can be stacked to add
peak power output. The calculated valoémterestfrom this spreadsheet, after the team made
its edits were current density, expected power outpxpected voltage outpudoil diameter, air
gap, overall moment of inertia per stage, and overall price of coils and magsdis.
researchers iterated on the input values, it became clear that therefevederating factors to

pay the closest attention to.
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2.3 Limiting Design Factors

Before theselecting specific parameters for the generéitaiting variables needed to be
determined After some time working with the physical turbine and analyzing eiffier
configurations of the generator, the researchers determined a number of values that would guide
the subsequent iterative process. The variables that were determined to be limiting factors of the
design are as follows: current density in the wire, ddgaower output, maximum diameter of
the stator, maximum voltage outpatjdRPM at desired power output

The first limiting factor is the allowable current density in the copper wiites higher

the desired power, the higher the current density wowdd teebe in the coils to reachli.
general, copper wiring has a maximum allowable current density-ef 6Running too much

more current will overheat the wire and could potentially lead to an electricaltiisissue
could be solved by increasing the size of the coilseasing the numbef turns, or setting a
lower desired power output.

Thedesired power outpwtas set to bbased on utility as a research generator, therefore
reducing the number of variable factors impacting the current density in the coils as well as other
system parameters. As was mentioned in the previous sectionyteet@enerator power is
rated at XW at 350 RPM. This peak power output corresponds to a wind speed of about 11 m/s
with a tip speed ratio of 9 #itis rotational frequency. A greatrotational frequency anithe
blades will be rotating too fast andieiéncy will be lostSince the turbine blades will remain
unchanged for the new generator, it was assumed that the tip speed ratio will remain at about 9

for an RPM of 350. For this reasdhge deged power outpuivas sefor an RPM of 350.
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The size othe coils is another limiting factor. €oil can grow in two dimensions. Layers

can be added axially or radially. Expanding the coils axially increases the size of the air gap
between the magnets, which reduces the magnetic flux through the coil. A lageetin flix
translates to a lower voltagrethe coils, and subsequently lower powexpanding the coils
radially increases the overall diameter of the stator, since coils need to be spaced further apart
with greater coil diametertn order to narrow den the range of possible coil dimensions, it was
ideal to set a maximum stator diameter. This stator diameter would be the determining factor for
the maximum diameter of the magnet rotor plates as well, since the magnetdvbeargeset
onacircle thatis concentri@and identical in diameteo the circleconnecting to centers of the
coils. The housing for the generator would need to be slightly larger in size. In order to avoid
excessive air flow interruptiothe maximum stator diameter should notrhere than an inch
greater in diameter than the turbine blade hub cap. Since the hub cap is 15 inches in diameter, the
stator plate was limited to 16 inches in diameter.

Finally, the maximum voltage that could be output by the generator at peak oplesation
to be determinedrhis maximum output voltage was determined by the capacity of the battery
bank that will be used to load the generator during operation. The batteries carfidgpered up
to an equivalent 48olts set up. It is unsafe to charge adagtiat a voltage more than slightly
hi gher than the batteryods rated voltadigee, as t
overall generator voltage was therefore limited td/48s.

The following task fowasto use these limiting factors as boanies to determine values
for the remaining variables. These values were determined by iterating on initial models until the

design had values that worked within al/l par a
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Figure 1: Closeup view of a SolidWorks model of the designed generator

2.4 Producing Computer Models

The initial design of the generator was made through an extensive iterative process using
a complex Microsoft Excel file. This file was used to outline initial geonatsipecifications
and to predict power output given usgrecified conditions and inputs. Due to the number of
variables and the complexity of the interplay between those vari#ibes,wasan extensive
iterative process usingis file in order to maka small number of design prototyp@sis sheet
is broken down intmine exhibits in Appendix Awith all associated equations given and
described

Initially, the goal waso design for a-&W generator with betweameandthreestages.
Stages can be maddentically and power outputs can be summed, and since each stage is rather
thin it is easy to stack stages of axial flux generators without making the generator excessively

extensive along the axis of the generator shaft. The limiting factor in thefsiae axial flux
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generator was the diameter of the generator, since a diameter much larger tsein¢heotor

hub currently attached to the Penn State Research Turbine would interrupt air flow while also
becoming increasingly difficult to physicaligount with size. As a better understanding of the
limitations of this generator desigvas developedhe power output goavas reducedb 1.8

kW. The 3kW models had resulted in prototype designs that were excessively large in diameter,
prohibitively heay, expensive, or a combination of these th&ace the main intention of this
generator is to be usable in a broader range of wind conditions than the current generator, a
reduction in poweoutputdid na detract from thegoals.In fact, a smaller gemator would have

a smaller moment of inertia, which wolld expecedto result in a lower cdn speed.

Ultimately, a decision was made create three 118N generator designs: singlestage
generator, &vo-stagegenerator, and a threstage generatoin general, as the number of stages
increases, the amount of power each stage must output is significantly reduced, but the cost of
materials and overall weight is increased gredthe threestage desigwas chosesince it was

the only model thathadl gener at or di ameter as | ow as 16

much more testing than the other models since a single stage could be tested and the performance

of athreestagegenerator with identical stages could be extrapolated from thaperfoe of the
first. This threestage generator also required less powerful permanent magnets in order to

generate the same pemoutput, making it safer taidd without being overlyexpensive.

r
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Chapter 3

Construction of a Single Stage

3.1 Computer Modeling of the Generator

It wasdecided early on in the design process that a single stage should be tested before
multiple were made. Performance data for a single stage would provide good insight for how a
generator with multiple identical stages would perform withreeding to use labor and material
resources for multiple stages. The first stags tested on a benchtop dynamomédtet before
any testing took place a sufficiently sturdy stand had to be made in order to connect the generator
to the dynamomete8. different designs for parts were created in SolidWdoks$ due to
required duplicas,a total of14 componentgpart fromthe magnets, coils, bearings, and shaft
dynamometer connector had to be created. The completdigtacem be found in exhibit B.1f o
Appendix B Drawings of alleightcomponents to be fabricated can also be found in Appendix
B. The components designed in SolidWorks were as follows: the stator, rotoitésithg stand
base platerotor disk, generator shafestingstand vertical wids, rotorspaceyrand the stator
support rodsThe testing stand base plate was eliminated during production and replaced with a
base stand made from two thg-four planks, but it is included in this section since it was
initially a part of the design.

The stator, as discussed in previous sections, holds the coils in place. This component is
usually noameallic, for two reasons. Firstif it was a ferromagnetic material it would tend to

deflect towards the magnets which could lead thechanical failuré&Secongsince this
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generator has to be raised dozens of fetitarair on top of a toweit is ideal to cut out weight

wherever possible. A wooden stator is significantly lighter than a metal one due to the density
differences between the materialseTgrimary concern with wooden stators is that wood tends
to fail more quickly than metal in certain environmental conditions. Humidity may cause the
stator to warp if it is not properly treated. Alternatively, in dry conditions, the wood will be more
likely to ignite if the stator coils reach a high temperature. Since this generator would only be
tested inside at low rpms, no additional treatments to the wood were deemed néoefsary
phase of testindJpon the computer modeling stage of the proj¢etasdetermined that the

coils would be held in the stator by being set in a rdsiis decision was later changed and is

explained inSection 3.4The model can be seen in Figure 2

Figure 2: Isometric view of the stator with coils, as designed in SolidWorks
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The rotorfor this generatowas designeth two parts: a rotor body and a rotor disk. The

rotor body would be made of aluminum, but the disk would be made of steel. In many
generators, the entire rotor plate is made dadlsteis important for a ferromagnetic material to
be directly connecting the magnetics withinotorsince this material supports a stronger
magnetic field. A rotor made entirely of steel was not feasible since it would be prohibitively
heavy and diffialt to machine given the equipment available for use in construétmmever,a
steel disk embedded in an aluminum rotor body would be able to carry the magnetic field
without making the rotor disks too heavy or too tioodsuming to manufacture. It isgirable
that this design choice reduced performance of the generator as compared to a rotor made
entirely of steel, since there was less medium to carry the magnetic field. In construction of
future stages, it would be ideal to find a way to fabrieati@&ely steel rotors and compare

performanceThe assembled rot model can be seen Figure 3

Figure 3: Isometric view of a single rotor as designed using SolidWorks

Althougha form of this generator maywentually be used withRen St at eds Resea

Wind Turbine, the stage discussed in this document is meant only for testing. For that reason, a
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testing shaft had to be designed to work with the dynamometer. This will likely need to be

replacedn later versions. The shaft chosen wWdasinches in diameter and made of steel. Steel
was selected for it stiffness, and since a number of steel rods of multiple sizes were readily
available for use free of cost.

The testing stand base platas intended to sente anchor all other componts to a
track that could move the test subject in and out of contact with the dynamometg@art nas
designed to be-Ihch thick and made of plywood. Additional reinforcements of this piece were
not included during the computer modellistgge sincéurther support could easily be fabricated
during construction iftte need arose

In order to hold the shaft at the proper alignment with the dynamometer, two vertical
walls were designewhere the shaft bearings could be embedded. In the SolidWorks model,
bearings are not included since this part would not be manufactured. These walls were designed
to be linch thick and made of plywood in similar fashion to the testing stand base plate.

One of the simplest components in the entire design was thespater. This
component was designed as a precaution to prevent the two rotors from breaking their
attachment to the shaft and sliding towards each other due to the strong magnetic force between
them.The design tube was 1.05 inches, slightly larger thandbrged air gaplhis choice was
made in the case that the stator ended up thicker than intended, since the tube could always be
made thinner. The design material was aluminum, so it would be strong enough to hold the rotors
apart but not add a significammount of weight.

The final designed component in the generator stand assembly was a support rod to run

between the vertical walls and suspend the stator. 4 of these would be made, and these rods
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madef r o m st a-bh6dhaended sRél ®iheserods werechosen because they were

readily available for use.

The overall assembly needed to hold the generator stage at the correct height to attach to
the dynamometer, while also supporting the generator stage itself. Since the shaft and rotors were
madecompletely of aluminum and steel, the generator portion of the assembly would be quite
heavy for its sizef-or this reason, some additional support pieces were added to the actual

generatos t a nd i dh@vh in Bigue=in 0

Vertical Walls

| .:

Stator Suport Rod

—
Rotor Body

Testing Stand Base Plat

Figure 4: Isometric view of generator stage and testing stand ssembly.Hidden components: rotor disks, rotor separator
tube. Created with SolidWorks.
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3.2Determination of Production Agenda

Of the many components of the generator that needael bailt by handit was
determined that there was an ideal order for production of components. It was determined that
ideal first step in the construction the generator was the winding of the coils. This decision was
made after a number of considerations

Firstly, one the single most important features of the generator is the total air gap between
a pair of magnets. This air gap consists largely of the thickness of the atatell as a safety
gap on either side as a precaution agabtst plates digecting enough to contact the stator.

Such contact would inevitably lead to mechanical failure of the generator. It is important to keep
this air gap as small as possible, since magnetidagleaxponentially relatetb the gap between

the magnets. If themethodology used to create the coils produced coils thicker than predicted, it

is possible that magnets of a higher grade would need to be purchased in order to compensate for
the loss in magnetic flux by increased air gap size.

The second consideratidollows naturally from the first. Permanent magnets are
expensive and have proven to be the single largest cost of generator construction. It was
therefore fiscally prudent to finish coil winding and measure the electrical and physical
properties of theseoils before ordering the magnets, in the instance a different set would be
required than the magnets initially designed for.

Finally, the design of the rotor and stator were ultimately dependent on the size of the
coils. The relation to the stator desigrdirect since the stators are being made by cutting holes
to the size of each coil in a wood board of equal thickrasksthen equally spacing the coils in
the stator with a single circle connecting the centiére.coil properties are linked to rotor

design due to the dependence of the rotor construction on the strength and size of the magnets
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used Smallerthanintended coils would require stronger magnets, and if the coil circle was

reduced in size then the magnet circle would need to be reducetttoitmih either of these are
varied from the original design, then the initial rotor design would have to be changed.

Thenext step in the production process was the creation of the stator. This decision was
made based on the relatigaseof working with wood versus the steel required for the radsr
well as the fact that significant differences in the geometry of the stator as compared to its initial
design could lead to design changes for the rétioer the stator,all of the geometry needed to
accurately produce the rotors and the generator st be availableAt this time, with the
stator and rotor designs finalized, it was determinedntiaety of the remaining raw materials for
required components were already available for use and stortbe ground floor of Hammond.
The only components that needed to be purchased were the bearings for the dynamometer
mount, the magnets, steel material for the rotor, and an adapter to fit our shaft to the
dynamometer. The wood for the stata@sin, steleshaft, rotorspacey dynamometer, and
required fasteners were all availabiéith materials in order, the only other component initially
deemed to be a component that needed to be fabricated was th&hshédbrication of
components is described irethontext of two assemblies: the generator stage and the testing
stand. The generator stage includes the testing shaft, the two rotors, the stator, spacetor
the magnetdwo bookends to prevent the rotors from slidiagg the coils. Coil windings
described separately due to the significance of this individual process

Despite best efforts to make the SolidWorks models as close to the intended final product
as possible, many of the components had to be altered from their drawings due to material
availability, subsequent concept changes, or

was dependent on.
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3.3 Coil Winding

The most timeconsuming components of the generator to manufacture were the 6 coils
to be inserted into the stator. Accargito our initial design, the coils were 7 layers deep axially
and 17 layers deep radially, meaning a total of 119 turns. They also were supposed to have an
inner diameter of 1.5 inches and an outer diameter of about 4.4 inches, with a thickngss of
inches.These values were calculated in Appendix exhibit A.5: Coil Design. The calculations
were done by summing the number of layers in a direction multiplied by the thickness of the
wire. 0.005 inches per layavere addedh anticipation of being unable teind the coils tight
enough to achieve perfect contact between all layers. Even with thanoikrance, winding
copper cois so tightly without a specializedachine to do so posed a major challedgsetup
that would make it simple to wind the manually while turning a lathe by hanas devised

The coilwinding setup on the lathe required 3 components in order to hold the coils in
place and confine them to the strict size limits while they were wound. The first component was
a 1.5inch dianeter steel shaft that could be inserted into the lathe. The other two components
were aluminum discs that were set on either side of the coil and acted as bookends that prevented
new turns from sliding off the top of the coil aimlo a lower layerThesebookends would be
used later in conjunction with the rotor spacer to hold the rotor plates in place on the testing
shaft.Both bookends had two set screws that made it easy to stabilize the bookends on the shaft
during winding, and then to loosen and slidiewhen it was time to remove the coils. The
bookends were 5 inches in diameter so that th
risk of lacking support, since the design coils were 4.4 inches at their outer ds&arAdtan

Teflon sheet ws applied to the surfaces of the bookends that would be in direct contact with the
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coil in order to prevent the superglue used to hold layers together from sticking the coils to the

bookendsFigures 5 and 8how the exterior and interior sides of thekends.

Set Screws

Figure 5: Exterior side of stabilizing "bookend" wall used for coil winding

Lead
wire hole

Figure 6: Interior side of left bookend, with Teflon sheet and feed hole for lead wire
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The left bookend had additional hole drilled through the wall at an angle that would

make it close to tangent with the shaft. The purpose of this hole was to allow a lead portion of
wire to be fed through and then wrapped around the outside of the coil. This set up ensured the
wire wouldnot slide over the shaft as it was
to other coils.

The winding process itself was quite simple. First, the shaft was inserted into the lathe so
that about 7 inches ghaft extended past tisbucks. The left bookend was then slide onto the
shaft until it was about 3 or 4 inches away from the chucks. This separation gave room for the
lead portion of wire to looselyraparound the exposed shaft so it would be out of the way
duringwinding. Fdl owi ng t he tightening o40waséappledoeft boo
the shaft as well as the interior walls of the bookends. The purpose of thE)\WBs to
decrease the amount of adhesion between the c
winding setup. Subsequently, a portion of wire about 2 feet long was fed through the lead hole
and wrapped around the shaft on the outside of the left bookend. As mentioned earlier, this
ensured an amount of extra wire existed to form connections whildtamaously anchoring the
wire to the bookends and shaft so that it wou
the first 7 turns of coilvere woundn order to create the first layer. Only after this first layer was
wound was the right bookdrslid onto the shaft. The right bookend could then be pressed
against the first layer to achieve a tight layer, after which the bookend was tightened onto the
shaft. All following layers were then confined to the same size and would remain tight as they

were wound. Superglue was applied by a brush on top of every even layer.
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Right
Left Bookend
Bookend

Figure 7: Test wire winding setup

The test coil shown in Figuigabove was wrapped without superglue and it expanded
forcefully the instantrailing wire was clipped, since its connection to the larger spool of wire
held it intension. The superglue uskds a cure time of 2.5 hours, so the coil had to be left in the
winding apparatus for at | east tdhSabsequwemtestsnt of
showed that the superglue took closer to 4 hours to fully dry within the coil, most likely due to a

low permeability to air of the interior portions of the coil.
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One of the largest risks of deviation from original design specificatartbe coils was

created by the removal of the coils from the winding apparatus. Despite best efforts to reduce
adhesion, the coil often became stuck on both the shaft and the bookends. In many cases, the
shaft had to be hammered out of the center oftiile This process had a tendency to detach
some of the inner layers from adjacent layers, which would havepotlmck in place by hand

and in some cases-giued.

Despite the complications posed by imprecise machinery and a forceful removal process,
the coils ended up similar in size to each other. The outer diameter of each coil was
approximately 4 inches, although some varied in either diredtlus.was somewhat
significantly smaller than the estimatéd-inch outer diameter of the design coildhe coils
were also all approximate.7 inches thick, although none of them met the interfsi2ahch
thickness of the design coils.is possible thamore force was applied twld radial layers
together than the axial layers, which would explaimalker diameter than anticipated but a
larger axial thickness. Future efforts to improve winding methods should first determine the
exact cause of the discrepancies between the desigracd the manufactured coils, in which
case a specific solution calibe developed that would produce coils more similar to the design

coils than the ones generated through this process.

3.4 Faorication of the Generator Stage

As mentioned irBection 3.2, the generator stage assembly consists of the stabrs,
rotor spacer testing shaftbookendscoils, and magnet3.he fabrication of these componergs

described in order of completion. The magriktknot need to be altered. The aoihnufacturing
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process is described 8ection 3.3, and these were compiepgior © stator constructiohe

bookends are described$ection 3.3 as well.

Figure 8: Testing stage stator with coils inserted

The stator designed for testing is likelgt the same as the stator toi@uded in the
final generatr. The assembled testimgator can be seen in FigureMis stator was designed
specifically to fit within the testing stand, and if the actual generator design is significantly
different it is likely that the new stator would have a different geométrig testing stator
includedfour rectangular extensions @@-degreentervals around the outside of the circle that
comprises most of the body. These extensions were included so tfmaitrtbtator support rods
could run through the stator without cioim in close proximity to the rotom.he original design
had each extension beingrnth thick while overhanging the main body by ih&hes. The

thickness was increaséul 2inches since a hole would be drilled through the center of each there
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would be lss risk of the material splitting or otherwise failing witB-each thicknessThe

centerhole wasalso expanded from 2 inches to 3 inches to allow for a thicker rotor separator
tube to be attached to the rotors, since a thicker separator tube wouttebathestricting
motion of the rotorsThe statobodywas designed in SolidWorks to be 1i@Bhes thickaxially,
but the actual production stator was made from % inch plywood. This decision was made so that
the stator thickness would match the thidsef the coils as closely as possible. All coils were
slightly less than % inches thick, so they all fit within the stator body. The original design
planned for coils with a diameter of close to héhes, but the actual coils ended up being close
to 4inches. Since the coils were all smaller than predidtedysdecided to move the coils
closer together in the production stator as compar#tetdesigned stator. Thigas a significant
design change, since it allowed #oplan for smaller rotorertaps the most significant change
made to the stator between the model and the production assembly was the method in which the
coils were held inside the stator. The original concept had the coils set in resin within the stator,
since this is a typical metddor holding coils in a statolt wasdecided instead to u$eur zip-
ties to hold the coils in place. This decision was made for a number of reasons. Firss, zip
would be easier to work with if mistakes were found in the assembly. Second, tiveocddse
easily removed from the stator body to be used in future iterations of the generator. Additionally,
zip-ties are cheaper and were faster to implement into stator than setting the coils in resin would
have beenThe drawback of the zipes was thiathey all tended to extend slight past the surface
of the coils, causing the air gap to be extended. The final air gap was made to be 1.2 inches in
order to accommodate the Zips.

The next component created for the generator stage was the testingjlssaghaft is

likely not the same shaft that would be used in the final generator as it is built specifically to be
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compatible with the benchtop dynamometer used for testing the generator stage. Although it was

designed to be 16 inches long initiallgetshafthad to be extendead 20 inches to accommodate
the bearings used for the shaft. The shaft and rotors were fabricated to fit witimeh3§ 3/8
inch key.No other changes were made to the shaft from its initial déBigncompleted testing

shdt can be seen in Figure 9

Figure 9: Testing stand shaft with machined keychannel

Following the shaftame thealuminum rotor bodiesA significant design changeas
madeby ordering 1/8nch magnets that would be stackedhrees, resulting in a magnet
thickness of 3/8nches instead of half an inch as designed. This was due in part to a lack of
product availability, but the alternate magnet choice was cheaper while not reducing predicted
power output significantly since tliew magnets were a much higher grade. This change in
magnets resulted imé¢ design for theotors beingchanged significantly from the computer
model.The production model simplified the aluminum body into aiB¢h thick circular plate,
without a depresion milled into it to hold the rotor disk. Instead, 8 holes were drilled through the
plate to house the magnets while the steel rotor disk was attached to the back. This design made

the rotor significantly lighter and easier to machine. Although it wiasded to be a full inch
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thick in the computer model, it was reduced to the thickness of the magnets in production so that

when the magnets were inserted into the holes they ended up flush with the surface of the rotor
body.Additionally, the diameter ohe rotor body was reduced from 14 inches to 12. This

change was made due to the fact that the rotor disk holding the magnets could now also be
reduced in diameter, given that the coils were moved closer to the center of the stator in the
production statothan the designed stator. This reduction in diameter worked to both reduce the
weight of the rotors and to decreaseltkelihood of detrimentakotor plate deflection due to the

pull of the magnets additional threaded holes were added to attach thedisk.The

completed aluminum body of one of tveo rotors is seen in Figure 10

Figure 10: Aluminum Rotor Body

The rotor disks were changed somewhat significantly for the final protinetnew rotor
disk had an outer dmeer of 11 inches and an inner diameter of 4.5 inclespposed to the
designed outer diameter of 12.35 inches and an inner diameter of 9.35 inches. The rotor disk was

also moved to the back of the rotor bodlzese changes were made due to the new dbsigg
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easier to accomplish on the available machinery given limited time to finish this part of the

generatarFigure 11shows the completed rotor assembly.

Interior ; \ Exterior

-t

<

Figure 11: Completed rotor assembly

The final component of the gentrastage assembly was the aluminum repmacerThe
spacer was made to be 1.2 inches thick to match the air gap with the final stator geometry taken
into accountlt wasdecided to increase the thickness of the walls ofplager as compared to
the compiter model in order to makeritore effective at resisting the tendency of the

magnetized rotors to attract each other.

3.5 Fabrication of the Testing Stand

The testing stand consists of tle vertical support wallgwo base supportand the
four stdor support rods. This stand was built to align and support the testing stage of the

generator during its performance testing on a benchtop dynamometer.
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The vertical wallsvere made with 3inch plywood (actual measurement of Gi6ehes).

The holes in theenter of each wall were reduced in size to 2 inches, large enough ensure no
interference with the shaft while minimizing the loss of structural integrity. The bearings for the
shaft were attached on the outside of these walls. No other dimensionskeaalttyed for these
components from the computer models.

The testing stand base plate that was originally designed in the computer model was
replaced by two parallel twby-four wood planks with channels cut out to allow for the vertical
walls and the sttor to rest inThis setup was preferable as the channel depth could be adjusted to
precisely match the height of the generator shaft to the height of the dynamometer shatft.

The stator support rods had to be extended to 14 inches long from the origeiad S
from the computer model. The production rods were made of aluminum and were threaded,
making it simple to stabilize them in the apparaliee threaded supports allowed for these rods
to be used to solidly position the stator at any point alonggtiggh of the rods, while
simultaneously being able to support the vertical walls against bucklionge 12shows a side

view and topview of the fully assembled testing stage and stand.
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Figure 12 Completed generator testing stage assembly
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Chapter 4

Performance Dat and Discussion

In order to analyze the success of the design and construction pescassierstanding
abouthow the final product compared to its predicted performance, and how that predicted
performancecomar ed t o the initi al ,haobtdbe dededopedhise di ct ed
chapter explores the changeomredicatedperformance to compare the initial design to the final,
and then does the same for the frelatesltoitgyener at o
predicted performanc®ue to the fact that testing was done on a dynamometer with no load, the
physical test could only show voltage and internal resistance characteristics since no power was

produced.

4.1 Changes in Predicted Performancand Discussion

With all of the production design changes taken into accadimal prediction of
performancevas created According to thdinal predictions, the gerator should havieeen
able to produc&96 Watts at 350 RPM. This value is much lowaan the initially designed 600
Watts. This radical reduction in predicted power output is the result of two changes: an increase
in the air gap and a changethe magnet desigihe design air gap was 0.77 inches, but the
final geneator had an air gap dinch. This change, combined with the exchange of a&tb
by 0.5inch N42 magnet for a 0.37Bch stack of N52 magnets, led to a reduction in the gauss
produced, which directly impacts the current used for predicting power olitpagte changes
also lavered the predicteBRMS voltage outpuait 350RPM from 15.9Volts to 10.9Volts.

Resistance was also examinalthough it was impossible to say the exact length of wire in each
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coil since they all likely varied by a small number of turns to either sitleeahtended 119 turns

due to winding difficulties.

The radical di fference between the initial
the final model show a need for alteration of the initial design process in one specific area.
Although Chapter 4 entions two contributing factors to the differences between the initial and
final model in the changed magnets and coil geometry, no conclusions are drawn about the
magnets. This is because the change in magnet geometry was due to a change in product
availability from the time of the initial design, and this does not prove that the process for
planning the geometry was erroneous. It is demonstrable, however, that the coil size prediction
from the initial model is inaccurate. According to the initial motted,coils should have been
0.57 inches thick at 7 layers thick axially. This was insufficient, and the actual coils showed a
gap between layers of about 0.2 inches. This is easily remedied by altering the equation in the
design sheet outlined in Cell 5.8Appendix A.5 to include a O-ich buffer for each layer

added axially.

4.2 Benchtop Dynamometer Test Performancand Discussion

The physical testing of the generator stage occurred using a benchtop dynamometer. The
generator was not loaded, so the sugad electrical properties did not include power and
current.Data was collectefbr the neutrato-pole RMS voltage at various rpms between 25 and
400 for all three phases. A computer and DAQ system were used to graph the AC voltage signal

for all threephases as wellhe benchtop testingetup can be seen in Figure.13



Figure 13: Benchtop dynamometer testing setip

In order to directly compare the predicted RMS voltage values $e thicthe actual
generatorthe outputs of lathree phasewere trackedising a voltmetefThe measuredeutrat
to-pole RMS voltage for a single stage of the generator is seen in Figasetlie scatter plot,

and the predicted RMS voltage is represented as the smooth line on the same graph.
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RMS Voltage for Varied RPM
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Figure 14: Overlay of predicted RMS voltage with actual 3phase RMS voltage data

As can be seen in the figure above, all three phases had very similar voltage outputs. The
strong similarity between the three phases suggests thdettecal properties of the coils that
make up each phase are indeed very sintolaach other, although not identical given thak
amount of variation. This test validates prediction that RMS voltage should increase linearly with
rpm. The slope of theelationship between RMS voltage and RPM is smaller in the real test,
although only by 4.8%. At 350 RPM, the voltage is predicted to be M &8, while the real
test showed an RMS voltage lmétween 10.08 and 10.%/blts. It is likely that this slight
discrepancy is due to the coils having fewer turns on average than the 119 turns per coil used in
the prediction model, although further testing of updated prototype stages would be needed to

confidently ascertain the problem. In general, this portiohetesting suggests that the voltage



38
prediction model is close to accurate for tbatlife generator, although it would likely be able

to more strongly predict performance of a generator with coils that are exactly as specified in the
model.
Apart from \alidating the design model,glgeneratowas testedo see if it generated
voltage in a phase sine wave as predicted forhdse AC generator. This test was performed
on the same dynamometer as the one used for the Aedp@le RMS voltage testingh DAQ
system was connected to a computer to run the test. The system sampled at 30@0vditage
was measured neutrd-pole. This system could not track peak voltage abov¥ dlis, so the
test was rurfior 100, 150, and 200 RPM since these RPMsgradiously showrvalues below
10Volts.Figures 15, 16, and Ishow the data collected for the three tested RPMs, in order of

lowest to highest.
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Figure 15: Benchtop dynamometer test graphs of the neutraio-pole AC voltage outputfor 100 RPM
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Figure 16: Benchtop dynamometer test graphs of the neutraio-pole AC voltage output for 150 RPM
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Figure 17: Benchtop dynamometer test graphs of the neutralo-pole AC voltageoutput for 200RPM
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In all three RPM testghegenerator produced a cleadiyusoidal voltage outptior all

three phased-urthermore, the pedk-peak voltages for all three phases are similar, although

not identical.These results confirm that the physical producbbthe generator was successful

in creating a machine with similar phases that generates voltage in the manner intended. This test
confirms what was seen in the RMS voltage test that the phases all vary slightly, since a flat line
cannot be drawn acroali peaks and troughs. As was mentioned previously, this is likely due to
minor variations between the coils used in the stator. It is possible that a mass imbalance on the
rotors could have contributed to the unsteady fiegleak values, although it wast significant

enough to be perceived at the time of testing.

The last portion of design and production validation testing done was a measurement of
the resistances of the phasgsneasurment ofthe resistance fagach coil from neutraio-pole
andacioss each phaseas attemptedTheoretically, for identical phases, phasehase
resistance should be twice that of the neutral to pole resistance.

In thedesign model, 0.3 Ohms per phagre predictedneutratto-pole), meaning
phaseto-phase resistaecshould be twice that at 0.6 OhrBeth values for the real generator for
all three phases and measurements across linesaugipgal fluke multimetewere taken
Since thee multmeters could not measure resistance with a high resolution, a moteseensi
resistance measuring devioeilt into ahot wire anemometer wased to measuresistances
well. The hot wire anemometer device was deemed to be working improperly and the data was
disregarded. In addition to the low resolution of the voltmetienssfound that the cables used
to connect the generator outputs to the voltmeters had internal resistances of potentially 0.1 Ohm,
although resolution was too low to say for sure. For the netot@dle measurements, all three

phases showedwalue appoximatelyequal t00.3 Ohms. While this is the same as the predicted
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resistance for one phase, with the internal resistance of the connecting cables considered it is

possible the resistance was as low as 0.2 Ohms. The following test measured resisissice ac

two lines for phases-2, 2-3, and 31. All three testshowed a resistance of between 0.5 and 0.6

Ohms. While it is well within the realm of possibility that these numbers suggest the expected

double resistance of phagephase versus neutrtd-pole, the uncertainty is too high to say for

sure. Acquisition of more sensitive resistanoeasuring equipment is an important part of this

project moving forward, but for this portion of testing it was not possible. Ultimately, the

resistance measurementew e i nconcl usive and coul dnodét provi

the resistance properties of the three phases of this generato
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Chapter 5

Future Considerations

At the outset of this projedtye intention waso build and test an entire generator in the
time allotted as well as mount the generator to the Penn State Research Turbine. As time
progressed, it became evident that those goals were quite ambitious and the researchers altered
their focus to finishing one stage of a generator model and testidgrihg this procesgqlans
continued to be developdar continuations of this project beyond the time allotted for this
paper.

The next step in the process is to make revisions to the prototype testing stage generator.
It is possible that a redesigntbk rotor body to be completely steel would increase the magnetic
flux through the stator without having to order stronger magnets. This new rotor would be
significantly heavier than the initial testing rotor, and the stand would have to be augmented to
support that heavier rotor. Additionally, it is suggested that the coils be removed from the current
testing stator and compressed as thin as possible. Thinner coils mean a new stator could be made
that is also thinner. This would directly translate insmaller air gap and increased power
output.

With a satisfactorily redesigned single stage, it is simple to create more similar stages.
Should the same design be used as was the bas

stages should be cted to complete the generator. These stages are all mounted on the same
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shaft and c quiteclbsetodne anatlek whiclh makes it easy to keep the generator

short along its axis. Ideally, all three stages should be tested on the same dynaa®thete
prototype single stages were tested on to make the performances directly comparable. This
testing apparatus could be similar to the one described ith#ss albeit with more supports or
even different materials for most of the stand sinceyéimerator itself will be thrice as heavy.

For these future stages, it is suggested that the coil winding method be updated to create
coils with better reproducibility. As was discussed in Chapter 4, difficulties with coil winding is
likely one of the bigest contributing factors to the variation in voltage output seen in the
benchtop dynamometer testing. Winding by hand made it difficult to smooth out all of the small
bends in the wire as it was fed from the stock coil, but a roller mechanism placedrbtteve
stock coil and the winding apparatus may adequately straight the wire. This straightened wire
would be able to be layered without worry about gaps where wires in adjacent layers could slip
into. Apart from handvinding, the forceful process requireiremove the coils from the
winding shaft led to variations in coils. This can be solved by eliminating the adhesion of the
superglue in the coil to the shaft. A Teflon coating may work for this, although it would slightly
extend the diameter of the wind shaft, therefore expanding the inner diameter of the ddiks.
Teflon used to prevent the bookends from sticking to the coils worked well, so it is a logical
addition to the winding shaft to try and prevent the problem of adhesion.

Building thephyscal generator is only the first part of the problérhis generator is
eventually intended to be mounted to the Penn State Research TAithinagh the entire site
was in general disrepair at the beginning of this project, a large amount eVdsrspat
repairing the electrical connections between the tower, the anemometers, and the DAQ systems

incorporated into the research sBefore the updated turbine che used for more research, a
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new housing for the generator must be built and then mountkd towerIn interest of

elongating the life of the turbine, every effort should be made to make the housing vpeatiier
and weadresistant. It is unlikely the new generator would fit inside the housing for the old since
the old generator is a radidix generator and the two designs are significantly different.

Should the construction of a final, working generator and its subsequent mounting work
out well, any further continuation of this project would be the research being done on the

operating tubine.
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Appendix A: Generator Design Spreadsheet

This appendix describes the utilizatiand theory behind a Microsoft Excel sheet that
was developed to allow designers to input desired parameters and subsequently predict generator
performance based ohdse parameters. The actual spreadsheet is larger than can be wholly
inserted into this document. Additionally, understanding the relationship between different
exhibits on the spreadsheet from a global scale is difficult withedejirth knowledge of each
exhibit at a celby-cell level. For these reasons, theesuisheet has been broken inteedtions
which are first explained individually. Each numerical celcolumnis described and digmated
a cell number of 1.1 9.19, with the number precedingetberiod being the section of the
appendix entry (1.X for all cells that appear in section A.1, 2.X for A.2, etc.). Following a
description for each cell, the normal iterative process that the designers followed through this
spreadsheet is described. Agaramount of the equations and theory are taken from [4]. Sections

A.7 and A.8 were developed entirely by the designers.



A.1 Prediction of Number of Turns Per Coil

Generator Winding Dimensions

6.70E-04
0.588

d.max(maximum plux per pole in Wh)
B.mg(magnetic flux density in Tesla)

n (RPM) from Blade Design
Ef - Voltage from a single gen
k(winding coefficient)

g (number of coils per phase)

p (number of pole pairs) 16
N (target number of turm@nil}

1.9

TOTAL
6

11

1.2
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1.3

The objective of this section of the spreadsheet is to deteemarget number of turns

per coil that wi

Cell 1.1--

'l be

1 This value is pulled directly from Cell 3.4

Cell 1.27 Magnetic Flux Density

1 From Cell 9.5

Cell 1.37 Estimated rpm of highest generator power output n

1 Found to be 350 RPM experimeliyaas seen in [14, 15]

in Tesla [T]

used

(maximum flux per pole in Webers [Wb])

t

0]

gui de

Cell 1.47 Desired voltage output fromsingle stage of the generator

wor k

t hro

1 Current estimate of 16 Volts based on the maximum capacity of the battery bank, which

is rated at 48 volts.

Cell 1.51 Correction coefficient determinexkperimentally from previous smaller scale projects

k
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Cell 1.67 Number of coils per phase q

1 For a 3phase generator, the total number of coils is 3 times the number of coils for a
single phase. This value may be varied to change performance but witallasalter
geometry of stator disk

Cell 1.77 Number of pole pairs p
1 The number of pole pairs should be equal to the total number of coils multiphed by

Cell 1.8 Predicted number of turns per coil N
1 Given by the following equation:

N 0

, ‘< . n
(EsSiee< JS Je 'S

G

M Each value is taken from other cells in this exhibit
Cell 1.97 Total number of coils
9 Three times the value of Cell 1.6

Cell 1.107 Total number of magnets

1 Two magnets per pole pair



48
A.2 Wire Informatio n

Wire Information

21 2.2 2.3
Guage Dia. " Ohm/Kft
8 0.129 0.6
0.114
|-
0.091
lmﬂ
0.072
14 0.0e4 2.5
15 0.0571 3.184
|-ﬂ-
0.045
18 0.040 6.4
19 0.036 3.1
20 0.032 10.2
21 0.029 12.8

Exhibit A.2 contains useful information of a range of wire gauge options. The black
bands define an upper and lower gauge range representing wire gauges with higher potential to
work with the designed generator. The wire used to winddhe must be able to safely carry
the predicted current, while also not betag difficult to physically wind into a coil. Wires of a
lower gauge (higher diameter) are harder to wind within tight tolerances, while wire of higher
gauges (lower diameter)eaeasier to wind but will not carry as much curr@auges between

16 and 1Qvere testedbefore settling oi2-gaugewire for the generator.



Column 2.1i Gauge of Wire

Column 2.2- Diameter of wire corresponding to gau@e [in]

Column 2.3’ Resistane'Y Q[—] of wire corresponding to gauge

49
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A.3 Power and Voltage Prediction

3.1 3.2 3.3 34

| |

2 stage of generators 3 stage of generators

1 ;tage of generators /

RPM Volts Call E Power E Power Volts (of-1]| E Power
50 2.27 3.765 8.54 3.765 17.08 6.81 3.765 25.62
75 3.40 5.648 19.22 5.648 38.43 10.21 5.648 57.65
100 4.54 7.530 34.16 7.530 68.33 13.61 7.530 102.49
125 5.67 9.413 53.38 0.413 106.76 17.01 9.413 160.14
150 6.81 11.295 76.87 11.295 153.73 20.42 11.295 230.60
175 7.94 13.178 104.62 13.178 209.25 PER Y 13.178 313.87
200 9.07 15.061 136.65 15.061 273.30 27.22 15.061 409.95
225 10.21 16.943 172.95 16.943 345.90 30.62 16.943 518.84
250 11.34 18.826 213.52 18.826 427.03 34.03 18.826 640.55
275 12.48 20.708 258.35 20.708 516.71 37.43 20.708 775.06
300 13.61 22.591 307.46 22.591 614.93 40.83 22.591 922.39

325 14.74 24.473 360.84 24.473 721.68 44.23 24.473  1082.53
350 15.88 26.356 418.49 26.356 836.98 47.64 26.356  1255.47
375 17.01 28.239 480.41 28.239 960.82 51.04 28.239  1441.23
400 18.15 30.121 546.60 30.121  1093.20 54.44 30.121  1639.80

Perhaps the most important exhibit for understand performance expectaxioibd, A.3
shows voltage, current, and power output predictions for gemerat multiple identical stages.
Column 3.1 RPM of turbine rotors (and subsequently the magnet rotors) n
Column 3.2° RMS Voltage outpuiO

1 Given by the following equation
A 3OO R

0O —
p QU

1 Variables q, ke , N, and p taken from exhibit A.(. calculated in Cell 5.2
Codumn 3.3i Current PredictioflO  [A]

1 Given by

M VariableY Qcalculated in Cell 5.6
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Column 3.4i Power Prediction

f Givenbyd O 0

1 This value is ultimate output parameter of the entire sheet. Given a goal of 1.8 kW overall
output,this column was useih check if single stage power output met with the power
goals they had set. Fa lstage generator, this goal was 1.8 kW. For 2 stages, the goal

was 900 Watts. For agage generator, the goal was 600 Watts per stage.
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A.4 Maximum Current Check

4.7

4.1

Max Am\Rs Calculator

lacman= 9.204 MaxC 42 | Imaxlfory 13.843
BRFESERERR Coorer Donsity should be- 6 & fmm

4.3
P max= w atts
4.4
E nom= volts
| Efficency 09 |45
wire d= 0.081 inches 6
20574 mm '

Exhibit A.4 is intended to predict if the given specifications wakult in a current
density too high for the wire selection to handle. It is most effectively used when performing
calculations with voltage and power predictions corresponding to the highest rpm likely to be
experienced at the site. See exhibit 3 fadgted values. If Cell 4.2 returns a value greater than
6 for given values, then the design is considered unsafe to use since the wires may overheat.
Cell 4.17 Predicted maxum AC currentO experienced by wirg\]
1 Given by

o p®
o0 3>
M1 Values P an® are taken from exhibit A.3. These values are chosen from their

columns based on which rpm the maximum curmeetded to be calculatéar. In this
case, power and predicted voltage values correspgai300 rpnwere used

1 Generator efficiency from Cell 4.5

Cell 4.21 Current Density] [—]



1 Given by

1 0O Calculated using wire diameter in Cell 4.6
Cell 4.37 Power P
i From Column 3.4
Cell 4.47 PredictedvoltageO
1 From Column 3.2
Cell 4.57 Efficiency of generator
1 Predicted given previous experience
Cell 4.6 Wire diameteiO in inches and mm
1 From column 2.2
Cell 4.77 Max tolerable curren® [A]

1 Given by

53



54

A.5 Coil Design
Modified Turns Calculations 5.2 5.3
1 54
51
1l CK M epth, or height
DIAM ia. (or width passing coi 55
THICK W tw= 0.5656 in i Must be less than the design gap!
g= Gap between Coils and Magnets
5.7 Air Gap Gap between Magnet and Ma 5.6
5.8 i 0.0808 in Ind. Wire Dia. From Wire INFO
1.5 in Roughly about the same as magnet thinkness
5.9 L 4.417 in Expected Coil 0.D.
' 1.4586 in 5.10
Coil Layers Thick RiRi{s s 7 0.5656 check of coil thickness
Coil Layers Radially BT} 17 1.3736 4.3322 check of coil Dia. 511
119 gy aughly Match E19
5.13 S e] 111744190 From Wire INFO 5.12
Minches 94.8 feet each coil
514 0.09485 |Kft 1707.2 Total Feet of Wire Needed !
1 coil 0.15  ohms 314.8 | $537.36
|
5.15 5.16 5.17 5.18 5.19

Exhibit A.5 is used to calculate coil geometry, cost of wire, and the estimated air gap
between the magnets. A large focus during the design process was minimizing the predicted air
gap whik not excessively extending coil diameter. The larger the coil diameter, the larger the
stator would need to be to accommodate the coils.

Cell 5.17 Magnet Thickness [in]

f From Cell 9.3

Cell 5.21 Magnet Diameter/Width (depending on shape of magnet) [in]

f From Cell9.2
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Cell 5.37 Axial Thickness of coib [in]

1 Calculated as the number of axial layers of wire multiplied by wire diameter. Indbg sh
this is calculated as Cell 5.6 multiplied by Cell 5.kiprecise windingvas not factored
into this calculation.

Cell 5.47 Planned additional air ga@ [in]

1 This portion of the total air gap is designed into the system in case the rotors begin to
deflect towards each other. A larger gap means a lower likelihood of mechanical failure
from interference of the stator and rotors but would also mean a lower magnetic flux. A
lower magnetic flux would lead directly to a smaller voltage produced and a staghi
power output.

1 The given value in this exhibit of 0.2 inches means that half of thatgsplesignedn
either side of the stator. With this planned air gap, there should be a gap of 0.1 inch
between the stator and the magnets on the rotor directhgfd.

Cell 5.51 Total Air GapAG [in]

1 Planned air gap G added to the stator thickness

1 This gap represents tligstance between magnet faces in a pole pair. This gap is used in
calculating the magnetic flux through the stator.

Cell 5.67 Wire DiametefO [in]
1 From selected gauge Exhibit A.2
Cell 5.71 Inner Coil DiameteiO [in]
1 Parameter determined by the researchers. It is suggested in [4] that the ideal inner coil

space is the same shape as the face of the magnets. In this case, thethzgnets
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planned fowere 1.5 inches in diameter so the inner coil diameter set at the same

value.
Cell 5.87 Outer Coil DiameteO  [in]
1 Given by
(0] O ¢0 O m8mnvu
1 0 foundincell5.11
1 The additional 0.005 inches in the equation was included to account for imprecise
winding.
Cell 5971 Thickness of the coil bandl  [in]

1 Given by

Cell 5.10i Number of axial layers of wiré
Cell 5.11i Number of radial layers of wire
Cell 5.12i Total number of turnsof estimatiorn)
1 Given by
0 0 D
T 0 should be similar to value N in Cell 1.8 in order to get similar performance
predictions to the input performance goals from exhibit A.1.
1 The numbenpf axial layers ad radial layersvere alteredo design a coil that met the
requirement for number of turns while not making the coil too large in the radial and

axial directions to meet performance goals.

Cel 5.137 Wire resistancél Q [—]
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1 Given in Columr2.3

Cell 5.14i Total length of wire in a single cail [in]
1 Taken from last cell in Column 6.3
Cell 5.151 Conversion of length of wire from inches to fdt &
Cell 5.161 Resistance per col Q[
71 Cell 5.15 multiplied byY 'Q
Cell 5.171 Total length of wire in generator [ft]
1 This calculation varies based on the number of stages in the model generator
1 Given by
a N 6 aORIYO OQQI
o Variable g is the number of coils per stage
Cell 5.181 Cost ofwire per kilofoot of Essex 12 Gauge Magnet Wire, found on Amazon

Cell 5.191 Total cost of coilsn model generator
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A.6 Coil Size Estimation

6.3 6.4

Circ Turns
5.25
5.79
6.33
6.87
7.41
7.95
8.49
9.03
9.56
10.10
10.64
11.18
11.72
12.26
12.80
13.34
13.88
1138.15 119

-l

o w

6
7
8
9

[t
=

[
[y
e I B T I B e I I B B e I N B B |

Column 6.1 Radial layer

Column 6.2° Diameter of coil at corresponding layer

Column 6.3/ Length of wie in coil at radialayerd , with the last cell being the total length
of wire neededx. Column can be summarized with the following equations.

1 Given by

1 6 jisthe circumference of the circle formied a radial layer [in]



o Given by
0 5 O ¢“ O mdrmnvu

0 O | used theircumference of thaner diameter of the cdilO

Column 6.4i Number of axial layers per radial layer

instead of

59
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A.7 Coil Size Check

7.1

// 7.3

/ 7.4

7.5

7.2

7.6

7.7

1 78

The purpose oExhibit A.7 is to check that the designed coils will fiside the intended
stator. I f the geometry doesndét work, then th

be expanded, or a balance ot All equationswere derived by the researchers.

Figure 18: Diagram of theoretical maximum coil size Not to scalelmage created on Microsoft Word

Cell 7.17 Stator radius [in]
i A stator radius is entered to be studi€dis isone ofthe main variableunder

investigation in this exhibit.

























































