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1. Abstract

The goal of this project was t@sign and implement a data acquisition system for a kite
power system. Also, the kite power system was optimized for structural and mechanical
performance. Kite power has the potential to be much more economical than other forms of wind
power. In a systerdeveloped by previous MQP teams, a large viiodrding kite pulls the end
of a long rocking arm which turns a generator and creates electricity. In order to determine the
power output of this system, as well as any inefficiencies, four key parametenmneznered:
torgue of the flywheel, angular velocity of the shafts, angle of inclination of the lever arm, and
force of the kite on the arnf-our respective sensor instruments were purchased and configured
for the system. The sensor outputs were processrd a data acquisition board that was used in
conjunction with LabVIEW to record measurements. Using this data, the instantaneous power
was determined. To increase power, a second power system was created to utilize both ascending
and descending motion$ thie rocking arm. All components and subcomponents were lab tested.

The results of this project give further evidence to the credibility of the kite power concept.

Certain materials are included under the fair use exemption of the U.S. Copyrightdw and have been
prepared according to the fair use guidelines and are restricted from further use.
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4. Introduction

The turn of the century has brought forth a
nonrrenewable energy is a limited resource, trate has been an increased sense of urgency t
find clean, renewable energy alternatives in order to break the global reliance on petroleum and
otherfossil fuels. Several studies involving comprehensive systems model&stanatedhat
maintaining curent global trends could lead to the extinction of all-nemewable sources of
energy by as early as 20%Radzicki, 1997) Although leading world countries have been
pursuing alternate energy sourcks years, energy demandssmciated with risingworld
population and industrial modernization of developing countries along with the inevitable
economic tollhas delayed the transition from petroleum. The United States transitioned from
using wood for energd foomoabalintohei 1806064 h
transitions were stimulated by availability and cheaper costs, the energy transition the US faces
today is fuelled by decreasing availability and rising cd?tsing energy demand coupled with
the decreasingupply of oil and the delay in transitioning to new sources of energy is creating a
widening domestic energy gap that is only being filled by an increasing number of imports.
While imports remain cheaper than implementing new energy sources, the trawditiba
further delayed and the gap will continue to broa(adzicki, 1997)The only feasible solution
is to pursue cost efficient, clean energy al
energy until we achievené technological and economic means to make the full transition to
renewable energy.

The use of power generated by the wind is an alternative that hagdsskaround the world
for hundreds of years, but it has not yet reached its full potential. Winerpswnot only a

renewable energy source, but it transfers the kinetic energy probytlee natural wind directly



to electrical power without producing any harmful byproducts, such as carbon dioxide, that may

be contributing to global climate chang€ompr ehensi ve studi es show

at mosphere contains roughly five t (Cmtim|alLt he wo

Archer). Thus, the challenge is designing and implementing efficient and cost effective aheans

harvesting the windbés massive energy potenti a
Wind power has become a popular energy alternative in the modern world. The following

figure shows a dramatic increase in the worl d

Wind Power, Existing World Capacity,
1990-2005

Figure 1-World Wind Power Capacity (Renewable Energy Policy Network, 2009)

Almost one hundred percentoftivo r | d6s wind power is currentl
turbines. While simple in design and implementation, turbines have manyatisages. Firstly,
the performance of a wind turbine is dependent upositecancheight of the turbine bladem
order to effectively use the higher, more constant wind flow at higher altitudes, large expenses
are dedicated to constructing massive supgtructures in order to support the weight of the
blades and generator. The blades themselves, sometimes reaching 90 meters in length, are

difficult to transport. Transportation fees alone can now reach up to twenty percent of the total



equipment expemsin addition, wind turbines are inherently inefficient; to achieve an efficiency
of forty percent is uncommon. Wind powelingermittent as wellperformance ira wind turbine
may increase or decrease dramatically over a short period of time witbrittteewarningDue
to these disadvantages, large wind farms need to be constructed in strategic locations in order to
make their implementation cost effective. These vianths take up a lot of airspacee
considerd by many to be aesthetically gisasng, and create ligh level ofnoisepollution
during operation.

Recent studies have been investigating the feasibility of using large kites to harness wind
power as an alternative to wind turbines. The most advantafgaiuse of using kites is
undoubtd | y t he desi gn anse petentalaihigh atitugealike twhines, kites
support their own weight while in flight and do not require massiygorttowers to access
higher altitudes. Thus, kites can be theoretically used to effectiveigdmwind power at
heightswhere wind flow is muclfaster, cleaner, and consistent, where the limiting factor is
simply the length of the kite tethei®he following equation shows that wind speed increases
following a 1/#h power law, where y denotes #liile and V is velocity:

V= y1/7

The following figureshows the effect of altitude on powas it increases proportionally to the

cube of wind spee(Buckley, 2008)
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Figure 2- Power output and wind velocity for turbine and kite of 10 m? area (Buckley, 2008)
The potential for greater performance along with lower equipment costs may make the kite
alternative a viable solution for communities in developing countries thabtdwave access to a

power grid and cannot afford other options.

The goal of this project is to expand upon the work of two previous MQP groups in order
to create a functional, orl@lowatt scale kite power system. While the previous groups have
successflly built and proved the feasibility of the system, this project will focus on refining the
design to optimize safety and efficiency, as well as install a series of instruments in order to

evaluate and better understand the performance of the demonstrator
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5. Background

While energy has been extracted from the wind using turbines and windmills for centuries
theconcepiof using large kites to generate power has only been a topic of research in recent
year s. I n the | ate 19 T™emotential fer.generatingllaeggate b e g a n
power using aerodynamically efficient kites. Loyd derived equations of motion for kites flying
transversely to the wind at high speeds and was able to apply those equations to various airfoils.
By comparing hisesults to newer technology, such as wind turbines, Loyd was able to predict
feasible power production. Loyd was able to show numerically that a 2000 square meter kite had
the potential to produce 45 megawatts flying at an altitude of 1200 niledgnds 1980)

Dr. J.S. Goelas another individual who has spent many years focused on the research of kite
power. While at the Institute of Technology Kanpur, Geola investigated the potential to translate
kite motion to power geneiato n . Geol abds wsverjouwalsandoyeabyl i s hed
reportsduringt h e 7 0 6 sMaayrofhis Bl€a® serveas the foundation for this projeand
Dr. Goela has also served as a technical consultant on this project and interacted diineittéy w
MQP project teamGoela was interested in provirthrough experimentatiothat kites could
be used to translate wind energy to mechanical energy. He pegledquations of kite motion
and wasable to usehemto project potential power genexati

In thepaper, Wind Energy Conversion Through Kites, Goela examined the dynamics of kite
motion. He broke the cycle into two pairtkite ascer and descen During the ascent phase
the kite is release@dnd during this stageower is produced. Wingthe descenthe kitereturns
to its original positiorand work is done on the system. Gamacludedhat the power

coefficient duringascentis at its maximum when there is a large lift to drag ratio. He also noted
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that when the kite flies dirlg against the wind durinthe descenthe power coefficient is
minimized(Goela, 1983)

In the same publication, Goela discussed the feasibility of using a kite system to power a
pump. He broke the systemdownintothe parts; f#A(i) a kite which
attitudes (ii) anylon cordwhich transmits power from the kite to the base, and (iii) an energy
conversion system located on the gro(@dela, 1983) 06 T h e sheve bejow,,consisted
of a balanced beam that was free to rotate about a hinge with spring-&ssitd. The kite was
attached to the beam by two tethers and the d
angle of attack. In the case oéthump, the conversion system was a bucket that could be filled
with water. His work is worth noting because his conceptual design heavily influenced the final

design for our kite power system.

Figure 3 - Kite Pump System (Goed, 1983)

Italy has been the site of more recent work in the field of kite power, where researchers have
focused on th&ite Wind Generator project. The Kite Wind Generator, or Kite Gen for short, is

estimated to have the potential of generating as mustggm@s a nuclear power plant at a
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thirtieth of the cost per megawaiweightkitktstbe Gen
generate power. The direction and angle of each kite is controlled by cables which result in
rotation about the cor@&his activates large alternators and produces cu(héattinelli, 2006)
Recent testing was conducted at 800 metdyeve sea level, a height at which a Kite Gen power

plant would possibly operate. An illustratiohKite Gen & shown in the figurbelow.

Figure 41 Kite Gen Schematic(Kite Gen, 2008)

Kite powerhas beerstudied atVorcester Polytechnic Instituterough MQP projectsince
the fall of 2006. The first pregt teamBlouin et al., 2007jocused on conceptudesign
analysis and looked at various kite power designs before deciding on a rocking arm design which
was influenced bpr . Goel ads wor k. The team was al so

beforeconcluding that kiteboarding kitavas best for application.

Their initial investigations laid the foundation for the subsequent project team whose work

focused on building the kite power apparatus, as shoWwigure 5. They constructed a sifoot

talA-f rame structure out of 4 X 406s to serve as

metal rocking arm with detachable ends was mounted to an axle at the top dfdngeA At

the base of the Arame, a gear train was assemblédkiteboarding kie was attachetb the end

13



of the rocking arm. fien by attaching that end afrm to the power systerthe motion of the

kite could be traslated into mechanical power. The mechanical energy can also be transferred
into electrical energy through a generatad stored in battery bank&inally, the focus of the
project this year was 1) instrumentitige system to identify exact power output as asl

system inefficiencies,)strengthening the structui®, lab testingand 4)implementing safety

precautbns
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6. Project Objectives

The goals of this project are as follows:

T

Design a datanstrumentation system farone kilowatkite power systenadeveloped
previously at WPI, accurately measuring:

o Torque
o Angular Velocity (RPM)
o Rocking Arm Angle
o Force of KiteTether Tension
Improve existingite systenfrom a previous2007-2008MQP Project
Design & construct a"2 power system that extracts power during the decent of the kite
rocking arm on the kite power demonstrator
Test structure and subcomponents ovemge of expected conditions through lab and

field testing

Compare instrument data with theoretical results and conclusions

15



7. Design Process

7.1. Kite Power Demonstrator

7.1.1. System from 2007 -2008 MQP

Figure 5 - Final Design and Equipmentof 20072008 MQP Team(Buckley, 2008)

Upon completion of their project, the 208B08MQP Team(Buckley, 2008)wvas able to
successfully utilize kites to harness wind power. In doing so they wier¢oaghow that it is a
feasible and desirable way to produce power. The team further developed the kite control system
to allow for a more autonomous operation, in the hopes that future groups could further develop
the controls to a point where the ki@ncdfly on its own for extended periods of time. They were
however unable to attach the control to the angle of attack apparatus and thus did not get to test
the system in an autonomous configuratibiso, Professor Olinger added an operator chair
within the system (also for autonomous control) in the following sumiier team also
implemented a power train system on the structure that transferred kinetic energy generated by
the wind into electrical energy by using the oscillating motion of the rockindgcatann a

generator.The developments moved the project closer to an apparatus which could be used to
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harness power from the wind in developing regions of the wiorlithar final series otess, the
200708 teamsucceeded in proving the ability of thgstem byharnessing wingowerwith a
kite and using the natural mechanical energy to turn the power train and create electrical energy

with a generatofBuckley, 2008)

7.1.2. Redesigned System
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Figure 6 - Final Redesigned System

While much of the initial structure & made by the previous MQP teams from 22068
our goal was to improve upon the structur&gnity for additionalfield testing as well as add
provisions for instrumentaticior data collection and analysiBhe steps taken to reach the final
design or our project are explained in detail in the following sections. These steps include:

designing and implementing several important safety features, structurally reinforcing and
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refining the Aframe and the drive train set up and components, designirgpadsey power
system that allows for power to constantly be transferred to the drive train, fabricating aluminum
parts for the oscillation control system, and installing and calibrating several instruments in order

to evaluate the performance of the systermough a data acquisition system.

7.2. Data Acquisition System

One of the main objectives of this yearo6s
measure and record various parameters of kite power system. Not onlywahttiee ability to
measue simplequantities such as the force felt on the lever arm by the kite tether, but we also
wanted to determineore complex parameters suchhasv much power could be produced by

the system overall. To do this, we turned anious types of instrumentai.

7.2.1. Key Measurements

Before purchasing expensive senstiragas necessary to determine which variables
needed to be evaluated in order to measure the power output and mechanical efficiency of the
systemBy measuringhe powe generated at the lever aaxde as well as the power generated
at the drive shaft at any given time, we could determine the mechanical efficiency of the system.

To calculate powethis weusedthekinematics equation of power for rotational systems
0(0) = 195 (1)

wheret is torque and is angular velocity.

To determine thgpower generation of the larger axel, as shown the figure below, two
measurements were necessate perpendiculardrce of the kite tether on tlecking arm and
the angleof the lever arm. The angular velocity of the arm could be deduced from the change of

angle of the arm over time.

18
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F or Force of Kite

Lengthor moment

. or angular velocity

Figure 7 - Basic Measurements of Rocking Arm

To measure the power output at the gear ttain more measuremerwere necessary
the torqueon the shaft connected to the generator as well as the rotation speed of the shaft
These two measurements could easily be obtained with a torque meter and a tachometer. With
only four measurementaany conclusions could lskawna b o ut t hpowes gersetateom o s

capacity as well as its mechanical efficiency.

7.2.2. Instrumentation

Once it was clear what measurements were necessdegermine power output
instrumentation options were research&@y parameters for selectisgnsors included having
analog output (necessary for our means of signal processing), size, measurement capabilities,
portability, ability to withstand field conditions, required source voltage andAfbst.
researching various companies and produatspwchased four pieces of instrumentation as
well as a data acquisitioroard to process the sensor sign@sglow is a table of the sensors that

were purchased for data collection:

19



] o

Force (lbs) Load Cell Transducer THB-1K $485
Technigues q_
B
Inclination Inclinometer Rieker N4 $132
([degrees)
Torgue [N*m) Torguemeter Cooper LXT-971- $1395

Instruments  17.5NM

Shaft Speed Magnetic Concept 2 N/A Donated [©
(RPM) Pick-ups i

Table 1 - Instrumentation Purchased for Data Qollection

7.2.2.1. Measuring Torque
One of the measurements requiredider to fullyassess the power of the system was
torque There were twmptions to considevhen choosing whabrque meteto purchaseThe
first option was buying a torque meter to meashectorquecreated by the rocking arrithe
second option was to get one the shaft of the flywheel. Using two calculations of torque, we

approximated the torque ladththe armaxleand on thdlywheel shaft:

where r is radig, F is force

Vo = P23 7

W,@- - I. Z) where | is moment of inertia of flywheél,is angular acceleration

The torque on the arm is a moment equation. Essentially, the kite tether is attached to the end of

the armby an Fbolt. In the table belw, the estimated torque is calculated:

Length of Lever Arm (m) 1.83
Estimated force on Arm due to Kite (N) 889.644323
Estimated Torque (N*m) 1628.049111

20



Table 2 - Table of Arm Torque

890N

To Kite
1.83m

/

A-Frame
(Lrg Structure

Figure 8 - Illustr ation of Force on Kite

The torque on the drive shaft system is more complicated, which involves the moment of
inertia of the flywheel as well as the angular acceleration of the shaft. This number can also vary
between the two different size flywheels thah be used. Using mechanics equations, these

values were estimated. Below is table of the resulting estimated torque calculations:

Small
Large Flywheel Flywheel

Mass of Flywheel (kg) 20.4 11.3
Diameter of Flywheel (cm) 44 26.9
Moment of Inertia

(kg*m"2) 0.483 0.103
Angular Acceleration of

Flywheel (rad/s"2) 10.22 10.22
Estimated Torque (N*m) 4.93626 1.05266

Table 3 - Table of Drive System Torque, depending on size of flywheel us@luckley, 2008)

From thesealculations, the team found it more reasonable to measure the torque on the shaft of

the drive train.

7.2.2.1.1. Initial Setup
To measure torque, the team purchased a-19¥1L shaftto-shaft torque sensdlkt.is rated up

to 17.5 Newtormeters, which, a@rding to the estimated calculations found earlier, was more
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than enough of a safety factor to handle the torque of the shafts. However, due to many factors
that could contribute todaled resistance such as pullaysl bearing mounts, the team wanted to

beas safe as possible as to not compromise the pricey sensor.

Figure 9 - Diagram of power train setup with torque meter

The design intent for the torque meter was to attach it directly to the flywheel shaft, between
the generatoand the flywheel. In order to attached these pieces, two aluminum couplings were
turned on a manual lathe with an inner diameter of 1 inch for the steel shaft and 0.355 inches for
the torque meter shafts. Each piece was also fitted with set screws tbil@lice. The picture

below is a Solidworks assembly of the intended setup:

SteelShaft ToFlywheel

/ Aluminum Coupling
/ Aluminum Coupling

/ Steel ShaftTo Generator

¥

/

Torque Meter

Figure 10 - Solidworks Assembly of general layout of Torque meter setup

22



