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Abstract

This eegpoithhees desi gn, devel opmentPi tBeahch Aest i n
Tur bi ne,c(aVwRATl)e of maintaining a constant vol't
airspeeds. The tublbadhne pmetcdhapogat eona rol |l ed b
Ardubaved Pl Dt seytsniteimmonistygt $ age out pbtaded ad
angdecordi bgbygn stages included CAD modeling,
using Wokwi, physical pr ot cEtxypeirngne natead wiersd td
confirmed that stohcee sssyfsug @ hya ¢ eouuM dolatiangteai ni ng a

consedntbpuut with an-02¢¥c Kregycggyawdygbdde t he succe
the pitch control strategy and areas for mech

optimization.
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10l ntroduction
This project entails the dewviagmabdevelampme mt t

( VRASTystem that can generate constant voltage

RPM of a generator is a key variable in volta
operation. However, if the blades of the turb
gemator wil|l be deter mi ned anyglae ro.fs peetetdancskb t a d

stable voltage output at a wide randepbftairs
change by varying the pitch of etlhreectlrliaccads t o
production. As this system hascectmebgtgeantcent itdle

optimization of the turbine blade pitch shoul

pitch of the blades must be automatically con
wi || be internally monitorked blyadbds wiybklk elme an
automatically adjusted according to air speed
system.

20Background Research

Ram Air Turbines (dRATIsogy albrlee cwinmpda cttu,r bi nes tr a
aviation to provide emergency electrical or nh
failure. When deployed into the airstream, RA
spin the turbinekibneatdiecs,he nceorngvye ritnitnog el ectri cal
connected generator. Whil eidarhv én taideersg| whATcsh
voltage proportional to airspeedyvoltthage i outr ou!

fluctuates wit ht cshpaenegde sa nidn aatimocsrpanfer i ¢ condi t i



var imrbedaents challenges for systems that requi

supply during emergency operations.

To overcome these constraints, meddrcm rbd aaar c |
systems, where the blade angle dynamically ad
electrical output demand. This control me c han

constRMt IReading to a regulated voltage out put
Such systems are often equipped with embedded
Arduino, and feedback | oops using PID control
Studies-scal smailhd turbine optimization and ad:
have shown tphatchv areisalbglnes significantly enhanc
stability, especi-apeegdiai tfulrdbw!|l emii monmeomwt s.
for i ngt esgmaartti ncontrol and aerodynamic adaptabi
Variable Ram Air Turbine (VRAT) system.
30Project Scope

Turbine Bl DeéeeveDopimgmt of a turbine with optim

maxi mi ze power generation and aerodynamic per

airspeeds

Electricall Geoarepat atoinon of an axi al rfdcutxi fgieenre |
system to convert mechanical energy into stab
Variable Pit®esMgohahi ammechani sm that all ows
to be at opti mal pitch across a wide range of
Variable PitAch oGarsttr cslelrevro: abl e to control the

required.



System MoAift@eedmayck | oop that will constantly
will automatically change bl ade pitch for opt
Aerodynamic Prehref cdarumabnme: bl ades will be opti mi
a wide range of air speeds. Other components
reduction in mind.

PrototypingUantdi Zesgi 3®: promnmot wgi hngras awpe Ildl a .

tunnel for testing in a wide range of airspee
confirm and advance design quality.

Alternate Ampleiscatgiagdno®n into the potential fo
aviation applications.

400bj ectives
The primary objective of this project is to d
seadljusting Variable Ram Air Turbine (VRAT).
The following are the main objectives of the
1. Design of turbine blades that will provide
- Bl ades should be sufficiently strong such
airspeeds and target RPM.
- Blades should be effective across a wide
- Bl ades must be able to reach the target F
2. Create a variable blade pitch mechani sm:
- Mechanism should be simple and robust
- Has an adequate range of motion that <can

- Compact enough to fit inside turbine hub



3. Power generation should supply stable powe
- Power supply shouldi beattuoabbedawandst
- Power supply should be able to efficientl
DC power.
4. Program Arduino such that it will automati
- Abl e to monitor the system and adjust bl a
independent of air speed.
- Robust and simple logic / programming
- Provides data and feedback such that prog

required.
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Preli mi RamgeDesign

A4 \l/
e N [ N 3
SERVO |, ,
MoTOR  [€ ARDUINO K—{ REGULATOR
\ y, \ CTL y, \
N
W
e N\ N [ B
TURBINE VARIABLE AXIAL ENERGY
BLADES PITCH > FLUX FILTER STORAGE
MECHANISM GENERATOR
. J \ . J
\ \
( 23 \ T )
w77 bag FULL WAVE
MONITORING | RECTIFIER
VLV \ /
RPM TURBINE REVOLUTIONS PER MINUITE
POS SERVO MOTOR POSITION
AOA BLADE ANGLE OF ATTACK
RVO REGULATOR OUTPUT VOLTAGE
DAT ARDUINO DATA
WAV WAVEFORM FROM GENERATOR
VLV VOLTAGE LEVEL OF ENERGY STORAGE
CTL CONTOL INPUT TO ARDUINO

Figure 1 System Schematic for Variable Ram Air Turbine
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Figure 2 Sketch of Preliminary Design
The preliminary design of the Variable Ram Ai
aerodynamic, mechanical, and electrical subsy
of voltage regulation under varying &ilrafdleow c
tubine connected to a central rotating shaft
ensuring structural stability and smooth rota
hub to control the variahblme loddea geistfhead dibaas &d
transmits mechanical energy to a generator, w
ACGt ®C conversion. Finally, the regulated volt:
initial | ayout ensures proper comppnantd pl ace
modul ar access for testing and refinement. Th



i ncorporat-hagedrpgiut @olo control and feedback
phases.

5.2esign Phase 2

re(

During the second phase of the design process

of our system and developing key structur al

phase involved creating detailed CAD model s,
initial general assembly to visualize the ove
electrical schematic to outline the systemobs
Significant progress was made in the control
based code was i mplemented to support system

produced to guide manufacturing and assembl

Yy,

A key focus of this phase was the design and

It is our objective to adjust the blade angl e

to provide stable and continuous powelr boeut put

controll ed t hrdruigwhe mans yasctteum ttoh-eat me eslpangsstionr

speed, allowing for continuous adjustments

t o

performance and power wunder varying raalrl speed

system efficiency.

52.Q@ener al A-sPhamlel y

Thenitialasgemédd gl of the Variable Ram Air Turb

components that form the foundation of the

pr



structural and functional basis for further d
i ncludes:
- 10 mm SBS@artr al rotating element that conn
the motor.
- Two 10 mm PiilPlroow iBdleosc kssupport and stabili:

ensuring smooth rotation.

- Propel |l eirDeBsliagdneesd t o capture airflow and
energy.

- MotioConverts mechanical rotation into ele

- Motor TGaa@i |l itates the transfer of rotatic

the generator.
- Linear ACobmBtoks the variable pitch mecha
angles based on operating conditions.
- Push iRlodansfers motion from the actuator
pitch adjustment.
- Test ®SPmaoadides a stable platform for asse
prototype.
This prototype serves as the initial step in
the complexity of the design, several modi fic

throughout the devel opment process to enhance



Figure 3 General Assembly R1: Top View

Figure 4 General Assembly R1: Isometric View



Figure 5 General Assembly R1: Side View

Figure 6 General Assembly R1: Front View

10
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5. 2Co2ntr ol and Simulation (Wokwi Simul ator)

Toval idate the pitch control | ogic prior to ph
monitoring system was devWwdkowie dSiamull &teisdare dP luast
Wo k wi I shbased ossidmul ati on envir-bamedtpforemis;y (

providing stuppmer ti nftoerr arcgalon wi th virtual hard

Arduino, servos, LEDs, and analog sensors. Th
debug,githggsti ng of I ogic, and visualization of
physicale hdaurrdiwvniagr t he i nitial design phase.

Circuit Configuration
The control |l ogic was built around an Arduino
required for blade pitch adjustment and moni't
servo motor, potentiometers, LED indicator, a
andl vage signal s.
Wiring Summary
The components were connected as foll ows:

1. Potenti ometer (pitch control):

2. OQutput Y AO, VCC Y 5V, GND Y GND

3. LED ( sitnadtiucsat or ) :

4. Anode Y D13, Cathodg esiGNDr(O)via 220

5. Micro Servo Motor (pitch actwuator):

6. Si gnal Y D9, VCC Y 5V, GND Y GND
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W Mmoo

= oo o2

79
¢ ¢ DIGITAL (PWM ~) X X

Figure 7 Basic Circuit in Wokwi simulator

Si mul ation Results and Observations

The cadtgroolithm executed on the Arduino proces

dynamically controlled the blade pitch via th
simulation seri al monitor indicated the syste
manual adjustment:

- Target RPM va24@@ thet2eete tRAWM a potenti ome

- Current RPM -8 A%0i0l iFRkPedle raitved from si mul at
count s.

- Airspeed measur emenlt.s5 rtaon gle2dw iOt em/vsemeoro t hi n-

applied via a moving average filter.



Bl ade

p

correct

Battery
supply
Simulation

©00

itch ang
i ve

vol tage
monitor.i

| e

wa S

ng.

adjust ment s.

measur ed

(00:16.939 (#)100%

and

13

dy nh4ni A atl,d yrledf8iAefcttea ch gb et

converte

Target RPM: 3030 | Current RPM: 900.80 | Airspeed (m/s): 15.@@ | Battery Voltage: a

4.61 | Pitch: 18

Target RPM: 2950 | Current RPM: 870.00 | Airspeed (m/s): 15.0@ | Battery Voltage:

4.26 | Pitch: 186

Target RPM: 2989 | Current RPM: 900.00 | Airspeed (m/s): 15.e@ | Battery Voltage:

4.57 | Pitch: 18@

Target RPM: 2914 | Current RPM: 900.00 | Airspeed (m/s): 15.@@ | Battery Voltage:

4.45 | Pitch: 180

Target RPM: 3006 | Current RPM: 900.80 | Airspeed (m/s): 15.@@ | Battery Voltage:

4.21 | Pitch: 18

Target RPM: 2928 | Current RPM: 900.00 | Airspeed (m/s): 15.0@ | Battery Voltage: '

3.98 | Pitch: 177 -

Figure 8 Wokwi Simulator Results

Code | mpl ementation
The embedded | ogiAppeaB,i pgoweardred time behavior ¢
system and includes:

- RPM calculation based on pulse interval s

- Filtered airspeed cal culaltgorni tubsm.ng a moyv
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- Dynamic adjustment of blade pitch based o
target RP M.

- Manual pitch offset via an anal og potenti

- Battery voltage monitoring for safety and

- Redlime | ogging of all system variables t

and debugging.

totype Limitations
|l e the simulation provides a valid proof o
tain I'imitations must be acknowl edged:

1. Lack of Physical Feedback

The simulation does not replicate aerodyn
resi st antcieme Recaald conditions, inertia, an
be accurately simulated.

2.Si mul ated RPMased Rulmees

The RPM is gener abtaesde doyi nac rseonmietnwta rreat her t
rotational data. This | imits the fidelity
3. No External Il nterruptions or System Noi se
The simulation assumeswardledala pcpolnidc attiioonnss;,
vol tage fluctuations, and servo backl ash
pite these constraints, the simulation suc

the proposed control systedni met btaniei pms cth

regul ation strategy, paving the way tfeosrt ipnhgy.s i
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5.Besign Phase 3

5. 3Tlulr bi ne Bl ades

Bl aBdesi gn R1

The blade for the Variable Ram Air Turbine (VI
3.5 inches (100 mm). The geometry has been ad
di stribution to increase aerodynamic efficien
chosen fnoordeirtate | i ft and efficiency across a
bl ade calcul ator website (reference cited) wa
across its |l ength and is shown in the foll owi
The NACA 6412 airfoil i's cambered, making it

|l ift generation at a variety of angles of att
increasing overall efficiency anndt tpaweire aetnpet
The airfoil I's designed for medium to high Ti
extraction with aerodynamics. However, its as
aerodynamic forces at certain pitch.angles, n
Furthermore, it has a | arger drag than symmet
mi ght reduce efficiency at high wind speeds.
Airfoil Selection Justification

To validate the choice of NACA 6412, we ran a
several airfoils. The | ift coefficient (Cl) a
compared to other profiles, including NACA 00
The following are the comparative calculation
> Lift Coefficient (Cl) at 5deg (just for ref
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NACA 614012
NACA 0101 2%
SG043®.85
-> Drag Coefficient (Cd) at 5deg (just for ref
NACA 6140L2015
NACA 0012013
SG043®.02
-> |Lti®drtag Ratio (L/ D) at 5deg (just for ref.)
NACA 614162 7
NACA 04162 2

SG043A2.5

NACA 6412 was chosen because it provides an e
remaining aerodynamically efficient at differ
restrictions and performance goals, this airf
retmg nstructural stability in a variety of wirt
Bl ade Material and Manufacturing

The blade is 3D printed with PLA (Polylactic .

all owpi d prototyping. PLA is |ightweight and
reduces turbulence and aerodynamic drag. Beca
infill density (0O50%) is used to enhance stru

its softness point of around 60AC, which can
temperatures. To mitigate this, the design mal

mi ni mi atingehmer ati on owing to friction and air
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Operating Conditions, Tip SpeedPdRRadri o, Reynol
Rel ationship (Most values are approximated to
The bl ade is engineered to function at a Tip

ideal combination of torque and efficiency. G
radius of 117.6 mm, we estimated the predicte

Y

Tt

S

G

N

(Gundtof)t, 201

After substituting the values,

i
8

t—= 5603 rpm
This ensures maximum energy extraction all wh

t hmateri al used.

Formula to calculate Reynol dds number :

~

Y0 n‘—w
(Gundtof)t, 201
After substituting the values,
vyo 2= 155,870
"-air density
V-relative wind velocity

c-chord | ength

‘-dynamic viscosity of air
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Bl ade Degigml R2

As bl adecodudsdiwgprep @oj e adte,s iotdlmhee bl ades iwapsl & egps
poss. bTweeblr owamd turbine NAChelUddidRediasolit was
used in wind geneWiand powearppd icraltiimensbl ade cal c

(https:// windpower.or g)was bd xatdeercsalscesl/typ ladsdesabv.epdh

guiexkper i mentation i n Beaeamidyieodfa Imlewissito nasn.g|lTehi s
cal cul agxotrr emaesl y useful as it generated a chos
bet ween blade root and tip and provided the <c

t hat l.ocati on

Figure 9 - Blade geometry and airfoil sections

The bl ade was t hnenatbtlaecnhdmeedn twiftlhanage at t he r oo
unproven to us at this stage, it was an i mpor
removed from the pitching hub without having
This ensured t hatamafgetdhe dbldadheotwperform prope
wrong angle across the pitching motion, that

adjusted as required.


https://windpower.org.za/bladecalcs/blades.php
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The bl ade i saadesteghbeapescseveral design feat
remowed hout di ssasembly of the hub. It i s can
anglesfasaniglkei s semetrical and can be mounted

ori entTateinad eproncaklet cd lelacfaeirbe bol dTheag@grotruding
on t hebubtatsse agmiitncshht hheheei ngbahtdswbéent hbebl ade a
the priensgseéehreoméaroongt er rpalcaec eslearicthigreg biltade t o
the pitTdhh shuwWk.si gn ensures that future iterat.i

damadged bl ades canwbehrmpkameth gdapkapilty.

Figure 10 Final iteration of turbine blade. Note flared base and internal geometry.
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53.%ari able Pitch Mechanism

i

Figure 11 - Blade & pitch hub assembly.ﬁote the symmetry of the blade flange and pitch hub
allowing for any orientation. The flat head hinge pin lock the ball rod ends in place.

To bwadidable pitch mechanism, we foaxmuded on cl
adaptabiThi syvariable pitch ram air turbine sh
when aircraft | oses electrical power. Therefo

durable to be operated ignmerdii dtoesley ewheeent rtitcea |l a
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To build this muasmddaurmr ldinkddhaeénnteweehe clewmhdre

vi aptihe hThabpsi tch control platdijnkt tcemefct ed
when pitch mownes odl phgthehecbhbhf hks push or pul
forcing them ttle rmittdditen ehaurb sr ot moye dadl obgarhedg

main em@fatsed i n the behei agctoandtéanponloA raandd al bal

beari ng soiuttserooffltabnegee beamandgi adapessed into t
plate. This allows the actuator plate to spin
Al so, for durability of the variable pitch me
manufactured with CNC machining including ret
Aluminum is more durable than ABS, which is t
l' i ghthtweiTperefore, it would not affect the ae

strong to endure the counterwind from the win
53.Bransmission

The transmission was designed such that the m
desired 2DuVvViomgtphte. desi gn phase, the bl ades

was not know if they would be able to drive t
desi ggmed hat there are 3 avaNdtdd:laa esp eveed s2: alb:l Z
drive the shaft at all three ratios, with the
12.8VV 20m/ s wimae splreafdt) .pul ly and mpned wdHy F
that one belt |l ength will fit all three sett.i
clamps that are 180 degrees from each other.

the system i s maintained, r e d u csion ge nvsiubrreast itohna.t

two pulleys can be kept aligned, reducing str
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The motor pully is mounted directly over the
mounting hole to secure the pully in place.
53.@enerator

As per the manufacturer, the motor is rated a
opposite of a motor, the output of this motor
cl ose nmamutfhraect atriemgygs To test this, the motor w
RPM of the mill was increased until approxi ma
With the mild]l RPM set to 415 t hSee emoatpophdduosd i xut p
calcul ations.

53.Gontrol and-Moys iBoaeladbgoard Testing

Test Objective

To verify the functional I ntegrity of the ser:
components, a physical prototype was assembl e
replicated the Wokwi simulméeipopaespenhsp andet em

adjusnedt condtibtaiseerds ArAluRInD sketch vwaseuwpl oad
pitch control
Components Used
1. Arduino Uno
2. Breadboard
3.Jumper Wires
4. 2 Potentiometers (niaonruavio |lotfafgseeti)nput and
5. MG90S Servo Motor

6. Green LED wliitmi tciumg emesi stor (for status/
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Wiring Summary
1. Vol tage Potentiometer (simulated generato
Output Y AO, VCC Y 5V, GND Y GND
2. Pitch Offset Potentiometer:
Output Y A1, VCC Y 5V, GND Y GND
3. Servo Motor:
Signal Y D9, VvCC Y 5V, GND Y GND
4. LED (Optional for debugging):

Anode Y D13, Cathodige esiGNDrOQvia 220

Figal>eervo Motor Test with Potentio
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- System response was fast due to the 100 n

introduced instability and jitter.
- The LED indicator worked successfully for
| ssues | dentified

- Servo Overdriving: The current PID values
aggressive responses, resulting in maxi mu
errors.

- Lack of Smoothing: Unlike the previous <coO
applied to the voltage input, making the

- Delay Too Low: A 100 ms delay |l ed to freq
to noise or fast potentiometer movement .
- Pitch Not Stabilized: While pitch updated

mechanism or filtering to create smooth s

The physical breadboard teslhtasvead i adaartterdo It hleo giec

real components. However, aggressive PID cons
update delay | ed to overcorrection and ledge s
and i mproved in ter mgorolfd liomgtieg rfd toiwo ma,n di tr elad c k
stability of the previous software simulation
53 .Fr ame

The structural frame for the Variable Ram Air
using standarssd oadl emitmrwmiTons. These were sourc

Col |l ege Machi nteh eS hrogpw Iwehregtehs wer e cut accor di

specifications and di mensishalt aégwmi nemewhs. i
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to its hitgeheisghtenrgathi o, ease of machining, anc

prototyping.

Fi gadrer amesometric View

FigdabBer anBott om Vi ew

The frame was designed to accommodate all cri
bl ocks, the turbine shaft, actuators, and el e
using corner brackets and fasteners to mainta
The di mensions of frame are as foll ows:

- Hori zompead anrdaillaswie@GBX(nx 4)

- Ver trixijalhsx i 5.) 3149 ( x

- Sidaeai( Mxidsi)n ( x6)
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This confiegurcatioast f Lotwirooovs des a stable testi
permits easy access for calibration and hardw

S.Binal ElectirCamtlr oCli racrud tMoni t oring

The final control system was revised to repl a
due to mechanical ' i mitations in pitch actuat
travel range and torque consistency required

l inear actuator was therefore selected for it
simplified mounting with clevis ends.

Figda®Bei near Actuator Encl osure

The finalized el ectrical ci rucpuivtotiemtgdequrtaotres a
Arduino microcontroller, and a |linear actwuato
dynamically based on simulated or actual gene
Power Supply Configuration

- LiPo Battery (11.1V, 358S)

Powers the | inear actwuator, providing hig
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wW

a

t

- Steyp Voltage Regul ator
Converts unregulated 11.1V input to a cl
operation.
Arduiamd LiAcdgairat or I nterface
Tabllei near Actuator Wiring
Component Connection Notes
Actuator SigDll ( PWM) onContro!s
extension/re
Actuator Pow7_5V from Re?ﬁg;:sted adg
Actuator GNDCommon GND g;f?e\r’v;thADr
All gcomumecti ons (Arduino, actuator, battery,
common reference to ensure correct operation.
Generator Feedback I nput (Simulated or Real
The turbine generator i s assumed to p5WY)Xduce
proportional to wind speed. This is read by
Tab2&@enerator Wiring
Signal Arduino Pin Nptes .
Generator + AO Pla;ngicﬁlslngt
Generiator GND gsgpgrcntg(rjohﬁd
No voltage divider is needed as the signal i
LED Status I ndicator
An LED was added as a visual di agnostic tool
Tab3leED Wi ring
'Pi n |Connecti on [Functi on
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Anode (l ong 1|D13 (Arduino)Ig:?ZC?PoguLL

Cathode (shorGND vicaré%SBiOst:‘ie\r/nielts curren

All el ectrical components, including the Ardu
wiring harnesses, were mounted inside a plast
portability. The enclosure was secuzeely attac:
movement during testing and to ensure safe ha
(Refer toEAfdtmeernddet ai |l ed encl o)sure wiring sche

Figdafer duino and el ectrical components i
Arduino Control Logic and Code Explanati on
To regul ate the bl ade pitch inbasessgpoonsrettol ge

algorithm was i mplemented on the 2Ar@dWwmioch The
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tional gain (Kp): 150. 0

al gain (Ki): 0.5

tive gain (Kd): O

Control: A nmappeédOBWMisalape!| ( 2800
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NO. O5V preve
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ning Support: The PI D
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The |l ogic was validated during wind tunnel t e
mai ntained the target voltage within an accep
The full code is provided in Appendix D.
55General AR8embly

Thassembly of the final prDOhetgylpael Ibemgme twe it e
ensure that the frsame dwadlhs ¢ e dsrhechretashe@ot i ons
that will support the motloirnendounadc tomaNehxet ot it |
the pillow blocks were attached to the frame.
ensure twaeanwege concemnthmiangamsaoot hly and fr
this install at iboenarbwetghe popdmen ,bltohcek factory gr
andl aghter weight oil was applied. This all owe
The shaft was themilrleonwvieldodkoenstbthbhaout debee!]
pr efsist ont oTheheermschadft .t he shaft had a fl at mac
woul d be abl e to dritviee thheb SEciepsileygt.wiet Hiowt be
the shaft and the centre hub was so tight, th
This inadvertently fdwauoclredwhateniethdalblfetthe Kiht@fl
bear iTrhges.end was fill ed dowreurtcicle pitte dvndby 4d khle
shaft pully was instratbubededndnt beWihtelh eti lkd afvt b
shaf ts hafatndp thlulby i nstall ed, work began on inser
rotarlyedamibn g wmo lhteat set inserts were threaded
heated. They were then pressed i ntkeetphegpredr
t hese swausardeisf fi cult but acceplthabbllaed erse saunldt s we

rotating hubs were then built up andntghtenr.l i nk
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| ocking M3 Nuts were usedcoonn etchtei oanc ttuoa tt
or planhe Wwaeeaolrdtary bebeangnwasadapta
near actBaeoappendi ngfarmexpl oded vVviews
near bearing was gr E€lhseciofor wame®oit hetr alb
mo umu Iblayh dt mavde bHmaopno|l yur ebbhadé&bakthley,

actuator was installed into the | inear

Figaw®ei nal Assembly Front View

Figda®ei nal Assembly Side View
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Fig2fei nal Assembly I sometric View
6. 0 Manual Machining and Assembly

61Pi Il Il ow Bl ock Preparation

Upon inspection, it was observed that the bas
perfectly flat, which could | ead to misalignm
frame. To ensure a uniform mounting surface a
bl ock bases were flattened using a milling ma
Each block was securely clamped in a precisio
were milled using a face mill tool to remove

both pillow blocks had a uniform, mbentktilndpase
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FigadPei | | ow Bl ocks during a Facing Op:

Figaereil |l ow Bl ocks after facing on t|

62Frame Construction

62.1 Cut tAlngmitrhiem Str ut s

The constructi on nparnoucaelslsy bceugtatni mg tthhe excess |
struts usomgr at ddhndutter to obtain approxi mat ¢
attempted on a manual milling machine using a

resulted i n an uneovoeln dseufrlfeacctei odnueantdo i nsuf fi ci
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To achieve a cleaner cut and final | engt h,

spindle speed of 1600 RPM. This setup success

See dr awi ngsHfimr afpipreanldi &ki mensi ons.

i

¥
7,

Figure 24 Cutting aluminum strut to rough length Figure 23 Milling frame sections to final length

62. 2 Dranhndi hgMwiumd i ng Hol es

Mounting holes werle 2pbrrepmlaridd Wwsitng faall owed

internal threads. This operation was necessar

structur al members using machine screws

, enab
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Figailehr eadi ng Frame Sections for asse

62. 3 Assembling the Fr ame
The machinedaboohi hampedruts were then joined -
brackets and fasheokrwasApsgbarmed during ass:

perpendicularity and ensure a rigid and stabl

and | oad bearing during testing.

FigaB8ei ghtening aluminum extrusion struts us
assembly process.



Fig@a@essembling

Fr ame

FigB8f0Oleest assembly of

Fr ame

38
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Fi gddlder ame with shaft, shaft pully and prot
63Machining the shaft (FIl at)

The shaft had a of laactt nmaisl lae &k eiyntion itthe hub and
durhnglpeeder ati on. Tleshesrhdacdarmeddegs i red a carbi d
endniohadchi.neOnicte t heendcmialdls ddyt tpiromg@r essed witho

i Sssue.

FigaeeMdi |l |l ing tore wshheeffts Ffllaadtt eni ng Face of



40

6. Bl ectrrncaalk Ci
The power & control schematTlte walse gtemiec alt eas ¢
project encompasses theiAredaui mctau@antorolpowrirt ,s
generator and rectification of the three phas
gener ataoor eaxntder nal Ar dSea@moapprpdm®di ¥ Wiet ¢lml | s che
6. 4S0ll deandgEncl osur e
The enclosure was mountedcuott wasf samdeaed ub
schematic in appehdwgs EheFigueendlls bhet he co
enclosure wbétagetregelt ator f Ar diubhehnel i near ac
mo unitFeedat urhees codnttr ol unit include:
T External battery connection point
f Linear actuator power switch
T Arduino Reser switch
T Arduino LED function indicator
1T Test points for the rectifier DC outputs
7.Resul t s, Data & Analysis
7.1 Wind Tunnel Setup and Purpose
To evaluate the aerodynamic and el ectrical p el
(VRAT) sysukemy BwbBeseembled prototype-cwascuiinst al
wind tunnel at Centenni al College. A wind tun
environment for analyzing aerodynamic forces,

output under repeatable conditions
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The VRAT assembly was fixed securel-gradehin t
tape to prevent displ a-DAB®endbf dwanregwapeeapl owm
monitor and verify windspeed values in real t

monitored using a diogi tcaln nbuel tsiereent eorn (AD MM)i no 6

Fi g83BeRAT Assembly in Wi nd Tunnel
7.2 Prelimin¥olt dgetiveg Windspeed and Gear Ra’

The initial phase of testing was conducted wi
turbineds unregul ated generator output -across
| oop analysis helped determine the baseline e
dentify an appropriate voltage target for | at
Two gear ratios were tested:

1:1 gear ratio

3:1 gear ratio
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These configurations were selected to assess

torqgue, and voltage output under simulated ae
manual |l y-DASIi ag OQncremental wind speeds.
Bl ade pitch was manually adjusted during this

using predefined PWM signals sent to a servo
pulwiedt h modul ation values ranging from 1000 (
(maxi mam) pit

Testing showed that at minimum pitch (PWM 100

vol tage, indicating that the bl ades were feat
from the wind. I n contrast, at maxi mum pitch
measurable voltage output, as the bl ades capt:

aerodynamic engagement .

These -lopeem tests confirmed that:
The generator output scaled proportionally
A target regubRaOwWwaossn awolrtogpg e adfe
Thé: 1 geapr ovaitdeod consi stent output and tor
optimal for controlled testing

Refer to Appendix F ™Wmdfspleledr dwmtdat a records



Fi g8MMeRAT Assembly with

Figure 35 Simulating Assembly in Wind Tunnel

DMM

43
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7.3 Regul atieAd dTueBetsiendy Cont r ol |l ntegration

Foll owing basel i neArcdhuwsroamttreorlilzeadt isoyns,t etnhewas i n
clodedp voltage regulation. The control archi
contr ol |l oop, Il-umewo!| azgeante®gyl atep, and a st
was reinserted i,ntaondt hee swisndvetreenceolnducted wusi
validated 1:1 gear ratio.

The Arduino continuously monitored generator

compared it to the fixed 2.0V target, and com
A PWM signal on D11 was wused to drive the | ini
tiem The LED on D13 provided feedback when the

NO. 05V from the target.
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CENTENNIAL
COLLEGE

)
./
4 B

Fi g836WRAT Assembly inside Wind Tunnel wit

Testing was conducted across 7an/rsam@des @B,s wi nd

20n/ s and .23Atm/esach windspeed, the Arduino succ

generator output by dynamically modifying the
Performance highlights:
Vol tage Regulation: Output consistently he

centered around the 2.0V setpoint
Bl ade Pitch Adjustment: The | inear actuato

mai ntaining aerodynamic stability
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Control Accuracy: PID response remained wi
requiring mantuedt tuning mid
System Stability: No jitter, oscillation,

operation, indicating reliable tuning and

-

Figdimmei tch I ncrease and Decrease by Actua

7.4 Observations and Performance Summary

Overall, the control system functioned effect
hi gher airfl o2wB rpa/tsehse sAurcdhuianso mai nt ai ned st abl
through pitch correction, demonstrating the r

Key concl usi ons:
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Vol tage Regul ati on: Maintained between 1.9

variations

Bl ade Stability: The actuator produced smo
or stalling

Control System Response: PID |l ogic accurat
error, confirming proper parameter tuning

Data ValCilbaslteodom: data matched expeclt@aap ons
tests, validating the overall system desig
8.@®hall enges
Several technical and assembly challenges aro

the VRAT prototype. These i s9le&s ngequirnsd ibtoe

mechanical and electrical domains:

1. Bl ade Failure and Repl acement
After the full assembly of the turbine system
mi shandling. Since the blade di mensions were

repl acement was quickly 3D printed using PLA
wi t hdoeutay, maintaining consistency with the or

2. Linear Actwuator Limit Locking

Whil e conducting tests in the wind tunnel, th
extension and failed to retract. The -contr ol
defined pitch range | imit, ensuring the actua

tr avel range.

3. Power Switch Short Circui't
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During a dry run ofsalhdkcerciomg,r od wiirricrug ti spsowsd Vv
caused a short circuit. Upon inspection and r
wiring was corrected to ensure proper connect
and power supply components.

4. Rotary Linear Bearing Design

The biggest challenge of tmee hmmémbect swase wasat
that a | imaartumehde dm mamii pruil mdTebe pareast e t he

' inear and rotary mMbR)a@ams nga wlaisnheeha riwiamgear. y T hi
mounted on the main drive shaft and whad eabl e

sliinlgor war d and back over Tthhper osvhiadfetd stihneu |btaasnee of

p usphul | motion that was reqguidedstaoaotuseptahath
rotation of the hub from the | inear control m
accomplished by mounting a sevidrhd ab éarairngrgorad

Thi s al laocweuda ttahtee c@ nallelcttime aspbhaeéttybobds to

bearing was usedSedeorappernsdipuaposesrpl oded view

5. Shaft FIl are

When installing the centre hub on the main sh
hammered through thefhabeddhésdhatmmehenghatt

preveintt efdrom béibhgiabidetohe pillow block beat
be filed until it was able to be accepted int

shaft hasrdased.
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9. @oncl usi on

The successful devel opment and testing of the
demonstrated the feasibility of regulating vo
mechanism. The intelgasaeé¢edoRl Dfcamt Ao dnei ovoop twaigtel

monitoring enabled the system to maintain stal

speeds. Wind tunnel tests confirmed that the
in compensating for airflow variations, keepi
rage. While the initial design achieved core
actuator range | imitations and sensitivity to
mechanical tolerance -awodl|si goalditilbhesri ddei pr
that a egeaullfati ng, compact, and modul ar turbine
emergency power generation in aviation enviro

10 R@Bcommendations

The Variabl e RPamtloptryoldeudbsna sturdy foundati ol
experi mentiag i ®%pterduhen Iswiyt h bl afd ewhldiesh ,gnt he amou
variation and exper ilmpmntoattdtriehn t igesif fi @lfdiunlidt ea | |
be explltorwalul d al so be ideal for the turbine t
Fut wisiodndg he Arduino cpdettc@wodmdsumel tuldaet awhen
bl ade spools down it automati calThyi ssewosultdo atlhl
the turbine to start upowebckhy AndubeginOpce
was sufficient rtehgeutAaréedeubil naod ewso valndd kgeee.p avosl ead
al so be oOpt amhdel dowt t he set vmdarsget wimnht et et

Arduino codsidgraeockbegbnowmebher Fpadl |l y, the power
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when thecAntdwbhrmgaged is currently |l imited to
full wavgoexcdiifecectrly to tmexAmdmi BV Awh pa tur lea s
revision would include a voltage divider [/ st

provide b5\t weeegnarOd|l ess of Itrheoureceaarfliyerex peurtipm
before the Arduino was connected, the generat
transmissiTdhn ss eatbtiilng.y t ov e k paangda tceo ntthreo o uctipructu
woufdeat |l y tihrec ruseda l rangeoamak éuesi eMiRA Tw i adned

range of power generation applications.
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PD = Power Density
VO = Voltage Output
|l O = Current Output
L = Length
W = Wi dth
H = Height
Vol tage Divider
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Appendix B - Wokwi-Based Control Simulation Code

#include <Servo.h>
/I Pin Definitions

const int rpmSensorPin = 2; /I Hall effect sensor for RPM measurement
const int airspeedSensorPin = AQO; /I Airspeed sensor (analog)

const int servoPin = 9; /I Servo motor control

const int potPin = Al; /I Potentiometer for manual pitch
adjustment

const int rpmPotPin = AS; /I Potentiometer for adjusting target RPM
const int batteryVoltagePin = A2; // Battery voltage monitoring

const int ledPin = ; /I Debugging LED

/I Variables

volatile int  pulseCount = 0O;

unsigned long previousMillis = 0;
const int interval = ; /1 1 second for RPM calculation



float  currentRPM = 0;

int targetRPM = 3000; // Default RPM
Servo bladeServo ; // Servo object

/I Moving Average Filter for Airspeed

const int airspeedFilterSize = 10;
float  airspeedReadings [ airspeedFilterSize ] = {0}
int  airspeedindex = 0;

/I Interrupt Service Routine for RPM measurement
void rpmISR() {

pulseCount ++;
}

void setup () {
pinMode ( rpmSensorPin , INPUT_PULLUB);
attachinterrupt (digitalPinTolnterrupt (rpmSensorPin ), rpmISR, RISING);
pinMode (ledPin , OUTPUT;,
bladeServo . attach ( servoPin );
bladeServo . write (90); /I Initial neutral pitch
Serial . begin (115200);

}
void loop () {

unsigned long currentMillis = millis ();

/I Simulate RPM Pulses (for Wokwi testing)

static unsigned long lastPulse = 0;

if (millis () - lastPulse >= 10) { // Faster pulses for higher simulated
RPM

pulseCount ++;

lastPulse = millis ();

/I Calculate RPM every second
if  (currentMillis - previousMillis >= interval ) {
nolnterrupts 0;
currentRPM = (pulseCount * 60) / 2; [/ Assuming 2 pulses per
revolution
pulseCount = 0;
interrupts 0;
/I *Improved Airspeed Calculation with Moving Average Filter**

float  airspeed = getFilteredAirspeed 0;

/I Read battery voltage

int  batteryValue = analogRead ( batteryVoltagePin );

float  batteryVoltage = ( batteryValue /[ 1023.0) * 50 * 2; /I Assuming

voltage divider
/I Read potentiometer for manual pitch tuning

int  manualAdjustment = map( analogRead (potPin ), 0, 1023, -30, 30);
/I **Read potentiometer to adjust target RPM dynamically**
int rpmValue = analogRead (rpmPotPin );

targetRPM = map(rpmValue , 0, 1023, 2000, 4000); /I Adjust RPM range
as needed

/I Adjust blade pitch based on RPM error and manual adjustment

int  pitchAngle = calculateBladePitch (currentRPM , targetRPM
manualAdjustment  );

bladeServo . write ( pitchAngle );

/I Debugging output

Serial . print ("Target RPM:" ); Serial . print (targetRPM );

Serial . print (" | Current RPM: " ); Serial . print (currentRPM );

Serial . print (" | Airspeed (m/s): " ); Serial . print (airspeed );

Serial . print (" | Battery Voltage: " ); Serial . print ( batteryVoltage );

Serial . print ("] Pitch:" ); Serial . printin  ( pitchAngle );
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previousMillis = currentMillis ;

}

/I **Function to adjust blade pitch dynamically**
int  calculateBladePitch (float  rpm, int targetRPM , int manualAdj ) {

int  minPitch 0; /I Min pitch angle

int  maxPitch 180; /I Max pitch angle (corrected from 360)

int adjustment = map(targetRPM - rpm, -1000, 1000, -45, 45) + manualAdj ;
/I Adjust sensitivity

int newPitch = constrain (90 + adjustment , minPitch , maxPitch );

return  newPitch ;

}

/I **Function to Filter Airspeed Readings**
float  getFilteredAirspeed 0 {
int rawValue = analogRead (airspeedSensorPin );

/I **Convert sensor value to airspeed (15 - 25 m/s) with calibration**
float airspeed = 150 + (( rawValue [/ 1023.0) * (250 - 150));

/I **Apply Moving Average Filter**

airspeedReadings [ airspeedindex ] = airspeed ;

airspeedindex = (airspeedindex + 1) % airspeedFilterSize ;
float sum = O;

for (int i = 0; i < airspeedFilterSize ;i) {
sum += airspeedReadings [i];
}

return  sum / airspeedFilterSize ; /I Return filtered airspeed

Appendix C - Breadboard Prototype Code with Manual Adjustment

#include <Servo.h>
/I Pin Assignments

const int voltagelnputPin = AQ; /I Simulated generator voltage via pot
const int servoPin = 9; /I Servo control

const int potPin = Al /I Manual pitch offset

const int ledPin = 13; /I Optional debug LED

/I PID constants

float kp = 30.0;

float ki = 0.4 ;

float kd = 0.1 ;

/'l Target voltage: 2.5V a 512 on ADC scale
const int targetVoltageADC = 512;

Servo bladeServo

float  integral = 0, prevError = 0;

void setup () {
pinMode (ledPin , OUTPUT;
bladeServo . attach (servoPin );
bladeServo . write (90);  // Neutral pitch
Serial . begin (115200);
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}
void loop ()

int rawVoltage = analogRead ( voltagelnputPin ); /I Reads current voltage
(simulated)

float error = targetVoltageADC - rawVoltage ; /[ PID error from 2.5V

integral += error ;

float  derivative = error - prevError ;

float output = kp * error + ki * integral + kd * derivative

int  manualAdj = map(analogRead ( potPin ), , , -50, ); // Optional
manual pitch offset

int  pitch = constrain ( + output + manualAdj , O, ); // Adjust total
pitch

bladeServo . write ( pitch ); /I Move servo

prevError = error ;

Serial . print ("Voltage (ADC): " );

Serial . print (rawVoltage );

Serial . print ("| Target: " );

Serial . print (targetVoltageADC );

Serial .print (| Error:" ),

Serial . print (error );

Serial . print (" | Pitch: " );

Serial . printin  ( pitch );

delay (100);

Appendix D - Final PID Control Code for Linear Actuator
#include <Servo.h>

Servo pitchServo ;

const int voltagePin = AQ;

const int servoPin = ;

const int ledPin = ; Il Status LED

/I PID Gains

float kp = ;

float ki = ;

float kd = 0O;

float  targetVoltage = ;

float  integral = 0, prevError = 0;

unsigned long lastSampleTime = 0;

const unsigned long samplelnterval = ; Il'ms
const float deadband = ; /I Voltage tolerance

void setup () {
Serial . begin ( );
pitchServo . attach (servoPin );
pinMode (ledPin , OUTPUT;,
Serial . printin  ( "Ready. Format: kp=100" );

}

void loop () {
handleSerialTuning 0;
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unsigned long now = millis ();

if

void
if

(now - lastSampleTime >= samplelnterval ) {
lastSampleTime = now;

int raw = analogRead (voltagePin );

float voltage = (raw / ) * ;

float  error = targetVoltage - voltage

integral += error * (samplelnterval / ;

float  derivative = (error - prevError ) / (samplelnterval / );
float output = kp * error + ki * integral + kd * derivative

int  pwm = constrain  ( + output , );

pitchServo . writeMicroseconds ( pwn);

/I LED ON if outside range
digitalWrite (ledPin , abs(error ) > deadband ? HIGH : LOW

prevError = error ;

Serial . print ("Voltage: " ); Serial . print (voltage );
Serial . print ("|PWM:" ), Serial .print (pwn);
Serial . print (" |Error: " ); Serial . printin  (error );
handleSerialTuning 0 {

(Serial . available () {

String input = Serial . readStringUntil ("\n);

input . trim ();

if (input .length () == 0) return

if (input . startswWith ("kp=")) kp = input .substring (3). toFloat ();
else if (input .startsWith ("ki=" )) ki input . substring (3). toFloat ();
else if (input . startsWith ("kd=")) kd input . substring ( 3). toFloat ();
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Appendix F - Windspeed Data
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Gear Ratio | Windspeed i Voltage i Windspeed i Voltage i Max
Blades Feathered | Blades Feathered Max Pitch Pitch

31 10 m/s ov 7 mls 0.6V

31 13 m/s oV 10 m/s 1.05V

31 18 m/s ov 13 m/s 15V

311 20 m/s ov 13.7 m/s 1.7V

11 11 m/s ov 7 mls 21V

11 14 m/s ov 10 m/s 3.2V

11 18.9 m/s ov 13 m/s 46V

11 20 m/s ov 13.7 m/s 515V

With gear ratio 1:1; at windspeed 23 m/
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Appendix G - Bill of Materials

No. Assy Description Part # QTY. Tot. Cost Source
1|CNTRL  [220 Ohm Resistor CNTRLO1L 1 - KB Junk
2[CNTRL Arduino Uno CNTRLO2 1 $ 42.93 [Amazon
3|CNTRL D7-6PT3 Linear Actuator CNTRLO3 1 - Centennial College Stores
4|CNTRL  |GreenLED CNTRLO4 1 - KB Junk
S|CNTRL Heat Shrink CNTRLOS 8"| - Centennial College Stores
6|CNTRL Linear Actuator 3 pin Connector CNTRLO6 1] - Centennial College Stores
7|CNTRL Servo Rocker Switch CNTRLO7 1 - KB Junk
8|CNTRL SPDT Momentarty Switch CNTRLO8 1] - KB Junk
9|FRAME  |#4 X 1/2" Self Tapping Screws FRAMEO1 6| - KB Junk
10|FRAME 1/4 20 UNC Frame Bolts FRAME(2 20] - Centennial College Stores
11|FRAME  |Almuminum Extrusion 8" FRAMEO3 4] - Centennial College Stores
12|FRAME  |Aluminum Extrusion 4" FRAMEO4 6| - Centennial College Stores
13|FRAME  |Aluminum Extrusion 5.3" FRAMEOS 4] - Centennial College Stores
14|FRAME  |Anti Rotation Frame Tabs FRAME06 4] - Centennial College Stores
15 |FRAME Enclosure (Lid & Body) FRAMEOQ7 11 $ 12.00 (A1l Electronics
16|FRAME  [LED Holder FRAMEOS 1 - KB Junk
17|FRAME  [LinearActuator Frame Mount FRAMEO9 1 - 3D Print
18|FRAME  |Pillow Block FRAME10 2| § 16.97 |Amazon
19|FRAME  [Shaft FRAME11 1 - Centennial College Stores
20|/HRDWR  |M2 Pillow Block Set Screw HRDWRO1 4] - Amazon
21(HRDWR |M3 Lock Nut HRDWR02 8| - Centennial College Stores
22|HRDWR  |M3 Nut HRDWRO03 31 - Centennial College Stores
23 [HRDWR |M3 Washer HRDWR04 19] - Centennial College Stores
24|HRDWR |M3x10Bolt HRDWROS5 17] - Centennial College Stores
25|HRDWR |M3x 14Bolts HRDWR06 2| - Centennial College Stores
26/HRDWR |M3x16Bolt HRDWRO7 4] - Centennial College Stores
27(HRDWR  |M3 x 16 Button Head Bolt HRDWR08 4] - Centennial College Stores
28|HRDWR  |M3 x30Threaded Linear Actuator Pin HRDWR09 1] - Centennial College Stores
29|HRDWR M3 x 60 Threaded Link Rod HRDWR10 4] $ 7.67 |Amazon
30(HRDWR [M4 Washer HRDWR11 6| - Centennial College Stores
31|HRDWR |M4 Nut HRDWR12 6| - Centennial College Stores
32|HRDWR |M4x10Bolt HRDWR13 4] - Centennial College Stores
33|HRDWR |M4x12Bolt HRDWR14 2| - Centennial College Stores
34|HRDWR  |MS Heat Set Threaded Inserts HRDWR15 12] § 12.42 |Amazon
35|HRDWR  |MSTNut HRDWR16 6| - Centennial College Stores
36/HRDWR |MS5 Washer HRDWR17 7| - Centennial College Stores
37|HRDWR [M5x10Bolt HRDWR18 14| - Centennial College Stores
38|HRDWR |MS5x 14Bolt HRDWR19 4] - Centennial College Stores
39|PITCH Actuator Control Arm PITCHO1 1 - 3D Print
40|PITCH Actuator Plate PITCHO02 1 - 3D Print
41|PITCH Ball Joint Rod Ends PITCHO3 4] $ 17.73 |Amazon
42 |PITCH Bearing Adaptor PITCHO4 1] - 3D Print
43 |PITCH Blade Bearing PITCHOS 4] - Centennial College Stores
44|PITCH Linear and Rotary Ball Bearing PITCHO6 118 26.04 |McMaster Carr
45 |PITCH Main Hub PITCHO7 1 - 3D Print
46 |PITCH Nail Head Hinge Pin PITCHO8 4f - KB Junk
47|PITCH Rotary Blade Mount PITCH09 4] - 3D Print
48|PITCH Thin Bearing Retaining Plate PITCH10 1] - 3D Print
49|PITCH Turbine Blade PITCHI11 4] - 3D Print
50 PITCH Ultra-Thin Ball Bearing PITCH12 1{ $ 24.56 |McMaster Carr
51|POWER |12V Drone Battery POWERO1 1 - Centennial College Stores
52|POWER  |5mm Round Drive Belt POWER02 118 11.77 |Amazon
53[POWER |Bridge Rectifier 3P 1.6KV 35A POWER03 1 $ 20.24 |DigiKey
54|POWER  [LM2956S POWER04 1] - Centennial College Stores
55|POWER  |Motor Mount Plate POWEROS 1 - Centennial College Stores
56 (POWER |Motor Pully POWER06 1 - 3D Print
57|POWER |Shaft Pully POWERO07 1 - 3D Print
58|POWER  [Tarrot Motor/Generator POWEROS 1] - Centennial College Stores
59(POWER |Wire 20AWG POWER09 36" - KB Junk
60|POWER  |XT60 Female Connector POWER10 2| - Centennial College Stores
61|POWER _ [XT60 Male Connector POWERI11 1] - Centennial College Stores
Total $192.33
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