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U Reaction Wheel Angular Acceleration
wl : 1000 rpm angular speed

w2 : 6000 rpm angular speed

t1 ; Initial time

t2 : Second time

fl : 1000 rpmfrequency

f2 : 6000 rpmfrequency

B : Magnetic field constant (tesla)

T , Orbit Period

Ttot : Total Disturbance Torque (Nm)



CHAPTER 1

INTRODUCTION

1.1Introduction

The Reaction Wheel Aseembly is a unit that controlsittiieide of the satellite
It is a satellite equipment which provides control of the attitude and angular
momentum of the satellite by generating torque in the direction of the axis
perpendicular to the rotation axis of the satelMéhile providing the arque in
question, it must also counterdhe torques caused by orbit distortion. In cases
where more than one axis movement is expected from the satellite, the number of
reaction wheels shoulde equal tahe number of axesThe Reaction Wheel,
providing control over a singkaxis, must provide sufficient torque in order to
control the attitude of a cube satellite Reaction Wheetonsists afa wheel, a
motor, amotor mountandanintegrated electronic circuit to drive the motdhe
inertial features bthe satellite and orbital (environmentaljsturbing motion
should be taken into account for required torqii¢ne disturbing torque of the
Reaction wheel shall be smaller than the produced torque by the wheel.The

milimetric 3. DimensionaModel of The Raction Wheels given inFigure 1[1]

Figurel Reaction Wheel



1.2 Reaction Wheel Operating Principles

The Reaction Wheel operating principle is based on the power and data
receivedfrom the satellite anthe IMU (Inertial Moment Unit. The power from
the satellitas adjusted and transmitted to the processor by means of the regulator
located on Reaction Wheel's integrated electronic bddrd.data from IMUis
compiled byMCU and itis decided how fast the motor will turiWith this
decision,the motor drive circuit in 3 different phasissnergized and the motor
running in 3 phases staito rotate according to the incoming phase differences.
Meanwhile, the reading values from Hall Effect sensor on the Reaction \§heel
sent back to the MCU asfeedbacko the Proportional Integral Derivative (PID)
controller in the mcu, both the Hall Effect sensor vaarasthe datdom the IMU
arecollated andhe wheel movement is decelerated, accelerated and / or shifted.

Reaction Wheel operating principles diagram is ginveRigure 2[2]

B ~
[ Microcontroller MU }
* .

h J

Satellite Movement
[ Speed Controller } Direction

|

Brushless Motor and
Hall Effect Sensor

Rotate Clockwise Rotate Counter
Clockwise

Figure2 Reaction Wheelnterface

Desired Angle }




1.3 External Disturbing Torques

The disturbing forcesonsisting of 4 different elements at atmosphere
affect the attitude of the satellite (drag) negatively. Aerodynamics Drag,
Gravity Gradient Drag, Solar Radiation Pressure Torque, and Earth's
Magnetic Field Torque cresdthesedisturbingforces.In order to calculate
and eliminatehese disturing torquesit is necessary to generate largeqtee
in the opposite directiolWorst case scenar@asappied when calculating
disturbing torques low earth orbit (LEO). ie maximum torque levels were
calculated on the satellite at 500 km altitude. The disturbing torque and
additive torqueadue tothe satellite's own rotation determine the lower limit of
the torque the wheel provida]

1.3.1 Gravity Gradient

The Earth applies gravity to everything on earth. The effect of this
gravity also extends to the space. The Earth Gravity affects everything in space
that remains within the Earth's gravitational field. In accordance with the
thesis, the dimensions and height of tesatellite is 30x10x10 cnilhe
gravitational effect of the satellite
the satellits attitude. This effects arealculated together with the other
disturbing effects and Reaction Whewlstbe able to meet theslisturbances
in order to prevent the attitugd] The effect to satellites of the gravity
gradient of F&rth is show in Figure 3. The gravitational disturbance that falls
on the satellite is calculatdéy equation (1) ;



Figure3 Gravity Gradient
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M 7 rnoonmn @R wOEJommmepHQ (4)

Y plp qp T 06 (5)
1.3.2 Solar Radiation
Solar Radiation is the pressure caused by releagnetic radiation
perpendicular to the surface ofatellite. When the satellite is exposedttee solar
radiation, disturanceoccur in therotational attitude. This disturdnceis directly

proportional to the size of the satellfid. Solar Radiatioreffect to the satellités

shownin Figure 4

Solar Radiation

Sun
Figure4 Solar Radiation
Y O0R i 00 (6)
O -6 p nATQ (7)

' N OAMERAOAT 1 EOQA
g; Reflectance factor (0.6 typical)

i; Angle of the incidence of the Sun
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1.3.3 Earth Magnetic Field

Thecalculationsare carried out with the assumption testhe satellite is
atan altitude of 500 kimconsidering the height of the satellite in relation to the earth.
Earth's magnetic field has a negative effect on the attitudatellites Depending on

the altitude of satellitehe amount of disurbncedifferantiates

The calculation of tadistutbanceis givenin equation {0) and equationl(l);

o el a0
— h h @ mOAOI A (1
Y 06 Tipd @ thowp T 0 Qi & thoop T U & (12)

M; Magnetic Field of the Earth
R; Radius of the Earth + Orbit height
D; Width area of the satellite

Tm; Magnetic torque on the satellite
1.3.4 Aerodynamics
One of the disturbing force the aerodynamic effect to the sdttd. The
structure of the satellite has an effect directly on this disturbing féheesurface area

of the s#ellite is added to thigquation {3) and the aerodynamic dishanceis

calculatedb]

1+ 3 F=Fral 13- (13)
O mv 6 @d (14)



Cd; Drag coefficient

f; Atmospheric Density

A; Surface area

V; Satellite velocity

Cpa; The centre of aerodynamic pressure

cg; Centre of Gravity

W — C T KXW Ti (19

O Mo o o o orp o P w dps- plo ogp TG (16)

Y phpwwp Tl o g plx wcap T (17)

1.4 Total Disturbance

Disturbing Torquesarecalculatedbased the assumption triae satellitedimensions
are30x10x10 cm heightis 500 km low orbit (LEO) and it weighs approximately 4kg

and these calculations ageenin Table 1 below.

Tablel Total Disturbance

Disturbing Torques Value Unit Calculation
Gravity gradient- T 1.12*10% Magnitude
1.31
[Nm]
Solar Radiation Pressufé sp 3.820*10°8 Magnitude
1.32
[Nm]
Earthoés Madmetic F| 4.900%10° Magnitude
1.33
[Nm]
Aerodynamics Ta CEa TP 1t Magnitude 134
[Nm]
Total Disturbing - Tiota 6.9462*10° Magnitude
[Nm]




1.5Torque Of Reaction Wheel

Considering the disturbing torqutsat arecalculatel separtely shown in
chapter 1.4the Reaction Wheel expected to generate more phases torque than these
disturbing torqueslhe inertia to be generated by the motor and the inertia to be formed
by the wheel structureffects theorque The physical propéies of the wheegffect
theinertia. After, designof the wheeltheinertiais calculated through the solid model.

Then the inertia of the rotadetermined bylatasheedf the motor andO (inertia fly

wheel ) iscalculatedTheresultsof the 'O aregiven in Table2 and equation 18

Table2 Inertia of the axis

Moment Of Inertiég*mm?)
Lxx : 642,71 Lxy : 0,00 Lxy : 0,00
Lxy : 0,00 Lyy:1181,21 Lyz : 0,00
Lzx : 0,00 Lzy : 0,00 Lzz : 642,71
© O 0O O © (18)

'O ulp'@d uvipowp T QR (Maxon Ec 20 Flat Technical

Specificationy

O 0O O o¢h ¢xyap T (19
O orgxagpmnm vpopm p@wgxagp QR (20)
Y O o (21)
= — 22)
Q — pwo (23
Q — pnm (29)
®  ¢Q pmhp g G0 (25
W Qg iPpm (26)
I —" pupo om (27)
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According to the thery, thetorquegenerated by the wheel mustdxgual tothe sum
of all disturbing torques, and thislua is calculated bthe disturbanceorques with
phasesThe reaction wheel which is prepared according to this theory meet attitude
determination if the satellite is &00 km altitude and its weight is 4kDBifferent

calculations are required for different weights and heights.
1.6 Momentum Storage

Reaction wheel moemtum storage works by accelerating a rdtovery high speed
and maintaing the energy in the system asatoinal energyThe calculation of

momenturrstorage is given in equation -23®.

G w6 O Edw- wQ — (29

a @ — (30)
, 8 z ~
a — THo p v (3D
0 — G w6 WOEFQanY o - wQ (32)
0 — (33
o R h — A R R —
0 — (39
0 — mmntouonPduwd X Ted & i
o — G wd AT ®Qd ¢p- »Q (35
o — — (36)

. R R - - Wi e e oo

o — TIM T T WO Thoat O




CHAPTER 2

AVAIBLE SOLUTION
2.1 0Ordinary Reaction Wheel Assembly

Wheel is the element that determines the attitude control of the satellite through torque
changesIn order to maintain the desiredtitude of the satellite by wheel, the
required torque shall be gerated by the motor. Wheteirns due tahe power of tk

motor which in turnto move the satellite with a torqu€éhe momentum retention
capability, inertia moment, torque requirement amkimum torque values required

for the selection of the criteria for the dgsand sizing of the wheel adetermined

based on all these data. The amount of torque generated by the whd®d shadll to

or higher than the sum of the torque required ey gatellite and the total torque
distutbanceThe wheel tickness is 15 mm atodque generated by theheelas shown

in equation (2Bis 0.2212 mNm.

The 3D design of the wheel is shown in Figér@he Wheel Design Drawing is shown
in Figure6 and the technical drawing is shown in fgpendixB and AppendixC.

Figure5 3D wheel

10



Figure6 Wheel Drawing

The wheel 5 made of aluminum with 6061 specificatioim this context, different
aluminum properties were examed in detail for the production of Reaction Wheel
mechanical parts. According to the results of the examination 6000, 7000 and 8000
series will comply to the weather and space conditions. However, thesg@ied
aluminum has been removed from the alternatives considdumtp the diffucultyo

find and process. On the other two alternatives, the 6000 series has been chosen due
to its durability to space conditions and easy processing. It has been decidsd

6061 aluminum alloy mterials in 6000 series (TabB
Specification (CDS rev13) document, suggestion of 7075, 6061, 5005 and / or 5052

series aluminum for satellite mechanical parts was effective in making the d¢¢]sion.

In the CubeSat Design

Table 3 AL 6061 Specifications

Temper Yield Strength | Tensile Strength Elongation Rigidity min-
P (Mpa) min-max | (Mpa) min-max | (%50) min-max max
0 55 125 26 40-30

2.2 Selection ofMotor Types

For the Reaction Wheel system, consideringgbeer consumptio of satellites a
motor that can reach high speeds, low power consumption and has lonwgetée
searchedFirstly, motor types were examined in detail. Considering the requirements

of the mdor to be used in the system, Attor, BrushleddC and Brushless DC motor
11



are considered suitable. It is calculated that all the power of the satellite will be taken
from the battery and the battery voltage is DC voltage and all other equipment of the
Satellite operate with DC voltage. The AC motor lismsated considering that AC
motors need AC voltage to operate. Despite the advantages of brushed DC motors, the
service life depends on the brush.Brushed motor has less life than brushless motor.For
this reason, brushless motor is preferred in the ptothe main reasons for its
preferencas that it hashigh efficiency, high power and torque in small dimensions,
moment densities and moment / weight ratios are [@8igh.

Detailed motor comgrison table is given in Tabke

Table4 Comparison Motor Types

AC MOTOR Brushed Motor Brushless DC Motor
Strength 1  Simple Structure High start torque 1  Low temperature
1  Speed proportion Low voltage 1 Long life
to frequency High Speed 1  Low voltage
1  High voltage 1 Low noise
1 High torque
T Easy control
1 Easylnstalled
1 Brushless
Weakn ess 1  High speed Easyattrite 1 Higher price
control unstably High
i Torque temperature
proportion to 1 Regular clean is
speed needed
Low accuracy
High
temperature
COﬂClUSion Speed is hard to control anf Due to carbon dust causin{ High efficiency provides
effects on the torque, so A{ DC brush motor is rarely stable torque output. With
motor is applied for steady | been applied on powe no wear and tear on the
roller. brush, DC brushless motor
is suitable for logistics,
automation facities, and
dustfree room.

12




2.3DC Brushless Motor And Motor Bearing

The required power for the Reaction Wheel shall be generated with the motor part and
it shall be supported by a motor mount which is resistant to the environment of the
motor and keep#iction minimum. In order to provide these features, the brushless
motor is preferred. The brushless type motor part consists of three phases inductor,
rotor ,feedback units (field effect sensors: Heéflect, etc.), inverter and controller
structures. $itor windings are energized according to rotor position.The rotor position

is determined by sensors.The difference between brushless motors and AC motors is
that the rotor locations are known when driving windings. Hall or optical sensors are
used mostlydr speed and position control. The magnetic field obtained by the rotor
and the magnetic field obtained by the inductor rotate at the same frequency. In
brushless DC motors, the energy transmission to the windings is operating by
electronic switches instead collectors and brush¢g]

Maxon EC20 Flat motor is cken by considering therque amount, rotor inertia,
momentum accumulation capacity, dimension and weight characteristics produced by
the motor.The Motor mount part of the motor is made of alumi®@®éi material. The

motor mount is designesb asnot to prevent rotation of the motor and does not create
any friction. The aim is that the motor mount does not cause any adverse effects on the
rotation of the motor while motor mount fixing the motor. Blomount technical
drawing is given in Figurd and Maxon motor picture is given in Fige8¢10]
Milimetric Motor and motor bearintgchnical drawing is shown in thppendixE

and Appendix F

/' ——

B4 £0.50 ——

Figure8 Maxon Motor Figure7 Motor Bearing
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CHAPTER 3

REACTION WHEEL ASSEMBLY
3.1 Mechanical Design
3.1.1 Fly Wheel

It is stated in detail that the wheel must provide a certain torque. According to the
calculations, it is stated in other topics that the requried torque amount is provided after
the wheel design. The wheel drawing was draw@&dhdworks, @&3D design progma,

and both the inertia and the weight of 3D model were calculated bgredth the
program. It is added that the wheel will be made of Aluminum 6061 material to this
addon. After the material selectiothe design weight has determined to 18e79
grams.Thus the produced wheel weight w899 gramskly wheeltechnical drawng

is shown in the Appendif.[11]

3.1.2 Mass And Inertia

The reaction wheel is designed taking into account the specifications and geometric
shape of the cubesidttwas decided to fix the motor mount to the electronic board and

to add an external cover that would protect the motor and other equipment against any
external influences on the outermost structure of the whole structure. The following

picture is t&en fromthe 3D design program.

14
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% 34x34x33.5LDASM

Owerride Mass Properties... Recalculate

Include hidden bodies/components
|:| Create Center of Mass feature
[ show weld bead mass

A D-F-E-2-9--
Cptions... % & i

Assembly Performance | Curvature Symmetry C
|sualization  Evaluation Check Do

& 5B P E P
PEAPAE

Report coordinate values relative to: | - default --

Mass properties of 34x34x33
Configuration: Varsayilan
Coordinate system: -- default --

Mass = 57.07 grams
Valume = 21137.91 cubic millimeters
Surface area = 19367.69 square millimeters
Center of mass: [ millimeters )

X=-2024

V¥ =53.67
Z=14.44

Taken at the center of mass.
Ix = (-0.37, 0.86, -0.35) Px = 12625.61
ly = (-0.61, 0.05, 0.79) Py = 109151.81
Iz = (0.69, 0.51, 0.51) Pz = 108911.10

Moments of inertia: [ grams * square millimeters )

boc = 95988.77 Ly = -31309.88
Lyx = -31309.88 Lyy = 38130.95
Lo = 12356.01 Lzy = -29159.31

Moments of inertia: [ grams * square millimeters }
Taken at the output coordinate system.

hot = 272312.06 Iy = -93318.36
lyx = -83318.36 lyy = 7342513
|z = 4331.78 lzy = 15088.31

Principal axes of inertia and principal moments of inertia: [ grams * square n

Taken at the center of mass and aligned with the output coordinate system,

bz = 12356.01
Lyz = -29159.31
Lzz = 97568.79

bz = 4331.78
lyz = 15088.31
lzz = 285370.32

Figure9 Mass and Inertia

When all data and material selecticm® used inthe programsimulation results

showed that the total weight of all the equipmenb3sgrams.However, the total

production wa$6 grams.

3.2 Electronic Design

An electronic card is neededittstall electronic components tperate the Reaction

Wheel. This electronic card contains MCU, sensor, ESC, IMU and other electronic
components required for theard's operation. The integrated electronic board is
designed to operate the Reaction Wheel in four different modes to meet these
requirements. Integrated electronic card that m#etse features and requirements

prepared to run Reaction Wheel in threedent modes. These modes are mute,

15



normal and recovery modes, respectively. Integrated Electronic Tachnical
Drawing is shown in the Appendi®.

In the selection of supartsand products which are resistant to space environment
(space history and dr military standards) are preferred. The integrated electronic

board shall consist of the following syplarts.
MCU : Atmel ATmega V2560

8-bit microcontroller with high performance and low power consumption has been
chosen as the mcu.ATmega have fasthiecture. Compared to older version

microcontrollers, ATmegas processing speed is at least twice §Zjast.

Motor Driver

Hall Effect

Mosfet (FED878) N-Channel Smd Mosfet)
Gate Driver (LM27222)

Regulato (LM 317)

= =4 -4 -—a A
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3.2.1 DC Brushless Motor

Table5 Maxon Eci 20 Flat Specifications [13

Nominal voltage V 6 9
No load speed rpm 9350 9430
No load current mA 102 68.3
Nominal speed rpm 4780 5310
Nominal torque (max. continuous torque mNm 7.59 8.58
Nominal current (max. continuous currer A 1.31 0.974
Stall torque mNm 17.2 22.4
Stall current A 2.93 2.54
Max. efficiency % 67 71

Characteristics
Terminal resistance phase to phase W 2.05 3.54
Terminal inductance phase to phase mH 0.189 0.424
Torque constant mNm/A 5.88 8.82
Speed constant rpm/\V 1620 1080
Speed/torque gradient rpom/mNm 567 435
Mechanical time constant ms 30.3 23.2
Rotor inertia gcm2 5.1 5.1

Specifications

Thermal Data
Thermal resistanoginding-housing 2.66 K/IW
Thermal time constant winding 177s
Thermal time constant motor 275s
Ambient temperature -40é+10(
Max. winding temperature +125ACQ
Mechanical Data
Max. speed 15 000 rpm
Axial play at axiaload > 2.0 N 0.14 mm.
Axial play at axial load < 2.0 N 0 mm.
Radial play preloaded
Max. axial load (dynamic) 18N
Max. force for press fits (static) 26 N
Max. radial load, 5 mm from flange 5.3 N
Other Specifications

Number of pole pairs 4
Number of phases 3
Weight of motor 22 g.

17




3.2.2Motor Controller

The Hectronic Speedontroller System (ESC) is the electronic circuit system that
runs and contrad brushless motord.hese circuits send the PWM wavette motor

windingsand the motor run according to these PWM waves.
ESC circuit consists of three main systems;

1 MCU

1 Motor current boost circuit

1 Feedback circuit

The electronic ccuit drawing given in Figurd0is the motor driver that located on
the Reaction Wheel electronic board and allows only run to nia#jr.
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Figure10 Motor Controller
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3.2.3Speed Controller

Speed control of Brushless DC motors has a different mddnanperationthanthe

other motors. Since the brushless motors are rotated only by electromagnetic effect,
the method must be suitable for this. Generally,H#ict sensors are used for speed
measurement in these motors. Hatfect sensors in generale used for the following

purposes.

When the magnatomesclose to the Hall sensor connected to the DC source, the VH
occur between the two pins. Hall Effect is the formation of a measurabégye o+
depends on the power of the magnet applthe semiconductor part ather words
directly depends on the strength of the magnetic field.The pole S of the magnet
generats voltage, the N pole have no effect. Hall Effect sensors or switches are off

when there is no magnetic field.
To illusturate a brief explanation is given below;

The open circuit terminates interferance with the sensor thus resulting in no magnetic
field.The closed circuit enables interferace with sensor which creates outputs either

linear or digital[15]

Analog linear sensors produce output voltage depending on the magnetic fietd in fro
of the sensor.VHs specified with the following equation

VH=RH (Ix B/t

In this equality

VH: Hall VoltaggVolt)
RH: Hall Effectcoefficient
I: Sensor currentAmper)
t: Sensor Tichneggnm)

B: Magnetic flux densityTesla)
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Linear or analog sensors give continuous output voltage that increases in the high
magnetic field and decreases in the low magnetic fizilgital Hall Effect sensors are
basically two types, Bipolar and Unipolar. Hall sensor witpo® shall be closed to

N pole for cutting the outputWhen Unipolar sensors are closed to S pole, the output

is cut off when there is not magnetic field.

The halteffect sensors are locatedtive motor and the reading values of the sensors
are transmitted directly to the MCU and the feedback can be determined in which

direction and at which speed the motor rotdtes).

3.2.4 Microcontroller

Figure1l1 Microcontroller[17]

One of the processor models defined by AVR name of Microchip has
selected. This model is and® processor. MCU has low power consumption i
high performance. Considering the power limitations of the cube satellite
power consumption of the gressor is very important.

MCU general features ;
1 MCU can work in the range 640 to +85 degree

1 MCU has a ultrdow power consumption ; active mode : 1.8V 500
microamperes

1 0-16 MHz operating voltage is 4,5V5V

20



3.25 IMU

The IMU (Inertial Measurementnit) is an electronic unit that collects angular
velocity and linear eceleration data sent to the MQObW a single module. IMU

basicallyis anaccelerometer with sensors on it and as a gyroscope.

Adafruit BNOO55 9DOF Absolute orientation sensor is sédecfor the IMU model
to be includedxernally in the Reaction Wheel

The main general features of the sensor are:
Calculating the Euler Vector of objects in 3D space

With ARM CortexMO internal micrometer, besides the normal IMU usage, the

objects carbe obtained as quaternary or Euler vedts]

AUsel2C interface
A I't can oper®te between 3.3V
The information that can be obtained by using the sensor;

Eul er Vector

Angul MectorSpeed

Accel eration Vector

Linear acceleration vector

A
A
A
A Magnetic field strength vector
A
A Gravity Vector

A

Temperatur e

21



W T 6C~2 94V-0 b
A BNOBS5 S0t
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SDA/SCL#RST: S5V ok

@ 3=Axis. Accel+Byro+Mag

w/Quaternion, Euler
Heading, etc, 12C Out

M adafruit .

Figurel2IMU [19]

3.2.6Code Of The MU

Like all other processin the Reaction Wheel (brushless motor control, hall effect
sensor notifications), the IMU sgor will be encoded into the MCOf Reaction
Wheel C ++is used as the coding language. The information from the sémnsor
compiled in the PID controller and the rotation speed and direction of the rmotor
determined. C ++ c@s are enclosed in the Appendik

3.3 PID Controller

The PID controller compares the signal from the output with the input signal and give
an error from the difference. Based on this error, the PID controller tries to minimize
the error and makes an effect and sends it to the output. In dlgisancontinuous
feedbackirom the output to the input providesrors to be identified until the error is
minimized and provide error reduction. PID control managemenudas three
separate parameters, nameR(proportionally), I(Integral) and D(Diffentials)
parameterd20]
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Figure13PID Controller[21]

I.  Simuling Model ;The simulink model of the PID system prepared using on

MATLAB program and the test results of theepared controller on MATLAB.

Simuling Model is given in Figure4l

Measure

Sensor

[~ ]

Vdir

Vbrk

Vce
8V
J—“.
Reverse
Brake
| Ny

Vref

Gnd

Motor and Driver

Torque

Source Direction
R e £
{100 —{
Motor Speed(rpm)

rpm
Rotor speed (rpm)

Measurements

Figure14 Simuling Model
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ii. IMU Sensor:;

There is an IMU sensor in the model prepared by simulink tool in MATLARB:
direction of rotation and velocity of the motor determined according to feedbacks from

IMU. IMU sensor model is given in Figure 15.

~ piessf»< rpm

‘ MRRef7

TR

Figurel5IMU Sensor Model

iii. Motor and Motor Driver ;

The other model is Motor and Motor Controller which obtained using simulink tool in
MATLAB. In this model, CPU decide the direction aftation and velocity of the
motor acording to datas coming from IMU and transmit to information onto the motor
controller and provide to the rd@an of brushless motor in the controller system.
Motor and motor driver model is givenkigure 16.
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{2 >——vdir Closed-loop Brushless motor | 0% j@;{
Vdir controller Q

Gnd ' l
{3 >——{vbrk
Vbrk

Speed demand Gnd (6 73c

Figure 16 Motor and Motor Driver Model

iv.  Closed Loop Controller;

PID controller operate on coming reference values and minimize to error value. The
model of PID controller which prepared by MATLAB simulink t@ok given Kyure

17.
» Kp >+
:
W_ref i >— 1o —— (1)
- Tr
W Integrator
Subtract Au
- Kd ki
Derivative

Sum

Figurel7 Closed Loop
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PID Controller Overview;
Reaction Wheel's working principle in genesahs follows.

8 V input voltage is directly transferred to the motor drive. In addition, a regulator and
the MCU are supplied with the same voltage. As a result of the information received

via the IMU sensor indicated by W, a feedback is given to the MCU.

After compilingthe information in the MCU, the direction and speed of the motor shall
be determined and this information is sent to the motor driver via the signal hegs
motor and wheel generate torque during their turn and this torque gives attitude ability

to thesatellite

Finally, feedbacks from the hall effect sensors and IMU on the motor are sent back
into the MCU. The PID controller compares the signal from the output with feedback

to the input reference signal and an error occurs from its difference.

Based a this error, the PID controller tries to minimize the error and makes an effect
and sends it to the output. In this way, errors are detected by continuous feedback from
output to input until the error is minimized and the error is reduced by sending the
controller effect to the outputnentioned Error value for Reaction Wheel is the
difference between the desired angle value and the angle of the platform. This value is
taken from the IMU sensor as mentioned above the error minimized with the direction,

speed and torque of the motg22]
PID CONTROL TRANSFER FUNCTION

The transfer function of the PID controller is writtersidomainas follows.
"Oi — 0N — 0Qi (36)
Thetime domairrepresentation of the transfer function igakws.

L u
| « Lmge L g®olm-” (37
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Theabbreviationsised here are

Tr = Desired Torque

W = Angular Velocity

W_ref =Angular Reference

V_ref =Voltage Reérence

V_dir, V_brk= Signal

R =Torqge of Motor, Rpm

C=Angle frequency

P; Proportional control mode changes the controller output proportional to the error.

I; The integral mode of the controller performs correction by continuously reducing
or increasng the controller output to reset the error, and the integral mode resets the

fault after certain period of time.

D; Derivative control mode generates an output based on the rate of increase of the
error. Derivative mode affects more if the error change is faster, if there is no change

in error , it does nothing23]
3.4 Sub-System Technical Budget
3.4.1 Mass Budget

ReactionWheel Mass Budgetalculation is shown in Table After entering the
technical specifications of the materials in the 3D drawing program, the total weight

is calculated a§36.49 gr. The maximum budget is determined as 150 gr

27


https://tureng.com/tr/turkce-ingilizce/abbreviations

Table6 Mass Volume

Motor and Electronic Top
Material Wheel Motor Bottom Margin Total
, Card
Bearing Guard
Mass(9 10,74 32 30 34,75 13,51 150

3.4.2Size Volume

Table7 Size Volume

Material Reaction Wheel Electronic Card Total

Size(mm.) 34x34x33 90x90x4 90x90x37

3.4.3Power Volume

Table8Power Volume

M aterial Working Voltage Ampere Power Total
Consumption
MCU 33V 0,000195 A 0,0006435 W
0,6086435N
Motor 8V 0,0760 A 0,608 W

3.5 Operation Mode

The produced electronic cards have various operation mbdig®, Normal and

Recovery modes:

Mute Mode The Reaction Wheekmairs in mute mode without moving until the
satellite is placed into orbit.

Normal Mode: As long as the satellite is orbit, the Reaction Wheeperatsactively

and will give required angle of repose to the satellite.

Recovery Mode In recovery mode Reaction Wheel cuts power off interraaily the

systen configures it self to restart
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3.6 Result And Discussion

%10 Rotor speed (rpm)
1r ‘ 3

08
0.6 ( 7

0.4 7

-0.2 - 7

-04 [ .

o8} k ]

-0.8 - 7

Figurel8 Speed versus time

The changes of the motor velocity time dependent are given in this diagram. The motor
rotate to 8000 rpm clockwise and counter clockwise are considered. Detailed
calculations of the torque generated by the wheegjsven in chapter 1.5. The angular
acceleration value in this calculation is calculated by the angular velocity value of the
wheel. The angular velocity value also depends on the velocity of the wheel Therefore
the velocity of the wheel directly affedtse amount of torque generated by the wheel.

Speed and Power Consumption

E0QIWE aOo@@A | Qe o
Y&'O

0£0WE OO @
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1 C1 C
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When the motor rotates under 8V at approximately 4000 rpm, the ampere
used Show in the picture. According to this data, the instantaneous
consumption of the motor;

F+ T h = h FFa<

The motor was upgraded to a spee(
15000 rpm while the amperage val
under the voltage of 8V was 0.0180
Based on these values, t
instantaneus power consumptio
consumed by the engine;

~

n it h A h A[AHTT

yE=

Figure20 Speed and Hall Sensors
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CHAPTER 4

CONCLUSION
4.1 Conclusion

The demands for satellites are augmenting and the productioassive satbtes are
incumberinginstutions due to their high cost of production and laufitierefore in
recent years various instutiohave chgen cube satellitplatforms for production
feaseability High demands for cube satellite platforms posesses high potential for
development osub systems. Thus thesis demonstrht®s to design and develop a

single axis reaction wheel for cube satellite platforms.

A reaction wheel creates a rotational distortion using angular velocity and torque.
These distortion factors are deeply scrutizime@¢hapter 1.3As mentioned in the

chapter 1.3 the precision is affected by various factors either internally or
enviromentally. Thushe scurutiny guided us through the design and development of

the reaction wheel.

In light of distation calculations various operators, devices and materials are selected
for achieving desired torque and angular velocity at a given filme major effect is
provided by the brushless DC motor which has advantages over other types of motors
in terms of brque and RPM. However brushless DC motors have a disadvantage in
terms of motor driving complexity. The solution to this phenomena is provided by low
power ESC cardn chapter 3.2. The solution brought up more questions in term of
selecting operators sucdas MCUGs and Sensor s. After
devices the most reliable ones are selected due to unability to wagair operation

The third most effective factor on distortion tise weight and shape of threaction

wheel Examination of dirverse materiadleown great advantages of using aluminium

6061 series in terms of weight, cost and production convenience.
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The selected items are consistent with the weight and power budget. A deep analysis
has been run by computer silations in order to meet this criteriBhese analysis are
given in chapter 3.6Analysis are in line with actual features with negligible

deviations. Which further proves correctness of choosen items.

The choosen MCls codedwith C++which is provenly tB most suitble platforrfor
low power and fast operation systems. The algorithm required various operation modes
due to nature of the task. Which are deeply consistent with the need of the industry.

The deatiled explanation can be found in Chapter 3.5

To oconclude the developed single axis reaction wheel for cube satellite platforms is
ready for operational uses. The thesis overall proved general concepts that should be

taken in to consideration while developing such system.
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APPENDIX

APPENDIX T A Reaction Wheel Systenfrc hitecture

Internal Reaction Wheel

External Reaction Wheel

Microcontroller

Electronic Speed Controller

Brushless Motor and Hall

Effect

Regulator

L »

Power

Satellite Computer

Figure21 Reaction Wheel System Architecture
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APPENDIX T B Reaction Wheel Mechanic Assembly

Figure22 Reaction Wheel Mechanical Assembly
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Figure23Reaction Wheel Mechanical Assemblg
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APPENDIX i C Reaction Wheel Main Drawing
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Figure24 Reaction Wheel Main Drawing
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APPENDIX - D Wheel Drawing

Figure25Wheel Drawing
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