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ABSTRACT

DESIGN OF A CONTROL MOMENT GYROSCOPE WIT H OUTER
ROTOR BLDC MOTOR

K n,Berk
Master of ScienceElectrical and Electronics Engineering
SupervisorProf. DrH. B¢ |l ent Ert an

September 201201 pages

The aim of this thesis is to design a control moment gyroscope (CMG) with outer rotor
BLDC motor for medium size satellites. CMG is a device that provides high output
torque to the satellite in order to maneuvering satellites rapidly. CMG is the most
efficient actuator in terms of output torque capacity when it is compared with other

type actuators such as the reaction wheel.

The first step of the designing CMG is to determine CMG design specifications. The
mass and volume specifications of the designedsGive selected to be the same as
the previous satellite actuator (reaction wheel) that was ugeeé jprevious satellite
program Satellite maneuvering calculations on x and y axes are covered for four
different maneuvering cases to determine the req@id@ output torque capacity.
Operating temperature, operating voltage, and maximum gimbal angle excursion are
other specifications to be considered in the design process of the CMG in this thesis.
In addition, the effect of the four different maximum gimaagle excursions on the
CMG design is investigated.

The designed CMG consists of the wheel, BLDC motor, and gimbal structure. The
wheel that provides the required inertia is designed to generate CMG output torque.

During the wheel design, mass and voluguction calculations are done and yield



stress and safety factor constraints of the wheel are considered. To drive the wheel of
CMG, the outer rotor BLDC motors are designed. The designed motor satisfies
electrical loading and magnetic loading constsaiabhd the mass of the motor is
selected as low as possilf#gep motor for gimbal angle control, step motor driver and
gear system are selected for gimbal structure to overcome the required torque of the
gimbal system. The thermal simulation model of tlesighed CMG is created to
analyze thermal performance of the CMG. In the end, the design results of CMG are
shown.In this thesis, it is shown that although mass and volume are the same for these
two actuators, the output torque capacity of the designe® @vhigher than the

previous reaction wheel.

Keywords:Control Moment Gyroscope (CMG), Spacecraft Thermal Control Systems,
Outer Rotor Permanent Magnet BLDC Motor Design, CMG Output Torque
Calculations, Flywheel Design
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¥Z

ROTORU DI kARDA FI R¢CASI Z DA MOTORA SAHK
MOMENT JKROSKOBUNUN TASARI Ml

K n,Berk
Y¢ksek,BEHieskanmrsi k ve El ektroni k M¢hel
Tez DanBbraHn B¢, 1 ent Ert an

Ey |l ¢ 1,2029ayfa9

Bu tez -almack®maoéenanbigye¢kl ¢kteki uydul ar
mot ora sahip kontr ol mo me n t jiroskobu (
jiroskobu, uydunun heézl & manevra yapabil

eyl eyicidir. KMJan udyidjudraraywl e&ywddialneaer | e Kk

tork kapasitesi en verimli olan eyleyicidir.

KMJ tasaréméndaki il k adém KMJO&nin tasar ¢
hacim kriter:i daha ©°nceki uyduda md kitliané
KMJ6énin -ékék tork kapasitesini belirl el

manevra hesapl amal aré d°rt farkIl & durum |

sécakl ej e, -al ékma geril i mi ve azami y a
kriter | er di r . Bunl ara ek ol arak, dort far kil
et ki si arakteéerél mékteéer .

Tasar |l anan KMJ tekerl ekten, fér-aseéez D
ol ukmaktader . KMJobnin -ékék torkunu ¢r e
tasarémé yapél mexkteér . Tekerl ek tasar éeme
yapél mék ve tekerin s¢gnme geril i mi ve g¢
tekerini d°nd¢grmek 0 -1 n, rotoru déekarda
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beli rl enen el ektriksel ve manyeti k késeéetl aré s

d¢kek se-i I mi ktir. Yal pa sisteminin gerekl:
kademel i mot orun sS¢régceéese ve di kI Si st emi

tebmd performanséné analiz etmek i-in ter mal |
ol arak KMJ&énin tasarém sonu-|laré payl akeéel mé
KMJ6énin k¢gtle ve hacmi bir ©°nceki uyduda Kku
hacmi yl masenta oaj men, KMJOGnin daha y¢ksek to
glesteril miktir.

Anahtar KelimelerKont r ol Mo ment Jiroskobu (KMJ), Uz e
Kontrol Sistemleri, Rotoru Dékarda Sabit Mékn

¢tekék Torku Hesapl amal aré, Tekerl ek Tasar émé
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CHAPTER 1

INTRODUCTION

1.1. Scope of the Thesis

In aerospace applications, there are many actuators wéitdrm various function in
satellites such as helibwn release mechanism of solar array, solar array drive
mechanism, antenna release mechanism, antenna tracking system and satellite
maneuvering. Antenna and solar array should be at stowed positioe teioch

since satellite should be fit into the rock&tter separation, antenna and solar array
change their position from stowed to deployed by using -tHoldn release
mechanism. Solar array tracks sun by using solar array drive mechanism in order to
obtain and usamaximumsun power. Antenna tracking actuator is another significant

actuator to provide straight broadcast performance.

One of the most valuable actuators in satellites is satellite maneuvering actuator since
rapid rotational maneuverabilitynd agility indicate the ability of satellite. Efficient
satellites should have strong Attitude and Orbit Control System (AOGS8hnger

AOCS can provide fast multarget pointing and tracking capabiliti¢s]. For
instane, if the earth observation satellite is more agilean take numerous images
from the earth at different angle position to acquire high resolution images and also

return of data speedfaster.

This study will focus on the design of Control Moment @&gopes (CMG), which is

one of the most efficient satellite maneuvering actuator types. Dyn@MiG
equations, spacecraft thermal control systems, determination of CMG specifications
CMG output torque calculations, proper wheel desi@hPC motor design,and

selection of step mot@ndstepmotordriver for gimbalstructureare studied.



1.2.Outline of the Thesis

There areeight more chapters except for this chapter in this thesis. Each chapter

focuses on different topics deeply.

In Chapter 2, different types of satellite actuators are comparespansdcoordinate
systemare defined separately. Classification of control momgrasgope is studied

briefly, and output torque equations are derived for pyramidal configuration.

Chapter 3 includes the results of the mathematical models for different output torque
and for different sizes of the satellites. Required maneuvdurgtionis calculated

for different maneuvering angle on x,y, and z directions.

In Chapter 4, spacecraft thermal control system is explained in detail. In order to
understand the relationship space environment and CMG, fundamentals of heat
transfers and thermalontrol components are described briefly. Finally, thermal

qualification level of CMG is determined.

In Chapter 5, CMG design specifications are determined in terms of mechanically,
thermally, maneuvering duration and electrically. Based on these spemifs;ahe

required output torque that satisfies these requirements is calculated for different
maximum gimbal angle excursions. Required moment of the inertia is calculated for

these different cases.

Chapter 6 is assigned to calculate dimensions of theelvthat provide sufficient
inertia to satellitefor different maximum gimbal angle excursions. The wheel is

designed for different outer radii and design results are shared in this chapter.

In Chapter 7, the design procedure of BLDC motors is coverestlyiithe required
output torque of BLDC motor that rotates and accelerates the wheel in a specified time
is determined. After that, different types of BLDC motor are discussed. Finally, BLDC
motor equations argerived,andseveraBBLDC motors are desigdeand obtained by
changing the ratio of inner diameter to length of méaodifferent maximum gimbal

angle excursions.



Chapter8 explainsgimbal structure of CMG. It consists efepper motqrstepper
motor driverand gear structur@roper stepper motand stepper motor are selected.
This stepper motor changes thegleof the rotating wheelCMG output torque is
generated by this changendle between the first position and the last position of the
wheel is called as gimbal angle. Gear ratio calculatioat increases output torque of

stepper motoarealso covered in this section.

Chapter9 concludes the thesis by sharing and discussing the design results of CMG.
At the end of the chapteuture workis stated.

1.3.Literature Overview

In literature, thee are several findings and results that are related to CMG design,
spacecraft thermal control methods, wheel design, BLDC motor design and motor

topologies

In [2] and[3], control techniques for the aerospace system are studied in detail. Firstly,
satellites are classified in terms of mass. aki@ude control system is explained
briefly. CMG for a small satellite is studied. Agility and slew rate requirement is
determined and analyzed. Les@st miniature CMG is designed and tested. The total
mass of designed SGCMG is 200 g and the output @cofiCMG is 52.25 mNm. In
conclusion, designed CMG is compared with a reaction wheel that is used for the same
satellite. In[4], control moment gyroscope is designed for small satellites. Dynamic
CMG equations are derived. lterative design ipliad for CMG subparts such as
flywheel, flywheel motor, bearings, and gimbal motor. In addition, mass budget of

CMG is also analyzed.

In [5], control moment gyrscope is compared reaction wheel in terms of dimensional
approach, market study, power consumption per torque, the agility of the satellite and
market evolution. As a result, although reaction wheel mechanical design is less
difficult than CMG design, CM&have more torque at a fraction of the powef6]n
double gimbal axis control moment gyroscope is studied and CMG is modeled by

using Lagrangeb6s equations and adaptive
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In [7], axial flux and radial fluxorushless DC motor topologies are compared for
control moment gyroscope applications. Conventional radial flux motor and axial flux
motor are designed in this study. Motor designs are analyzed for 10000 rpm and output
torque of the motors ar82 mNm for stadystate operation and 50 mNm for
acceleratiomutput torque. Sinusoidal and square wave excitations are applied to each
type of motor. As a result, sinusoidal excited axial flux motor has more advantages
than conventional radial flux motor in terms ofss, efficiency, torque/mass, and
torque/volume. I{8], outer rotor radial flux BLDC motor is studied and designed.
Speed of motor is 10000 rpm and motor outpuqueare 32 mNm for steadgtate
operation and 50 mNm for accelecati Design results of outer rotor radial flux
motors are compared with axial flux motor. In conclusion, outer rotor radial flux
BLDC motorhas more advantages than axial flux motor in terms of mass, efficiency,

torque/mass, and torque/volume. Motor desigthis thesis is based ¢8].

In [9], kinematic problems of CMG is investigated. Singularity problem is described
and steering law for control moment gyroscope in spacecraft attitude control is

explained in detalil.

In [10], spacecraft thermal control system is explainedietail. Thisstudyis a
fundamental source of the thermal design for spacecraft and equipment such as CMG
studied in this thesis. Passive and active thermal components, qualification

requirements for spacecraft and equipment are explained in detail.

In [11], mathematical model and output torque calculations of CMG for a small
satellite is investigated. The relationship between the satellite and CMG is studied.
Examples of satellite attitude control asichulations results are shown for different
maneuvering. Imaging sequence during satellite operation is explained and finally,
designed CMG is tested



1.4.Thesis Organization

The aim of the thesis is to designcontrol moment gyroscope (CMG) fepace
applications. CMG is a device that prowsdegh output torque to the satellite in order

to maneuvering satellite rapidly. CMG is the most efficient actuator in terms of output
torque capacityvhen it is compared witthe output torque capacity of ¢hreaction
wheel that isusedin previous Turkishsatellites. The mass and the volume of the
designed CMGare selected thesameasthe previous actuator (reaction wheel) that
was used itheprevious satellite program. In this thesis, it will be shown that although
mass and volume are the same for these two actutiteytput torque capacity of

the designed CMG is higr tharthe previous reaction wheel.

The starting point of the designing CMG is to determine CMG design specifications.
Thespecificationsareobtained fronsatellite system design and they are relatedgo
mission of the satellite. Firstlymaximum satellite maneuvering durations are
specified,and therequired torque capacity of CMG is defined. Secondly, reserved
mass and volume of CMG in the satellite are assignaddliyhthe operating voltage

of CMG isdeterminedand it depends atimesolar array and battery characteristics of
the satellite. Then, power loss and operating temperature of the CMG are limited by
the satellite thermal control systenm addition, maximum gimbal angle excursion is
defined by Attitude ath Orbit Control §stem (AOCS).In conclusion, in order to
satisfy CMG design specifications, parts of CMG thattheavheel, BLDC motor,

and gimbal structure are investigated in this thdisis.also noted that parts of CMG
(seeFigure 9.1) are designed for different maximum gimbal angle excursion to
understand theffectof the gimbal angle on CMG design.

The wheelmustprovide the required inertia to the system in order to create CMG
output torque. The most important consideration of the wheel design is to obtain the
lowest mass and volume sirtbetotal mass and volume of CMG should satisfy CMG

design specification and it is algery crucial for space application to decrease launch



cost.During wheel design calculations, yield stress limitation of the wheel material

and safety factor of the wheel in space applicatiortansidered

The BLDC motor is designed to accelerate andteothe wheel & constant speed.
Thanks tahisrotation, angular momentum is createdthe wheelTherefore, BLDC

motor musprovide acceleration and steashate torque requiremextf the wheelln

this thesis, the mass and the volume of the BLDCommiust be as low as possible
due to CMG design specifications. Furthermore, it must satisfy electrical loading,
magnetic loading and manufacturability constraints and it must be compatible with
bus voltage of the satellite. In conclusion, BLDC motor isigieed by satisfying
design constraints mentioned above. Dutiingdesign procedure, different motors
that have different ratio of inner diameter to length are investigated to obtain the most
efficient motor forin terms of the mass and the volufiee the CMG application

considered

The gimbal sructuremust be builto change the rotation angle of the wheel. Thanks

to the gimbal structurethe direction ofthe angular momentum vector is changed
dramatically,and a huge CMG output torque is obtaineg changingthe rotation

angle of the wheel’he most critical design constraint of the gimbal structuagiso

torque acting back tohe gimbal structureTherefore, thegimbal structure must
overcome gyro torque durirthe space mission of the sat#dl It consists ofa step

motor, step motor driver and gear system. Proper step motor and step motor driver are
selected, and gear system is designed to overcome gyro torque acting Haek to

gimbal system.

The design results of the parts of CMG are investigated for different maximum gimbal
angle excursion and the results are discussed. In conclusion, the most suitable gimbal
angle is selected and CMG design results that have the lowest mass and volume wheel
and BLDC motor are presented. It is not sufficient for given motor design to provide
the desired torque. It must be able to perform within specified conditions satisfying

thermal requirements. For this reason, thermal analysis of the designed CMG in the



thermalvacuum chamber is performed as well as in clemm conditions. The
thermal performance results are present€&€HAPTER 9 Finally, CMG is compared

with theactuator used in a similar satellite and it is shown that the torque capacity of
CMG is much higher than the reaction wheel previously used, although the mass and
volume of these two actuators are the same. The summary of the thesis organization
is shownin Figurel.1.
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Excursions

Figure 1.1 Summary of Thesis Organization



CHAPTER 2

SATELLI TE ACTRACHKGRRIND AND DYNA MIC CMG EQUATIONS

2.1.Satellite Actuators

For satellite maneuvering, there are three different actuators which are used in
spacecraftmomentum wheels (MW), reaction wheels (RW) and control moment
gyroscope (CMG). A satellite that has momentum wheels and reaction wheels are not
agile satellites since they cannot provide high output torque. However, control
moment gyroscope can provide high output torque and it can increase the agility of
satellite. For instancéable 2.1 compares CMG and RW in terms of mass, torque
capacity and slew rate. CMG torque capacity (52mNm) is higher than RW torque
capacity (20 mNmPn the other hanamass of RW (4 kg) is four timesdghner than

CMG (1 kg). Therefore, the slew rate of the satellite which has CMGs is faster than
the satellite which has RWs. In addition, CMGs can generate output torque from 135
Nm to 4067 Nm, whereas the maximum torque capacity of the reaction wheel is
around 1.35 Nnjl1] Therefore, from small satellites to large satellites, the trend of
satellite maneuvering actuators are shifted from MW and RW to CMG. In addition,

the classification of satellites is shownTiable2.2.

Table2.1 Example of Comparison of RW and CNEp

Actuator CMG RW

Satellite Inertia (kg.R) | [2.5, 2.5, 2.5]| [2.5, 2.5, 2.5]
Satellite Mass (kg) 50 50

Torque (mMNm) 52.25 20

Actuator Mass (kg) 1 4
SlewRate) )/ s |3 1.85




Table2.2. Satellite Classification

Satellite Size Weight

Small 100kgi 500 kg

Medium 500kgi 1000 kg

Large > 1000 kg

The main idea of satellite maneuvering actuators is momentum exchange principle
(conservation of momentum). Momentum wheel and reaction wheel is driven by only
one DC motor and output torque is obtained by changing the speed of the wheel.
Output torque i the same direction as the wheel rotation shoviigare2.2. Since

torque is obtained by changing wheel speed, there is a saturation problem in reaction
wheel due to the maximum speed limitation of wheel and DC motor. In other words,
although satelliteequires torque for maneuvering, sufficient torque is not created and
acceleration is not provided when the wheel reaches its maximum speed. However,
control moment gyroscope has wheel and gimbal and generally wheel speed is
constant (6000rpm to 10000 rpi¥]. The wheel is mounted on gimbal shown in
Figure2.1 andgimbalchangsthe directiorof the wheel when the wheel is rotating.

wheel

s z /
; > = i
3 / Z
7

gimbal motor

,,,,,,,,,,,,,,,

A P kiaelmotar &
('./
s

Figure 2.1 The Example of CMG7]
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Output torque is obtained by rotation of gimbal. Rotation axis of the gimbal and
rotation of wheel spin are perpendicular to each other, and output torque direction
shown inFigure 2.3 is perpendicular to these two rotation directions. Therefore,
sufficient torque can be created continuously by rotating the gimbal. Another
advantage of CMG is mass and volume. Especially for large satellites, CMG torque
per unit volume and torque per timass are higher than RW torque per unit volume
and torque per unit mass. These physicals advantages are very crucial for space

applications in terms of launch cost and positioning equipment in spacecratft.

h
T

Figure 2.2. Basic Torque Diagram of Reaction Wh§s|

Reaction wheel torque equations are givefshy

0 §O) 0 (2.0
(9]0) Qo (2.2
Qo0 OQo
Q0 )
Ny G o (2.3

Where,

h: Angular momentum of the wheel
hsatelits Angular momentum of the satellite
I: Inertia of the wheel

| satelite INertia of the satellite
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w: Angular speed of the wheel
Wsatelits Angular sgged of the satellite
T: Output torque of RW

Tsatelits Affected torque of the satellite

Figure 2.3 Basic Torque Diagram of CM(5]

CMG torque equations are given [y

Q00 (2.4)
1o (25)
Y @Q 0 @ (2.6)

Wgimbal: angular speed of the gimbal

#dThe derivative of gimbal angle that it is equal to the angular speed of the gimbal

Current CMGs are designed with conventional radial flux DC motor. Nowadays,
Axial flux DC motor usually uses for wheel motor since axial flux DC motor has
higher performance than conventional radial flux DC motor in terms of mass, volume,
torque/mass, torge/volume, efficiency and inertia contributipf]. In this thesis, the
control moment gyroscope with outer rotor radial flux DC motor is designed. Outer

rotor radial flux DC motor has a little bit more performance characteristics than axial

12



flux DC motor in terms of torque/mass, torque/volume, efficiency inertia contribution
[8] since the rotor is placed at the outer surface of the motor. Structures of radial flux

and axial flux DC motor is shown Figure2.4.

indin
magnetic field e
axis

Rotation axis magnets

magnets

windings .
\magnetlc field

y i axis

rotation axis o

Radial Flux DC Motor

AxialFlux DC Motor

Figure 2.4 Structures of Radial and Axial Flux DC Motjaf
2.2.Background
2.2.1.Coordinate Definition
X-axis

X-direction indicates the flight direction of the satellite-diXection is named as

A R o inlitérature. If the rotation axis of the satellite taxis,it i s cal |l ed AR
maneuveringo. Rol | maneuvering sdogapid i ty of
roll axis maneuvering capability, satellites can acquire many images from a different

place on earth. In addition, minusikection is calledi Wa kamd pfus xdirection is

calledi Ra mo
Y -axis

Y -direction indicates normal of the orbit-diredion is named a8 P i tircliterature.

If the rotation axis of the satelliteisakis,it i s cal l ed #APitch axis
axis maneuvering agility of satellites is important since thankspa pitch axis
maneuvering capability, satellitesncacquire a lot of different perspective images
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from the same place on earth. The example of pitch axis maneuvering and taking

images from earth representation is showRigure2.5.

(4

Pitch Rate:
0.955°%/s
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Centre of Image

Figure2.5 The Example of Pitch Axis Maneuvering

Z-axis

Z-direction indicates earth direction. Pluslizection shows the position of the earth

with respect to satellite and minus directions shows out of earth direction: Z

direction is named &% Y a wmditerature. If the rotation axis of satellites isxis, It

is called AYaw axi s maneuveringo. Thanks
orientation of satellites can rhpdlyappr ovi ded.

maneuvering agility. In addition, minusdarection is calledi Z e n and Iplus iz

directioniscalledt Nadi r 0 .

Satellite coordinate system is showrFigure2.6 andFigure2.7.
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Figure 2.6 Satellite Coordinate System (1)

Equa

Figure 2.7 Satellite Coordinate System (2)
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2.2.2.Classification of Control Moment Gyroscope

The first type of CMG is Single Gimbal Control Moment Gyroscope (SGCMG) shown

in Figure2.8. It has only one gimbal axis and one wheel. Gimbal axis orthogonal to
the wheel axis and produced torque is orthogonal to both gimbal and wheel axis. Since
the speed of the wheel is constahe magnitude of angular momentum is constant.
Due to gimbal axis rotation, the angular momentum direction changes continuously

and torque is produced by changing angular momentum displacement.

Gimbal Axis

Torque Axis

h Angular
Momentum Axis

Figure 2.8 Single Gimbal CMG Configuratiof®]

The second type cEMG is Double Gimbal Control Moment Gyroscope (DGCMG)
shown inFigure2.9 andFigure2.10. It has two gimbal axes and one wheel. Gimbal
axes are orthogonal to each other and the angular momentum axis is also orthogonal
to both gimbal axes. Since the speed of the wheel is constant, the magnitude of angular
momentum is constant. Since it has tgimbals, the ability of produced torque
direction is wider than SGCMG. Therefore, output torque can be a sphere in 3D space
and it is not limited to a plane as in SGCMG. However, the mechanical design of
DGCMG is more complex than SGCMG and it has algbér volume and ma$3].

16



* Gimbal Axis-2
acma ]

==

Gimbal Axis-1

1
Angular

Momentum Axis

Figure 2.9 Double Gimbal CMG Configuratict [9]

€
1

¥

Wheel Bearing

Inner Gimbal Wheel Axis

QOuter Gimbal

Inner Gimbal Axis

Gimbal Bearing

Outer Gimbal Axis

Figure 2.10 Double Gimbal CMG Configuraticf [6]

The third tye of CMG is Variable Speed Control Moment Gyroscope (VSCMG). It
canhave oneor twogimbal aess and one wheel. Speed of wheel is also controlled in

this type CMG like a reaction wheel. Therefore, the magnitude and direction of

17



angular momentum can changeutput torque is produced by both acceleration of
wheel and rotation of gimbal. The control algorithm of VSCMG is complicated since
two parts (wheel and gimbal) of the equipment are rotating instead of one part
compared to other types of CMG and botlhe&m have different control algorithm

that needs to be combined. In addition, the mechanical design of wheel and electrical
design of wheel motor should be optimized for different speed range and the motor
driver should be compatible with different motpesd and torque ranges. Therefore,

it has more difficult design than other types of CMG in terms of the control algorithm,
mechanically and electrically. It causes reliability problems. Disadvantages and
advantages of types of CMGs aammarizedn Table2.3.

Table2.3 Advantages and Disadvantages of Types of C\3{5s

CMG Type | Advantage Disadvantage
SGCMG Great torgue amplification Singularity

DGCMG Torque amplification, extra degreefodedom| Cost, complexity, size
VSCMG Extra degree of control Reliability

As a result, the SGCMG is the most popular and widely used CMG type due to simple
mechanical design and simple control algorithm. Furthermore, the cost of SGCMG is
lower and the reerved volume and mass is smaller than other types of G8)Gls

this thesis, Single Gimbal Control Moment Gyroscope is selected to study and design
because of the mentioned reas above. The main drawback of SGCMGs is
singularity problems. SGCMG does not produce tmgue atcertain gimbal angle

and this condition is called a singularity. One of the solutions of singularity is using

pyramidal configuration mentioned in Secti@:13.2
2.3.Dynamic CMG Equations

The most important feature of CMG is the capacity of output torque and it is obtained
from changing the direction of angular momentumhwespect to time. Due to the
rotation of the gimbal axis, the direction of angular momentum changes and it creates

angular momentum and torque components in X, y, and z directions. &ethiisn,

18



firstly, the derivation of general differential equatioh€MG equations are discussed
After that, dynamic CMG angular momentum and torque equations are obtained for

pyramidal CMG configuration. Finally, simple satellite dynamic equations are shown.
2.3.1.General Differential Equations of CMG
Derivation of generalguations is shown below:

Denotations:

'O DUYE 0GRNQO & &t Q& &ESGD O
O DOEQOTEHHE QE ESHTMQN

'O DOEQOAEHQE ESBQU OO
‘O D0O¢ Qiéganh Qo

'O D'0O¢ Qié5WOE OO

1 DOEQOUAD ¢ DHATN &

0 DOEQ ADDQN Qf QT ¢

1 DOEQ WA ¢ LHOTLD &

| DOQi f & OEMODOE G QE 0QRI N & OB RO WLEaQd Q
1 D6 & "Q6 a Qb & HWOG D&

1 DO EQ GODOQA QF WHRLHE) &

T D"YEGDE 60 0 HE D AANE Q1 OB DD
T D"YE 00¥kXE OO ££1aNANE Q1 D@ DD

T DYET AAOOBMO MANO O QA QI OO Q¢ &

—

D'YE | ADO@EMEQQE WD QA Q1 OO QE &

—

D"Y¢ | AOOO@MEQT QDO Q¢ ¢
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Derivation:

Total angular momentum of CMG is equal to the sum of angular momentum of wheel
and angular momentum of the gimbal. Total angular momentum equation is expressed
in Equation(2.7) [4]

O O O (2.7)

Total output torque generated by CMG consists of four components which are total
control torque generated by CMG, the torque due to wheel acceleration, the torque
due to gimbal acceleration and the torque due to friction. Total control torque
generated bYCMG is the main component and it is used for satellite maneuvering.
Acceleration torques are unwanted disturbances toafuestrol torque. The torque

due to friction includes wheel bearing friction, gimbal bearing friction and slip ring
friction. Torqueequation is given bjA]

(A S S (28)

Angular momentum of the rotating system is obtained by multiplying inertia and
angular velocity of the systemngular momentum ofhe wheel is calculated in
Equation(2.9) and angular momentum of gimbal is calculated in Equgiat0).

Total angular momentum of CMG is expressed in Equgdri).

(O] 0 ] (2.9
O 0 (2.10)
O 0 0 1 (2.11)

By using Euler law, total output torque equation is acquired. Rate of change of total

angular momentum is equalttal output torque.

Q. Q. Q. . ., 2.12)
Qo0 Qo 2 ! go 2 1 10O 1 0N
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Since the cross productjofo ‘O 1 term is zero, simplified and the final equation

is shown below:

Q. . . . (2.13)
540 0 1 091 1®0 ] T

0O 7 is corresponding to torque due to whaeteleration T
‘O 1 iscorresponding to torque due to gimbal acceleration

1 w0 7 is corresponding to total control torque

Equation(2.13) represents a dynamic CMG torque equation. Acceleration torques
(t ¢ ) occur during generating output control torque. The torque due to wheel
acceleration is created when whepeed accelerates from 0 to nominal speed. At
nominal CMG working conditions, since wheel speed is constant, this term is
canceled. Both two acceleration torques are very small compared to output control
torque in a CMG for large satellites. Therefdiesy are not considerable effect for
output control torque. For small satellitebese disturbance®rques can directly
affect the orientation of satellites. Equati¢hl3) does not include friction torque
components since angular momentum effects of friction torques are not mentioned in
Equation(2.11). It can be also written in Equati¢®.11) but the angular momentum
equation would be more complex. It is already shown in EquéZi8nthat it has a
negative impact on output control torque. In addition, friction torque ceameal

disturbance. However, it can be also ignored for large satellites,
Therefore; for large sdties, the dynamic torque equation can be written as below:

Q - (2.14)
T T 500 7 w0 7 w0

For n number CMG configuration, total angular momentdm is obtained from

the vector sum of each angular momentum contribution individually by functions of
1 0'Mi 0 miplgio8 8 ¢
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(2.15)
o o

The output torque can be obtained by taking a derivative of Equ&Eids with
respect to time and the relationship between angular momentum vector and gimbal

angle is expressed below.

o) o 0 o ; (2.16)
Qo oY 7
® 817 b (217)
® i s 3 x n Jacobian matri x. A30 represents x

number of CMG used in the satellite. Therefore, the matrix form of EQU&tDr) is
shown in Equatioi(2.19)

o C) 10 (2.18)
T T
Lo (2.19
o 7 RN
0 _11 88 .:.|| .:. T
o i en T
u 88 1181
g v

2.3.2.Pyramidal Configuration of CMG

During space mission, actuators used in the satellite have two main features. Firstly,
placed CMGs in the satellite should have one axis control capabilibgher words,
satellite should do maneuvering on x,y, and z amégoendently Therefore, CMG
configuration does not have any torque components on the other two axes when one
axis control command is received. Secondly, the control algorithm and CMG
configuration should overcome the singularity problem. A singularity is encountered
when there is some condition during space mission that CMG configuration is not
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capable of producing torque. This occurs for a particular direction in the body frame
when the spin axes of all CMGs in the cluster are either maximally or minimally
projectedin that direction{4]. In other words, there is some condition that all vector
components of output torque remain on the same plane and no output torque is

generated the direction of normal of this pl§@le

Total angular momentum and torque directof one CMG does not have the
capability to manage thresxis maneuvering due to spin axis limitation. In order to
have threeaxis maneuvering capability, at least three CMGs are required. However,
three CMG configuration causes singularity problg¢@}s In order to overcome the
singularity problem, a lot of control algorithms such as steering law are developed but
they are not scopedf this thesis. In addition, many CMG configurations are
developed to have redundancy, theeés maneuvering capability and overcome
singularity problem. Pyramidal CMG configuration is studied in this thesis since it is
the most popular configuration thavercomes singularity problem and provide
redundancyThere are four SGCMGs in this configuration. Angular momentum and
torque envelope are nearly spherical and each axis has almost the same momentum
capability[12]. Each face of the pyramid is inclined with the pyramid skew angle of
b=54.730 to the horizontal . Figwe2llpyr ami dal
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Figure 2.11 Pyramidal CMG Configuratioff]

Equivdent dynamic angular momentum matrix is written easily by analyzing pyramid
geometry. Dynamic angular momentum matrix and Jacobian matrix are expressed in
Equationg2.23) and(2.24)

'O DO & "Q¢ "QE 6OEQQ6 & & Qe 0 6 G

0 OET i Qe
® =0 0 el
"06 0O i Qeni Qs
0 Qi
® = O 0 hEiNi
"06 0O i Qeni Qs
O OEi i Qe
® = 0 0 Wi
"06 0O i Qeni Qe
() »E i
® = O 0 e i QL
"06 060 i Qe i Qe
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® ® ® ® ® (2.20)

O Gl ©fi Geinie (221
(© 0 Qi 0 QEiNi QO ©fi
0 iQemiQE i QEN Qe 0 QET i Qd
RN
0 GEiTNi QE
i Qe i Qs
0 JAEN R R AR A L (2.22)
o 0 hfgi OEiNi B OEIND QE
0 [ QEN I QEQEN | QEQEN | QEQETN i T
GETTIOET I DE  GEITOET T e (2.23)
@ 0 iMmE QEiNNGEIIRE DEITIOE

i QENQEDN QET OET QET GETQET OE i

o GEINGETi V8 Geindeii j“ " (2.24)
0 0 iNE QEITNOE RE BET TGN
0 [ QETIGE T QET OET QET GEIQET OB v

V]

The time derivative of the angular momentum vector is equal to the dynamic torque
vector. Therefore, the dynamic torque equation for pyramidal configuration is shown
in Equationg2.25), (2.26) and(2.27).

) +
"O -I-
0 T
YOO ] QETTIOENT NE ] OETTTOETT RE (2.25)
YO0 1 iNE T wEi Nl RE T GEiTTOET  (2.26)

YOO i QEN @I QET QT QETI 0T QETI 0E (2.27)
In order to obtain only-axis output torque, angular velocities of gimbals are taken

] ] W € 1Q 1 1 . As a result of this case, pyramidal CMG
configuration does not have y andlizection torque. Satellite is affected by onky x

direction torque and it has onlydirection maneuvering capability.

Equivalent output torque ofdirection is expressed in Equati{h28).
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YOI ET T QET (2.28)
In order to obtain only-axis output torque, angular velocities of gimbals are taken

1 1 W e Q 1 1. As a result of this case, pyramidal CMG
configuration does not have x andlizection torque. Satellite is affected by only y

direction torque and it has only y direction maneuvering capability.
Equivalent output torque otgirection is expressed in Equati¢a29).
Y COlQETT QT (2.29)
In order to obtain only-axis output torque, angular velocities of gimbals are taken

1 TOETQ 1 or 1 TTWETQ 1 . As aresult of this
case, pyramidal CMG configuration does not have x aduection torque. Satellite
is affected by only zlirection torque and it has onlydirection maneuvering

capability.

Equivdent output torque of z direction is expressed in Equ42@0).
YOO i QET DE (2.30)

2.3.3.Simple Satellite Dynamics Equations

To understand the effect of CMG torque on satellite, simple satellite dynamic

equations are derived. Simple satellite equations are also the first significant issue to
establish an attitude control algorithm. Total angular momentum vector of the satellite
is equal to the sum of body angular momentum vector and CMG angular momentum

vector.
Denotations:
O dYe 0000°Q0 @ é0& Q¢ E6AwWO Qa HXXO Q

I Qi QoD QA0 M Bt ¢ ¢ Qi
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'OqYE OBEIQ 1€ FTAHO Qa & QO 'Q

1 dp & Q6 aQnEHVDEO Qd & QO Q

1 d & QO OOLQN QE BMOFRENEN QO Q
—dOoQi 1 & O wRABEDDHO Qa & QO Q

T dOmo Qid& d Mo Q& "@o Qa & QO 'Q

Angular momentum and torque relationship equation for the satellite system is given
by [13].

( O 0 (2.31)
( 1 wo 1 (232

External torque acting on satellite consisfssolar pressure, gravity gradient and
aerodynamics torque.

Substituting Equation2.31) into Equation(2.32) and the following equation is
obtained.

)1 [®) 1 ® O O t (2.33

Rearranging Equatio(2.33) by expressing total output torque generated by CMG

t and the following equations are expressed.

)1 1 0 t 0 1 ®O (2.34)
"0 1 @O0 T (2.35)
)1 T w0 T t (2.36)

Equation (2.35) and Equation(2.36) are differential kinematic equations of the
satellite. The relationship between satellite and CMG can be acquired by combining

CMG equations which are mentioned in Se@i@® and these two equations.
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Satellite attitude control algorithm starts with this relation after that control methods

are applied to rotate satellite.
2.4.Conclusion

In this chapter, satelé actuators that are used for satellite maneuveniadefined

and compared. The importance of using ChéGxplained. It is obvious that the
satellite which has CMG configuration is called agile satellite. The coordinate system
is defined purely to understand the relationship between satellite and space. Types of
CMGs arediscussed in terms of advangasgand disadvantages. SGCMGelected

to study in this thesis. General differential equations for one SGaMerived and

it concluded that output torque capacity of CMG deg@emdgimbal speed and angular
momentum of wheel. In order to gedl of singularity and obtain three axes control
capability pyramidal CMG configurationis selected. Equations of pyramidal
configurationareexplained and derived step by step. These equations will be used in
CHAPTER 3to determine the relationship between output torque and satellite
maneuvering. In addition, calculation of required angular momenbutputtorque

of CMG, and determining whealimensions will be based on these equations in
CHAPTER 5and CHAPTER 6 Finally, the effect of output torque on satellite
orientationis shown by simple satellite dynamic equations
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CHAPTER 3

MATHEMATICAL MODEL RESULTS IN ORBIT APPLICATIONS

3.1.Problem Definition

The aim of this thesis is ttesignsingle gimbal control moment gyroscope (SGCMG)
with outer rotor radial flux DC motoMathematical model simulation is created for
three different size satellites (large, medium, and small) and two different CMG torque
value (INm and 2Nm) to obseragility of satellite Therefore, mathematical models

are created for six caseMlathematical models are evaluated in terms satellite

maneuvering angle and maneuvering durations.

Same torque value of CMG is applied three different size satellite andy amilit
satellites is observed. Mathematical model results show that although the same torque
value is applied to satellites, the agility of satellites is different from each other since
mass and moment of inertia of satellite are different. In other worsitetite that

has higher mass and higher moment of inertia has lower agility

If the higher CMG output torque is applied to satellt@neuvering duration can be
decreased and more agile satellite can be obtained. However, increasing output torque
causs increasing sizef the wheel. Increasing the size of the wheel mézatsCMG
hashighervolume and massndhigher volumeand massrecritical disadvantagtor

space applications. Therefore, CMG design should be optinmzegims of mass,

volume and raneuvering durations requirements

In order to optimize CMG volumand massrequired maneuvering capability should
be determined. Following mathematical models are created to compare agility of

satellites and toselect optimunCMG for the propesatellite.

Mathematical models are created at the following conditions;

29



1 Three different size satellites (large, medium, and small) represent
previous satellite programs developed in Turkegrge satellite is
Gokturk-1, medium satellite is IMECE, and smsditellite is Gokturk
2

1 Maneuvering duration for 5, 10, 15, 20, 25, 30, 35, 40, 45, 50, 60, 70,
80, 90 degree maneuvering at X, y, Z axes are calculated separately for
two different torque capacity INm and 2 Nm.

1 4 different CMGs are used, and they are @ihcat pyramidal
configuration.

1 Maneuvering duration is calculated at two different orientation error
0.01A and 0.02A. Orientation error sh
system and the settling time of satellites.

1 Satellite model is supposed to be rigiddanonrigid effects are
neglected.

External distortion torques and uncertainty inertia are neglected.

Limitation of CMG is neglected.

3.2. Mathematical Model Results of Large Satellite for INm CMG (>1000kg)

Satellitebds moment of mulaton modelas giwea inthe x t aken
following expressiorfor large satellite Moment of inertia matrix is diagonal and it

showsx,y, and z axes inertia separately.

S "" n VT T T
0 m O ™ T prn¢nnm Q@
T m O Tt T PUOANT

The maximum torque of one CMG is taken as 1 Nm in this model. The results of the
mathematical model for this case is showit able3.1.
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Table3.1 Mathematical Model Results of Large Satellite for LINm Output Torque

Roll (x-axis)

Pitch (y-axis)

Yaw (z-axis)

Maneuvering
Duration (s)

Maneuvering
Duration (s)

(@e9) (@e9) (@e9) Err or 4Error 9
5 [¢] 0 12,6 13,25
10 (9] (] 19 19,95
15 [¢] (] 23,5 24,5
20 [¢] (] 27,85 28,95
25 [¢] (9] 32 33,3
30 [¢] (9] 35,35 36,7
35 (9] (9] 38,55 39,9
40 [¢] (] 41,25 42,6
45 [¢] [¢] 44,45 45,95
50 [¢] (9] 46,85 48,25
60 [¢] 0 52 53,45
70 (9] (] 57 58,5
80 [¢] ] 62,15 63,75
90 [¢] [¢] 67,45 69,2
(0] 5 (0] 14,85 15,55
(9] 10 0 22,5 23,45
(9] 15 (] 27,6 28,5
(9] 20 ] 33,15 34,25
(0] 25 ] 36,95 37,95
(9] 30 (9] 41,2 42,3
(0] 35 o 45,5 46,85
(9] 40 (] 48,45 49,6
(9] 45 ] 51,95 53,2
(9] 50 (] 54,7 55,9
(9] 60 (] 60,75 62
(9] 70 (9] 67,9 69,4
(9] 80 (] 73,75 75,35
(9] 90 (] 79,55 81,2
(0] [¢] 5 15,4 16,15
(o] (o] 10 22,7 23,6
(9] [¢] 15 28,3 29,25
(9] (9] 20 33,55 34,55
(9] [¢] 25 38 39,1
[¢] [¢] 30 41,95 43,05
(o] (o] 35 45,95 47,15
(0] (0] 40 49,75 51
(9] (9] 45 52,95 54,2
(9] [¢] 50 56,6 58
(0] [¢] 60 62,1 63,4
(o] (o] 70 68,65 70,15
o (o] 80 75,15 76,75
(9] (9] 20 81,45 83,2

3.3.Mathematical Model Results of Large Satellite for 2Nm CMG (>1000kg)

Sat el

following expression for large satellite. Moment of inertia matrix is diagonal and it

t eds

mo me nt

shows x,y, and z axes inertia separately.
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The maximum torque of one CMG is taken2adm in this model. The results of the

mathematical model for this case is showit able3.2
Table3.2 Mathematical Model Results of Large Satellite for 2Nm Output Torque

Roll (x-axis) | Pitch (y-axis) | Yaw (z-axis) ManeL'Jvering ManeL'Jvering
(deg) (deg) (deg) Duration (s) Duration (s)
Error 4Error
5 9] 0 9,1 9,65
10 9] 0 13,2 13,85
15 0 0 17,25 18,15
20 0 0 19,6 20,35
25 9] 0 23,1 24,2
30 9] 0 25,5 26,6
35 9] 0 27,45 28,5
40 0 0 29,8 30,95
45 0 [¢] 31,4 32,45
50 ] 0 33,2 34,25
60 9] 0 37,1 38,25
70 9] 0 40,9 42,15
80 0 0 45,1 46,5
90 [¢] 0 48,85 50,4
0 5 0 10,5 11
0 10 0 16,3 17,1
0 15 0 20,4 21,3
0 20 0 24,05 25,05
0 25 0 27,25 28,25
0 30 0 30,5 31,65
0 35 0 32,3 33,25
0 40 0 34,7 35,65
0 45 0 37,55 38,6
0 50 0 40,7 42
0 60 0 44,95 46,25
0 70 0 49,1 50,4
0 80 0 53,5 54,9
0 90 0 57,4 58,75
0 0 5 11,2 11,85
0 9] 10 16,8 17,7
0 9] 15 20,7 21,55
0 0 20 24,05 24,9
0 (] 25 28 29,15
0 9] 30 31,05 32,2
0 9] 35 33,75 34,95
0 9] 40 35,95 37,05
0 0 45 38,55 39,75
0 0 50 41,45 42,8
0 ] 60 45,3 46,5
0 9] 70 50,2 51,55
0 9] 80 54,2 55,5
0 0 90 58,7 60,1

32




3.4. Mathematical Model Results of Medium Satellite for INm CMG (500kg
1000kg)

Satellitebds moment of Il nertia matrix tak
following expression for medium satellite. Moment of inertia matrix is diagonal and

it shows x,y, and z axes inertia separately.

© "" n U WapT T m
o m 0 ™. T Typy 1T Q@
18 m O Tt Tt ox& o

The maximum torque of one CMG is taken as 1 Nm in this model. The results of the

mathematical model for this case is showi able3.3.
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Table3.3 Mathematical Model Results bfedium Satellite for LINm Output Torque

3.5.Mathematical Model Results of Medium Satellite for 2Nm CMG (500Kkg

1000kg)

Sat el

following expression for medium satellite. Moment of inertia matrix is diagonal and

Roll (x-axis)

Pitch (y-axis)

Yaw (z-axis)

Maneuvering
Duration (s)

Maneuvering
Duration (s)

(deg) (deg) (deg) Er r or Er r or
5 [0) [0) 12,65 13,25
10 [0) [0) 19,15 19,95
15 (0] 0 23,85 24,7
20 [0) [0) 28,55 29,65
25 [0) [0) 32,15 33,25
30 9} [0) 36,05 37,3
35 0 0 39,85 41,25
40 [0) [0) 42,05 43,3
45 (0] [0) 45,95 47,45
50 0 0 47,8 49,1
60 [0) [0) 53,2 54,6
70 [0) [0) 58,5 59,95
80 (0] 0 62,75 64,1
90 0 0 67,4 68,85
[0) 5 [0) 10,1 10,5
0 10 [0) 15,5 16,15
(0] 15 0 19,1 19,75
0 20 [0) 22,05 22,7
0 25 [0) 25,55 26,35
(0] 30 0 28 28,8
[0] 35 [0) 31,25 32,25
[0) 40 [0) 32,85 33,75
(0] 45 0 36,05 37,1
0 50 (0] 38,3 39,45
0 60 [0) 42,1 43,3
(0] 70 [0) 47 48,4
(0] 80 0 50 60,5
0 90 [0) 53,8 66,75
¢} [0} 5 9,65 10,2
(0] (0] 10 14,3 15
(0] 0 15 17,45 18,05
[0] [0) 20 20,7 21,4
0 [0) 25 23,35 24,05
0 0 30 25,9 26,7
0 [0) 35 28,1 28,85
0] [0) 40 30,8 31,75
(0] 0 45 32,75 33,65
0 0] 50 34,95 35,9
[0) [0) 60 38,55 39,45
(0] (0] 70 43,2 44,4
0 0 80 45,95 a7
[0) [0) 90 50,6 51,85

teds

mo me nt

it shows x,y, and z axes inertia separately.
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The maximum torque of one CMG is taken as 2 Nm in this model. The results of the
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mathematical model for this case is showin able3.4

Table3.4 Mathematical Model Results of Medium Satellite for 2Nm Output Torque

Roll (x-axis)

Pitch (y-axis)

Yaw (z-axis)

Maneuvering
Duration (s)

Maneuwvering
Duration (s)

(deg) (deg) (deg) Er r or Er r or
5 0 [0) 9,45 10,05
10 0 0] 13,95 14,7
15 0 [0) 17,7 18,55
20 0 (0] 20,55 21,45
25 0 [0) 23,7 24,8
30 0 0 25,75 26,7
35 0 [0) 28,4 29,5
40 0 (0] 30,45 31,55
45 (0] 0] 32,85 34,05
50 0 0 34,3 35,35
60 0 [0) 38,75 40
70 0 0 41,85 43,05
80 0 0] 45,45 46,65
90 0 [0) 47,75 48,8
[0) 5 (0] 7,45 7,9
[0) 10 [0) 10,5 10,85
[0) 15 (0] 13,8 14,35
[0) 20 [0) 15,9 16,45
[0) 25 (0] 18,05 18,65
[0) 30 [0) 19,95 20,55
[0) 35 0 22,4 23,2
[0) 40 0] 24,15 25
0] 45 0 25 25,8
[0) 50 [0) 27,25 28,15
¢} 60 0] 30,9 31,95
[0) 70 0] 32,15 39,75
¢} 80 [0) 35,2 43,35
[0) 90 0 38,25 46,95
[0) 0 5 6,85 7,25
[0) 0 10 10,15 10,65
[0) 0 15 12,65 13,15
[0) 0 20 14,65 15,15
[0] 0 25 16,6 17,15
(o) 0 30 19,35 20,2
[0) 0 35 20,35 21,05
[0) 0 40 21,75 22,35
[0) 0 45 23,35 24,05
¢} 0 50 25,2 26
[0) 0 60 27,95 28,75
[0) 0 70 30,55 31,4
[0) 0 80 33,85 34,8
[0) 0] 90 36,05 36,95
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3.6. Mathematical Model Results of Small Satellite for INm CMG (100kg00kg)

Satelliteds moment o f i nertia matrix taken
following expression for small satellite. Moment of inertia matrix is diagonal and it

shows x,y, and z axes inertia separately.

KO) "n L po@ T mo
0 m O m m p1tmn T Q@
m 1 O L T pugh

The maximum torque of one CMG is taken as 1 Nm in this model. The results of the

mathematical model for this case is showitable3.5.
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Table3.5 Mathematical Model Results of Small Satellite for INm Output Torque

Roll (x-axis)|Pitch (y-axis)

Yaw (z-axis)

Maneuvering
Duration (s)

Maneuwvering
Duration (s)

(deg) (ceg) (@e9) Error < Error <
5 0 0 6,35 6,75
10 0 0 9,65 10,2
15 0 0 11,95 12,5
20 0 0 14,65 15,4
25 0 0 16,3 17,05
30 0 0 17,45 18,1
35 0 0 19,05 19,7
40 0 0 21,05 21,85
45 0 0 22,05 22,8
50 0 0 24,5 25,55
60 0 0 25,95 26,7
70 0 0 28,6 29,4
80 0 0 30,75 31,6
90 0 0 32,3 39,05
0 5 0 5,5 5,8
0 10 0 8,05 8,6
0 15 0 10,25 11,3
0 20 0 12,3 14,55
0 25 0 15,55 17,1
0 30 0 16,6 18,6
0 35 0 18,75 20,65
0 40 0 20,05 22,15
0 45 0 22,55 24,45
0 50 0 23,1 25,4
0 60 0 26,8 29
9] 70 0 30 32,3
0 80 0 33,25 35,65
0 90 0 36,2 38,75
0 0 5 5,95 6,3
0 0 10 8,65 10,6
0 0 15 11,3 13,5
0 0 20 14,65 16,3
0 0 25 17 18,7
9] 0 30 19,45 21,15
0 0 35 21,1 22,95
[9] 0 40 21,85 24,2
0 0 45 23,85 26,2
9] 0 50 25,4 27,85
0 0 60 27,5 30,7
[9] 0 70 27,25 33,15
0 0 80 30,2 31,1
0 0 90 33,65 34,6

3.7.Mathematical Model Results of Small Satellite for 2 Nm CMG (100kgp00kg)

Satelliteds
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following expression forreall satellite. Moment of inertia matrix is diagonal and it

shows Xx,y, and z axes inertia separately.
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The maximum torque of one CMG is taken as 2 Nm in this model. The results of the

mathematical model for this case is showit ale3.6.
Table3.6 Mathematical Model Results of Small Satellite for 2Nm Output Torque

Roll (x-axis)| Pitch (y-axis)| Yaw (z-axis) “gi’::;‘::;’s‘)g '\éir:z::;'irg?
(deg) (deg) (deg) Error <| Error <
5 0 0 4.6 4,95
10 0 0 6,75 7.1
15 0 0 8,8 9,35
20 0 0 10 10,45
25 0 0 11,8 12,45
30 0 0 13,05 13,7
35 0 0 14,55 15,35
40 0 0 15,25 16
45 0 0 16,1 16,75
50 0 0 17 17,7
60 0 0 19,05 19,8
70 0 0 21,05 21,85
80 0 0 21,5 22,1
90 0 0 22,75 27,6
0 5 0 3,9 41
0 10 0 5,8 6,15
0 15 0 7,55 8
0 20 0 8,95 10,3
0 25 0 10,1 11,65
0 30 0 12,4 13,55
0 35 0 13,7 14,9
0 40 0 14,55 15,9
0 45 0 14,9 16,6
0 50 0 16,95 18,35
0 60 0 18,75 20,35
0 70 0 21,5 23,05
0 80 0 23,35 25,1
0 90 0 25,55 27.4
0 0 5 4.1 4.4
0 0 10 6,25 6,95
0 0 15 8,85 9,85
0 0 20 9,65 10,4
0 0 25 11,2 12,8
0 0 30 12,35 14,1
0 0 35 14,9 16,2
0 0 40 14,4 16,45
0 0 45 15,55 17,85
0 0 50 16,4 18,95
0 0 60 20,35 22,2
0 0 70 21,2 23,85
0 0 80 21,5 22,15
0 0 20 24,7 25,65
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3.8.Conclusion

In order to understand the relationship between the satellite size and the output CMG
torque, mathematical modehre presented. Mathematical models &eesed on the
satellitecontrol algorithmof TUBITAK UZAY . The control algorithms developed

by AOCS(Attitude and Orbit Control Systertgam inTUBITAK UZAY for previous
satellite programdt was complicated andig not scoped in this thesis. Results of the
mat hemati cal mo d e | ar e onl vy taken I nto
maneuvering capability. Three different size satellites which are designed in this
countryareused in the mathematical model. Twidferent actuator torques (1 Nm

and 2 Nm)are applied to these satellites. Maneuvering durations for x, y, and z
directionarecalculatedat different maneuvering angle of satellite§)(8() 150) 200
250300350400 450500600 70800 900 and theyareshown in fromTable

3.1to Table3.6.

Maneuveringlurationis directly related to the moment of inertia of satellite. Moments
of inertia of satellitesregiven for x,y, and z axes from Secti8r2to Section3.7. If

the inertia of satellite is increased, maneuverimgation takes longer.

Although the mass of a large satellite is higher than medium satellite, the moment of
inertia of thelarge satelliteon x-axis islower thanmediumsatellites. Therefore,-x

axis maneuvering time of large satellite is smaller thamibdium satellite. However,

the moment of inertia of large satellie y-axis isbiggerthan medium satellite and
small satellite. Therefore,-gxis maneuvering time of large satelliten®re than
medium satellite and small satellite. According to AOCS8nte the most used
maneuvering angle is 8@nd 6@on x and y directionsSummary of maneuvering
duratiors of these rotation angles for x andliyectionareshownin Table3.7 when

an error of thenaneuveringngle is smaller than 0.01

39



Table3.7 Summary of Maneuvering Duration for x and y Direction

Maneuvering Time | Maneuvering Time
Satellite | Actuator Output Torque (x-axis) (y-axis)
300 600 300 600
Large 1 Nm 36.7s | 5345s |423s 62s
Large 2 Nm 26.6s | 38.25s | 31.65s |46.25s
Medium 1Nm 373s | 546s 28.8s |433s
Medium 2 Nm 26.7s | 40s 20.55s | 31.95s
Small 1 Nm 181s | 26.7s 18.6s 29s
Small 2 Nm 13.7s | 198s 13.55s | 20.35s

The requirement of maneuvering duratiorsjecified by AOCS and it depends on
satellite application. Proper actuator which satisfies maneuvering duration should be
selected efficiently by considering mass, volume and torque constraints. In other
words, although large CMG generates high outpuguerand it has a small
maneuvering duration, it is not the best selection due to higher volume and higher
mass In conclusion, optimum CMG should be selected by considering mechanical
constraints, maneuvering time limitation, and output torque capaciyifeeents of

CMG which is designed in this thesis will be listedCHAPTER 5
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CHAPTER 4

SPACECRAFT THERMAL C ONTROL SYSTEM

Thermal issues are another significant point when equipment is designed. In order to
understand the thermal relationship between space environment, satellite, and CMG,
the thermal control process and fundamentals of heat transfer are exjphathed
part Thermal control components and thermal qualification condittrGMG are

also covered in the chapter.

The aim of the thermal control system is to maintain all spacecraft and payload
components within their required temperature limits over the entissioni. Each
equipment in spacecraft has operating temperatureerang non- operating
temperature (Survival temperature) ran@perating and nowperating temperatures

of some equipmerdreshown inTable4.1.

Table4.1 Operating andNonOperating Temperature of Some Equipment

Equipment Operating Non-Operating Source
Temperatu Temperaturee ( C)
Analog Electronics 0to 40 -20to 70 [14]
Batteries 10to 20 0to 35 [14]
Digital Electronics 0to 50 -20to 70 [14]
IR Detectors -269 to-173 -269 to 35 [14]
Momentum Wheel 0to 50 -20to 70 [14]
Reaction Wheel -20 to 60 -20 to 60 [15]
CMG -20to 55 -20to 55 [16]
Solid State Particle -35t0 0 -35t0 35 [14]
Detectors

Solar Panels -100 to 125 -100 to 125 [14]
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4.1.Heat Transfer Methods

There are three different heat transfer mettmas$he earth; convection, conduction

and radiation. However, heat transfer is provided by conduction and radiation in space.
4.1.1.Convection

Thermal convection is defined as the transfer of thermal erterghe motion of
particles. For instance, thermal energy is transferred by the motion of air eartthe
due to density difference and gravity. The most common method to increase
convection is using fans and it forces the air particles to mobilize. Spaae
microgravity environment and there are no mass or particles in space. The temperature
of space is 3K and it is very close to absolute zero. Therefore, there is no convectional
thermal energy transfer between hot and cold particles in §p@ateAs a result,
convection heat transfer is only valid for launch after fairing operation. Heat transfer
equation for convection method is shown in Equafim) [14]. It shows that heat
power transfer capability incases with temperature difference and convection
surface area.

n ® 37Y 4.2

where;
NdJOQ @A ¢ ii "WAD
@ £ &0 QE VEEQUDIADE O
6 4 € & 0 QddNEEDIODD
3YYQa Qi AREBATDI "NE QY
4.1.2.Conduction

In conduction method, heat transfer is provitkedween two thermally conductive
materials other than flowing fluids. Equipment which is in spacecraft body transfers
heat to the base plate of satellite via conduction method. In order to increase

conductive heat transfer, the heat pipe mechanism medtionSection4.3.2.2is
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placed under the base plate. Experience and heritage in previous satellite programs
show that heat transfer capability of conduction method without heat pipes in space is
0. 15 W/cnt and wih heat pipes 1 W/ cm

Conduction method heat transfer equation for rectangular shape is shown in Equation
(4.2) [14]. It shows that heat power transfer capapiiicreases with thermal
conductivity which is directly related to the material itself, conduction area and
derivative of temperature with respect to distance.

QY (4.2)
Qo

no @
where;
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4.1.3.Radiation

In radiation method, heat moves through places where there are no molecules.
Radiation is actually a form of electromagnetic energy. Radiation is the most efficient
energy transfer mechanism for spaced8]. Most spacecraft have large radiators

to rid themselves of heat.

Radiation method heat transfer equation is shown in Equ@ti®nwvhen temperature

of deep space is taken f]. It showsthat heat flux increases with the foudhder

of temperature. In other words, for high temperatures, radiation heat transfer method

is totally dominant. In addition, the black body is theoretically taken as a perfect
radiator. However, in practice, re@mat er i al s dondt have perfe

which is called as emissivity.
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n X4 (4.3
where;
NJOQ aXdx 6 Fa

FdRa Qi | QWD GO QUWE DO E | | Qi NE QAONORTAYO 61 Q

qd

,AYO QQBE 0 adE &1 O cudp dp T 0
YQan Qi wooi Q
In radiation method, angting heat transfer is complex since each equipment or all
materials in spacecraft which its temperature is above than absolute zero emits thermal
radiation. Therefore, there are a lot of heat transfer components or equations for one
equipment from othergelipment to deep space. Because of this complexity, each
equipment is qualified separately in specified thermal conditions during the design
procedure and it is called as qualification temperatures of the equipment. Qualification
temperatures consist of dgs of minimum and maximum temperature level.
Designed equipment has to operate correctly at the maximum and the minimum
temperatures. After that, satellite thermal control system analyzes all equipment
together and itreatesa satellite thermal model his model satisfies the qualification
temperature of each equipment placed in the satellite. Thermal qualification condition
of the CMG is studied in Sectigh5in more detail.

A view factor is the fraction of energy leaving one surface that strikes another surface.
View factor is a function of the size, geometry, relative position, and orientation of
two surfaced4]. The view factor equation is given [@8].
2AAEACGRIORATBRAOAADO (44
2 AAEAQGRIGET C

The mathematical expression of the view factor is give[l®lyin Equation(4.6) and

the representation of the view factor is showRigure4.1.
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Figure 4.1 Representation of the View Factor between Two SurfH®s

Radiation heat transfeate from surface 1 to surfaces2shown in Equatiof4.6).

) Ay oy (4.6)
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4.2. Thermal Analysis

During spacecraft mission, there are three major heat loads coming from the satellite
environment. The first and most effective heat load is obviously solar radiation. It
depends on the distance between the sun and eartbol@ndux is 1414 W/m2 when

the earth is the closest point to the sun (winter solstice) and it is 1322 W/m2 when the
earth is the furthest away from the sun (summer solstice). A mean value of solar flux
shown inFigure4.2 can be taken as 1367 W/[@R]. Second heat radiation is called

as albedo radiation. Albedo radiation is defined as radiation that is reflected from the
earthés atmosphere or ground before reachincg
radiation is taken as 0.3 (410 W /m2) but ipeleds on the position of the earth,
reflected surface on the earth a@hson§l9]. The reason for the last heat load is the

pl anet 6s sur f ac gasesanditi$ dalked ag eastimttedorédmation. ¢
The value of the eartbmitted radiation at18(T is 240W /m2Z20]. Representation

of heat lod is shown irFigure4.2

Emitted radiation

R to space
< “’L{_ ~ Solar
e W 3 radiation
S
Sun

Spacecraft

Earth-emitted

Albedo radiation radiation

Figure 4.2 Representation of Heat Loads of The Sate]fi]
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The total heat flux of the heat load is expressednag It has three components
when it meets materil The relationship between the total heat flux of heat load and
components is shown iRigure 4.3 and Equation(4.7). If the material is opaque,

Qtransmitted0.

f r" ) 1 (4.7)
Qincident Qreflected

\

Qabsorbed

(transmitted

Figure 4.3 Components of Heat Flux of Total Heat Load

Absorbed heat flux from the he#tads is responsible for heating materials in
spacecraft. (gFGabsorbe). Thermal balance equation in steady state is shown in
Equation(4.8) [14].

Absorbed heat flux is represented by, qternalheat dissipation is represented by
Quissipated@Nd emitted heat energy from materials due to radiation is representgd by q
C represents the heat capacity (J/K).

. . . 5 QY (4.8)

n n n 00
The components ofigare shown in the following Equatiof.9). Mathematical

representation of the components gfage derived based on Equati@ilO) [14] and

they are shown in from Equati¢#4.10) to Equation(4.12).
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non n n (4.9)

A 00 | Oé—+ (4.10)
A o0 | 0é—+ (4.11)
A 00 | OéE+ (4.12)
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Components of gt are shown in the following Equati@hl3).
N XAl 4 (4.13

Wheref KPA T Ar represent emissivity, StefaéBoltzmann's constant, and emitted

surface area respectively.

Assume that internal dissipation of equipment or material is ignored. By using
Equations (4.8), (4.9), (4.10), (4.11), (4.12) and (4.13) equilibrium of surface
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temperature can be calculated as in Equatbhd). It is seen that equilibrium
temperature depends on the ratio of absorptivity to emissivity of materials.

00 | DéEF  T@WOd | Hé—+ 06 | Get+ - (414

Y 57K

4.3. Thermal Control Components

Thermal control components are classified two categories;, passive control
components and active control components. The main ideaasgivye control
component is that heat flow is provided by conductive and radiative methods instead
of electrical and mechanical input. On the other hand, active control components rely
on thermostats, moving parts, heat pipes, heaters. Active thermall @amponents
provide thermal control by using external mechanical parts or electrical input for

cooling and heating.
4.3.1.Passive Thermal Control Components

Passive thermal control techniques involve coating, Aaygr insulator (MLI),
radiators, thermal doubler, thermal strap, and thermal fi2€j. Since passive
techniques are simpleporereliable lower risk andlower cost, they are generally
preferred in space applications. Mechanical and electrical tools are not used in this
technique. They do not have electrical power, external moving pattdatia handling

from the system. Passive thermal components are installed once when designing
satellite thermal subsystem and it does not change any property such as heat rejection
capability in spacg?1].

4.3.1.1.Coating

Equation(4.14) shows that equilibrium temperat.L
materials. Emissivity and absorptivity values of some coating materials using in space
applications shown ifigure4.4. Coated sphere equilibrium temperature in the sun is

also shown irFigure4.4. In order to increase equilibrium temperature, material that
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has a higher ratio of absorptivity to emiss

material that h a srredfar deereasirfg@quilibjiumremperaturei s pr ef e
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In practice,

9 Paints are generally used. All paints have high emissivity.
1 Electronic boxes inside spacaft and structurgbanels areisually painted
hi gh ( 0)

Therefore one can dissipate heat from electronic components or make

to achieve a emi ssi vity (bl acl

uniform the temperatures inside the spacecraft or pajyldgd
1 Internal temperatursensitive components that do not dissipate much heat
tanks, etc.) often h

(propell ant | ines,

polished Aluminum, Gold]10].
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4.3.1.2.Multilayer Insulation (MLI)

The most popular singleyer radiation barrier among passive thermal control element

IS multilayer insulation. Multilayer insulation blankets provide ihalr insulation
between components and environment condition and there is no excessive heat
transfer between environmental fluxes, launcher, other sources, and components. In
addition, it also provides protection from micrometeorites, atomic oxygen, and

electron charge accumulatighO].

MLI includes multiple layers of lowd f i | ms ( Myl ar sheets) .
thick) ribbed Mylar sheets that a vacwa®posited aluminum finish constitutes the
simplest MLI blanket constructions. As a result, due to ribbed Mylar sheets,
conductive heataths are minimizefiL0]. The example foMLI blanket is shown in

Figure4.5.

Figure 4.5 The Example of MLI Blankef22]

4.3.1.3.Radiators

Radiators are primary passive thermal control components of spacecraft which are
used for heat rejection @pacecraft. Typical usage of radiators is to cool detectors
and electronics. Radiators with the large surface area are used to radiate heat into
space. Structural panel radiators-fi@nel radiators and deployable radiators are some
types of radiators ugdan spacecraft. They reject heat by IR radiation which strongly
depends on the temperature. Experiences show that radiator can waste between 100

W and 350W heats per f1j10]. In order to maximize heat rejection, IR emittance of
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radiators arenorethan 0.8 {> 0.8) andhey areessthan 02 solar absorptanceb (
< 0.2) to limit heat loads from the s(ib0]. The example of radiators is given in

Figure4.6.

Figure4.6 The Example of MLI and Radiatof20]
4.3.1.4.Thermal Doubler, Strap, and Filler

Thermal doubler provides heat flow by conduction method from materials. A thermal
doubler is an aluminum alloy plate attachteda heat dissipater and a radiator.
Aluminum alloy plate is chosen since it has a high conductive thermal capability as
120170 W / m.K[20]. It is commonly used for controlling the temperature of
electronic equipment in spacecratft. It is similar to heat pipe but it is not as efficient as

heat pipe.

The thermal strap that provides a heat path between unit and radiators in the satellite
consists bflexible strips, cable braid, and several braids showRigure 4.7 [10].

The thermal strap is essential and common to link a dissipative unit such as an
electronic box to a radiator. It consists of Cu alloy and Al alloy. Length of the thermal
strap should be smaller than 10f20].
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Figure 4.7 The Example of Thermal Strap, (1 and 2) Connectors; (3) Copper [RB]id

The thermal filler is used under electronic equipment surface to increase heat
conductivity. Generally, the thermal filler has high thermal conductivity and they are

electrically isolated. Silicone elastomer and graphite can be used for thermal filler
[20].

Thermal doubler, thermal strap, and thermal filler are show#igire4.8.

5/C wall unit

unit

filler

honeycomb radiator

Thermal Doubler 5/C structure honeycomb

Thermal Strap Thermal Filler

Figure 4.8 Thermal Doubler, Strap, and Fillg20]
4.3.2.Active Thermal Control Components

Active thermal control techniques involve heaters, heat pipes, and If28jeif

passive control components cannot provide heat control, active components support
to control heat transfer. Active thermal components are used for both cooling and
heating in the spacecrafictive control provides thermal transfer, variable rejection,

and sensing devices. Spacecraft resources that electrical power, data handling and
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control, sensing, and data storage are needed for active thermal control components.

This technique requiresore testing and has higher risk and ¢2%i.
4.3.2.1.Heaters

Heaters are used to heat cold region or equipment when equipment does not operate.
Heaters are controlled by command of the satellite control unit and power distribution
unit. If the base temperature is lower than the specified temperature, the swiieh of t
heater is turned on. The heater includes resistors that generate heat. Resistor wires are
embedded in Kapton. The example of heaters is giveigure4.9

metal
run

Figure 4.9 The Example of Heatef20]

4.3.2.2 Heat Pipes

A heat pipe is a thermal transformer that transports large quantities of heat from one
location to another location. Heat is transferred from equipment to radiators placed in
the satellitd10].

The heat pipe is the most efficient mechanism to cool equipment. Heat pipe provides
a low impedancgath for heat. Thanks to the heat pipe, extremely high heat transfer
rates can be obtained. There is a liquid inside of the heat pipe and thermal energy is
absorbed by this liquid. The liquid is converted gas when it is heated and then this gas
reaches th end of the heat pipe which is colder than the first part of heat pipe At the
end of heat pipes, gas releases the energy to a radiator upon condensing back to a
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liquid. Gastravels at theniddle of the heat pipe and liquid travel at the edge of the
heat pipeThe pipe is usually made of aluminum and the liquid is usually ammonia

[22]. Heat pipes provide high heat transfer rates even with small temperature

differences.
Heat spurce -— Liquid flow Heat sink
WL — e A
' -.'I v -.I - -—
T
EEREEE

i 11118

Figure 4.10 Heat PipeMechanisn{22]

4.3.2.3.Louvers

Louvers are a device that changes equivalent radiators area and equivalent emissivity

of radiators. They are mounted on radiators and they increase or decrease area between
the radiator and deep space. Parallel blades that have a low emisbivdn fotate

and uncover a high emissivity (U) radiat
be adjustable. They can save heater power when the heater switch is off. The

mechanism of louvers is shovin Figure4.11.
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Figure4.11 The Mechanism of Louveifg0]
4.4.CMG Thermal Specifications

Thermal specifications are other critical parameters for CMG design. Sample
actuators thermal specifications are taketo iaccount in this section. Operating
temperature ranges of actuators are shared to understand -Exsterthermal
specification and specify the operating temperature range of CMG. In addition, in
order to compare operating temperature specification wiperience results
operating temperature data which are takem satellite at orbit now are given. Heat
dissipation of actuators is also shared to understand the efficiency of actuators. Finally,
a simple thermal mathematical model is shown. Therefloeepperating temperature

of the designed CMG should be betwe2r0 U C a Opkratlhidtenmp&ature of
some actuators is shownTiable4.2.
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Table4.2 Actuator Temperature Range Examples

Actuator Temperature Range

CMG 1545S (Airbus)[16] mechanism2 0 t o +55

electronics2 5 t o +60

FI ywheel Mot or
CMG [23] Slip Ring 120
Gi mbal Mot or T ¢4
Encoder 140 t

Moti on Controll

Reaction Wheel AMAZONIAL satellite [24] -15AC to 55A(

Reaction Wheel (TURKSAT 6A) Operation-2 0 AC t o
Non-Operation-4 0 AC t o

ReactionWheel (Gokturkl) Operation-10 AC t o
Non-Operation-35 AC t o

Reaction Wheel (GokturR) Operation:15 AC t o
Non-Operation-4 0 AC t o

4.4.1.0perating Temperature [Obtained by previous satellite programs]

Experienced operating temperss taken from four different actuatorgeaction
wheek) for Gokturk2 satelliteare shown inFigure4.12 and Figure 4.13. A lot of
temperature telemetries were taken 45 days after launch (December 2012) to ensure
that actuators worked correctly in orbit and showRigure4.12. After 45 days from
launch, temperature telemetries are taken rarely to control actuators conditions shown
in Figure 4.13 (December 2012 to March 2018). Although reaction wheels have
acceleration or deceleration, temperature telemetries show that operating temperature
i's ar ound sabldiieseaséfullg gedating temperature which are mentioned

in Table4.2. 1t is obvious that designed CMG will also satisfy thermal requirements

if the efficient thermal design will be applied.
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Figure 4.12 Operating Temperature Data 45 Days After Launch.
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Figure 4.13 Operating Temperature Data from Launch to March 2018
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4.4.2 Heat Dissipation of Actuators

The heat dissipations of some actuators used in different satellites programs are shown
in Table4.3. TURKSAT 6A is a geosynchronous satellite that the orbital period of
this is same as the earth. Since geosynchronous satellite does not need rapid
maneuvering capability the heat dissipatidractuator used in this satellite is smaller
than actuator used in low earth orbit satellite called as GOKI-ARThe maximum

torque capability of these two actuators is 0.23 Nm. The main reason of the heat
dissipation is the friction on bearing of the e&h when the wheel is rotating at high
speed. Since there is no load in space condition at sgtaitydue to negravity, high

ratio of power demand is spent for the friction on bearing. Low earth orbit satellites
require rapid maneuvering capability an@MG is generally used for this type of
satellites. Therefore, power demand and the heat dissipation value of designed CMG
is specified based on GOKTURK Designed CMG in this thesis is planned to have
four times higher torque when it is compared to #action wheel of GOKTURK.
Therefore, heat dissipation and power demand of desighid are assigned that it
should bdessthan four times heat dissipation and power demand of GOKTRRK

shown inTable4.3.

Table4.3 Heat Dissipation of Sample Actuators

Actuator Power Demand Heat Dissipation
T6A Reaction Wheel Max 150 W Nominal 19 W , Max:33 W
(0.23 Nm)
GOKTURK-2 Reaction Wheel Max 95.2 W Nominal 12 W Max 60 W
(0.23 Nm)
Designed CMG Max 380.8 W Max 240 W
(1 Nm)

59



4.4.3.Thermal Model of Actuator

Simple mathematical model of actuators is showrignire4.14. Thermal conduction

of actuator is provided by conduction and radiatiorijure4.14, Node1 and Node

5 show deep space. Ne@eaepresents the contact area between the satellite base plate
and actuator. Nod8 represents the top side of actuator and Nbdepresents the
bottom side of actuators. Heat transfer between Nbded Nodet is provided by
conduction. Conducted heat conductance G2 and G3 are directly related to contact
area, actuator and base plate materials, and heat pipes capability. Analyzing radiated
conductane G1 and G4 are very complex and it depends on several parameters such
as the position of other equipment, coating, radiator areas, thermal doublers, etc. The
purpose of this model is to give only an idea about thermal mathematical model of
actuators. A ral detailed mathematical model issmmplex,and it is not the scope of

this thesis.Thermal analysis resultsf CMG are shared in Sectioh6. The simple

thermal malel is $iownin Figure4.14.

N, |- VM

Deep Space
j P G, G, rad
/ Cond.
Ny
G, conduction
J Physical Model N,
G, radiation
N,

Figure 4.14 Simple Thermal Model of Actuat¢25]
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4.5. Thermal Qualification Conditions of CMG

Equipment that has space mission is subjected to extensive thermal tests at ground to
prevent abnormal conditions during flight. Thermal tests demonstrate the operation of
equipment at maximum temperature and minimum temperature. In order to qualify
any eglipment for a space mission, thermal cycles are applied to equipment at ground

tests.

Acceptance test temperatures levels are higher than operating temperature and
qualification test temperature levels are higher than acceptance test lie\gglace
applications, the temperature difference between qualification level and acceptance
| evel i s FiQuedl15§0l.own i n

10°C

5°C 5°C

- 10°C
\ 11°C 5C B 100c

5°C J 5°C

—_ — —

Thermal

uncertainty
Nominal
analytic Acceptance
temperature margin
range .
¥ Qualificatiory
margin

5°C C | s
. 10°
1| e 26
10°C
5°C . 5°C
10°C
Military margins Commercial margins
(MIL-STD-1540)  Example 1 Example2 Example 3

Figure 4.15Thermal Margin of Thermal Test Conditiofi]

The operating temperature of the designed CMG shoeilselected betwee0 T
and 55(C with respect to actuators that designed before in SeétibrOperating
temperatures are taken as samsecceptance test levels in this study. Therefore,
designed CMG in this thesis is qualified betwe8d (C and 65C. However, it is
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noted that the temperature difference between acceptance level operating temperature

is taken 1IT to increase margin in sorapplicationg10].

Thermal tests arapplied under vacuum conditions and convection heat transfer
method is not valid as space conditions. Equipment is placed in a thevaaim
chamber and thermal cycles at minimum and maximum temperatures are applied
many times torserify performance oftte equipment. Thermalvacuumchamber is a

device that provides a stable temperature for hot and cold cases to perform equipment
thermally in vacuum condition The baseplate insideof the thermal chamber is
adjusted the qualification temperatures leveherefore, only the radiation and
conduction heat transfer methade active to cool equipment inside the thermal

vacuumchamber.

A number of thermal cycles are 24 for qualification level and 8 for acceptance level
[10]. One thermal cycle involves one maximum temperature and one minimum
temperature. At the first and last cycles, full functional test is performed and a reduced
functional test is performed at intermediate cycles. During the reduced functional test,
only some critical functional test is performed. The duration of the first astd |
thermal soakis 6 hours and the duration of intermediate soaks is 1 hour. Transition
rate from hot to the cold case or cold to the hot cas&idJ3C  / [1@]i Tinarmak
cycle profile of CMGqualificaion modelis shown inFigure4.16.
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Figure 4.16 Thermal Cycle Profile of designed CM®0]

In conclusion, materials or all electronic parts used in designed @M$ operate
correctly under this maximum and minimum temperature conditions. After this test,
designed CMG is qualified betweeB0 (L and 65C. It is noted that systedevel
thermal a@sign satisfies operating temperature betw@énC and 55.C during a
space mission and qualification level has covered the operating temperature with 10
(T margin.
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CHAPTER 5

CMG DESIGN PARAMETERS

5.1.Mechanical Constraint and Sizing of CMG

In aerospace applications, most significant properties for equipment are volume and
mass since the satellite should be compact to fit launch vehicle and in order to decrease
launch cost Therefore,equipment masand volumeshauld be as low as possible.
Reserved volume and mass of one actuator (reaction wheel) that was used in previous
satellitebds prMTablpslaTimesvollame efthe dneacteatbris assumed

as a rectangular prisimiable5.1 gives an idea between output torque capability and
mechanical constraints. The aim of this thesis is to design actuator (CMG) that fits the
same reserved volume and mass with higher torquebitiéypghan used actuators
placed in the previous satellite. Therefore, the starting point of designed CMG is to

specify mass, volume and torque capability.

Table5.1 Reserved Volume and Mass of One Actuator for Three Different Satellites

Satellite Size | Actuator Volume Actuator Mass (Including Existing
Electronics) Torque
Small 30,8 cm x 30,8 cm x12cm 8,1 kg 0,23Nm
Medium 35cm x 35cm x13 cm 10 kg 0,26 Nm
Large 40cmx40cmx 18 cm 24 kg 2 Nm

5.2.0ptimum CMG Selection for Medium Satellite

The purpose of the actuator is to prowidpid maneuvering capability to the satellite.
The satellite that haghorter maneuverinduration is called an agile satellite. In order
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to haveagile satellite, actuators that have high output torque should be placed in the

satellite.

Reserved volume and wmof actuatorfor mediumsize satellite are chosen as
mechanical constraint® this studysincetrend of earth observation satellites are
medium satellites. According to systdavel requiremerst coming from Attitude

Orbit Control System (AOCS) team, the satellite hastateon x-direction less than

40 seconds for 30U r ot atHRunthermae)lbhusotates ec ond s

ony-di rection | ess than 30 seconds for
Maneuvering duration for an actuator that has 1 Nm and 2Nm output torques has
already revealed isection3.8. It is noted that both output torque values satisfy
maneuvering duration requirements for x and y directions. However, since CMG that
has 2 Nm output torque will have higher volume and mass, CMG that has 1 Nm output
torque is a more suitable option in terms of volume and mass constidiatsfore,

CMG that has 1 Nm output torque is selected to design in this thesis.

Proposal of this thesis that designed CM®vill have same mass and same volume
when it iscompared with actuatdhat wasused in previous medium satellite, but

output torque capacity will be 4 times higher than previous actuator

Reserved volume, reserved mass, the moment of inertia matrix of sateitgsown

in Table5.2 for previous satellite programh is seen that volume, mass, and inertia
constraints of target CMG aselectedased on volume, mass, and inertia constraints

of the medium satellite. In ddion, maneuvering duration of small, medium and large
satellitesareshown inTable5.2 whentarget CMG (1 Nm)areplaced in the satellites.
These maneuvering duration results are coming from mathematical results in Section
3.8 Itis noted that maneuvering dumatiof medium satellitsatisfy the maneuvering
durationrequirement®f target CMG shown iffable5.2.
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Table5.2 Comparison of Th&atellite Maneuvering Time with 1 Nm CMG

Parameter Target CMG | Small Satellite | Medium Satellite | Large
Satellite

Reserved Volume <35x35x13 30, 8 x30, 8 x 12 35 x35 x13 40 x40x 18

(cm x cm x cm)

Reserved Mass <10 8,1 10 24

(kg)

Moment of inertia <D[600 500 D[139.6, 140.0,| D[598.94 ,481.98 ,| D[560 ,1020,
500] 158.1] 376.43] 1000]

(kg.n?)

30Ar ot axis o | <40s 17,05 s 37,3s 36,7s

6 0Ar ot adxiso | <60s 26,7s 546s 53,45s

30A r ot -adsi |<30s 18,6 s 28,8s 42,3 s

6 Ordtation on yaxis | <45s 29s 433s 62s

Reserved volume of the actuator for the medium satellite is close to small and large
satellites shown iTable5.2. Therefore, although target CMG is chosen for medium
satellites, it is also used in small and large satellites. If target CMG is placed in a small
satellite, the agility of satellite is extmely high. It isobviousthat target CMGan be

placed in the large satellite easily in terms of reserved volumenasdbut it does

not satisfy maneuvering duration requirements. For instance, if CMG that has 1 Nm
output torque isused in large satellit maneuvering time wil/ b
rotation alongtheqax i s and 62 seconds fwesrThedd U r ot
maneuvering durations ameorethan maneuvering duration requirements mentioned

in Table 5.2. If these maneuvering durations are acceptable for systezh
requirements of the satellite, target CMG is also placed in the large satellite.

In conclusion, although target CMG is a modular design that is used in all size of
satellites,it is only analyzed for medium satellite. CMG used in small and large

satellites is not scoped in this thesis.
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5.3.CMG Design Specifications

Mechanical constraintand maneuvering time requirements are already studied in
Section5.2 In addition to these constraints and requirements, other specifications for
designed CMG are listed ihable5.3. These specifications come from systiawvel
requirements. Designed CMG will have the same volume and mass but it has higher
torque than used actuator in the previous medium satellite. @wgenailtage is
compatible with the bus voltage of earth observation satellites. Thermal specifications
are studied ICHAPTER 4and it is compatible with space environmental conditions.

As a result, CMG will be designed based on these requirements.

Table5.3 CMG Design Specifications

Parameter Value
Volume < 35 cm x 35¢cm x 13ciN 20%
Mass < 10 kgN 20%
Moment of Inertia Matrix of Satellite < diagonal [600 500 500] kgm
Nominal Torque > 1Nm

30 A r o-tasig(Rob axis)i 040 seconds

>

(B0 seconds

=)

30 A r o-dst(Fitan axis)

60 A r o-tasis(Rob axis)i 060 seconds

=

60 A r o-dst(Fitan axis) n 45 seconds
Maximum GimbalExcursions 045 A
Wheel Required Time Reach to Maximum < 300 secondil 10%
Speed (10000 rpm)
Power Consumption <380 W
Operating Voltage 18Vto 33V
Operating Temperature 20AC to 55AC
Heat Transfer Capability of Satellite Base Pl¢ 1 W/ cm2 withheat pipes

0,15 W/ cm2 without heat pipes

Design Life Not Applicable due to prototype model
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5.4.Evaluation of Target CMG in Various Operating Conditions of Satellite

In this section, the required output torque that provides sufficient maneuvering agility

to the satellite is calculated for four different cases that are corresponding to
maneuveringluration requirements mentionedliable5.3. Maximum velocity of the

satellite during maneuvering, required torque that satisfies maneuvering duration
requirements, maximum gimbal angle during maneuvering and the position of the
satellte during maneuvering are also calculated and shown separately for each case.
Maxi mum gi mbal excursions dablgbl3e i s taken

According to maneuvering duration specifications showhainle5.3;

1 The satellite has tmtateonx-d i r ecti on i n | ess than 40
(Casel)

1 The satellite has twtateonx-d i r ect i on i n | ess than 60
(Case2)

f The satellite has tmtateony-direction inlessthan30setals f or 60U r o
(Casel)

1 The satellite has tatateony-d i r ect i on in | ess than 45
(Cased)

The longest maneuvering duration among these constraints is assigned as 60 seconds
for 60U r o-&xs(Casen Therefore, rhagimum gimbal excursions angle

( 4 5must satisfy and provide sufficient output torque to the satellite during the
longest maneuvering duration. At this cagenbal angle reaches to maximum gimbal
excursions angle (45A) in the first 30 s
seconds period. As a result, gimbal speed is assumed to be constant during this
maneuver andt is equal to 1.5 degrees/second ({88 seconds=1.8eds) in this

section.
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5.4.1.Simple Torque Equations of Satellite

The relationship between satellt@aneuveringangle (angular displacement of the
satellite), required output torque that rotates stgeih a specified time, and the
velocity of the satellite is shown in the following equations. Required output torque

equation is derived step by step by using the following equations.
Denotations

"'OdYé 0"GEIQIESCANO Qb & QO Q
'O 'Y€ 0'CRAIQ1E AN Q& B o i
"0 d'Yé OERIQ1ESCANO EaSDCO QI
"0 Y& 0"GENQ | € SOADAA@META ) ¢ "Qi

0
o O

"0
— ] PENOaRHEDHVBO Q& QO Q
1T ¢ & QO DODQN QE BMOTAERN & QO Q
—dp & QO RDI 1 & OLHD Qb & QO Q
zZdYQn o QOdME I FAQ £ 0 GAMi D0 QDé PO @ BN
Derivation

Required output torquez () equation that rotates the satellite in a specified time in
terms of thesatellite inertia’©) and the angular acceleration () of the satellite is
given by Newt @hlés first | aw and

z 0O (5.1)
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2z A0 O Qb (5.2)

By taking integral of Equatio(b.1), the relationship between angular velociy ()

of satellite and required output torque)(is obtained with respect to the time function
in Equation(5.3).

T (5.3)
S o) 0
a1 (5.4)
S5 AO o) 0Qo
o) (5.5)
+ q0]] (5.6)
0

By taking integral of Equation(5.4), the relationship between the angular
displacement of the satellit¢ () and required output torqué { is obtained with
respect to the time function in Equati(®6). Required output torque is the average
output torque thaimust be provided by the pyramidal configuration of CMG
mentioned in Sectiol.3.2

Angular displacement is a known parameter for each case and it is taken as half of the
required satellitenaneuverin@ngle such as 1%or 30Urotation requirement that it is
explained in nexsections in detail. Satellite inertia has already been defined for
medium satellite on x,y, and z directions Table 5.3. Furthermore, the time is
specified in maneuvering duration constraints and it is equal to half of the
maneuvering duration constraints. In conclusion, the required output tomioeir
different cases is calculated in from Sectibr.2 to Section5.4.5 to satisfy

maneuvering duration specifications mentionedable5.3.
5.4.2.Casel 30 A r o tadstshoolchbe lkess than 40s

The satellite should be rotated 30 ocaxisirxless than 40 seconds in this case.
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Maximum satellite inertia on-axis hasalready been given as 600 kgim Table5.3.
Required output torque that rotates the satellitér8@0 seconds and the velocity of
the satellite is calculated by the following equations. Firstly, the satellite rotation angle
should 2 converted to the angular displacement of the satellite in radian that is shown
in Equation(5.8).
— (5.7
pyTm

J P2 1% g pgio
o oM

(5.8)

During half of the maneuvering time of this case ( ¢ 1T ‘Q & &)itf@ ivelocity of

the satellite increases with constant acceleration by applying positive output torque to

the satellite anentislaghibved Aftgruhatathe velocity of tha c e m
satellite decreases wi t h constant decel er al
provided during deceleration by applying negative direction output torque to the
satellite shown ifrigure5.1. At t he end of the maneuvering,

40 seconds. During this rotation, the required output torque-darsxis calculated in

Equation(5.10) and maximum satellite velocity along thalixection is calculated in

Equation(5.11).

¢— O (5.9)
4 5
‘ O T - 5.10
z Com® ¢ ‘“"%D’TT X Y wta (10
8 T P W mo P 0 Q Q7O (5.11)
@ T T

Required output torque, gimbal angle, satellite rotation angle (roll angle) and satellite
angular velocity for cas#g are shown inFigure5.1. It is noted that these results are
analytical results that are calculated and drawn in Excel. Disturbances and losses
during maneuveng are not taken into account in these calculationsn@pdtion and

control of the satellite during maneuwgy under these disturbances are in the charge
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of Attitude Orbit Control System (AOCS) in the satellite and these are not scoped in

this thesis.

Required Output Torque Gimbal Angle
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Figure 5.1 Output Torque, Gimbal Angle, Roll Angle and Satellite Angular Velocity for-Case
5.4.3.Case2 60 A r o tadstshoolchbe less than 60s

The satellite should be rotated 80 ocaxisirxless than 60 seconds in this case.
Maximum satellite inertia on-axis has already been given as 600 kgmpPaible5.3.
Required output torque that rotates the satellitdir660 seconds and the velocity of

the satellite is calculated by the following equations. Firstly, the satellite rotation angle
for this case should be converted to the angular displacement of the satellite in radian
that is shown in Equatiofd.13)

— (5.12)

pym
od (5.13)

Ttl
— McaEQ
I ST ¢ a @

During half of the maneuvering time{ ¢ 1 ‘Q & ¢)&th@ ivelocity of the satellite

increases with constant acceleration by applying positive output torque to the satellite



and 30A di spl ac eemthban the velscityaottieisatellie decreasdes t

with constant deceleration and 30A displacel
applying negative direction output torque to the satellite shoviagure5.2. At the

end of the maneuvering, 60A rotation occurs
the required output torque foraxis is calculated in Equatig®.15) and maximum

satellite velocity along the-direction is calculated in Equati@b.16).

¢— O (5.14)
4 5
‘ LT N (5.15)
74 cmn&ﬂ)cmrg—n T wpa
y T® WO mo wﬂc,Q‘Qm (5.16)
QT

Required output torque, gimbal angle, satellite rotation angle (roll angle) and satellite
angular velocity for cas2 areshown inFigure5.2. It is noted that these results are
analytical results that are calculated and drawn in Excel. Disturbances and losses
during maneuvéng are not taken into account in these calculationsin@gdtion and

control of the satellite during maneuwgy under these disturbances are in the charge

of Attitude Orbit Control System (AOCS) in the satellite and these are not scoped in
this thesis.
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Figure 5.2 Output Torque, Gimbal Angle, Roll Angle and Satellite Angular Velocity for @ase
5.4.4.Case3 3 0 A r o tadstshooldbe less than 30s

The satellite should be rotated B30 caxisiryless than 30 seconds in this case.
Maximum satellite inertia on-gxis has already been given as 500 kgmpPaible5.3.
Required output torque that rotates the satellitdr830 seconds and the velocity of

the satellite is calculated by the following equations. Firstly, the satellite rotation angle
for this case should be converted to the angular displacement of the satellite in radian
that is shown in Equatiof®.18)

— (5.17)
pym

%Jn & ¢ piidQ (18
During half of the maneuvering time{ p U '‘Q & &)&th@ ivelocity of the satellite

increases with constant acceleration by applying positive output torque to the satellite
and 15A di spl ac eenc¢hattvelotity of aatelite decreades with f t
constant deceleration and the second 15A
by applying negative direction output torque to the satellite shovangure5.3. At

the end of the maneuvering, 30A rotatio



rotation, the required output torque forayis is calculated in Equatiof®.20) and

maximum satellite velocity alongdirection is calculated in Equati@b.21).

¢— O (5.19)
z T
: LT 5.20
Z cwn&cpmog'—u PP Qo (520
PP (pmt,l‘pwncnnm (5.21)
VDTTT

Required output torque, gimbal angle, satellite rotation angle (roll angle) and satellite
angular velocity for cas8 are fown inFigure5.3. It is noted that these results are
analytical results that are calculated and drawn in Excel. Disturbances and losses
during maneuvéng are not taken into account in these calculationsn@gdtion and

control of the satellite during maneuwgy under these disturbances are in the charge

of Attitude Orbit Control System (AOCS) in the satellite and these are not scoped in

this thesis.
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Figure 5.3 Output Torque, Gimbal Angle, Roll Angle and Satellite Angular Velocity for €Gase
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5.45.Case4 60 A r o tadstshooldbe less than 45s

The satellite should be rotated 80 ocaxisiryless than 45 seconds in this case.
Maximum satellite inertia on-gxis has already been given as 500 kgmPaible5.3.
Required output torque that rotates the satellitdir6@5 seconds and the velocity of
the satellite is calculated by the following equations. Firstly, the satellite rotation angle
for this case should be converted to the angular displacement of the satellite in radian
that is shown in Equatiof®.23).
— (5.22

pym

oTtJ o (5.23)
—— M CcaEQ
I o ¢ a @

During half of the maneuvering time{ ¢ @i 'Q o &)tH@ velocity of the satellite

increases with constant acceleration by applying positive output torque to the satellite
and 30A di spl ac eten¢hattvelotity of aatelite decreades with f
constant deceleration and the second 30A
by applying negative direction output torque to the satellite shovangure5.4. At

the end of the maneuvering, 60A rotatio
rotation, the required output torque foayis is calculated in Equatiof®.25) and

maximum satellite velocity alongdirection is calculated in Equati@b.26).

¢— © (5.24)

Z 5
4 C T C @‘)Ee—ug n p8t ot & (5.29
p8loq fip Y 1t (5.26)

vt “ & X2 Q10

Required output torque, gimbal angle, satellite rotation angle (roll angle) and satellite
angular velocityfor case4 are shown inFigure5.4. It is noted that these results are

analytical results that are calculated and drawn in Excel. Disturbances and losses
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during maneuveng are not taken into account in these calculations. Optimization and
control of the satellite during maneuwgy underthese disturbances are in the charge
of Attitude Orbit Control System (AOCS) in the satellite and these are not scoped in

this thesis.

Required Output Torque Gimbal Angle
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Figure 5.4 Output Torque, Gimbal Angle, Roll Angle and Satellite Angular Velocity for @ase
5.4.6.Summary of Different Maneuvering Cases

Four different maneuverings based on maneuvering dunaipirements mentioned
in Table5.3 arestudied in from Sectioh.4.2to Sectiorb.4.5 The output torque that
rotates satellite in specified angle and d@jmmaximum gimbal angle during

maneuvering and the velocity of the satellite are summarizédtte5s.4.

Table5.4 Summary of Four Different Maneuvering Conditions

Required Maximum Rotation Angle and | Maximum Velocity
Gimbal Angle Rotation Time ,
Case | Output Torque of Satellite
Casel | 0,7854 Nm 30A 3 0-40s ( xdirection) | 1.5 deg/s
Case2 | 0,698 Nm 45 A 6 0-60s(x-direction) | 2 deg/s
Case3 | 1,163 Nm 22.5A 3 0-30s (ydirection) | 2 deg/s
Case4 | 1,034 Nm 33. 75 A |6 045s (ydirection) | 2.67 deg/s
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Case3 has the maximum torque requirement that is equal to 1,163 Nm shdaiolén
5.4. Therefore, this average torque requirenmemstbe provided by CMGs that placed
in the pyramidal configuration mentioned in Sec08.2 It is noted that if maximum
required torque that is correspondirtg@ase3 is provided to the satellite, torque

requirement for other cases are also satisfied easily.

Since generated torqualue depends on the gimbal angle during maneuvering, output
torque value is not constant and it changes with varying gimbal angle. In other words,
pyramidal configuration generates dynamic torquml it is not constant torque
Therefore, required averagerqae value (1.163 Nm) is provided by total dynamic
equivalent output torque on-direction that is generated by the pyramidal
configuration shown in Sectidh3.2and epressed in Equatiof2.29). This equality

is also shown in Equatiofb.27) for this condition. In this equation, there is a
coefficient that represents the pyramid skew andlé [O€ o Pand it is constant.

Anot her <coefficient represéntsthe numbpruoddperated i s
CMGs during this maneuvering mentioned in SecAd2

PP 9o COIAT OK o dé i (5.27)

One CMG is designed in this thesis. Therefore, the output torque capacity of one CMG
that satisfies the above conditions should be calculated. In order to calculate the output
torque capacity of one CMG, firstly total dynamic equality fpyramidal
configuration is modified and required dynamic torque equality for one CMG is
obtained by simplifying Equatiofb.27). Dynamic torque equality for one CMG that
provides sufficient average torque to the satellite is shown in EqU&atk8).

O1ANOp. | (5.28)

According to Equatior5.28), one CMG has to produce 1Nm average output torque
during maneuvering. However, it is obvious that generated output torque of one CMG

depends on varying gimbal anglg &s a funcbn of cosine and it is hot constant since
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the gimbal angle is changing during maneuvering. Therefore, the output torque
capacity of one CMG that is equal@ is calculated by taking integral of Equation
(5.28). Since the gimbal anglg)is only one variable in dynamic torque equation, the

interval of the integral equation is taken from 0-t¢450). The relationship between

the average output torque of one CMG and output torque capability of one CMG is

expressed in Equatidb.29).

_ (5.29)
. )

pl & 01 ANG -0 C’)EJ;— OEt  ma&JO

—| {o

As a result, in order to generate 1 Nm average output torque, one GMI@ tlave
1.11 Nm torque capability shown in Equati@30). It is noted that two CMGs are
operated during this maneuvering and both of them have same output torque

characteristics.

0O pd P a (530

Dynamic output torque generated by one CMG with the effect of the pyramidal skew
angle, dynamic output torque generated by one CMG without the effect of the
pyramidal skew angle, dynamic output torque generatqa/tamidal configuration,

and required average output torque fodgimbal angle excursions is shown in Figure

5.5. Thanks to this dynamic torque characteristics, required average torque is provided

to satellite and all rotation specifications can be Batis
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Torque Characteristics for 45° Gimbal Angle Excursions
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Figure 5.5 Torque Characteristics for @&imbal Angle Excursions

In order to provide required torque calculated in Equgb@0), wheel system should

have sufficient angular momentum. Then, the required moment of inertia of the wheel
system is calculated. There are two inertia contribution components of the wheel
which are wheel motor and wheel. Since inertia of wheel motor is low compared to
the wheel itself, it can be neglected. Torque equation in terms of wheel inertia is

expressed in Equatidb.31).
011 pp@a (5:31)

where;

1 pnn‘nr‘[dfﬁ?nn‘nr‘[d p WY W

QQQ “ QQQ o
1opB— pwﬁﬁ) — TBIC ¢ p (M

Therefore, the required inertia of the wheel is equaﬁt@ﬂ 8
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5.5.The Effect of Maximum Gimbal Angle Excursion Choice on CMG Design

Maxi mum gi mbal angl e excur specifications.sThisl i mi t ed t
limitation comes from previous experience of designed CMG. However, previously

designed CMGs are old designs and the reason of gimbal angle limitation is

mechanical considerations such as limitation of mechanical frame and cable tangle

during gimbal rotatiorand stability parameters of control algorithim other words,

new technology CMGs can have larger maximum gimbal angle excursion. As a result,

the effect oflarger maximum gimbal angle excursion selection on CMG design is

investigatedin this section. In fact, required inertia of wheel is decreased by selecting

largergimbal angle excursions and it directly affects the dimensions of the wheel.

5516 0A Gi mbal Angle Analysis

s e tirg totCRI@desigh 6 0 A i n t

specifications, maximum maneuvering time is 60 secohiddhis casegimbal angle

Maxi mum gi mbal angle 1is

reaches to maxi mum gi mbal excur si
back to 0 A in

constant and it is equal to 2 degrees/second @D seconds=@8eg/s) in this part. In

ons angl e ¢

turns ot her 30isassumednds peri o

addition, required torque of satellite and the velocity of the satellieGdépend on
gimbal angle. Therefore, only the maximum gimbal angle duringereifit

maneuvering is changed in this analysis. The
calculated by following the same procedure in SedidnSummary of theesults for
four different maneuverings is shownTiable5.5.
Table55Summary of Four Different Maneuvering Conditi
Case Required Maximum Rotation Angle Maximum Velocity
Output Torque Gimbal Angle and Rotation Time of Satellite

Casel 0.7854 Nm 40A 3 0-40s 1.5 deg/s

Case2 0.698 Nm 60A 6 0-60s 2 deg/s

Case3 1.163 Nm 30A 3 0-30s 2 deg/s

Case4 1.034 Nm 45 A 6 0-45s 2.67 deg/s
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The relationship between the average output torque of one CMG and output torque
capability of one CMG is expressed inEqua®B82) f or 60A maxi mum

excursion. The interval of the integral equation is taken from-9(&0V).

_ (5.32)

“
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As a result, in order to generate 1 Nm average output torque, one CMG should have
1.21 Nm torque capability shown in Equati(@33). It is noted that two CMGs are
operated during this maneuvering and both of them have same output torque

characteristics.

O] p& P« (5.33)

Dynamic output torque generated by one CMG with the effect of the pyramidal skew
angle, dynamic output torque generated by one CMG without the effect of the
pyramidal skew angle, dynamic output torque generated by maboonfiguration,

and required average output torque fodginbal angle excursion is shownFigure

5.6. Thanks to this dynamic torque characteristics, required average torque is provided

to satellite and all rotation specifications can be satisfied.
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Torque Characteristics for 60° Gimbal Angle Excursions
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Figure 5.6 Torque Characteristics for BGimbal Angle Excursion

In order to provide required torque calculated in EqugB@8), wheel system should
have sufficient angular momentum. Then, the required moment of inertia of the wheel
system is calculatedlorque equation in terms of wheel inertia is expressed in
Equaton (5.34).

011 p&ME (5:34)

where;

1 pnnnﬁa%#nnhﬁapnmx@m

QQQ “ QQW0
. pun |

Therefore, the required inertia of the wheel is equalé;t@11 8

1 C 81 0 T Wi
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552.75A Gi mbal Angle Analysis

Maxi mum gi mbal angle is selected as 75A |
specifications, maximum maneuveringé is 60 second#t this casegimbal angle
reaches to maxi mum gi mbal excursions ang
turns back to O A in other 30 seconds pe¢e

constant and it is equal to 2.5 degrees/s@¢@8) 30 seconds=2 &eg/s) in this part.

In addition, required torque of satellite and the velocity of the satellite do not depend
on gimbal angle. Therefore, only the maximum gimbal angle during different
maneuvering is changed in thi sanaysisaley si s .
calculated by following the same procedure in SedidnSummary of the results for

four different maneuverings is shownTiable5.6.

Table5.6 Summary of Four Differedla neuveri ng

Conditions

Case Required Maximum Rotation Angle Maximum Velocity
Gimbal Angle | and Rotation Time of Satellite
Output Torque
Casel 0.7854 Nm 50A 3 0-40s 1.5 deg/s
Case2 0.698 Nm 75A 6 0-60s 2 deg/s
Case3 1.163 Nm 37.5A 3 0-30s 2 deg/s
Case4 1.034 Nm 56, 25 6 0-45s 2.67 degls

The relationship between the average output torque of one CMG and output torque

capability of one CMG is expresseddguation(5.35)f o r

75A maxi mum gin

excursion. The interval of the integral equation is taken from-es-tCYS().

B

01 A&

8
G o,

OE+, OEn
c8d

(5.35)

X o'

As a result, in order to generate 1 Nm average output torque, one CMG should have
1.355 Nm torque capability shown in Equat({®&®B6). It is noted that two CMGs are
operated during this maneuvering and both of them have same output torque

characteristics.
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O] p& LD A (5.36)

Dynamic output torque generated by one CMG with the effect of the pyramidal skew
angle, dynamic output torque generated by one CMG without the effect of the
pyramidal skew angle, dynamic output torque generated by maboonfiguration,

and required average output torque foddimbal angle excursions is shomrFigure

5.7. Thanks to this dynamic torque characteristics, required average torque is provided

to satellite and all rotation specifications can be satisfied.

Torque Characteristics for 75° Gimbal Angle Excursions
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Figure 5.7 Torque Characteristics for U&imbal Angle Excursion

In order to provide required torque calculated in Equgbd@6), wheel system should
have sufficient angular momentum. Then, the required moment of inertia of the wheel
system is calculatedlorque equation in terms of wheel inertia is expressed in
Equation(5.37).

0 1 9 pP® L B & (5.37)
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where;

] pnnhﬁd%ﬁnnhﬁdpnﬁi@m
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Therefore, the required inertia of the wheel is equaﬁt@ .
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t o
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excur si
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constant and it is equal to 3 degreesbnd (90/ 30 seconds=8eg/s) in this part. In

seconds

ang

P €

addition, required torque of satellite and the velocity of the satellite do not depend on

gimbal angle. Therefore, only the maximum gimbal angle during different

maneuver.i

ng

S

changed in

t hi sanaysisaley s i s .

calculated by following the same procedure in SedidnSummary of the results for

four different maneuverings is shownTable5.7.

Table5.7 Summary of Four Differedla neuver i ng

Conditions

Case Required Maximum Rotation Angle Maximum Velocity
Gimbal Angle | and Rotation Time of Satellite
Output Torque
Casel 0.7854 Nm 60A 3 0-40s 1.5 deg/s
Case2 0.698 Nm 90A 6 0-60s 2 degls
Case3 1.163 Nm 45A 3 0-30s 2 deg/s
Case4 1.034 Nm 67.5A 6 0-45s 2.67 deg/s
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The relationship between the average output torque of one CMG and output torque

capability of one CMG is expressed inEqua®B88) f or 90A maxi mum

excursion. The interval of the integral equation is taken from-9(&0U).

_ (5.39)

00 & oA 2O OEL OER )o@

Nl {o

As a result, in order to generate 1 Nm average output torque, one CMG should have
1.572 Nm torque capability shown in Equat{®&®B9). It is noted that two CMGs are
operated during this maneuvering and both of them have same output torque

characteristics.

O] p® X @a (5.39

Dynamic output torque generated by one CMG with the effect of the pyramidal skew
angle, dynamic output torque generated by one CMG without the effect of the
pyramidal skew angle, dynamic outpgatque generated by pyramidal configuration,
and required average output torque fodginbal angle excursion ghown inFigure

5.8 Thanks to this dynamic torque characteristics, required average torque is provided
to satellite and all rotation specifications can be satisfi&é@nks to this dynamic
torque characteristics, required average torque is provided to satellite and ialh rotat

specifications can be satisfied.
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Torque Characteristics for 90° Gimbal Angle Excursions
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Figure 5.8 Torque Characteristics for 8Gimbal Angle Excursion

In order to provide required torque calculated in Equgbd@®), wheel system should
have sufficient angular momentum. Then, the required moment of inertia of the wheel
system is calculatedlTorque equation in terms of wheel inertia is expressed in
Equaton (5.40).

O 11 pdXGa (5.40)

where;

] pnnhﬁd%ﬁnnhﬁdpnﬁﬂ@&
QQQ “ QQQ
[ oun i

Therefore, the required inertia of the wheel is equaﬁt@ﬂ 8

1 o T8t L ¢ o
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5.5.4.Comparison of Different Gimbal Angles Excursion on CMG Design

Maxi mum gi mbal

understand the effect of the maximum gimbal angle excursion on CMG design,

addi ti

into account in pevious sections. Effects of a selection of different maximum gimbal

angle excursion on CMG design are discussed in this section. Results and comparison

onal t hhr ee

cases

excur si

on is specified

that maxi mum gi mbal

of different maximum gimbal angle excursion are showhahle5.8.

Table5.8 Comparison of Differentlaximum Gimbal Angle Excursion

Maximum Average Torque | Maximum Minimum Angular Speed Inertia

Gimbal of One CMG Torque Torque of Gimbal (kg.m?)
Angle (Nm) (Nm) (Nm)

(deg/s)

45A 1 1.11 0.785 15 0.0405

60A 1 1.21 0.605 2.0 0.0331

75A 1 1.355 0.350 25 0.0296

90A 1 1.572 0 3.0 0.0286

According toTable5.8, generated maximum output torque increases with increasing
gimbal angle and generated minimum torque decreases with increasing gimbal angle.
Since average output torque requirement is detexghfrom maneuvering capability

it does not depend on gimbal angle and it is the same for each maximum gimbal angle
excursion. If the maximum gimbal angle excursion is increased, a difference of
maximum and minimum torque generated by one CMG is increasgdt causes
oscillation on the satellite control system. The velocity of the satellite is not increased
linearly and position control of the satellite during maneuvering is more difficult. In

addition, the attitude control algorithm can be more complgxrévide stability of

satellite during maneuvering because of this difference.

Since maneuvering time limitation comes from system requirement and it is the same

for each differengimbalangle, the angular speed of gimbal increases with increasing

90

as

45



gimbd angle. The main advantage of increasing gimbal angle is decreasing inertia.
Required inertia is decreased since the angular speed of the gimbal directly affects the
output torque equationf CMG shown in Equatior(5.40). Thanks to low inertia,

wheel dimensions, volume, and mass can be reduced. Therefore, since wheel volume
Is reduced, the total volume of CMG is also reduced. In addition, required motor
dimensions which provide rotating energy to the wheel can be reduced since the
required torque of the motor is lower if the inertia of the wheel is small. The summary
of the comparison of different maximum gimbal angle excursion is skagace5.9.

In conclusion, althouglargermaximum gimbal angle excursion has many advantages

in terms of mass and volum&hortergimbal angle excursion is more suitable since

the satellite is more stibduring maneuvering and the effect of disturbances on the
satellite is lower. Therefore, the satellite is more reliable ifst@rtermaximum

gimbal angle excursion is selected.
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Maximum Generated Torque vs Maximum Minimum Generated Torque vs
Gimbal Angle Excursion Maximum Gimbal Angle Excursion
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CHAPTER 6

WHEEL DESIGN OF CMG

6.1. Introduction

CMG is a device based on conservation of the angular momentum. The angular
momentum of CMG is provided by the wheel. The angular momentum has two
components that are inertia and speed of the wheel. The target speed of the wheel is
assigned as 10000 rpm @02 rad/s) imMable5.3. Therefore, the proper wheel should

be designed to provide sufficient inertia calculated in Seé&ti@rinertia of the wheel
depends ophysical dimensions andass of thevheel.

6.2.Inertia Calculations of the Wheel

The geometry of the wheel is taken as a disc. It consists of an outer radius (R2) and an

i nner radius (R1). The thickness of the
wheel is shown ifrigure6.1. Contribution of spoke of the wheel is not considered in
inertia calculations and they have also a positive effect on the inertia of the wheel. In

addition, wheel is mounted on outer rotoBAfDC motor shown irFigure6.2.
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Wheel Side
Section View

i
L —— 3

Wheel Front View

Figure 6.1 Wheel Geometry

Figure 6.2 Representation of Wheel Mounted on Outer Rotor of BLDC Motor

The inertia of the wheel equation is derived in terms of the outer radiysir{Rer
radius (R), mass (Mnee), density of wheel (ghee), and thickness of wheel (t) in
Equation(6.1). Mass of wheel is calculated in Equati@®) and the volume of the
wheel is calculated in Equatig6.3) [26].

a Y oY 6.1
0 (6.1)
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a “Y Y 0Q (6.2
W “Y Y o (6.3

Substituting Equation(6.2) into Equation(6.1) and the inertia of the wheel is
expressed in Equatiq®.4) in terms of thickness of the wheel (t), outer radius of the
wheel (R), inner radius of the wheel (R and density of the wheelge) material.
Y Y Y Y (6.4)
C

O “0Q

Rearranging Equatio6.4) and final expression of inertia of wheel is shown in
Equation(6.5).

“0Q o (6.5)

6.3. Design Constraints of the Wheel

There are three constraints while designing and choosing the dimensions of the wheel.

1 The first constraint is the volume of CMG. Volume constraint has already
specified in Sectios.3. The maximum volume of CMG shall be less than 35
cm x 35cm x 13cm. Thus, the outer diameter of the wheel should be less than
35 cm. Since CMG is placed to satellite within a box and the box has also the
thickness, theuter radius of the wheel of CMG is decided to less than 15 cm.

1 When the wheel is spinning at a high angular velocity, it can experience high
stress. The wheel must withstand this stress during operation. There are two
types of stress; these are tensileldistress, and ultimate yield stress.

” . Yield stress is the maximum stress that a solid material can
withstand when it is deformed within its elastic limit and ultimate stress is the
maximum stress that a solid material can withstand before its failure. The
material of the wheel is chosen atSAType 304 Stainless Steel since it is

suitable for space applications and storage. It has also high ultimate and yield
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stress and density. The density of selected stainless stpet T5QTH .
Ultimate stress is 505 MPa and yield stress is 215 [@Pa

1 According to European Cooperation for Space Standardization, factor of safety
(FoS) musbiggerthan 1.1 for unmared spacecraft and it musiggerthan

1.25 for manned spacecrZs].
6.4. The Effect of Maximum Gimbal Angle Excursion on Wheel Design

Required inertia that provided by the wheel is decreased by increasing maximum
gimbal angle excursion studied in Sectb.4 Therdore, volume and mass of the

wheel are also reduced by increasing maximum gimbal angle excursion.

6.5.Design Example of the Wheel When Maximum Gimbal Angle Excursion is
45A

"0 QEEQR M V@D & ORiBDANd ohd

Y'QR 6 e WE O M 'O mdt 1 TEug

If the known parameters@ HHQ ) are put into Equatio(6.5), the relationship
between the inner radius of the wheel and the outer radius of the wheel is obtained in
Equation(6.6). The final numeric relationship between the inner radius of the wheel

and the outer radius of the wheel is obtained in Equéi@hby simplifying Equation
(6.6).

. “Oo0p TT QY TTTTTT 6.6
Tt T TTU “w c wp Y Y (66)
YooY pht x ®p (6.7)

Selected outer radius should be smaller than 15 cm due to the volume limitation of the
reserved CMG. The first step in the design procedure of the wheel is to assign an outer
radius value and it is taken % p av & for the first iteration. The innerdius of
the wheel is calculated by putting selected outer radius into EquétiQrand it is

calculated a&% p @ wo & The second step of the wheel design is to verify that
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maximum tensile yield stress during operation should be smaller than the tensile stress
of the 1sed material. Tensile yield stress expression for the wheel is shown in Equation
(6.8) [29].

o .
» 1 o LY p LY (6:8)

Wherev is Poisson ratio oAISI Type 304 Stainless Steel and it is equal to 0. 29 and
the density of the AISI Type Stainless Steé@l ( Y 1T TR [27]. The speed of

the wheel is expressed]as and it is equal to 1047.2 rad/s (10000 rpm).

Maximum tensile yield stress during operatign is calculated in Equatio(6.9)
numerical result is lower than the yield stress of selected material ( ¢ p d 0 §

it is shown in Equatio(6.10).

g .

——pmitx o Titwdpo p Tt wEp P LU ©9)

, prcxcﬁggﬂnprﬁcﬁﬁé Cpdd & (610

The third step of the wheel design is to check factor of safety (FoS). Factor of safety
must bebiggerthan 1.1 for unmanned spacecraft and 1.25 for manned spacecratft.
Since designed CMG is planned to use earth observatiglitsatthat are unmanned
spacecraft, limitation of the factor of safety is taken as BoOB is calculated by
dividing maximum yield speed by maximum operation sg@8jl Maximum vyield
speed| is calculated in Equatiof®.12) by rearranging Equatidi6.8) and factor

of safety is calculated in Equati¢d13). It is seen that numeric result of FoS is 1.23

and it isbiggerthan 1.1.

. (6.11)
1 Q o Y p OY
T p ¢ (o O (6.12)
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6.5.1.Design Outputs WhenMa x i mum Gi mbal Angle is 45A:

The design of the wheel is explained step by step in Sea#oDesign outputs are
shown in the following expressions.
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6.5.2.Design Outputs for Different Outer Radii and Different Gimbal Angles

According to the design example mentioned Se@&igydifferent wheels are designed

for different outer radius selected as 11cm, 12cm and 13 cm. Since the ratpiitied i

and angular momentum of CMG system is different for each maximum gimbal angle
excursion case mentioned in Sect®b.4 mass and volume of designed wheets ar

also different. The thickness of the wheel is taken as 3 cm for each design and required
inertia and angular momentum for each case are provided by suitable wheel design.
Results of the wheel design for different radii and maximum gimbal angle excursion
are shown imable6.1.
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Gimbal Angle(A) 4 60 75 90

Quter Radius of Wheel (cm) 1 12 13 1 12 13 1 12 3 1 i) 13
Inner Radius of Wheel (cm) 79 10 155 | 875 | 1046 | 118 [ 908 | 1085 | 12 916 | 1071 | 1203
Volume of Wheel (m3) 550E-04| 4,15E-04| 3,35E-04| 4,19E-04| 3, 26E-04| 2,67E-04] 3064E-04) 2,87E-04| 2,36E-04| 349E-04| 2,76E-04 2,28E-04
Mass of Wheel (kg) 441 | 3% | 288 | 33 | 261 | 213 | 291 23 189 | 219 | 220 | 1®&
Inertia of Wheel (kg.m2) 0,0405 | 00405 00405 | 00331 00331 | 00331 | 00296 [ 0,020 | 00296 | 00286 | 00286 [ 0,0286

Angular Momentum of Wheel (Nms) | 4241 | 4241 | 4241 3466 | 3466 | 3466 [ 3100 [ 3100 | 3100 | 2995 | 2995 | 29%
Operating Tensile Yield Stress (MPa)| 97,03 | 11947 | 14273 | 9923 | 12093 | 14385 | 10014 | 12158 | 14436 | 10039 | 121,76 | 14450
Maximum Yield Speed (rad/s) 1559 | 1405 | 1285 | 1541 | 1396 | 1280 | 1534 | 13%2 | 1278 | 1532 | 1391 | 1277
Factor of Safety (FoS) 149 134 123 147 1,33 122 1,46 1,33 12 1,46 1,33 122

Table6.1 Results of Wheel Design fDifferent Case
6.6. Conclusion

Firstly, the results of the wheel design are compared for one gimbal angle excursion

itself.
If the outer radius is taken &sger

1 Mass and volume of the wheel are lower.
1 Operating tensile stresshggherand the maximum vyield speed is reduced.

1 Since maximum yield speed is reduced, factor of safety is also reduced.

Since factor of safety for all cases satisfy the requirement that it is 1.1 for unmanned
spacecraft and operating tensile stress for all dasalso essthan the requirement
(215 MPa), the wheel that hasaagerouter radius is a more suitable design in terms

of mass and volume consideration.

Secondlytheresults of the wheel design are compared for different maximum gimbal
angle excursiondf the maximum gimbal angle excursion is increased and results are

compared for the same outer radius selection:

Mass and volume of the wheel are lower due to lower inertia requirement
1 Operating tensile stress is a little higherand the maximum yidl speed is
reduced.

1 Since maximum yield speed is reduced, factor of safety is also reduced.
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In conclusionthe wheel has lower mass and volume if the outer radius is taken as
largerand the maximum gimbal angle is increased. It is noted that if the ishessld
for manned space vehicl es, outer radius of

since factor of safety of these wheelseissthan 1.25.

Trendline and results of wheel design for three different outer radius and different
maximum gimbal anglexcursion cases are shown in fréigure 6.3 to Figure6.6.

In addition, the designed and selected wheel that used in this thesis is explained in
detail in Sectior®.3.

Mass of Wheel vs Outer Radius of Wheel
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Figure 6.3 Trendline of Wheel Mass
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Figure 6.5 Trendline of Wheel Yield Speed
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CHAPTER 7

SELECTION AND DESIGN OF WHEEL MOTOR

7.1. Torque Requirement of Wheel Motor

In order to obtain angular momentum thegateoutput torque when the direction of

the angular momentum vector is changed in CMG, the wheel should be rotated with
specified speed. The force of the rotation is provided byeatriel motor mounted on

the wheel. According to CMG requirements mentione@iahle5.3, the wheel has to

reach maximum speed (10000 rpm) within 300 seconds. Therefore, there are two
components of the motor torque due to acceleration torque and -stagelyoad
(bearing friction). Torque capacity of the designed motor should satisfy the total of
these torque components when CMG is operating. The mathematical expression of the

dynamic torque equation of the wheel motor is shown in Equédit)

SR 7
Where;
T d QnoMiEQ@ei noQ
T DOOOQaQd HOMES@ N EE QL O
T doél MNOEPEQ QO "BEE M Q&
0 D0t QiéGEIN M Q&
1 dD QG e an 'QQEMO M Q & GIN
The inertia of the wheeb( ) is calculated for 4 different maximum gimbal angle

excursioms in Section5.5. Required torque of the motor () is obtained by sum of

acceleration and load torqgu&cceleration torque is directly related to the inertia of
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the wheel and acceleration time. If the inertia of the whdabiserand acceleration
time is shorter the motormust generate higher torque to satisfy speed and time
requirements. Since the inertia of the wheel is different for each maximum gimbal
angle excursion, the required acceleration torque is also different. Required
acceleration torque is calculated by using EquaibB) and the required torque
results of four different gimbal angle excursion are showreinle7.1

Q (7.2

Qo0

‘Q 0is maximum acceleration time and it is specified as 300 seconds and

operating speed of the wheel and it is specified as 10000 rpm (1047,2 rad/s) in this

study.
Table7.1 Required Acceleration Torque Results
Maximum Gimbal Inertia (kg.m?) Acceleration Torque (Nm)
Angl e Excu
45 0.0405 0.141
60 0.0331 0.116
75 0.0296 0.103
90 0.0286 0.100

The second component of the required torque of the motor is load torque .

Load torque depends on wheel design and motor design. Since there is no gravity in
space applications, the reason of the load torque is friction on themeal parts of

the wheel and ndnad torque of the motor. Therefore, the determination of load torque

is not easy. In fact, although it can be estimated by analyzing mechanical parts of the
wheel and ndoad characteristics of the motor, it is compleghtind it is generally
obtained from test results. This load torque is taken as a target torque value of the
existing satellite design and it is verified by tests. However, the maximum speeds of
previous actuators and designed wheel in this thesis areamopatible. Load torque

of the previous actuator was calculated for maximum 4500 rpm and the speed of the
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wheel is specified as 10000 rpm in this thesis. Hence, since wheel design of this study
is not the same as previous design and test results of merimgrams do not include
higher speed results, some margin is added to estimated loaddodjties taken as

1.5 times of previous design. Results of load torque estimation based on previous
experience are shown irable7.2.

Table7.2 Results of Friction Torqu€alculations

Speed (rpm) Load Torque (Nm) Load Torque with Margin (Nm)
10 0.003 0.0045
1000 0.008 0.012
2000 0.013 0.0195
3000 0.018 0.027
4500 0.025 0.0375
10000 0.053 0.0795

According toTable7.2, load torque has initial load torque and it is equal to 3 mNm.
For each 1000 rpm increment, 5 mNm frictional torque is added to initial torque. The
results inTable 7.2 show that load torque increases with the increasing speed of the
wheel. Therefore, load torque at 10000 rpm is calculated as 0.053 Nm nominal load
torque and 0.0795 Nm load torque watB% margin.

After estimation of load torque, required motor torque that provides acceleration and
rotation on the wheel at 10000 rpm is calculated by summing acceleration torque and
load torque. Required motor torque is calculated for different maximum gimgal an
excursion by using Equatidid.1) and the results are shownTiable7.3. It is noted

that although load torque depends on the speed of the wheel, load torque is assumed

maximum and constant during acceleration.
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Table7.3 Required Motor Torque for Different Maximum Gimbal Angle Excursion

Gimbal Angle | Acceleration Torque Load Torque Required Motor Torque
(A) (Nm) (Nm) (Nm)
45 0.141 0.0795 0.2205
60 0.116 0.0795 0.1955
75 0.103 0.0795 0.1825
90 0.100 0.0795 0.1795

7.2. Selection of Type of Wheel Motor

SGCMG design includes two different electric motors. One of them is used for gimbal
motor. Gimbal motor provides the rotation of the wheel and the direction of angular
momentum that is created by the rotation of the wheel is changed by gimbal motor.
Low speed (220 rpm)[7] stepper motors are usually selected for gimbal motor since
gimbal angle reaches maximum excursion angle at the half of specified maneuvering
duration mentioned in Sectidn4. The detail of the gimbal motor is explained in
CHAPTER 8 The second electric motor in CMG design is wheel motor. {dpged
brushless DC motor is generally preferred as wheel motor in CMG applications. The
required torque of the electric motor has already determin€dhle7.3 for different
maximum gimbal excursion. The next step after determining required torque is to
decide the type of the BLDC motor. Two previous stufii¢and[8] discuss the type

of BLDC motors and design a new type of BLDC motors. Conventional radial flux
BLDC motor and axial flux BLDC motor were compared in terms of power and torque
density in[7]. Conventional Radial and axial flux motors f3pole and épole were
designed for CMG applications [i]. Furthermore, although radial flux motor was
designed for sinusoidal and square wave excitation, axial motor was only designed for

square wave excitation [id].

On the otler hand, new type BLDC motor that is called as outer rotor radial flux
BLDC motor was designed for same torque requirerasakial flux motor and the

design results of outer rotor radial flux motor were compared with the results of the
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axial flux motor n [8]. Sinusoidal and square wave excitations were also applied in

this study.

The results of these two studies are summarized in this thesis in terms of mass,
torque/mass, volume, torque/volume, efficiency, and inertia contribuifothe
motors. It is noted that all electric motors were designed for same torque value (32
mNm for steadystate operation and 50 mNm for acceleration). The comparison of the

different types of wheel motor are shownTiable7.4.

Table7.4 Comparison of Types of Wheéébtor

Motor Type Mass Torque/mass Volume Torque/volume Efficiency Inertia
(md) Contribution
@ (Nm/kg) (Nm/m?) (%)
(%)
Conventional RF 270 0.18 4.20 E05 1190 85 0.5
2 pole motor

(square wave)7]

Conventional RF 145 0.345 2.45 EO5 2240 79 1
6 pole motor

(square wawej7]

Axial flux-2pole 300 0.165 4.45 E05 1125 91 15

(square wave))7]

Axial flux-6 pole 110 0.455 1.90 EO5 2630 92 6

(square wave)7]

Outer rotor radial| 210 0.24 3.05 E05 1640 90 65
flux- 2 pole

(sinusoidal)8]

Outer rotor radial 95 0.525 1.90 EO05 2630 93 2
flux- 6 pole
(sinusoidal)8]

Outer rotor radial 185 0.27 2.70 EO5 1850 90 38
flux- 2 pole

(square wavel}8]

Outer rotor radial 110 0.455 2.05 EO5 2440 93 5
flux- 6 pole
(square wavelB]

7.2.1. Discussion of the Results of Wheel Motors Types

The design results of three different motors studied in previous two staidies
summarized imMable7.4. The first motor is conventional radial flux motor and rotor
is placed at inner side of motor and stator coils are placed at outer side of the motor.

The flux path in this motor is designed radially. The second motor is an axial flux

107



motor. Rotor is plaatat outer side of the motor and stator coils are placed at inner

side of the motor. The flux path in axial flux motor is axially. The last type motor is

outer rotor radial flux motor and it has the same configuration in terms of placement

of stator and ror. However, flux path is designed the same as conventional radial

flux motor. Discussion and comparison of these three types of wheel motor are studied

in this section by following statements.

T

Since 6 poles motors share flux path, they hsherterstata back core
thickness. Therefore,-ppoles motors have a lower mass. When we compare
the mass of motors, outer rotor radial flux sine wave excitpdl® motor,
outerrotor radial flux square wave exciteepble motor and axial flu6 pole
motor have a lowemass. The most suitable motor in terms of mass is outer
rotor radial flux sine wave excitedgble motor.Therefore, this type of motor
has also higher torque/ mass performance.

When volume and torque/volume are compared, outer rgiotemotors and
axial flux 6 pole motor should be chosen as wheel motors betiesemotors
have lower volume and higher torque/volume performance.

Outer rotor 6poles motors have the highest efficiency. Outer rotor radial flux
sine wave excited-fole motor or outer rotaadial flux square wave excited
6-pole motor should be chosen as wheel motor in terms of efficiency.

Inertia contribution shows a positive effect of total inertia. Sinpel2 motors
havelongerstator back core length they have higher inertia contabu®he
most suitable motor in terms of inertia contribution is outer rotor radial flux
sine wave excited -pole motor. However, the wheel itself has already
designed to provide sufficient inertia to CMG. Therefore, although higher
inertia contribution ipreferred specification, it is not critical for wheel motor
design. It is notedhat inertiacontribution of designed motor sharedin
Section7.3.10.5

As aresult, outer rotor radial flux-pole motors have more advantages in terms

of mass, torque/mass, volume, torque/volume, and efficiency.
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These three motors were studied for smaller CMGs and small wheels where torque
requirement of motors is 32 mNm for digestate operation and 50 mNm for
acceleratiorj7] [8]. The results of the two studies give an idea that outer rotor radial

flux motors have a lot of advantage when they are compared with axial flux motor and
conventionaradial flux motors. However, since the wheel motor of this CMG study

has higher torque requirement, motor design has to be updated to provide at least
0.2205 Nm for 45A gi mbal angle, 0.1955 Nr
gimbal angleand 07195 Nm for 90A gi mbal astatelle and
other words, the new motor design should be designed approximately 4 times higher
torque than previous motor designs.

Since the manufacturing process of the outer rotor radial flux motoriées gzan the
outer rotor axial flux motors outer rotor radial flux motor is chosen as a wheel motor

type in this thesis.

Although sine wave excitation motor has a little more advantage than square wave
excitation in terms of torque density, square wavetatan is chosen in this thesis
because the design of driving electronics of square wave excitation is easier than sine
wave excitation. In addition, in order to obtain sinusoidal excitation for 10000 rpm
motor, transistors of motor driver should havehleig switching frequency and it
causes higher switching loss and switching stress. (especiallypfue Gnotor since
fundamental frequency is 500 Hz). Therefore, implementation of sinusoidal excitation
is not reasonable. As r@sult,the outer rotor radiaflux motor with square wave
excited motor is relesigned in this thesis for high torque requirement. Since the type
of re-designed motor is an outer rotor radial flux motor, it is designed based on the
study([8].

In conclusion, mice mass and volume are the most significant criteria for space
applications, the most suitable squarave excited outer rotor motor design that
satisfies electrical loading and magnetic loading conditions will be selected in terms

of mass and volume.
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7.3.Wheel Motor Design

Wheel motor design procedure has been already analyfgdand[8]. Same design
procedure is applied in this study in following sections. Design flowchart of wheel

motor is shownn Figure7.1.
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Torque Requireme
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Maximum
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Case2
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Design Results

Casel

Maximum
Gimbal Angle
Excursion isA45A

Comparison of|
Design Resultg

Case2

Maximum
Gimbal Angle
Excursion is60A

Comparison of|
Design Resultg

Case3

Maximum
Gimbal Angle
Excursion is75A|

Comparison of
Design Results

Case4

Maximum
Gimbal Angle
Excursion isO0A

Comparison o
Design Resultg

Figure 7.1 Design Flowchart of Wheel Motor

Discussion o
Motor Design|
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7.3.1.Material Selection

When designing PM brushless DC motor, selection of rotor core and permanent

magnefarecritical.
7.3.1.1.Selection of core material

Ferromagnetic materials are most preferred magnetic materials used in rotor and stator

of the motor. A high percentage of statodaotor consists of ferromagnetic materials.

Cogent Power No 12 ferromagnetic material is chosen as core material in this thesis
and specifications of this material is showTable7.5

Table7.5 Specificatiors of SelectedCore Material [8]

Parameter Value
Hysteresis Coefficient gk 0.0314
Eddy Current Coefficient gk 2.18 EO5
Density (kg/nd) 7650
Rel ative P&rmeabil i ty4000
Maxi mum Service Tempd(230
Curi e Temperature (4800

Losses are the most important criteria to select core material. Manufacturers usually
give core loss values in W/kg. Core losses for Cognet Power No 12 are shiafahein
7.6.
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Table7.6 Core Loss Data for Cognet Power No [¥2

Magnetic Flux Density in T
Cogent power No 12 (0.2mm
50Hz | 400Hz | 2.5kHz
0.1 0.02 0.16 1,65
0.2 0.08 0.71 6.83
0.3 0.16 1.55 15.2
04 0.26 2.57 254
0.5 0.37 3.75 37.7
0.6 0.48 5.05 52
0.7 0.62 6.49 66.1
0.8 0.76 8.09 83.1
0.9 0.92 9.84 103
1 1.09 11.8 156
11 1.31 141
1.2 1.56 16.7
1.3 1.89 19.9
14 2.29 24
15 2.74 28,5
1.6 3.14
1.7 3.49
1.8 3.78
1.9
2

In this thesis, the wheel motor is operatedL@00 rpm and the motatesignis
investigatedor 2-pole or 6pole. This means that the frequency of motor 166 Hz for
2-pole and 500 Hz for-pole motor. For high frequency motor applications, cogent
power material is suitable since it can operate ateniffequency with lower power

loss.
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7.3.1.2.Permanent Magnet

Radiationrhardened and corrosion resistant permanent magnet is necessary for space
applications. VACOMAX 225 HR type samarium cobalt magnet »Smy) has
suitable properties and is selected. Also as seen in the table it can operate high

temperature. Properties of the selected magnet are givi@bia7.7.

Table7.7 Properties of VACOMAX 225 HR [7]

Property Value

Br 1.031.1T

Hc 720-820 KA/m

er (Relative permeability) 1.061.34

Temperature coefficient for,B -0.03% to 0.045%
Teurie 800 AC

Tservice 350 AC

Thermal conductivity 12 W/ (m. AC)

7.3.2.Magnetic Circuit of Outer Rotor BLDC Motor

The performance of permanent magnet BLDC motor is directly related to the magnetic
circuit design of the electric motor. Permanent magnets are mounted on the surface of
the rotor in BLDC motors. The geometry aBdH curve of permanent magnets
determine the magnetic circuit of electric motors. Therefore, the thickness of required
magnetic material in the BLDC motor is calculated by solving the equations of
magnetic circuits. Symbol list of design parameters forrmatg circuit are given in
Table7.8.
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Table7.8 Symbol List of DesigRarameters for Magnetic Circuit

Parameter Denotation
Generated constant flux of PM per pole %o
Magnetic flux in air gap per pole %0
Fundamental magneti flux per pole %0
Permeance of PM due to internal leakage magnetic flux 0
Permeance of PM due to leakage magnetic flux between rotor and airgap 0
Equivalent permeance of magnet. 0
Reluctance of air gap Y
Reluctance of core Y
Remenant flux density of PM o}
Average flux density of magnet 0
Average flux density of air gap 0
Permeability of vacuum condition ‘
Relative permeability of PM ‘
Magnet thickness a
Area of the magnet 0
Area of air gap 0
Area of core 0
Air gap distance Q
Equivalent air gaplistance Q
Carter Coefficient 0
Mean length of the core a
Magnet span f
Pole pair nn
Inner radius of the motor Y
Length of the motor 0
Magnetomotive force (m.m.f) O
Average flux density 6
Flux concentration factor 5 o_
0
Magnetic field strength at operating condition 0
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Equivalent magnetic circuit of the outer rotor BLDC motor is showFigare7.2.

Qo

Figure 7.2 Equivalent Magnetic Circuit Branch of Outer Rotor BLDC Motor

Magnetic circuits equations based[@hand[8] are summarized ifable7.9

Table7.9 Equations of Magneti€ircuit

% 00

- 00 0O
o}

C4

0 [30]

0 ppoO
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Table7.10Equati ons of Magnetic Circuit
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Magnetic circuit equations for air gap flux density and magnetic flux density are
solved in the above equatis. According to these equations, magnetic loading of
various motor parts and air gap flux density will be determined for given magnet
properties shown iifable7.7 and for selected dimensions of the motor in next parts

of this study.
7.3.3.Back emf and Torque Derivations Under Square Wave Excited Motor

The torque requirement of electrical motors is directhatesl to both magnetic
loading and electrical loading. Derivation of back emf and torque derivation under
square wave excitation is investigated in this section. Symbof lisign parameters
back emf are listedlable 7.11 and derivation of back emf for one phase are

summarizedn Table7.12.
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Table7.11 Symbol List of Design Parameters for Back EMF Calculations

Parameter Denotation
Flux linkage of air gap _
Maximum magnetic flux in air gap per pole %o

Flat top value of air gap flux density 0
Mechanical angle of the motor —
Mechanical speed of motor 1

Back emf of one phase (6]
Inner diameter of the motor O
Length of the motor 0

Table7.12 Derivation of Back EMF

0 %o
%0 66 0“YO
— %o p CT
Qo Q— Qo QO
o 1 6 -8*Y0 0 6001  [30]

In order to calculate the average flux density in the air gap, the fundamental

component of the air gap magnetic flux density should be calculated by using

Equation(7.3) [7]. After that, average air gap flux density is expressed in terms of the

fundamental component of the air gap magnetic flux density in EqQUat#®n

&
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Since magnet span selected 120 — p ¢ mBY substituting Equatiol7.3) into
Equation(7.4), the expression of average air gap flux density in terms efoiagir
gap flux density is shown in Equati¢n5). It is noted that relationship between flat

top magnetic flux density, flux linkage, and back emf are shovAgre7.3

Eon

o} ™ O (7.5)
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Figure 7.3 Air Gap Flux Density, Flux Linkage, and Back emf

Symbols used for design parameters in torque derivation under square wave excited
motor are listed iMable7.13. Equations used in calculation of torque for one phase
are summarized imable7.14.
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Table7.13 Symbol List of DesigRarameters for Torque Calculations

Parameter Denotation
Electrical loading M
RMS current per phase O

DC link current O
Electromechanical motor torque power 0
Electromechanical motor torque Z
Back emf of one phase 0o
Innerdiameter of the motor (@)
Length of the motor 0

Table7.14 Derivation of Torque Equation
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7.3.4.Motor Dimension Calculations

The purpose of the investigation is to design an outer rotor PM brushless DC motor,
with respect to new torque requirements, which are mentioned in SE&dnA
similar type of motor has been designed for low torque requirem§8it. iHowever,
the new motor design should be analyzed and checked in terms of electrical loading,

efficiency, volume, and mass.
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During the designnocedure, the following requirements are considered.

1 Since the same motor core selecteldjrand[8] are also used in this study,

the average air gap magnetic flux densitpis 18 JY Therefore,
Flattop value of air gap magnetic flux densityis 1@ Y

1 According to[7], maximum current loading is to up 6000t/ and
maximum current density is to up 7 A/mnviaximum values for electrical
loading characteristics are only valid for acceleration. In stetatg,
currentloading is up to 3000 Am and maximum current density is to up
3 A/mn.

1 Produced torque of motaluring acceleration shall be at least 0.2205 Nm
for 45A gi mbal angle, 0.1955 Nm for 60A
gi mbal angle and O0.1795 Nm for 90A gi
different motors will be designed to understand the effect of motguéeor
on motor dimensions.

1 Produced torque of motor during stesgdsite shall be at least 0.0795 Nm
(at 10000 rpm).

1 Maximum flux density at any parts of the motor core shall be less than
1.4T due to characteristics of core matdigdl

After the description of requirements, basic dimensions of the motor such as slot area,
slot depth, back core length, inner diameter, motor leagththe outer diameter of

the motor should be determindthe symbols used during calculations bseed in
Table7.15. Representation of outer rotor BLDC motor dimension is showmguare

7.4. Back core of stator and rotor are taken as equal to ensure that maximum allowed
flux density in core to the same value. The slot width and the tooth width are also
taken as equal to decrease the unknown number and to ease calculations. During the
whole design procedureD is selected as 22 mm due to consideration of cable

area of phases in this study.
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Table7.15 Symbol List of Design Parametdos Motor Dimensions Calculations

Parameter

Denotation

Total Slot Area

Pole Area

F

Back Core Area

Slot Depth

Back Core Depth

Inner Diameter

Inner Radius

Outer Diameter

Outer Radius

<l ol <| o] 9| o

Motor Length

c:

Ratio between inner diameter and length of the motor

Shaft Diameter

Inner Diameter / Core Length Ratio

Air gap distance

Magnet thickness

Q-

Tooth Lip-1

Tooth Lip-2

Lip Opening

c-

Slot Thickness

C-

Tooth Width at Airgap

Tooth Width

Magnetic flux in back core

%0

Magnetic flux for one pole

%0

Average magnetic flux density of back core

Peak value ofnagnetic flux density of back core

Pole number

Current density of copper wire

Slot fill factor
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Figure 7.4 Representation of Outer Rotor BLDC Motor Dimensions

Equations used in the design in terms of motor dimensions are summarizdaen
7.16.

Table7.16 Equations of Motor Dimension Calculations

(0] cq &

p6 O

¢ 6 n
Boep= 1.4T [7] and[8]
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Table7.17TEquati ons of
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7.3.5.Winding Design

equationsare summarized imable7.18.

Di mensi on

to design winding. Operation voltage of satellite is changed betweet838V If

emf calculations. Number of turns per phase are calculatedgote2and €pole

Table7.18 Winding DesigrParameters and Equations

Minimum bus voltage=18 V

Voltage drop across the one semiconductor =1 J8]

Slot number=18 [8]

0 1w
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Cal cul a:

After the main dimensions of the motor are calculated, the problem is in this section

back emf is satisfied for minimum operating voltage, it is also satisfied for higimer tha

minimum operating voltage. Therefore, minimum operating voltage is taken for back

motor design that is same as previous motor design] iand[8] and it should be

divided by 3 and the result should be an integer. Winding design parameters and



Table7.19Winding DesiglPar amet er s

a

n d
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0

6 00V
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5

Equations

Winding design for zbole and goole motor are shown iRigure7.5 andFigure7.6

SlotNumber | 1] 2] 3| 4 5] 6] 7] 8|9 1w0]1]2]B]w]155]16]17]18
PhaseWindng | A | A |A|<c|c|lc|B|B|B|A|A|A|C|C|lC|B]B]|SB
N“rgrp";;tns Nph/3| Non3| Non3| Non3| Not3| Noh/3| Notv3| Notv3| Not/3| Not/3{ Not3| Not3| o3| Nor3| Nor3| Nor3| Norv3| Non/3
Poles Pole 1 Pole 2
Figure 7.5 Winding Design of Zpoole Motor
Sothumber | 1] 2] 3| 4]s]6]7]s wlunlwels]uls]s6]r]s
Phasewindng | A | c | B[ Aalcla|alc|Blalc|B]alclel[alc]s
ng:g;:;“ems Notv3| Notv3| Notv3| Not/3| Not/3| Not/3{ Not/3{ Non/3{ Not/3{ Not/3{ No/3{ No/3| No/3{ Not/3| Not3| Not3| Not3| Not3
Poles Pole 1 Pole 2 Pole 3 Pole 4 Pole 5 Pole 6

Figure7.6 Winding Design of gole Motor

7.3.6.Phase Resistance Calculation

Design parameters and equations for phase resistance calculations are sSkaiva in

7.20.

Table7.20 Design Parameters anlquations for Phase Resistance Calculations

6€&'Q6 @EMNQRI Qi 6 QL ) Gbp T

a

6€£€EQO6ODAKOD

Mean length of conductor; MLC
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Table7.21Desi gn Parameters and

Equations
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7.3.7.Phase Inductance Calculation

Design parameters and equations for phase inductance calculations are sheivi@ in

1.22.

Table7.22 Design Parameterand Equationgor Phase Resistance Calculations
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[7] and[8]

0 ¢ ¢0

& /s the total number of slots per phase

0 /s the total number of conductors in the slot
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In order to understand slot leakage inductance andugndnductance, slot geometry

and eneturn geometry are shown Figure7.7 andFigure7.8.

Stator Core

Figure 7.7 Slot Geometry

End
winding

Bending
contribution

N

alot

fnf

Figure 7.8 Geometry of End Turfi]
7.3.8.Loss Calculation

Symbols used for loss calculation are listedale7.23.
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Table7.23 Symbol List of Los€alculations

Parameter Denotation
Hysteresis losses 0
Eddy current losses 0
Core losses 0
Hysteresis coefficient o)
Eddy current coefficient o)
Steinmetz exponent n
Magnetic flux density of tooth o}
Maximum magnetic fluxdensity of tooth 6
RMS current of phase O
DC-link voltage @
Copper losses 0

Loss calculations of the motor are summarize@iahle7.24.

Table7.24 Loss Calculation of thiMotor

0 Q™
0 QQs
0O 0 O

T P U museeTable7.5)

n=2 [8]

=1.4T [7]

. o 0
0 b—r]umlcﬂ 0

o] co ) @Y

o} - @ P UY/7]

127



Table7.25Loss Cal cul ation of t
v o,
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7.3.9.Mass, Volume, Inertia and Efficiency Calculations
Design parameters and equations are showiale7.26.

Table7.26 Mass, Volume, Inertia, andfficiency Calculations of Motor

he

Mot or

21 O OO y $? $ ¢ LA
A 7650 kg/m3 (seeTable7.5)
_Aciimano et s ccL L A
S ¢ C
Where p=pole number,d =120 degree, A 8400kg/m3[7]
- AGGEOABA ION-T x y $ E E ,A
-AOGEAREO 1 ! , A where 1 oy
47 1 OEBA A E x
- AGGEOAPI O - -
61 1 Qi OO y 2 ,
)TAdEEATO S 2 2 E
0 0 0
0 0 0 0 0O O
where 0 ¢ OODOB And0 ) T PG A O

7.3.10.Design Results

Design results are obtained by changing RDL (ratio of inner diameter to lehgth

moton from 0.7 to 20 based di&]. The purpose of changing RDL is to decrease
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number of unknown parameters in motor equations. Thanks to definition of RDL,
motor torque equation can be expressed in terms of qiflgrigr diameter of mtor)
shown inTable7.16. In addition, several motor designs are obtained by changing RDL
and the most suitable motor design result that electrical loading is less thaA-6000
t/m is selectedn terms of low mass angolume. It is also noted that inertia

contribution of motor is investigated.

Design results are shown and discussed regarding-plo¢e2and épole for square
wave excited motor in this section. There are four different cases for motor design

results sinceequired motor torque is different for different gimbal angles.
73.10.1Desi gn Results for Gimbal Angle 45 A

Required motor torque is taken 0.2205 Nm mentioned before in S&cliobetail

design results are showmTable7.27.

Mass, volume and inertia contribution and comparison-pbl2 and 6pole motors
with respect to different RDL values shown in fréiigure 7.9 to Figure7.11. Base
values of mass, volume, and inertia are taken from wheel design result that outer radius

is 13 cm for 48maximum gimbal angle for contribution calculations.
Base Values

Mass: 2.68 kg Volume: 335 cri Inertia: 40.5 g.rh
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Table7.27Det ai | ed

Mot or

Design

Resul ts

2-pole square wave excited motor

6-pole square wave excited motor

Parameter

Value Value
RDL 0,7 1 13 3 10 29 o7 1 13 3 100
Di (mm) 953§ 9593 96471 9924 107,74 116,12 37,31 39,24 4084 47,19 599§ 69,64
L (mm) 136,26 9593 7421 3304 10,74 58] 5330 39,24 3142 1573 600 344
g (mm) 079 074 074 079 079 074 079 079 079 0,79 0,79 0,71
Do (mm) 172,83 173,83 174,80 179,80 195,39 211,11 51,60 54,04 56,13 64,34 81,66 96,3
hs (mm) 01 024 029 061 161 259 289 361 421 6510 1133 1493
Im (mm) 145 149 1479 157 178 224 163 169 164 180 244 399
hl (mm) 100 1090 100 104 104 104 104 100 109 100 104 1,04
h2 (mm) 100 109 100 109 104 104 104 100 104 100 104 1,0d
wl (mm) 079 074 0794 079 079 074 079 079 079 079 079 0,75
w2 (mm) 79 800 804 826 891 954 264 27 289 320 390 449
hshc (mm) 3653 36,74 3699 3801 4121 4441 476 501 529 6027 76§ 889
t1 (mm) 1590 1599 1609 1657 1804 1953 57 6,10 63§ 749 972 114
t2 (mm) 79 800 804 826 891 954 264 27 289 320 390 449
J (g.m2) 81,17 5844 4629 2304 1041 769 014 014 013 011 011 019
V (cm3) 3199 2277 1781 840 323 204 111 90 78 51 31 26
Mtotal (kg) 2419 1723 1341 634 243 153 076 061 053 034 021 0,19
Rph (mOhm) 97,69 51,83 3301 3574 3281 538] 4744 27,61 3359 2451 26,09 29,2
Lph (uH) 2244 1594 1245 2320 34,13 6199 20,24 1555 22,91 29,60 6145 93,69
Nph 300 300 300 600 1200 21,00 9,00 9,00 12,00 1800 36,00 51,0
Irms (A) @SS 425 429 4259 425 429 429 429 425 425 425 425 4.2
Irms(A) @Acc 11,74 11,74 11,74 11,74 11,78 11,74 11,74 11,74 11,74 11,74 11,74 11,79
g (Athm) 223,71 31409 40153 851 2217 3544 373f 4589 5287 79171 12864 16421
Ploss @Acc(copper +iron)(W) 9844 6955 54,84 2954 19,74 22,74 2239 1959 1804 14,64 1347 1490
Ploss @SS(copper +iron)(W) 9151 6384 4964 2374 10,12 767 13,74 1124 993 693 4789 4.9
Efficiency (%) @ Acc 7011 7689 80,80 8866 92,11 91,03 91,14 92,20 92,794 94,02 9449 93,94
Efficiency (%)@ SS 4764 5659 6269 77,79 89,14 9154 858§ 88,01 89,34 92,32 9457 95,1
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Inertia vs RDL for 2-pole
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Figure 7.9 Inertia Comparison and Contribution for Gimbal AngléJ45
Mass vs RDL for 2-pole
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Figure7.10Mass Compari son and Contri but
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Volume vs RDL for 2-pole
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Figure7.11Vol ume Compari son and Contribution f

7.3.102Design Results for Gimbal Angle 60A

Required motor torque is taken 0.1955 Nm mentioned before in S&cliobDetail
design results are shownTiable7.28.

Mass, volume and inertia contribution and comparison-pbl2 and éyole motors
with respect to different RDL values shown in fréigure7.12 to Figure7.14 Base
values of mass, volume, and inertia are taken from wheel design result that outer radius

is 13 cm for 6@maximum gimbal angle for contribution calculations.

Base Values

Mass: 2.13 kg Volume: 267 crd Inertia: 33.1 g.rh
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Table7.28Det ai |l ed Mot or Design Results
2-pole square wave excited motor 6-pole square wave excited motor
Parameter
Value Value

RDL 01 1 13 I 10 20 07 1 13 3 10 20
Di (mm) 95229 9573 96 9874 10659 11444 3673 3854 4009 4614 5841 6787
L (mm) 13604 9579 74 3291 1064 574 5241 3854 3084 1539 589 334
g (mm) 079 0794079 079 074 079 079 079 079 079 079 079
Do (mm) 17257 1734 174 17883 19330 20820 5087 5321 551§ 63071 7984 94,81
hs (mm) 01426 0201 024 05§ 147 239 269 33§ 393 619 107 1429
Im (mm) 14468 1450 147 153 179 229 163 166 16§ 181 249 413
h1 (mm) 1 1Y 1 100 100 104 104 100 104 10q 100 1,0d
h2 (mm) 1 1Y 3 100 100 104 104 100 104 10 100 1,0d
w1 (mm) 07/9 0/40794 0/ 0794 079 079 0/ 079 079 079 07
w2 (mm) 79488 7981 804 827 887 943 263 272 28] 314 38] 433
hshc (mm) 36471 36,69 369 3781 4087 4384 469 492 513 58] 744 864
t1 (mm) 158711594 16 1644 1789 1923 564 599 629 7301 949 1104
t2 (mm) 79488 7981 804 822 887 943 264 272 28] 314 38] 433
J(g.m2) 80542 578 454 2249 993 717 01 013 012 014 010 011
V(cm3) 31818 2264 1764 8271 313 199 107 8§ 74 48 29 24
Mtotal (kg) 2404 1714 134 629 239 149 073 054 050 033 020 017
Rph (mOhm) 109,671 5809 37 3964 3590 5819 5104 2964 3584 2594 32064 34,18
Lph (uH) 22401 159 124 2299 3351 60479 1979 1514 2229 2870 6984 1017
Nph 3 3 3 600 1200 2100 900 904 1200 1800 39,00 54,0
Irms (A) @SS 429 429 429 429 428 429 429 429 429 429 42 42
Irms(A) @Acc 1049 10491045 1045 1049 1049 1049 1049 1043 104§ 1049 104§
q (A.thm) 199 280 359 760 2031 3279 3473 4289 4960 7500 12300 15761
Ploss @Acc(copper +iron)(W)97,81% 68,73 54 2859 1840 208y 2084 1814 166§ 1349 1234 1363
Ploss @SS(copper +ron)(W)| 91,71 63,7 495 2359 1004 78] 1339 1094 969 679 479 43
Efficiency (%) @ Acc 67,669 748q 79 87,7 9179 9071 9079 9187 92471 9384 9431 9374
Efficiency (%)@ SS 47583 5663 62 7794 8920 9144 86194 88371 8961 9250 9460 9504
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Inertia vs RDL for 2-pole
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Figure 7.12 Inertia Comparison and Contribution for Gimbal AngldJ60

Mass vs RDL for 2-pole
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Figure 7.13Mass Comparison and Contribution for Gimbal Angié
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Volume vs RDL for 2-pole
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Figure 7.14Volume Comparisonan@o nt r i buti on f or Gi mbal Angl

7.3.103Design Results for Gimbal Angle 75A

Required motor torque is taken 0.1825 Nm mentioned before in S&cliobDetail
design results are shownTable7.24.

Mass, volume and inertia contribution and comparison-pbl2 and épole motors
with respect to different RDL values shown in fréigure7.15to Figure7.17. Base

values of mass, volume, and inertia are taken from wheel design result that outer radius

is 13 cm for 75U maxi mum gi mbal angle f ol
Base Values
Mass: 1.89 kg Volume: 236 cr Inertia: 29.6 g.rh
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Table7.29Det ai | ed

Mot or

Design

Resul ts

2-pole square wave excited motor 6-pole square wave excited motor
Parameter
Value Value
RDL 0/ 1 13 3 10 2 01 1 13 3 0 2
Di (mm) 9519 964 907 9844 10593 11359 3641 3814 3967 4559 5764 6631
L (mm) 13593 9564 7390 3281 1059 564 5201 38194 3050 1520 57§ 334
g (mm) 074 074 079 0 079 079 07 079 079 079 07 07
Do (mm) 17243 17321 17409 17839 19219 2066] 5041 5274 5464 6234 7884 9379
hs (mm) 013 019 024 051 140 229 25§ 329 371 591 1044 1384
Im (mm) 149 144 147 153 179 230 163 1664 169 18] 251 421
h1 (mm) 100 100 100 100 100 100 104 10q0 100 100 100 100
h2 (mm) 10 100 100 100 100 100 104 1040 100 104 100 100
w1 (mm) 079 079 074 079 0794 074 079 079 079 079 079 071
w2 (mm) 794 799 801 820 870 934 261 270 279 311 370 42
hshc (mm) 3644 3661 3679 3770 4059 4349 465 48] 508 58] 73§ 859
tL (mm) 1584 1594 1604 1643 1774 1901 560 591 617 721 931 1091
t2 (mm) 794 794 801 820 871 93 260 270 27§ 311 371 427
J (g.m2) 8024 5754 4533 2219 969 690 014 017 011 019 009 011
V (cm3) 4 25§ 1759 820 307 190 104 83 72 44 2§ 23
Mtotal (kg) 2401 1704 1331 620 23] 143 070 0501 049 031 019 0171
Rph (mOhm) 11719 6201 3944 4214 3779 608§ 5321 3081 3719 2680 3293 3904
Lph (uH) 2231 1581 1234 2281 3314 5961 1954 1497 2194 2821 6860 11141
Nph 300 300 300 604 1200 2100 904 900 1204 1800 39,00 57,0
Irms (A) @SS 429 429 429 429 429 42§ 429 429 49 424 429 4N
Irms(A) @Acc 974 974 979 97 97 979 97 979 91 97 979 97
q (Atm) 189 263 33§ 724 1930 313§ 3324 4123 4779 7267 11987 15307
Ploss @Acc(copper +iron)(W) 9751 6837 5359 2803 1767 1980 2003 173§ 1599 1284 1174 12,94
Ploss @SS(copper +ron)(W)| 91,81 6374 4939 2351 1004 784 13171 1081 957 6671 479 441
Efficiency (%) @ Acc 6621 7361 7811 8720 9154 9061 9051 9161 9230 9370 9421 936"
Efficiency (%)@ SS 4754 5664 6271 7799 8920 9134 8634 8851 8974 9254 9460 949]
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Inertia vs RDL for 2-pole
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Mass vs RDL for 2-pole
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Figure7.16Mass Compari son
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Volume vs RDL for 2-pole
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Figure7.17Volume Comparisonandont ri buti on for Gi mbal Angl e

7.3.104Desi gn Results for Gimbal Angle 90A

Required motor torque is taken 0.1795 Nm mentioned before in S&cliobetail

design results are shownTiable7.30.

Mass, volume and inertia contribution and comparison-pbl2 and éole motors
with respect to different RDL values shown in fréigure7.18to Figure7.20. Base

values of mass, volume, and inertia are taken from wheel design result that outer radius

is 13 cm for 90U maxi mum gi mbal angle for
Base Values
Mass: 1.82 kg Volume: 228 cri Inertia: 28.6 g.rh
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Table7.30Det ai | ed

Mot or

Design

Resul ts

2-pole square wave excited motor 6-pole square wave excited motor
Parameter
Value Value
RDL 01 1 13 3 10 20 07 1 13 3 10 20
Di (mm) 9513 9559 96,04 983§ 10580 11333 3634 3809 398 4549 5744 665]
L (mm) 13590 9559 738§ 3279 1054 561 5191 3809 3044 1519 574 333
g (mm) 079 079 079 074 079 079 079 079 079 07 079 075
Do (mm) 1724017323 17404 17824 191,93 20624 503§ 5263 5454 6220 7863 9353
hs (mm) 013 018 024 051 13§ 224 253 318 373 597 1039 1374
Im (mm) 149 144 1470 153 179 230 163 164 169 187 251 423
h1 (mm) 100 100 100 104 104 100 100 100 100 100 100 1,04
h2 (mm) 100 100 100 104 104 10d 100 100 100 10q 100 1,00
wl (mm) 0749 079 079 0794 074 079 079 079 0794 074 079 074
w2 (mm) 794 799 801 819 87 934 260 270 274 310 379 424
hshc (mm) 3643 3661 36,74 3764 4054 4340 464 484 509 58] 733 85
t1 (mm) 1584 1593 1601 1644 1774 1903 559 590 614 714 929 108]
t2 (mm) 794 799 801 819 9 934 260 270 279 310 37 426
J(g.m2) 8014 5744 4529 2212 10 683 014 017 011 010 009 011
V (cm3) 3174 2253 1750 819 304 189 103 83 7] 4 28 23
Mtotal (kg) 2401 1709 1329 618 230 144 071 057 044 031 019 011
Rph (mOhm) 11908 6300 4004 4271 3829 6154 5383 3111 3753 270] 331§ 3926
Lph (uH) 2230 1584 123§ 2289 3310 5944 1944 1481 2184 2809 6830 1109
Nph 300 300 300 600 1200 2100 900 900 1200 1800 3900 5700
Irms (A) @SS 139 191 249 270 390 384 308 400 367 429 407 414
Irms(A) @Acc 959 959 959 959 959 959 959 959 95 959 959 959
q (A.thm) 184 254 331 711 190§ 3107 3294 4084 473§ 7212 11912 15304
Ploss @Acc(copper +iron)(\W) 9749 6824 5344 2793 1750 1951 1984 171§ 1574 1271 1159 1280
Ploss @SS(copper +ron)(W)| 9191 6374 49371 2349 1008 794 1313 1071 949 669 479 442
Efficiency (%) @ Acc 658§ 7331 7784 87,04 9144 9051 9049 9163 922§ 9361 9419 9362
Efficiency (%)@ SS 4753 56,64 62,71 77,99 8920 9131 863§ 8854 8971 9260 9460 949
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Inertia vs RDL for 2-pole
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Volume vs RDL for 2-pole
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Figure7.20Volume Comparisonandont r i buti on for Gi mbal Ang]l

7.3.10.5. Discussion of Motor Design Results

In this section, motor design results are discussed in terms of mass, volume, inertia
and manufacturability. Two unknowns slot depth @nd an inner diameter of the
motor (D) is the starting point of the motor calculations. The purpose of this
calculation is to optimize motor dimensions and obtain a minimum inner diameter in

order to derease mass and volume.

The aerage air gap magnetic flux density is taken 0.43 T and this constraint is
satisfied for each design. In addition to this, electrical loading (¢fyeoflesigned

motor has to be less than 6000 A.t/m.

When the results of-Bole motors and the-gole motors are compared for each

different gimbal angle individually;

1 Since magnetic loading is directly related stator back core depth, back core
depth of 2pole motors is longer than@le motors. For this reason, mass and

volume of 2-pole motors are higher thanp®le motors. Therefore,-j2ole
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motors are not suitable for space applications in terms of mass and volume
efficiency.
1 Since mass and dimensions ep@e motor are bigger thangble motor,
inertia contribution of 2 polenotor is more than-pole motor. However,
inertia contribution is not critical sindée required inertia has been already
provided by the wheel. It is noted that inertia contributions-pblé motors
are lower than 1% and it can be ignored.
1 Manufacturality constraints are also taken into account when a suitable
motor is selected. The stack length of the motor is designed to be longer than
15 mm due to mechanical consideration. Therefore, it is obvious that designed
motors that have bigger RDL values B&s 10 and 20 are not suitable.
When the results of-Bole and épole motors arevaluated, §ole motors are more
suitable in term®of mass and volume consideration. On the other hand, there are
several epole motor designs with respect to different RDL values. Therefepele
motor design results are also compared with respedffevetht RDL values. This
comparison is summarizéwd thefollowing statements.

1 Mass and volume dhe motor decreasshy increasing RDL.

1 Inertia contribution of motor decreases by increasing RDL.

1 The length of the motor is longer than 15mm when R®Emaller 3.

1 Electrical loading is higher than 6000 A.t/m when RDL is bigger than 1.3.
In conclusion the designed motor that has bigger RDLaisnore proper choice for
motor design in terms of mass and volume. However, after RDL=1.3, electrical
loading and manufacturability constraints are not satisfied. For these reapotes, 6
motor design that RDL=1.3 is the most suitable motor design irstinly for each
different maximum gimbal angle excursions. It is also noted that design results are
almostthe same for different gimbal angle cases. It is obvious that mass and volume
of motor are a little bit decreased by increasing gimbal angle bechtise lower

inertia requirement.

142



7.4. Motor Driver - STEVAL -SPIN3202 Evaluation Board

In space applications, the first and common method to verify motor driver for
prototype models is to use motor driver evaluation board.aithef the evaluation
board is ® checkthedesigned motor and CMG functionally. After verification, motor
driver for flight model equipment will be designed by using radiatiardened
components. However, it is not studied in this thesis since the cost of radiation
hardened componenis expensive and designing motor driver for flight model
equipment is complicated in terms of redundancy, reliability, selecting radiation
hardened components, coding of controller and hardwBne. verification of
prototype CMG designed in this stuidyplannedvith the help of STEVAESPIN3202
evaluation board.

The STEVALSPIN3202 thregphase brushless DC motor driver bo@sd] is an
evaluation board based on the STSPIN32FOA and STD140N6F7 MOSFETSs. It
provides up to 45 V and 154 motor driving applications. It iguserfriendly board

and this board is designed for both sensored and sensorless vector contrekéaml six
algaithms with single shunt resistor sensing.-Sigp algorithm witha digital hall
sensor is selected driving method in this study and this evaluation board satisfies

driving method and specifications of the designed motor.

The evaluation board is supplievoltage range from 7V to 45 V and it satisfies
requirement about input voltage range from 18V to 33V. The output current of the
evaluation board is 15 A and it also satisfies requirement that the maximum
acceleration rms current is 11.78 A foldgimbal angle motor design. Six N channel
STD140N6F7 MOSFETs are placed in three+haidlge systems for high side and low

side switches. The capability of this MOSFET is 60 V dsoarce voltage, 80 A
continuousdrass our ce c ur r e n tsoueaedistadice Whemthe sditcha i n

is ON[32]. Internal buck converter generates 3.3 V to supply internal logic circuits

and linear regulator converts suppl vol t age to 12 V for gat e

resistances are connected in parallel to sense motor current. Internal operational
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amplifier performs current monitoring by using voltage difference between sense
resistors. An internal comparator in STSPING&RFcompares maximum selected
current reference and current monitoring value and then if it is higher than the selected
reference value, the integrated comparator is triggered and all the high side power
switches are disabled’hree overcurrent thresholeMels that are 20 A, 65 A and 140

A are defined for evaluation board. In addition, the bus voltage is sensed by the voltage
divider. The evaluation board is compatible with quadrature encoder and digital hall
sensors for motor position feedback. Therefehe evaluation board supports field
oriented control (FOC) and$&iep sensorless or sensored trapezoidal control. Thanks
to ST-LINK-V2, users can load new firmware and debug without any external
hardware. There are three buttons on the evaluatiord bBaset button provides
resetting STSPIN32FOA MCU and SINK V2. User 1 button starts the motor
movement and speed of the motor can be adjusted by trimmer from 1200 rpm to 12000
rpm. In order to stop the motor, user 1 button should be pushed one nerk &ny

error occurs when the motor is operating, the LED of user 2 button is ON. Fault can
be cleared by pushing user 1 button. Features of the evaluation board are shown in

Table7.31 and evaluation board is sharedrigure7.21.
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Table7.31 Features of STEVAEPIN3202 Evaluation Boari®1]

Parameter Value and Feature
Input Voltage 7Vio45V
Output Current Up to 15 Arms
Power Stage Based on STD140N6F7 MOSFETs
Embedded Regulators 3.3V buck regulator
12 V LDO regulator
Current Sensing Single Shunt Resistor
External Speed Sensing Digital Hall Sensors or Encoder
Protection Over Current Sensing
Bus Voltage Sensing
Software Fully compatible with STM32 PMSM FO(
software development kit
6-step sensorless and sensored firmw
supported
Others Embedded STINK/V2-1
Easy user interface with buttons and trimmer
STM32 FW boot loader supported
ROHS compliant

STSPIN32ZF0
Motor Power Advanced BLDC

S ith 3 Half Bridge System
Capacitor 22 uF Reset Switch User Switches ;?r?ueoddeerd“gTMBZ hasen on N-Channel

' MCU STD140N6F7
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Figure 7.21 STEVAL-SPIN3202 Evaluation Boalf@1]

Trimmer

STSPIN32F(33] is anadvanced BLDC controller with embedded STM32 MCU. It
has 3.3V DC/DC buck converter with overcurrent, sloxuit, and thermal
protection and 12 V LDO linear regulator with thermal protection. TFpleese gate
drivers that have 600 mA sink/source capacity are placed in the controller. In order to
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drive high side MOSFETS, a circuit of bootstrap gate drivers atkinsgiee controller.
lthas32bi t ARME -MD earet tleaixhBs up to 48 MHz clock frequency, 4
kByte SRAM with HW parity, 3ZByte Flash memory with option bytes used for
write/readout protection. There are 16 generapose input and output ports, 5
generakpurpose timers and 4t ADC converter. It is compatible with@, USART,
and SPI communication interfaces. Moreover, it includes thretoradil operational
amplifiers to use signal conditioning such as motor current s€éheblock diagram

of STSPIN32F0 is shown iRigure7.22.
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CHAPTER 8

SELECTION OF STEPPER MOTOR AND DRIVER

8.1. StepperMotor

CMG creates the output torque when the direction of the angular momentum vector is
changed. The wheel designed@HAPTER 6provides angular momentum of the
system but the direction of this angular momentum is changed by gimbal structure in
CMG. In order to change the direction of the angular momentum, stepper motor and
stepper motor driver are selected and placed under thel vaoastruction.In
conclusionthe gimbal of CMG consists of stepper motstepper motor driver and

gear system to increase output torque of the stepper.moto

The maximum required output speed of the stepper motor depenismaximum
permissiblegimbal angle. In this study, four different maximum gimbal angle
excursions are analyzed and the output speed of gimbal is calculated 1.5 deg/s for 45
degree gimbal angle, 2 deg/s for-@&gree gimbal angle, 2.5 deg/s fordégree
gimbal angle and 3 dég for 90degree gimbal angle in Sectidn5.4 to satisfy
maneuvering duration specifications. In other words, the output speed of the selected
stepper motor shouldnt ebsthan|3 deg/s. Since Faulhaber motors are generally
used in space applications, AM 1524 Véphase stepper motor with aiftacklash
(zerobacklash) gearhead (15/8 series) is chosen in this stimyusage of anti
backlash is significant sincbacklash can causan irrevocable error in space
applications. The nominal voltage of the stepper motor when two phases are on is 6
volts and the step angle of the motor is 15 degrees. The continuous output torque of

motor with spur gearheads (zdvacklash 15/8 series) is 0.1 Nm.

The most i mportant consideration during

t or gueo #&dhegimbag systeanc Iksatellite inertial body ratanshe same

147



direction of CMG output torque, gimbal gears a&hd stepper motoare directly
affected by gyro torque. Therefore, the total torque capability of stepper motor and

gear should be higher thémegyro torqug11].

In order to prevent damage of stepper motor from gyro toternal geasystem
should be designed. The gyro torque can be calculated as in Eqi8atidil] and

maximum gyro torque is shown in Equati@®).

z S @E (8.1)

T 1 Q ANO (8.2)
1 is satellite inertial body rate and it is equal to the angular velocity of the satellite
in rad/s,Q is the angular momentum of the wheel ang gimbal angle during

rotation Detailed representationgimbal structure is showin Figure8.1.

Gimbal rotation axis

LOCKING NUT

BEARING

GIMBAL SHAFT —
— =3 __BEARING HOUSING

BEARING

ANTIBLACKLASH __BEARING HOUSING
GEAR i

Gimbal Angle, 6=0°
{Initial Position)

GIMBAL MOTOR HOUSING ,// \GIMBAL MOTOR

Figure 8.1 Detailed Representation of Gimbal Structure
In Section5.5, four different cases that are related to maneuvering specificatiens
studied in detail and the same casesalso applied for four different maximum
gimbal angle excursions (Totally 16 cases). Equai#®) shows that gyro torque

acting back to systenz( ) depends on the angular velocity of the satellite and
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gimbal angle during satellite maneuvering. Therefore, maximum gyro torque acting
backto thegimbal system occurs when the angular velocity of the satellite reaches the
maximum during maneuvering. Maximum gyro torques acting badkdgimbal
system are calculated Trable8.1 for each maneuvering case. Required top values of

gyrotorques arshown withayellow row for eachmaximum gimbahangle excursions

case.
Table8.1 Maximum Gyro Torque Acting Back to Gimbal System
. . Meximum Satellite Maximum Gimbal Maximum
Meximum Gimbal Case Case Specification Angular Velocity (wst) Angle During Angular Momentum Gyro Torque
Angle Case [ (hwheel) (Nms) ~

(deg/s- rad's) Maneuver i (Wsyro) (Nm)

1 30A rotation|on X5-80262s <| 40s 30A 42.41 0.962

45 2 60/,1\ rotation|on 2-00%Ps <|[60s45A i 4241 1.046

3 30A rotationjon Y-0039s <| 30s22.5A 42.41 1.367

4 | 60A rotation|on 267-884666 <| 45s33. 75A 24 1.643

1 30A rotation|on Xx5-00262s <| 40s 40A 34.66 0.695

60 2 60/,& rotation|on R-00%Ps < 605605 34.66 0.604

3 30A rotationjon Y-0039s <| 30s30A 34.66 1.047

4 | 60A rotation|on 267-88466 <| 45s 45A 34.66 1.142

1| 30A rotation|[on X>-8022s <| 40s 50A 31 0.522

75 2 60/,1\ rotation|fon 2-00%Ps <| 60s 75A _ 31 0.280

& 30A rotation|on Y-003ds <| 30s37.5A 31 0.858

4 | 60A rotation|on 267-88466 <| 45s56. 25A 31 0.802

1 30A rotation|on X5-80262s <| 40s 60A 29.95 0.392

% 2 60/5\ rotation|[on R-00%ps < 60s90/§ 29.95 0

3 30A rotationjon Y-0039s <| 30s45A 29.95 0.739

4 | 60A rotation|on 267-88466 <| 45s67.5A 29.95 0.534

Since the gimbal angle and the angwelocity of the satellites are changing during
satellite maneuvering, gyro torgaeting back tahe gimbal system is a function of
gimbal angle and the angular velocity of the satellite. Gimbal angle affects the function
as a cosine function and angulatocity of the satellite affects the function as a linear.

In conclusion gyro torques acting backtke gimbal system with respect to time
during medium satellite maneuvering are shown in fRagure8.2 to Figure8.5 for

four different maximum gimbal angle excursions.
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Total torque ofthe gimbal system should overcome gyro torque acting badketo
system in order to stabilize the position of the gimbal and to rotate the wheel with
respecto gimbal axis. Therefore, external gear should be placed at the output of the
stepper motor to increase torque capability. The efficiency of the gimbal gear system
is taken as 0.8L1]. Therelationship between total required torque of gimbal system

(z ) and gyro torquéz ) is expressed in Equatid8.3) and the gear ratio is
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calculated in Equatio8.4) in terms of required torque of the gimbal system and

stepper motor output’( ) that already defined as 0.1 Nm.

Z 174

OQwo Qﬁ‘—

The total required torque of gimbal systén four different maximum gimbal angle

(8.3)

(8.4)

excursiosis calculated by multiplying the maximum value of gyro torque acting back
to thegimbal system mentioned irable8.1 and 0.8. Required gear ratio for different
maximum gimbal angle excursion is calculated by dividing total required torque of
gimbal system with 0.1 Nm. The results of gear ratio calculaiomshown iTable

8.2.

Table8.2 The Results of Gimb&ystem Gear Ratio Calculations

Gimbal Angle - | Maximum Gyro | Gimbal System | Calculated Gear | Selected Gear
Case Torque ( ¢ o7 | Torque Vf o4» Ratio Ratio
4 5-ase 4 1.643 Nm 1.314 Nm 13.14:1 14:1
6 0-Kase 4 1.142 Nm 0.913 Nm 9.13:1 10:1
7 5-Kase 3 0.858 Nm 0.686 Nm 6.86:1 71
9 0-Kase 3 0.739 Nm 0.591 Nm 591:1 6:1

The reduction ratio of the step motor spur gearheads is 141:1. Step resolution of
gimbal system for different maximum gimbal angle excursion can be calculated by
using Equatior{8.5). The maximum step number is calculated in Equati®s).

30BBOT 1 0GP N2 T A (8.5)
OMIARBOET (86)
O3 OADCI /

PN |
- AGEI3QABI AAOCEI /B/DIA,_’—\{—\

Step angle of the motor has been already defined as 15 dédre&stal gear ratio is
calculated bymultiplying the selected gear ratio of the gimbal system mentioned in
Table 8.2 and gear ratio of spur gearheads (141Glmbal speed for four different
maximum gimbal angle excursions has been already calculated in Seé&ti&tep
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resolution andhe maximum step number calculations for different maximum gimbal

angle excursions are calculatedriable8.3

Table8.3 Step Resolution and Maximustep Number Calculations for Different Maximum Gimbal

Angle Excursion

Maximum Gimbal | Total Gear Ratio Step Resolution Maximum Step
Angle Excursion Number
45 A 1974 0.0076 degree 197.4 steps/second
60A 1410 0.0106 degree 188 steps/second
75A 987 0.0152 degree 164.5 steps/second
90A 846 0.0177 degree 169.2 steps/second

When torquestep characteristics of AM 1524 V6-ghase stepper motor with anti
backlash (zerdacklash) gearhead (15/8 series) is considered, 0.1 Nm output torque
is provided until 2000 steps/ seconds. Therefore, maximum step number of each case
shown inTable8.3 is satisfied easily.

8.2. Stepper Motor Driver

The AD-VM-M1 stepper motor drivef34] is selected to control-ghase stepper
motor. Motor driver has two modes which are half step mode arstédimode. Ful

step mode is used to utiliz® degrees motor step angle. There are three inputs namely
as CW (CCW), clock pulse and inhibit in the stepper motor driver. CW (CCW)
determines the rotating direction. Clock pulse is directly related to step change. If one
clock is received, the motortroat es one step. Knhibit is
pin is activated motor phases are not energized. Operating voltage is betw24v 6V

and the maximum current is 0.5 A per ph§®4]. Stepper motor driver technical

specification is shown iable8.4.
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Table8.4 Stepper Motor Driver Technical Specificatif84]

ADVLM_S AD VM M_S

Power supply voltage Min \ 3 6

Max 24
Power supply current mA 16
Motor Output current max. mA 400 500
Auxiliary on-board supply Voltage v 5 5

Current mA 50 50
Logic input level Low \ 0to 0.6 0to 0.6
Conventional Info. high 1.6to 24 16to024
Direction of rotation cw/ccw cwiccw

Step mode

full step (two phase ON

full-step (one phase ON (wave)

Host

fretiidel

of the stepper motor driver is shownHigure8.6.

Figure 8.6 Block Diagram of Stepper Motor Driv§s4]

half step

Stepper motor driver consists of two parts namely as power stage and translator. There
are two full bridges motor driver per phase in the power stage. The translator is a type

of 8-Bit CMOS ROM with onetime programmable microcontroller. Block diagram

Phase A

Translator ]
=
A — _< [;l >|_
paainil
Clock q ‘(_¢_>— Phase B
Direction > LK
INH STY VCC GND

8.3. Stepper Motor Position Measurement
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Angle sensors namelas hall effect device sensor and potentiometer are used to
understand the position of the stepper motor. Hall effect device sensor indicates the
nominal or zero condition of gimbal angle. When the gimbal angle re@athegree

the output state of all effect device sensor is changed from high to zéro.




potentiometer is used for measuring angle of the gimbal. Potentiometer is simzgen

it is cheaper and simple. Since the measured value of potentiometer is not generally
accurate, it is only used for information. The output of the potentiometer only gives
an idea about the position of the gimbal basic circuit diagram and characteristics of
angle sensors are shown Figure 8.7. It is also noted tha& similar position
measurement method is applied for controllthg position of solar array in the

telecommunication satellites.

Hall Effect Device (HED) Potentiometer(POT)

1k
I - T T e, T
5 5 5 2 . 3
< w0
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> — 3 () P 5
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Q o M m o m
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T 5 5 3 3 5
3 2 5 2 g 9
S —
Vlolt
PotentlometerSV CW Direction
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e

Degree
0 90

5V

CW Direction

HED Signal

Degree

Figure 8.7 Basic Circuit Diagram and Characteristics of Angle Sensors
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Potentiometer has generally ddaahd in its range. The output of the potentiometer
in deadband is floating and there is no meaningless output. In order to not operate at
deadband, potentiometer is not used in the whole range. Therefore, the output of

potentiometer is not reached to OV and it is operated between 5V and 1V.

As seen irFigure8.7, there is one capacitor and one resistance to obtain stable output
from HED sensor. If the direction of the gimbal is Cihe state of the HED sensor
output is changed a8 degree and if theirection of the gimbal is CCW, it is changed

at 3 degrees. It is noted that both potentiometer and hall effect devices are powered by
5V.
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CHAPTER 9

DESIGN RESULTS AND CONCLUSION

9.1.Introduction

In this section, the results of the investigation in previous chapters will be summarized
and thechoice for manufacturing prototype CMG will be made.

9.2. Determination of Maximum Gimbal Angle Excursions

Thedfectof four different75A, mbaand aMogA)e so N 4GMC
studied in Sectiorb.5. The maximum gmbal angleexcursionis defined as the

maximum rotatiorangleof the wheel during operatioAlthoughlargergimbal angle

is more efficient in terms of mass and volume reduction of CMG, it is selecte8 &%

since output ripple of CMG is the lowest and stability is the primancem for

Attitude Orbit Control System. Therefore, satellite control algorithm is easier, and
system is more reliable. In additiahe same gimbal angle was usedlie previous

satellite program. It means that AOCS has heritage and risk is low.

After the determination of maximum gimbal angle excursion, the parts of the control
moment gyroscopes are selectéidss and volumef the parts are minimized as low
aspossible.Parts of the designed CMG are showikiigure9.1
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Part Name

Flywheel

Flywheel BLDC Motor

Flywheel Motor Mounting Part

Flywheel Bearing Assembly

Flywheel Mounting Plate

Front Cover

Back Cover

Gimbal Cover

MO |0 [~ [N | [ [N

Bottom Plate

=
=

Gimbal Motor {Step Motor)

=
[

Gimbal Gear Assembly

=
hJ

Drive Electronics

Figure 9.1 Parts of Designed CMG Model

9.3. Design Results of the Wheel

Design results othe wheel for different gimbal angl@nd different outer radire
shownin Table6.1. The wheelthat has the lowest mass and volusiselected for
4 5ghmbal angleSafety factoof theselected wheel is 1.23 and it is bigger than 1.1
(safety factorof unmanned spacecrptbut it is smaller than 1.2&afety factor of

manned spacecraft). In conclusitimedesigned wheel should be placed in unmanned

spacecratft.

Design results of selected wheel parameters are shoWabie 9.1 and mechanical

drawing is shared iRigure9.2.
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Table9.1 Design Results of Selected Wheel

Parameter Value
Selected Gimbal Angle 45¢c
Thickness of Wheel 3cm
Outer Radius 13 cm
Inner Radius 11.55 cm
Volume of Wheel 335 cnd
Mass of Wheel 2.68 kg

(2.98 kg with spokes)

Inertia of Wheel

0.0405 kg.rA

Operating Tensile Yield Stress

99.23 MPa

Operating Speed

1047,2 rad/s (10000rpm)

Maximum Yield Speed

1285 rad/s

Factor of Safety

1.23
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Figure 9.2 Mechanical Drawing of Designed Wheel

9.4.Design Results of BLDC Motor of The Wheel

BLDC Motor that rotates the whiegt 10000 rpnis designed ilCTHAPTER 7 Motor
torque value are0.2205 Nm for acceleraticemd 0.0795 Nm for steaebtatein case
of 45Agimbal angle.

6-pole motor is chosen in this thesis siitcbas lower mass and volume when it is
compared with pole motor.The notor that has bigger RDL smore proper choice

for motor design in terms of mass and volume. However, after RDL=1.3, electrical
loading and manufacturability constraints are not satisfied. For these reasons, RDL is
chosen 1.3.Design results of motor parameters are shown Table 9.2.

Representationf motor dimensions is shown kgure9.3.
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Table9.2 Design Resultef BLDC Motor

TablParameter Design Results

Motor Torque Capacity 0.2205 Nm

Type Outer Rotor Radial Flux

Excitation Trapezoidal

Core Material Cogent Power No 12

Stator Lamination 0.2mm

PermanenMagnet VACOMAX 225 HR type samarium cobalt magne
(Sm2Co17)

Average Air gap Flux Density 043T

Maximum Electrical Loading During 6000 At/m

Acceleration

Maximum Electrical Loading at Steady | 3000 At/m

State

Pole Number 6

Total Slot Number 18

Back EMF per Phase 8Vv

RDL 13

Shaft of Motor, Dshatft 22 mm

Inner Diameter, Di 40.85 mm

Length, L 31.42 mm

Air Gap, g 0.75mm

Outer Diameter, Do 56.13 mm

Slot Depth, hs 4.21 mm

Magnet Thickness, Im 1.67 mm

Tooth Lip-1, hl 1 mm

Tooth Lip-2, h2 1mm

Lip Opening, wl 0.75 mm

Slot Thickness, w2 2.85 mm

Back Core Depth, hbc 5.22 mm

Tooth Width at Airgap, t1 6.38 mm

Tooth Width, t2 2.85 mm

Motor Inertia 0.13g.m2

Motor Volume 78 cm3

Motor Mass 0.53 kg

Phase Resistance 33.59 mq

Phasdnductance 22.91 ¢H

Turn Number per Phase 12

RMS Current at Stead$tate 4.25 A

RMS Current During Acceleration 11.78 A

Electrical Loading During Acceleration | 5995 At/m

Copper and Iron loss During Acceleratiol 18.04 W

Copper and Iron loss &teady State 9.93 W

Maximum Power Demand During 2489 W

Acceleration

Maximum Power Demand at Steady Stat 88.4 W

Efficiency During Acceleration 92.75 %

Efficiency at Steady State 89.34 %
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Note: Im (gray):1.67 mm
g (air gap):0.75mm

075 mm‘t‘_‘ Air gap side

6.38mm

im m+——{
I

Figure 9.3 Representation of Designed Motor Dimensions

9.5. Design Results of Stepper Motor and DriveGimbal Structure)

AM 1524 V6 2phase stepper Faulhaber motor with -aitklash (zerdacklash)
gearhead (15/8 series) is selected for gimbal motor in this study. The continuous
output torque of stepper motor with spur gearheads-{zarklash 15/8 series) s1

Nm.

The AD-VM-ML1 stepper motor driver is selected to contrgdtfase stepper motor.
Supply voltage of the driver is changed from 6V to 24%e maximum current
capability of the driver per phase is 0.5l&is compatible witithe chosestep motor.
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Externalgear ratio (14:1) is added to output of the step motor in order to increase

equivalent torque of the gimbal structure.

Position measurement of gimbal structure is provided by potentiometer and hall effect.
The exact positions of these sensors have notrdieted yet. It will be decidedefore

manufacturing process.
9.6. Thermal Analysis Results

Thermal analysis of CMG is run at ANSYS workbench stestdte thermal alysis
module. Thermal analysis of the designed CMG is performed for two different
environmental conditions that are thermal vacuum chamber (TVAC) and clean room.
Firstly, designed CMG is simulated in TVAC conditions and after that designed CMG
is simulaéd in clean room conditions to verify main functions of CMG. The

assumptions of the simulation model are listed below for these conditions.

 The operating temperature of CMG is betwe@MT and 5% C. The
qualification condition in TVAC is betweerB0C ard 68JC. Ther ef or
ambient temperature is tak88BUC i n the simulation m
conditions.

T The average temperature of cl ean ro
temperatureistake2?20C i n t he si mul ation model f
1 There is no covectional heat transfer for TVAC conditions due to vacuum.
On the other hand, convectional heat transfer is valid for clean room
conditions. Heat transfer coefficient of convectional method is taken 1®W/m
in clean room for exterior surface of the model. (see Figure D.3 in Appendix
D)
1 Material types used in the simulation are listed in Appendix D Table D.2 as
well as their isotropic thermal conductivity. Thermal conductance between
each part is taken 2000/ m] L AC.
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1 The emissivity of the materials is taken 0.84 and it is equal to the emissivity
of black painted materials. It is also noted that parts of the designed CMG are
painted black to increase the radiation heat transfer rate.

1 Transient effects are nobnsidered in this simulation model.

Heat loads are given as volumetric heat generation.
9.6.1. Thermal Analysis by Using The SameBearingsasPrevious Actuator

Initially it is assumed that the same bearings, used in a similar satellite reaction wheel
are used for the designed CMThe main heat loads of the designed CMG are two
bearings on the wheel and wheel BLDC motor. Stesdie loss of BLDC motor is
calcubted 9.93 Wasmentioned ifTable9.2. Thefriction of two bearingss calculated

0.053 Nm at 10000 rpm (1047,2 rad/s)Tiable 7.2. The totalloss of these two
bearings are expressed in Equai{9ri) andtheloss of one bearing is calculatby
usingEquation(9.2).

0 1 t pTipmBtv v d®w  (9.1)

- L ® .
5 2o cmuw (9.2

The simmary ofCMG heat loadss shown inTable9.3.

Table9.3 Summary o€MG Heat Loads

Part Heat Load
Bearing 1 27.75 W
Bearing 2 27.75 W
BLDC Motor | 9.93 W

Thermal analysis results of the designed CMG are showigine9.4 andFigure9.5

for TVAC conditiors and clean room conditiemespectively.
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64.995 Min

Figure 9.4 Thermal Analysis Results @MG for TVAC Conditiors

21.997 Min

Figure 9.5 Thermal Analysis Resultsf CMG for Clean RoonConditiors
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9.6.2.Thermal Analysis by UsingSKF 2200 ETN9 Bearings

Thermal analyses in Secti&6.1 show that thermal performance of the designed
CMG by using previous actuator bearingsnot sufficient sinceall parts of the
designed CMGs out of the temperature limitslormally, previous actuator bearings
are optimized for 4500pm, but they are operated at 10000 rpm in tkigdy.
Therefore, thermal analysesSection9.6.1show that these bearings are not suitable
at 10000 rpm. For theseeasons, types of bearingshich have lower friction
commercially available are sought. It is found tBEF 2200 ETN935] has low loss
coefficient and it is suitable for the application here. This bearing is used in thermal
analysis The friction of one bearing is calculated 0.00891 Nn10000rpmby
following steps ofcdculation given in[36]. Theloss of the one bearing is calculated
by usingEquation(9.3).

0 1 t pripEmMITywpde (9.3

Summary of CMG heat loads with SKF 2200 ETN9 beariaghown inTable9.4.

Table9.4 Summary of CMG Heat Loads with SKF 2200 ETN9 Bearings

Part Heat Load
Bearing 1 9.3 W
Bearing 2 9.3 W
BLDC Motor | 9.93 W

Thermal analysis results of the designed CMG with SKF 2200 ETN9 bearings are
presenteth Figure9.6 andFigure9.7 for TVAC conditiorsand clean room conditign

respectively.
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Figure 9.6 Thermal Analysis Results of CMGith SKF 2200 ETN9 Bearingser TVAC Conditiors

21.998 Min

Figure 9.7 Thermal Analysis Resultsf CMG with SKF 2200 ETN9 Bearingsr Clean Room
Conditiors
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9.6.3.Summary and Discussion of ThermaAnalysis

The summary of the thermal analysis resukshown inTable 9.5. The maximum
temperature obearingsshould be less thah200 [85] andthe maximum service
temperature othemotorshould 230U a&mentioned inrable7.5 for this designed
prototype model of CMG

Table9.5 Summary of the Thermal Analysis Results

Bearing - Bearing 1 Bearing 2 Shaft Motor Stator | Motor Rotor
Case Condition
Type Temperature| Temperature | Temperature | Temperature [ Temperature
Same with . . w1 Lol .
1 . TVAC 276U¢C 260UC¢C 250U( 229U( 91UC
previous
2| actuator | CleanRoon] 240U0C¢C 219UC¢C 209 U0( 188U0UC¢C 35U0C
3| skE 2200l  TVAC 1540¢ 1480¢ 1440¢ 180U¢ 76U0C
4 ETN9 [ Clean Room 1120¢ 103U0C¢ 99 UC 1440¢ 27U0C

When the results ifable 9.5 are investigated, the following observations are made
Bearing- 1 and bearing 2 have the highest temperature in Cadesincethe heat
loadson bearingsare @wminantwhenthey arecomparedwvith the stator ofthe motor

in these caseJ.herefore, sincéearings and shaft contagach other and maximum
temperature occuiig this arealn Casel i.e. in the vacuum chambdmth bearings
are well above the allowable temperatureitlirihe stator temperature is also very
high and exceeds even class C insulation temperature limit. IR2Zdasen the clean
room conditions, the bearingneratures still remain high. The stator temperature

also remains high, but it is within class C insulation temperature limit.

Case- 3 and Case 4 present the temperatures of vag@arts of the designed CMG

with lower loss bearings. Since motor stator loss is more dominant than bearing loss
for this case, maximum temperature occurs on the stator of the motor in Tasd

Caseé 4.Resultsin Table9.5 show thatemperatures of the parts are greatly reduced
due to low friction loss on bearingth Case3 where CMG operates in vacuum,
bearing temperatures appear to be above allowable lithigsmotor temperature both

on the stator and rotor are within class C insulation temperature limit. IFdGasen

the clean room conditions, both motand the bearings remain within allowable
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temperature limitsin other words, although the functions of designed CMG can be
verified in the clean room conditiswith SKF 2200 ETN9 bearings, this design is

not acceptable for flight configuration.

The following conclusions are drawn from this evaluation; although motor and
bearing temperatures are lower with the low friction bearings, they are still high.

Therefore new solutions to decrease the temperature need to be considered below.

1 The first oneis to use high precision space compatibbeistom desigm
bearings. Thanks to these bearings, the friction of bearings is decreased
dramatically, and temperatures of the parts are also decreased. However, this
type of bearing is ot cost efficient.

1 Secondly, bearing friction depends on the speed of the whést. speed of
the wheel is decreased, heat dissipation is also decreasadfflmient CMG
output torque cannot be producdd. order to compensateoutput torque
capacity, gimbal speed can be increasatthistime it can caus¢he satellite
instability during maneuveringTherefore, trad®ff betweenthese factors
should be optimized if the wheel speed is decreased.

1 The third one is to change mechanical design of CMG. In this design,
conduction heat transfer is not effective since the parts that have high
temperature are far from the mounting baseepbf the CMGIf the distance
of these parts isiadecloser to base plate, conduction heat transfer can be more
efficient, and thequilibriumtemperature of these parts can be reduced.

1 The last one is to apply the hermetic sealing to the wheel side (high
temperature area). Hermetic sealing means that there is no air transfer between
environment and inside of the equipment. Normally, there is no air in the space
and convectional heat trsier is not valid. However, someair (such as 0.1
atm) is enclosedinside the CMG before applying hermetic sealing,
convectional heat transfer occurs inside the CMG. In other words, since wheel

is rotated at 10000 rprheat transfer coé€ient of convectional method can
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be increased dramatically for enclosed area. Thus, there is no hot spot in the

enclosed area and the heat is homogeneously distributed.

The results here indicate that the motor design be made to operate kit the
required temperature levels by employing several measures in mechanical design of

the CMG. This matter, however, is not the focus of this study.
9.7.CMG Design Results

The pototype model of the designed CMG is shown in

Figure 9.8 Prototype Modebf the Designed CMG

Comparison of CMG design specifications determined in Seéti®and prototype

CMG design results are shownTiable9.6.
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Table9.6 Comparison of Design Specification and Design Results

Parameter Design Specification Design Result
Volume < 35 cm x 35cn33cmx26cmx 15.1cm
Mass < 10 kg N 20% |8.69kg
Nominal Torque > 1Nm 1.11 Nm

3 0 rotAtion in x axis (Rollaxis)] O 40 seconds 40 seconds
30 A r o-ast(Fitah n O30 seconds 30 seconds
axis)

60 A r otasig(Robaxis)\|O 60 seconds 60 seconds
60 A r o-ast(Fitann 045 seconds 45 seconds
axis)

MaximumGimbal Excursions | O 45 A 45A

Wheel Required Time Reach to
Maximum Speed (10000 rpm)

< 300 seconds

300 seconds

Power Consumption <380W 248.95 W
Operating Voltage 18Vto 33V 18Vto 33V
Operating Temperature 20AC to 55AC | X(Notsatisfied)

All design specifications are satisfied except for operating temperature. This thermal

problem can be solved logethods that are listed Section9.6.3

9.8.Conclusion

In this study, proof of concept CMG prototype model is studied in detail.

Specifications of CMG for medium satellites are revealed and CMG isneéesigth

respect to these specifications. Maneuvering calculations of the satellite on x and y

axes are covered for four different maneuvering cases to determine the required CMG

output torque capacity. Dynamic CMG equations are derived for pyramidal

configuration in Section 2.3.2 and it is concluded that the output torque capacity of

the one CMG depends on the angular momentum of the wheel, the speed of the gimbal,

maximum gimbal angle excursion, and the skew angle of the pyramid.

The effect of the four different maximum gimbal angle excursjods5 A ,
9 0 /s)investigated in Section 5.5. It is shown that if the maximum gimbal angle
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excursion is increased required inertia of the wheel is reduced. As a result, the mass
and volume of the wheel and CMG could be decreased. However, increasing the

gimbal angle causes oscillation on the satellite control algorithm due to the higher

output ripple torque of CMG. Since stability and reliability are the primary concerns

ofthesad | | ite system, the | owest angle (45A) i

Wheels that have different dimensions are designed in CHAPTER 6 for different
gimbal angle excursions. The design aim of the wheel is to provide the required inertia
to create CMG output tque. During the design procedure, the first constraint is to
obtain the lowest mass and volume wheel in order to satisfy CMG design
specifications and decrease the launch cost of the satellite. The second constraint is
the yield stress limitation (215 MPaj the wheel at 10000 rpm. The last constraint is
that the safety factor of the wheel must be lower than 1.1 for unmanned spacecraft. As
a result, the designed wheel in this study satisfies all design constraints and the results

are shared in Table 9.1.

To drive the wheel of CMG, theuter rotor BLDC motors are shown to be
advantageous in previous studjésand[8]. Therefore, an outer rotor BLDC motor

is designed to drive the chosen wheelCHAPTER 7. Magnetic loading of the
designed motor is taken about 0.43 T for aigap and the maximum flux density for

any part of the motor is limited to 1.4 T as in previous studipand[8]. Electrical
loading is taken as lower than 6000 A.t/m for acceleration and 3000 A.t/m for-steady
state.The stack lengttof the motor is designed to be longer than 15 mm due to
mechanical consideration. The designed outer rotor BLDC motor satisfies the design
constraints mentioned above. Another constraint is that the mass of the outer rotor
BLDC motor must be as low as piss. In conclusion, different motors are designed

by changing RDLratio of inner diameter to length of the mgtand the most efficient
motor in terms of mass and volume is selected in this study. The resulting motor data

is presented in Table 9.2.

Stepmotor, step motor driver and gear system are selected for gimbal structure in
CHAPTER 8. Space compatible step motor and step motor driver are chosen as
commercial offthe-shelf (COTS) products. The most critical design constraint of the
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gimbal structures the required torque to drive the gimbal system. In order to provide
enough torque (1.314 Nm), a step motor that has 0.1 Nm output torque is found and

an external gear system is placed with a gear ratio of 14:1.

Thermal analysis of the designed CMG isfpened for two different bearing types

that are the same bearings used in the similar satellite actuator and SKF 2200 ETNO.
The first bearing type is optimized for 4500 rpm. This bearing is used in this study at
10000 rpm and heat dissipation of this loggns excessive at 10000rpm. For this
reason, a new bearir8KF 2200 ETN9 bearing that has lower friction loss is sought.
Temperatures of the CMG parts are greatly reduced by using SKF 2200 ETN9
bearings, but they are still not sufficient to satisfy theroonstraints especially for
TVAC conditions. In order to decrease the temperature, new solutions such as using
high precision space compatible custom design bearings, decreasing the wheel
operating speed, changing the mechanical design and trappingasomédermetic

sealing are offered in Section 9.6.3. Thermal analysis results are shared in Section 9.6.

In conclusion, it is shown that the designed CMG with outer rotor BLDC motor
satisfies all CMG design specifications. However, extra measures arme toue
necessary to facilitate CMG to operate in the space environment. It is also shown that
the designed CMG can be tested in clean room conditions to verify the working
principle and output torque capacity of the prototype model CMG. Once, if the CMG
performance is verified in clean room, further measures to improve the design for

flight condition temperature range can be easily developed.

CMG is a trade restricted equipment between the countries because of the
International Traffic in Arms Regulation Turkey, a project that develops a reaction
wheel is still in progress. However, there is no study or project to develop a CMG for
space applications. It can be said that proof of concept CMG prototype model in this
study can be the first step to dey@ICMG for medium satellite space applications in

Turkey.

Designed CMG has almost the same mass and the same volume when it is compared

with the reaction wheel placed in the previous medium satellite, but the output torque
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of the designed CMG is four timénigher than the reaction wheel. This advantage is

very critical for space applications.

Comparison of the reaction wheel and the designed prototype CMG are shown in

Table 9.7 in terms of mass/ torque and mass/volume.

Table9.7 Comparison of Reaction Wheel and Designed CMG

Parameter Reaction Wheel Designed CMG

Output Torque 0.26 Nm 1.11 Nm

Mass 10 kg 8.696 kg

Volume 35 cm x 35cm x 13cm | 33cm x 26cm x15.1cm
(including electronics) | (including electronics)

Torque/ Mass 0.026 Nm/kg 0.128 Nm/kg

Torque/ Volume 16.32 Nm/m 85.68 Nm/m

9.9. Future Work

CMG model studied in this thesis is a proof of concept prototype model. There are

two open items in this model:

1 The exact positions of positions sensors in the girstratture needs to be
determined before the manufacturing process.
1 The designed CMG must be reviewed in terms of thermal design to reduce

operating temperature within acceptable limits for TVAC conditions.

The mechanical structure of the prototype modsd akeds to be reviewed in order to
further decrease the weight of the CMG. Mechanical parts can be chosen lower density

materials if they are compatible with space applications.

Methods for increasing torque/mass ratio can be also investigated. If #u cipe

gimbal is increased, CMG can have higher output torque since the output torque
equation of CMG directly depends on the gimbal speed. Therefore, the effect of
choosing high speed gimbal angle on satellite control algorithm should be studied in

detail.

The required inertia is provided by the wheel in CMG. The designed wheel provides

sufficient inertia to the system but wheel design is not totally optimized in terms of
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inertia/mass and inertia/volume of the wheel in this thesis. Therefore, a better wheel
design should be studied by comparing and analyzing different wheel geometries.

The prototype model will be built to verify the main functions of CMGhe
manufacturing cost of the prototype CMG will be afforded by TUBITAK UZAY.
Functional tests of CMG will be performed in TUBITAK UZAY clean room. During
test activities, torque capability of CMG, thermal condition of CMG, electrical
interfaces and motariver evaluation board will be verified and compared with the
conceptual design results.

A project proposal was submitted to the ministry of development to design the
qualification model of CMG. The cost of the qualification model is expected to be
very high when it is compared with the prototype model due to using spediied

materials. If the project proposal is accepted, the following items will be taken into

account for the qualification model of CMG.

1 All components and materials will be compé&ilwith space environment
conditions.

1 In the prototype model, motor driver for BLDC motschosen as STEVAL
SPIN3202 evaluation board. However, it is not compatible with space
conditions. Used material in this evaluation board is not radiaodered.
Therefore, motor driver circuit that has redundancy circuits and radiation
hardened electronic components will be designed and tested. In addition,
driver software algorithm will be developed, and it will be compatible with the
satellite control unit.

1 Qualification tests (functional tests, mechanical tests, thermal vacuum tests,
and EMI/EMC test) will be performed. 24 cycles will be performed in the
thermal vacuum test. Mechanical tests that needs to be done include sine
vibration tests, random vibrahotests, and shock tests. The aim of the
mechanical tests is to confirm functions of the designed CMG that there is no
hazardous condition under launch configuration. EMI/EMC tests will be

performed for the qualification model to verify CMG performanceaumaisy
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conditions. The test sequence for the qualification model of CMG is shown in
Figure 9.9.

Initial Functional Test

Sine Vibration Test

Random wWibration Tast

Shock Test

EMIFEMC Test

Thermal Vacuum Test

Final Parformance Test

Figure 9.9 Test Sequence for Qualification Model
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APPENDICES

A. Stepper Motor and Stepper Motor Gearhead

StepperMotoys =~ 60mNm

Two phase, 24 steps per revolution

PRECIstep® Technology

Series AM1524

AM1524 ... 0450 0
Current | Voltage = Current | Voltage
1 Nominal current per phase (both phases ON) " Lo | = 0,25 -
2 Nominal voltage per phase (both phases ON) " ‘ - 2 - 3,5
3 Phase resistance (at 20°C) 3,6 12,5
4 Phase inductance (1kHz) | 1,9 6,3
5 Back-EMF amplitude ‘ 2,4 4,4
6 Holding torque (at nominal current in both phases) 6,0
7 Holding torque (at twice the nominal current) |10
8 Step angle (full step) |15
9 Angular accuracy " +10
10 Residual torque, max. 10,9
11 Rotor inertia 45
12 Resonance frequency (at no load) | 120
13 Electrical time constant ‘0,5
14 Ambient temperature range -35... +70
15 Winding temperature tolerated, max. 1130
16 Thermal resistance Ren1 /Renz 1 12,9/31,6
17 Thermal time constant Tw1/Tw2 | 6/350

18 Shaft bearings

19 Shaft load, max.:
- radial (3 mm from bearing)
~ axial

20 Shaft play, max.:

- radial (0,2N)
- axial (0,2N)
21 Mass

| sintered sleeve bearings
(standard)

|

05
05
|

15
1150

|12

2> FAULHABER

50
Current | Voltage | Current | Voltage  Drive mode
OSSN S 0,075 — A
- 6 - 12 Vv DC

35 138 Q
16,5 70,6 mH
7.2 14,7 V/k step/s

mNm
mNm

degree
% of full step
mNm

-10" kgm?
Hz
ms
°C
=G
W
s

ball bearings, preloaded

(optional)

6,0 N

2,0 N

12 pm

~0 pm
9

) Relevant for 2 phases ON only. On PWM drivers or chopper (current mode), the current is set to the nominal value and the supply
voltage is typically 3 to 5x higher than the nominal voltage.
2) Curves measured with a load inertia of 50 -10 kgm?, in half-step mode for the “1 x nominal voltage” curve, in 1/4 micro-stepping mode

for the other curves.

Torque [mNm]

Driver settings "2

5x nominal voltage *

w —

- W
S B B

PhaseA | +| - | - +|
PhaseB | + | + - -
+ A -

1 2

oty g
<
/ \ 8

3
2.5% nominal voltage *
1 x nominal voltage
2
* Current limited
to its nominal value ’
\
N \
0 T T
0 2500 5000 7500 10000 12500
1000 2000 3000 4000 5000
For notes on technical data and lifetime performance
refer to "Technical Information”.
Edition 2019 Page 12

181

15000 17500 Speed [min']

6000 7000 Speed [steps/s]
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Dimensional drawing

Round PCB G@
4,45

0 0,007 0 -0,007
©15-007 @1,5-0,011 ©2,38-0,045 ©1,5-0,011

> S
A“ 4x 20,75 [
100,05 \ (1,6) 13 ][l 21 \
AM1,6x1,5max || (6:85) ] (105) || 16,402 812 | |4s5w2 | |43sm2 N\_
for Gearheads for Gearhead
AM1524 15/5, 15/5', 15/8 15A
ations
Drive Electronics Encoders Cables Gearheads / Lead screws
[T h=
‘
MCST3601 Available on request List available on request 15A
| | 15/5(S)
15/8*
| | 15/10
16/7
\ 171

| | Lead screws M2 - M3

* Zero Backlash Gearheads

Ordering information

Example: AM15242R0150!

= |

Motor type Bearings Winding Motor execution
AM = Motor design
15 = Motor diameter (mm)  Special lubricant Only front With double Front output
24 =Stepsperrevolution | options available output shaft output shaft shaft
AM1524 SB (sleeve bearings) 0150 55 (Round PCB) 54 (Round PCB) Plain shaft, L=8,1 mmfor 15/10,16/7, 17/1, M3
2R (ball bearings) | 0075 | 57 (Round PCB) | 56 (Round PCB) Pinion 15/5(S), 15/8
RC (2 ball bearings, 0250 70 (Round PCB) 71 (Round PCB) Plain shaft, L=4,3 mm for gearhead 15A
vacuumviow temp.) | 0450 | 83 (Round PCB) | 82 (Round PCB) Plain shaft for lead screw M2
05 (Solder tag PCB) 04 (solder tag PCB) Plain shaft, L=8,1 mm for 15/10,16/7, 17/1, M3
‘ 07 (Solder tag PCB) | 06 (Solder tag PCB) Pinion 15/5(5), 15/8
72 (Solder tag PCB) 73 (Solder tag PCB) Plain shaft, L=4,3 mm for gearhead 15A
| 23 (Solder tag PCB) | 22 (solder tag PCB) Plain shaft for lead screw M2
94 Idem -04 & for encoder
| | 96 Idem -06 & for encoder
97 Idem -73 & for encoder
For notes on technical data and lifetime performance © DR. FRITZ FAULHABER GMBH & CO. KG
refer to “Technical Information”. Specifications subject to change without notice.
Edition 2019 Page 2/2 www.faulhaber.com
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SpurGearheads =~ O01TNm

Zero Backlash

For combination with
DC-Micromotors
Stepper Motors

Series 1
15/8

Housing material

Geartrain material

Recommended max. input speed for:
— continuous operation

Backlash, at no-load

Bearings on output shaft

Shaft load, max.:

—radial (6,5 mm from mounting face)
— axial

Shaft press fit force, max.

Shaft play

—radial (6,5 mm from mounting face)
— axial

Operating temperature range

metal
steel

5000 min-'

ball bearings, preloaded

Technical data

Number of gear stages 4
Continuous torque mNm 100
Intermittent torque mNm 300

Mass without motor, ca. g 24
Efficiency, max. -
Direction of rotation, drive to output =

Reduction ratio ” 76:1

(rounded)

L2 [mm] = length without motor 32,0

L1 [mm] = length with motor 1516E...SR 34,9
1524E...SR 42,9
AM1524...57 355

4
100
150
24

141:1

32,0
34,9
42,9
355

5
100
300
26

#

262:1

34,1
37,0
45,0
37,6

5
100
150
26

#

485:1

34,1
37,0
45,0
37,6

<25N
=5N
<5N
=0,03 mm
=0mm
O 00RE
6 6
100 100
300 150
28 28
900:1 1670:1
36,2 36,2
39,1 39,1
471 47,1
39,7 39,7

" The reduction ratios are rounded, the exact values are available on request or at www.faulhaber.com.

Note:

These gearheads are available only with motors mounted.

=

Orientation with respect to motor
terminals not defined

For more combinations see table.
Example of combination with 1516...SR.

2x +0,2 -0,016 0 -0,006
M2 3 deep 216 -0,1 ©16-0,043 ©7-0,015 ©3-0,012
0
N ‘ 014,5 J 2,8-002
2-56UNC i
A\ B =
Q?Q Wl 67] | 43202
21203 |||
10,92 E 11,9203
11511 S e
12103 | 12,7103
L1z0,5 14,20,3
15/8

For notes on technical data and lifetime performance
refer to “Technical Information”.
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B. CMG Mechanical Drawings
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