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ABSTRACT

LONG TERM AND SAFE CLUSTER FLYING
FOR DISTRIBUTED SPACE SYSTEMS

Yajl eoj | u, Bur ak
Doctor of PhilosophyAerospacdengineering
SupervisorProf. Dr.Ozan Tekinalp

January 2023173 pages

To fill the gap between the formation flying and swarm missions, cluster flying is
introduced with relatively loose geometry constraints and control accuracy
requirements as well as considering more spacecraft compared to formation flying
which typically acommodates two spacecraft (a leader and a folloWwee) problem

of long-termrelative orbitdesignfor and maintenancef spacecraft clusters with
realistic operational ewiderations such as safety, t&in keeping and inter
spacecraft distanamnstraing is addressed. Two differemethodologies of cluster
flying designare developeth terms of station keeping and safety objectiveshe

first methodology relative orbit configurations are found minimizing deviations
from reference mean atlwhich would maximize the statiekeeping objective. In
second one, relative configurations are found from a reference initial condition by
minimizing probability of collision, hence maximizing the safety objective, between
the spacecraft in the clustarhich are propagated numerically through a high
precision orbit propagator. For the design optimization, a derivative free algorithm
is proposed. Effectiveness of thmethodologiesis demonstrated through
simulaions. Using this design framework, severahfigurations can be found by

exploring the limits of the clusters in terms of spacecraft nunaistance bounds



and probabilities of collision for long time intervaland various mission
requirementsTo accommodate different types of missions, the grbof radio
frequency geolocation cluster design is also addressadmaintenance of the
clusters,reconfiguration algorithmare developed taninimize totalmaneuvering
effort while maximizingstationkeeping andnsuringsafety objectivesin thefirst
algorithm, sequential cluster configurations are found by minimizing deviations
from a reference mean orbit for long time intervalsd, then spacecraft are
associated into new configurations using auction algorithm which minimizes total
maneuveringeffort for whole cluster For reconfiguration, optimal impulsive
transfer, model predictive control and nonlinear optimal control methodolegres
linear time invariant and time variant dynamic models are implemented and
compared. Finally, anotheecorfiguration algorithm is proposed by considering
relative orbital element differences as design variables and its effectiveness is shown
in terms of significantly improved maneuvering requirements for whole clugiidr.

the developed cluster flying framevko it becomes possible to assess what type of
clusters are operationally possible or not for a given set of parameters regarding
constraints, availabilities, capabilities, physical characteristics, navigation
uncertainties and mission requirementberebre the proposed framework is a
powerful design and operational analysis tool for maximizing the feasibility and
mission return of cluster missions. this manner, ifferent types of clusters with
specific mission requirements can be designed and ewluaith reasonable or
small computational demarfdr long term uninterrupted service and safietall

phases of distributed space missions.

Keywords: SpacecraftCluster Flying Distributed Space Systembligh Fidelity
Relative OrbitDesignand AnalysisCollision AvoidanceClusterReconfiguration
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Kol u-uku ve s¢reé¢ gerevleri araseéendaki bo
geometri k kését ve kontrol dojruluju ger
iczere i ki uzay aracé ol arak ddalguzayl en ko

aracée hesaba kateéelan k¢gme uydu wu-ukKku t a

vadel i bajél y°r¢ngelerin tasaréemé ve 1id
uzay ara-| ar &1 gh pereé- opeasjienébenentedesbidlikte ele

al énmexkter. K¢me uydu u-uku tasaréemée ka
ama-|l arénén ele aleéendéejé iki dfear kib &] éyl® n
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azaindirilerekd@dy e séyl a mev zi koruma amacé en iy
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dojrul ukl u sayésal bir y°r¢nge Il erl et

ar aseé-nadragké k ma ozZlaasiéeheé&i ei leer ek dol ayéseyl
iyilenerek bul unmaktadér. Tasar éem eni yi
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bulunmasé m¢mk EFarkékEégfakivader eksinimlerini
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CHAPTER 1

INTRODUCTION

Distributed space systems antdized when there is a need foommon obsentan

of a region with multiple sensors, parallel observation of multiple regiomsoved
coverage,revisit or response time over a region of interest, realization of
interferometry missions with long baselines, spacecraft networks and/or improved
understanding and resolution through sensor fugdstributed spacsystemaot

only realize such needs but also offer flexibility (scalabiligyolvability,
maintainability, adaptability, efc.and robustnesgsurvivability, fault tolerance,
reliability, etc.) Missions that utilize distributed space systems can be categorized
with respect tanter-spacecraftlistance andrequiredcontrol accuracyGill, 2011)

which isillustrated inFigurel1.1.

Rendezvous
& Docking

High

Formation Flying

Cluster
Flying

Constellation

Relaxed

Control Accuracy Requirement
Moderate

Local Regional Global

Inter-spacecraft Distance

Figure1.1. Categorization of Distributed Space Missiongerms of Distance and

Control Accuracy



Here,local systems with separations between the spacecraft of a few oeetdrs
referred as rendezvous and dockiregional systems with separations from a few
10 meters to several hundreds of kilometans be referred as formation flying and
global systemsvith separations of more than a thousand kilometers can be referred
as constellations. The control accuracy requirememé the most stringent for
rendezvous and docking where the irdpacecraft distances are lowest. For
formation flying, the mission lgectives drive the requirements on the control
accuracy.For instance, the control accuracy demand becomes highnfagsion

with tightgeometry constraintslowever, missions that would not require such tight
geometry constraints cabe handledwith relatively less control accuracy. In
addition,swarm missionsvith thousands of spacecratin be considedeto support
collecting insitu data with local, regional and global coverage. The drawback of
swarms would béhe limited control accuracy fandividual spacecraft because of

the limited budget per spacecraft for such a system

Another categorization of distributed space systems can be in terms homogeneity of
the system. Here distributed space system can be called homogeneous if all the
spaecraft are identical in a system and heterogeneous if all the spacecraft are totally
different. A third category can be named as hybrid with combination of identical and

totally different spacecraft. These categories are illustratddgarel1.2.

Homogeneous Heterogeneous Hybrid
By Wiy By Wiy By Wiy

Figurel.2. Categorization of Distributed Space Missions in terms of Homogeneity

Thedifferences between systems may odouerms of physical characteristics such
as mass, area, shape, ballistic coefficient, inertia, reflectivity parameters

cgpabilities such as sensor and actuator performances, propellant mass, etc. and



availabilities due to missiorequirements, failures, limited resources, etc. In this
study, mainly physical characteristics are referred when considering heterogeneous

systems.

To fill the gap between the formation flying and swarm missions, cluster flying is
introduced with relativgl loose geometry constraints and control accuracy
requirementsand more spacecrafare consideregdompared to formation flying
which typically accommodates/o spacecraft (a leader and a followdfpwever,

as it will be explained in detail, there are saveonsiderations to be addressed for
cluster flying. Mainly, passively safe relative orbit configurations to support long
duration semautonomous operations shall be provided. This would also require
incorporating realistic operational constraints sashstatiorkeeping, collision or
evaporation avoidance as well as mission/spacecraft spemifimeters;onstraints,
capabilitiesand availabilities. Finally, sustaining a system with specific number of
spacecraft for longerm requires not only desigmjreluster configurations but also
reconfiguration in the case of violation of a safety and/or distance constraints.
Therefore,propellant optimal configuration and reconfiguration solutions are also

vital for the feasibility and mission return of such thugnissions.

In this manner, it is aimed in this thetigporopose a set of algorithms that enable the
long-termstation keeping and reconfiguration of distance bounded-spdtiecraft
clusters under realistic operational considerations. These considsraticlude
safety and availability as well asspacecraffphysical characteristicgapabilities
navigation uncertainties arniigh-fidelity orbital dynamics

1.1  Literature Survey of Cluster Flying for Distributed Space Missions

(Brown & Eremenko, 2006Jiscusses thatistributed space systems and spacecraft
clusters have several advantages when compared to missions carried out using single
spacecraft in terms of flexibility and robustness which womktlaase the net value

or mission return.(Selva, et al., 2017provides an extensive summary and



assessment of modern concepts and key enabling technologies of distributed
functionality in space. One of the important factors tleese distributed space
systems is the design of relative orbit configurations for a cluster of spacecraft. For
the case of cluster flying with a heterogeneously distributed system, it can be
considered that a number of spacecraft, differing in platfonaracteristics, fly
closely in formation with relatively loose geometry constrajviegglioglu B. , 2011)

In this manner, there are several aspects to consider for the realization of cluster
flying in terms of safety, and iekspacecraft communication availability in addition

to the regular station keeping and mission operations cons{Péagkoglu & Wang,

2011)

So far, design and control of relative motion are widely studieacademia and
industry with an emphasis on station keeping and/or reconfiguration objectives and
constraints. Among thes@)'Amico & Montenbruck, 2006provided a basis for
relative orbit design with safety considerations byaligping the parallel separation

of relative E/I vectors method for Low Earth Orbit (LEO) close proximity formation
flying missions.(Yaglioglu & Wang, 2011and (Wang & Nakasuka, 2012)dopt

the elative E/I vectors method to propose an intuitive clusyengldesign method

with passive relative orbits for fractionated spacecraft incorporating visibility and
safety constraint§Lim, Jung, & Bang, 20183lso uses thimethod to achieve safe
formation keeping.(Hur-Di az & 006 C o disougses the 2applicdtipn of
cluster flying for fractionated space systems. Guidance problems with safety
objective are also studied Bwen, Zhang, & Gurfil, 20153nd(Pengfei, Xiaogian,

& Yong, 2019)for clusters especially after deployment from launchers. However,
(Scharf, Hadaegh, Y., & Ploen, 200®ted that the usefulness of passive relative
orbits depends on the fidelity of the model used in their design because minimal
disturbances prolonged over the mission lifetime affect formation keeping, and thus
hinder the functions enabled by precisetreéapositioning. In addition(Campbell,

2005) introduces a gquantitative safety measure based on contours of probability,
defined using state uncertainty ellipsoids, which are used to monitor and predict

potential collisions wer time.



Also, the relative dynamics, guidance, navigation, coordination, control,
reconfiguration and optimization issues has been well studied in the litebgture
(Tillerson, Inalhan, & How, 2002)Scharf, Hadaegh, Y., & Ploen, 2008%chaub

& Junkins, 2003)(Scharf, Hadaegh F., & Ploen, 200@Ifriend & Yan, Evaluation

and Comparison of Relative Motion Thezsj 2005)(Alfriend, Vadali, Gurfil, How,

& Breger, 2010) (Mueller, Griesemer, & Thomas, 2013Morgan, Chung, &

Hadaegh, Model Predictive Control of SwarmsSgacecraft Using Sequential

Convex Programming, 2014Morgan, Subramanian, P., Chung, & Hadaegh, 2016)
and(Sullivan, Grimberg, & D'Amico, 2017)his wide literature provides an insight

on the formulation of the relative dynamics, definition of constraints and
linearization techniques. In addition to thefé&jang, Mengali, Quarta, & Yuan,
2017)and(Zhang, Dang, Fan, & Wang, 201linfroduce useful tools to calculate
minimum and maximum relative distances effectivéRaek, Kim, & de Weck,

2019) presents a framework for designing reconfigurable satellite constellations
based on sampling and derivative fre@timization techniques. A recent
methodological development of cluster control algorithms supporting the various use
cases of the mission with an emphasis on
and implementation is presented (@dlerman & Gurfil, 2019)Finally, the latest
developments in robust and safe cluster design and control applications with
perturbed neacircular orbits are provided fyKoei ng & DO Ami co, 201

This important literature guides the development of an infrastructure for cluster
flying design; however, avholistic approach utilizing these building blocks with
realistic considerationf®r long term cluster flying design and maintenaiscstill to

be devaebped and/or advanced.

1.2 ThesisOverview

To provide an insight of this thesis work, thesed research questior@iginal

contributions and thesis organizatiare summarized in followingubchapters



1.2.1 Research Questions

While conducing research opassivey safe relative orbit configurations to support
long-duration semautonomousspacecraftcluster operations,several research

guestions are posed:

How to distribute multiple spacecraft inpassively safeelative orbits?
Are passively safe relative orbit configurations over long time intervals
(~days)possible

1 How to incorporate the statiekeepinganddistance constraintssawell as
navigation uncertainties?
How to distribute multiple spacecraftsequentialong-termrelative orbits?
How to transfer clusterof spacecraffrom the current configuration to the

next one minimizing maneuveffort?

1.2.2 Original Contributions

The presented work in this thesis is aimed at improving the time validity analysis of
cluster configurations and the fidelity of cluster flying design by incorporating
realistic orbital dynamics, spacecraft parameters and navigation uncertainties as well
as operational considerations terms ofrealistic dynamics, a higfidelity orbit
propagation is utilized to harness the natdgalamicsin benefit of cluster flying
design to reduce unnecesseoytrol and therefore propulsiaativities.In addition
heterogeneous systems with differences in spacecraft parameters and their effects on
the dynamics of relative motion are considered inhrevhile designing cluster
configurations.In terms of operational considerations and constrasdfety is
treated not only as a constraint but another objective in addition to the traditional
station keeping objectives and distance constraints. WHideeasing these, one
method is developed to define general boundaries of a cluster with relatively less
computational demand. On the other hand, another method is developed to maximize

the safety for a cluster in the existence of navigation uncertaintiesigh fidelity



and, therefore, relatively higher computational demand. However, both methods can
be used to design cluster configurations and assess their time validity (until control
actions are necessary) whether in a design or operations phadesieanission.

To elaborate more, the objective function in first method is defined such that the
deviation from a reference orbit for each spacecraft within the cluster is minimized,
hence maximizing the statidkeeping objective. In the second one, estar
navigation uncertainties are also considered and the probability of collision between
the spacecraft is minimized with the aim of maximizing the safety objective. For
both approaches, minimum and maximum bounds on distances between the
spacecraft an@n the design variables (relative orbital elements) are defined by
considering realistic mission and system specific parameters such as minimum and
maximum ranges. In addition, different physical characteristics are introduced
throughdrag parametemnd he radiation pressure parameters in order to simulate a
heterogeneous system. Finally, these two approaches are formulated and solved
providing passively safdong-term operations which would not require any
reconfiguration over a specific time intervagtbfore maximizing the mission return

without anymaneuvepperation.

For casesvhenthe time validity ofa cluster is exceeded, i.e. the constraints are
violated, the reconfigurationsolutions are also found. Here, sequential cluster
configurations aredund by minimizing the total maneuvering effort for whole
cluster while bounding deviations from a reference mean orbit for long time
intervals.The optimal reconfiguration is investigated via model prediciorgrol as

well asnonlinear optimal control.The minimization oftotal maneuveringffort is
realized through generatindeltaV maps and associating relative orbits on the
current configuration to the next one using an auction algorigmmally, to reduce
total maneuveringeffort further reconfigurations are also found by slightly
modifying individualrelative orbits that still satisfies the cluster flying requirements.

To sum up original contributions can be summarized as follows:

9 Utilization of a highfidelity orbit propagation for cluster flying design,



Consideration of heterogeneous systems with diffgreysicalparameters,
Cluster flying desigmmethodologysupporting time validity analyses,
Cluster flying design methodology identifying gesldime-space boundaries
with less computational demand,

91 Cluster flying designmethodologywith consideration of safety as an
objective through minimizing probability of collision,

1 Reconfiguration algorithm that supports cluster tspace validity through
sequential design of clusters,

1 Reconfiguration algorithm that considers spacecraft capabilities while

minimizing total maneuvering effort for whole cluster.

1.2.3 Thesis Organization

A generalguide to thecluster flying design andvaluation methodologiashich are
developed irthis thesis is provided herén Chapter2, the highfidelity modeling

and analysis of absolute and relative moaoeprovided.This chapter serves as the
introduction and validation of orbital dynamit®delsthatareutilized for the cluster
flying design and evaluatioin Chapter3, theformulations and algorithms used in
this thesis are introducedfirst, the methodologies and related assumptions for
relative orbit design and propagation as well as aamtainty propagation and
calculation ofcollision probability are summarized. Thehe constraints, objective
functions and design variables are defined. Finally, the methodology and the
proposed algorithm for the design space exploration and optinrmzaigoprovided.

In Chapter, Chapteb and Chapte8 cluster flying desigrases are introduced with
their results formaximizing the station keepingnd safety objectives as welas
minimizing dilution of precisim respectively In Chapter 7, reconfiguration
methodology for spacecrattlustersis introduced. Here, twonpulse optimal
transfer, model predictive control andntioear optimal control strategies are also
comparedAt the end of thehesis the major outcomesconclusionsand potential

future workitemsare summarized



CHAPTER 2

HIGH FIDELITY MODELING AND ANALYSIS OF ABSOLUTE AND
RELATIVE ORBITAL MOTION

In thischaptey the construction of a highly accuratiesolute orbiaind relative orbit

models are introduced. For predicting orbital motion with high accuracy, it is
necessary to consider all related aspects which include reference frames and systems,
instantaneus andong-termorbit representatigrperturbation effects, maneuvering

and propagation of orbits. All these aspeate introducedand explainedn the

following subchapters

2.1 Representation and Propagatiorof Orbit al Motion

2.1.1 Reference Framesand Systemsfor Orbit al Motion

The representation and derivation of equations of motion for the orbital motion
require the definition of reference frames and systdfese, reference frames,

systems and coordinatean be differentiateds follows:

1 Coordinate System is a mathematical expression for representatoethe
origin and orientation of the axes are defined.

1 Reference Frame is the materialization of a reference system in real world
where specification of elements and assumptions forzegan are defined.

1 Reference System is formed by specification of the reference frame and its
origin where it consists of the adopted coordinate system, a set of constants,

models and parameters.



For orbital motion, inertial, body fixed and local referefimamesan be considered

Theones utilized in this thesere briefly introduced as follows:

2.1.1.1 Earth Centered Inertial (ECI) Frame

An inertial framehas a fixed orientatioin spaceand therefore¢he axesof the
coordinate systemo not rotateAlso, theN e wt o"flawss vatid in this frameln

this thesis, the assumptions of the inertial frarexdefined as follows:

Coordinate System: Cartesian

Origin: Center of mass of the Earth

Orientation of Axes: Fixed inertial directicalong the intersection of the

Earthdés equatori al pl ane and the eclipti
1 January 2000, 11:58:55.816 [UTC], Z axis points along the spin axis of

Earth at same time and Y axis completes fltdrided coordinatgystem

Equatorial Plane

Figure2.1. Representation of Earth Centered Inertial Frame with unit vectors |, J, K
for X, Y, Z directions respectively whede points at Vernal Equinok . (Vallado,
2013)
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The ECI frame defined here is also referred as J2000. In addition to J2000, there is
alsoTrue Equator Mean Equinox (TEMEdhich is another Earth centered inertial

frame defined as:

Coordinate System: Cartesian

Origin: Center of masgf the Earth

Orientation of Axes: Z axis points toward the true rotation axis at the current
epoch, X axis points toward the mean vernal equinox at the current epoch

and Y axis completes rigiianded coordinatgystem

The distinction of the TEME fromcoevnt i onal ECI i s that the
obliquity (the angle between the equatorial plane and the echpiitthe precession

of the vernal equinoare notcalculated Therefore, this frame is actually a quasi

inertial one.The precession and rafton motions arshownin Figure 2.2 where

Luni-solar effects are larger than the planetary effects

Luni-solar precession etfect . -
p / Nutation effect

Ecliptic plane

, Planetary efle
Earth’s equator

Earth’s orbit
About Sun

Precession of Equinox

Figure2.2. Representation girecession and nutation effects on the spis dxe to

perturbation forces on the Ear{Wallado, 2013)
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2.1.1.2 Earth Centered Earth Fixed (ECEF or ECF)

A body fixed frame is tied to the central body where the orbital motion is considered
around In this thesis, Earth isonsidered as the central body and therefore the axes
of the coordinate system are rotatangd osculating (with precession and nutation)
with Earthfor a body fixed frameThe assumptions of the Earth Centered Earth

Fixed(or Earth Centered Fixefflame ae defined as follows:

Coordinate System: Cartesian

Origin: Center of mass of the Earth

Orientation of Axes: X axis pointdong theosculating vector from center of
Earth toward the equator along the Prime Meridian (Greenwiéh, 0
Longitude) Z axis pointsalong osculating spiraxis vectorand Y axis
completes rightianded coordinateystem

L 2.2

Sy

ECI Y

ECF

Figure 2.3. Simplified Representation of Earth Centergdrth Fixed Frame with
respect to Earth Centered Inertial Feam

12



Based on simplified representatigiven inFigure2.3, the transformation matrix 4
from ECI to ECEF can bevritten as inEqg. (1)
Al @ OE} Tt
T 9 OE§ AT O Q)
Tt Tt P

whereg is the Greenwiclruesidereal anglevhichis calculatedusingEg. (2).

g 9r 140 O 2
Hereg j is the Greenwich hour angle at the epocand g is the angular velocity
of the Earthoés rofat kpunc¢@ag@UAd However, spi n
in reality there is also other transformations needed to compensate the motion of the
Earthodés poles as well a sspim dxis. Thenefere, thes s i o n
final transformatiormatrix to transform a&Cl vectorto an ECEFvector, b

L og ® ,is written in Eq(3).

T oy 10T g O0VoO (3)
Here v 0 represents the precession, 0 represents the nutation amd 0
represents the polar motion compensations. The details of the calculation of such
compensation matrices are provided in Chapter JMafllado, 2013) When
transforming from TEME to ECER} 0 and 0 are notcalculated and mea

sidereal angle is used instead of Greenwich true sidereal angle.

2.1.1.3 Spacecraft Centered Le@al Frames

Local frames are useful when the state representation is expressed with respect to a
reference observer. In this thesis, the reference observer is the reference spacecraft
asthe main concern is the representation of relative motiothis mannerthis

frame is a vehicle carried and rotating one defined as follows:

1 Coordinate System: Cartesian

9 Origin: Reference spacecraft

13



1 Orientation of Axes:X axis points along the direction of ttspacecraft
position vectorZ axis points alonghe direction of the orliinormal vector

and Y axis completes rigiianded coordinate system.

Here, X, Y, Z axes can be named as Radial, Transversal and N¢RTa)

respectively and can be represeritefigure2.4.

Figure2.4. RTN frame centered in the referersmacecraft

The transformation frommECI vector to RTN can be dest

. 4)

Y = (5)
0 P (6)
Y O Y @)
i YE'YEU i 1 i (8)
Y Y Y
i Y O'Y Y i 9)
0 0 0

i I i (10)

As it can be deduced from above formulatitme T direction is aligned with the

velocity vector and can be called Aleiigackfor a circular reference orbit

14



This spaceraft centered locdrame can be also referred as Local Vertical Local
Horizontal where the orieation of axess changedsuch that Z axis is oriented in
the direction ofthe center of Earti{Local Vertica), Y axis is along the negative
direction to the orbit normal and X axis completes Hgduded coordinate system.

2.1.2 Keplerian Orbital Elements

First of all, an orbit in twalimensional space is represented by an ellipse which is

shown in theFigure2.5.

v

Apoapsis Periapsis

.

ra
Figure2.5. Two-dimensional orbital elements with respect to inertial frame

The ellipse describgethe shape and size of an orbit where seajor axis, @ is a
measure of the size and eccentricidydescribegllipticity or circularty of the orbt.
Here,’Q mdefines a perfectly circular orbit ard, Q pis an elliptic orbit. In
addition, while Q p corresponds to parabolic orbih Q corresponds to
hyperbolic one and both are not closed orbits. The governing ecu&diotwo-

dimensional orbits are provided as follows:
®w i 1 7 (12)

Q i 0T (12)
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S (13)

Yo¢t — (14)

- (15)

Wherel is the apoapsis radius which is the furthest point from the focal poist,
the periapsis radius which is the closest point from the focal poistthe orbital
energy “Yis the orbital period ané is the mean motioand* is the gravitational
constant.The last parameter for tadimensional, or planar, representation of the
orbit is the true anomaly;, which describes the position of the spacecFaftally,
the positionj , can be found using E¢L6).

i h wp Q (16)

p Weé'i p Qe

For representing bits inthreedimensionakpacethe orientation parameters of the
orbital planewith respect to inerdl frameare alsoneededWith these orientation

parametershe full orbital elementare showrin theFigure2.6.

Orbit 7. 7 _
Normal i s/C Perigee

Y

Ascending Node

X (V.E.)

Figure2.6. Threedimensionabrbital elementsvith respect to inertial frame
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Here, several vectorare defined which are eccentricity vectorQ angular

momentum vector, i U, andnode vector¢ U . The eccentricity vector
points toward the periapsis aistalculated using theelation given in Eq(17)
v i
i 17
x EAQR B

Here the node vector is the cross product of Z direction of the &fdl angular

Q

momentum vector and it points toward the intersection point of the orbital plane and
the equatorial, or X/, plane.This intersectionpoint is also called the ascending

node.

Using these vectors, the thrdenensional orientation of an orbiaic be described.

Firstly, the angle between the Z direction and ther orbit normal, is called the
inclination. Inclination anglé@measures the tilt of the orbital plane with respect to
equatorial planeThe angle from the X direction to the ascewgdnode is called the
Right Ascension of the Ascending Node (RAANR) Together withQit defines the
orientation of orbital plane in thredimensional space-inally, the angle between
the node and eccentricity vectaiss called the Argument of Perigee,hwhich
describes the orientation of the orbit within the orbital plane. With these six
parameters which are so calledgterian elementan orbit can be defined in three

dimension with respect to inertial frame.

In addiion to Keplerian elements, there are a few more parameters that can be useful
for orbit design and analysis. Figstthe mean anomaly, , describes the angle that

the spacecraft travels from the perigee with the rate of mean motiorg 6 0

whereo is the time at perigee passaghis parameter corresponds to true anomaly

for circular orbits and can be used as a measure of time rather than an angular
measure of the $Secandlgitchecanies dffcultltoodefiadgha o n .
argument of pegee for near circular orbits and therefore it is useful to introduce
another parameter called taegument of latitudey ] " . Finally, Local Time

of the Ascending Node (LTAN) is the local time t@acecraftrosses the node on

17



its ascending pass, wiéravelling from the Southern Hemisphere to the Northern

Hemisphere. Usually, Earth Observation missions utilize thealed Sun

Synchronous orbitSSO)where theangle between the orbital plane and Sun is fixed

(with the use of perturbation effectsbfar t hds obl at enéeTA\N) and t he

becomes ideally constant.

2.1.2.1 Transformation of Keplerian Elements to Cartesian State Vector

The Keplerian elements can be calculated for a given cartesian state vector, where
we havei and Uhusing therelations provided previouslyHowever it is also
necessary to calculatbe state vectors for a given orbital elemehts. this, it is

necesary tointroduce a local frame called PQW which is showrFigure2.7

Figure2.7. Representation of PQWame

The PQW framés defined as follows:

Coordinate System: Cartesian

Origin: Focal point of the ellipse

Orientation of Axes: X axis points toward the apoapsis, Z axis points along
the direction of the orbit normal vector and Yisagompletes righhanded

coordinate system.
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The position vector can becalculated with Eq(18)

nwe’t

I |

b wit
i TweE i il Qe i ni Qe - (18

'hoohe

u g U

Likewise, velocity vectob can be calculated with E¢L9)

o R
-1 Qe .,
R T A v r wme N I
LAT'O 171 Qe o

0 Qe 1 hET T (19
Tt -1 MEin
(N 1

u L U

Finally, PQW vectors, which can be position or velocity, can be transformed to ECI

coordinates using theansformation matrigiven in Eq.(20)

i €1 T mT Q1 1 i €10 (20

whereT is a rotation matrix around X and is arotation matrix around Z.

2.1.3 Orbital Perturbations

The Keplerian orbital elements except true anomaly are constant where only the
primary body and the orbiting spacecrafistin the universe as point masses. This
is also called twdbody dynamicsind defines the ideal orbital motion. The additional

assumptions governing twmdy dynamics are as follows:

1 The primary body which is theource of main gravitational attraction is
spherical and the mass distribution is uniform

1 Only the gravitational foreeact on the satellite
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However, neither the primary body is spherical and the mass distribution is uniform
nor only gravitational forcethat act on the motion of the spacecrfir instance,
nongravitational forces induced tmospheric drag and radiation pressure may
play a significant role for calculating highly accurate orlitsaddition, there are
other bodies such as Moon and Swhich induce perturbative force#n the
following subchapters these perturbative forces will be introducddetailed
techniques for modeling of the orbital perturbations can be fouf\thitado, 2013)

and (Montenbruck & Gill, Satellite Orbits: Models, Methods, and Applications,

2011)andthemagnitudes of the majqerturbatioreffects areshown inFigure2.8.
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Figure2.8. Comparison of the perturbing accelerations affecting satellites at various
altitudes. I ndi cated are the effects of
harmonic termg}y), the perturbation from point masses (Moon, Sun, Venus) as well

as the influence of radiation pressure and dlsigntenbruck, Orbital Mechanics,

2009)
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By investigating this figure, it can be dedudkdtthe relative effect of perturbations

are highly dependent on orbital altitude. For instance, the majosfappear to be
thecentr al term of t hehtdnawhichwil e igrodaced t at i o1
later andthe lunisolar perturbations (due to Swnd Moon point masseshn

addition, theatmospheric dragp effective for Low Earth Orbit (LEO).

2131 Earthés Gravity

The Earthés radius at the poles is about
rotation This oblateneséas significant effectson the orbitalmotion The non

spherical Earth and its ndromogeneous mass distribution can be taken into account

with a generalized f or mul antexpansion offthe Ear t h
gravitational potential in terms of spherical harmonics camiyayed with respect

to geocentric latitude , and longitude_, at a distancée f r om t he Eart hos
This can also be interpreted as adding or
spherical central bodyimre, 2006) The o6l atitudinal bands
harmonics and are symmetrical about the polar axis. Tessarabhics can be
visualizedas o6til esd® on the sphere. The o611 ong
harmonicsZonal, tesseral and sectoral harmonics are illustratEgyure2.9.

Zonal Tezseral Sectaral
Types of Spherical Harmonics

Figure2.9. Zonal, tesseral and sectorial harmonics

Thepotenti al functi on -udirsngravitypis prayided bye Ear t
(Montenbruck & Gill, Satellite Orbits: Models, Methods, and Applications, 2011)
and summarized biq. (22)
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Y - — 0 OEd 6 Al d®_ Y OE&_ (21)

Here,Yy i s the Eart hos 0Oe gufarthe assogidted Legehdres s

polynomial ofdegreen andorderm. The harmonic coefficients and"Y of the
gravitational field are determined by observations. For a given potetiahe

corresponding acceleration candadculated from the gradient given in £B2)

Y T_\'HVFVY 22
T o of ¢

For the mainternb;, p, Newtonds | aw of universal

attraction of a spherical body with isotropic mass distribution is obtained.

In additonEar t hés obl atenessd6 effect i s

O0rp O p8t Y P 1 leading toan acceleratiomiven in Eq.(23)
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This results in a net torquibat rotates the orbital planghich is described by

equations(24) and(25)
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By carefully selectingy QandQtherateYmcan be equated to the apparent rotation
rate of the Sun, i.&* o @ 'Q & @which results in the soalled Sun Synchronous

Orbit asexplained previously.

The perturbations c aaesangputed yn the HCEF aBdaret h 6 s

transformed t&Cl when integrated for orbit propagation.

2.1.3.2 Third Bodies

In addition to Earth, there are other bodissch as Sun and Moothat exert an
acceleration on spacecraft which is caused by the attraction between two masses.
Sincethese forces also effectthaE t h 6 s ¢ eonly the differdnce tetvwean

two acceleration functions becomes effective. This be described by E@6).

i ‘ ‘I ‘I ‘ ‘l (26)
d IS 33

Here," is the gravitational constaandi is the geocentripositionof the attracting

body. In this equé#on, the perturbing body is assumed to be a point mass as the

distances are considerably large.

2.1.3.3 Solar Radiation Pressure

Apart from the gravitationgderturbationsthere is a nowgravitational force caused
by the radiation pressure of the Sis.the photons with energ9 are absorbed on
spacecraft surface an impulse is transferred with a magmijtudéfc From a mean

distance of 1 AU (~149.6 Million km), the Bo flux, B, has an average value of
1371 Wi/nt and this pressure becomes — 1& Y m 0¥a .

If the photons are not absorbed and completely reflected, the transferred impulse
becomes twice as high. In this manner, the total perturbacgleratiorresulting

from Solar radiation pressure is describedEhy(27).
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Whereo is the Surfacing crosssectionalarea,d is the spacecraft mass andis

the reflectivity whichdescribes the relation between reflected and incidental sunlight
and0 is the illumination ratioTheterm p - s referred as radiation pressure
coefficient and can be written a8 p - B8As it can be deduced, the
acceleration always acts in opposite direction of the spacecraft to Sun vector and it
depends on the reflectivitand effective areaf the surfaceFinally, it is also
important to consider how much the spacecraft is expos8dlsw lightor namely

the illumination ratio For this a dual cone shadow modi (Ortiz Longo &
Rickman, 1995js utilized with light time delagompensationit is umbra wher

T, penumbra wheti  p and total sunlight whedr  p.

Figure2.10. Representation of dual cone shadow model with penumbra and umbra

2.1.3.4 Atmospheric Drag

Anothermajornongravitational forcehat perturbs an orbit with low altitudes is the
atmospheric drag. The atsphere is very thin at higher altitudes however it still
causes energy losses and altitude decay. The acceleration caused by the atmospheric
drag can be described Byj. (28)

0

i (28
SUBIIS

. p,. O
l -"0 =2
C a
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Here,” is the atmospheric density, is the drag coefficient which represent the
individual aerodynamic characteristic of a particular baiys the crossectional
area,da is the spacecraft massd 0 is the relative velocity with respect to

atmosphere.

While calculating perturbains due to drag, determination of atmospheric density
and drag coefficient plays an important rdyag coefficient can be calculated
through complex calculations that take into account the conditions of the upper
atmosphere however it is often estimatedcalibrated within orbit determination
operations.For high fidelity drag calculations an atmospheric modelvhich
incorporates chemical composition of atmosplarevell asolar and geomagnetic
activity should beused (NOAA SWPC, 2022) Here NRLMSISE-00 model is
utilized (Picone, Hedin, & Drob, 2002)n which chemical composition of
atmospherd;10.7cm radio emission@NOAA SWPC, 2022as an indicator of saf
activity andAp (NOAA NESDIS, 2022)as an indicator of Geomagnetitagnetic

activity are incorporated

2.1.4 Propagation of Orbits

Orbit propagation or prediction mainly answers three questions:

1 Where was the spacecraft?
1 Where isit now?

1 Where is it going to be?

In order toanswer these questions with high accuracy and precision, proper force
models as described previously should be incorporated in a proper mathematical
integration. This can be achieved through analytical modetsimerical methods

andthe techniques used in this thesis are explaméae followingsubchapters
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2.1.4.1  Analytical Orbit Models

With analytical models, the orbital path can be descriedrbital elements as a
function of timeIn this manner, the spacetra 6 s posi ti on can be
present or future epochs without intermediate steps. For instance, the Keplerian orbit
model (or two body) which is introduced previously describes the spacecraft motion

in a central force field.

When the perturlieons are applied, the temporal effeotsorbital elementsan be

calculated through Gaussian variational equations which are introduced as follows:

Q0 o ‘
. \;— ‘Q0 E 130 ‘n:h) (29
Qo eVp Q l
QQ Wp Q . .. e
=P 2 ety ATed Alodd (30)
Q0 £®
Q"Q .
. %IA|M (31

U P98, (32

Q—l I7|F) AT A EA— X T v ’,QT] (33)
96 o0 Al Cw p + OEIw Al @EC)
Q P R U " Ly A e (34)

where® ,® andw are the perturbation acesdtions in RTN frame an@®is called

eccentric anomaly which slved forO QO EQd 0 . Here, the perturbations can
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be calculated along the orbit and represented as a periodic series expansion. Then,
this can be integrated to achieve an analytical expression for orbital elements with
respect to timeAn important example of such analyticabdel is developed by
(Kaula, 1966)

The perturbations magauseperiodic and secular changes the orbital elements

over time. This is represented in thigure2.11.

Short term

Secular

Orbital element

Long term

Time

Figure2.11. Change of orbital elementser time due to perturbations

Here, we can refer single orbit as short term and monthly and/or yearly variations as
long term. The secular perturbations describdahgtermremaining changes after

averaging for short or long terms.

Most widely used analytical model is the Simplifi€gneral Perturbations Model

No.4 (SGP4). TheSGRda kes use of speci f,whichWilimeano o
be explained lategnd several other parameters which are only valid for this model.

These elements are represented in alimeodata format with is called Tweline

Elements (TLE) The meaning of TLE parametaesshownin Figure2.12.
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......... SRR [I—_——— POy | pereTpenapes SIS [T
1 255440 98067A 06287.64456019 .00008182 00000-0 53355-4 0 8609
2 25544 051.6354 292.0281 0013277 096.0881 057.9543 15.76874518452008
......... Jiote stne oot wsl|ls stoes snazermsmefiornmneserosans e |0 aone sitmis snas] enorie sxesm wnee |mrenosaponeniose
123456789012345678901234567890123456789012345678901234567890123456789
Row Column Description Example Meaning
1 1 Line number identification (= 1) il First line
3-7 NORAD catalog number (Example 16609) 25554 ISS (Zarya Module)
8 Security classification U Not classified
10-17 International COSPAR satellite identification (yynnnaaa), 98067A First catalog object of the
consisting of the year (yy), launch number (nnn) and piece 67th launch of the year 1998
letter (aaa)
19-20 Epoch of the orbital element (year) 06 2006
21-32 Epoch day and fraction of 24-hour day (UTC) 287.64456019  October 14, 15:28:10
34-43 First time derivative of the mean anomaly (in [rev/d®]) or .00008182 0.00008182
ballistic coefficient B
45-52 Second time derivative of the mean anomaly (in [rev/d’]) 00000-0 0.0
(Decimal between columns 45 and 46; exponent in columns
51-52)
54-61 Bstar/drag term B* (in [1/Rg]); 53355-4 0.53355 - 107
(Decimal between columns 54 and 55; exponent in columns
60-61)
63 Ephemeris type 0 SGP4 model
65-68 Element number 860 860
69 Check sum (modulo 10) 9 9
2 1 Line number identification (= 2) 2 Second line
3-7 NORAD catalog number (example 16609) 25554 ISS (Zarya Module)
9-16 Inclination (in [°]) 051.6354 51.6354°
18-25 Right ascension of ascending node (in [°]) 292.0281 292.0281°
27-33 Eccentricity with assumed leading decimal (between columns 0013277 0.0013277
26 and 27)
35-42 Argument of the perigee (in [°]) 096.0881 96.0881°
44-51 Mean anomaly (in [°]) 057.9543 057.9543°
53-63 Mean motion (in [rev/d]) 15.76874518 15.76874518° /d
64-68 Revolution number at epoch 45200 45200
69 Check sum (modulo 10) 8 8

Figure 2.12. Two Line Element (TLE) format and its descriptiiMontenbruck,
Orbital Mechanics, 2009)

SGP4model is built upon gravitational perturbation modelByouwer, 1959and

an analytical model that describes atmospheric drag. Here, the atmospheric density
", is described with respect to altitud®,in Eq.(35).
0Q 1 dQa

3 Q x iRa

"R oy 49
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The currently used complete model is describe@opts, Roehrich, &elso, 1988)

where secular and periodigag¢rturbations are accounted for the gravitational field
coefficients0 , 0, 0 andb . SGP4 model is valid for the orbits with altitude below
6000 km. If theorbital period is greater than 225 min. thiea model also considers

the perturbations caused by Sun and Moon and the TLEs are generated accordingly.
The output of SGP4 is a cartesian state vector in TEME.

The accuracy of the SGRgtshown inFigure2.13for a 3day fit for an LTAN 10:30
SSO at 680 km altitude.

25 T T T T T
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Time [days]
Figure2.13. Position error of SGP4 model for eddy fit

As it can be seen, therers stay withirabound between a hundred meters and 2 km
fpr 3 days of propagatiohe error grows in time quadratically and mainly occurs
in the flight direction due to the inaccuracy of the drag calculatwitis poor

atmospheric density predictioli the time span is elongated to 7 days (instead of 3)

then themaximum position error reaches up to 4.5 kiwhen the variance of
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atmospheric density is relatively low, these errors decréddmugh theerror of
SGP4 limits calculations for a high precisiabsolute orbitanalysis, it is still
effectiveto analyze relative distances through differentiating TLEs of all spacecraft
in a cluster. Heresommon errors can be cancelled #émelexpected accuracy can be
about 36100 m. in radial andormaldirection and better than 500 im transversal
direction(Kirschner M., 2001)Use of TLEs for relative motion analysis is explained

more inChapter2.2.4

2.1.4.2 Osculating and Mean Orbital Elements

Osculating orbital elements are a set of Kepler parameters that reproduce the
spacecraft 6s e x acthaspeciicstime ins@anHoweverlecausel oci ty a
of the orbital perturbations, it is not possible to match that exact position and velocity

at another instant. Therefotegseelements can be referred as instantaneous orbital
elementsOn the other hand, theaan orbital elementsre fit such that the obtained

trajectory is relatively close to the observations of an orbiting body. A good analogy

for osculating and mean elemen#n be provided in terms of linear regression to an
arbitraryobservatiorof a unitess parametéhat is shown irFigure2.14.
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Figure2.14. Osculating and mean elements with respect tobservation

Here, the osculating element matches exactly to a single observation however can
predict another observation with a high error. On the other hand, mean element does
not specifically match to an observation exactly however it follows the trend o
observatios and produces relatively less error for a given time inteAvaample
evolution ofosculating and meaorbital elementsover a yeaprovided by(Zhong

& Gurfil, 2013) can be seen iRigure2.15.
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Figure2.15. Osculating and meaemimajor axis and eccentriciiyr a sample one

year simulatior{Zhong & Guirfil, 2013)

As it can be seen from the figures, mean orbital elements can captioegierm
evolution while removinghigh frequencyoscillations making it practical for

planning corrections to compensate unwanted effects of orbital perturbdmms
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examplecorrection for altitudelecrease due to atmospheric drag can be evaluated
by analyzing the mean vaiéblue linefor semimajor axis insteaaf responding to
the fast variations of the osculating values (red line) which would result in

unnecessary propellant consumption

2.1.4.3 Numerical Propagation

Another way to computahe orbits of spacecraft is to numerically integrate
acceleration vectors faan inital state vector Compared to analytical methods,
numerical integration providesmuch higheaccuracydepending on the integration
method However, a comparison between analytical and numerical methods is
provided by(Gill, 2011)and showrnn Table2.1.

Table2.1 Methods and their characterization for absolute orbit computation

Method Type Application  Strengths Examples

Numerical Numerical Orbit - Accuracy - Runge-

integration of determination - Generality Kutta

EOM - Symplectic
Analytical Perturbation Mission - Physical - SGP4
theory planning insight - Kaula
- Low

computational

effort

For numerical integration, tharbital motion is described by a differential equation
in the form as follows:
10 . L O

WO .. h o « . h (36)
00 0o

4
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Wherei b anddare the position, velocity and acceleration vectors respect®aly.
can integrate the derivatives of state vedtom an initial conditionto obtain
position and velocity amultiple time instants until desired duration is achieved
Compared to analytal models which requires a closkxim solution of perturbation
acceleration, numerical methods are less limitel@re, it is sufficient to calculate

accelerationgiven in Eq.(37) atdiscretetime instants.

i0o ® ® ® ® ® E (37)
Another importanpoint is the choice of a suitable integration method. This depends
on the required accuracy, eccentricity and length of the orbital arc (or duration) to be

calculated. Apopular example for a single step method is the Risagta fourth

order methodRK4) with a set of equations given in E§8) for a step size df2

Q. i -
w0 QO wo 60 ¢cQ c¢cQ Q

Q Qoo
_ Q. Q
Q Qo < Foo O < Q (39)

Q Qo -hwo -=-0Q
C C

N Q0 oo R

Although it isrelatively easy to implement Rung€utta methods and obtain high

accuracy, it is not possible to conserve the energy which would advaffesiithe

accuracy in long ternThis is showrFigure2.16 where onlyKeplerianforce field is

considered to evaluate solely the numéngathod.
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Energy Plot for Runge-Kutta 4 Propagator
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Figure2.16. Energy ploof RK4 integratorfor two body force field

To overcomeenergy lossesa symplectic integration methodology can be utilized
(Mikkola, 1999) Symplecticmethods conserves energy and momentum for higher

order gravitational potential where Hamiltonian formulation is given in(&4).

Oihn LI Yi gl‘) T Yi
Ti 1 Q T U T O
N -S _ (39
e oY T T

T OO0t Oi 'I!O 'I!O T_"CD"OT[

Tdotitoro Ti tito
Here splitting Hamiltonian enables us to compute Keplemamnh) , and higher
order gravitational partSY i , separatelyln addition,we can introduce leap frog

schemes described as follows:
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Kepler > >
h/2 h/2

Figure2.17. Leap frog representation

For leap frog scheme, R is independehtelocity and causes a jump in velocity

with no change in position where

o oG (0
(

With symplectiantegration, it is possible to incorporate analytical Kepler model into
numerical integration and calculate Hamiltonians with different orders separately
(Yoshida, 199Q)Here we can consider a composite symplectic integratiwreme

which is described ifigure2.18.

v

R + others

w h w h
J2 — M

v
L
A /
v

Kepler
X2 h x1 h x1 h X2 h

Figure2.18. A composite symplectic integration scheme

With this integraion scheme, different forces can be integrated with different time

steps wherewp, a and0 are propagator specifiatios of a fixed time stef
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Considering different orders of perturbative accelerations showkigiare 2.8,
integrating different accelerationswith different time stepscan also reduce

computabnal effort. Finally, the implemented integration scheme is shown in

Figure2.19.

1/6 h 4/6h 1/6 h

R +
others
wlh h wSh w4h w5h

Kepler v . e > > —V
x1 h x2h x3h x4h x5h xéh x7h x8h x1h x2h x3h x4h x5h x6h x7h x8h

0.5h 0.5h

Figure2.19. Implemented symplectic integration scheme

Theenergy plot for symplectic integration method for Keplerian motion is provided

in Figure2.20.

Energy Plot for Symplectic Propagator

-4.7268

~
ALY

-4.7268 WW W w
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{
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Figure2.20. Energy plot of symplectic integrator favo body force field
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As it can be seen frofigure2.20, the energy is relatively constant when compared
to RK4 integrator. Finally, theomparison ofhumerical integration methoder

Keplerianmotion issummariedin Table2.2.

Table2.2 Comparison of numerical methods

Method RungeKutta Symplectic
Energy Conversation No Yes
Different Time Steps fobDifferent No Yes
Forces

Analytic Model Incorporation No Yes
Error in Position after 30 days [m] 10.4 10.4

(Compared to Analytical Solution)

Propagation Time [sec] 48 11

To demonstrate thaccuracy of the developed orbit propagator, real fldgtaare
used to propagatend comparé day separateceferencestates(initial and final)
which areobtained by filtering GPS receiveutputs. The assumptioasd result of

state comparison is given Trable2.3.

Table2.3 Comparison of numerically propagated states and real flight data

Parameter Value

Interval BetweerReferencestates 6-12 August 20185.98 days
Orbit SSO (LTAN 10:30prt 660 km. altitude
Numerical Method 34 Order Formulation for Symplectic

Propagation with Analytical-Body, 6"
Order J2ntegration and Leapfrog Schen
for Higher Order Terms
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Force Models Ear t h 0 swith@egree:i20, Prder: 2
Luni-Solar Third Body
Solar Radiation Pressure (Spherical Bot
Conic Shadow Model)
Atmospheric Drag (NRLMSISBO0 density
model, space weatheith F10.7: 70,
F10.7A: 71.5, Ap: 5.4)
Difference Between Propagated ~430 m.

and Reference States at Termin

Considering that the atmospheric drag would be a major uncertainty fdifeeal
space flightin LEO, theresulting position error igvithin an acceptable range for
validating the developed high precision orbit propagdtwstead of using space
weather data and assuming a slightly different space weather a(fv@y7: 100,
F10.7A: 100, Ap: 5.¥would haveresuledin a position erroof 1.3 km andassuming
an increased activity=10.7: 150, F10.7A: 150, Ap: 9.4vould have resulted in a
position error of 9.8 km.

2.2 Representation and Propagation of Relativ®©rbit

For cluster flying, it is necessary to calculate and analyze relativecsagficeotion.

Here, two fundamentally different approach can be applranerically integrated
absolute orbits of spacecraft can be differenced to obtain relative trajectories or a
dedicated analytical model can be used to describe the relative miatidims
mannerseveral representations of and modeling techniques for relative motion will

be introduced in followingubchapters
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221 Cartesian Representation and HilClohessyWiltshire Equations

As described ilfChapter2.1, a high precision orbit propagator is developed based on
cartesian state elements where relative state carealsepresented in RTN frame

as described ihgpter 2.1.1.3 Here, using the propagation of orbits of reference
and other spacecraft, relative cartesian states in ECI can be simply obtained by

subtracting the ptions of a specific spacecraft from the reference ones as follows:

Vo o o (41
0 W

Wherel is an index for the specific spacecraft amdfers to reference. This relative
position can be transformed from inertial frame to RTNL\WLH frame which is
defined by the reference orbMVith this, these relative positiortan be further
decomposedto radial (R), alongrack (T) and crostrack(N) components and the
relative position vector for each spacecraft becoMidg YY ¥vY ¥
Finally, the relative distance between any two spacecraft at a specific discrete time
instant can be written a&br 5 YYar YV i Y0ir whered & are
spacecraft indices, anfindicates a discrete time instant. In this mani¥éby, ;

describes the relative distance between the spackarafm at the time instant

The most common model of relative motighich utilizes thecartesian relative state
representation is theHill-Clohesg-Wiltshire (HCW) Equations. The model
considers two spacecraft in an Eaotbund orbit where one is selected as reference
(or chief) and the other referred as deputy. The assumptiondGuY can be

summarized as follows:

Pure Keplerian (twdpody) motion

Reference spacecraft is on a circular orbit

Relative spacecraft separation is much smaller than the geocentric distance
of the satellites
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With these assumptions, the relative motean be described biq. (42) (Hill,
1878) (Clohessy & Wiltshire, 1960)
W CEW Ot W T

W Cw T (42

G €a ™
where X, y and z are aligned with the radial, altmagk and crostrack directions
respectively. It can be also observed that HE§\ations are coupled differential
equations where outf-plane motion (crostrack) is completely decoupled from the

in-plane motion (radial and alofitgack).

The HCW equations can be integrated in closed form. With this, a state transition
matrix (STM)can be found to calculate the relative state at trater the initial

epochfor a given initial condition® @ & ® ® & asgivenin Eq(43)

P T e i e T T .
@o Mo e e Ito cor
f00x ,cE0 0 P i Tt cwefire 1 ~1-[ Ty @ COT o
A0 & 1 T Tt i L i Crere GO EfiTE Ao W TE 4, (43
AWO & 11 T noEi o & & T T Ay o
(bb ” g, T .o P 1 CX
aoo EE mogewél gi Te T T g ta O
“oom moom m Gt i@ U

wheret & 0 This solution indicates that the cresack motion is that of a
harmonic oscillator. Although most of the terms peeodic, there are secular terms
in in-plane (radial and alonggack) motion which correspond to the spacecraft
drifting apart due to a difference in energies, hence a difference in rotatiornTieges.

full closed formperiodicsolutionwouldrequiret® cw T © CcwiE T

It is also possible to find initial conditions such that the spacecraft do not drift apart.
If the spacecraft drift apart too much, the first order approximationd fail. In
reality, perturbations such as draguld eventually cause such separation ssle

some corrective control is applied.
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2.2.2 Relative Orbital Elements

While cartesian relative states can be used for evaluating relative distances, relative
orbital elementsy| | | , are useful for relative motion design and control.

In addition, relative orbital elements can provide an immediate insight in to the
relative geometry which is difficult to extract when working with cartesian states.

Designing cluster flying configurations is basically equivalent to defining relative
orbital elements for several spacecraft based on a reference orbit. Here, the reference
orbit is specific for each type of mission and it is derived from several needs and
constraints depending on the application. However, once it is fixed, relative orbits
canbe defined by introducing small differences to reference orbital elemegteen

in Eq.(449).

IR (44)
wherer indicates the reference orlnd (ndicates the spacecraft number within the
cluster. In this equation, relative orbital elements are defined as
Yo YO YQ YQYm M Yi. If the relative orbital elements are given in
mean form, then these elements carclh@nged to mean elementis will also
provide orbital elements, or initial conditions, for each spacecraft which can be
propagated through proper analytical models or numerical integrators with proper
parameters and force models.

Relativemeanorbital dements can be represented in both singular and quasi non
singular(gns)forms (Koenig, Guffanti, & D'’Amico, 2016as provided in Eq45)
and Eq.(46) respectively

Y&, W N
e o k
I XQI,I | I.g,-2 52 Y]
SJ/| | I‘}’Ql 11 Q Q Iyl (45)
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whereQis for deputy andbis for the chief, or reference, spacecraft orbits. The
singularstateis so named as it is not uniquely defined when either spacecratft is in a
circular or equatorial orbiSimilarly, quasi norsingular state is not unique when the

deputy is in an equatat orbit.

2.2.3 Relative Motion State Transition Matrices with Perturbations

As it is described irChapter2.1.3 the perturbationplay an important role for
predicting orbital motion accuratelgimilarly, it is also important to consider the
effects of perturbationsn relative motion(Imre, 2006)discusses widely about the
inclusion of perturbation effects on relative motiarhile compamg several
geopotential termand obtains an error of 0.3% of final separation distance after 5
days for J2 only relative motioA similar numerical experiment is alsteveloped

to investigatethe effect on a widely separated spacecraft where parameters and

assumptions are summarizedliable2.4.

Table 2.4 Experimental setup fonumerically propagated relativeaotion with

different force model configurations

Parameter Value
Reference Orbit SSO (LTDN 10:30) at 575 km. altitude

Force Models for Reference Earthdés Gravity wi
Luni-Solar Third Body
Solar Radiation Pressure
Atmospheric Drag
Force Models for Comparison 2 x 0 Earthos

43



RelativeOrbital Elements Y& . nd.

oo oy 11
1 XQl’l 11 ()
1 I\Y’Ql IT[8[ UI,IJ
|yn].’. LTS
If_}‘l |’,| I Jn

Wi U vy oW

With this configuratiorof reference orbitind relative orbital elementthe relative
distances range from 40 km. to 90 km. In this mannengtlagive distancerrorof

J2 onlymodel for30 days propagation is providedrigure2.21.

Relative Motion Error of J2 Only Model
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Figure2.21. Relative motion error of J2 only model for 30 days pggtion

As it can be seen from thegure 2.21, the error grows rapidly after 1 week of
propagationln addition, theratio of error with respect to relative distance can be
seen inFigure2.22.
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04 Relative Motion Error Ratio of J2 Only Model
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Figure2.22. Relative motion erraratio of J2only model for 30 days propagation

From Figure 2.22, the percentage of error with respect to relative distannebe
deducedat around 2% for a-veek propagatiorAs it can bededucedrom above
results the incorporation of J2 in the relatidgnamicsmodels can handle relative
motionof 1 weekwithin an acceptable error margin for loosely controfipdcecraft

clusters.

Fortunately, incorporation of J2 in relative motion models\adely available in the
literature (Sullivan, Grimberg, & D'Amico, 2017)Iin this manner, th&TM for
relative motion of spacecraft formations incorporating J2 peation provided by
(Koenig, Guffanti, & D'Amico, 2016¢an bere-written for quasicircular reference
orbits asn Eq. (47).
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wherethe parameters are defined as follows:
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The STM given in Eq.(47) is usedwith quastinonsingularelative orbital elements
defined in Eq(46). In addition to STM for elative orbital element states, the control

input matrix is alsg@iven in Eq(49) which isdefined by(Koenig & D'Amico, 2019)
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Given these relations, the final statedatcan be obtained from a given initial

condition and control inputsto through the Eq(50).

Y B o ¥ B ol 30 160 1® 16 (50)
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With this equation, it is possible to integrate delta velocitess)(as control inputs

to obtain final relative states in the form of quaensingular orbital elements.

224 Relative Motion Prediction using Two Line Elements

As stated irChapter2.2.2 relative orbital elements are used for cluster flying design
and control. In terms of orbit contral,is also wise to use mean orbital elements as
discussed irfChapter2.1.4.2 Here, it is possibléo make use of relative TLEsnd
extract mean elements for cluster control as well as initial relative states for cluster
flying design.When there aremtight relative control requirements, the relative
TLEs can be useful in operational analysis as discuss@ditsghner M., 2001)It

is also discussed that the accuracy of differentiating states resulting from TLES is
about 30100 m. in radial and croggack and better than 500 m. in alemngck
direction.

In order to checkhe accuracy of relative TLES, the scenario specifiehainle 2.4
is used as reference and TLEs are fit for the two spacedathfhigh fidelity orbit
propagation Finally, 30 days propagation is performed and the reguigtative
distance errors afgresentedn Figure2.23.
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Figure2.23. Relative motion error aklative TLEsfor 30 days propagation

As it can be seen from these results, the errors are compatible with the ones presented
by (Kirschner M., 2001) In addition, theratio of relative distance emrdo the

magnitude of relative distance is providedrigure2.24.
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Figure2.24. Relative motion erroratio of relative TLEs for 30 days propagation

It can be seen that the maximum errobéfow 1% andit should be noted that the
TLEs in this case are fitted for a 30 days propagaliberefore, a reduction in error

can be possible for a TLE fitith shorter dration

In the light of these discussiongative TLEs can be used for cluster flying design
and analysis as well as cluster control for reconfiguration purposes.af$sdgy

distancecan be set in the order of 100 imradid and crosdrack directions.
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CHAPTER 3

CLUSTER FLYING DESIGN, EVALUATION AND OPTIMIZATION

For the design, evaluation and optimization of cluster flyinffameworkwhich
incorporates several methodologissleveloped. Thechematicof this framework

is givenin Figure3.1 to serve as a roadmap of the overall methodology.

INPUTS ) / DESIGN SPACE EXPLORATION \
S A .
Mission and N ai:ar;‘;'ranl‘;i Evaluation of
Spacecraft Yy >amp Objectives and
Parameters and Simulation of Constraints
. Relative Motion
) a
Design *
Vector ( |
—p- Optimization of the Best Feasible Alternative

\ / \ J

Figure3.1. Cluster Flying Design and Evaluatié-ramework

The necessary components of thHramework are; relative orbit design and
propagation; uncertainty propagation and probability of collisadoulation cluster
flying objective functiongonstraintand design variableand finally, design space
exploration andassociatedoptimization Theseare explained in the following

subchaptersespectively.
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3.1 Relative Orbit Design andPropagation for Cluster Flying

As described irChapter2.2.2 relative orbitscan be definedby introducing small
differences in orbital elements of a reference ofbitce relative orbits are defined,
the relativeinitial conditions and relativedistancescan be obtained between
spacecraft in the cluster as describe@lmapter2.2.1 In this manner, 8owchartis
givenin Figure 3.2 to provide an oversight of hprocessstarting fromreference

orbit to determination and evaluation of resulting trajectofascluster flying

design
N N\
Reference Orbit Design: Relative Orbital Elements: Initial Conditions:
’C 0sc _ 0. 0sc
XEGlor a2y¢ agp” = arg +Aag als’ > X!
J/ J/
/
Spacecraft Trajectories ( Orbit Propagation: D
and Relative Distances: ool P gEcr : Spacecraft Parameters:
ECI RTN < Xio' 2> X[
X 24Xy Lo Li my, Ag Ca A Gy
wherej=1,..,T wherej=1,..,T
T . - /
I
p— — —v— — —
{ Probability of Collision: ] Uncertainty Propagation:
ECI pECI ECI pECI State Uncertainties:
| P lq — (tj" Prj
— _ ECI pECI
L = PoC, I = f(Xl,u Pro Pio
wherej=1,..,T wherej=1,..,T
s il /

Figure 3.2. Numerical Propagation of Relative Motion amktermination of

Relative Distanceand Probabiliesof Collision

In this approach, objective and constraint functions based on relatisaddis and
probatlity of collision (PoC) can be evaluated with the relative position and
covariance outputs which are generatadugh numerical orbit propagatidor a

given set of cluster flying variables, i.e. relative orbital elements (generated from the

design vecto as well as spacecraft specific parameters miassirag area9 ,

52



drag coefficientp j, Solar radiation pressure aréay,, and Solar radiation pressure

coefficient,0 5.

The first step in this process is to design a mission speefécence orbit. Once the
referenceorbit (denoted by ) is designedthe specific cartesian state vegtary
(initial condition), or osculating orbital elements f, , in ECI are found. Then the
relative orbital element¥/ , are introduced to findhitial conditions &y, , (state
vectors in ECI) of all spacecraft (denoteddyn the cluster. The transformations

between the cartesian states and orbital elements are performed by following the
definitions statd in Chapter2.1.2

The second step in the processishigh precisiomumericalpropagatiorof initial
conditions of spacecraft in the cluster to extract trajectaiigs, of each spacecraft
and relative distance¥ ; , between the spacecraft. Haile, pf8 i) defines the
spacecraft index within a4spacecraft clustelQ ph8 H'Ydefines the time instants
until final condition at"Yand¢ pF8 i) defines the specific combination index

between any two spacecraft. For instarfoea 5-spacecraft cluster whete v,
A A

the 2-combinationdecome® 5 e

p ttn this manner, relative

distances between any 2 spacedftadince k is always 2an be calculated with
combinationsln addition, spacecraft parameters such as ntasslrag area0 |,

drag coefficient,0 , solar radiation pressure arda,, sdar radiation pressure
coefficient,0 , are also input to the propagationspfcecraft orbitdwith this, it is
possible tantroduce differences in these parameters, for instance different mass and
drag areas, in case of a heterogeneous distributest syastenmwhere physical

parameters may differ

In real life operations, the orbit information is always associated with some
uncertainty. This uncertainty is expressed in 6 x 6 matrix of position and velocity
covariance as well as cross covariance tedmghe final stepthe initial state
uncertaintiesexpressed in covariance matritt ;;, are propagatesia unscented

transformsuch that the instantaneous covariance informatign are obtained for

53



whole trajectory.Then, this covariance information is used for instantaneous

probability of collision,0 & §, calculationfor all combinations.With this, it

becomes possible to assess safety with a quantitative parameter whrgoiates
state uncertaintiesThe propagation of uncertainties and calculation of PoC are
explained in detail iChapter3.2

In summary, his numericalapproactprovidesopportunity to improve thédelity of

cluster flying design by incorporatinggh precisionorbital dynamics, spacecraft
parameters, navigation uncertainties as well as incorporating differences in
spacecraft parameters and their effectshe dynamics of relative motion in case of

a heterogeneous system. With this method, it is possible to do the most realistic
design and operational analysis for spacecraft cluster flykhgwever, sce this
methodology depends on complicated numéneathods, the drawbadkecomes

the high computational demand.

In order to define general boundaries of a cluster with less computational demand, a
methodology whichrelies on SGP4nalytical model islsodevelopedSimilar to

the one provided ifigure3.2, a flowchart isalsogivenin Figure3.3 to provide an
oversight of tiis proces starting from reference orbit to determination and

evaluation of resulting trajectories for cluster flying design.

Reference Orbit Reference Mean Element
Propagation: (TLE) Fitting:
ECI ECI ECI TLE
rd X i X i 2arp

Reference Orbit Design:

ECI__ ,0sc
Xrgorary

where} =1,..T where j=1,..,T

!

Spacecraft Trajectories | [ Relative Orbital Elements:

P P4
and Relative Distances: Orbit Propagation (SGP4): TLE _ _,TLE A TLE
EC! " XE = f(al, LE) @0 = argp tAq
> AXn ' Lj L

wherej =1,.

and Spacecraft

wherej =1,...T Parameters: [3;

Figure3.3. Analytical Propagation (SGP4) of Relative Motion and Determination of

Relative Distances
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The first step is similar to the numerical methodologlyere mission specific
reference orbit with an initial conditiony j; , is determined initially This initial
condition is propagated with a high precision orbit propagatat the reference
trajectory,®d ; , is obtainedor time intervalQ pFB8 R'Y Thereference trajectory is
used to fit reference mean orbital elemgfiisEs in SGP4 case), ; . Then the
relative orbital elementsy , are introduced to find mean orbital elements

(TLEs),l j ,of all spacecraft (denoted Idyin the cluster.

The second step in the process is the analytical patipagf mean orbital elements

|  ,of spacecraft in the cluster to extract trajectorigs, , of each spacecraft and
relative distances/® ; , between the spacecrédir time interval'Q pH8 f'Yand

combination indext  pf8 R . Here, it should be noted that the SGP4 output is
originally provided in TEME as described @hapter2.1.4.1 Therefore, this TEME
state is converted to ECI by making use of precessiof,, and nutation, 0,
matrices as well a$sreenwich true sidereal angle. In addition, the physical
differences of spacecraft in the cluster can be input by specifying diffsteiRg

drag parametsyT °, in case of a heterogeneous distributed space system.

With this approach, objective and constraint functions based on relative distances
can be evaluated with the relative position outputs which are generated through
analyticalorbit propagation(SGP4)for a given set of cluster flying variables, i.e.
relative obital elements (generated from the design vecWibh this method, it is

still possible tgperformdesign and operational anadgdor spacecraft cluster flying

with no very highfidelity requiremensuch agoarsamission analysis and maneuver
planning Since this methodology depends amalyticalorbit propagationmethod,
thecomputational demand not high

3.2 Uncertainty Propagation and Probability of Collision

In order to perform design and operational analysis for cluster flying as realistic as

possible, consideration of navigation uncertainties become vital. In reality, an orbit
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determination resuli,e., orbital elements or a state vector, almost always some
with covariance information. Therefore, when assessing the collision or evaporation
(when spacecraft exceeds maximum relative distance constmagkis)the state
uncertainty should be also considered while propagating an orbit, or initial
conditionsHere,(Ya-zhong & Zhen, 20173uggests uncertainty propagation can be
performed more accurately and efficiently by employing nonlinear uncertainty
propagators. For this computationally efficient and moderately precise nonlinear
uncertainty propagation method, unscented transfeuseid which isleveloped by
(Julier, Uhlmann, & DurantWhyte, A New Method for the Nonlinear
Transformation of Means and Covariances in Filters and Estimators, 2660)
(Julier & Uhlmann, Reduced Signkint Filters for the Propagation of Means and
Covariances Through Nonlinear Transformations, 2002aving the state
uncertainty information for spacecratft, it is also possible to calculate the probability
of collision. As stated previously i€hapte 3.1, PoC provides a quantitative
assessment for safetpnsiderationsin the followingchapters3.2.1 and3.2.2the

unscented transform and calculation of PoC are explained.

3.2.1 Unscented Transform

The unertainty propagatioffor a state vector with N states performedby using
unscented transform (UTethodology This is achievedy propagating R+1
particles(+1 is themean and R particlesare distributed around the medar N
state$ which are also called sigma poimtsrived from the state vectand,then, a
new mean at the terminal instant is synthesized using the propagated pdtisles.
processs illustrated byFigure3.4 anddescribed b¥q. (51) and(52). Theefficiency

of unscented transforprocessvith its comparison to actuallpnte Carlasampling)

and linear covariance propagatisralsorepresented ifigure3.4.
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Figure3.4. Representatioand comparisonf UT by (Wan & van der Merwe, 2001)

In the examplen Figure 3.4, a twodimensional systemvith 2 states(N=2) is
consideredHere,UT captures the covariance closer to the real eageonly 5
particles(2N+1 = 5) and provides a superior performance whempared to linear
transform of the covariance in the case of extended Kalman filtez.basic

formulation of theJT is provided inEq. (51).

+ On

(51)
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Here,Q 1#8 R represents particles fai states,'Qrepresents the nonlinear
system dynamics which propagates thiial particlesn to obtain propagated
particles,~ . Then,wis the synthesized meabtained byusing the weighta

defined for each particle. Similarly, final covariange, is synthesizetly using the
weightsw  for each particle, and the deviation of fhaticles+ from the mean

@ Here many techniques such as the symmetric set and symmetric extdrated se
employed by (Julier & Uhlmann, Unscented Filtering and Nonlinear Estimation,
2004)for the selection of the sigm@oints and the associated weighitke details of
the UT formulation including generation of particles aattulation of weights for

mean and covariance syntbeare provided in Eq52).

(52

0 0 pj g0 _

The particle witHQ T, represents the mean and tdowariance of thaitial statg ¢h

is represented by . Thecoefficients are selected such that p,fi T ¢.

With this formulation, a simulation is performed to demonstrateettmdution of
covaiance and mean for orbital motion. In this simulatiomyariancen RTN is set
for position and velocitas0 5 QQA'Q x& ¢ in meterdandd
QOO Y M@ty Mt v in (meters/second respectively with
representative valuegbtainedfrom a realistic orbit determination procegsor
simulationof 1 daywith step size o240 seconds, the evolution of mean position

errorandstandard deviatioareprovided inFigure3.5 and inFigure3.6 respectively.
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Figure3.5. Evolution of mean position error due to covariance with UT
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Figure3.6. Evolution ofpositionstandard deviatiowith UT (blackcurveis the norm
of positionstandard deviadn; blue, red and green are the posistemdard deviation

in radial (R) alongtrack (T)andcrosstrack (N)directions respectively)
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As it can be seen from above plots, the magnitude of covariance lgrearty over
time and the biggest uncertainty gvthh appears in the alortgack direction.In
addition, the error of position mean grows exponentially in 8 Hawever, the

magnitude of error is not significant with the given initial covariance information

3.2.2 Probability of Collision (PoC)

PoC represents the likelihood that the range between two objects may become less
thanaradius’Y duringa close approach of 2 spacecrBifiving the state uncertainty
information for spacecratft, it is also possible to calculate the probability of collisio

For this, the standard collision probability assessment scheme described in the
following is based on the formulatioty (Alfriend, et al., 1999)and (Akella &
Alfriend, 2000) Here, the combinedovariance of any 2 spacecraft is transformed
into conjunction plangalso called B plane) which is perpendicular to the relative
velocity vector YO Then, the alimensional integral ofombineduncertainty 0 ,

is calculated over theircularconjunction ared , which is centered at the relative
position vector YQ with a radius 'Y , calculated as the sum of the radii of 2

spacecraftThis is summarized in thi@igure3.7.
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ombined position
error ellipsoid

B-plane Yg

Figure 3.7. Representation of Conjunction Plane-{Bne perpendicular tay$),
Combinedand ProjectedCovariance0 , and Conjunction Are® . (Krag, et al.,
2016)

Here,@ andU r epr esent the major and minor axe
position of the conjunction areacAThen the probability of collisigrd , can be
calculated through the integmgivenin Eq.(53) (Alfriend, et al., 1999)

Q0n fad b @ mw G

In order to calculate this integréFoster & Estes, 1992)erived a model using polar
coordinates in the conjunction plane af@@han, 2003)developed an analytical

61



expression for the calculation dhis integral. Alsg (Patera, 2003fefines the
integral which is particularly relevant for items such as defining the risk of a
particular set of trajectories. FinallfAlfano & Oltrogge, 2018)provides an
overview of the types of &€ estimation techniques. Iihis paper, the calculation
methodof (Foster & Estes, 1992)lescribed by Eq54), is adopted to reflect the

conventional approach whicatellite operatorsommonlypractice.

(O BJ

2.1
[ ex{l H RO~sin(¢) - r~sin(9) \2 . (Ro-cos (¢) - r-cos(e) \2:H.rd9 N
ou } ow ) (54)

) P *

Minor Axis, Yo Major Axis, X

In this equation, OBJ refers to combined object radiis ‘Y refers torelative
position vectorYOand, and, arestandard deviations of combineuidsprojected
covarianceD , projected at minor and major axes respectively. For validation and
benchmark purposes real operationalcases provided by Combined Space
Operations Center (@®C), arecompared withithe calculated Eq. (54)) ones and
presented iTable3.1.

Table3.1 Validation of PoC Calculations

Parameter Case 1 Case 2
0gdx [ m] 361.3 1859.8
Gy [ m] 45.6 62.6
pr [ m] 170 255

a [ A] 33.4 149.8
Rc [m] 5.3 8.8
PoC, Foster 9.632 x 16 4.053 x 160
PoC, CSpOC 8.043 x 1 4.307 x 1¢°
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As it can be seefiom these results, PoC can be calculatetthe same ordexhen
compared to CSpOCds val uespOC are mckaown h e
(such as the value of combined object radius when it is not avajlavel
differences in PoC values are acceptable as long as the osderas

When the PoCs are consideredaassk measure for close approach eveltitg,
historical trend of practiceat European Space Operations Center (ESOC) provided
by (Funke, et al., 20183 reproducedh Figure3.8.

Threshold to trigger | Threshold to trigger | Maneuver target Period of use
maneuver

Meeting: PoC>103to 5x103  None 2003-2011
PoC>10* Distance < 300 m.

Distance < 300 m.

Tracking: Distance based (no None 2006-2011
PoC > 10* maneuver for low

Distance < 300 m. risks)

Meeting: Radial Distance< 30  Radial Distance>3c 2010
Afteralertis chaser + 3¢ target+  chaser + 30 target +

received from CSpOC cross section radii cross section radii

Meeting: PoC > 10* PoC< 10 2010-2013
PoC > 10+*

Meeting: PoC > 10* PoC< 10® 2013-2016
PoC > 10*

Meeting: Mission specificPoC  Mission specificPoC  Since 2016
Mission specificPoC  threshold threshold

threshold

Figure3.8. Screening Methods and Associated Thresholds at EFOGke, et al.,
2018)

As it can be seen from above definitions at ESOC, the trigger threshold of collision
avoidance maneuvemwas set to for PoC above0ntil it has been specified to
mission specific levelfater. Therefore, the operators can consider the navigation
information uncertainties and confidence in operational practice when it comes to

setting alarm and maneuwvegi thresholds.
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3.3  Cluster Flying Constraints, Objectivesand Design Variables

There are several constraints and objectives in the casmissemnwith multiple
spacecraft Mission and platform characteristics, which may vary for different
spacecratft, play an important role while realizing orbital dynamics operations. In this
manner, it is important to consider realistic parameters, objectives and constraints
stemming from several operational scenarios and limitations for cluster flyimgdesi
problem.Some of the aspects, requirements and parameters for cluster flying are
summarized iMable3.2.

Table3.2 Comparison ofCluster Flying Aspects and Associated Requirements

Aspect Requirement Parameter Action

Safety Collision Distance Increase
Avoidance

Station Keeping  Orbit Maintenance  Distance to Decrease

Reference Orbit

Inter-spacecraft Visibility Line of Sight, Maintain Line of

Communication Maintenance, Distance Sight,

Availability Evaporation Decrease Distanc
Avoidance

Propellant Naturally Stable ot Maneuver Decrease

Consumption Feasible Orbits

Reconfigurability Cooperative Maneuver Increase

Maneuvering

FromTable3.2, it may be observetthat there are conflicting aspects such as safety
and interspacecraft communicationgor safety, it is wise to increase relative
distances, however, short ranges are better for communigagidarmance In

addition, the relative distance shall not excasthximum range which can be called

64



as evaporation of cluster. Similarly, station keeping and safety are also conflicting in
terms of relative distance. For station keeping, the spacecraft shall be kept as close
as possible to the mission specific refereodst therefore it may cause cluster to
shrink and reducerelative distancesAlso, it is wise to reduce propellant
consumption however reconfigurabilisyimportantfor cluster flyingand therefos

these twaareconflicting objectives.

In order to desig a cluster which maximizes safety, station keeping and-inter
spacecraft communications relative distabased objectives and constraints can be
defined. In addition, probability of collision is alsogaod measure for safety as
described inChapter3.2.2 However,it is necessary to analyze tigeometry of
relative orbits and covariance for both cases.

As described inChapter2.2.1 a full harmomc closed form solutions possible
however the cartesiaformulation does not provide an insightarthe geometrical
aspects of relative nion. Here, aformulation of linearized relative motion based
on relative orbital elementsvith relative eccentricityand inclinationvectorsis
providedby (Montenbruck, Kirschner, D'Amico, & Bettadpur, 20@)d(D'Amico

& Montenbruck, 2006)This formulationwhich is ageneral closed form solution of
HCW equations by using the mean argument of latitddeas an independent

variableis given in Eq(55).
Yy Yo o1 R ® -
y .. O L
VY @Va EYG’)() 6 ¢ @EF - (59)
YO o1 XEd —
whereYa Y6 YmO EQs the relativenean longitudes A O AQIYQ and
— A OANTIYQ are relative pégee and argument of latitude respectivélgre,

1 ‘@r] ‘&e the magnitudes tie eccentricity and inclination vectawhich are also
defined in Eq. (46). With this formulation, it is not only possible to interpret
geometricaimplicationsof but also have powerfultool for cluster flying design.

In the case of close relatieebits assuminy®d Y& T, the Eq(55) becomes
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yy @1 KRl © -

YY ¢ @EG . (56)

Yo o) GE4d —
From Eq.(56), it can be deduced that the relative motion within the plane {or in
plane)become an ellipse with semimajor agi®| i alongtrackand semiminor
axis®] ifradial directiongor close relative orbits wheb&y Y& 1t In addition,
the gradual increase of alotigick separation is also cancelgdselecting/®d Tt
Similarly, out of plane motion can be describedddy iQ radial and®| ifdcross

track directionsThesegeometriesre presented in thiiégure3.9.

Figure3.9. In-plane (Radial and Alontrack) and out of plane (Radial and Cross
track) relative motion based on relative eccentricity and inclination vectors

(D'Amico & Montenbruck, 2006)
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From the Eq(56) andFigure3.9, it can be interpreted that it is possible to investigate
in-plane and out of plane mon separately and understand geometrical applications
such as possible minimum and maximum distances by using relative eccentricity and
inclination vectors as design parameters. For instance, a minimum distance can be
ensuredy parallel separation of ive eccentricity and inclination vectors through
specifyinge  —This condition would ensure a minimum distamc¥Y wheno

«  Q“where’Q mipky 8 andY’'Y m8Similarly, it is possible to ensure a distance
inY0 whend « -* and the separation in radial direction disappeéxs, Tt

In this mannerijt is especially important to ensure a minimum distance in out of
plane described by radial and crassck directions (or RN plane) since the
uncertainties in alongrack directon are much higher as describecCimapter3.2.1
andshownin Figure3.6. To sum up, the relative maximum and minimum distances

Y'Y YandY0 can beelated withYQp, andY'Q; vectors between the spacecist

describedn Eq. (57).
Ty N
Y'Y QuYQ Y'G; (57)
Y0 R
Here,minimum distance relatiofor radial and crossrack directiongs derived by
(Eckstein, Rajasingh, & Blumer, 198@ndgivenin Eq.(58).

()

YYO0
N AT © - (58)
Y& 9 Y& YQ (YEYQAIG— -
By using Eq.(55), (56) and(58) operational constraints on statikaeping, safety

and interspacecraft communications can iméroduced by defining bounds on
minimum and maximum relative distances between the spacecraft based on realistic
parameters, objectives and constraints stemming from several operational scenarios
and limitations. For instance, a minimum distance comdtcan be defined to ensure
the safety through collision avoidance and a bound on maximum distance can be

defined to ensure intespacecraft link availability through evaporation (or maximum
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range violation) for the cluster. Statiseeping can be also engd if the minimum

and maximum distance constraints are defined such that the deviations from the
reference orbit are within the acceptable limits. The constraints derived from these
considerations are summarizedsq. (59).

%R v YgyY o QAYQ, VG Q
GdYr by Q (59)
WY p Yy b Q
With these constraints, it is possible to eesaminimum distanc&) , in radiali
crosstrack (RN) plane and a maximum ran@e, , in 3 dimensionsWith thefirst
relation of Eq(59), initial YQp andY'Q; vectors are designed to ensiié
‘Q  andthe secondrelation is for trajectoryHere, the reason for introducing
minimum distance constraint ontyn the RN plane is to ensure a safe distance
between any spacecraft without relying on the distance in -@fank direction for
which the navigation uncertainties dine highestvhen compared to other directions

as described previouslyhis conditionmay be visualized frorfrigure3.10.

40-

z (Radal)

y (Cross-Track) y (Cross-Track)

Figure3.10. Out of plane (Radial and Cressck, Left) andhree dimensional (right)
representations of relative motion wiihcertainty of chief orbit where a minimum

distance is ensured in RN plaii®lueller, Griesemer, & Thomas, 2013)

If Y& mthen the minimum and maximum distance constrairety alsde written

in 3 dimensions as described in E8Q).
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Q WYr WY oy Q (60)
When specifying boundaries on a#BVe distances, the requiremengsaling
introduced by(Gill, 2011)for relative motion guidance, control and navigation can
be consideredThese scaling laws asemmarized iMTable3.3. Based on this table,
minimum distance or separation constraint can be specified as 100 m. by assuming

arelativenavigation accuracy am. levels(Persson, D'Amica% Harr, 2010)

Table 3.3 Scaling Laws for Guidance, Navigation and Control Parameters for
Formation Flying(Gill, 2011)

Parameter Variable/Relation Sample Scenario

Spacecraft Separation Q 100 m.

Requirement
Control Window Size Q T Q 10m.

Control Accuracy Q m™®Q 1m.

Requirement

RelativeNavigation Q m™Q 0.1m.

Accuracy Requirement

Finally, constraints on design variabJés, for each spacecrafican be also defined

asprovidedin Eqg.(61).
” ” ” (61)

Using Eqg. (59), Eg. (60) andEq. (61), adesign space based on the relative orbit
elements and relative distance constraints can be generated.

Depending on thenission specificcases and requirements of the cluster flying,
different objective functions can be defined based on relative distances or parameters
such as probability of collision to maximize the station keeping and/or safety. For
the statiorkeeping, an objective fution which would minimize the relative

distances to the reference orbit cardbéned as described in E§2).
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GdYr &Y ol (62)

This objective function, Eq62), will imply that any deviation, or distance, of each
spacecraftgy at each discrete time instaff2from the réerence orbit would increase
the cost. Thereforaghe total cost would become the sum of the deviations of all
spacecrafti  phchead) , over the simulated time interval which is discretized as
Q phohss'y

Similarly, the objective functiomhich would maximize the safety can be written
with the probability of collision adescribed in Eq(63).

0¢¢§ (63

This objetive function,Eq. (63), will imply that the probability of collision between

any two spacecraftyith combination index  phchgsd at each time instaniQ
would increase the cost. Therefore, the total cost would become the sum of the
probabilities of collision between any two spacearaér the simulated time interval

Q phohsa'y

After specifying the objective functions, design variables which would be a selected

set of relative orbital elements and their minimum and maximum bounds can be also

defined. Initially, design variables can be specified as W' Q w Qw W] .

With thesevariables relative orbit configurations can be formed in terms of relative
eccentricity and relative iegcokndatgmpon vecto
respectively. Regardless of whether the reference orbit is circular or not, design

vectors can & generated with minimum and maximum bounds depending on the

mission characteristics. However, it is important to define these boundaries such that

the sensitivity of the objective function would be in the same order for different

ranges of design varialge

To illustrate this procedure, a near circular Synchronous reference orbit at 685
km (mean) altitude and 10:30 Local Time Descending Node (LTDN) with orbital
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element) TINTEQ w ¢ Y W& p RJI p X8 11 uwsleonsidered as a
reference exampl Here, the maximum separations between a circular reference
orbit and derived relative orbits can be quantified as described by reduced form of
the Eq.(56) given n Eq.(64).

wY e w Q

WY ecw Q (64)

W e w0 Q
wheretl @andu are the magnitudes of the eccentricity and inclination vectors. Here,
it should be noted that, the contribution of relative orbital elements to the maximum
distances shall be in the same order. In this manner, the minimum and maximum
bounds on the desigwector, ” WwQ 0w Qw w] hare specified as
follows:

TLSHTTIQ qwQ T[8TT[,T[U C VL
XA 0Q 18t XA (65)

™ XA T8t XA
™ d w T8 A

With this design space, the order of the maximum distances would be le&®than
km. when vector magnitudes are calculated for RTN directions. In order to check the
relative effectiveness, or sensitivity, of the design variables, a random set of 1000
sampeés within the design space is generated initially. Then the (scaled) objective
function values for Eq(62) are calculated for 5 spacecraft each having 4 relative
orbital elements as design variables. The result of the sensitivity analysis for the

sampled design space is shown inFigure3.11.
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Figure3.11. Relative Effectiveness of the Design Variables for 5 Spacecraft over a
Design Space of 1000 Samples. Each row indicates the specific spacecraft, while the

column indicates relative orbital elemet{xn J@mandw respectively.

In Figure3.11, rows represent each spacecraft and columns represent the relative
orbital elements for the specific spacecraft. For a specific row, i.e. spacecraft, each
subplot shows the objective function values for a specific relative orbital element in
the order oty ‘Qw ;@mandw . From these figures, it can be seen that the changes
in each design variables, or the relative orbital elements, have comparable effects on
the scaled objective function. In this example, citoask elementso ‘Bndwimhave

wider bounds, therefore, the sensitivity for these elements are relatively higher.
However, since the orbit is near circular, sensitivity to design variables
relatively lower.It should be noted that these sensitivities are valid for a specific
objective function, design variables and the bounds on design variables. If the
minimum and maximum bounds aQ were larger then the sensitivity to the

changes in this design variable would have been higher.
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3.4  Design Space Exploration and Optimization

Since the objectives and constraints are highly nonlinear and the problem is non
convex, a design space exploration based techniglevedopedo solve the cluster

flying design problem. Here, the design space is defined by the boundaries on the
design \ariables as described @hapter3.3. Then, a design space exploration is
performed within this design space through generating a population of many samples
(in the order of thousands) and evaluating the objective and con$traitibns for

each sample. The samples which are satisfying the constramisfeasible
solutions, are filtered and the one providing the lowest cost value is selected as the
initial condition. Finally, this filtered and selected initial condition fisther

optimized. The steps of the process are summarizegjime3.12.

DESIGN SPACE EXPLORATION OPTIMIZATION

Evaluate Filter Feasible
Generate Many Objective and Solutions and

Optimize the

Selected
Feasible Solution

Samples Constraint Select the One
(~1000s) Functions for with Minimum
Each Sample Cost

Figure3.12. Optimization Algorithm Flowchrt.

3.4.1 Sampling of Design Space

In the first step of the optimization process, i.e. generation of many samples from
design variables, selecting the rigiatmplingmethod is very important in terms of
finding feasible solutiondn addition, the sampling method is related to the quality

of the results and length of simulation tinhe.order to represent the design space
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well enough and detect the regions where fBassolutions are located, several
methodologies can be utilized. Amongst them, Monte Carlo sampling is the most
common methodologyWhen Monte Carlo sampling is utilized, the computer
generates a random number between O and 1 for each sasmpdea unifom
distribution Then, this number is assigned to a valamgcumulative distribution
function (CDF)which is specific for the problenThis processs illustrated in the
Figure3.13.
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Value

Figure3.13. Monte Carlo Implementation in Computers.

From theFigure3.13, it can bededucedhat entirely random four numbefsn y-
axis)are assigned to gpecificvalue(in x-axis), which would be the samplesing
the cumulative probability distributio®incethe chance of having any number from
0 to 1 on yaxis is same forlesamplesanysampleis generatedn a totally random
mannerand it may fall anywhere within the range of input distributidlso, new

sample points are generated without taking intmawtthe previously generated
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sample pointsHowever, the more likely outcomes are in the range where the
cumulative curve is the steepest. If tharenot enough samples, this would cause
that the values in the outer ranges (red regions) afighebution are not represented

in the samples and therefore they are not evaluated in the simulations. In order to
overcome this problem, very large number of samples is needed to have a good
representation of probability distributiorlowever as the wiole process isully
random(memoryless)it is not possible to recreatsame or similapopulationfrom

onesimulationto another.

In order toexplorethe design space with reasonable sample number and overcome
the difficulties of Monte Carlo methodolgglLatin Hypercube Sampling (LHS)
method which is developed b{Mckay, Beckman, & Conover, 197%nd
implemented by(Iman, Davenport, & Zeigler, 1980nd (Iman, Helton J., &
Campbell, 1981js utilized. The basic idea of this method is to make sampling point
distribution close to probability density function (PDOdfy)stratification of the input
probability distributionStratification divides the cumulative probability distribution
into equal intervals and themly onesample is randomly taken from each interval

or fAstrati fi c adchematically showmiFgurg8.idocess i s
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Figure3.14. Latin Hypercube Samplingnplementation.

As it can be seen frofigure 3.14, there is only sample per stratificatifor LHS
and the samples are moxgdely distributed(between2 and 2)when compared to

Monte Carlo approach (betweehand 1) shown ifigure3.13.

In terms of more than one dimensional space, a square grid containing sample
positions is a Latin Square if and onltlifere is only one sample in each row and
column. In this manner, a Latin Hypercube is the generalization of this concept to
multi-dimensional space, where each sample is the only one in eaehligmed
hyperplane containing iEor two dimensionsa comparisons provided inFigure
3.15for LHS and Monte Carlsamplingmethodologies.
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Latin Hypercube Sampling
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Figure3.15. LHS and Monte Carlo Samplirigxamplefor Two-Dimensional Space.
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As it can be seen frofeigure3.15, there is at least one sample for each grid for the
LHS and therefore LH$ more effective in samplinigpe whole design space when
compared to Monte Carlonethodologyfor same number of samplés.this manner,
with the use of LHSgdesign space can be well represerdad exploredwith a
smallernumber of runs when compared to a Monte Carlo simulg¥om 2015)
Similarly, LHS samples can be generated for higherensional spacandbecause

of its effectiveness, LHS methodologypreferredfor sampling the design space
cluster flying problem

3.4.2 Finding the Right Sample Size andptimization

Anotherkey pointfor design space exploration and optimizai®to select the right
sample size which would affect the number of feasible solutions over the design
space. To find the right number of sample sse¥eral runs can be run and the ratio

of feasible solutions for each of the runs divided by the sarnzggi . # of solutions

| sample size, can behecked Convergence of this ratio indicatésat the right
sample size is obtained. To illustrai®, simulationsrerun for same problem with

10 spacecrafivith 4 design variablesy(Qw ;@umandw ) (40 design variables in

total) and for each population with sample sizes 250, 500, 750, 1000, 1500, 2000,
2500, 3000, 3500, 4000 and 4500. Then the average number of feasible solutions for
each of the runs is divided by the sample size and the resldttexdpagainst sample

size inFigure3.16.
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Figure3.16. Number of Feasible Solutions over Sample Size ei$pect to Sample

Size.

It can be seen in thEigure 3.16 that average number of feasible solutions over
sample size converges after 1000 samples for 10 spacecr&ffucation which
comes with 40 design variables. In this manner, it can be condiodinis example
that 25 samples per design variable can be generated ludBignethod to find

feasible solutions.

After running the simulations for the generated population of 1000 samples, the
objective and constraint functions are evaluated and feasible solutions are identified.

A sample result and identified feasible solutions are shown iRithee3.17.

79



-
w

N
T
*

*

I

—_
—_

o
©

o
o

Objective Function Value (Scaled) for the Sample
o
18

o
N

0 100 200 300 400 500 600 700 800 900 1000
Index of the Sample

Figure3.17. Feasible Solutions (red points) from 1000 Samples insthierhtion of

Design Space Exploration.

In the Figure 3.17, it can be seen that 4 feasible solutions (circled) are identified.

Based on the objective function values of feasible solutions, the design(nedint

circle) is selected such that the objective function has the minimum value. Then

another design space exploration is performed with a population of 1000 samples

around the selected design point for further optimization. Here, the new design space
isgenerated such that the design variabl es
optimized design point. Similarly, the simulations are run again for the new
population and then feasible solutions are filtered. A result for the second iteration

of design space ejloration is shown ifrigure3.18.
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Figure3.18. Feasible Solutions (red points) from 1000 Samples ir2thkeration

of Design Space Exploration.

As it can be seen in tHegure 3.18, there are many feasiblelstions (~100s) this

time. Here, the sample with minimum objective function value (circled) from the
second iteration of the design space exploration can be selected as the final design
point. The optimization can be stopped when this final design poprowas the

objective function value when compared to previous iteration.
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CHAPTER 4

CLUSTER FLYING MAXIMIZING  STATION KEEPING OB JECTIVE

In this chapter, cluster flying design methodol@xyplained in Chapted is applied

for passively safe lonterm multispacecraft clusteflying design maximizing
stationtkeeping objectiveln this approa, design variables are seted as relative
mean orbital elements for each spacecfdfeserelative orbital elements which are
derived from a reference TLE are propagated through SGP4 propagator with no
uncertainty as describedkigure3.3. In addition, theobjective function is specified

as definedoy Eq. (62) and constraints argpecified as defined biq. (59) and Eq.

(61). In addition to these objectiseand constraints, the problem can be formulated
as a multiobjective optimization problem considering thelidity duration and
spacecraft number in the cluster. As it can be predicted that increasing the number
of spacecraft would increase thecessarylistances and therefore the total cost of
the objective function. In addition, long duration and more spacecnafiguratons

would yield lesssolutionsthan the cases with short duration and less spacderatft.
order to demonstrateuch situations anthe effectiveness of thenethodology a

problemwhoseassumptions and parameters summarizedn Table4.1 is set

Table4.1 Cluster Flying Design Formulation with Statieeping Objective

Parameter Specification
Obijective Function GYr Y ;
0 Q¢ Q4 Q¢ - — -
Q
Constraint Function(s) Eq.(59)
Bounds on Design Variable Eqg.(65)
Propagator Analytical (SGP4)
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Inputs and Assumptions Reference Orbit SSQ LTDN 10:30 at
685 km altitude

Spacecraft Number 3,4,6,8and 10

‘Q in RN Plane 0.1 km
Q in RTN Plane 50 km
w dbifference 0 km

Physical Differences| Defined bywy © T

Duration Y 1, 3,5, 7 and 10 day:s
Step Size 10sec
Sample Number 2000

In this problem, the objective function givenkn. (62) is scaled with th&® . As

for the mission parameters,SunSynchronous LTDN 10:30 orbat 685 km is
specified. Also, spacecraft numbers are varied from 3 to 10 and simulation duration
is varied from 1 to 10 days. The physical differertbesughdrag parameteysj °,

are not introduagat this stagén order to demonstrate the effect of only spacecraft
number andsalidity duration While minimum and maximum distance constraints
are set as 0.1 km and 50 km respectively, the semimajor axis diffeseqigset to

0 in order to cancel the graduakiease of alongrack separatianFinally, sample
number ihoseras2000 tohave a good representation of design spacgeanerate
several solutionfor comparisonSomesample resustof an optimized solution for

5-spacecraft cluster aridday-durationareshown inFigure4.1 andFigure4.2.
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Figure 4.1. Feasible Solutions (red points) from 2000 Samjies5-Spacecraft
Cluster and 5 Dajpuration

Figure4.1, it can be seen thalienty of feasible solutions (red points) are found.
Here, there ar856feasible solutions whicls 18% of 2000 samples. Based on the
objective function values of fedde solutions, the design point is selected such that
the objective function has the minimum valogé 0.023 The resulting relative
distances foi© p Tcombinationsare shown irFigure 4.2. In the figure, each
discrete time interval, for example 0 to 1, 1 to 2, etc. until 9 to 10, corresponds to 5
day simulation result for each combination of Spacecraft 1 and 2, Spacecraft 1 and

3, etc. until 1& combination of Spacecraft 4 and 5.
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Figure 4.2. Cluster Flying5 Day-Result for 5 Spacecraft with Statiéteeping
Objective.

FromFigure4.2, it maybe concluded that thedpacecraft cluster flying design does
not violate the minimum and maximum distance constraints of 0.1 km and 50 km
respectively oveb-day periodThe minimum distance RN occurs as 112.7 m. and
maximum distance occurs as 13.1 km. in the clusiteaddition torelativedistance
plots, the relative motion of spacecraft in Radial, Aldmgck and Cros3rack
(RTN) are shown irFigure 4.3, Figure4.4, Figure4.5 andFigure4.6. In the plots,

0 * 6 mevrksghe initial conditionilY, and 0606 sign mar ks the
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Figure4.3. Along-Track- Radial Distances of 5 Dagesult for 5 Spacecraft Cluster
with StationrKeeping Objective.

The AlongTracki Radial plot for 5spacecraft cluster showsatithere is a radial
separation between the spacecraft when atmagk distancedisappearsAs the
biggest uncertainty occurs in aloigick direction, this provides an inherent safety
for thecluster. Although the plot showsday trajectories, there are regions where
thered, blue, darblueor yellow relative orbitamay stillintersectwhen alongtrack
separatiorbeginsdiminishing. In this case, it can be seenFigure4.4 that there is
always a distance in crefmck between these relative orbits. this way a

separatioreitherin radialor cross rack direction ewaysensuredvithin the cluster.
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Figure4.5. CrossTrack- Radial Distances of 5 Dagesult for 5 Spacecraft Cluster
with StationKeeping Objective.
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Figure4.6. Radiali Along-Tracki CrossTrack Distances of 5 DaResult for 5
Spacecraft Cluster with Statidteeping Objective.

Finally, the boundaries are realized witlai x 10x 12 km? volumefor 5-spacecraft
5-day duration clustetn this casetheoretical maximum distance would be around
16 km where realized maximum distance of 13.1.Kmetween spacecraft is
reasonabldn order to see the effects of incredaumber of spacecraft and dtica,

the results of aother optimized solution for 1§pacecraft cluster and 10 day
durationareshown inFigure4.7 andFigure4.8. In this case, 4000 samples are used

since there was nieasiblesolution found for 2000 samples.
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Figure 4.7. Feasible Solutions (red points) frof®00 Samples for 18pacecraft
Cluster and 10 Dafpuration.

FromFigure4.7, it can be seen that only one solution (red point) is found which is
0.025% of 4000 sampleBor this design pointhe objective function has the value
of 0.358. The resulting relative distancesdor 1 ucombinationsare shown in
Figure4.8. In thefigure, each discrete time interval, for example 0 to 1, 1 to 2, etc.
until 44 to 45 corresponds to -ty simulation result for each combination of
Spacecraft 1 and 2, Spacecraft 1 and 3, etc. urificémbination of Spacecraft 9
and 10.
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Figure 4.8. Cluster Flying 10 Dayresult for 10 Spacecraft with Statiteeping
Objective.

FromFigure4.8, it can be concluded thtte 10-spacecraft cluster flying design does

not violate the minimum and maximum distance constraints of 0.1 km and 50 km
respectively ovet0-day period. The minimum distanceRN occurs ad01m. and

maximum distance occurs 48.8km. in the clustenn addition to relative distanse

the relative motion of spacecraft in Radial, Alefigack and Cros3rack (RTN) are

shown inFigure4.9, Figure4.10, Figure4.11 andFigure4.12. I n the plots,

marks the initial conditioilY, and 06006 sign mar ks the fin:

91



Radial [km]

-8 -6 -4 -2 0 2 4 6 8
Along Track [km]

Figure 4.9. Along-Track - Radial Distances 010 Day-Result for10 Spacecraft
Cluster with StatiorKeeping Objective.
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Figure 4.10. Along-Track 7 CrossTrack Distance of 10 DayResult for 10
Spacecraft Cluster with Statidfeeping Objective.
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Figure4.12. Radiali Along-Tracki CrossTrack Distances df0 Day-Result forl0
Spacecraft Cluster with Statidfeeping Objective.
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Similar to the previas example of 5 spacecraft clusiiseparation either in radial
or cross rack direction is always ensured when atoaak distance diminishes
within the cluster providing an inherent safdfyom Figure4.9 andFigure4.10, it
can be also deduced thsgecificorientatiors of eccentricity and inclination vectors
result in two 5spacecrafgroups within 18spacecraft clusteseparatd by an along
track offsetAlthough the gradual separation of alemack is canceled vis® T,
an increasein maximum distancess still observedn Figure 4.8. In this case, a

control foralongtrack separatiomaybe necessary to maintain the cluster.

To understandhow difficult is to obtaina solution,percentage of solutions with
respect to problem variables such as numbepatecraft) , and duration”yY
are plottedn Figure4.13andFigure4.14for the problem defined ifable4.1. Here,
as the objectives for the number of solutions as wellpasesraft number and
duration are tde maximizeal, all valuedfor these variableare plotted as positive.

T T T T T T

100 - 1 Day Duration

3 Days Duration
5 Days Duration
7 Days Duration
10 Days Duration | |

90 [

80

% of Solutions wrt Sample Number

Number of Spacecraft

Figure4.13. Spacecraft Number) vs. Percentage dlumber of Solutions for

fixed Duration,”Y
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Figure 4.14. Duration,"Y  vs. Percentage of Number of Solutions fored

Spacecraft Numbed, .

As it can be seen from tiégure4.13 and Figure4.14 thatthere isexponentially
decreasen number of solutionsf the cluster flyingduration andthe number of
spacecrafin the cluster are increasdd is also seen that it is more likely to find

solutions and optimize for clusters with 3 teacecraft

To demonstrate theulti-objective behavior of the probleseveralresults aralso
obtained for theobjective function value with respect to problem variables of
spacecraft numbeb,, and duration}Y . The results are plotted Figure4.15and
Figure4.16. In this caseas the objective functiesnareminimized, the spacecraft

number and dwation are plotted as negativalues
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From Figure 4.15 and Figure 4.16, it can be seen that increasiolgister keeping
durationrequiremenaind numbeof spacecraft in the clustercreases the objective

function valueThisis due to the fact that the clust
for more spacecraft and loagduration It is also seen that pareto front curves can

be obtained for conflicting objectivegiainsinumber ofspacecrafor duration

As mentiored previously one of themain motivations forthe developed cluster
flying design methodology is to analytteetime validity of clusters. Fadentifying

time boundsthe cluster can be propagated further and minimum distances can be
checked. Herea sample problem of 5 spacecftster is designed for 15 days and
propagated for 20 dayBrom 16 feasible solutions which 8.8% of 2000 samples

the design point isetected such that the objective function has the minimum value

of 0.239 Resulting relative distansglot is shown irFigure4.17.
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Figure4.17. 20 DayPropagatiorResult forl5-day5 SpacecrafCluster Flyingwith
StationKeeping Objective.
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When compared teesults inFigure4.1 andFigure4.2, there is a dramatic decrease
in solution number (18% to 0.8%) atige cluster expandsvhere boundaries are
realized withina7.1x 20 x 16 km® volume Here,minimum distance in RIdecomes
76 m. after 19.8 days propagation where the distance in RIB43 m. Also,
minimum distance in RTNccurs as 253 m. where the distance ini®RNL9 m.The
maximum distancés around 35 kmFrom these result®, can be deduced that
some instances; spacecraft clustemnay be flown for up to 20 dayswithout
violating constraint$or the problemn Table4.1. Similarly, based on reference orbit

and constraint definitions, seakconfigurations and their validities can be found.

Finally, it is also possible to incorporaghysical differencesfor simulating
heterogeneous systehy introducing differences idrag parametersy . In this

case, the problem definedTiable4.1 is rewritten inTable4.2.

Table4.2 Cluster Flying Design Formulatidor Heterogeneous Systems

Parameter Specification
Objective Function L eYr WY W
U Qe Qa Qa Q -
Q
Constraint Function(s) Eq. (59
Bounds on Design Variable Eq.(65)
Propagator Analytical (SGP4)
Inputs and Assumptions Reference Orbit SSQ LTDN 10:30 at
685 km altitude
Spacecraft Number 5
Q in RN Plane 0.1 km
Q in RTN Plane 50 km
Physical Differences| m T° <d "<
(Defined byaj * ™ T
Simulation Duration 20days
Step Size 10sec
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In this problem, physical differences are introduced thradrgly parametersy *
and the duration is specified as 20 days as a a@ttonof the previous problem of
5-spacecraft 2@lay homogeneous clustd@ihe results othefeasiblesolutiorsfor 5-
spacecrafheterogeneousluster and20 day-duration are shown iRigure4.18 and
Figure4.19.

16 T T T T T

Objective Function Value (Scaled) for the Sample

0 500 1000 1500 2000 2500 3000
Index of the Sample

Figure 4.18. Feasible Solutions (red points) fraB@00 Samples for Spacecraft

Heterogeneou€luster and®0 Day-Duration.

In Figure4.18, it can be seen thanhly 1 solution(red poin}, whichis 0.03% of 3000
samples is found.When compared to the case kigure 4.17, there is dramatic
decrease in solution number (0.8% to 0.03%) tedobjective function values
doubled from 0.239 to 0.550 The resulting relative distances far p 1
combinationsare $iown inFigure4.19. In the figure, each discrete time interval, for
example O to 1, 1 to 2, etc. until 9 to 10, correspon@§Haay simulation result for

each comhiation.
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Figure4.19. Cluster Flying20 Day-Result for 5 Spacecrafeterogeneous System
with StationrKeeping Objective.

FromFigure4.19, it can be concluded that thespacecraft cluster flying desidor
heterogeneous systemoes not violate the minimum and maximum distance
constraints of 0.1 km and 50 km respectively o2@day period. The minimum
distance in RN occurs &41.2m. and maximum distance occurs4@s3km. in the
cluster.In addition, the minimum distance in RTN occurs as 797.3 m. where the
distance in RN is 792.7 nn this way, it can be guaranteed that éhiex always a
separation in RN when alofitack distances are the lowegtlso, there is an
exponential increase in aloiigack separation between the spacecraft due to
differential drageffects caused by “. In order to maintain the clustilying, along

track separation due to differential drag needs to be compensated.

In addition to relative distance plots, the relative motion of spacecraft in Radial,

Along-Track and Cros3rack (RTN) are shown iRigure4.20, Figure4.21, Figure

100



4.22 andFigure4.23. I n the plots, 0*0 sYygrmnmarnlod

sign marks the final conditiofy.

Radial [km]
o

-3 1 1 1 1 1 1 1
-8 -6 -4 -2 0 2 4 6 8

Along Track [km]
Figure 4.20. Along-Track - Radial Distances of 5 DaResult for 5 Spacecraft

Heterogeneou€luster with StatiorKeeping Objective.

The AlongTracki Radial plot for 5spacecrafheterogeneousluster shows that
there is a radial sepdian between the spacecraft when aktragk distance
disappears. As the biggest uncertainty occurs in al@ud direction, this provides
an inherent safety for the cluster. Although the plot sh@vday trajectories, there
are regions whersomerelative orbitscanintersectin alongtrackdirection In this
case, it can be seenhiigure4.21 andFigure4.22 that there is always a distance in
crosstrack directionbetween these relative orbit$en radialdistancediminish or
radial distance when cros®ck distance diminishn this way, a sepation either

in radial or cross rack direction is always ensured within the cluster.
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Figure4.21. Along-Tracki CrossTrack Distances of 5 DaRResult for 5 Spacecraft
Heterogeneou€luster with StatiorKeeping Objective.
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Figure 4.22. CrossTrack - Radial Distances of 5 Dagesult for 5 Spacecraft
Heterogeneou€luster with StatiorKeeping Objective.
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Figure4.23. Radiali Along-Tracki CrossTrack Distances of 5 Dalgesult for 5

SpacecraftHHeterogeneou€luster with StatiorKeeping Objective.

Finally, the boundaries are realized withiéxa14x 20km?3 volume for 5spacecraft
20-day durationheterogeneousluster. Finally, when solutions for -Spacecraft
cluster with various duration and homogeneity are compared, it is observed that the
percentage of feasible solutions dramatically decrease from short duration to long
duration andfrom homogeneous system toeterogeneousystem. Also, the
objective function value for statiekeeping increasesom short duration to long

duration as well as from homogeneous system to heterogeneous system.

For LEO missions, as it is the catadied inthischapter the requirement forlang-
term cluster configuration would b® minimize the differentialdrag since this
would lead to a fast aloAgack separation between the spacecraft. In the
heterogeneous system case, diféerential drag is inevitable in the existence of
different drag parametersHowever, the cluster configurations foumdth the
developed methodologyrovide the right initial conditionthat adjusthe drift over
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a specific time interval in the existence of relativagdiWith this, it is also possible
to determine the time validity of a given heterogeneous cluster configuration with

different number of spacecraft, distance bounds and spacecraft parameters.

With the methodology whose performance is discussed in thgesttan be used
to define general boundaries di@mogeneous and heterogenecdustes andtheir
time validity (until control actions are necessary) with relativetyderatefidelity.
This methodrequires low computational demand therefore becomes fdeal
general mission design, analysis and/or assessoiepacecraft clusterdt takes
less than 5 minutes to find an optimal solution fordag duration 1&pacecraft

configuration.
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CHAPTER 5

CLUSTER FLYING MAXIMIZING SAFETY OBJECTIVE

In this chapter, cluster flying design methodology explained in Cha@pseapplied

for passively safe lonterm multispacecratft cluster flying design maximizisafety
objective In this approach, design variables are selected as raedatwatingorbital
elements for each spacecraft. These relative orbital elementsaviidierived from

a referencetate vectoare propagated throudtigh precision orbipropagator with
uncertainty as describedkigure3.2. In addition, the objeate function is specified

as defined by E(63) and constraints are specified as defined by(&9).and Eq.

(61). In order to demonstrate the effectiveness of the methodology, a problem whose

assumptions and parameters are summarizédhie5.1 is set.

Table5.1 Cluster Flying Design Formulation withafetyObjective

Parameter Specification
Objective Function Minimize Eg. (63
Constraint Function(s) Eq. (59
Bounds on Design Variable Eq.(65)
Propagator Numerical with uncertainty propagation
Inputs and Assumptions Reference Orbit SSQ LTDN 10:30 at
685 km altitude
Spacecraft Number 5
Q in RN Plane 0.1 km
Q in RTN Plane 50 km
w dbifference 0 km
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Physical Differences Defined by

™
Radius of Conjunctiof 20 m
Area, R
Initial Position PrTn,Ro= diag 3.6,
Covariance 3 0 ) 222, 27
RTN (m?)
Initial Velocity Prrn,vo = diag0.02,

Covariance 3 0 ) 0.004, 0.003]
RTN (m/sec)

Covariance Update Every 12 Hours
Duration,”Y 3 days
Step Size 10 sec

This scenario reflects the assumptions for a ground based operational analysis with
a 12hour communication outage. This represents the perspective of an analysis
engineer to forecast and identify amypllision risks over the next 12 hours.
Therefore, the initial covariance is updated every 12 hours to represent a realistic
scenario of receiving the most recent orbit determination solution with this period
for a LEO mission. In this manner, initial coiance values are assumed such that a
GNSS receiver with moderate accuracy, for instance a small satellite GNSS receiver,

is utilized.

For this scenario, thieasibledesign solution for 5 spacecraft is simulated for 3 days
and the distances between anyotapacecraft during each time instant for 10
combinations is shown in tHegure5.1. In the figure, each discrete time interval,

for example 0 to 1, 1 to 2, etc. urfl to 10 corresponds to-@ay simulation result

for each combination of Spacecraft 1 and 2, Spacecraft 1 and 3, etc. until 10th

combination of Spacecraft 4 and 5.
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Figure5.1. Cluster Flying 3 DayResultfor 5 Spacecrattieterogeneous Systenmith
Safety Objective.

From theFigure5.1, it canbe concluded that the 5 spacecraft design does not violate
the minimum and maximum distance constraints of 0.1 km and 25 km respectively
over 3 day periodThe minimum distance in RNccurs as 353.5 m. and maximum
distance occurs as 22 km. in the cluster. In addition, the minimum distance in RTN
occurs as 418.4 m. where the distance in RN is 364.1 m. In this way, it can be
guaranteed that there is always a separation in RN when-@bmkgdistances are

the lowest.

In addition to relative distance plots, the relative motion of spacecraft in Radial,
Along-Track and Cros3rack (RTN) are shown iRigure5.2, Figure5.3, Figure5.4
and Figure 5.5. I n the plots, 0* 0 ¢SY gnanmda rokosé tshie

marks the final conditiori.
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Figure 5.2. Along-Track - Radial Disances of 3 DayResult for 5 Spacecraft

Heterogeneou€luster with Safety Objective.

The AlongTracki Radial plot for 5spacecraft heterogeneous cluster shows that
there is a radial separation between the spacecraft when-tedakgdistance
disappears. Athe biggest uncertainty occurs in aletngck direction, this provides

an inherent safety for the cluster. Although the plot sh@nday trajectories, there

are regions where some relative orbits can intersect in-&tadk direction. In this
case, it ca be seen irigure’5.3 andFigure 5.4 that there is always a distance in
crosstrack direction between these relative orbits when radial distance diminish or
radial distance when crossck distance diminish. In this way, a segign either

in radial or cross rack direction is always ensured within the cluster.
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Figure5.3. Along-Tracki CrossTrack Distances of 3 DaRResult for 5 Spacecraft
Heterogeneou€luster with Safety Obje¢iwe.

Figure 5.4. CrossTrack - Radial Distances of 3 DaResult for 5 Spacecraft

Heterogeneou€luster with Safety Objective.
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