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Abstractiv

Abstract

Space has become increasingly congested, commercialised, andomeectedover the
pastfewdecades® C¢NeBSpace SNI |yR (GKS dzaS 2 Fintgn8ddSNJI G SR
to make space more affordabénd accessible tmore users The use of agile spatas also
increased in the padew decades.To sustain tis increase new, fast, efficient, and robust
methodologiesare required for satellite orbit designs,constellation determination and
satellite taskingparadigms Additionally methodsaidingthe increasein the value ofassets
already in space are alsovaluablecontributionto the space industrgspeciallyin reducing

the risingspacecongestionandd & LJ- OS  LTRe absdriralutofefise my be found in
filling coverage gaps or supplementitige functionality of existing space populatiofor
diverdfied service providers.A rapid robust and efficient approachfor orbit
desigrideterminationbased ondesired arget coverages herein proposed. Theroposed
method is fully analyticahnd of the so-called embarrassingly parallehature. The fully
analytical propertyeliminates the necessity for iterativeomputationsresulting in increased
efficiency The embarrassingly parallehature makes the method analyseach orbital
element and timecombination within a given search space independently allowing for
efficient parallel executionThis provides a basis fosbust multi-objective optimisation of
the determined orbits. The development of the method and some application scenarios
while considering both single and mutibjective missions are presented@he research
presentedalso develops aovelgraphtheory basednethodfor multi-satellite taskingvhich
isaimed d valueadditionto satellites already in spac&he interaction between sallges in
different orbits and ground targetis modelled using bipartite networks. Detaination of

the satellite(s)to be tasked isbased orthe optimisationof different requirementsandthis

can be modelled as a combinatoriaktwork problem.The developed method usean
analysisof static bipartite graph to determine the optimum satellite and ground target
interactions based omhe missionobjectives, referred to as task€Optimum satellites for
various tasks are determinagsinga combinatioredge weighiandgraphstructureanalysis

The networkdevelopedgive insights for scalable analysis agtions involving multiple
ground targets andsatellite options. To illustrate thepplication d the method, different
networksare studied simplenetworks and compéx networls considering complexity both

in terms of number of satellites and ground targetéis method proves to be fast, simple,

efficient,and robust in determining optimalatellitesfor multiple objectivefunction tasking
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Chapter 1
Introduction

Satellite technology currently plays a big part in the modern world. Satellites are used for
different purposessuch ascommunication, Earth observation, weather monitoring,
navigation, and resear¢camongst other usefd, 2] For decades, with th@creasen the use

and need of satellite technologies, many methods have been develtupddsignsatellite
orbits, and satellite constellationdased on the mission requirements such as desired
coverage, revisit frequency, et8omecurrent missions have sedthe Two-Line Elements
(TLE)anddifferent software such athe General Mission Analysis TpGIMAT, andystems

tool kit, STK to determine their orbits, then optimise these using different numerical methods
[3-5]. The accuracy of tools like TLE aré ktivever being developg@]. More sq now with
smaller satellites being usefb], and targeting smaller areas, thdesire for increased
precision in orbit design is continuously increading8]. There is a need for satellite orbit
designghat facilitate the overflighof specific targetsvith as muchaccuracy as possibj8].
Moreover, withthe end of thedecade of actiorfast approaching, satellites are used to
monitor and evaluate the indicators of sustainable development goals (SID@dbr this,

the connectivity the localisation,and the digitalisation of global areas is requirgtD, 11]
Constellations such as the first Sustainable Development Goals Satellite (SDQ&&E
been launched for monitorinthe SDGndicators and some areasiave been found tetill
lackcoverage anavenverybasic internet connectivitjl2]. This means there is still a need
to fill in coverageaps. Filling these gapsquire methods that get away from the traditional
patterns for global and regional satellite orlid constellatiordesignsand determination,

as well aglevelopment ofimore robust methoddgor tasking satellites.

Thereare continuous efforts being made to develop the designs of optinfandbest
depending on the requirements) responsisatellite orbits[9]. The developing designare
gearedtowards filling various coverage gaps, getting clearer images, trying to get as much
spatial and temporal coverage as possible, maximising or minimising revisit[fiBjeand
supporting thedevelopments of agile space systerihe use of agile space has significantly
increased in the past few decadfd. Some agilespacesystems involvenissionssuch as

tracking mobile ground targetsdisaster imagig, and other emergeng purposes[14-16].
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Thesemissions facilitatenformed respon® in casesranging fromdisasterassessment and

urgent data collection in areas lackiognnectivity.

The application spectrum of small satellites has significantly increasddairly broadened

as they have become a powerful tool especially for global, regiandllocal monitoring17].
¢KAAd Oly oS [GGNROGdzGSR G2 UGUKSANI f2¢ O2ail
& LI Q13,£18] The low cost can bascribedto the recent development of the Federated
Space Systen{&S$ [19] whichisaimed at improving the performance of core functions of
the satellites or satellite constellations that have different missions argloperated by

members of the federatiof20].

1.1 Motivation

In somecases where orbit designnvolve overflying a specific target are¢he traditional
approachis to firstlydeterminethe orbital parameters thayield anorbit whose ground track
almostfacilitates anoverflight Subsequently, the parameters are optimisedatatain the
optimal orbit for the desired ground tradi5, 21] Whenorbits that overflyspecifictarget
points or areasare required however,some previously usedrbit designalgorithms can
eventually gethe precise orbitdut the compromise betweeaccuracyand computational
costs can be a disadvantafiz?, 23] Moreover, somenumerical methods have tendencies
to get stuck in local optimums hence missing the global optiswmich mighthave better

solutions[24].

For cases likeresponse to orgoing disasters or monitoringf complicated scenege.g.,

natural disasters or meteorological phenomenon suchhagricanesand tornadoeg, fast
andaccurate localisedargeting is desireflL5]. These are challenges that dasolved with
satelliteorbits designeavith high degrees of accuracigsoverfly the specific areg45]. For
example, if monitoring the eye of a hurricane ¢ategorse it a method that accurately
determines the obit that will overfly thenext predicted position of the eye is needethe

gap of developing a fasind accurate orbit design methodology is still at hand. Despite the
NBRdzOGA2Y 2F alGStftAGS 2LISNrdAy3a O02aida RdzS
in the recent decades, the pressure to achieve the mission objectives within the short lifespan

of the satellites with operation cost effemcy has also increased. Taithanceghe need for

more accurate and pre@rbit designs that can achieve multiple objectives within a given

27
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period. Alditionally,the searchspaceof such federated missions may be largenassion
requirementssuch asmonitoring an orgoing disastemay require determination oforbits

that facilitate overflight oflifferent localisedpartsof the globe.The urgency of eaamission

NElj dzA NBYSyYy (3 KS Niektiye fuddiidh SINGS IRderstandirlg &f thé full
search space is therefore crucial to getting to the desired orbits as fast as possible. For such
cases, some numerical methoidsurhigh computational costs whereas some fully analytical
methods may compromise on the accuracy due to main assumptions related to the equations
of motion used[25, 26] The implementation of general perturbationapproachwhile
minimising the assumptions is studied in the development of the propesediyticalorbit

design method.

The needfor multiple objective functionoptimisation methods that are robushave also

been highlightedn the past few decade§omeorbit designmethodsrequire recalculation

of the orbits for each objective functioto be optimised Therefore, here is a gap foa

method that wouldbe more computationally efficienty determiningthe orbitsonce and

use the resultsto optimise formultiple objective functions SomereaHife missiors have

different requirementshence require multiple objective function optimisatioNumerical

methods such as differential evolution have been used for optimisation of one objective
function [27], and the aldition of adaptive grids enable them to be used for multiple
objectives but with a higher computatioal cost[27]. Theanalytical orbit design method

proposed in this dissertatiois aimed at enabling operators to explore multiple objective

functions and still maintain computation cost and time efficierisy\some casesn orbit that

performs well over multiple objective functions could be preferatdlean orbit that only

maximises a single objective function. This leads to a selectieghfoffobuge 2 NDB A G F2 N
Ydzt GALX S 202S00GA @GS oftimag O FARANY &l KSO Ky RMII AyRAA (1 RS
In a case wheranultiple objective functionoptimisation is neededthis work develops
algorithmsfor robust orbit determinationForthe same search space values and targets, the

method developed in this work does not requiesimulation of the obits, even when the

objective function changes.

An addition of a multlevel adaptive grid to the developed analytical methsgroposed
The adaptive grid addition aims to increase the efficiency of the developed meathteims
of the computational time needed to determine the optimum orbits for large search spaces.

Responsive satellites can be said to hdyesamictasks A gap of methods aimed at tasking



Chapter 1 Introduction 4

reconfigurablesatellites is identified Fast accurate and efficient methodfor satellite
taskingneed to bedeveloped especially for agile space systems and maximisatexaisbing
spaceassets Using some of the orbital solutions obtained from the analytical method
proposed in this dissertation, a graph theory methogrigposed andievelopedwith anaim

to tasksatellites that arealready in space. This is to maximise on valuh@existing space
populationfor anyemerging tasker new usersThe graph theory method presented proves
to be robustdue to its applicability tomultiple tasks hence makingit computationally

efficient

1.2 Orbit Design Methods

Orbit propagation techniquesre essential tools irorbit design methodologiesOrbit
propagation is an area that has been under research for decan@ss usedo determine

the position of & objectin space[28]. The methods of orbit propagaticare divided into
special perturbation methods and general perturbation methpdad they careither be
numerical, analytical, or semanalytical [29]. Special perturbation methods mostly use
numerical integrators that provide accurate prediction of the positions and velocities of
space objects. The disadvantages of such methods lie in the processing, sté@nése
calculationsare usedirom epoch to epocti29-31]. Despite currently having more methods
that have variable steps suels theRungeKutta-Fehlberg method, RKF4&ee ref32], such
methodshave a significant increase in computational cofis: more accuracy both the
computational costs and the computational time increases significantly for some numerical

methods.

General perturbation methods make use of analytimaiations of motion Eliminating the
stepwise processintechnique of numerical methodsnables them to computsolutions
more generallyand the use of analytical equatiohave higher computational efficiencies
Their accuracy is however reduced due to the use of some restrictive assumj28:83%]
[33]. Semi-analytical methods combine both the general and the special perturbation
methodsdepending on the period being consider@®]. Some thireparty software such as
theCNBY OK bl GA2y Lt [/ Sy i NbalytRd Tofl fal EOdS LifevShaysSis NOK Q & .
(STELA use a semanalytical approack34].
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For purposes of mission design as well as orbit determination, orbit propagation methods
are required to be fast and efficieffi29]. An exampleof this isthe general perturbation
models whichare used inthe Simplified General Perturbatioss(SGPorbit model[35] and
provide the basis for propagatingpe WWH y S¢ 2 ND RiFlores e d[DMpOpose & ¢
a method to improve the computational performance of some numerical methods while still
maintaining the level of accuracyy adjusting the number of geopotential spherical
harmonics during the integratigand determiringthe allowable acceleration error. With the
use of a Molniya orbitR. Flores et. almaintain the accuracy of their solutiavhile reducing

the costs of computation by a factor of 3 or moR.Flores et. al] however, find some
computational inefficiencies for some casgsch as Wwen wingdynamic expansiog where

an increaseén accuracy ofhe baseline solutions by tworders of magnitudeequiresa 90%

rise in computational cos{R9].

Orbit design methodologies have been developing for decades with some past designs having
focused on improving the efficiency of existing numerical methadd some on developing
semianalytical method$13, 23, 25, 3&8]. Orbit design methods are based on numerous
criteria mainly related to satellite coverad@9], revisit strategies and repeat ground tracks

amongst many otherR21, 3944].

1.2.1 OrbitDesigns Based on Coverage

Traditionally, the main criteria of satellite orbital design methods focus on the type of
coverage desiretvhich wasinitially divided into global and regional coverage. As observed
by G. Dai et. aJ[39], Earth observation by satellites and the data that needs to be transmitted
between the satellites and the users are both related to satellite coverage. Thecritanon

for orbital designssthe type of coveragéesired

At first, the desire to have global coverage dominated most design methodologies. Methods
such as the Walker and the Flower methaue developed for constellation designs aiming

at continuous global coverafis, 46] An example of a ekign for single satellitglobal
coveragds presented bgcholars likeM. Xu et. al[47]. M. Xu et. al formulate an analytical
algorithm for global coverage using a revisit orbit and yfifib a mission revisitingll points

on the Earth within long periods of time. As an extension to this but using constellaBons,
Y. Ulybyshev et. al48] present an analytical technique based on basic solutions obtained

by previous authorsS. Y. Ulybyshev et. alise those solutions for a single spacecraft to
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calculate the optimum argument of latitude and the right ascension of ascending node
between satellites in their constellations. With thss,Y. Ulybyshev et. ahjnimise the revisit
F2NIFye LRAYyG 2y GKS 9FNIKQa &Adz2NFI OS SyadcaNRy
monitoring with a oneday repeat groundrack. The techniqu&. Y. Ulybyshev et. develop

canonly be used for orbits with direct and inverse inclinations for fields of view that cover

polar points.S. Y. Ulybyshest. al. suggest future work to be done usingimilar methods
developedfor orbits that have higher multiplicities than theirs. On the other haadZong

et. al,[49] present a constellatioglobal coverage design in one revisit time. In their wbrk,

Zong et. aluse a model of constellations whiate fully connected by crosslinks and maintain
continuous communicationP. Zong et. alfind that their designsare closer to optimal

coverage of the globe, compared to resultssomepreviously used methods.

The design of regional coverage satellites later on emerge and some of the algorithms used
are such as the grid point algorithms and latitude strip algorithms amongst many {&grs
Regional coverage has become more attractive to research than global covér&pmat.

al., [51] study the option of regional coveragend developa novel grid point approach for
efficiently solving the constellation to grousrdgional coverage probletmy givinga strategy
that addresses some challengefsthe previously used grid point approa&.Songt. al.,in
Ref.[52], give an approach to further solve the constellation to ground coverage problems
using three mairjudgementtheorems.Z. Songet. al.,develop the judgment theorems to
evaluatethe coverage of satellite constellatiorand they achievehigher computational
efficiency compared to more traditional methods such as grid point approattmsever

the methodby Z. Songet. al, isonly applicable taonstellations thahave complete ground

region coverage.

Methods based on overflying sets of target areas and target points have more recently been
developed especially due to Earth observation using responsive Low Earth Orbit (LEO)
satellites[25]. Many numerical methods have been studied on how to design satellite orbits
based orspecificdesired targetsT. Li, J. Xiang &ll.,[22], design a method to address some
problems of previous coverage area based numerical methods such as the computational
cost as well asfailure to obtain desired orbits byariousmethods.T. Li, J. Xiang et. alse

their method to determine the exigsig conditions of the solutions to revisit orbits by use of

a special kind of repeating ground track orbit, whichLiet. al., refer to as a circular revisit

orbit (CRQ.
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Some methods for calculating optimal orbits focus on the duration of view of target areas,
whereas some focus on the amount of time that it will take to revisit the target[&3.irfPrior

to this however,Y. Cheret. al., in[53] consider a satellite orbit design using a set of target
sites which need to be visited within an assigned pesad the optimisation of the orbit
design considextarget priority and duration of observation tim&.. Cheret. al usea self
adaptive differential evolution (SBE) algorithm. This algorithiis an improvement to
previously used differential evoluticagorithms,and thisis demonstrated in their regional
and global case studigasY. Cheret. al showthat the SADEis a more suitable optimizdor

orbit designLater, howeverM. Puet. al.,[6] present an orbit design approach by combining
a robust optimization model with a muitibjective optimization algorithmM. Pu et. al.use
Monte Carlo simulation results to demonstrate that the robust orbit solutions are more
reliable compared to nominal orbit solution designed from the traditional single objective
stochastic optimization algorithm#n Ref.[38], G. Zhang et. alyse approximate analytical
solutions for single and dual coplanar impulsive maneuverers to observemgitbrsites for
exact overflight and conical sensor casés.Zhanget. al., modify a knownorbit and use
impulse approaches to be able to get to the desired ground tr&kZhanget. al.,extend
their workto a threeimpulse method associated with-blliptical transfer and four impulse
methods.G. Zhangt. al.,later on formulate a semi analytical method to obtain the longitude

differencesand then use approximations to get to the desired oasifpresentedn Ref.[54].

1.2.2 Agile Space System Ormbésigns

To enable better temporal coveragihere has been a recent rise in the desire to have more
localised coverages global coverage focesmore on spatial performand#, 25, 55] The
desire to overfly more specific target points and target areas gave rise to responsive satellites
[25]. These are becoming more and more attractive to the space industry as the world, and
its needs keep changing. Monitoring gmedictingchanges and disasters is an area of special
interest to research at large. Mission requirements for responsive satellites change overtime.
These changes include coverage area changes, reconnaissance changes, revisit schedule
changesamongst others Most of the sustainable development goals that are satellite
technology based depend on such monitoring hemeaking it very valuable. Monitoring the
change of an area requires accuracy of overflightierent numerical methods have been
studied on how to degin a satellite orbit based orpscific desired targets. Indeed, Earth

observation using LEO satellites that are more dynamic has become a common main
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objective. The envelope curve method 0] design a coverage boundary about which a
specific area target can be obtained by the intersection of the target area and envelope
curves. To minimize the number of satellites in a constellation as well as to achieve a set
maximum revisit timeC. Zhang et. a[56] formulate a method to design a LEO constellation

to eliminate long revisit timeand large number of satellites whiéh a problem faced by

traditional design methods.

Z. Songt. al.,[1] developan agile satellite orbit design that considepatial resolution and
temporal resolution simultaneouslgnd use a repeat ground track orbit in an accurate
geopotential model of the EarthiZ. Songget. al., formulate a multiobjective optimization
technique for obtaining the optimal feasible orbits. These objective constraints include the
maximum repeat cycle for the satellite, the maximum tilt angle and full coverage at the
equator. Other numerical methodsuch as the seklidaptive method, seladaptive
differential method and many more have been developed further for purposes of target
overflight. W. Yacet. al.,[57] for example, present an improved differential algorithm that is
applicable in orbit designdV. Yaocet. al.,use a double sefidaptive differential evolution
(SADE) algorithm with a random mutamthichis an improvement of the work by. Chen et.
al.,[53]. W. Yacet. al.,[57] apply aandom mutant as well as introde@a double seHadaptive
scaling factor to the traditional differential evolution algorithm. The scaling factors of the
proposed algorithmare found to be able to adjust with the optimization procedure, and this
makes the algorithm able to jump out of the local optimal. Different from the previous
research, the seldaptive scaling factors in the wobly W. Yacet. al.,can be affected by

not only the number of generations but also the fitness function of thegastration. When

the algorithmsare applied to several test function studies including low dimension and high
dimension and compared with the other algorithms, the simulatidamonstratethat the
advanced algorithngive a better performance in solution accuracy, convergence, and the
NBadzZ §aQ adlkyRFNR RSJA bk Yakedal. prisve thad theinSveld (i dzRA S
selfadaptive algorithm with random mutant can provid@ amproved performance on

multiple targets andmanoeuvre optimal problemgian others.
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1.3 Objective Function Optimisation@bit Designs

Just like in many redife applications, orbit designs are optimised uss®yeralmission
requirements which are equivalent toultiple objective functiong27]. For single objective
function optimizations, methods such as differential evolution have pndeebe efficient
[27]. W. Yacet. al., [57], use asingleobjective function relating to thebservation duration

of targets,andoptimisethe orbits using an improved differential evolution method.

In the past couple of decades, there has been emergence and development of Federated
Space Systems. This means that space systems have now geared tagibedpaceavith
different capabilities and missiofi®]. The study of muklobjective optimisation in orbit
designs is therefore essenti&@. Ghorbanpouet. al.,in [58] modify a differential evolution
algorithm by using an adaptive grid for the multi objectbimisation S. Ghorbanpouet.

al., extend the mutation strategy that is used in single objective function optimisation to
multi-objective optimization using the modified method. The main contribution ewtork

of S. Ghorbanpouet. al.,is adding the adaptive grid to the commonly usedditional
differential evolution algorithm. Other studies such as the onéibp. Kimet. al.,[59] also

aim to achieve multbbjective optimisation based on the average revisit time and average
transmitted power.H-D. Kimet. al, use multiobjective heuristic algorithms which include
genetic evolution, particle swamp optimisaticend differential evolution algorithmghen
compare the results from thenmH-D. Kimet. al., find that the developed and modified
differential evolution algorithmsobtain more efficient results than generic algorithms,

particle swamp optimisation and analytical approaches.

In this work, multiple objective functiooptimisation isstudied and the advantages of using
the developedanalyticalmethod in analysinglifferent objective functions is highlighted. In
chapter4 of this dissertation an adaptive grid is introduced the optimisation phasédor
enhanced computationaéfficiency This is applied to both single and multiple objective

functions and examples of the simulation results are given.
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1.4 DesigrOptimisation Using Adaptiv@rids

Adaptive grids have been incorporated intoethods such as differential evolution and
genetic algorithms to improve their performanck.Chengt. al., in ef.[27] for example, use

a grid based adaptive algorithm to improve the dynamical adjustment of convergence and
diversity of a differential evolution algorithm. The methbgt J. Chenget. al exploit the
feedback during the evolutionary process and base their grid on three metrics i.e., the grid
fitness, the grid density, and the grid objectwgse standard deviation]. Chenget. al,
compare their method to nine other algorithms based on differential evolution and genetic
algorithms and find their method to be better at optimising multiobjective function
problems. Traditional particle swarm optimisations are said to have inefficient convergence
as well as a tendency to get stuck in local optim{®@s 61] To solve the problem of particle
swarm optimizatior(PSQ, getting stuck in local optimums and having low convergence rates,
K. H. Rubinder Mannagt. al., [61] propose an adaptive particle swarm optimisation
algorithm based on directeandweighted complex network The methody K. H. Rubinder
Mannanet. al.,improves the convergence efficiency by having a higher convergence rate
than someother particle swam optimisationmethods In Ref.[60], J. E. Harriest. al.,also
propose an adaptive response strategy to activate stagnated particles so that they would not

get stuck in local optimums.

The application of adaptive grids can also be implememibite using analytical methods to
increase thecomputationalefficiencyof the method by refining the gridsn the areas of
interest hencereducing the search spac€&his approach is explordtereinas a multievel

adaptive gridvhichis implemented into the developed orbit design method.

1.5 SatelliteTasking Methods

In most cases atellite taskingalso involves scheduling. Thias been done previously using
different heuristic algorithms aimed at selecting the most urgent taSksellite tasking and
scheduling is an NP hard problem that has been recently achieved using different numerical
algorithms to task and schedule the satelli{fég). S. Liwet. al.,[63] for example study the

tasking of intelligent satellites for earth observation using a linear programming algorithm

10
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and a heuristic search algorithwhich when compared with some previously used search

algorithms hae better results in terms of profitability

Graph theory is an area that has been under research for centuries even dating back to the
seventeenth century{64]. It has been commonly used to find solutions to networking
problems used in cases such as traffic systems, internet conneanatythe medical field
amongst many others. Connecting a task to a satelli;edembinatorial problemthat can

use graph theoretical methods to be solvdthe work presented in this dissertatipnoposes

the use of graph theorin tasking satellites already in space. Himss tomaximi® the assets

that are already in spacand redue the emerging spaceongestion At the sametime, this

can be profitable to an operator if new users emergbe proposedmethod proves to be

robust and can be used identify satellites that optimally perform multiplasks.

1.6 Gapddentifiedin theLiterature

Literaturereviewof existingsatellite taskingorbit design and propagation algorithnieyeal
a need forthe development ofmethodologies thatfacilitate rapid orbital solutionsof
acceptable accuracy levels [29]. An identified research gap exists in orbit design
methodologies that give fast and accurate orbital solutions for overflights of tatiic and

moving targets within a defined field of regard

The literature review highlightsgapof orbit desigh methodsthat offer fastcomprehensive
search space analgsenabling informed decision makinipr engineers and operators
regardingoptimal orbits.This research aims to address this gamlbyelopment of a orbit
design methodology that will enhance computational tieféiciency forlarge search space
analysis The application of the method presented in this work for example includes an
analysis of orbits with inclinations from 50 degrees to 130 degrees and right ascension of
ascending node of 0 to 360. Some previaukit designmethods only consider prograde
orbits, due to computational time ancbstconstraints The developed orbit design method

is analyticaland uses anembarrassingly pallel approach. Anembarrassingly parallel
method is an approach where there is elimination of reliance between the processes and so
the results are independent of each othém.the developed methodhe results of a certain
timestepis generated withoutknowledge of the previous timestep results because the time,

the inclination,andthe right ascension of the ascending naate allanalysed in paralleThe

11
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approach of the algorithm and implementation are further explained in se@iar A fast

general overview gives engineering and design insights into complex search spaces that may
show, for example, that some optimal solutions might not necessarily be the most robust
solutions for different objective functions. The insights can alsogwitere an orbit designer

can concentrate more to suit various design needs.

Somepreviousnumericalorbit designmethods require a reun of the orbit determination
simulatiors when the objective functionshange. The developed orbit design method in this
dissertationis efficientin that different objective functions can be explored without the need
to re-run the simulation to determine the orbits because, the orbital elements are analysed
in parallel and so is time. The method is generalised and independent of specific optimisati
techniques while calculating the orbits. Thisane that the proposed method isbust for
Multi-Objective Function Optimisation (MOO).

20K GKS SYSNBSYOS 2F abS¢g { LI OSé¢sx G§KSNB
multi objective and multifunctional satellitd65, 66] Someprevious orbit design methods
that usenumerical simulations such as differential evolution have been excellent optimisers
for single objective functiong27]. For such methods to be used for muibjective
optimisation(MOO) additional computations are needeste Ref[27]. Adaptive grids are
used in some methods such @ oneby S. Ghorbanpour et. 4b68], who add an adaptive
grid based mutation to differential evolution in order to get MOO. Considering the high

computational cost of numerical methods, such additions mean adding to these costs

The adaptive grid added to theroposedmethod enhances thecomputationalefficiency
attained byrefining the grid on the main areas of interest of a laggarchspace. The
analyticalmethod can also be implemented with other numerioa¢thodsto increase the

accuracy

The lack of robusteconfigurabléagile satellite taskingstrategies has beerstablished.
Despite the recent development of using smaller satellites, hence reducing costs, it would be
more cost efficientand space sustainabler new emerging users to use the peaisting
space population than launching their own satellit8smeof the previoussatellite tasking
methods are ad hoc and not applicable to diverse scenanamses A graphtheory based
method is herein proposed for taskirig-orbit satellies to achieveuser specific mission

requirements everin a casewhere a new user emerger if the mission requirements

12
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change The method takes advantage of insights that can be drawn from a graph network of

satellitesin orbit after ground propagation within a given field of reganid the desired

groundtargets

1.7 Aims and Objectivas the Presented Work

In relation to thegaps identifiedn literature, this dissertation@dresseghe followingissues

and research questions:
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In summary, lhe work herein proposes aanalytical,embarrassingly parallehethod that

aims tofill in some of the gapslentified in literaturethat are related to previous orbit design
methods The developed analytical methatétermines orbits that ar@imed atoverflying
ALISOATAO GFNBSG IINBFao YSLX SNRa Sljdz GA2ya
calculatiors that relatethe satelliteorbit and the ground target points as derived [§7].
These equations have been previously used to find orbital solutions and obtain subsatellite
points for various solutiong25] for example, used the equations in the designing of their
analytical method for reconfiguration of satellite constellations using -tlomist
manoeuvresand the workdevelopedin this dissertationshares many of their advantages.
The developed methoid novel and a contribution to knowledge iageterminesorbits that

have greater values of an objective function when compared to a previously used method
(see section3.1). The results from the proposed method can also be used to optimise
multiple objective functions without the need to recalculate the orbits for a given search
space(see sectiorB.3). The workhereinalso explores the use of graph thedor satellite

taskingbased orrequiredobjective functiongsee Chapteb).

14
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Chapter 2 Development of an Analytical Orbit Design Methodology 15

Chapter 2

Development of arnalytical OrbiDesignMethodology

Thischapteraims to fill insome of thegapsthat areidentified andhighlighted in section..6.
This aim is achieved by developing a methodolkbgy; determines orbits based on desired
ground target overflight gives insighs to large orbital search spaces with minimum

computationaltime and costandis applicable todiverse and complex scenarios.

The proposed methodologg developedfrom general perturbation techniquesnd so it is
analytical. Generally, analytical algorithms give deeper insights to the physical mechanisms
of asystem[29]. The methodin this chaptershares his advantage bygivingfull insightsto

both small andarge search spacewith minimisedcomputational time compared to some
previous orbit design methods. The methddvelopsprevious analytical orbit propagation
algorithms and uses the general basic equations of motion derived.ByHarrie$67].
Compared to some analyticatbit designmethods,which make assumptions of a circular
Earth,the method developed in this chaptéry Of dzZRS& GKS 9 NI KQa &S0Odz
first zonal harmonicJfor increased accuraclkor the method in this chaptdrowever,other

secular perturbationssuch as atmospheric dragre not considered Validation of the
RS@St 2 ISR Y S liskddnely analysidgQrueNar Bedweengroundtracks of the

orbits obtainedusing the proposed methodgainst those from simulatindpe sameorbital

values orathird-party software which usenumerical methodsThis validation is presented
insection2.3, andii KS bl GA2yFf ! SNRBYlFdziaOa FyR {LJ OS
Mission Analysis Tool GM#sTthe thirdparty software used

The methoddeveloped hereiralso has an embarrassingly parallel nature which includes
parallelising time. The factor of making each tisiep parallel means that each orbital
element, i.e., each inclination, right ascension of the ascending node andns&jor axis
combination is evaluated against each tisiep value after epochthis is further explained

in section2.2.2 Thke embarrassingly parallel natugivesthe developed method an added
advantageover some previously usealgorithmsas it eliminates the need of f&mulating

the orbitswhen optimising thenfor different objective functionsthis is analysed in chapter

3.
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2.1 Main OrbitDesignEquations

The methodproposed anddevelopedin this chapteris an orbit desigmethodologybased

on desired ground passes. Theethod determines themain orbital elementsi.e., the
inclination (INC), the argument of perigee (AOP), the right ascension of the ascending node
(RAAN), and the semajor axis (SMApy considering sets of known longitudes (LON) and
latitude (LAT) points that are to be overflown. This study is based on a circular orbit and so
the Argument of latitude, (AoL), is considered because algument of perigees not
defined.Generally values ofclassical orbital elemenf&COEsare used todetermine orbits

that facilitate the overflight of specific tagets. Unlike traditionally used propagation
algorithms, and orbit determination methodologies, in this work the target points, i.e., the
longitudes and latitudes,are used as inputs to determirtee orbital elements that satisfy

overflight.

Previous worlby authors such a€. N. McGrath et. al25], givederivationsand equations
for calculaing the longitudes and latitudes from orbital elements i.e.,ground track
propagation. A method to reciprocate this initially studiedn this chapter. The algorithm
takes the equations by Ref25, 67]as the initialground pointcalculation methodthen the

equations are developetb make the longitudes and latitudes the inputs and the orbital
elementssatisfying theoverflight of theseground pointsthe outputs. Generally, raorbital

search spaceonsideredo facilitate anoverflight ofa given targetvould be infinite and so
to make the method feasibl@,search space constituting the orbital elemeatsl timerange

is alsodefined

2.1.1 Initial Orbitand Groundlrack Propagation Equati®n

The initial calculations of the method are based on gineund trackpropagation equations
presentedin Ref.[67], where the inputs are values of inclination, Argument of Latitude,
Eccentricity,and the Period ¢alculatedfrom the semimajor axis). Some of the main
assumptions applied to ninitial development of thenethod include,

Ad ¢KS 2NDAG Aad OANDdzZ I NIT 9O0OSYUNROAGE 6S0

AADCECKS 2NDAG ONRPHAAOGK? yi K\NSNBTRRES I'a dn Nfiza I

IAREYAANBRIQGIEdzS 2F
AAA D KSLISWI dzZND | 9 2 y & i KiSy AyaS 3t SO Gf SORIZEFI2oNB Y & @
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The calculation steps are asesentedin equation(2.1) ¢ (2.6) which include some basic

orbital equations.

Asderived oY Y SLJX SNX& | ¢6a (68, the pefiok &f M@ orbit idagMén as,& wS T
Vo — (2.1)

Where®is the semimajor axis and is the standard gravitational parameter of the Earth.

From the mean angular velocity also known as mean motion cong@t

¢ — (2.2)
the Mean Anomaly is,

0 —o (2.3)

The argument of latitude of a circular orbit is equal to the true anomalywhich is the

same as the Mean anoma(or a circular orbit)and isgiven as

13 ~

6 O (2.4)
—w

And the spherical geometry orbit subsatellite points as derive[bBy is given as,
1 i Qei Q8 Q& (2.5)

0Wg —— o — — 0 0 (2.6)
where] is the Latitude is the longitude of the subsatellite points is the time at epoch
(t==0),"Gs the inclination, is the right ascension of the ascending nadé¢he satellite
is the right ascension déreenwich,and — is the relative rotation of the Earth

relative to the orbital plang¢67].

For the initialcalculations, the following additional assumptions are made.

Ad GKS NIGS 27 ORMZFHS O2FaWRSBDEBER
AADPKS DNBSYsAOK | LIVDNG i SARRKREI i K&SY 2 ND A
RSINBSaz yR (GUKS f2y3AidzRS 27F kas®OSyRAY 3

O degrees.
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With these assumptions, the subsatellite points #ren calculated as

1 i Qei a8l 8 (2.7)
0Wg —— 1 0 (2.8)

from equaton (2.7) and (2.8Yhe ground track is propagatednd can be plot from the
subsatellite points. In this work, ¢hsimulationis done on MATLAB R2Q2ihd usingthe
valuespresentedon Table2.1, the ground trackFigure2.1 isobtained The calculation does
not consider any perturbations and sbet ground track presented iRigure2.1 may be
accurate for short periods but for long periods, the eocumulatesnaking the inaccuracy

increase, this is further analysed in sectib@.

Table2.1: Orbital elementvalues used to simulate the initigroundtrack

Input, units Value
Inclination, deg 70
Argument of Perigee, deg 0
Semimajor axis, meters 7039000
9F NIIKQa NBGFGAZ2Y NJ7.292115e-5
Start time- End time, sec 0¢ 10000
Eccentricity 0
map outline
coastlines
groundtrack

Figure2.1: Initial Ground trackirom equation2.8

18
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From equation(2.1) ¢ (2.8), the method is further developedto havethe latitudes and the
longitudes as inputs and the values of thevalid orbits in terms of theirclassical orbital
elements as the outputsThe results from both the initi@rbit propagation equationsnd
the developedmethod when comparedand analysedrerify that the developed method

results are agxpected,and thisisdonein section2.1.2

The development of the inverse method equatiossas followsconsideringtwo known

ground points{ h ,and( h ), equation(2.7) and (2.8%re,

1 0 Qi OB 0 2.9)
T i el OBl M (2.10)
OHE ——— 1 0 2.12)

OHdE ——— 1 0 (2.12)

Equation(2.11)¢ (2.12)are simplifiedto,
O0weg — 1 0O (2.13
Owg — 1 0O (2.19)

For the time, 0, the latitude] hand longitude, ,to bethe inputs, equatior(2.9)¢ (2.14)are

rearranged as follows,

[ RE— {8 (2.15)
[ DE— [ (2.16)
OOt 10 — 006 2.17)
OGE 1 0 — 068 (2.19)

Because timgg, is one of the inputuused to determinethe orbital element values, the

argument of latitude, can bewritten in terms ofCaspresentedin equation(2.4),resulting
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Chapter 2
in having thesemimajor axis A as anunknown Equation(2.4), is substituted into the

latitude and longitudeequations,(2.15)¢ (2.18 asfollows,

i pE— Q€% 2.19)
—®
i pE— i€ 9 (2.20)
—®
OweE 1 0 — 0psS % (2.21)
—®
ohE 106 — 0mS% (222
—w
Thelatitude equations can be rearranged calculatethe inclinationfi@as follows,
v éy
i Qsﬁ = Q (2.23
o — O

For a single orbiio overflymultiple targets,the inclination does not change. This means that

for a single orbit,

i 0p (2.24)

This can bee-arranged to be,

i i 8% . i 8% (2.25)
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The equation can be solved féthen for "Qif the three inputs, timel.atitude andLongitude

are given.

Using the inclinatiomquation(2.23) the longitude equatioran be rewritterin terms of the

semimajor axis,

. w0
O WE — (2.26)
"oa &0 o
. Ay &~
A~ " &
~ Y P
I AR g
&y O & &
& o ¢ _OOO
Whichcan be simplifiednd rewritten as
L v .0
0WEe — (2.27)

Equation(2.27)requires inputs of timelatitude, andlongitudeto find the unknown valugi
This cannot bsolved directly athe time oftargetoverflight is unknowrand thereforethere
aretwo unknowns irthese equations.e., the semimajor axis and the timd-or this, asimple
solver can be used to find one unknowtiternatively, an appropriate time rangan be used
to solve equation2.27)for the possiblesemimajor axissolutions. Thessemimajor axis
solutionscanthen be used, with the chosen timmangeto solve for the required inclination
solutionsusing equation2.23). From these, three vectors can bétained related to time,
semimajor axis, and inclination. Thieree vectorscan be ploted in 3D space. The projection
of this line in 3D onto the semmajor axis/inclination plane is a variable time contour of the
span of possible solution¥o demonstratehat the three vectors obtained can be used to
give the desed results the following stepsretaken:
M®  AAYdzZ a2y 2F SKESRIY M SfadelyAIBIESS/ (BIRE dz
A ¢ onfaS
HOC KS @F f dzSa dza SR T2 NifaznsSad (MdAWNEPIRRSRIER d3ff (Ra 0 K
LINEB a S\Wit $HS

21



Chapter 2 Development of an Analytical Orbit Design Methodology 22

Py

odt KSaS NG 8z (i dza S RS ljlid2ly eGerdSedmi wSH0S NISES ISIOGS R
2NDAG @PBf &FJPIKBGIdzRS | yBI {[iYBE ASEHIRSOGI SR oY
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Table2.2: Orbital \alues used foinputs of theinitial method simulation

Gkm) ‘@eg) (rad/s) 1 (deg) (deg) Q
7700 70 0 0 0 0

Table2.3: Threesubsatellite pointsand timesobtained from the initial calculations.
Latitude (deg) Longitude (deg) Time (sec)

21.06 6.30 420
46.32 18.48 940
47.71 19.53 970

2.1.2 Analysioof The Developednalytical MethodEquations

To verify the validity of the proposed method, Equat{@m®7)can be used witlsubsatellite
point setsthat are known to bevalid,and this should resolve an orbit that would overfly the
known ground points at defined tinsavithin a given time rangeAdditionally, fotimes such
as t == 0, there will not be a valid semmiajor axis that solves this equation. However, there
will be a range of times at which a range of sengijor axis will overfly the target.

Using any one of the combinations of subsatellite point3 ahle2.3, equation(2.27)can be
used to find the number of solutions within a given tigsgan To verify this, aranalysiss
doneusingthe lastsetof the SSPs ohable2.3, (latitude 3 and longitude B8 Thisanalysiof
(2.27)isdoneusing a solver anly plotting theleft-hand side against the rigiiand side for

a range of timesanequality checkof the equation. The plotsesulting from this analysere

in Figure2.2 (a) and (b)vhere theintersections show equatio(2.27)time solutions.Figure
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2.2 (a) shows the guality check for 7700km sermajor axis, for multiple orbitever a period

of just under a day and it graphically presents the number of solutions that can be obtained
from equation(2.27).Figure2.2 (b) gives a graphical view of thguality check for 7700km
semimajor axis, for just over one ortshowing the number of valid solutions expected for 1

orbit.

left-handside equation solutions . left-handside equation solutions
- right-handside equation solutions « right-handside equation solutions

i

, Equation solutions (rads)
v o

0 1000 2000 3000 4000 5000 6000 7000
time (secs) a time (secs)

(a) (b)
Figure2.2: Equality check for 7700km semiajor axis latitude 47.71 deg., longitude 19.53
deg.;(a)for multiple orbitsover alongperiod (70000 secondsgnd (b)for just over one orbit

equations solutions for different values of time (rads)

Figure2.2 (a) and (bshowthat Equation(2.27)has up to two solutions per orbit for a given

semimajor axis and, a real solution only exists when,

P AOAJ_: OBl ™ (2.28)
which can be rarranged as

Wi &= [ Q¢ p (2.29)
Finding the limits allows the solver to be constrained to¢berect time span, so

A OAj: ol p (2.30)
which can be rearranged to find time as,

o ®j° AOA — (2.30)

For further analysighe first of the previously defined stdatellite points,from Table2.3,

(Latitude = 21.06 deg. & Longitude = 6.30 deig.used to solvequation(2.27)for time at
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a defined semmajor axisrange The corresponding inclination for each (semajor axis,

time) solution can bealculatedusing equation(2.23)

At this point three vectorsan beacquired:inclination,time, andaltitude (H). The altitude is

a function of the semimajor axis and th® | NI K Qwher&yd R A dza

0 G Y (2.32)

Where'Y is the radius of the Eart{®378km).

Thethree vectorscan be plot in 3D spaa# 2D space of eacfike 2D solutions arpresented

in Figure2.3. Thetime ¢ Indination graph shows that just as in the equatohetime and
inclination relate in a sinusoi manrer. Figure 2.3 shows the solutions for latitude
21.06deg, longitude 6.3deg Whereadrigure2.4 shows the solutions fdatitude 46.32leg,
longitude 18.48eg Figure2.5then shows the combination of tise two solutiong&nd fom
these the solutions of satellites at the orbit Inclinations and altitudes that overfly these two
ground points can beetermined These are presented and explained-igure2.6 - Figure

2.9 and an explanation given for each.
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Figure2.3: Orbitalelementsolutionsfor overflights oflatitude 21.0@leg, longitude 6.3@deg:
(a)time vs altitude and (b) time vs inclination
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Figure2.3 (a)shows thepossible orbital altitudés) that can be used téacilitate overflight of
the given ground point at the inclination(s) givenFigure2.3 (b). At times of approximately
20000 secondafter epochfor example no orbitfacilitatesoverflight ofthe target. This can
be seen as there is no alide nor inclination points corresponding to this tinier the
altitude range and the inclination range selectéthis $ further claified when a second
ground point is considered and the plots from both are compared &igure2.5. To get to
these figures howeverhe procesgo obtainFigure2.3 is repeated for theset of subsatellite

points (Latitude = 46.32 deg. & Longitude = 18.48 deg.)
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Figure 2.4: Orbital element solutionsfor overflights of latitude 46.32leg, longitude
18.4&leg.(a)time vs altitude and (b) time vs inclination

Fromboth Figure2.3 and Figure2.4, there are two graphs (one per ground pointlthat can
be plotted against each othend where thee is acrossng on the inclinatiordltitude plane
a satellite orthat orbit may be said toverfly both pointsf the time of the two solutions is
not equal If an orbit is valid to overfly both ground points,satellite in that orbit will not
overfly the two points at the same time after epoéhgure2.5 presents the result of plotting

the two graphsFigure2.3 andFigure2.4, against each other.
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Figure2.5: Orbital element solutions for overflights &round Point Xlatitude 21.06deg,
longitude 6.30deg), Ground Point Zlatitude 46.32deg, longitude 18.4&leq)

Fom Figure2.5, a few solutions, other than the original orbit, ai@ind to bepossible It is
however worth noting thathe inclination is not an exact matotather it is very close and so
whilst an exact overflight may not happdroth groundpoints would likely be visible within
acertainspacecraft swath widthThis will depend on the field of view (FoV) of thelmward

instrument. The Field of View isnfluenced by the seminajor axis apresentedin section

2212

FromFigure2.5, it can be observed thateterminingthe points with the same orbitgirectly
from the graphpresents a challengeAn algorithmis therefore implementedto be able to
print out and to alsamarkthe determinedorbits for the different ground positions on the
graphs. These are indicated by the gregmaresn Figure2.6 ¢ Figure2.9 and thevalid orbits

varydepending on the inclination incremenised

The formulationis based oranalysiof ground point 1 and ground point 2 irable2.3. The
altitude at thevalidinclinations must be equal for both ground points and the times must be

different for a solution to be valid
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Different scenariosre simulated where the inclinatiotoleranceis variedfor each caseAs
the exact values are known for this formulationjstobserved that for an exact overflight

solution, a tolerance ofriclination+/- 0.001degreesis themost accurateand it yield the

graphpresented inFigure2.6.
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Figure2.6: Overflighs for Ground Point 1 (latitude 21.06 deg., longitude 6.30 dégrpund
Point 2 (latitude 46.32 deg., longitude 18.48 d€ing. tolerance +/0.001 degrees). The
greensquaresare the orbitsinclinations and altitudesalid for crossindpoth target points.

FromFigure2.6, it can beobservedhat two orbitsarefound tofacilitate overflight over both
targets. The orbital altitude foun$ the samédor both SSPand the inclinatiorobtainedis
oneaprograde andnearetrogradeinclination This is the altitude and inclinations expected
hence showing that the method works as expect€dr a desired satellite swath width
allowance more solutions may bealid, but this depends on factors such as the instrument
on-board Whenthe toleranceis set to andriclination+/- 0.01, more near solutions are
obtained as showon Figure2.7. The near solutions shothat for an allowable larger svia
width, the target points will be viewedy someadditionalorbits. In the case presenteit

Figure2.7, there arefour orbit solutions
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Figure2.7: Overflights forGround Point 1 (latitude 21.06 deg., longitude 6.30 deg.), Ground
Point 2 (latitude 46.32 deg., longitude 18.48 ddgdlination tolerance 0.01degrees. The
valid orbits (greersquare$ are more than when the tolerance was lower.

Four scenariosare analysedi.e., wien the inclination tolerance is0.001 degrees 0.01
degrees 0.1degreesand 0.2degreesrespectively.The solutions foinclination increments

of 0.1degreesand 0.2degreesare presented ifrigure2.8 andFigure2.9. These figures show
that the near solutions for 0.8eg.incrementsare more. These results fothe graphically
presentedsolutionsare numeally presentedin Table2.4 ¢ Table2.8. Foran inclination
tolerance 0f0.001degrees only the known to be valid orbit where the altitude is 1322km,

the inclination isapproximately70 degreesand the times are 426econds and 94€econds

respectivelyare found as the solutions
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Figure2.8: Overflights forGround Point Xlatitude 21.06deg, longitude 6.3Gleg.) Ground
Point 2(latitude 46.32deg, longitude 18.4&leg.)inclination tolerance 0.1 degrees
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Figure2.9: Overflightsfor Ground Point 1 (latitude 21.06 deg., longitude 6.30 deg.), Ground
Point 2 (latitude 46.32 deg., longitude 18.48 dégc)ination tolerance 0.2 degrees
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Multiple near solutionsare obtained at a tolerance of 0.@egrees compared to thlwer
incrementsas expectedThe tolerance in this case is related to the precision of the orbital

inclination needed to overfly the target

Table2.4: Key forTable2.5 ¢ Table2.8

Time 1 Time 2 Inclination Inclination  SemiMajor
1(deq) 2 (deg) AXis

Time for ground Time for ground Retrograde Prograde  Altitude for

point 1 point 2 overflight inclination inclination targets

overflight (sec) (sec) (deg) (deg) overflight (km)

Table2.5:Near solutions ainclinationincrementsof +/-0.2degrees
Time1l Time 2 Inclination 1 Inclination 2 SemiMajor Axis

86120 85756 105 75 1222
355 794 109 71 522
359 803 109 71 572
363 812 109 71 622
371 830 110 70 722
375 839 110 70 772
412 921 110 70 1222
420 940 110 70 1322
424 949 110 70 1372

45075 49134 123 57 722

45075 49134 123 57 722

3346 21839 132 48 572

Table2.6: Near solutions ainclinationincrementsof +/-0.1 degrees
Timel Time?2 Inclination 1 Inclination 2 SemiMajor Axis

86120 85756 105 75 1222
375 839 110 70 772
412 921 110 70 1222
420 940 110 70 1322
424 949 110 70 1372

3346 21839 132 48 572

Table2.7: Near solutions ainclinations oft+/-0.01degrees
Time 1 Time 2  Inclination 1 Inclination 2 SemiMajor Axis
420 940 110 70 1322
4242 9494 110 70 1372

Table2.8: Near solutions ainclination increments of/-0.001degrees.
Time 1 Time 2 Inclination 1 Inclination 2 SemiMajor Axis
420 940 110 70 1322
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From theresultspresented in theTable2.4 ¢ Table2.8, the method of analysing a search
space to determine orbits based on ground targeerflightproves tobe valid. Thexactness
of the solutions depends on the number of steps takémclination tolerance used
Nevertheless, instead of considering an exact pointcomtact, ths method is further
developed to include a field of view, F@wvid considers the swath widthrhistakes into
consideration theFoV of an osboard instrument and the methoé further developedn
section 2.2.1.2 to include this Additionally, 2 perturbations are included irfurther
developmensof the method.In sectior?2.2also,the equationgelating to the rate of change
of RAANand theGreenwich Apparent Sidereal TiflASTareincludedin the development
of the method

2.2 Developmentof GroundTarget Based Orbit Determination Method

EquationsEliminating Previous Assumptions

To track a satellite from the earth and to position it in sp§6€] use two methods, the vector
rotation method and the spherical geometry method. The method presented in this chapter
is focused on the second method, i.e., the spherical geometry method. This method is used
by[25]in the analytical description of the ground track motion. It has also been used by other

researchers to enable them to propagate a ground track.

2.2.1 MainAnalytical Equations eterminethe ValidOrbit(s)

From spherical geometry, the subsatellite latitudes and longitudes of a satellite can be

calculated, from a known orbit by using the following equations.

10 Qi OB 08 (2.33)
OOt ——— 1 0 L —0 (2.34)

Where] and are the subsatellite latitudes and longitudes respectivélgnd 6 are the
orbital inclination and the argument of latitude respectively, L1 and are the relative
rotation rate of the Earth, the right ascension of the satellite and the right ascension of
Greenwich at epoch time, respectivefil is the equivalento the longitude of the

ascending node at epoch tirf6¥].

The argument of latitude is a sum of the true anomaly and the argument of perigee.
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6 — (2.35)
Where—is the true anomaly and is the argument of perigee.

The orbit being considered iBowevera circular orbit. For this reason, the argument of
perigee is zero and so the argument of latitude, AoL, is equal to the true anomaly. This

therefore means that the argument of latitude can be calculated as,

6 — S (2.36)

Where"Yis the periodwis the semi major axis, arid is the gravitational constant of the
Earth. In the initial methods presented in this chapter, thare assumptions such as not
considering J perturbations as well as assuming the last two terms of the longitude
calculation to be negligible i.e., (==0). This simplifies the work, but the resultssome

errors compared to the results frormome more accurate methods especially flanger
periods. This is one disadvantage of using simplified analytical equations. To solve this
problem and reduce the errors incurred, the assumptians eliminated only maintaining

one of the conditions that the orbit is circular, i.e., e=0.

To compute the errors, the great circle distance betweendigsatellite points is calculated.
This distance is given known as the haversine distafwse2xample of the errors incurred
when using a nomerturbed method as compared to a perturbed rhetl is graphically
representedin Figure2.10 which gives a haversine distandeetween the ground tracls
obtained when including 2J and an unperturbed simulatiomising different periodsThe

accumulation of errors leads tnaccuracy of the results especially over a long period of time.
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Figure2.10: (a) Haversine distance between groutidck of orbit when gis included and
when J is not included for short period {Day), Medium Period (Pays) and Long period
(10-Days)and (b)zoomed in graplshowing that the distance between thgroundtracksis
never zero.

From the haversine distance offrigure 2.10, it is observed that the assumption of no
perturbations attractserrors regardless of the period being considergdreso,Figure2.10
(b) shows that using the same propagation values and software (MATIh&ESSPs of the
non-perturbedorbit and the perturbed orbit are never equ#h a case of monitoring an area
such errors can lead tooverage gapsencedatagapsand even in a case oftarget revisit

schedule

Third party software and methods such as SGP4 orbit propagator account for secular and
periodic orbital perturbations caused by Earth's geometry and atmospheric drag and is
applicable to neagarth satellites whose orbital period is shf#®]. One such softwarthat
includes Jperturbationsis used for comparison of thé included method developedihe
softwareusedsb ! { ! Qa Da! ¢X @SNEA2Y Da! ¢ WHAHHL

2.2.1.1 Inclusion of Secul&erturbations taOrbital Calculations

Secular perturbations due to the oblate nature of the Earth must be considered for accuracy
of orbital results. In this work, the second order perturbatiogsare considered. This mainly

affects the period (in the case of a repeating ground track orbit), mean anomaly, hence the
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argument of latitude and the right ascension of the ascending node. These #ifect

equatiors of motionas follows[30, 68, 70, 71]

The Mean Anomaly,

0 & — — (2.37)

With the inclusion ot} perturbations,the mean anomaly changes with time as follows,

E — §&€p -0 — p - p -i Q&Q (2.38)

The Right Ascension of the ascending node

W LI (2.39)
For which
— E -0 — p - wEiIQ (2.40)
The argument of latitude
6 o6 —¥ (2.41)
For which
- - — (2.42)
And,
— &-0— p - ¢ -i Q&Q (2.43
— & &€-0— p - ¢ -i Q&Q (2.44)

¢KS &aSOdzZ  NJ LISNIidzZNDbFGA2y RdzS (2 -in&Bax8ofNII KQa
arepeatground track orbit. It mainly affects the nodal period, defined as the period from
ascending node to ascending node, and this in &ffactsthe semimajor axis. The Keplerian

period, defined from perigee to perigee without considering the perturbations is given as,
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Y —HheR  — (2.45)

This period is however affected by the oblateness of the Earth as it will change depending on

the inclination of the orbit as well as the argument of perigee. The period is as defined by

[33], the anomalistic period or the osculating Keplerian period. When perturbationsaire

considered, this value is the same as the Keplerian pefiobtain the actual period and in

turn the semimajor axis % should be consideredecausethe nodal period changes
FOO0O2NRAY3 (2 GKS 9INIKQa NROFGAZ2YyS O(TKS 91 NI K
will have effects orthe equator crossings as well as the Greenwich meridian cross times. To

calculate the nodal period, the formula for a circular orbit is give[BByas;
Y Yp — — o 1 Q&Q (2.46)

But as derived and explained by rg81], the mean values of these osculating sendjor

axis can be calculated using the formula;
®w 0 p —p -i Q& (2.47)

For a repeat ground track, the effect of this change is mainly the distance to the successive

equator crossing points. This is influenced by the nodal period and is gi\88]lag

y_ Ty, (2.48)

In some previous work however, to maintain a fully analytical solutitsshown that the
effect of k on the semimajor axis,when the period being considered is short and the
inclinations are tgh, the effectsare minimal and can be neglected. ThEsnentionedin the
work byC. N. McGratlet. al., [25], who b notconsider the changes due fpbut only focus
on the propulsive acceleration effects on the samajor axis during manoeuvreshe effect

of % on the semimajor axis iioweverconsidered ér the method poposed herein.
In all cases, the subscript) denotes the initial value (values at epoch time 0).

Due to the secular perturbations, equati¢2.33) and (2.343an be rewritten as

1 i Qe OBl O —Yo (2.49)
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AL 10 U =¥ (2.50)

And for the semimajor axiswhen considering a repeat ground tratke equationis,

() p - UL —— p -i QB p 0 - EWEMW
- VREIQ p (2.51)
Where it is iterated to a tolerance whete © 1@t A0 allo

& HER - 2.52)

Where R = number akvolutions and D = number of dagshese give the expected repeat
schedule From the repeat schedul®y is the desired semajor axis toobtain the repeat.
« is therefore iterated until the difference between it anal is almostzero. This is done
to get the semi major axis of a repeat ground track orbit while consideringsttoailar

perturbation, .

Apart from the Jinclusions,to accurately propagate the ground track and determine
whether a satellitein an orbit overflies a certain target or nothe field of viewor field of
regard, FoORmust be considered. Especially for data collection, the field of view determines
the amount of time the overflightakes and so this should be included in the equations for
added accuracy of the method. Secti@r2.1.2highlights the addition of tb FoVto the

method.

2.2.1.2 Extensionf GroundTrack Equations to Overflight BasedSwath Width.

The instrument on boartias an impact on the capability okatellite insomeways such as
the quality of data received and most of all the collection of the correct data from a target
area. The collection of data from a target area is dependent on whether the saswilitth
width is large enough to getewsof the target. The FoValso influences the duration that a
target will be viewed farThisoverflight is generallgependent on factors such as the angles
of the ground, the instrument, the distance from the instrument to the ground, etc. In this

study, the field of view anglis important because if the earth central angle between the sub
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satellite point and a target are not within the field of view angle of the instrumentptivé

will not be validfor an overflight

From the work by53] and further developedby [57], the effective Earth central angle of a

given field of vievare calculated using the following equations:

'Y O (2.53)
roioQe (2.54)
Y Q&N G éH (2.55)
_ it (2.56)

Where/ is the supplementary anglée.,the spacecraft elevation angle, plus 90 degrees,
is the semimajor axis;, is the half effective angle (the Field of view angle) which is specified
by the mission requirements depending on the instrument on boafdis the radius of the
Earth,” is the distance between the satellite and the bounds of the sensor projected onto
0KS 91 NI KQJ3s the difddiive Ba8th denfra anglEhese agles and the spherical

geometryare presented inFigure2.11.

Figure2.11: Sphericabeometryof the field of view of a satellite

Using spherical triangles, the angle between the ground point and the subsatellite point can
then be calculatedlf it is assumed that the projection of the view from the satellite to the
Earth is a circlean Earth central angleéQ , can be calculated using spherical triangles and

using the suksatellite points and the target points as shown in equai(@57)[57].
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Q GEl QER o QEE o [ QE o [ QE o HEH T
(2.57)

Where subscript 1 indicates longitudes and latitudes of thesatkllite point and subscript

2 is for the target point.

The anglesalculatedrom the target and sulsatellite points are thewompared to tlose of
the desired haHeffective angle. If the halffective angle is greater than the angle from the
calculation of targepointsand subsatellite poins, then the satellite overflies the target i.e.,

if _ 'Q , then the orbit facilitates an overflight dhe target.

2.2.2 Developmeniof the Proposed Methad Algorithm Usingain Embarrassingly
Parallel/Approach

Search and optimisation problems can be classified into sequence or panaiteigst other
classification$72]. For some cases, running processors in parallel tend to be more efficient
than in sequence. This has been found to be true in cases that getting stuck in local optimums
is a possibility. Parallel methods are also used to save on computational [Tig}e
Parallelisation techniques can be used watgorithms such agvolutionary algorithms and
genetic algorithms amongst many other numerical and analytical meth @3] For some
methods however, there is still a level of communication between the processesimia

cases, the processes are not independent on time. The elimination of this communication
completely is what in this case is known as an embarrassingly parallel method. In other works,
it is referred to as a naturally parallel method or pleasingly parailethods. According to

' YRFKEQa [lg> (GKS ITR@GFyaGlr3asS 2F dzaAy3 LI NI ff
computation that ends up being sequenti§f4]. For generally parallel or almost
embarrassingly parallel algorithms, the communication between the processes cause a
significant increase in computational co§ts]. In their work,J-C. Régiret. al.,[76] use an
embarrassingly parallel algorithm to conduct a search in constraint programd@gRégin

et. al., present an Embarrassingly parallel search where they divide their problem into
subproblems andifid it more efficient with average factor gains of over 14C. Régirmt. al.,

extend this work iPA. Malapertet. al.,[75] where the methodthen provesto be efficient,

easy to implement, and has almost no communication between workers.
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Parallel algorithms can be divided into data division, where the processes are run on each

batch of data or task division where each worker performs different tasks. In the case of the

work herein presented, data divisiags used, where each worker perfostihe same process

on different batches of data.

The simulation of th developedmethodis donein MATLAB R2022B. Ttew diagramof

this simulationis presentedin

Figure2.12whichgivesthe embarrassingly parallel architecture used for propagation.

The summary of the algorithm is as follows:
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Embarasingly Parallel Method Application

Search Space Parameters

Inclination Range and Increments
RAAN Range and Increments
Time Range and Incre ments

Targets (LAT, LON)

Y A,
RAAN, Time Inclination
Range and Increments Range and Increments Range and Increments Targets

Inclination = Inclination + Increments

Using parallel workers,

Y

for Each ¢
Y
For Each target
[}y T

5 for Each RAAN

Time = Time + Increments

RAAN = RAAN + Increments

Subsatellite point calculations|

4{ Argument of Latitude Function
l ‘-‘ Earth Central Angle (Target to SSP Function

Latitude Function
p-l Longitude Function

| Results from each worker }—

Results Output and storage
swang ot st

Figure2.12: Embarrassingly Parallel Method Architecture

For each value of the inclination, a RAAN value is simulated with a time value. What this
means is that for example, if the INC range iscHD degrees in increments of 1 degree,
RAAN range of 360 degrees in increments of 1 degree and time rangec&@100 seconds

in increments of 10 seconds, the simulations willbe dore c e MY @ T To fp M T Tt
times.This is done in parallel then stitched together to give the results. Imitiik it is done
usingMATLABR2023b and uses the inbuilt MATLAB Parfor an intel cora7 64bit laptop.

It can be donausing other programming language#heredifferent processors can be used

The algorithm developebtlased on theembarrassingly parallepproach is as preseed in

Algorithm2.1.

Al gor2ilit hbnrevel oped met hod al gorithm

|l npWwPthysi cal constants, Desired target
RAAN ( max, mi n, increments), Time ( ma

Out pOt BitTtasr get s rel ationships and dat a
f oerach RAAN
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f oerach | NC
f oerach ti me
subsatellite LON and LAT do// u
RAAN, | NC, time combinati on
f oerach target
Earth central angle of the fi
each SSP and target combinati:

storageode/in a 4D matrix of

End
End
End
End
f oerach target
Test i f wi tofi ni nfsdter/udmebnitl vieewt he mat
that see all targets

Stitch the search space together
generate and store the orbits and r
En d

orbits = generated results

The developednethod has an advantage where each of #imulated orbits, Ificlinationg

RAAN) combinations, are simulated for each time. Giving an advantage of having a full view
of the searchspace with less computational costs. Also, for different objective functions,
there is no need to simulate the results again as each orbit result is already independent of
the time. Nevertheless, the methafficiencydepends on the increments uséat the search

space givenGenerallythe smaller the increments the more the computational ¢dstt the

better the chances of locating global maximums when optimising the redtiisthis reason,

an adaptive grid that only refines the most optimum orbits is studied in chaptarthis

dissertation.

The orbit determination methodproposedappliestne inveNB S 2 F Y SLJX SNDa
have beerdeveloped The inputs to this method are the target points and physical constants.
The search space which includes time, inclination and RAAN ranges are alstoigihen

method to simulate in finite timeDepending on the search space size, tinethod yields
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thousands of possible orbits that witicilitate overflight othe giventargets.A conditionthat

the orbits determined mudfacilitate overflight ofall the targets or natcan be applied to the
method as a filtration to the results obtainedThe next step in this works therefore
optimisingthe orbits based on the specific requirements Chapter3, different objective
functionsare used tooptimisethe orbital results Depending on the operator requirements,
the objective functiongan be selectednd optimistion donewithout the need for a rerun

of the simulations Forthis workthe studiesincludethe number of times thaa satellite in

an orbit views the targets and the duration of view of the targets within a given period of two
days.One of hese objective functionis compared to some previous wodsa validation of

the developedmethod; seesection3.1 Section2.3gives a presentation of the simulation of
the method.Throughout thework, unless otherwise stated, the physical constants used are
as presented in table 2.9.

Table2.9: Simulation Physical Search Space Parametd throughout thehesis(unless
otherwise stated).

Parameter Symbol Value Units
Revolutions R 29 Cycles
Number of days D 2 Days
Radius of the Earth Re 6,378,000 Meters
Half Effective Angle e 20 Degrees
Start Time to 00:00:00 1 January 201" Julian Date
Greenwich Hour Angle Meto 100.84 Degrees
9FNIKQA NROGFGAZ2Y m 7.29210659088065285 Rads/sec
Standard gravitational parameter of > 3.986004418e14 M?3/s?

the Earth

NABAT O A O E OAICIEANIOA T 3 1.0827e3 -

2.3 Developedvethod Smulation Results andnalysis

This section presents theesults analysisand discussionsobtained from simulating the
method described irsection2.1 ¢ 2.2 The simulations,results and analysigiven in this

sectionarein the following sequence:

AD ¢KS YIFAY 257 YidE S A0S/ RBEIRRSND A G 220 Hza 9 R
AAPSYy P
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A % 4 oA X

AA® ¢ KEND A BA YdAENESSR? RAMGSNBES WNESKY 248t SOGSR
2ND A G Ydz2 & STEKAA (AT (N S (T4 y R GISIOSAERG (2 y OS
ly 2NBAG Ad aACHEDEEKRBWFST WGIKNEEEGIE SFad 2y 0

AAAQYAaAIKGA 200FAYVSR ENBYSYHASRNBE®RLE @A XE I R
0KS LINRLRAaSR YSGK2RNBFK XAHEKS K IKY SRS NB a

ADd Wdza oa UONKIBRRER I eOROANIOD SRS NIHdzNDH 2 o2 K& 2 ND A
RSGUSNNAYlIoa2y YSAdK2R2f 238 Aa 3IADSY

Gd aSiK2R SNWNENBAKSEASKIANTGRA NR Ds I NB ©

2.3.1 Simulation of the Proposed Method and the Results Obtained

Using the developed methaalgorithmdescribed irsection2.2, the simulatioris done using
MATLAB R2022b. Thwputsto the simulations as required by the method aoebital search
space parameters, physiqarametersand desired ground targets. Tirgputsused for the
simulations in this sectioare presented infable2.10 ¢ Table2.11 for the orbital search

space andhe targeisrespectively The physical parameters used gmresented inTable2.9.

Table2.10: Search Space parametagiwing the range and increments of the inputs.

Parameter Range Increments  Units
Inclination 50-130 0.05 Deg
Right Ascension of Ascending Nod¢ 0-360 0.5 Deg
Time (From Epoch) 0¢172800 10 Sec

Table2.11: List of targetgequired to be overflown

Target City Longitude, deg Latitude, deg
1 Moscow 37.4 55.5
2 London 0.1 51.3
3 Peking 116.2 39.6
4 Washington, D.C -77.0 38.5
5 Los Angeles -118.2 34

6 Miami -80.1 25.5
7 Hong Kong 1151 21.2
8 Rio -43.2 -22.5
9 Sydney 151.1 -33.5
10 Buenos Aries -58.3 -34.4
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These 1@eographicatarget locations argresentedin Figure2.13.

map outline
coastlines

% targets

Figure2.13: Global view othe 10Targets Used fahe simulation of the developed
analytical methodn this section

Thedeveloped method algorithm is simulateding thegivensearch space values, physical
constants values and targetEirst,the orbits thatfacilitate overflight of any of the given
targetsare determined The orbital results from these agraphicallypresented inFigure
2.14in terms ofthe inclinationandRight Ascesion of the Ascending Nodelues.The black

and shaded parts show thaclination and right ascension of the ascending node values of

orbits that have been determinet facilitate overflight of the targets
130

. HHHHHHHHHWHHHH

 REXRRNNXRRRXNXXAXXXXXXXXXXAN
mso_uimnom;mummg

INC (Deg)

EEEEERERRE
-li_fé%%i%%&%

0 50 100 150 200 250 300 350

RAAN (Deg)
Figure2.14: Solutionsof the orbits, (Inclination and RAANyhichcanfacilitate the overflight
of any of the targets at least once in 2 days.
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FromFigure2.14, it is evidentthat within the given search spacmost orbits canensure
overflight of at least one of the desired targett a certain time after epochThereare,
however,someorbitsthat at no given time will theyacilitate aview ofanythe targets within
the duration of 2 daysTheresultsneed extra analysito determine the optimum orbits
depending on the mission requirements. Insights such as which tangiétse overflownby
satellites on which orbits, which satellitegerflythe targesfor longer durations of time, etc
need further analysis and querying of the results. ®ralysisis presentedin the Case

Studies section of this dissertation, chapger

An advantage of this method being analyti¢éala simplifiedcanalysis of groundtrack shift
using the longituderalues A RAAMhift while maintaining the shape of tlggoundtrack and

the other orbital valuegan be achieved by changing the epoch time. For example, when the
start date is set to % January 2017 00:00:00, UTC Gregorian time, the longitude of the
ascending node at epoch time, in this work referred to as the Greenwich Apparent Side Real
Time (GAST$ calculated as 100.8 degreeBre GAST value indicatas addtion of a factor

of 100.8 degrees to the longitude calculatiamdif this value is set to zero, thgroundtracks

will have a similar shape but there will be a shift in the longitudes hence RAANrify this,

a simulaion is performedusing a GAST of 100.8 degrees, 70 degrees and 0 degtees.
analysis is done fosearch space parameters presented Table 2.12, with physical
parameters and targets previously presentedliamble2.9 and Table2.11, respectively. The
results for these simulations are presented Rigure 2.15 which shows the differences

between orbits obtained when using the different GA@lues

Table2.12: Search Space parametarsed for the different GAST values

Parameter Range Increments Units
Inclination 50-80 0.2 Deg
Right Ascension of Ascending Nod¢ 0-270 1 Deg
Time (From Epoch) 0¢ 172800 10 Sec
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Figure2.15: Inclinations and RAANSs of orbits that were fowafter simulatingGASTsf (a)0

degrees (b)100.84 degreesand(c) 70 degrees on the bottom left.

FromFigure2.15, theimpact of theGAST valuen theorbit solutionscan beobserved At 80
degrees inclination for example, whéAN is O degreethere is an overflight of at least
one target by a satellite on those orbits, when B&STis 0 and 70 degrees, but when the

GAST is 100.84 degrees, there is no overflight.

To furtheranalysethe effect of the GAST and the advantage in terms of using the presented
method, a groundrack comparing the different GAST values is present&ejimre2.16. This
figure shows that the main effect is a shift of the initial ground track longitude. To produce
the ground track, one of the calculatedbits obtainedwhen GAST = 100.84g.is used. The
orbital values and the time span are as preseriteflable2.13. From these resultst can be
observed thathe orbital solutions ar@lependent orthe reference epoch timend to get to

a target,a groundtrack shiftcan be achieved usirthe GASTThis is shown by the shift in

ground tracks as the GAST value changes

Table2.13: Orbital element valuessedto simulatethe difference ingroundtracks for

different GASValues.
Parameter Inclination RAAN Time Span
Value 56.60 deg 213.01deg 7200 sec
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map
coastlines

% target

O target
GAST =100.84
GAST =70
GAST=0

Figure2.16: Ground trads of different GAST values when all other orbital elements are the
same

From this analysift is observedhat a ground track shift using the starting time can ensure

a pass over a desired targdthedifferencein longitudeto get to a target in case an orbit
does notfacilitate itsoverflight, can becalculated. This may determine how muble ground

G0N O1 Qa & Inéelishto/ba shiftet yoRAsirelziR Sverfligithe case presented
Figure2.16 uses an orbit thafacilitates theoverflight of the targets with a GAST of 100.84
degreeswhen the orbit is shifted however, i.e., using a different GAST, some of the targets
viewed by the GAST 100.84 degrees orbit are not viewed. This concept of shifting ground
tracks to get the desired orbits has been studied by scholars su€h@scet. al.,[21] who

use a sliding ground track method to get to thdesired orbit.C. Circet. al., @ this by
implementing manoeuvres in inclination and altituddwe method developed in this chapter
can therefore provide guidance on an orbit that would require shifting the RAgtdlad and

this can be done as future wartsenerally, this analysis shows that the derived method can
be an ideal guide foorbit designers, satelliterbit determination and the fact that it is fast

and giesgeneral insightst saves on computational time and ideally computational costs.

Somevaluable initial insights can be drawn from the results as it shows the full sepack

solutiors. Theerrors and validationare however analysed in sectio2.3.2and 3.1 of this
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dissertation To show an application of the resuttbtained from themethod, a condition
that all determinedorbits mustfacilitate overfiight ofall ten targets at least onde imposed
The full simulation does not need to be-men but an algorithm that includes this condition
is addedFrom this, the full search spaselutiors of the determinedorbits are graphically
givenon Figure2.17in terms of theorbit Inclinations and the RAANEhe values of the search
space, the targets and the physical values are d&ainle2.10, Table2.11, page43, andTable
2.9, paged?2, respectively.
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Figure 2.17: Solutions of orbits, (Inclination and righfascension combinatiofs which
facilitatea view of all the targets at least onge2 days

Figure2.17 illustrates the orbital solutions that provide at least one overflight of all ten
targets within 48 hours of epoch timBue to the condition that the determined orlsimust
facilitate overflight of all targetghe solutions ardewer thanthose that overfly at least one
of the targets. This shows that the method gives results thatlegecal Fromthe results
presented inFigure2.17, it canalsobe observed thatsatelliteson some orbits below 55.5
degreesnclination are found toview all the targets but thiano orbits below approximately
53.4 degrees inclinatioanable theview of all thetargets. This can be attributed to the fact
that the highest latitude target poiris target 1, Moscoywwhich is at 55.%legrees latitude.
Due to the field of view angle of the instrument selecteel,, 20 degrees, at an inclination of

53.4 degrees, target is viewed. Thisagain siows that the method logically works as
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expected. Some insights can be drawn from these results. One isetlest above an
inclination of 55 degreeshere are some inclinations that do not view all the targets, and
those that do, have some RAAN values thandbview all the targets. This can be qude
useful insight to an operator or faertain satellite taskingpurposesas well as revisit orbit

designs

Another insightis that satellites onmore orbits that arebetween inclination 5860 degrees

and approximately 12030 degrees, viewall the targetsat least orcethan inclinations above

60 degrees and below 110 degrees. Generally, changes in inclination require more fuel and
change in veloci®y -Vpincrease for such manoeuvres. It is therefore moableto change

the RAAN than changing thiaclination At sone Inclinations also, some RAANs do not
facilitate the viewing of all the targetsut when the RAN changes, they eventually do. This
shows that if theinclination semimajor axisand other classical orbit elements are held
constant, the drift in RAAN will cause it to eventually view the targets again without using
muchfuel. This however depends on the type of mission as some missions require either a
specific revisit or in cases of emergencies, it requires exact merdt specific times. The
change of RAAN with time can be computed using equg®of0).Taking for example an
Inclination= 56.9 degreesSemimajor axis of 7042.km, and physical constansame ashe

ones onTable2.9 the rate of change of RAAN and other values can be calculfietthis
examplethe rate of change of RAAN per seconddkulated to be4.45e05 degrees per

second. The change of RAAN per day is thereS@4é degrees.

From this, analysis, if RAAN starts at 0 degrees, it will take approxirf&télydays for it to

be at Odegreesagain in an ideal scenario. Further analysis and simulation of this using third
party software gave 91 days for the RAAN to be equivalent to the epoch RAANTedue
proposed method can therefore give further insights into what orbital elements to chiange

achieve overflight ofhe desired targets.

2.3.2 Justificatiorof IncludingJ2to the Proposed Method Calculations

In section2.3.1, the full developed method while including the SI NI KQa 26fF (S
perturbationis simulatedln section2.2on the other handthe haversine distanckbetween

a perturbed orbitand an orbit using the same orbital elements but without consideririg

given In this section,further analysis is done on the results obtained from the method

developed in this dissertatiowhen } is included in the calculations awhen % is not

49



Chapter 2 Development of an Analytical Orbit Design Methodology 50

included A comparison of the two is used to show the impact of not including the
perturbation in the developed method. Ftis, three target points are considered. Tihput
orbital parameters thetargets,and thephysical constantsra presented imrable2.14, Table

2.15andTable2.9, respectively

Table2.14: Search Space parametethe increments are now 0.2 degrees for inclination
and 0.5 degrees for right ascension of the ascending node.

Parameter Range Increments Units
Inclination (deg.) 50-70 0.2 Deg
RAAN (deg.) 0-360 0.5 Deg
Time (From Epoch) (sec. 0¢172800 10 Sec

Table2.15: List of targetaused for simulation of inclusion and exclusionkpEarth secular
perturbations.

Target Description Longitude, deg Latitude, deg
1 Celtic Park Centre spot ~ -4.2055 55.8497
2 Fenway Park, Home Plate -71.0977 42.3462
3 Eden Park, Centre Spot 174.744 36.8749

From the simulationsFigure2.18 and Figure2.19 which show the orbitsolutionswhen

perturbationsare considered and when they are nstdbtained.
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0 50 100 150 200 250 300 350

RAAN (Deg)
Figure2.18: Inclinations and Rigkdscensions of orbits thanable theview of all targets at
least once when no perturbations are included.
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Figure2.19: Inclinations and Rigkascensions of orbits thanable theview of all targets at
least once whem perturbations are included.

FromFigure2.18 and Figure2.19 presented.,it is evident that whenb is not included, there

are not only RAAN errors but inclinatierrorsare evidentas well The impacs of the errors

areillustrated when considering mission objectivdsh as maximising the mean number of

target overflights Some of hese differences are highlighted in the 3D plot presented in

Figure2.20 showing the inclination, RAAN, atite mean maximum amber ofoverflights of

target point 1 Table2.16 highlights some athesemajor differences in orbits for the results

when } is included and when ndbr the different target locationsThe considered results

are thosewithin an inclination range of 560 degreesHowever, as the period of simulation

is short, set to two days, atmospheric drisgnot considered despite the orbits being Low

Earth Orbits, LEO. For greater periods however, this wbald¢onsideredfor increased

accuracy.

Table2.16: Differences observed for orbits whehis included and whei is not included.

Parameter Value with:  Value without}
Number of orbitsdetermined 46381 46391
Maximum number of target bverflights 7 6

Maximum number of target Bverflights 3 4

Maximum number of target 8verflights 2 3
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J2 included
No 12

Number of times seen

50

Figure 2.20: 3D graph of Inclination, RAAN and number of timvéswved showing the
differences when} is present andh not present for target point 1.

For the other targets, as well, there are expected errors in the calculations &whemot
included compared to the simulation when it is. Other errare inthe duration of view,
which is expected due to different orbits being foubdt these are further presented in the
appendix section of this dissertation. This shows that the inclusidniefecessary for the
accurate usage of the developed method and more so when target specific missidesraye

considered

2.3.3 ErrorAnalysis Using Third Party Software

As research fomore accurate methods fdsoth orbit and groundtrack propagationare still

on going, mmerical methodsare said to have a higher accurachut also higher
computational cost than analytical methods. This sectiores an analysis tfie accuracy
errors incurred from the presented method by comparing the calculated resulysaiond

track propagationdone using a thirdparty software.The analysis in this sectionudes { ! Qa
GMAT version GMAT R202Z8he numerical propagator of GMA&Tset touse RungeKutta89
and the JGMB gravity model of degree0/and order D. Thetargets used are the 10 targets
presented inTable2.11 and the simulations done using therbital search spacealues on

Table2.17.
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Table2.17: Orbit values used for simulatiom this case the RAAN increments are 1 degree.

Parameter Valugincrements)
InclinationRange(Increment3 (deg.) 50-60 (0.2)

RAAN Bnge(Incrementg (deg) 0-360 (1)

Time Rangédincrement3 (sec.) 0-172800 (10)

Some of the orbits that the methddentifiesto enable aviewof all the targetsare also found

to overfly all the targeton GMAT. To enable the simulation of an exact scenario used in the
method to be used on GMAThe target minimum elevation angle which is related to the
spacecraft elevation angie calculatedo be 67.82 degrees. The calculatiosed to obtain

this angles presented ippendixC To illustrate the validity of the method, two orbits that
the method yielded are selected. Ttaal duration of view of the targets by the orbits in 48
hours is calculatedrhe selected orbits and theiotal duration of viewvaluesboth from the
method and GMAT are presentedTiable2.18. The twoorbits are found to have almost the
sametotal duration of view valuesvhen calculated from the developeahethod andwhen
simulated on GMAT.

Table2.18: Solutions found for total duration of view by the highlighted orbits when
groundtrack ispropagated by the developed analytical method and@MAT (2 orbits)

Developed Developed
Parameter GMAT method GMAT method
SemiMajor Axig(km) 7040.5 7040.5 7040.9 7040.9
Inclination (deg) 55.2 55.2 55.6 55.6
RAAN (deg) 150.0074 150.074  225.112 225.0112
Duration of view of targetésec) 830.407 830 809.1896 810

These results of the ground track from GM&ithe ground track from the method for the

55.2degree inclination orbit are presented kigure2.21 and Figure2.22 respectively.
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Figure 2.21: Ground tracksimulated from GMATpropagation for orbit with 55.2 deg
Inclination andRAAN 150.074 deg

Figure2.22: Ground track plot from MATLAB simulati@m orbit with RAAN=150.0074 deg
and Inclinatior=55.2 deg

Thedifferences in longitude and latitude aret obviousfrom the ground track plotsThe
results from both simulations are therefore analydedther by considering the longitudes

and latitudes individually The start point from the two methods are similar in epoch
longitudeas the GAST used is the same for bdthe latitudes on the other hand are found

to be very similar and have a positive covariance diagonal and a correlation factor of
approximately 1 whereas the longitudes have a negative covariance diagonal and a

correlation coefficient 0f0.0284which is approaching zero.
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