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ABSTRACT OF THESIS submitted by Nicholas Husayn Crisp for the degree of Doctor
of Philosophy at The University of Manchester, entitled “A Methodology for the Integrated
Design of Small Satellite Constellation Deployment”.

Submitted June 2016

A growing interest in distributed systems of small satellites has recently emerged due to their
ability to perform a variety of new mission types, increasing technical capability, and reduced
time and cost for development. However, the lack of available and dedicated small launch
services currently restricts the establishment of these systems in orbit. Secondary payload
launch opportunities and alternative deployment strategies can address the issue of access-to-
orbit and support the delivery of the constellation to the correct orbit configuration following
launch. Of these deployment strategies, the method of indirect plane separation, which utilises
the natural precession of Earth orbits, is particularly applicable to the deployment of small
satellite constellations due to the potential to significantly reduce propulsive requirements,
albeit at the cost of increased deployment time.

A review of satellite constellation design revealed that existing methods and tools are not
suitable for the analysis of small satellite constellations and are not equipped to investigate
alternative deployment strategies, despite the potential benefits of improved access-to-orbit,
reduced system complexity, and reduced cost. To address the identified gaps in the design
process, a methodology in which the analysis of small satellite constellation deployment is
integrated into the system design framework is presented in this thesis. The corresponding
system design-space is subsequently explored using a numerical optimisation method, which aids
the identification of effective system designs and promotes the understanding of relationships
between the design variables and output objectives. The primary objectives of this methodology
are to ensure that the different opportunities for deployment of small satellite constellations are
thoroughly examined during the design process and to support the development of improved
mission and system designs.

The presented methodology is demonstrated using a reduced order framework comprised of an
analysis for the deployment of small satellite constellations, preliminary vehicle and propulsion
system sizing processes, and system cost estimating relationships. Using this simplified mission
design framework, the design space-exploration of three small satellite constellation mission
case-studies is performed by application of a multiobjective genetic algorithm. Objectives of
time-to-deploy, system mass, and system cost are used to direct the optimisation process and
search for the most effective solutions in the system design-space. In order to perform the
analysis of constellation deployment by the process of indirect plane separation, a simulation
method using a semi-analytical propagation technique and time-varying atmospheric density
model was developed and verified by comparison to the actual deployment of the FORMOSAT-
3/COSMIC mission.

The results of the case-studies presented illustrate the ability of the developed methodology to
support the design process for satellite constellations and enable the identification of promising
and improved system architectures for further development. Moreover, through the enumeration
and quantification of the system design-space and tradespace, the methodology is shown to
support the identification of relationships and trends between the design variables and selected
output objectives, increasing the knowledge available to the system design team during the
design process.
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Chapter 1

Introduction

Small satellite constellations have been identified as an enabling architecture for a variety of new
mission types of commercial, scientific, and military significance. Small satellites, due primarily
to their smaller cost per unit, can be launched in larger numbers than traditional satellites, and
in constellations can perform many simultaneous and distributed measurements or observations
of interesting dynamic or global phenomena [1, 2]. Constellations of small satellites can be also
used to augment or replace traditional satellite missions, benefiting from shorter possible revisit
times due to their greater numbers, therefore able to achieve a greater temporal resolution of
data.

However, the launch of constellations of small satellites is impacted by the availability of
suitably sized and accessible launch vehicles. Whilst secondary payload opportunities can be
used, the lack of control on launch schedule and destination orbit prohibits the use of multiple
secondary launch opportunities by constellations which require accurately coordinated orbits.
This issue is further compounded by restrictions on propulsion system capability to maintain the
low cost of development and manufacture, particularly for nanosatellites and picosatellites. A
review of current and future launch vehicles and opportunities for small satellites was published
during the course of this research in Crisp et al. [3].

Traditionally, the deployment of constellations of large satellites is achieved by launching
each payload individually into the required orbital plane, or by launching small clusters of
satellites to orbit and using propulsive manoeuvres to achieve the correct orbits. However, with

an increasing number of payloads of smaller mass requiring launch and the issues of availability
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of access-to-orbit, reduced propulsive capability, and lower development and launch budget, the
traditional method of constellation deployment is not suitable for small satellites.

In order to enable the cost-effective realisation of small satellite constellations with multiple
orbital planes a number of deployment strategies have been proposed which enable the launch of
these systems on a single vehicle or using appropriate secondary payload opportunities. Whilst
these methods of deployment are not able to eliminate the need for propulsion systems entirely,
the propulsive requirements for deployment can be significantly reduced in comparison to the
use of direct orbital manoeuvres to populate the constellation. For the deployment of small
satellite constellations in Low Earth Orbit (LEO), the method of indirect plane separation is the
most promising of these alternative strategies due to the lower vehicle requirements and system
complexity, as discussed in Crisp et al. [4]. Aside from lower propulsion system complexity
and cost other aspects of the design process may also be economised such as power system and
Attitude Determination and Control System (ADCS) requirements. Thus far, the FORMOSAT-
3/COSMIC mission is the only example of a multi-plane small satellite constellation to be

completely deployed from a single launch vehicle.

1.1 Design of Small Satellite Constellations

The design of traditional satellite systems is a multidisciplinary process generally consisting of
analyses considering the configuration of the constellation, design of the individual spacecraft,
the launch and deployment procedure, and the cost of the system. For traditional satellite
constellations, these contributing analyses and the approaches to design of these systems are
well established [5, 6, 7]. However, these methods are generally not suitable for application
to small-satellite missions which often have different mission priorities, utilise secondary pay-
load opportunities, and require the use of alternative deployment strategies. Furthermore, the
corresponding analyses for small satellite constellation design are less mature. In particular
the analysis of alternative deployment strategies for small satellite constellations are yet to
be developed, despite the potential benefits of increased opportunities for access-to-orbit, re-
duced spacecraft complexity, and reduced system cost. As a result, the design of small satellite
constellation deployment is currently either selected a priori or performed on an ad hoc basis

without complete analysis.
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1.2 Thesis Aims and Objectives

Given the motivating factors discussed previously, the ultimate aim of this research is to improve
the development of small satellite constellations by considering the deployment strategies for
such systems during the early design stages. To achieve this aim, this research focuses on
the development of a methodology for the integration of deployment analysis into the design
process for small satellite constellations. The resulting design-space is also explored using a
numerical optimisation approach to enable the effective search for optimal or Pareto-efficient
system solutions in the presence of multiple objective criteria.

Development of a methodology for the integrated design of satellite constellation deployment
ensures that this aspect of the mission is examined during the design process. For small satellite
constellations in particular, this supports the consideration of methods which can utilise sec-
ondary payload launch opportunities and reduce the required propulsive capability. Exploration
of the corresponding design-space aids the understanding of relationships which exist between
the design variables and the chosen objectives, increasing the knowledge available to the system
design team. Furthermore, through enumeration of the tradespace, the most effective solutions
can be identified and used to develop improved overall mission and system designs.

The development of this proposed methodology is fulfilled through the following objectives,

forming the individual contributions of this research.

1. To develop a methodology which supports the consideration of satellite constellation de-
ployment during the conceptual design phase for such systems. The methodology uses
a numerical optimisation-based approach to effectively explore the design-space and re-
sulting system tradespace to aid the identification of the best available solutions. The
results of the exploration process can also be used to increase knowledge of the trades

and relationships which exist in the design-space, supporting the ongoing design process.

2. To support the integration of satellite constellation deployment design into the wider
design process for these systems. Using an analysis framework approach, the design of
satellite constellation deployment is integrated into the design process for these systems.
This integration ensures that this aspect of the mission design is considered during the
system design process and supports a more complete exploration of the design-space for

satellite constellation missions.
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3. To develop and implement a verified analysis method for the deployment process of small
satellite constellations. To demonstrate the proposed methodology, a design and analysis
method for satellite constellation deployment is required. A simulation process for de-
ployment using the method of indirect plane separation is developed as part of this work,
the details of which were first presented in Crisp et al. [4]. This method of analysis is

further developed and verified for use in this thesis.

4. To use the methodology and framework with an integral method of constellation deploy-
ment design developed in this research to perform the design-space exploration of small
satellite constellation deployment to identify improved designs or system architectures.
Using a reduced-order design framework and the developed method of constellation de-
ployment analysis, the proposed methodology is demonstrated using a series of three
mission case-studies. The known point-designs of the FORMOSAT-3/COSMIC and OR-
BCOMM missions are compared to the solutions generated. The design-space and output
tradespace are also examined for relationships and trends which can be used to inform

the system design team and ongoing design process.

1.3 Thesis Overview

The remainder of this document describes the development and implementation of the proposed
methodology for integrated design-space exploration of small satellite constellation deployment.
Chapter 2 provides a review of small satellite constellations and their design. A discussion of
the different methods for the deployment of small satellite constellations is also provided. In
Chapter 3 the methodology forming the crux of this research is developed from motivating
research questions and stated hypotheses. A means of demonstrating the methodology is also
presented. Chapter 4 provides an introduction to design-space exploration and presents a review
of methods applied to space systems. The application of a method of numerical optimisation to
the problem of small satellite constellation design is then described. In Chapter 5 the develop-
ment of a reduced-order analysis framework for demonstration of the methodology is described.
This consists of the satellite constellation deployment simulation method, preliminary satellite
vehicle and propulsion system sizing processes, and a corresponding system cost model. In

Chapter 6 the implementation of the developed methodology is presented, and the results of
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three mission case-studies are analysed and discussed. In closing, Chapter 7 states the conclu-
sions from the methodology development and presents recommendations for improvements and

future work. Finally, concluding remarks on this research are provided.

1.4 Publications

Some of the work presented in this thesis has previously been published in conference proceed-
ings and as journal articles.

A review of existing and in-development launch vehicles was presented at the 29th Inter-
national Symposium on Space Science and Technology in Nagoya-Aichi, Japan [8], and subse-
quently published in Transactions of the Japan Society for Aeronautical and Space Sciences,
Aerospace Technology, Japan [3]. In this paper, the payload capability and cost of existing
launch vehicles and secondary-payload opportunities was analysed and the potential benefits
of small launch vehicles in development were discussed. It was concluded that the introduction
of these vehicles would not result in an cost reduction in comparison to existing secondary-
payload opportunities. However, the accessibility of selected orbits and schedules to individual
or systems of small payloads would be improved through the provision of available dedicated
or cluster launch opportunities.

An analysis and comparison of small satellite constellation deployment using different strate-
gies was presented at the 65th International Astronautical Congress [9], and subsequently pub-
lished in Acta Astronautica [4]. In this paper, the initial development of the analysis method for
constellation deployment by the method of indirect plane separation, presented in Section 5.1,
was described. Deployment using Earth-Moon L; Lagrange Point (EML-1) as a staging point
for return to Earth orbit was also considered. By analysis of a series of three example missions,
it was shown that the method of nodal precession was capable of achieving a significant reduc-
tion in required propulsive capability, but at the expense of time to perform the deployment of
the constellation. For low Earth orbits, it was also shown that the method could be be sensitive

to effects of orbital decay due to the extended drift periods involved.
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Chapter 2

A Review of Small Satellites and

Constellations

The recent rise in interest in small satellite missions has been described as potentially disruptive
to traditional satellite missions, particularly with reference to CubeSats [10]. The reason for
this characterisation is primarily due to the differences in design, manufacture, and operational
philosophies which can be achieved through the use of cheaper and smaller satellites with much
shorter development cycles. As a result of these fundamental differences, it is necessary to
understand the reasons for the growth of interest and use of small satellites and the benefits
that these vehicles can provide to different mission types. This chapter begins with a brief
review of small satellites and their current state of development and operation.

The use of small satellites collaboratively in constellations has also recently experienced
significant interest and development, primarily driven by the successes of small satellites in
performing increasingly productive and valuable missions previously served by larger, more
complex, and more expensive satellites. However, whilst the existing launch paradigm supports
the launch of individual small satellites through secondary payload opportunities, the launch of
constellations of small satellites has additional requirements which are currently poorly served.
This chapter includes a review of small satellite constellations and the methods by which these
systems can be launched into orbit, concluding with a summary of the possible approaches for

the deployment of these systems.
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2.1 Development of Small Satellites

Since their initial use in the early days of the space age, the capabilities of small satellites
have increased significantly beyond their initial simple technology demonstration and store-
and-forward communication missions. Early examples of small satellites included the Strela-1M
Soviet military communication microsatellites and initial OSCAR amateur radio satellites [11].

The evolution of these small satellites since their beginnings is primarily attributed to the
advancement and miniaturisation of enabling technologies and electronic components, eg micro-
processors, solid-state electronics, and Microelectromechanical Systems (MEMS) sensors [11],
and the introduction of general-purpose, standardized, or modular bus designs, resulting in
dramatically reduced time and costs for development and manufacture in comparison to larger
satellites [12, 13]. These advancements have enabled small satellites to perform a number of
missions previously served exclusively by larger satellites. In particular, the miniaturisation
of 3-axis attitude determination and control system technologies has enabled the use of small
satellites for Earth observation and space imaging applications [11].

In recent years, the successful launch and operation of small satellites in a range of missions
has demonstrated the value and increasing capability of this class of spacecraft in a range of
different applications. For example, the CanX-6/NTS 20 cm cubic satellite has demonstrated
the ability to perform Automatic Identification System (AIS) detection from a space-borne
asset [14]. Similarly, the O/OREOS [15] and GeneSat-1 [16] satellites have demonstrated the

capability to perform in-situ biological experimentation on small satellite systems.

2.1.1 Classification and Standardisation of Small Satellites

The increased capability of small satellites has also been accompanied by a trend of increasing
miniaturisation of the satellites themselves. This trend, beginning with the re-emergence of
sub-10 kg payloads in the 1990s, has resulted in the generation of a system of classification to
identify small satellites by their mass, shown in Table 2.1.

The emergence of the picosatellite-class of payloads is somewhat attributable to the introduc-
tion of small satellite development projects in engineering courses at educational establishments
[12]. In order to reduce the cost of manufacture and launch further, payloads in the nanosatel-
lite and picosatellite class were chosen for development by these institutions and the use of

Commercial Off-The-Shelf (COTS) components was embraced. The first satellites developed
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Table 2.1: Small satellite classification by mass [12].

Class Mass [kg]
Minisatellite 100-1000
Microsatellite 10-100
Nanosatellite 1-10
Picosatellite 0.1-1
Femtosatellite 0.01-0.1

by these institutions were typically of educational consequence only, often referred to as ‘Beep-
Sats’ due to their transmission of simple signals and relatively low functionality. However, the
follow-on attempts have in many cases addressed useful and real mission objectives [17].

A key development in the use of small satellites for education purposes has been the CubeSat,
a standardised form of picosatellite or nanosatellite, where a single unit, referred to as 1U, is
a 100 x 100 x 100 mm cube with a maximum mass of 1.33kg. The CubeSat specification was
developed in 1999 at Stanford University and the California Polytechnic State University, San
Luis Obispo [18], to address issues with the cost, time, and expertise required to develop a
University-class satellite [19]. Subsequently, the specification has evolved to include larger 2U
100 x 100 x 200 mm and 2.66 kg, and 3U 100 x 100 x 300 mm and 4 kg nanosatellites based on
the original 1U specification.

The Space Flight Laboratory (SFL) at the University of Toronto Institute of Aerospace
Studies (UTIAS) has also developed the Generic Nanosatellite Bus (GNB) in the form of a
200 mm cube with a mass of up to 7.5kg. The GNB was developed to increase cost efficiency
through the use of standardised and commercial components and the design of a single bus to
perform a variety of different missions. Responsiveness is also increased through the mitigation
of platform redevelopment and testing for new missions [20]. The GNB has since been developed
into the larger Nanosatellite for Earth Monitoring and Observation (NEMO) bus with increased
power generation and payload efficiency. The NEMO bus has a mass of up to 15 kg and measures
200 mm x 200 mm x 400 mm, enabling higher performance missions [21].

The standardisation in form and electrical function of CubeSats and similar satellite buses
has enabled the use of standardised ejection or deployment mechanisms. The Poly-Picosatellite
Orbital Deployer (P-POD) was the first of these deployment mechanisms and utilises a spring
to eject the three contained payloads. The P-POD also serves to isolate the satellites from the
launch vehicle and other payloads to minimise any potentially damaging interactions [11]. As

a result, there is typically no power or other services available to the payloads once manifested
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in the deployment mechanism. Figure 2.1 shows three 1U CubeSats with a 3U P-POD. The
P-POD and similar deployment mechanisms, eg Japanese T-POD and UTIAS/SFL X-POD,
have increased the number of launch opportunities available to these payloads [19]. For ex-
ample, the GNB and NEMO bus are designed to be compatible with the XPOD separation
system to facilitate piggyback and cluster launch opportunities through ongoing UTTIAS/SFL

Nanosatellite Launch Service (NLS) program.

Figure 2.1: P-POD with CP6, HawkSat-1, and AeroCube 3 CubeSats [22].

2.1.2 Launch of Small Satellites

The advantages that can be offered by small satellites, primarily reduced cost and time of
development, are diminished when the access-to-orbit of these systems is considered.
Primarily, the absence of sufficiently small or inexpensive launch vehicles for the dedicated
delivery of small satellites to orbit represents a significant obstacle to such missions given
their typically smaller budgets and the relative cost of launch to their hardware development.
This issue is somewhat addressed by secondary payload launch opportunities, where satellite
operators can either share launch vehicle capacity through clustering or rideshare agreements,
or utilise excess capacity on a commissioned launch of a larger satellite, a practise termed
piggybacking [23, 24]. However, unless arranged through a sponsored launch programme, for
example the NASA CubeSat Launch Initiative (CSLI) and Educational Launch of Nanosatellites
(ELaNa), with provided or subsidised launch, the price of these secondary payload opportunities

is typically much greater than the specific cost, $ per kg, of the launch vehicle itself [3]. Whilst
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the cost of launch of small satellites may be disproportionate in comparison to larger payloads,
the use of secondary payload opportunities enables small payloads to achieve access-to-orbit at
a significantly lower total expense than a dedicated commissioned launch. A more complete
analysis of the current state of small satellite launch is presented in Appendix A.

Further issues with secondary payload opportunities include the lack of control on the des-
tination orbit of the vehicle and launch schedule, both controlled by the requirements of the
primary payload or as a compromise between the payload operators in the case of a rideshare
launch [25]. As a result, satellites launched as secondary payloads must therefore either be
agnostic to the destination orbit, flexible enough in design to operate in a variety of LEO envi-
ronments, or have the capability to individually manoeuvre into their required orbit. For some
missions, this flexibility or capability may not be feasible or may be too costly to embed in the
system design.

Additional restrictions on the launch of small satellites utilising secondary payload op-
portunities can include the requirement to be compatible with a certain class of deployment
mechanism, for example the P-POD, to reduce the level of certification required by the launch
provider. This can further constrain the mass and volume of the satellite and any provision
for deployable surfaces such as solar arrays or wireless communication antennae. Constraints
on volumes and pressures of stored propellant, nominally to protect the primary launch pay-
load [26], can also limit the capability of on-board propulsion systems, further restricting the
ability of the secondary payloads to manoeuvre into more suitable mission orbits. The use of
these standardised deployment mechanisms has however resulted in an increase in the number
of available secondary launch opportunities and therefore more timely access-to-orbit for these
payloads [27, 12, 19].

A number of new launch vehicles aiming to address the microsatellite and nanosatellite
launch capability gap are currently in varying stages of development. The payload capabil-
ity of these vehicles ranges from 12kg to 300kg with specific launch costs in the range of
current secondary payload opportunities. These vehicles will support the dedicated launch of
microsatellites and nanosatellites, avoiding the potentially mission critical issues related to sec-
ondary payload launch opportunities. The development of these vehicles is explored further in

Appendix A.
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2.2 Small Satellite Constellations

Constellations of satellites, on-orbit systems consisting of multiple spacecraft working together,
can be used to perform missions which could not be realised using a single satellite alone. The
primary advantages of these multi-satellite systems are enhanced coverage capability, multi-
point sensing, or decreased revisit time. Additional benefits can include more gradual degra-
dation of system performance on the occasion of individual satellite failures and survivability
due to the presence of a multitude of spread or dispersed on-orbit assets [28, 29].

Satellite constellations can be designed with a number of different configurations in order to
achieve specific coverage, revisit, or diversity requirements to perform different mission types.
Single-plane constellations, often termed string-of-pearls systems comprising of a number of
satellites orbiting in a common orbital plane, can achieve daily revisit times and are therefore
often specified for Earth observation missions.

Satellite constellations consisting of multiple orbital planes of satellites can be used to fur-
ther improve the revisit time of the system, provide a continuous level of coverage, or enable
different mission types which might require higher diversity, the number of satellites simulta-
neously visible from a given target area, or the the collection of distributed measurements or
observations. The most commonly used multi-plane constellations can be broadly categorised
as either star or delta configurations, both comprising of commonly inclined orbital planes and
coordinated placement of satellites within the planes. Various approaches to the design of
these constellations were developed, most notably using the streets-of-coverage approach first
demonstrated by Luders [30] and subsequently by Rider [31, 32] and the sub-satellite separa-
tion formulation by Walker [33] and Ballard [34] leading to the terms Walker delta, Walker
star, and Ballard rosette. Additional configurations consisting of mutually-perpendicular or-
bital planes or planes with differing inclinations may also be considered to satisfy particular
mission requirements [28].

The emergence of small satellite constellations began with the deployment of the Iridium,
Globalstar, and ORBCOMM commercial LEO communications systems during the 1990s and
2000s. Details of the mass and constellation configuration of these systems is presented in
Table 2.2. Constellations of small satellites have since also been successfully demonstrated in
remote sensing roles, for example the RapidEye, Disaster Monitoring Constellation (DMC),

and FORMOSAT-3/COSMIC missions.
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Table 2.2: Example small satellite constellations

Mass per
Constellation Satellite Orbit and Configuration
[kg]
.1 66 satellites, 6 planes, Walker star configuration
Tridium [35] 067 Alt: 780 km, Inc: 86.4°
Globalstar 36, 37] 450 48 satellites, 8 planes, Walker delta configuration

Alt: 1414 km, Inc: 52°

35 satellites total
Planes A-C: 8 satellites ea, Alt: 815km, Inc: 45°

g?%)gol%[]M 40-45 Plane D: 7 satellites, Alt: 815km, Inc: 45°
T Plane F: 2 satellites, Alt: 740 km, Inc: 70°
Plane G: 2 satellites, Alt: 875km, Inc: 108°
5 satellites
RapidEye [41] 150  Single plane string-of-pearls configuration
620 km SSO
1G: 98166 1G: 5 satellites, single plane configuration
DMC [42] 2G: 87-970 2G: 4 satellites, single plane configuration
' 660 km to 710 km SSO
FORMOSAT- 6 satellites, 6 planes

61 Modified walker delta (180° spread in RAAN)

3/COSMIC [43] Alt: 800 km, Inc: 72°

This demonstration of capability by small satellite constellations has recently resulted in the
proposition and development of larger constellations of smaller satellites, enabled primarily due
to the typically lower cost of satellite development and manufacture. With increased numbers
of satellites on-orbit, these systems can enable missions which require many simultaneous and
distributed measurements, allowing the study of dynamic physical phenomena [44, 45]. Other
benefits of these larger constellations can include increased temporal resolution or further re-
duced revisit times, increased diversity, and reduced impact on operations on the occasion of
individual satellite failures.

Two such examples of this new generation of constellations are the Earth imaging systems
of Planet Labs [46], ~5kg satellites, and Skybox Imaging [47], ~120 kg satellites, which are
currently being developed and launched. A variety of novel missions demonstrating the capa-

bility and flexibility of constellations of small satellites have also been proposed, for example in
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meteorology; climate-science; atmospheric, magnetospheric, and ionospheric measurement and
observation; and gravity and other Earth science [48, 2, 49, 44, 1, 50, 51].

Distributed systems or constellations of small satellites systems have also been proposed as
a direct alternative or replacement for constellations of larger satellites. A greater number of
smaller satellites, given a different distribution, may be able to achieve a shorter revisit time
than fewer large satellites thereby producing data of potentially higher value. An example study
by Tsitas and Kingston [52] proposes a constellation of 35 8kg satellites distributed between
7 orbital planes to replace the five ~150kg satellite RapidEye constellation. By comparison
of the cost per bit of data downlinked, the authors conclude that for approximately the same
total mission cost, including launch, and similar image resolution, the proposed nanosatellite
constellation could achieve a higher temporal resolution of data than the existing RapidEye
constellation.

A specific area of current development within the US Department of Defense (DoD) is
the use of multiple small satellites to perform highly responsive communications and Earth
observation operations for ground based military forces. The SMDC-ONE [53, 54] beyond-
line-of-sight communications system and Kestrel Eye [55] and SeeMe [56] space-based imagery
satellites are currently in development with a view to demonstrating the capability of small
satellites in these roles.

Looking further forward, studies investigating the longer-term development and evolution
of small satellites have identified new roles and mission concepts for these systems beyond
Earth orbit [57, 58]. Example applications include communication and observation systems to
support exploration of celestial bodies, constellations to observe heliophysics phenomena, and
formations or systems for investigating or observing deep-space astrophysics.

Further miniaturisation of small satellites has also been predicted, exemplified by the specifi-
cation of PocketQubes (5 cm cubes) [57] and the development of even smaller satellite-on-a-PCB
and satellite-on-a-chip systems, payloads in the picosatellite or femtosatellite classes based on a
single Printed Circuit Board (PCB) or System on a Chip (SoC) architecture [44, 49, 59]. These
systems have the potential to enable missions requiring hundreds to thousands of real-time and
distributed measurements or observations, but will be significantly constrained by technical lim-
itations such as power capability, attitude determination and control, and maximum antenna
or sensor size, for example aperture size for Earth imaging. [44]. An appreciation of the impact

of the presence of such large numbers of uncontrolled objects on the space environment is also
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required to mitigate issues with orbital debris. The lifetime and operation of these systems,

particularly in well-used and valuable Earth orbits must therefore be carefully considered.

2.2.1 Launch of Small Satellite Constellations

Traditionally, constellations of large satellites are typically populated through many launches,
one or more per orbital plane, or even one per satellite. However, due to the prohibitive cost
of launch in comparison to the development cost of smaller satellites, launch in this manner is
generally not economically viable for small satellite constellations.

During the development of the first minisatellite and microsatellite communications con-
stellations in LEO, multiple-manifesting of the satellites became critical in order to reduce the
total cost of launch. A notable example was the Iridium constellation which used 3 different
launch vehicles to deliver the payloads to orbit: 5 satellites on each Delta II launch, 7 satellites
on each Proton launch, and 2 satellites on each Long March 2C/SD launch [35]. Similarly, up
to 8 satellites were manifested on each launch of a Pegasus-XL. HAPS vehicle to deploy each
plane of the ORBCOMM constellation [39]. Following delivery of the payloads to initial parking
orbits by the launch vehicle, propulsive manoeuvres were performed in order to compensate for
any insertion error and to transfer the individual satellites into their required mission orbits.

The launch of the complete set of payloads comprising a constellation as a cluster on a
single launch vehicle can provide the most affordable access-to-orbit for constellations for small
satellites. For example, the RapidEye constellation of five 150 kg satellites was launched on a
single Dnepr launch vehicle in 2008 [45, 60] and the FORMOSAT-3/COSMIC mission consisting
of five 61 kg satellites was launched on an Orbital Sciences’ Minotaur I vehicle in 2006 [43].

For smaller systems however, the lack of sufficiently small launch vehicles currently presents
a significant financial obstacle to their launch using single or multiple dedicated cluster launches.
The emergence of new small launch vehicles, explored in detail in Appendix A, may provide
new support for the cluster launch of small satellite constellations, primarily in the nanosatellite
and picosatellite classes.

Currently, the use of a single or multiple secondary payload opportunities can present the
most economical means of launch for nanosatellites and picosatellite constellations. However,
the destination orbits of multiple available launch opportunities are unlikely to coincide with the
required orbits for the constellation mission, thus requiring propulsive manoeuvres to achieve

the correct deployment. This lack of control of the schedule of multiple secondary payload



o0 CHAPTER 2. A REVIEW OF SMALL SATELLITES AND CONSTELLATIONS

launches may also be detrimental to the set-up of constellation, particularly for constellations
operating in the low-altitude, high-drag regimes, presenting significant risks to the potential
success of the mission. These issues may be further compounded by the necessity to comply with
secondary payload launch regulations, discussed previously in Section 2.1.2, and requirements
to maintain the low cost of platform development and manufacture. As a result, payloads in
the nanosatellite and picosatellite classes generally have limited capability to manoeuvre into
coordinated mission orbits.

The launch of a very small satellite constellation, the Planet Labs Flock constellation, has
achieved orbit by both manifestation on Commercial Resupply Services (CRS) launches to
the International Space Station (ISS) and subsequent deployment from the Kibo module and
deployment as secondary payloads from a Dnepr launch into a higher altitude orbit [46]. Thus
far, the satellites launched have not been coordinated into a fixed constellation beyond simple
in-plane phasing using differential drag techniques. This is primarily due to the launch cadence
of the CRS missions and the short lifetime in orbit of satellites deployed from the ISS due to

atmospheric drag such that the constellation is unable to be built up.

2.2.2 Deployment Methods for Small Satellite Constellations

Whilst the use of cluster or secondary payload launch methods can support the more economical
delivery of small satellite constellations to orbit, the transfer of the individual payloads from
the injection orbit to their planned mission orbits must then also be considered.

For some swarm or cluster systems the basic requirement of deployment may only be the es-
tablishment of a stable collision-free formation. In these cases, payloads without any individual
propulsion system can be deployed by a manoeuvring or rotating launch vehicle upper-stage
equipped with a multi-payload dispenser. Planned separation schemes can be used to ensure
collision-free deployments and generate initial satellite separation distances [61]. For other
formation flying or fractionated systems of satellites the payloads may require the ability to
perform on-orbit reconfigurations or maintenance of relative inter-satellite positioning or dis-
tances. Individual propulsion systems may therefore be required to perform the necessary
station-keeping or reconfiguration manoeuvres [49].

In the case of more traditional constellations, where orbital planes with significantly dif-
ferent RAAN or inclination are required, the deployment of the satellites is typically achieved

using multiple launch vehicles and propulsive manoeuvres. For example, the bulk of the first
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ORBCOMM constellation was launched using Pegasus-XL vehicles, each used to deliver up to
eight satellites into one of the prescribed orbital planes [40]. Alternative deployment strategies
which can enable the use of fewer launches or significantly reduce the propulsive requirements

of the individual satellites have also been developed and are reviewed in the following sections.

Direct Orbital Transfer

The method of direct orbital transfer involves the use of propulsive manoeuvres to transfer
the payloads from the launcher injection orbit into the required mission orbits. In-plane trans-
fers may be required to correct for launch vehicle insertion errors or to perform orbit raising
manoeuvres to enter the correct mission orbit. Furthermore, if transfer to planes of different
RAAN or inclination is required, significant propulsive capability is needed to provide the AV
for out-of-plane manoeuvres. The AV for such manoeuvres can be determined by calculating
the difference between the initial and final orbital velocity vectors at their point(s) of intersec-
tion. For the case where the magnitude of velocity is equal in the initial and final orbits, ie two
orbits of similar size, the AV can be expressed by Eqn. (2.1), where V] is the velocity in the

initial orbit and 6 is the required plane change.

AV =2V, sing (2.1)

1.8 1
1.6 1
1.4
1.2

c1

AV IV

0.8 1
0.6
0.4 4
0.2 1

0 T T T T T T T T 1
0 20 40 60 80 100 120 140 160 180
Plane Change Angle, 6 [degrees]

Figure 2.2: Variation of AV with rotation angle for direct orbital plane change.



52 CHAPTER 2. A REVIEW OF SMALL SATELLITES AND CONSTELLATIONS

As indicated in Figure 2.2, the AV required for direct plane changes manoeuvres is signifi-
cant, resulting in high propellant expenditure [62]. For a circular orbit, a direct plane-change
of 60° requires a AV equal to the magnitude of the orbital velocity itself.

The use of a manoeuvring launch vehicle upper-stage or one or more orbital transfer vehicles
can be used to transport the satellites to the correct orbits. However, the total AV required
to perform the deployment cannot be mitigated in these cases as the same number or more
propulsive manoeuvres are required of the transfer vehicle. The benefit of transfer vehicle
use is the elimination or minimisation of individual propulsion systems on each spacecraft
platform, allowing for reduced mass and complexity. The transfer vehicle itself may also benefit
from economies of scale as a common propulsion system serving a number of satellites is less
constrained by mass and volume. Some propulsion technologies which are not suitable for
individual small satellite platforms may also become viable due to the larger mass, volume, and
power of the system.

The proposed Surrey Small-Satellite Transfer Vehicle (S3TV) is an example vehicle of this
type, utilising a restartable hybrid rocket motor to deploy groups of nanosatellites into their
required orbits [63, 64]. The design of these vehicles is complex, either requiring bespoke
specification for each mission or flexibility to accommodate various launch vehicles and payloads.
The necessity for highly capable and restartable propulsion is also challenging whilst minimising
mass to reduce launch costs. As a result, the development of multi-payload transfer vehicles

has been limited with no such systems demonstrated in orbit thus far.

Indirect Plane Separation

A method of constellation deployment using natural orbital perturbations to separate orbits
in RAAN was patented in 1993 by King and Beidleman [65]. The method, rather than using
costly direct out-of-plane manoeuvres, utilises coplanar manoeuvres to leverage the natural
effect of nodal precession caused by the non-spherical geopotential of the Earth. Earth orbits
with different size, shape, or orientation precess at different rates, allowing plane separations in
RAAN to be achieved without direct out-of-plane manoeuvring. Equation (2.2) [28] expresses
the rate of nodal precession of an Earth orbit as a function of semi-major axis a, eccentricity
e, and inclination i:

QJZ = ——Jy——"——ncosi (2.2)
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where Rp is the radius of the Earth, J; the second degree Earth zonal harmonic, and n the
mean motion of the orbit.

The use of this method for the deployment of a constellation from a common insertion orbit
initially requires an in-plane manoeuvre of a satellite into an orbit which has a different rate of
nodal precession. A drift period is then required whilst the orbital planes precess at different
rates until the correct angular separation is achieved. The satellite can then be returned to the
initial orbit, again using an in-plane manoeuvre, fixing the developed angle of plane separation.
This process can then be repeated by the remaining satellites in the initial orbit for all required
planes in the constellation.

The drift time required for such a deployment, Eqn. (2.3) is dependent on the required
angular separation between the two planes 0., and the differential drift rate between the

initial and modified orbits, described by Eqn. (2.4).

0
tarift = —== 2.3
it = AQ, (2.3)
(AQJ2)1~>2 - (QJ2)1 B (QJ2)2
3 Rg® .3 Rgp® .
= —§J2mn1 Ccos1?1 + §J2mn2 COS 72 (24)

Due to the requirement of a difference in semi-major axis, eccentricity, or inclination between
the two orbits, the drift time is limited by the propulsive capability of the transferring satellite.
The relationship between time for a fixed plane separation or 60° and propulsive capability
(AV) required to perform a simple in-plane transfer is shown in Figure 2.3. For modest AV
expenditures, drift periods for the deployment of a complete constellation can be expected to
be on the order of several months to years.

The deployment of multiple-satellites into each orbital plane can be facilitated by manifesting
the payloads on carrier vehicles, termed pallets by King and Beidleman [65]. These carrier
vehicles, each equipped with a centralised propulsion system, can perform the required coplanar
manoeuvres and drift procedure to enter the correct orbital plane before releasing the individual
satellites. Finally, the satellites on each pallet can be distributed about the orbit in each plane.

This can be achieved using in-plane deployment strategies discussed later in Section 2.2.2.



54 CHAPTER 2. A REVIEW OF SMALL SATELLITES AND CONSTELLATIONS

0 deg 30 deg 45 deg 63.43 deg

-
o
w
|

One Year
Three Years
Four Years

Ji

(N}

\

L L L B 1T L L L L T T
200 400 600 800 1000 1200 1400 1600 1800
Drift Time for Fixed Plane Separation [days]

Delta-V for In-Plane Manoeuvre [m/s]
o =)
|

o

Figure 2.3: AV with drift time for a required plane separation of 60° at varying inclinations.

Thus far, the FORMOSAT-3/COSMIC mission [43, 66] is the best example of constellation
deployment using nodal precession to separate planes in RAAN. The mission consisted of six
satellites each be separated into a different plane spaced at intervals 30° (initially designed
for 24° separation). The satellites were initially launched together into a near-circular orbit
of 6893 km, before being sequentially raised into their mission orbit with a final semi-major
axis of 7178km. An estimated AV of 147ms~! was required by each satellite, provided by
multiple thrust-burns of the Hydrazine monopropellant propulsion subsystem. This resulted
in a estimated propellant mass of 4.6 kg per satellite [43]. This is significantly less than the
propulsive requirements which can be calculated for a direct plane change of 30° at a semi-major
axis of 7178 km. For a similar propulsion system with a specific impulse of 200, a propellant
mass of 46.8 kg is required to produce the necessary AV of 3.86 kms~! for a direct plane change
manoeuvre. As a result, a much smaller propulsion subsystem and less complex attitude control
system could be specified on each FORMOSAT-3/COSMIC spacecraft. Further more, due to
the reduction in required propellant and propulsion system mass, the use of this deployment
procedure enabled the launch of all six satellites on a single Orbital Sciences Minotaur I launch
vehicle.

Whilst this method can eliminate the necessity for out-of-plane manoeuvres, a tradeoff
between drift time and magnitude of in-plane manoeuvres must be considered. For large sep-
aration angles and low AV systems, the drift time for full deployment may be on the order
of years. For the deployment of small satellite constellations in LEO, especially with very low
mission altitudes, orbital drag may cause decay of one or more satellites before the constellation

can be fully deployed.
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The use of deployment strategies utilising differential nodal precession has also been pro-
posed for the deployment of novel constellation types such as a moderately elliptical flower

constellation, the FLORAD mission [67].

Lunar L1

An alternative method for the deployment of a complete satellite constellation, utilising the
Earth-Moon L; Lagrange Point (EML-1), was hypothesised by Chase et al. [68], and subse-
quently developed by Nadoushan and Novinzadeh [69].

EML-1 is the point in space directly between the Earth and Moon at which the gravitational
pull of the two bodies is in equilibrium. About this point a halo or Lissajous orbit requiring
minimal station-keeping manoeuvres can be maintained, requiring on the order of 10ms~!
to 200ms~! AV per year [70, 71]. In this method of constellation deployment, the satellites
destined for each orbital plane in the constellation are manifested on a series of carrier vehicles
and launched together to EML-1. The carrier vehicles are then inserted into orbit about EML-
1 and individually returned to Earth orbit on prescribed trajectories to achieve the required
inclination (up to 60°) and ascending node. The use of an aerocapture or aerobraking manoeuvre
is also proposed by Chase et al. [68] in order to reduce the propulsive requirement of reinsertion
of the carrier-vehicles into Earth orbit. The individual satellites can then deployed in each
plane from the carrier-vehicles using individual propulsion systems or other phasing methods
discussed in Section 2.2.2.

The propulsive requirements of this method initially involve either direct launch to EML-1
(Characteristic Energy, C3 = —2.4km?s~2) or transfer from LEO to EML-1, requiring a AV
of approximately 3.77kms™!. The subsequent manoeuvres of the carrier vehicles are transfer
into and ejection from the halo orbit at EML-1, each in the range of 600ms™' to 800ms~!,
and recircularisation of the Earth orbit following aerocapture, between 100ms~"' to 200ms—!
[68, 69].

The preliminary feasibility and systems analysis performed by Chase et al. [68] indicates that
significant savings on launch cost can be made through the use of this mission architecture over
traditional deployment methods. These savings are primarily achieved through fewer launches

of larger and more cost-efficient launch vehicles. Furthermore, Nadoushan and Novinzadeh [69]

demonstrate that the deployment of a constellation by this method is can be performed in a
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significantly shorter period of time in comparison to the indirect method of deployment utilising
nodal precession.

However, whilst the basic feasibility of this method has been established, further devel-
opment of the Halo or Lissajous orbit dynamics, LEO return trajectories, and aerocapture
manoeuvre is required. The development of suitable carrier vehicles to enable this method is
also a significant challenge due to the capability of propulsion system needed and requirement
to protect the payloads from atmospheric heating when performing the aerocapture manoeu-
vre. The uncertainty in the cost of the development and production of the satellites and carrier
vehicles is therefore high. A more detailed system analysis is required in order to evaluate the

true benefit of this launch and deployment strategy.

In-Plane Separation

In many constellation systems, payload deployment in the form of spacing of satellites in a
single orbital plane is required, creating either a string-of-pearls formation or equispacing of the
payloads about the orbital plane. Classically, to achieve these distributions the satellites are
released from the launch vehicle and perform simple phasing manoeuvres to reach the correct
orbital position. However, for satellites with lower AV capabilities, alternative strategies have
been developed. A method presented by Sorensen et al. [72] proposes the use of a carrier vehicle
which transfers in and out of a phasing orbit, deploying the individual satellites into the mission
orbit as the required separations are achieved. The benefits of using these carrier vehicles are
broadly the same as those identified for orbital transfer vehicles discussed previously, though
the scaling of propulsion systems required may be less due to reduced AV requirements for only
in-plane manoeuvring.

Puig-Suari et al. [73] discuss the deployment of CubeSats about a single plane using differen-
tial spring energy deployment from a P-POD style dispenser. Whilst the analysis demonstrates
that the required separations can be achieved using only spring deployment, minor propulsive
manoeuvres are required by each satellite in order to freeze the in-plane drift between payloads
and prevent degradation of the separation pattern. The time to achieve an evenly distributed
separation of satellites in this manner is dependent on the orbital altitude and the differen-
tial spring energies. For typical CubeSat deployment mechanisms the velocity provided by the
separation springs is typically in the range 0.1ms~! to 2ms™! [73, 74, 18, 75] resulting in a

deployment time on the order of weeks to months.
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Differential drag can also be used in order to distribute the satellites out within a plane, as
demonstrated by the AeroCube-4 mission [76] and Planet Labs Flock 1 constellation [46] and
proposed for use on the NASA CYGNSS mission due for launch in 2016 [77]. These systems
use attitude control techniques and deployable surfaces to alter the drag area of the satellites
and therefore the rate of orbital decay to achieve minor alterations in semi-major axis. As
the affected orbits will have slightly different periods, the satellites will drift apart and achieve
in-track angular separations over time. These separations can then be fixed by bringing all the
satellites to a common orbit with the same semi-major axis and period.

Whilst in-track separations can be achieved using this method, the use of increased drag
configurations required to perform the manoeuvres results in faster decay of the satellites in
the orbit. The use of these manoeuvres and their effect on the lifetime of the constellation in
orbit therefore requires management [78]. Furthermore, to enable the correct control of drag
configuration and separation between the satellites, accurate orbital position and attitude de-
termination and control subsystems are needed which may contribute to the already constrained

mass, volume, and power requirements.
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2.3 Design of Small Satellite Constellations

The conceptual design of modern aerospace vehicles or systems is typically described as a
complex and multidisciplinary problem. To enable the system designer to to make informed
design decisions in this complex environment, analysis tools and methodologies are used which
allow the designer to quickly and effectively explore the design-space for appropriate solutions.
This process can be either applied to a singular contributing analysis or in the case of an
integrated or distributed design environment, a complete multidisciplinary system.

The system design of constellations or distributed systems of satellites is an example of a
complex aerospace system, characterised by the involvement of mutually-dependant variables
and multiple, often conflicting design objectives. A simplified representation of the traditional
satellite constellation design problem, presented by Budianto and Olds [5], is shown in Fig-
ure 2.4. The Design Structure Matrix (DSM) shown indicates the interdependency of system
variables on the different disciplinary design analyses, represented by the lines and nodes on the
diagram. Due to the presence of both upstream and downstream variables tradeoffs between

the different design analyses may be required, possibly requiring an iterative design procedure.

CONFIGURATION n
& ORBIT DESIGN Altitude Altitude Total # Satellites
Inclination
# Planes
# Satellites per Plane
SPACECRAFT u
Sensor Nadir Angle DESIGN Satellite Mass RDT&E Cost
or Min. Elev. Angle TFU Cost
LAUNCH
Launch Vehicle MANIFEST Total Launch Cost
Availability
COST THROUGH
DEPLOYMENT

Figure 2.4: Simplified DSM of the traditional satellite constellation design process [5].

To solve this multidisciplinary problem of satellite constellation or distributed system design,
a number of different methods which address the process of system-level design have been
developed, of which the launch, deployment, and set-up strategy typically forms one of the

contributing analyses. Due to the specific requirements of small satellites, methods which are
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specifically designed for analysis of the deployment of constellations of these payloads have
also been developed. In the following sections, a review of these methods and approaches is

presented.

2.3.1 System-Level Design of Satellite Constellations

Initial attempts at system level design for constellations of satellites were implemented at the Jet
Propulsion Laboratory (JPL) Project Design Center [79] and Aerospace Corporation’s Concept
Design Center (CDC) [80] where relevant disciplinary experts are brought together to work col-
laboratively through a real-time iterative process coordinated by a system-level designer. Whilst
these processes, generally termed Integrated Concurrent Engineering (ICE), have demonstrated
significant cost and time savings during the conceptual design phase, due to the lack of organ-
ised search method there is no guarantee that the design-space will be properly explored, or
that improved or optimal solutions will be found [81].

The design optimisation of space systems has been investigated by a number of authors,
and a variety of different techniques applied. The design process of these systems is typically
multidisciplinary, requiring a number of disciplinary analyses which may share common design
variables. In the case of multidisciplinary problems an optimisation framework or architecture
is used in order to coordinate the interactions between the individual disciplinary analyses.

Jilla and Miller [6] developed and applied a multiobjective Multidisciplinary Design Optimi-
sation (MDO) methodology to the conceptual design of a Distributed Satellite System (DSS).
This method utilises the Generalised Information Network Analysis (GINA) model, based on
previous work by Shaw et al. [82], in which satellite systems can be represented as information
transfer networks rather than physical systems, allowing different architectures to be compared
using a common set of quantitative metrics. The MDO methodology, proposed by Jilla and
Miller [6], enables the exploration of very large design-spaces using a system-level heuristic
optimisation technique to identify better system architectures. A range of different analysis
modules were developed and implemented using the GINA method based on the specifics of
the DSS type being investigated. In the example provided by Jilla [83] of a broadband commu-
nications system, the analysis modules included were: orbital dynamics, market analysis; link
budget; payload and spacecraft bus; launch and operations; and the systems analysis.

The GINA methodology has also been developed into the Multi-Attribute Tradespace Ex-

ploration with Concurrent Design (MATE-CON) framework by Diller [84] and Ross [85], which
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incorporates design-space exploration of system architectures, the use of multi-attribute utility
theory to measure the system performance and capture the preferences of decision makers, and
methods based on ICE to perform design-level analysis of the system. The Multi-Attribute
Tradespace Exploration (MATE) methodology has since been applied to the design of a system
consisting of 1 to 2 independent space vehicles (X-TOS mission) [7] and a swarm of satellites
consisting of a central ‘mother’ spacecraft and many ‘daughter’ satellites (B-TOS mission) [86].

An alternative method, presented by Budianto and Olds [5], utilises a Collaborative Optimi-
sation (CO) approach to coordinate a distributed system analysis architecture. In this method,
a system level optimiser is used to direct the optimisation processes at the disciplinary analysis
level. In the implemented method, three sub-analysis modules are considered: configuration and
orbit design; spacecraft design; and launch manifest. Simplifications of the analysis modules
included the consideration of walker constellations only, such that orbital perturbations could
be neglected and the limited appreciation for deployment of the system where the satellites are
launched directly into their designated plane thus neglecting other deployment methods. In
each subspace, different optimisation techniques were used based on the variables present and
the analysis required.

However, whilst each of these approaches has demonstrated some success in improving the
problem of constellation or distributed satellite system design, in each case the deployment of
constellations has been limited to only the traditional consideration of cluster or individual
launch of satellites and is constrained to the manifesting of the payloads on a set of available
launch vehicles. As discussed previously in Section 2.2.2, the design of a launch and deployment
strategy for small satellite constellations requires consideration of the alternative methods of
deployment, the required propulsive manoeuvres, orbital decay, and the time required to per-
form the deployment procedure. Thus far, the development of an analysis method which is
capable of considering these small satellite specific characteristics has yet to be studied and

integrated with the other aspects of the mission and system design process.

2.3.2 Analysis of Small Satellite Constellation Deployment

The Orion or focuscn software tool [87], developed by GMV and ESA, is a life-cycle constellation
mission analysis tool. The tool comprises of a number of analysis modules: initial constellation
design, optimisation, and performance; constellation launch and set-up; replacement and spare

strategy; and end-of-life strategy. The constellation launch and set-up module contains a launch
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vehicle and site selection algorithm, and evaluation of constellation set-up through satellite in-
jection and transfer strategies, including consideration for both direct impulsive and indirect
orbital transfer strategies [88]. The deployment analysis however, is limited to satellites with
individual propulsion systems and the consideration of atmospheric drag effects is neglected
during the drift segment of the indirect plane-change manoeuvre. Thus, the tool is unable to
perform the analysis of small satellite deployment using carrier vehicles or for individual small
satellites with low propulsive capability in very LEO environments. Furthermore, whilst opti-
misation for minimum transfer AV can be performed, the tool does not provide the capability
to integrate this information with the wider design process or perform the exploration of the
different system design options. Investigation of different deployment strategies and their effect
on the system-level design of the constellation is therefore not supported.

A tool for the visualisation and analysis of multiple small satellite deployment from a single
launch vehicle has been developed by Bridges et al. [61]. SatLauncher utilises the Hill-Clohessy-
Wiltshire (HCW) and polar-relative equations of motion to propagate a set of satellites following
deployment from a launch vehicle. The calculated motion can then be analysed for collisions
and separation of the satellites over time. The tool is of particular interest for the deployment
of stable formations, clusters, or swarms of small and non-manoeuvring satellites. However, due
to the absence of orbital perturbations, primarily atmospheric drag and geopotential effects,
the tool is limited to the accurate analysis of the motion of a satellite formation whilst separa-
tion distances remain small, and is thus inappropriate for the analysis of globally distributed
constellation missions.

The analysis of staged communication constellation build-up is considered by de Weck et al.
[89]. The progressive deployment of a constellation is proposed to reduce the economic risk of
large systems whilst enabling the system capability to be increased when required. In order to
plan the staged deployment, feasible paths of constellation architectures are identified which
have increasing levels of system capacity and can be achieved by the launch of additional satel-
lites and reconfiguration of the existing in-orbit assets. Whilst suitable for large communication
constellations which can have system-capacity requirements which grow with the number of ser-
vice users, the use of staged-deployment is less suitable for small satellite constellations which
may have short lifetimes in LEO and are typically launched together using secondary launch

opportunities.
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The assembly of constellations of small satellites using multiple rideshare or piggyback
launch opportunities is investigated by Marinan et al. [90] and Gangestad et al. [91]. The launch
of these ad hoc constellations is approached by launching one or two satellites on each available
rideshare opportunity, comparing the global and US only (with and without ISS re-supply
mission) manifests. The results of the study by Marinan et al. [90] indicate that deployment
using global rideshare launch opportunities can produce constellations with competitive revisit
properties to similarly sized Walker constellations, but for percent coverage and response time
were found to be inferior. An evolutionary algorithm was also implemented by Gangestad et al.
[91] to explore the benefit of selecting different combinations of rideshare opportunities. In
each case, the maximum, 95-percentile, and average global revisit time of the constellation and
number of satellites launched was used to indicate the performance of the constellation. The
results of this study indicated that rideshare-initiated constellations can be used to achieve
competitive revisit metrics, but at the expense of a greater number of satellites than would be
required for a comparable symmetric Walker-type constellation.

Methods for achieving required in-plane deployment and separations of satellites were dis-
cussed previously in Section 2.2.2. However, whilst the mechanisms for achieving these separa-
tions using host carrier vehicles, differential spring energies, and differential drag are described
by Sorensen et al. [72], Puig-Suari et al. [73], and Li and Mason [78] respectively, corresponding
methods for exploring these different strategies have not yet been developed. A means of es-
tablishing the effect on the system design and performance of these methods and their varying

implementation has therefore not yet been studied.






Chapter 3

Research Aim and Methodology

Significant advancements in small satellites and enabling technologies have recently been made,
enabling these systems to perform a variety of new and valuable missions previously served
exclusively by larger satellites. Whilst interest in the use of small satellites in constellations has
also grown, particularly to realise multi-point sensing and responsive Earth observation needs,
the establishment of these systems in LEO is currently restricted by the availability of affordable
and dedicated launch opportunities for small satellites. Furthermore, due to mass, volume, and
complexity constraints to maintain low development costs and time, small satellites are also
limited in their capability to perform high-AV manoeuvres, restricting their ability to transfer
into a required orbit following launch. The use of more economical cluster launch or secondary
payload opportunities for delivery of constellations of small satellites to orbit is therefore limited
by the orbital configuration of the system and the ability of the payloads to perform the more
costly plane-change manoeuvres.

A number of strategies for the deployment of small satellite constellations have been pro-
posed which can facilitate the establishment of these systems in orbit. A brief summary of
these methods and their key characteristics was presented in Table 2.3. The use of nodal pre-
cession and indirect plane separation currently appears to be the most feasible method for the
deployment of a complete small satellite constellation, particularly for very small payloads in
the nanosatellite and picosatellite classes. Deployment of a constellation using this method has
the capability to significantly reduce the propulsive requirements of the individual satellites,

but at the expense of the time needed to implement the strategy.
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The examination of existing literature presented in Section 2.3 indicates that little atten-
tion has yet been given to the analysis of small satellite constellation deployment, particularly
the novel methods identified in Section 2.2.2, capable of deploying constellations using fewer
launches. Furthermore, design methodologies are not equipped to consider these alternative
strategies and the effect that their use may have on the overall system design. Currently, the
development of a deployment strategy for small satellite constellations is performed on an ad
hoc basis and often a priori without complete analysis. The deficiencies in current design meth-
ods and the need to develop a means by which the deployment of small satellite constellations
can be suitably considered during the design process have lead to the research aim presented
in this thesis.

In this chapter the overall aim of this research is presented and broken down into a set of
research questions and corresponding hypotheses which form key steps in the development of
the proposed methodology. Finally, the proposed methodology and a means of demonstration

by implementation are presented.

3.1 Research Aim

The primary goal of this research is the development of a methodology to improve the current
practice of small satellite constellation deployment design during the system-level conceptual
design phase. In order to achieve this aim, integration of an analysis method for deployment
strategy design into the system design process for satellite constellation missions is required. In
addition, a means of using such an integrated design process to inform the system design team
about the trades between different deployment strategy implementations is required, thereby
enabling the identification of more effective design architectures or overall better system designs.

Finally, in order to support the demonstration of the developed methodology, a means
of performing the system-level analysis of satellite constellation deployment is required. In
particular, methods of deployment strategy analysis for small satellite constellations in LEO
using a single launch event or secondary payload launch opportunities were found to be poorly

addressed in the literature review.
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3.2 Research Questions

In order to achieve the overall research aim it is useful to ask a series of research questions.
Each research question posed addresses a specific area of interest requiring development which
was identified in the background and literature review. The solutions to the research questions

form key steps in the development of the overall methodology.

Research Question I: How can the consideration of deployment strategies be integrated into
the design process for satellite constellation missions?

As identified in the literature review, current design methods for satellite constellations
do not include adequate analysis of the deployment of these systems. Critically, due to the
use of secondary payload launch opportunities and the lower propulsive capability of small
satellites, the selection of deployment strategy for these constellations can have a significant
effect on the overall system design, requiring a greater level of attention than that of traditional
constellations. Improvement to the design process therefore requires a means of considering the
deployment of the constellation concurrently with these other aspects of the mission during the
design process, especially for constellations of small satellites.

This question therefore addresses the integration of deployment strategy design and analysis
for these systems with the other contributing analyses in the design process. In order to perform
this integration, the input and output information required by each contributing analysis must
be considered. An analysis framework is typically used to provide structure for the different
elements of the design process and define a network for information exchange to take place.
Through an organised design process of this type, the contributing analyses can interact with

each other, enabling the development of a system-level design.

Research Question II: Can an analysis method be created for the deployment of small satel-
lite constellations?

In order to enable the design of small satellite constellation missions the development of an
analysis method for the deployment of such systems is required. For traditional satellite con-
stellations deployment is typically performed using multiple launch vehicles and direct orbital
transfers. Contrastingly, constellations of small satellites are generally launched using a single
vehicle or secondary payload opportunities. However, due to reduced propulsive capability the

use of direct plane change manoeuvres for deployment of these systems is not generally feasible.
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Thus, an understanding and assessment of the alternative methods for launch and deployment
of small satellite constellations is required before a suitable analysis method can be developed.

The primary requirement of such an analysis method is to establish the feasibility of design
points of interest and to enable assessment of the system performance and output objectives.
Additional system parameters may also need to be considered and used as inputs to other
contributing analyses, possibly in an iterative process, to ensure that a system-level design can
be generated and is feasible. Consideration of the orbital environment in which the satellite
constellation will be operated will also be required to ensure that the correct behaviour of
the system can be represented. Finally, due to the rate of technology development which
can be associated with small satellites, any developed method should consider the capability
to integrate new subsystem technologies which may have a significant effect on the output
objective space.

If such an analysis method can be developed, the effects of a deployment strategy on the
system level design of a satellite constellation can be examined quantitatively with respect to
the chosen objective parameters. Moreover, such an analysis can enable the investigation and
comparison of different designs for the deployment of small satellite constellations, thus enabling

more informed decision making and the selection of better deployment strategies.

Research Question III: Can the integration of an analysis method for deployment be used
to generate improved designs or improve the design process for small satellite constellations?

In order to enable an improvement the process for small satellite constellation mission design,
the implementation of different constellation deployment strategies and their effect on other
aspects of the system design or overall system performance must be explored in a structured
manner. This process, typically termed design-space exploration, can increase the information
and knowledge available to the system design team and enable the identification of more effective
design architectures or support the selection of better overall system designs.

Using a system model or analysis method, design-space exploration enables either the full
enumeration of a design-space or the intelligent searching of the design-space for an optimal
solution or set of equally optimal solutions. This information can then be used to influence
other aspects of the system design.

The selection of a suitable design-space exploration method is required in order to enable
the effective search of different design variable combinations for an optimal solution or set

of solutions reflecting the best deployment strategy design. Due to the possible number of
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contributing factors to the deployment analysis method, the design-space may be large, possibly
too big to perform a full enumeration of all design vectors. The method of exploration must
therefore also be able to efficiently search the full extent of the design-space.

Selection of an appropriate design-space exploration method also requires an understanding
of the output space of the analysis method. If multiple conflicting objectives are present then
either a priori preference information is required to generate an single Overall Evaluation Cri-
terion (OEC) or a multiobjective method of design-space exploration is required. If multiple
conflicting objectives are present the design-space exploration will result in the generation of a

set of equally optimal solutions, a Pareto set, rather than a single optimal solution.

3.3 Hypotheses

The following hypotheses are posed in response to the above research questions, forming the

basis of the proposed methodology for the analysis of small satellite constellation deployment.

Hypothesis I: The deployment of small satellite constellations can be integrated as an indi-
vidual contributing analysis in a framework for small satellite constellation design.

Consideration of the deployment of small satellite constellations during their design is re-
quired due to the particular constraints of small satellite design and the current paradigm of
their launch to orbit. However, in order to aid the selection of improved system designs, the
analysis of deployment should be integrated with the other aspects of the small satellite con-
stellation. Thus, it is proposed that the analysis of deployment is presented as an contributing
analysis in the design process for small satellite constellation design.

The integration of this analysis module into a design framework provides a more complete
exploration of the components of the constellation mission which contribute to the development
of the overall system design, and thus enables the identification and selection of better system
solutions.

An example of the resulting framework for small satellite constellation design, incorporat-
ing an analysis for the deployment of the constellation, is presented in Figure 3.1 as a Design
Structure Matrix (DSM). The other modules present in this example indicate the the major
contributing analyses which are typically considered during the design of satellite constellations.
However, additional analysis modules may be required to evaluate mission specific parameters

or to enable the evaluation of additional output objectives which are of interest to the system
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Figure 3.1: Design Structure Matrix (DSM) representation of an example analysis framework
for the mission design of small satellite constellations including consideration of deployment
strategy design.

designer. For example, the revisit time or time to 100% coverage of the system through de-
ployment could be investigated for an Earth imaging constellation, similar to that of the study
of Gangestad et al. [91] on rideshare-initiated constellations, enabling a measure of the system
utility or value during the system set-up phase. Similarly, for a communications constellation,
the level of service provided during the set-up and deployment phase can be considered. Alter-
natively, extensive attributes of the system design could be investigated, for example reliability,
risk, or robustness.

In the example analysis framework presented, the deployment module is able to take inputs
from the configuration and orbit design, vehicle design, and launch vehicle selection analyses.
The deployment analysis is also able to directly contribute to the operations and cost modelling
modules. Through feedback mechanisms, displayed below the diagonal of the DSM, the deploy-
ment analysis is also able to influence the upstream analysis modules, for example providing
propulsive capability requirements to the vehicle design process. However, if the feedback rela-
tionships are to be used an iterative procedure may be required to ensure that convergence in

the design is achieved.

Hypothesis II: The analysis of small satellite constellation deployment by indirect plane sep-

aration can be performed by simulation using a method of orbit propagation.
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In the review of the constellation deployment methods presented previously in Section 2.2.2,
it was identified that the method of indirect plane separation represents the most viable oppor-
tunity for enabling the establishment of these systems in LEO. Due to the use of only in-plane
orbital manoeuvres the propulsive requirements of the satellites comprising the constellation
can be reduced significantly in comparison to direct plane transfer strategies. However, due
to the use of plane separation using the natural nodal precession of Earth orbits, the time
required to perform the deployment of a constellation using this method can be significant.
This hypothesis seeks to demonstrate that an analysis method for constellation deployment by
indirect plane separation can be developed and can be shown to be a potentially useful means
for investigating the deployment of small satellite constellations.

Constellations of traditional satellites in LEO are generally operated in higher altitude orbits
than small satellite constellations, reducing the number required to achieve a given coverage and
to increase their lifetime in orbit. Due to their low relative development cost, small satellites can
be manufactured and launched in greater numbers and into lower orbits with shorter mission
lifetimes, increasing both spatial and temporal resolution. An appreciation of atmospheric drag
during the deployment of these constellations is therefore critical due to their lower operational
altitude and high rate of orbital decay. To enable the integration of atmospheric drag effects, the
use of an an orbit propagation method coupled with an atmospheric density model is proposed.
Furthermore, due to the length of time which deployment by indirect plane separation can
take and the variability of atmospheric density with time, a complex time-varying atmospheric
density model based on forecast space weather data is considered.

The development of an analysis of this type enables the assessment of constellation deploy-
ment feasibility and performance for small satellite systems in LEO, and therefore provides a

means of considering the deployment of these systems in the wider design process.

Hypothesis III: An integrated design framework with analysis of deployment can be utilised
by a numerical optimisation method to effectively explore the design-space for small satellite
constellation missions.

To enable the identification of better system-level designs and support the decision making
process of the system design team, increased knowledge of the design-space for small satellite

constellation missions is required. In this hypothesis it is proposed that the use of the extended
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design framework with an integrated analysis method for the deployment of satellite constella-
tions can be used to support and improve the design process for these systems using a method
of design-space exploration.

To support the selection of an appropriate method of design-space exploration, the char-
acteristics of the design-space must first be understood. The set of variables comprising the
complete design-space for satellite constellation missions can be nominally characterised as
mixed discrete-continuous due to the presence of both categorical or discrete and continuous
real-numbered variables. Furthermore, the number of design variables and their range of possi-
ble values or options may be considerable, resulting in a very large design-space. For individual
studies, the design-space may be simplified due to known constraints, mission parameters, or a
priori decisions.

In the output space for such a design-space exploration the preferences of the system design
team may not be known a priori. Multiple conflicting objectives may therefore exist which
cannot be simply combined to form a single criterion. In addition, due to the nature of the
contributing analyses contained in the design framework, gradient information of the output
objectives may not be readily available, and may therefore require the use of finite-differencing
methods.

An a posteriori, population-based optimisation method is therefore proposed as the method
of design-space exploration, primarily for its ability to handle multiple objective functions and
search globally across a large and multivariate design-space for a set of Pareto-optimal solutions.
Furthermore, these methods typically support the range of expected input variable types and
do not require the calculation of objective function gradients, simplifying the implementation
of this design-space exploration method and reducing the number of supplementary function

calls.

3.4 Methodology Outline

To test the hypotheses presented previously the following methodology, summarised in Fig-
ure 3.2, is proposed. The aim of this methodology is to provide a means of integrating the
analysis of deployment into the overall design process of small satellite constellations and en-

able exploration of the corresponding design-space. The results of this design-space exploration
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can then be used to inform the system designer of the tradeoffs involved during design and

support the identification of effective solutions or improved overall designs.
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Figure 3.2: Overview of the proposed methodology for the design-space exploration of small
satellite constellation deployment. The framework for small satellite constellation design features
an integrated method of analysis for the deployment of these systems.

The methodology first requires a definition of the mission concept, including the variables

which are required to perform the system analysis and design process. The set of system-level

objective functions by which generated solutions can be assessed and compared are also required

to direct the design-space exploration method and perform the subsequent tradespace analysis.

A design framework, described in Hypothesis I, is used to organise the qualitative analysis

of different system design vectors. The contributing analysis modules which comprise the de-

sign framework can encompass the complete life-cycle of a satellite constellation mission, for

example factors such as launch vehicle selection and end-of-life compliance. The development

of an appropriate design framework is dependant on the analysis modules which are available
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and required to enumerate the objective functions of interest to the system design team. Sim-
plification of the design process may be achieved by decomposition approaches in which the
analysis modules can be re-ordered or combined together, reducing the number of feedback
loops and iterative processes required. The total set of variables used in the analysis framework
can subsequently be identified, and through a process of parametrisation be reduced to the set
of input variables which comprise the design-space for exploration. This set of input variables
is dependant on the modules contained in the analysis framework and may be specific to the
mission to be performed by the system or the chosen objective functions.

The proposed method of design-space exploration utilises a population-based approach, and
therefore requires the simultaneous solution of multiple design vectors during each iteration. To
initialise the design-space exploration process a number of initial design vectors are required,
often generated probabilistically from set bounds on each design variable. The mission design
and analysis process, structured using the analysis framework, is then used to determine the
feasibility and output performance of each design vector. These solutions are then ranked using
the input system-level objectives and Pareto-dominance methods, the results of which can be
used to generate the next set of input design vectors if required.

The design and solution spaces generated by the design-space exploration method can then
be investigated to identify trends and tradeoffs which exist between the design variables and
the system-level output objective functions. Finally, the results of this tradespace analysis can
be used iteratively to influence or redefine the initial set of system requirements, variables, and
parameter ranges. Alternatively, an individual or subset of the most promising designs can be
taken forward for further design analysis and development.

The developed methodology is also applicable to design-studies which utilise a reduced form
of the overall analysis framework for the system. These cases may arise when design decisions
have already been made, reducing the necessity for some elements of the analysis framework.
Alternatively, for some contributing analyses, insufficient information is available to perform
other contributing analyses assumed behaviour may need to be considered. Whilst the resulting
tradespace analysis will not be representative of the complete system design-space, knowledge
of any identified trends can be used to focus subsequent iterations of the design process or

reduce the design-space for future design studies.
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3.5 Methodology Demonstration and Verification

Due to the complexity of the complete design process for a small satellite constellation, com-
prised of a number of different analysis modules for which limited information may be available,
eg Figure 3.1, a reduced-order framework which focuses on the deployment of the constellation
can be used to demonstrate the principals of the proposed methodology.

In this implementation, shown in Figure 3.3, the contributing analyses are limited to the
constellation deployment simulation, preliminary vehicle and propulsion system sizing proce-
dures, and a model for estimating the resultant cost of the system. These analysis modules
were selected to demonstrate the primary tradeoffs associated with the deployment of a small
satellite constellation in a simple and mission agnostic manner.

To perform this implementation, a design of the constellation mission orbit and configura-
tion will be assumed a priori and will be provided as an input to the reduced analysis frame-
work. This input consists of parameters describing the constellation configuration, mission
orbit properties, the launch epoch, and payload mass or initial spacecraft dry-mass. Delivery
of the complete constellation to the initial orbit by a single launch vehicle will also be assumed,
eliminating the requirement for an additional analysis module to perform the selection and
cost estimation of available launch opportunities. The analysis of operations costs are similarly
neglected due to the lack of available information and complexity of developing such a model.
Following a parametrisation of the design-space to generate the set of design variables, an ini-
tial population of designs can then be produced and evaluated using the simplified analysis
framework.

Simulation of the deployment of the constellation is performed using propagation of the
satellite orbits and transfers required to achieve the mission configuration using the method
of indirect plane separation. The use of an atmospheric density model is also required to
capture the effects of drag in the LEO environment. The process of preliminary vehicle sizing is
performed using heuristic methods and is supported by a set of representative propulsion system
models. Interaction between the vehicle sizing and constellation deployment analyses is required
due to the interdependence of the vehicle configuration, system mass and the required AV for
manoeuvres. Finally, a measure of the spacecraft cost is evaluated by application of system-
level cost-estimating relationships. An additional analysis module which checks the feasibility

of input design vectors is also used as a screening process to reduce wasted computational effort.
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Exploration of the design-space is achieved by the use of an optimisation scheme which
operates by varying the available design variables whilst seeking to minimise the values of the
selected output objectives. After a given number of function calls or otherwise defined stop-
ping criteria, the design-space exploration process can be halted and the resulting tradespace
analysed. Comparison of the output objectives and their corresponding design vector can be
performed and any present trends, tradeoffs, or limits of feasibility identified.

If useful results can be generated using this simplified representation of the constellation
design process, considering primarily the deployment of the constellation, then the integration
of further analysis modules which cover different aspects of the mission life-cycle should provide
additional information which can be used to aid the identification and selection of improved

overall system designs.
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Figure 3.3: Overview of the designed implementation to demonstrate the proposed
methodology. A reduced-order analysis framework and fundamental system-level objectives are
featured, focusing the design-space exploration on the system-level effects of constellation
deployment design.
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Chapter 4

Design-Space Exploration

During the design process methods of design-space exploration can be used to search the design-
space and investigate different design alternatives or vectors before decisions are made. These
methods can help to increase the knowledge and understanding of the system design team of
interdependencies or tradeoffs between the design variables or output system characteristics.
Design-space exploration methods can also be used to search for feasible system solutions which
are are comprised of multiple components or analyses and have system-level constraints or
requirements [92].

At the system level, increased knowledge of the tradeoffs between the system objectives
and the effects of variations in a decision space can be used to influence other aspects of the
system design. Utilisation of the knowledge obtained using the design-space exploration can
support better and more informed decision making in the ongoing design process and therefore
development of improved system designs.

In this chapter, an introduction to design-space exploration and a review of design-space
exploration and optimisation methods is presented. The problem formulation for the design-
space exploration of small satellite constellation deployment is then discussed. Finally, the

application of a numerical optimisation method to this problem is described.
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4.1 Introduction to Design-Space Exploration

During the conceptual design phase the freedom of design is typically high as the number and
range of design variables is large. This results in a significant number of possible design vectors
which can be generated and a large design-space which requires exploration. The exploration
of a parametric design-space or tradespace is used to enhance understanding of the design
problem and aid the identification of feasible design solutions. Exploration of a design-space
can either be performed by full factorial enumeration or using optimisation algorithms to search
for optimal solutions given an individual or set of objective functions. Further efficiency gains in
design-space exploration can be achieved using approximations to complex analysis procedures
in the form of surrogate or meta-models [93].
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