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Abstract

Current storm monitoring satellites offer unsatisfactory coverage of ongoing storms,
either obtaining low spatial resolution, persistent coverage or high spatial resolution
coverage with low temporal sampling. A reconfigurable constellation of satellites
(ReCon) offers a way to augment these data sources with higher resolution coverage
and improved temporal sampling. A ReCon can respond dynamically to different
objectives throughout its mission lifetime, offering a more responsive, adaptable al-
ternative to traditional Earth-observing satellite constellations. In the ReCon concept
of operations, the constellation is nominally positioned to obtain global coverage. If
an event of interest occurs at a particular latitude and longitude location, satellites
can be maneuvered to obtain more frequent accesses of this target than otherwise
achieved in the nominal configuration. While this architecture has been primarily
explored with static ground targets in mind, for more dynamic events of interest,
such as hurricanes, an additional layer of responsiveness can be added. A method
of mobile target tracking through planning a series of low-thrust maneuvers holds
promise. This method has been shown to improve the coverage characteristics of a
single satellite in a hurricane case study when compared to a non-maneuvering satel-
lite. This thesis explores and expands upon this concept, reviewing the existing work
and applying an alternative approach. Throughout this thesis, procedures for adap-
tive reconfigurable maneuver planning are laid out and used for two hurricane case
studies. This more flexible approach finds solutions for a single satellite case study
observing Typhoon Megi using around 2 m/s delta-V, in comparison to similarly per-
forming solutions previously found of around 13.5 m/s delta-V. The inclusion of an
optimizer in maneuver planning enhances the prior work, exploring a continuous de-
sign space of possible maneuver options. This reveals alternative solutions and a more
complete view of the entire design space. This optimization approach also allows a
future user to explore the objectives of increased storm access time, closer flyovers,
and total delta-V cost of maneuvers. For example, in a single satellite maneuvering
case, total target access time can be doubled in comparison to a non-maneuvering
case with the use of only around 2.5 m/s delta-V. Overall, this approach has resulted



in the exploration of key tradeoffs between these objectives. For example, increased
access time or closer passes each come at the cost of increased delta-V requirements;
solutions that provide the same total access time require greater delta-V to achieve
closer passes and vice versa. When considering the inclusion of multiple maneuvering
satellites, diminishing returns of maneuverability are observed, with greater natural
accesses occurring with a greater number of satellites in the constellation. Addition-
ally, the concept of executing this method in real time with uncertain targets based
upon hurricane forecasts is explored. This reveals the need to incorporate robustness
into this optimization. Finally, the prospect of executing this theoretical concept with
a ReCon demonstrator is evaluated, including taking into account potential errors in
maneuver planning.
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Chapter 1

Introduction

1.1 Motivation

Hurricanes, or tropical cyclones, are the deadliest natural disasters to affect the United
States and have cost nearly 1 trillion dollars and thousands of peoples lives from 1980
to 2020 [74]. Due to an apparent increase in the intensity of these tropical storms,
with more tropical cyclones reaching category 4 or 5 in recent decades (and generally
increasing storm intensity occurring specifically in the North Atlantic and Southern
Pacific and Indian oceans), effectively monitoring and forecasting these natural forces
is all the more important [33]. Additionally, storm surges resulting from storms are
becoming more impactful with rising sea levels due to global warming [33]. Individual
storms in the past two decades, such as Hurricane Katrina (2005), Harvey (2017)
(Figure 1-1), and Maria (2017) cost around 100 billion USD each and destroyed
thousands of lives [74].

Since the 1970s, satellite remote sensing methods have been used to inform hurri-
cane forecasting with the use of a variety of instruments [54]. Storm track forecasts
have improved significantly since the 90s, due to improvements in modelling and
compilation of various data sources [68]. However, there has not been a similarly
significant improvement in storm intensity forecasting; this can be attributed to poor
storm data sampling and the inability of current instruments to penetrate the precipi-

tation of the eye wall and inner bands of the storm to measure wind speeds and gather

15



Figure 1-1: An image from GOES-16 of Hurricane Harvey
making landfall in Texas (8/25/2017)|2].
The Category 4 storm effects caused the destruction of 200,000 homes and
businesses and displaced over 30,000 people |74]

other data around the inner core [68]. Such measurements are integral to predicting
storm intensity.

Hurricane forecasting currently draws from two main satellite sources. These are
satellites in GEO (geosynchronous equatorial orbit), which view swaths of the Earth
continuously but with low-medium spatial resolution, and mostly polar-orbiting LEO
(low Earth orbit) satellites, which provide higher spatial resolution but with varying
temporal resolution [1]. The GEO satellites offer overall awareness of tropical storm
activity, while the LEO satellites provide supplemental, localized information when a
pass of a storm is achieved.

A conceptualized architecture of a reconfigurable constellation, also termed ReCon,
presents an interesting opportunity to augment these data sources to attempt to fill
this gap in available data [59, 39, 60, 58, 50, 76, 38|. The essence of the ReCon
concept is maneuvering satellites to alter their orbits in response to changing mis-
sion interests, having greater flexibility than typical Earth-observing constellations.
Typically targets of interest explored in the literature for ReCon have included static
latitude and longitude points [39, 76, 59]. However, there is an opportunity to add

to the flexible architecture of the ReCon concept by further maneuvering satellites to
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dynamically respond to mobile targets, which can likewise address the existing gap in
the remote sensing of tropical storms. A ReCon in LEO focused on gathering storm
data would be able to improve temporal resolution while providing the superior spa-
tial resolution data achieved in LEO. By maneuvering, the satellite may achieve more
consistent and accurate passes than may be otherwise achieved by existing ‘static’
satellites and obtain vital storm eye accesses [50]. This method could help improve
tropical cyclone (TC) intensity forecasting by allowing more high-resolution accesses
of the storm, especially in the early stages of tropical storm formation [68|. This
technique can also allow for targeting specific regions of the TC for data collection,
like the eye, which, as mentioned prior, is frequently valuable for hurricane intensity
forecasting.

In general, applying the ReCon architecture to this problem of mobile target track-
ing presents interesting areas for exploration, with challenges including examining the
general logistics of maneuver planning (type, timing, etc.), planning from uncertain
forecasted track data, selecting which satellites of the constellation should maneuver,
and prioritizing quality or quantity of data accessed. An investigation of these topics
and others will enhance the concept of mobile target tracking with ReCon and provide
a valuable basis for future missions to utilize these techniques to obtain much-needed

TC data and allow for further research into other applications.

1.2 Literature Review

To better characterize the challenges of implementing mobile target tracking with
ReCon and specify the kinds of research questions to be explored, a literature review
has been conducted. Topics will include a review of orbital motion and constellation
design, a survey of current storm monitoring satellites and constellations, a review
of existing work done (especially at MIT) on the ReCon concept along with a brief
overview of multi-objective optimization, and an investigation of a potential mobile

target tracking technique which utilizes the ReCon architecture.
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1.2.1 Satellite Orbits and Constellations: Background

Keplerian Orbits

First of all, some basic properties of orbits and their relationship to the Earth will
be defined; characterizing satellite orbits, viewing geometry, and maneuvers is vital
to the ReCon concept. Keplerian orbital elements will be primarily used throughout
this thesis. These can be defined as follows: the semi-major axis (a) and eccentricity
(e), which define the shape of the orbit; the inclination (i) and right ascension of
the ascending node (RAAN or ), which define the orientation of the orbital plane;
the argument of perigee (w), which defines the orientation of the orbit in its plane;
and finally the true anomaly (#), which describes the location of the object in its
orbit. The analogous mean anomaly (M) may be used in place of true anomaly
for the convenience of calculations. The mean anomaly is defined by the position
of a fictitious body moving on an ellipse with constant velocity n = 27 /T where T
is the period of the true orbit [16]. In the case of a circular orbit, M and 6 will
be equivalent. Likewise, an alternative orbital element to describe the location of
the object in orbit is the argument of latitude (u), defined as the true anomaly (#)
plus the argument of perigee (w) [64]. These quantities together can be used to
describe the location of a satellite and its orbit. These are shown in Figure 1-2 and
Table 1.1. Keplerian orbits are used as a basis for defining motion based on these
parameters; Keplerian propagation simply assumes gravity is the only force on the
object of interest, modelled with a spherically symmetric central body, significantly

more massive than the orbiting object, with no third body effects [86].

Perturbations

However, in reality, when dealing with orbits around the Earth, the effects of orbital
perturbations must be taken into account in addition to the force of gravity. There
are many sources of orbital perturbations, both cyclic effects (perturbation effects
which have short term periodic effects that do not impact the average orbital motion)

and secular effects (perturbation effects which build up over time) [86]. In the case of
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Figure 1-2: Keplerian orbital elements depicted, with GCI (Geocentric Inertial

Reference Frame) shown by unit vectors. z, g, and 2

Table 1.1: Keplerian Orbital Elements

Parameter ‘ Symbol ‘ Definition

half the long axis of an ellipse

Semi-Major Axis “ (equivalent to the radius of a circular orbit)
defines the shape of an orbit;
. describes the elongation of an enclosed orbit
Eccentricity e . .
(e = 0 for circular orbits,
0 < e < 1 for elliptical orbits)
Inclination ; the angle of the orbital plane and the equatorial
plane of the Earth
the angle in the equatorial plane of the ascending
RAAN Q .
node (measured from the vernal equinox)
Areument of Pericee | w the angle in the orbital plane that measures from
& & the ascending node to the perigee point of the orbit
i h 1 iti f th llite in i
True Anomaly 9 describes the angular position of the satellite in its

orbit from the perigee point
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LEO satellites, typically the most significant perturbation is the effect of the Earth’s
oblateness, also called the J, effect caused by the non-spherical mass distribution of
the Earth [86]. Over long time scales, therefore, secular J, effects should be taken
into account for more accurate orbital motion modelling, with the remaining zonal
harmonic terms J, considered to be negligible as these are 10 times smaller than
Jo or more [16]. The J; effect causes orbital precession, creating a rate of change in
RAAN and argument of perigee of the satellite according to the following equations

116] [46]:

.3 Ve R?
0= —H@—27005i (1.1)
2(1 - e2)2az
3 Vgl R: (5
o= o VHe (—sin% . 2) (1.2)
2 (1 — 62)2615 2
. _3 \/,MGBJQRQ . 9.
M:TW(SSIH 2—2)\/1—62 (13)
where jig is the gravitational parameter of the Earth and R is the radius of the Earth.
Other perturbations that impact LEO satellites include atmospheric drag, third-
body effects, and solar radiation pressure [86]. Atmospheric drag is typically the
most significant of these, however, the relative significance of these perturbations
depend upon the specific orbit and satellite. Relativistic effects and incidental forces
(i.e. a leak on the spacecraft) are considered mostly negligible for LEO satellites
[86]. Typically, these smaller-order perturbations are all accounted for inherently in

satellite design by assuming the need for some station-keeping measures.

Earth Observation

When focused on ground targets it is convenient to also track the sub-satellite point
(SSP) in addition to the Keplerian orbital elements. The SSP is the latitude and
longitude location on the Earth which corresponds to the intersection of the satellite’s
nadir vector with the surface of the Earth. If a satellite is always pointing nadir, the
SSP will be identical to its target point (where the satellite is actually ‘looking’) on
the surface of the Earth. A field of view (FOV) can be defined for particular sensors

20



Outer Horizon
/ Target

\ Sub-Satellite

Point

Distance to
Target

Figure 1-3: Viewing geometry.

Here, the target is different from the satellite’s SSP. This creates angle 7, the nadir
angle between the nadir direction and target. A is the Earth central angle, p is the
Earth’s angular radius, and € is the satellite elevation angle as viewed from the
target point on Earth’s surface and looking up.

to describe the area around the target point that is captured by the satellite. For
a satellite pointing off-nadir, more complex viewing geometry must be taken into

account, as shown in Figure 1-3 [86].

Maneuvers

Once satellites have been deployed in their initial orbits, propulsive capability is re-
quired to maintain that orbit (station-keeping) and execute any changes to their initial
orbital elements, aside from those induced by perturbations (maneuvers). Propulsion
systems may also be used to execute de-orbit or reentry burns at the conclusion of the
mission lifetime. Depending on the mission concept of operations (CONOPS), not
every satellite requires propulsive capability, but propulsion is certainly needed for
reconfigurability and maintenance of orbits in the relatively high-drag environment
of LEO [86].

To perform a maneuver, a change in velocity, or delta-V is required. The delta-V
requirements will drive propulsion system requirements, and propulsion system mass

[86]. The delta-V capability of a given system can be defined by the rocket equation:

My
AV = spdo lnﬁf (14)
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where I, is the specific impulse of the propellant, gy is the gravitational constant at
the Earth’s surface, M, is the initial mass, and My is the final mass after executing
one or several burns [86]. The total propellant mass is therefore My — M/ is the
propellant mass [86].

Propulsion systems in satellites are generally of two types: high-thrust or low-
thrust propulsion systems. High-thrust systems enable nearly impulsive maneuvers,
generating high-thrust over a small amount of time, enabled by chemical propulsion
systems [86]. Low-thrust systems build up velocity over time, generating thrust over
time through the use of electric propulsion [86]. The variety of maneuvers that can
be performed by each of these systems therefore differs greatly in time span and
performance. For example, typical Hohmann transfers, which efficiently raise or lower
a satellite’s orbital altitude, require impulsive burns at two points in the transfer orbit.
Low-thrust propulsion systems can conduct maneuvers to reach the same end state
(in fact with less delta-V for particular changes in orbital altitude) but at much longer
timescales, by continually increasing or decreasing a satellite’s altitude in a spiraling

motion.

1.2.2 Current Storm Monitoring Satellites: The Challenge

In 1900, a hurricane hit the Gulf Coast unexpectedly, with storm surges killing at least
8000 people in the United States [80]. This immense loss of life, greater than all the
combined hurricane-caused deaths in the United States since 1980 [74], was caused
by incorrect predictions from the Weather Bureau, incorrectly assuming the system
was curving toward the south-east [80]. This event remains the deadliest natural
disaster in US history [43]. With the advent of remote sensing with satellites in the
1970s, TCs have been consistently monitored since, making it possible to avoid any
disastrous surprises such as the Galveston Hurricane in 1900. Advances in hurricane
forecasting in modern times has prevented about 66-90% of hurricane-related deaths
in the US that would have otherwise resulted if techniques from the 1950s were
used [87|. There is certainly still room for improvement. Hurricane Katrina cost

a relatively small amount of lives, attributed to consistent forecasts and persistent

22



warnings distributed to the affected population, but was the most costly TC since
1980 [65]. This is primarily due to extensive property and infrastructure damage
caused by the combination of wind-induced damage and flooding. On the other
hand, the high cost of Hurricane Harvey, the second most costly TC since 1980, can
be partially attributed to the failure of various models (sourced from NOAA and
European forecasts) to predict its rapid intensification prior to landfall [65].

Modern TC track forecasts (|65], 2009) have reduced in error by about 50 percent
in comparison to forecasts in 1990 (for 24-72 hour predictions). Improvements in
modelling and increased resolution of data sources were key to improved track pre-
diction throughout the 1990s [65]. Data sources have included geostationary satellite
data with good temporal resolution and LEO data from usually polar orbiting satel-
lites [20]. Visible, IR (Infared), Next-Generation radar and microwave remote sensing
methods have all been used to inform models, with polar LEO data creating signif-
icant improvement to prediction accuracy from 1997 to 2000 [65]. The consensus of
these data sources with different models has generally improved TC track forecasts
[65].

Despite all of these data sources and improvements in data assimilation, forecasts
of TC intensity have exhibited almost no improvement since 1990 [65]. Predicting TC
intensity remains one of the greatest challenges in TC forecasting, especially antici-
pating rapid intensification. In 1990, there was no objective guidance for predicting
storm intensity and, even in modern times, objective guidance has not yet caught
up with human forecasters subjective estimates for TC intensity [20]. Techniques
such as the Dvorak method developed in 1980s for predicting hurricane intensity are
still used today [20] and while model accuracy has been improving throughout the
2000s, dynamical models are still no better than statistical models (i.e. SHIPS, Sta-
tistical Hurricane Intensity Prediction System) (2009) [65]. One of the key reasons
for this failure to improve intensity forecasts is due to the particular data required.
High-resolution inner core observations, such as the surface windspeed and sea level
pressure near the center of the TC, are required to more accurately predict inten-

sification, however, these are difficult pieces of data to capture depending on the
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instrument used as heavy precipitation can obscure measurements [65]. Data from
aircraft can help, as these measurements are generally of sufficient resolution, however
this can be difficult data to gather as only 30% of intensity estimates in the North
Atlantic are guided by aircraft reconnaissance [69].

More data from microwave instruments, new radiance instruments such as those
on the GOES-R satellite, and use of SAR (synthetic aperture radar) can help aug-
ment existing data sources [65],[84]. Currently, microwave instruments are mostly on
LEO polar-orbiting satellites which do not offer persistent coverage of the tropics,
and geostationary satellites do not always offer high resolution coverage [68]. There-
fore, there is an opportunity for remote sensing satellites to obtain data coverage
of the inner core of TCs and aid in the improvement of TC intensity forecasting.
Likewise there is an opportunity to improve data assimilation. One method includes
utilizing deep learning to assist with hurricane track prediction through the use of
convolutional neural networks (CNNs) and generative adversarial networks (GANs)
based on historical data [63|, [70]. These data-hungry processes would likewise be
improved with increased data collection, and offer an interesting area for further data
processing downstream from the data pipeline from Earth-observing satellites.

A constellation called CYGNSS (Cyclone Global Navigation Satellite System)
of 8 microsatellites seeks to fill this gap through the use of GPS reflectrometry to
obtain inner core wind speeds with higher revisit times than achievable with other
LEO satellites such as QuikScat or ASCAT polar orbiting satellites equipped with
scatterometers [68]. The overarching concept is to achieve more consistent TC core
coverage through the use of this low-cost constellation than otherwise achievable with
other LEO weather-monitoring satellites [68|. Effectively using this data can achieve
accurate surface wind speed characteristics [54]. Indeed, when implemented, a review
of the experimental constellation shows that the baseline requirement of an average 12
hr revisit time is successfully achieved, while covering the majority of relevant latitude
bands (-35 deg to 35 deg) over the course of 24 hours [69]. The ground tracks for
the CYGNSS constellation are shown in Figure 1-4. Beyond this, other LEO small-

satellite constellations may prove an attractive option to monitor TCs. Of course,
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Figure 1-4: CYGNSS ground tracks [69].
The upper image shows a single orbit of the CYGNSS constellation (generated over
around 95 mins) and the lower image shows ground tracks over an entire 24-hour
period.

with a sufficient number of satellites, one can obtain near constant coverage of desired

latitude bands, but this can be costly.

1.2.3 Reconfigurable Constellations: A Potential Solution

Typical Earth-observing satellite missions, such as those described in Section 1.2.2
for TC monitoring, utilize static orbits, which usually do not change throughout the
mission lifetime, apart from perturbations and traditional station-keeping maneuvers
to counteract these perturbations. In essence, these satellites are deployed at the
start of their mission and do not deviate significantly from that initial orbit. Re-
configurablility can be added to these satellites, allowing the mission to evolve with
time. The satellites’ orbits can be modified with time as mission focus shifts, so
coverage can be changed on-demand. With this approach, mission cost savings can
be achieved in comparison to an equivalently performing static satellite architecture

[39]. Work on such a concept of a reconfigurable constellation of satellites, ReCon,
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has been discussed in the literature (24, 17, 29, 44, 27| including a large effort at
MIT [59, 39, 76]. Reconfigurable constellations have been implemented on a small
scale, including the ERS 1 and 2 satellites maneuvered to new orbits of different re-
peat cycles (analogous to the repeat ground track options discussed below) and the
Keyhole constellation also utilized maneuvers [58, 9]. The premise of previous work
conducted at MIT has largely focused on the use of larger Earth Observation constel-
lations to obtain global coverage and, if an event of interest occurs, to reconfigure to
observe particular latitude and longitude points. For example, in work by Paek, and
following work by Legge and Straub [59, 39, 76], the nominal, global-coverage mode
of the constellation, known as Global Observational Mode (GOM), has the satellites
positioned in a typical global-coverage pattern. This allows for the satellites to obtain
even coverage of the Earth in the default state of the constellation. The latitudes of
the Earth covered will depend upon the inclination of the orbits, and the constellation
will achieve complete coverage over this latitude band every 24 hrs [76]. The time of
each observation may vary each day, unless the satellite is in a sun synchronous orbits
(SSO). Note that this prior work has focused on all orbits used by the constellation
to be circular orbits. This simplifies mission and maneuver planning with consistent
orbital altitude for observations for each stage of the mission, as well as simplifying
the calculations to be performed.

If an event of interest occurs over which a user would like more persistent cover-
age, a subset of the satellites can be maneuvered to new orbits, independent of the
larger constellation. Reconfiguration into this Regional Observational Mode (ROM)
is achieved by allowing the satellites to go through a series of maneuvers [39]. The
first maneuver works to raise or lower a satellite’s apogee into a drift orbit. This drift
orbit allows the satellite to take advantage of the relative difference in .JJ, perturbation
due to the altitude change and move out of its location in the constellation, drifting
its RAAN and mean anomaly [39]. The satellite is then again raised or lowered to a
different altitude into what is known as a repeating ground track orbit (RGT) [39].
RGT orbits, as the name indicates, repeat their ground track after a particular num-

ber of orbits. The particular frequency of repetition may be chosen, but for typical
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low Earth orbit (LEO) altitudes, one can expect repeated ground tracks, in terms of
SSP passage, after less than a day or so. A typical RGT frequency is 15:1, meaning
that the satellite completes fifteen orbits during one full rotation of Earth around
its axis. After these 15 orbits the satellite will pass exactly over the same latitude
and longitude target point SSP as it did during the first orbit. After the event has
concluded or sufficient observations have occurred, the satellite can then maneuver
back to its original place in the constellation and resume GOM [39]. Alternatively the
satellite could not return to GOM, but directly transition to a new repeating ground
track target.

Figure 1-5 displays the difference between sample GOM and ROM ground tracks
for a constellation. Understanding the basic principles of this concept of operations,
including the constellation design and particular steps of the satellite maneuvers, is
vital for extending this mission concept. In the following sections, literature will be

reviewed on ReCon to develop this foundation.

Constellation Design and Optimization Summary

Key to the foundation of much of the ReCon work done at MIT, which this thesis
builds upon, is the concept of concurrent design and optimization. For example,
in Paek’s work the satellites and their mission design are optimized simultaneously
through methods of multidisciplinary design optimization [60]. This method also
ensures that the GOM configuration of the constellation is designed with the potential
maneuvers required to move to ROM in mind, while remaining agnostic to the targets
that must be viewed.

Constellation design, especially for global coverage is a topic extensively covered
in research; there are many potential solutions to the problem of global constellation
coverage. Now, critically, there is no set process for constellation design, and many
performance characteristics do not vary smoothly with the constellation character-
istics as would be intuitive [86]. The GOM configuration of a ReCon constellation
may be any of these potential solutions from a typical symmetric, evenly distributed

pattern to something a bit more complex. In previous works on ReCon, typical tradi-
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Figure 1-5: Concept of operations for ReCon [60].

The upper ground track plot displays a nominal global observation mode (GOM) for
a ReCon constellation, displaying even coverage of the Earth. The lower ground
track plot displays a regional observation mode (ROM) for a constellation where all
satellites have reconfigured into RGTs. The target is marked by a grey dot- it is
clear that this is targeted in ROM with ascending and descending RGT ground
tracks covering the target.
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tional symmetric static constellation designs such as Walker, streets-of-coverage, and
flower constellation patterns have been considered as prevalent methods of obtaining
continuous global coverage [39]. These patterns may have satellites on several orbital
planes, distributed by RAAN or inclination, and separated within their planes by
true anomaly. For example, commonly-used Walker patterns contain satellites all
orbiting at a particular inclination, with the planes of the constellation separated by
a RAAN spacing, and each plane containing satellites distributed evenly by a true
anomaly spacing [86]. Legge explored the GOM constellation design space of a variety
of such patterns including layered patterns (which involves two simultaneous Walker
patterns at different inclinations), asymmetric patterns (with common inclination
and semi-major axis only), and asymmetric Walker patterns [39]. All eligible designs
were analyzed for their coverage performance characteristics for both the static con-
stellation and reconfigurable constellation case; ultimately in the cases evaluated for
maximum performance and minimum cost, asymmetric patterns worked best for the
reconfigurable constellation design [39].

Other works focus on the use of Walker Delta patterns [76]. While a variety of
global coverage constellation architectures may be suitable depending on the applica-
tion, the key point of this analysis for the ReCon concept is the consideration of the
entire mission performance in the original constellation design.

Given that there are many different options for constellation design, and there is
not a simplistic process of connecting constellation parameters to desired performance
characteristics, it is not uncommon to utilize optimization methods to find potential
solutions [25, 13, 3]. This method allows for an automated search of the solution space,
varying design variables which form the design space, and finding solutions which
minimize or maximize particular characteristics. The performance of each design is
evaluated with an objective function, which can represent multiple characteristics to
be minimized or maximized [18|. Constraints and bounds can be set for the design
variables to further characterize the problem and restrict the design space. Multi-
objective optimization (MOO) methods allow for several objectives to be minimized or

maximized at once, allowing for consideration of several performance characteristics
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Figure 1-6: Approximated and true Pareto fronts for sample MOO problem for
objectives J; and J5 [18].
Non-dominated (ND) solutions are shown to form part of the Pareto optimal (PO)
solutions, but not all non-dominated solutions create the true Pareto front.
Dominated (D) solutions exist behind the Pareto front.

at once [18|. For example, cost may be minimized, mass may be minimized, and
coverage of the Earth may be maximized all at once.

The output from an optimization problem may include solutions that perform
better in one objective than another. A solution set, termed the non-dominated
set, would include all solutions which cannot perform better in one objective without
performing worse in at least one other [18]. A solution is dominated if a solution exists
which performs strictly better than it in an objective than another solution without
performing worse in any of the others. The best possible solutions in the space create
the Pareto front, and the set of non-dominated solutions can approximate this Pareto
front (Figure 1-6).

Typically, these problems can also be cross-disciplinary, spanning across fields
like satellite engineering, astrodynamics, cost-modelling, etc. [5]. This has been
a powerful method of designing ReCon satellites and the constellation as a whole
[39, 59| There are several methods of performing this optimization, including heuristic
methods such as genetic algorithms and simulated annealing, which are widely used to
solve NP-hard combinatorial problems [58]. These methods model natural processes
of passing along genes to offspring or the gradual cooling of materials to a minimum

energy state in metallurgy, respectively. These use characteristics of the processes

30



such as mutation rate or cooling rate to search the design space [18]. This procedure
of MOO, especially the use of heuristic methods, has been used in much of the ReCon
prior work, especially at MIT, and is a valuable method of exploring a space with

solutions that are not easily found.

Orbit Selection: ROM

In the concept of operations for ReCon, once an event of interest occurs, a subset
of satellites will reconfigure from GOM to ROM. The ROM orbits are selected with
the goal of obtaining better revisit characteristics over the target area of interest,
including more frequent passes than otherwise obtained by the constellation when
in GOM to achieve greater persistence. Previous works have focused on the use
of repeating ground tracks (RGTs). These orbits, as their name indicates, having
repeating ground tracks after a particular integer number of days. This is achieved
by taking advantage of orbital precision and lining this rate up with the Earth’s
rotation; these provide consistent persistent target viewing and are an attractive
option for static targets. These orbits are defined by a N,/N, ratio, where every N,
integer orbits the ground track will be repeated, with the N, orbits being completed an
integer number of sidereal days, N;. For example, an RGT defined by N,/Ny; = 15/1
means 15 orbits are completed over the course of one sidereal day. To achieve this
resonance, the rotation rate of the Earth must be matched with the orbital motion,
including necessary perturbations. The period of the orbit is found by the following

[55]:

2w Ny n -1
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And wg is the rotation rate of the Earth. This is a second order relation, through
which eligible semi-major axes for a given eccentricity and inclination can be found
which fit a particular N,/Ny integer ratio. This order of precision is sufficient for
propagating over a few weeks of simulation and includes the most significant J, per-
turbation. To find the exact RGT that should be used to pass over a particular
latitude /longitude point on the Earth, a relationship between the shift in longitude
of the ground track, A and the NNV, /N, ratio can be obtained [55]:

A =N,Q+ N;M (1.9)

So, to shift the longitude of the ground track to line up with a particular target,
either M or €2 of the orbit need to be altered. If  is shifted in a particular manner,
it would be possible to achieve both an ascending and descending pass of the target
location [39]. Potential repeat ground tracks near LEO are shown in Figure 1-7.
Alternative opportunities for ROM orbits were considered over the course of this
literature review, opening up the trade space of potential ROM orbits to those outside
of RGTs, as some missions could benefit from alternative applications. For example,
RGT orbits focus on particular latitude and longitude points, and if an event of in-
terest is one that covers a larger area, an RGT orbit should prioritize more spatial
coverage. One possible option is the use of Repeat Coverage Orbits (RCO), which are
typically used in rapid launch architectures. These aim to target a small geographical
region with the ground track of several satellites, offering coverage of multiple suc-

cessive orbits of particular latitudes [85]. However, these could require an inclination
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Repeat Ground Track (RGT) Options in LEO
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Figure 1-7: Inclination vs altitude of a subset of repeat ground track options in

LEO.

change depending on the target area of interest which is typically cost prohibitive in
the ReCon architecture [85]. Other options such as SSOs may be more attractive;
while these require near polar orbits, some GOM architectures involve near polar in-
clinations for the constellation [59, 61]. These allow a consistent sun angle for data,
which may not be required for all missions but could be useful for particular kinds
of data gathering. Elliptical orbits were also considered; in fact there exist elliptical
RGTs; however these likewise require a particular inclination (critical inclination) to
ensure the perigee does not shift with time [39]. A changing perigee would change
the distance to the target and change where the longer dwell time might be located
on the surface of the Earth, eliminating consistency in the target passes. Again,
this may be achievable for some ROM architectures but not all given the inclination
restriction [39]. Another consideration is to have the satellite in a non-specialized
orbit, where the ground track of the satellite would drift across the surface with time
as is the case for typical satellites. If one can align the shift of this so-called drift
orbit with the rate of a moving target, there is a potential for better accesses. This

would require extensive knowledge of the moving target speed and direction of travel
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Table 1.2: Example categorization of ReCon targets and associated ROM orbits

’ Target \ Characterization \ Orbit ‘
Hurricane | Dynamic Drift or adaptable
Wildfire Dynamic area RCO or RGT orbits covering an area

with static central point
City Static RGT

to be able to pre-plan this orbit and is therefore not realistic for most applications,
but serves as an area for future exploration. An alternative to this is an adaptable
orbit that naturally has good revisit over the starting point (and otherwise no spe-
cial characteristics) can be adjusted with time, as will be discussed through work by
McGrath et al. [50]. These alternatives offer opportunities for possible niche studies,
but may not be universally applicable for the entire ReCon space; for example, one
might consider a series of RGT orbits to simulate something like an RCO to create

an area of coverage for a large area target (Table 1.2).

Maneuver Procedure: GOM to ROM

Particular satellites from the constellation are selected to maneuver to ROM from
GOM when an event of interest occurs. This assignment process takes into account
the delta-V required for the maneuver, if the resulting configuration will meet the de-
sired revisit characteristics, and if any maneuvers are simply infeasible or otherwise
restricted. Then, the process of maneuvering from GOM to ROM can be achieved
in a number of methods. This includes a typical Hohmann transfer into an inter-
mediate orbit, called a drift orbit, and a second Hohmann transfer into the final
ROM orbit, typically an RGT. So, a total of four burns are required, two for each
Hohmann transfer, as shown in Figure 1-8. This drift orbit allows for control over
the aforementioned longitude shift to place the ground track over the target. The
four steps of this maneuver are described: an initial burn shifts a satellite out of its
GOM orbital slot and into a transfer ellipse, the second burn moves the satellite from
this transfer ellipse to the drift orbit where the satellite will stay until the designated

orbital elements are achieved to properly place the sub-satellite point. The satellite

34



@ Drift Orbit @

(NS

:2::;::2 Initial Orbit (GOM)
‘ Nsp Hohmann
@ ° Transfer B

Final Orbit (ROM)

Figure 1-8: Example Process for Maneuver from GOM to ROM.

then performs a second Hohmann transfer, moving into and out of a transfer ellipse,
to finally be placed in the RGT orbit. To extend this example, see Table 1.3, for a
sample series of maneuvers to move from GOM to ROM, which displays a typical
characteristic of these maneuvers; typically the satellite spends the longest time in
the drift orbit. The Hohmann transfers themselves typically take less than an hour
in LEO, and time spent in the drift orbit is usually on the order of days. Note that
the use of low-thrust systems with spiral transfers has also been considered by [76],

but may be less mass-efficient and require longer duration than high-thrust systems.

Applications of ReCon

Previously studied applications of ReCon have frequently included natural disasters;
such an application benefits from the rapid, flexible response capability of the concept
architecture. If a natural disaster occurs, a subset of the constellation may reconfigure
to observe the area of interest, with the ability to respond to any target in the latitude
band of the constellation. Previously this investigation of this application has been
generalized; a historical data set of natural disaster locations was used to generate a
probability density function (PDF) for future events across the globe [39] [22]. Sites
were then chosen from this data set based upon the PDF and used as hypothetical
targets for the constellation. Other case studies have also been conducted using

the ReCon architecture, including the 2020 wildfires of Australia for example [76].
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Table 1.3: Sample GOM to ROM transition

Delta-V Duration Altitude
Required (m/s) | (hours) (km)

Burn | Maneuver Description

Hohmann Transfer A
1 AVia 13.9 0.78 500
GOM to transfer orbit ’
Hohmann Transfer A
2 AVoa 13.9
Transfer orbit to drift orbit
Drift Period 0 156 450
Hohmann Transfer B
3 AVigp 13.1
Drift orbit to transfer orbit
Hohmann Transfer B

4 AVsp 13.1 497
Transfer orbit to ROM

0.78

Total Delta-V: | Total Duration:
53.9 m/s 157.6 hours

Other targets of interest include oil spills and hurricanes; all of these aforementioned
events would benefit from responsive remote sensing satellite observations due to their
dynamic nature. The ERS satellites, an existing example of what can be done with
reconfigurability (analogous to a 2-satellite constellation moving from ROM to ROM),
also serve as an example of remote sensing of the atmosphere [9, 59]. ReCon can also
be used for things other than Earth observation, including serving as communication
satellites. This can allow for adaptability that would help deal with unknown demand,
something that can be crippling to communication constellation performance [19].
This concept can even be used around other planets, including Mars, to assist with

other space missions [56].

1.2.4 Mobile Target Tracking: A Proposed Methodology

A method displayed by McGrath et al. [50] utilizes sequential low-thrust maneuvers
to slightly shift satellites in their orbits to provide improved quality of flyovers of a
hurricane when compared to a non-maneuvering satellite. The method specifically

targets particular latitude/longitude way-points along the hurricane track, each of
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Figure 1-9: Example graph of solutions.

which have a particular associated time window. These way-points and their associ-
ated time window will henceforth be called targets.

This method involves selecting a number of targets along the hurricane track and
initializing a satellite in an orbit that provides decent passes of the target location.
Then, all possible maneuver options, bounded by particular maximum delta-V and
duration, are computed for the satellite for each target in succession. These options
are then modeled as a graph network whereby each node in the graph represents
the satellite parameters at a target flyover and each edge represents the maneuver
required to achieve that state. The graph branches out from the origin node and
occasionally branches may end if the maneuver required to achieve the next target
access is impossible given the delta-V or duration constraints applied. Once the entire
graph has been produced, it can then be searched for the lowest delta-V solution using
a shortest path solution, as found using something like Dijkstra’s algorithm [21]. The
space may also be further constrained by only looking for solutions that provide a
certain preferred access of the targets- for example, only plotting results which achieve
an 80km or closer access of the storm (where the SSP is 80km of closer to the eye
latitude/longitude point) [50]. The preferred set of maneuvers can then be selected
from the graph and evaluated against other solutions [50].

The network in Figure 1-9 is a sample output from this graph theoretical technique.
Each node is numbered and each edge is labeled with the amount of delta-V used
(m/s). Node 0 represents the satellite state at epoch, and from there the satellite
maneuvers to view target 1 through a variety of delta-V options. Target 2 has no

solution, and the satellite simply propagates through the viewing period. The lowest
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Table 1.4: Sample GOM to ROM Transition

Burn | Manewver Descrintion Delta-V Duration Altitude
" anet SeHp Required (m/s) | (hours) (km)
Spiral Transfer
1 GOM to transfer orbit 278 88.5 500
Drift Period 0 7.5 450
Spiral Transfer
2 Drift orbit to transfer orbit 26.2 83.2 497
Total Delta-V: | Total Duration:
53.9 m/s 179.2 hours

delta-V solution is highlighted in red. Early maneuvers have consequences for later
target viewings, as can be seen with the solution highlighted in blue, where an early
aggressive maneuver results in target 3 not being viewed by the satellite at all. This
shows the importance of planning multiple maneuvers in advance to ensure flexibility
for future targets.

Inherently, an application of graph theory such as this requires that the search
space be discretized, meaning that, in the example in reference [50], the delta-V
options for each maneuver are limited by 0.5 m/s intervals. For efficient calculation
of a large number of options, a fully analytical method of calculating low-thrust
maneuvers which either raise or lower orbital altitude is used [50] [46]. This general
perturbation method is a solution to a restricted low-thrust Lambert rendezvous
problem with circular in-plane maneuvers, thrusting along the velocity direction only.
This allows one to find a target flyover in terms of the RAAN and argument of latitude
change of the orbit. The solution is found in the form of a three phase maneuver,
similar to the procedure described for drifting to the ROM target orbit described in
Section 1.2.3, simply with spiral transfers rather than Hohmann transfers. The same
quantitative example as in Table 1.3 is evaluated below in Table 1.4, evaluated with
the same total delta-V and drift orbit altitude. Overall, this low thrust method, is
generally slower than a high-thrust Hohmann transfer method for large maneuvers like
the GOM to ROM transition, as discussed further by |76]. This sample calculation
shows this slight difference with increased duration requirement.

The phases are as follows: first the satellite conducts either a lowering or raising
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maneuver to change its orbit altitude, thrusting either with or against the velocity
vector; then, the satellite drifts in this alternate orbit, termed its ‘coast arc’; finally,
the satellite returns to its final altitude with a second raising or lowering maneuver.
The final altitude may be the same as the starting altitude or could be a different
altitude [46].

Secular J; effects are included in this calculation, as described earlier, however
the higher order effects and third body effects were ignored in the solution. Likewise
radiation pressure perturbations were ignored, and drag compensation maneuvers
were assumed to occur during the coast arc, but ignored during the maneuver periods
to maintain the analytical solution [46]. However, these phases are generally short
duration, and in the case of those considered by McGrath et al., these are less than 4
days and require largely negligible delta-V to compensate for drag [46]. Additionally,
most operational satellites are already designed with station-keeping capability, so the
delta-V cost of drag compensation is not included in the overall delta-V cost for these
maneuvers. The results of this analytical solution are generally close to numerical
solutions; when compared to a numerical solution (4th and 5th order Runge-Kutta)
over the course of 16 days for the evaluated case study, the analytical solution shows
a sub-satellite point off by at most 25 km when compared to the numerical solution.
This is due to the short periodic J2 and higher-order perturbations not considered
in the analytical formulation; longer simulations using this formulation will exhibit
greater errors due to these effects [46].

By planning sequential maneuvers using this three-phase formulation found with
the analytical solution, there is an opportunity to shift the SSP of a satellite on
subsequent orbits to intercept the track of a mobile target. The results from the
paper by McGrath et al. show promise in using these kinds of maneuvers, with the
options explored through the graph theory method described above [50]|. This paper
evaluated the use of these sequential low thrust maneuvers to respond to a natural
disaster, applying this to a case study of Typhoon Megi, a powerful storm in the
Pacific in 2010. Five target flyovers were planned along the storm’s track, spaced out

at 2.5 day intervals. Note that in this evaluation, the true path of the storm was
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used; of course, when planning these maneuvers in real time, the track of the storm
will not be precisely known. To simulate this uncertainty and provide some leeway
to maneuver planning, each target flyover each had an associated viewing window
of +/-20 hours, meaning that the satellite will complete its maneuver at some point
over this 40 hour time span, and not begin the next maneuver until the end of the
current target time window. The satellite used in this example was a small CubeSat-
scale satellite of only 4kg, using electrospray thrusters with maximum thrust values
of 0.35mN. A 200km diameter canonical FOV is assumed, which can be taken as an
effective FOV. One thing prioritized in the paper [50] is the importance of capturing
the eye of the storm rather than simply capturing the wall; gathering data about the
eye of the storm is considered more significant for determining storm strength and
predicting possible damage [50]. Specifically, McGrath et al. discusses using a SAR
instrument to characterize wind speeds of the TC; this aligns with work discussed,
addressing the lack of data about TC center wind speeds, and temperatures, to aid
in the prediction of TC intensity [50].

A non-maneuvering satellite was evaluated first for target accesses over the 12.5
day simulation. Then the maneuvering options were evaluated via the graph theo-
retical technique as described, with possible delta-V options from 0 to 15m/s, spread
out by 0.5m/s intervals. A non-maneuvering satellite achieves only one flyover that
has the eye of the storm in view. Of the remaining four intended flyovers of targets,
only three are achieved in the associated time window. From the graph of possible
maneuvering options, two possible maneuvering solutions are identified; one of these
solutions is the lowest delta-V option and one is the lowest delta-V solution prioritiz-
ing the eye of the storm in view. One solution describes accessing four targets in their
associated time window utilizing 13.5m/s delta-V, with the eye fully in view in three
of these flyovers. Another solution has the eye fully in view for all five target flyovers
utilizing 20.5m/s delta-V, with one of the targets being accessed outside of the asso-
ciated time window. These results will be discussed in further detail in Chapter 3,

when the same case study will be evaluated. [50]
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1.3 Summary and Research Questions

Given the background of existing storm monitoring satellites, there exists an oppor-
tunity to fill a gap of persistent LEO observations. This can improve existing TC
intensity forecasts, which have largely stalled in recent years. One opportunity for
addressing this challenge is the use of a ReCon, which has been shown to have better
performance than static constellations of the same cost for static ground targets. The
application of this concept to TCs, mobile ground targets, may likewise provide bet-
ter performance than static constellations. This may be achieved through McGrath’s
method of using low-thrust maneuvers. The following thesis will explore this concept

by exploring the following questions:

e Can an adjusted version of McGrath’s method be validated?
e What tradeoffs exist in this space of possible maneuver solutions?
e How can this solution space be further characterized?

e How can this method be improved or extended, for single and multiple satellite

applications? What other methods exist to search the solution space?
e How does this method perform when used with a ReCon-like constellation?

e How does this method perform with other case studies?” What about for non-

ideal initial conditions?

e How can this method and the ReCon concept as a whole be realized? What are

the yet-to-be-considered real life challenges of implementation?

Overall, a further exploration of McGrath’s method will be conducted in Chapter 2,
along with an extended methodology that leverages optimization to increase method
effectiveness. Then, in Chapter 3, two hurricane case studies will be explored utilizing
this extended methodology for single satellite and multiple satellite cases, exploring
the resulting solution tradespace, and comparing results to non-maneuvering single

and multiple satellite cases. Next, in Chapter 4, there will be a discussion of a
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potential demonstrator mission of ReCon: ROAMS. The reality of implementing
ReCon, and the kinds of maneuvers proposed for mobile target tracking in this thesis,
will be discussed through this proposed mission. Finally, the thesis findings and
recommendations will be summarized in Chapter 5 along with a discussion on future

work and contributions. These topics are summarized in Figure 1-10.

Figure 1-10: Thesis Flowchart

Chapter 1: Introduction and Literature Review

A,

Chapter 2: Methodology

<McGrath’s Method Exploration> <McGrath’s Method Extensi0n>

A,

Chapter 3: Case Studies

<Hurricane Harvey> <Typhoon Megi>

A,

Chapter 4: ROAMS Mission

A,

Chapter 5: Conclusions and Future Work
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Chapter 2

Methodology

The aforementioned work by McGrath et al. (2019) has shown promise in utilizing a
graph theoretical technique to plan low-thrust maneuvers to improve a satellite’s view
of a moving ground target. To more deeply understand this work, and the solution
space being explored, a similar method to this will be explored. An analysis of the
same case study, with Typhoon Megi, as presented in [50] will be conducted using
a similar graph theory technique to the one described. This includes the use of the
general perturbation method for finding possible maneuvers [46]. The solution space
of possible maneuver opportunities for target viewing will be explored, compared
to results of a numerical propagator (in STK) and compared to the work done by
McGrath.

Then, two possible mechanisms of extending this work will be discussed, based
upon this preliminary analysis. First, an optimizer will be used to select possible
maneuvers rather than finding these through a graph search. Secondly, the use of
multiple satellites, both 2- and 3-satellite cases, will also be explored. These options
have been explored through a prior paper [53] and this will be expanded upon below.
The inclusion of multiple satellites will allow for further viewing opportunities of
the targets and more maneuver options, expanding the design space of options and
more closely relating this mobile target tracking application to a full ReCon design as
described in Chapter 1. The design space will again be explored utilizing an optimizer

for more efficient investigation.
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Table 2.1: Satellite characteristics and orbit parameters. [50]

Characteristic Value
Mass (kg) 4
Maximum Thrust (mN) 0.35
Altitude (km) 703
Inclination (i) (deg) 40
RAAN at Epoch (deg) 0
Argument of Latitude (u) at Epoch (deg) 0
Right Ascension of Greenwich at Epoch (deg) -161
Epoch Date 10/10/2010 12:00 UTC

A final addition is to consider the use of forecasted track data, rather than the
true historical TC path, to plan maneuvers. This will be more realistic to how real
operations will be conducted, and while the success of this application will mostly de-
pend upon the accuracy of the forecasted track versus actual data, this will present an

opportunity to examine the robustness of this method under less ideal circumstances.

2.1 Exploration of McGrath’s Graph Theory Method

2.1.1 Adjusted Methodology

For the initial exploration of McGrath’s method, a similar graph theory method as
used in [50]. This was coded in Python, using the NetworkX [26] package to generate
the network of potential maneuver options, as generated by the general perturbation
method [46].

To form a comparison to results shown by McGrath et al. the same general
problem setup is used as in [50]. The characteristics of the satellites(s) and the
initial orbit are shown in Table 2.1; small 3U CubeSats are used with electrospray
thrusters [50]. This assumes the use of TILE thrusters developed at MIT, which for
a 4 kg spacecraft, can provide a total of around 90 m/s delta-V [47]. These are the
parameters of the model. Model constants are likewise shown in Table 2.2 [50].

The same Typhoon Megi case study is used, as in [50] with targets located at the

center of the eye of the storm, spaced out at 2.5 day intervals along the typhoon’s
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Table 2.2: Model Constants [50]

’ Symbol \ Description \ Value ‘
ravitational parameter

e e P 3.986 x 1014m3/s?

Ry mean Earth radius 6371000m
coefficient of Earth’s

Jy gravitational zonal 1082.7 x 1076
harmonic (2nd degree)

We Earth’s rotation rate 7.29212 x 10~°rad/s
flattening factor

/ of the Earth 0.0335281

Table 2.3: Typhoon Megi eye locations at 2.5 day intervals. [31]

Date and Time Days Since Epoch Latitude (deg) Longitude (deg)
13 Oct 2010 00:00 UTCG 2.5 11.9 141.4
15 Oct 2010 12:00 UTCG 5 15.7 135.5
18 Oct 2010 00:00 UTCG 7.5 17.5 123.3
20 Oct 2010 12:00 UTCG 10 18.4 117.2
23 Oct 2010 00:00 UTCG 12.5 23.4 118

track (Table 2.3). A viewing window of 20 hours on either side of each target time
was allowed. In the simulation, track data collected at 6 hour time intervals was used
[31] and interpolation between these latitude and longitude points was performed to
approximate the true storm path. If a potential flyover is slightly before or after the
available path data, it is assumed the storm is at the interpolated point. Note that
the distance to the target at each access is recorded and whether or not the flyover
would include the eye of the storm in view. The eye of Typhoon Megi was around
28km in diameter, so any image that fully contains the eye must have the center of
the eye within 14km of the edge of the image [50]. As the eye size changes over time,
it is assumed any image that is taken within 80km of the eye will have the eye fully
in view.

The overall procedure of the simulation is as follows: after being initialized at
epoch (set as 10/10/2010 at 12:00 UTCG for the Typhoon Megi case), the satellite
enters the first maneuver period during which a low-thrust maneuver of a particular

delta-V is conducted. A key difference between the work presented in [50], as discussed
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in Section 1.2.4, and the method presented in this thesis is that the maneuver duration
is fixed in this procedure. It is set such that the maneuver is completed at the start
of the first viewing window. In the case of these low-thrust maneuvers, this limits
the total delta-V that can be generated during each maneuver period. There is an
absolute maximum of 6.3 m/s permitted per maneuver, restricted by the maneuver
time. In work done by McGrath [50], the maneuver duration was not fixed, but left
flexible, and the end maneuver location was fixed, to be reached in a certain time
frame. This slight difference in appraoch leads to quite different results, which will
be discussed. This means that there is not necessarily a one-to-one comparison to be
made between the results presented in this thesis and those generated by McGrath,
however, the results presented herein serve as an alternative approach.

These maneuvers are either raising or lowering maneuvers computed via the gen-
eral perturbation formulation described in section 1.2.4 [46]. The formulas involved
calculating the change in RAAN and argument of latitude after a 3-phase maneuver
using low-thrust propulsion, from the inputs of satellite maximum acceleration, ma-
neuver duration, maneuver delta-V, initial orbit (a, i, RAy, RAAN, u), final orbit
semi-major axis, and model constants, are set as shown in the Table 2.1 and Table 2.2.
The equations to compute these maneuvers, as provided by McGrath [48], is shown
in the appendix. From the post-manuever RAAN and u values, SSP latitude (¢) and
longitude (A) can be found:

o tan (sirf1 (sinisinu))
- ( 1-72-7) ) 21)

= tan-! (_) ot + RAAN — RA,, (2.9)
COSUu

where t is the time since epoch. RA.; is the right ascension of Greenwich at epoch,
used to orient the satellite with respect to the surface of the Earth.

The satellite’s location in orbit is then propagated using the same formulas with
no delta-V or acceleration applied, which includes J2 effects, through the viewing

window, during which any accesses of the storm are recorded. An access of the storm
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is defined as whenever the eye is within the field of view (FOV) of the satellite. In
other words, whenever the eye of the storm is within 100km of the SSP, according to

the Haversine distance formula:

— A —A
d = 2Rg arcsin <\/sin2 (W) + cos ¢ggp cOs ¢ sin’ (SSPT)> (2.3)

where ¢pggp and ¢ are the SSP and target latitudes, respectively, and Agsp and A are

the SSP longitude and target longitude, respectively.

The orbit propagation steps through time in 10 second intervals. The total number
of intervals during which an access of the storm occurs is recorded; this is used as an
approximation for total target access time. The distance to the target and date and
time of each access is recorded as well. At the end of the first viewing window, the
second maneuver period begins, and this process is repeated for all five targets. A
flowchart of this tree generation process is shown in Figure 2-1.

This method described differs slightly from [50] as this includes a fixed maneuver
duration that ends at the start of each viewing window. However, this only slightly
reduces the achievable delta-V and therefore does not significantly impact maneuver
options, but may result in different solutions found. In summary, given the delta-V
to be applied for each maneuver, the simulation will output all access of the storm
during the target viewing windows, including the total access time, distance to the
target at each access, and time of each access. If no access of the storm is possible
during a given viewing window regardless of the maneuver attempted, the satellite
will simply propagate during the maneuver period to conserve delta-V capability. The
delta-V will be supplied by a list of possible options set by a minimum, maximum,
and interval of delta-V.

To describe a single solution output of this model, a plot in Figure 2-2 shows
a potential solution for single satellite maneuvers along with a storm’s track. The
storm’s track in red, marked with five target points along the track. This is overlaid
with flyovers from a sample solution to be discussed. The FOV of the satellite at these

flyovers is shown by yellow circles, of a 200km diameter. A satellite ground track is
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Figure 2-1: Tree generation flowchart.
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Figure 2-2: Sample single satellite case modelled in STK [6].
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shown by the green line across the figure. The maneuvers required to complete these
flyovers are shown in the plot below, along with the resulting semi-major axis change
over the course of the simulation. As shown, the semi-major axis changes temporarily
by only a few kilometers to shift the RAAN and argument of latitude of the orbit and
then the satellite returns to the original orbit altitude. These small changes are on
order of what can be expected for this exploration, requiring low amounts of delta-V
to shift the satellite SSP to achieve better target accesses. These plots in Fig. 2-1
were generated in Systems Tool Kit (STK) from Analytical Graphics, Inc [6].

2.1.2 Results

The described adjusted version of McGrath’s method will now be applied to the
Typhoon Megi case. Graphs of solutions and potential individual solutions will be
evaluated. A sample output from this methodology, a graph of solution options, is
shown in Figure 2-3.

This displays the lowest delta-V solution marked in red, with each node represent-
ing the satellite state at each time indicated. The edges of the graph are the amount
of delta-V used to achieve that satellite state. As can be seen, numerous possible
solutions exist shown by each branch in the graph.

The time step for the model was initially set to 60 seconds, however, throughout
the process of testing the code it was found that results were sensitive to the time step
used. A complete pass over the target area of interest (i.e. the amount of time taken
by the satellite at 703 km altitude to travel 200 km ground distance) is very short, only
approximately 30 seconds at the intended orbital altitude. This means that the time
step for evaluation should be less than 30 seconds to ensure most lengthy potential
passes are not missed. Shorter passes may be not captured. For example, if the eye
only crosses some of the field of view (i.e. only crossing a chord of the circular FOV
rather than the full diameter) this may be missed in this simulation. With the time
step adjusted to 15 seconds, a similar graph to the one in Figure 2-3 was generated.
This graph is laid out in a circular pattern, beginning from the center initial node,

Node 0. This represents the initial satellite state. From there, the satellite maneuvers
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Table 2.4: Non-maneuvering satellite results for Typhoon Megi Case Study by
McGrath et al. [50]

Target Non-maneuvering '
Time Eye Eye Distance from Eye in
Date UTCC Latitude | Longitude | center of FOV View?
(deg) (deg) to eye (km) '
1 10/12/2010 | 13:20 | 11.9 141.4 73 Yes
2 - - - - _ _
3 10/17/2010 | 22:01 17.5 123.6 95 No
4 10/19/2010 | 21:38 | 17.1 1174 92 No
5 10/23/2010 | 19:10 | 25.0 118.0 83 No

in attempt to view the first target (shown by blue nodes). Each possible maneuver
option is shown by an edge to the next node. Then, the next set of edges extending
from each of those nodes generated represents the next possible satellite maneuvers
to view the second target, and so forth. Third, fourth, and fifth target accesses are
shown by green, pink, orange, and purple nodes respectively. It is clear that some
branches of this tree do not allow accesses of all targets, as shown by several branches
ending at the third node.

This graph was then searched for its shortest (lowest delta-V) path, using Dijk-
stra’s algorithm in order compare to McGrath’s work. There were some discrepancies
noted. Of course a slightly different method was used, as noted prior, so these differ-
ences are not unexpected but worth noting for future work on this case.

Before comparing these solutions with maneuvering satellites, the non-maneuvering
satellite solutions will be compared to see any initial differences in propagation. These
results generated will then be compared with those given by McGrath [50] for both
the non-maneuvering and maneuvering satellite.

Both sets of solutions show no accesses in the associated time window (as shown
in Tables 2.4 and 2.5) of the second target (though, there is an access near the
intended target at 10/14 12:58), and only one target which has the eye of the storm
in view. It is noted that, while the times of each access for each target are the same
for both McGrath’s and the author’s solutions, there is around a + /- 10km difference

or less for the distances to the targets. McGrath’s solution was propagated using a
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Table 2.5: Non-maneuvering satellite results for Typhoon Megi Case Study by

Morgan
Tarcet Non-maneuvering
aree Time Eye Eye Distance from Fve in
Date UTCC Latitude | Longitude | center of FOV V)ifew(?
(deg) (deg) to eye (km) '
1 10/12/2010 | 13:20 | 11.9 1414 84 No
2 _ _ _ _ _ _
3 10/17/2010 | 22:01 | 17.5 123.6 86 No
4 10/19/2010 | 21:38 | 17.1 1174 83 No
5 10/23/2010 | 19:10 | 25.0 118.0 78 Yes

Table 2.6: Non-maneuvering satellite results for Typhoon Megi Case Study by STK

[6]
Taroot Non-maneuvering
aree Time Eye Eye Distance from Eve in
Date UTCC Latitude | Longitude | center of FOV V)ifew7
(deg) (deg) to eye (km) '
1 10/12/2010 | 13:20 | 11.9 1414 78 Yes
2 _ _ _ _ - _
3 10/17/2010 | 22:01 17.5 123.6 99 No
4 10/19/2010 | 21:38 | 17.1 1174 98 No
5 10/23/2010 | 19:10 | 25.0 118.0 92 No

numerical solution, rather than the general perturbation formulas, which could be the
cause for these differences. Additionally a different time step was used (the author
used 10 seconds, while McGrath’s numerical integrator used 1 second) which could
contribute to the exact timings (i.e. the precise second of each access) and distances.
This can be compared to results generated from STK in Table 2.6. These results
were computed using the Astrogator propagator in STK, which uses a numerical
integration propagator (high precision orbit propagator using Runge-Kutta-Fehlberg
of order 7-8 or similar integration methods) including only J2 effects (secular only)
[7].

Again, the only difference here is a slight difference in the recorded distances
(<10km overall). So, overall, these methods of problem solving produce similar results
with this slight difference in exact distances remaining.

Now, the maneuvering solution will be shown from each source in Table 2.7 and
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Table 2.7: Maneuvering satellite results for Typhoon Megi case study by McGrath

[50]
Maneuvering
Target Time from Minimum
Date Time | Non- Delta-V | Access Eye in
UTCG | Maneuvering | (m/s) Distance | View?
(mins) (km)
1 10/12/2010 | 13:20 0 1 83 No
2 _ _ _ _ _ _
3 10/17/2010 | 21:55 | -6 5 2 Yes
4 10/19/2010 | 21:32 -6 0.5 ) Yes
5 10/23/2010 | 19:08 | -2 7 58 Yes

Table 2.8: Maneuvering satellite results for Typhoon Megi case study by Morgan

Maneuvering

Target Time from Minimum

Date Time | Non- Delta-V Access Eye in

UTCG | Maneuvering | (m/s) Distance | View?
(mins) (km)

1 10/12/2010 | 13:20 | 0 0.5 (raise) | 79 Yes
2 _ _ _ _ _ _
3 10/17/2010 | 22:01 | 0 0.5 (lower) | 88 No
4 10/19/2010 | 21:38 0 0.5 (raise) | 87 No
5 10/23/2010 | 19:10 | O 0.5 (raise) | 80 No

Table 2.8. Both have been generated exploring possible maneuver options from 0 to
15 m/s at 0.5 m/s steps. However, as mentioned previously, these are generated with
a slightly different problem set-up, where the maneuvers from McGrath have a fixed
end SSP in some time frame, and the results generated in this thesis have a fixed
maneuver duration.

The results overall are similar, but clearly different maneuver options are chosen.
The solution presented by McGrath uses a total of 13.5 m/s delta-V and, across the
targets accessed, flyovers are a mean of 37 km away. The solution found by the
author uses a total of 2 m/s delta-V and, across all time steps that the storm is in
view, flyovers are a mean of 88 km away. The second target is also viewed outside
of the viewing window, not in the chart above. As one can see, these two solutions

were found differently; the solution presented by the author only just hits the 100km
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Table 2.9: Maneuvering satellite results for Typhoon Megi case study by McGrath
(Eye in View) [50]

Maneuvering

Target Time from Minimum

Date Time | Non Delta-V | Access Eye in

UTCG | -Maneuvering | (m/s) Distance | View?
(mins) (km)

1 10/12/2010 | 13:21 1 0.5 68 Yes
2 _ - _ _ _ _
3 10/17/2010 | 21:54 | -7 7 19 Yes
4 10/19/2010 | 21:31 -7 1 19 Yes
5 10/23/2010 | 19:09 | -1 12 70 Yes

Table 2.10: Maneuvering satellite results for Typhoon Megi Case Study by Morgan
(Eye in View)

Maneuverin

Target Time from : Minimum

Date Time | Non Delta-V Access Eye in

UTCG | -Maneuvering | (m/s) Distance | View?
(mins) (km)

1 10/12/2010 | 13:20 0 0.5 (raise) | 79 Yes
2 - _ - - - -
3 10/17/2010 | 22:00 | -1 4 (lower) | 79 Yes
4 10/19/2010 | 21:38 | 0 0.5 (raise) | 78 Yes
5 10/23/2010 | 19:09 | -1 0.5 (lower) | 70 Yes

requirement, and utilizes low delta-V. The solution presented by McGrath includes
much closer passes, due to the requirement that the satellite must pass over the target
within the time frame. The solutions presented in this thesis are more dependent on
the minimum required distance to access.

This maneuvering result can be further restricted to only include only results
that allow for full view of the eye of the storm. Therefore, for the following results,
solutions will only be shown where the distance to the target is restricted from the
natural FOV, 100km, to 80km. These results are shown in Table 2.9 and Table 2.10.

The results overall are similar, but clearly different maneuver options are chosen.
The solution presented by McGrath uses a total of 20.5 m/s delta-V and, across the

targets accessed, flyovers are a mean of 44 km away. The solution found by the
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author of this thesis uses a total of 5.5 m/s delta-V and, across the targets accessed,
flyovers are a mean of 79 km away. Again, the second target is also viewed outside
of the viewing window, not in the chart above. As shown before, the solutions are
different, with the author’s solution showing flyovers just under the required 80km,
but consuming significantly less of the total delta-V budget due to the aforementioned
difference in approach. Closer passes can be found with the author’s solution as well
with more priority given to the closeness of the passes rather than the delta-V used.
So overall, the results found by McGrath appear reasonable, verified by the similar
solutions found by the author. In addition to this validation of McGrath’s work,
the potential for a greedy solution approach of searching the graph solution were
briefly explored. This would involve taking the closest passing flyover option for each
target. The result for this method included a large initial maneuver to view the first
target. As this problem is analogous to a time-varying traveling salesman problem, a
greedy solution produces poor results. As described briefly above, aggressive initial
maneuvers can severely restrict options for maneuvers to future targets if these are
not taken into account. This emphasizes the need for addressing future maneuvers.
As discussed by McGrath et al. [49] the order of nodes generated in the graph
(essentially a tree graph) will depend up on the depth and number of the individual
branches. The order of nodes produced will be O(b?) where b is the branching factor,
the maximum number of children generated at any node in the tree and d is the search
depth of the tree, the length of the longest path from the root to the leaf of the tree.
The depth of the tree will depend upon the number of targets, and the branching
factor will depend upon maximum delta-V and delta-V interval used. Therefore, the
time for tree generation can be found by multiplying the time taken to calculate the
search from each node by this b? term [49]. In the case of multiple satellites, this
factor will additionally be multiplied by the number of satellites s. This means the
number of targets and the delta-V step will have a larger (power law) impact on
the time of tree generation than increasing the number of satellites in this search
method (multiplication factor) [49]. Additionally, if the time step is shorter, the time

for each node calculation will take longer. If a different delta-V step is used, the
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number of potential solutions will increase, however better solutions may exist in this
expanded space. For example if a delta-V step of 0.25 m/s is used rather than 0.5
m/s, approximately 2x more nodes will be generated, but a smaller delta-V solution
can be found. In conclusion, while the graph theory approach is suitable for an initial
exploration of the solution space, the inherent discretization involved creates undue
constraints on possible performance of solutions. In addition there is no guarantee of

global optimality due to the discretization of the search space itself.

2.1.3 Conclusions

A more continuous exploration of the solution space will allow for the possibility of
finding niche solutions which may have better performance characteristics. Therefore,
exploring the space of possible sequential maneuvers in a continuous way may be re-
veal other solutions. Additionally, it was noted in initial exploration that a greedy
solution which selected the ‘best’ maneuver (e.g. closest pass or lowest delta-V with-
out considering the overall solution) for each target typically had poor results overall,

as this mobile target tracking problem is akin to a traveling salesman problem.

2.2 Extensions of McGrath’s Method

2.2.1 Optimization

With the inclusion of an optimizer, the problem set up changes to fit the mold of an
optimization problem. The problem set-up is shown in Figure 2-4. The optimizer was
given control of the delta-V used by each satellite for each maneuver. This means there
are nt design variables where n represents the number of satellites and ¢ represents
the number of targets along the hurricane track. These design variables are bound
by a maximum delta-V limited by the fixed maneuver duration. The optimization
had the objectives to minimize the overall mean distance to each target each time
an access occurred, minimize total delta-V used, and maximize the amount of time

each target was in view. Note that no distinction was made between longer continual
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Figure 2-4: Optimization process.

accesses and shorter frequent accesses, which should be further explored.

By computing these three objectives, more trade-offs may be apparent than through
the graph search methodology. Additionally, it should be noted that these objectives
are cumulative, representing the performance of the satellite(s) over the entire series
of maneuvers, discouraging greedy maneuvers that may prohibit future accesses, as

discussed in [50].

Optimization Selection

Given the previous success of genetic algorithms exploring similar problems (afore-
mentioned satellite constellations and coverage), genetic algorithms were selected for
use. Like many other heuristic techniques, genetic algorithms work to avoid getting
trapped in a local optimum. The optimization mimics natural selection and mutation
throughout the population of potential solutions, and possible designs are assessed by
a fitness function based upon the objective function. A genetic algorithm was selected
from possible options run through pymoo, a Python-based package that can conduct
multi-objective optimization. Specifically a BRKGA (Biased Random Key Genetic
Algorithm), was used for this exploration, which utilized both elitism (breeding the
best performing solutions) and random restarts [12]. Both of these techniques work to

avoid getting trapped in local optima and push for optimal solutions. A brief design of
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Table 2.11: Genetic Algorithm Parameters

’ Parameter \ Description \ Value ‘
Number of Elites number of elite individuals 250
. number of offpsrings to be generated through
Number of Offsprings mating of an elite and a non-elite individual 800
Number of mutants numbern of mutations to be introduced each 100
generation
Bias chance of an offspring inheriting the allele of its 0.3
elite parent

experiments of the algorithm parameters was conducted to obtain good convergence
performance with this algorithm, resulting in the parameters shown in Table 2.11.
Essentially the algorithm generates a random initial population of solutions (in-
dividuals) and evaluates the performance of each individual. Elite individuals, those
that perform well, are noted from the rest of the population (in this case, the top 250
individuals). The next generation of solutions are then created with carrying over the
elite solutions, adding random solutions (the number of mutants), and mating the
elite solutions with another random solution in the population. Whether or not the
offspring takes on the allele (design variable) of the elite parent is a chance based upon
the bias parameter. In this case, the randomization appears to offer more effective
ways to search the space, and a lower bias parameter tends to perform better. Be-
cause of this process of introducing random solutions and caring forward parameters

of non-elite solutions, the optimizer can avoid local optima.

2.2.2 Multiple Satellites

When evaluating solutions for multiple satellites, the problem set up remains largely
the same. Adding n satellites to the solution space simply means exploring n times
more options. When fed to the optimizer, this adds ¢(n — 1) more design variables
(delta-V options), where ¢ is the number of targets. When 2- or 3- satellite cases were
evaluated, these were placed in the same orbits, only shifting the initial RAAN by 20
degrees and 40 degrees respectively. Including the optimizer in this multiple satellite

evaluation does greatly reduce the complexity of the problem set up when compared
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to the graph theoretical case [49]. For example, if a 2-satellite case is considered,
each satellite could maneuver or both could maneuver, greatly increasing the number
of options at each branch. In the case of including the optimizer, nt more design
variables must simply be added, with no major changes to the model itself. This is

represented in the optimization flowchart shown in Figure 2-5.

2.2.3 Inclusion of Forecasted Data

The above problem description implies that a mobile target track is known apriori.
However, in the case of realistic mobile targets such as TCs, the exact path cannot
be known in advance. Instead, the satellite must work only based upon forecasted
data and plan maneuvers including that uncertainty. This introduces a complication
to the previously presented planning process for a sequence of maneuvers. In this
case, maneuvers may only be planned so far in advance rather than all at once since
future target locations are partially uncertain or, further down the line, completely
unknown.

Therefore, an adjusted version of the methodologies described above will be in-
cluded in the case studies to follow in Chapter 3. To include predicted data in
maneuver planning, a subset of maneuvers are planned ahead of time. For example,
two maneuvers will be planned based upon predicted data for the next two targets.
The best performing solution of those options will be selected. Then the satellite
will conduct only one of these maneuvers, and updated data will be used to plan the
following two maneuvers. This ensures that a greedy solution is not selected, and
some consideration is made to the next required maneuver while basing the actual
executed maneuvers upon more certain data. Thus, one of the contributions of this
thesis is the introduction of adaptive maneuver planning for reconfigurable satellite

constellations.
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Figure 2-5: Optimization process with forecasted data.
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Chapter 3

Case Studies

The methodology described in Chapter 2 will now be applied to two different TC case
studies. One is Typhoon Megi, selected to provide a point of comparison between
these results and those originally produced in Chapter 2. As mentioned previously,
these results for Typhoon Megi have been explored in a prior paper [53]. The other is
Hurricane Harvey, a TC in the Atlantic with a different track pattern when compared
to Typhoon Megi. Both were destructive TCs that could have benefited from more
data gathering to better inform intensity forecasting. The results shown will include
the solutions found with the optimizer, as well as multiple satellite solutions, using the
methodology described in Chapter 2. These solutions will be compared to the original
results by McGrath as well as the non-maneuvering result in each case. Additionally, a

single-satellite solution utilizing the forecasted track data of each TC will be included.

3.1 Case Study: Typhoon Megi

Typhoon Megi, also known as Typhoon Juan, was the most significant typhoon in
2010 and one of the most intense TCs on record [34]. The storm was first classified
as a tropical disturbance on October 12th, 2010 [83]. It became a typhoon around
October 14th and early on October 18th, it made landfall over the Philippines [83]. Tt
was classified as a super typhoon, the only storm to be given that categorization that

year, and severely impacted the islands, affecting nearly 700,000 people [78]. The
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Figure 3-1: Typhoon Megi track with marked intensity [11]

actual track (which was only known aposteriori) is shown in Figure 3-1. The storm is
a case study in rapid intensification, this period occurring just before landfall in the
Philippines [83]. After crossing the islands, the typhoon made a sharp turn northward,
but weakened to a tropical storm before making its second landfall in China [83].
The same five targets were used as in 2.3 for the purposes of this simulation. The
multi-objective optimization as described in Section 2.2 was carried out for a single
satellite as well as 2- and 3- satellite constellations. The non-dominated solution sets
will be displayed for each case, and sample solutions will be discussed to describe the

nature of the solutions.

3.1.1 Results
Single Satellite Case

Non-dominated solution sets for each of these cases are shown in Figure 3-2. These
solutions represent essentially the best performing solutions found by the optimizer -
those which cannot improve in one objective without degrading in another as previ-
ously described. This allows for an exploration of trade-offs within the solution space.

Sample solutions are also included from these non-dominated sets to demonstrate
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Figure 3-2: Non-dominated set of solutions for single satellite case.

specific performance characteristics. These particular solutions will be compared to
non-maneuvering satellites to show the advantage of maneuverability in specific use
cases.

As shown in Figure 3-2, there are a multitude of possible solutions. The non-
dominated set resulting from optimization is shown with the non-maneuvering solu-
tion labeled. Broad trade-offs from this can be identified from this. Clearly, increased
delta-V is required to have increased accesses of the targets from the same mean dis-
tances. Additionally, greater delta-V is required to get closer to the targets for the
same number of accesses. This is indicated by downward curving series of points made
across the plot. These trade-offs should all be considered when evaluating possible
maneuver options. Displaying the possible options in this manner makes trade-offs
more apparent in the solution space; for example, one may desire closer passes rather
than greater access time for the same total delta-V.

A sample maneuvering solution is shown in Table 3.1 compared to the non-
maneuvering case. This includes a summary of the accesses over all targets, including
the total access time, the mean distance to the eye of the storm over all accesses for
each target, delta-V used, and whether the eye is in view for any of the accesses. The
maneuver type used is shown next to the delta-V used (raising or lowering maneu-

ver). As discussed in Chapter 2 and by McGrath et al., there is no solution available
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Figure 3-3: Non-dominated set of solutions for 2-satellite constellation.

within the solution space, with the thrust available, no maneuver combination en-
ables a flyover of the second target [50]. Therefore, the satellite simply propagates
through this maneuver period for the second target. This approach can be adjusted
to fit a user’s needs; for example, if one prioritized a full view of the eye of the storm,
the solution space could be further constrained to only include passes closer than
80km. The graph theory result, presented in Chapter 2 Table 2.8, had a mean access
distance of around 89 km, using 2 m/s delta-V, and had 70 seconds of total access
time. This solution produced by the optimization uses slightly more delta-V than the
graph theory approach, but with greater total access time and a slightly closer mean

distance.

Multiple Satellite Case

The same analysis was conducted for a two-satellite case. The non-dominated set
of solutions is shown in Figure 3-3. Similar trade-offs to those shown in Figure 3-2
exist, and it is clear that a multiple satellite case inherently has better performance,
including naturally closer passes. Note that the x-axis displays the average delta-V
usage across the satellites rather than the total usage.

Again, a sample solution is shown in Table 3.2. The maneuver type, as well as

which satellite is maneuvered (1 or 2, beginning at 0 deg RAAN and 20 deg RAAN
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Table 3.1: Sample comparison between non-maneuvering and maneuvering single

satellites.
Target Non-maneuvering
Mean
Delta-V Total Access Eye in
(m/s) rj‘;ccess Distance View?
ime (s) (km)
1 - 10 83.96 No
9 _ _ _ _
3 - 10 86.28 No
4 - 10 83.15 No
5) - 20 82.37 Yes
’ Summary H 0 m/s ‘ 50 s ‘ 83.94 km ‘ -
Target Maneuvering
Mean
Delta-V Total Access Eye in
(m/s) {;'ccess Distance View?
ime (s) (km)
1 0.87 20 96.39 No
(lower)
2 _ _ _ _
3 1.11 20 86.98 Yes
(lower)
4 0.04 30 88.45 Yes
(lower)
5 0.40 30 82.03 Yes
(lower)
| Summary [ 243 m/s |100s | 88.46 km | -
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Figure 3-4: Non-dominated set of solutions for 3-satellite constellation.

respectively) is shown next to the delta-V. If multiple satellites are maneuvered, the
delta-V for each satellite is shown along with the maneuver type for each satellite. As
mentioned for the single satellite case, a pass of the second target is still not achieved,
and a pass within 80km of the first target is still not possible in the constraints. Again,
the best possible performance of this case includes viewing 4 targets, and achieving at
least one view of the eye for 3 of those targets. However, the two satellite case shows
heavily increased accesses of the third, fourth, and fifth target due to the addition of
the second satellite.

Finally, the optimization was conducted with three satellites, and the non-dominated
set of solutions is shown in Figure 3-4. As is clear in the figure, three satellites in-
herently perform better than the 1- or 2-satellite case, having a greater number of
chances of accesses. Closer passes of the targets naturally occur, with greater total
access time possible. With increasing satellites though, there is a sense of diminishing
returns. the improvement from a single-satellite case to the 2-satellite case is much
more significant than the performance between the 2- and 3- satellite case (in terms
of closer accesses in particular), as shown in Figure 3-5. There is still a large im-
provement in the total approximate access time, increasing across all three cases, so
depending on user priorities, an increase in number of satellites may still be desirable.

With the addition of the third satellite, all targets are in view in both maneuvering
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Table 3.2: Sample comparison between non-maneuvering and maneuvering

constellation of 2 satellites.

Target Non-maneuvering
Mean
Delta-V Total Access Eye in
Access . .
(m/s) Time (s) Distance View?
(km)
1 - 10 83.96 No
2 _ _ _ _
3 - 10 86.28 No
4 - 40 59.16 Yes
5) - 50 76.75 Yes
| Summary || O m/s [ 110 s | 7877 km | -
Target Maneuvering
Total Total X[ce:er;s Eve in
Delta-V Access . Y o
(m/s) Time (s) Distance View?
(km)
0.90
1 (lower, 1) 20 96.48 No
2 _ _ _ _
1.88
3 (lower, 1) 30 89.23 Yes
1.93
4 (1.69, lower, 1) | 60 63.56 Yes
(0.28, raise, 2)
0.23
5 (0.15, lower, 1) | 60 76.34 Yes
(0.08, lower, 2)
| Summary [ 4.94 m/s [ 170 s [ 8140 km | -
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Figure 3-5: Non-dominated sets of solutions for all evaluated cases.

and non-maneuvering cases, as shown by the sample solution in Table 3.3. Again, the
total delta-V is broken down into the delta-V used for each satellite and the maneuver
type for each is listed. The third satellite added (at 40 deg RAAN) achieves an access
of the first target late in the viewing window, and achieves access of the second target
as well. In the non-maneuvering case, all targets are in view, and only the fourth and
fifth target are viewed within 80km. However, in the sample maneuvering case shown
below, a view of the eye is possible at all five target locations within the desired time
window.

In summary, this exploration has confirmed that this method of optimization can
be used, with single- or multiple-satellite cases, to find low delta-V solutions for
increased access time and closer passes of targets along a mobile target track are
possible. In the case of a single satellite, less than 2.5 m/s delta-V doubled the total
approximate access time in comparison to a non-maneuvering case. This method of
exploring the space through multiple objectives has also exposed distinct trade-offs in
the design space of mobile target tracking through low thrust maneuvers. The trade
between access time and distance to the target is one example.

Figure 3-5 displays the solutions across single- and multiple- satellite cases. This
clearly demonstrates a trade-off between choosing increased maneuverability and in-
creased numbers of satellites. More coverage is naturally possible with increased
number of satellites. So, there is a sense of diminishing returns and the advantage of
maneuverability fades. Legge [39] has explored this in part, and more exploration is

needed for the particular case of mobile target tracking.
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Table 3.3: Sample comparison between non-maneuvering and maneuvering

constellation of 3 satellites.

Target Non-maneuvering
Mean
Delta-V Total Access Eye in
Access . :
(m/s) Time (s) Distance View?
(km)
1 - 30 85.55 No
2 - 10 83.54 No
3 - 10 86.28 No
4 - 40 59.16 Yes
5 - 20 76.75 Yes
’ Summary H 0 m/s \ 140 s \ 79.96 km \ -
Target Maneuvering
Mean
Delta-V XZZZISS Access Eye in
(m/s) Time (s) Distance View?
(km)
2.06
1 (0.90, lower, 1) | 50 90.51 Yes
(1.17, raise,3)
0.24
2 (lower, 3) 30 91.23 Yes
4.97
3 (lower, 1) 30 84.88 Yes
4.17
4 (3.93, lower, 1) | 60 59.47 Yes
(0.24, raise, 2)
0.47
5 (0.12, lower, 1) | 60 71.88 Yes
(0.34, lower, 2)
’ Summary H 11.91 m/s ‘ 230 s ‘ 79.79 km | -
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Figure 3-6: Hurricane Harvey track. The black dots show Harvey’s location and the
white circles show the radius of maximum wind (the distance between the center of
a TC and the strongest wind band) every 6 hr [62].

3.2 Case Study: Hurricane Harvey

Hurricane Harvey was one of the deadliest hurricanes in recent times, making landfall
on August 26th, 2017 [71, 62]. The storm track is shown in Figure 3-6. The storm
started forming as a tropical depression, weakened, and then was reclassified as a
tropical depression and on August 24th, strengthened to a category 1 [62]. Over
the next 30 hours, the storm rapidly intensified, and continued intensification until
it reached a category 4 storm [62]. It made landfall on the 26th of August 2017 in
Texas, and maintained high windspeeds for around 6 hours, after which it dropped
in intensity [62].

Five targets were selected along the hurricane track as shown in Table 3.4 [57].
Note that this sets the first target prior to its official classification as a tropical

depression or tropical storm. In reality, this first target may be more likely placed
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Table 3.4: Hurricane Harvey eye locations at 2.5 day intervals. [57]

Date and Time Days Since Epoch Latitude (deg) Longitude (deg)
16 Aug 2017 06:00 UTCG 2.5 13.7 -45.8
18 Aug 2017 18:00 UTCG 5 13.2 -62.2
21 Aug 2017 06:00 UTCG 7.5 15.7 -80.5
23 Aug 2017 18:00 UTCG 10 21.6 -92.4
26 Aug 2017 06:00 UTCG 12.5 28.2 -97.1

around the 18th or so, when TC was categorized as a tropical storm. The succeeding
weakening and then rapid intensification of the TC presents an interesting topic for
future analysis - at what time are these TCs considered a significant threat, such that
a maneuverable satellite should begin utilizing resources to monitor them?

The epoch time for the satellites was set at 8/13 18:00 UTC. As before, the
same multi-objective optimization as described in Section 2.2 was carried out for a
single satellite as well as 2- and 3- satellite constellations. Again, the non-dominated
solution sets will be displayed for each case, and sample solutions will be discussed

to describe the nature of the solutions.

3.2.1 Results
Single Satellite Case

Initially, the Hurricane Harvey single satellite results appear much more sparse than
those shown for Typhoon Megi. As can be seen in Table 3.5, the non-maneuvering
satellite only can view the third target. The low-thrust maneuvers can only adjust
so much from this initial state, and therefore, only few opportunities for better per-
formance can be identified in Table 3-7. As mentioned, a ‘complete’ pass of a target,
following along the diameter of the FOV, has a duration of less than 30 seconds.
Therefore, in a simulation with a 10 second time step, a single access duration for a
single satellite and single target will at most be 30 seconds.

Some potential solutions, lowest in the plot, maintain the original 20 second access
of the third target but offer a closer flyover of the target. The next line of solutions

of 30 second total access time again shift this slightly to achieve a longer flyover.
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Figure 3-7: Non-dominated set of solutions for single satellite case.

The upper most family of solutions in the upper right of the plot display an option
of achieving two target accesses (the third and fifth target), but with much greater

delta-V required. One of these is chosen as a sample solution displayed in Table 3.5.

Multiple Satellite Case

Next, a second and third satellite will be introduced. First, the solutions from the
2-satellite case will be shown. This includes an additional satellite initiated at epoch,
shifted by +20 degrees RAAN, with all other orbital elements held constant.

As seen in Table 3.6, a second satellite offers more opportunities for target accesses.
The second satellite offers natural accesses of the fifth and first target in addition to
what is shown by the original satellite. All accesses available allow the satellite to
have the full eye of the storm in view.

While maneuvering solutions increase possible access time and offer ways to de-
crease the mean distance to all targets, there are still no accesses of the second or
fourth target available. So, if one only desired having accesses of the eye of the
storm, there is not significant improvement available through maneuvering for the
two satellite case.

Finally, a 3-satellite case is considered. The non-maneuvering case as shown in Fig-

ure 3-9 performs fairly well in comparison to the surrounding maneuvering solutions,
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Table 3.5: Sample comparison between non-maneuvering and maneuvering single

satellites.
Target Non-maneuvering
Mean
Delta-V Total Access Eye in
Access ) :
(m/s) Time (s) Distance View?
(k)
1 _ _ _ _
2 _ _ _ _
3 - 20 73.88 Yes
4 _ _ _ _
5 _ _ _ _
| Summary || 0 m/s [ 20s | 73.88km | -
Target Maneuvering
Mean
Delta-V Total Access Eye in
Access ) .
(m/s) Time (s) Distance View?
(km)
1 _ _ _ _
2 _ _ _ _
3 4.44 30 74.15 Yes
(lower)
4 _ _ _ _
5 5.62 10 97.32 No
(lower)
| Summary [ 10.06 m/s [40s [ 85.73km | -
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Figure 3-8: Non-dominated set of solutions for 2-satellite case.
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Table 3.6: Sample comparison between non-maneuvering and maneuvering

constellation of 2 satellites.

Target Non-maneuvering
Mean
Delta-V Total Access Eye in
Access . :
(m/s) Time (s) Distance View?
(km)
1 - 30 52.71 Yes
2 _ _ - _
3 - 20 73.88 Yes
4 _ _ _ _
5 - 30 58.66 Yes
| Summary [ 0 m/s [ 80's | 61.75km | -
Target Maneuvering
Mean
Delta-V E?:Ezlss Access Eye in
(m/s) Time (s) Distance View?
e (s (km)
1 ?fii(jse 2) 30 46.52 Yes
2 _ _ _ _
3.48
3 (0.17, lower, 1) | 30 88.17 Yes
(3.31, raise, 2)
4 _ _ _ _
5 ?i(?\;l/er %) 30 73.39 Yes
| Summary || 6.58 m/s [ 110's | 69.85 km | -
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Figure 3-9: Non-dominated set of solutions for 3-satellite case.

as in Figure 3-8, with a fairly long total access time and close passes. Maneuvering
solutions which perform better offer increased access time at the sacrifice of longer
distances to the targets.

This is reflected in Table 3.7, as the sample solution with only a few m/s delta-V
only increases the total access time without offering closer accesses. The addition of
the third satellite allows for accesses of the fourth target, but the second target still

remains unavailable within the maneuver constraints.

3.2.2 Forecasted Model: Single Satellite Case

Finally, the use of forecasted data will be discussed. As described in Chapter 2, this
will be conducted by feeding the forecast track to the model every two days. This
data is sourced from a number of different models, averaged together, all represented
from the THORPEX Interactive Grand Global Ensemble (TIGGE) Model Tropical
Cyclone Track Data [4]. This creates a singular set of possible latitude and longitude
points to represent expected storm track locations. Collapsing this dataset for use
here is a rather large assumption, as there is an associated uncertainty with each
individual point in the model, and therefore with averaged set as well. However, this
can offer a first glance at how one may use this mobile target tracking method in true

operations, and offer insight into how the method should be adjusted for use with
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Table 3.7: Sample comparison between non-maneuvering and maneuvering
constellation of 3 satellites.

Target Non-maneuvering
Delta-V Total Ac- | Mean Eye in
(m/s) cess Time | Access View?
(s) Distance
(km)
1 - 30 52.71 Yes
2 _ _ - _
3 - 20 73.89 Yes
4 - 30 52.86 Yes
5 - 30 58.66 Yes
| Summary [ 0 m/s [ 110 s [ 59.53 km | -
Target Maneuvering
Total Total Ac- | Mean Eye in
Delta-V cess Time | Access View?
(m/s) (s) Distance
(km)
1 (()ifv?fer 2) 40 66.37 Yes
2 _ _ - _
3 ?ic?v%zer 2) 30 76.11 Yes
4 (()iolvzer 3) 40 67.53 Yes
5 (()inleer 2) 30 56.20 Yes
| Summary [[3.94m/s |140s | 66.55 km | -
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Table 3.8: Non-maneuvering satellite results for Typhoon Megi Case Study by

Morgan
Target Non-maneuvering (True Storm Track)
. Eye Eye . .
Date Time Latitude | Loneitude Distance from center | Eye in
UTCG & of FOV to eye (km) | View?
(deg) (deg)

1 10/14/2010 | 12:58 | 13.2 138.5 86.57 Yes
2 - - - _ - -
3 _ _ _ _ _ _
4 - _ - _ _ _
5 10/23/2010 | 19:10 | 25.0 118.0 62.07 Yes

this forecasted data.

The same general process as with the true storm track described in Chapter 2 will
be followed, with the nondominated set being examined for each maneuver option for
the next series of targets. This will reveal possible families of solutions and then a
solution will be selected from these results. Now, for this particular case of Typhoon
Megi, the model will begin at 10/13/2010 0:00 UTC, the first date and time at which
the forecast is available. This will mark the beginning of the first maneuvering period.
Initially, targets will be set 2 and 4 days out from this time, at 10/15/2010 0:00 UTC
and 10/17/2010 0:00 UTC. A solution will be selected from these results, and the
satellite will maneuver through the time of the first target, at which point a new set
of forecast data will be used to generate the next target locations. This hypothetically
ensures the first maneuver is chosen with consideration for where the storm may be
in the future, as far out as forecasts typically provide with relative confidence.

In the case of the non-maneuvering satellite, only the first and fifth of these
planned targets are available for possible accesses. This is true across the predicted
and true storm track, as shown in Table 3.8 and Table 3.9; this is not a consequence
of a poor forecast. So, this does not necessarily indicate promising target viewings
when maneuverability is added.

Some solutions were found for the first maneuver, which began at the model start
time. From this state, only the first of the two targets evaluated can be successfully

accessed within the constraints of the optimizer. Notably, this means that something
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Table 3.9: Non-maneuvering satellite results for Typhoon Megi Case Study by

Morgan
Non-maneuvering (Predicted Storm Track)
Target
. Eye Eye . .
Date Time Latitude | Loneitude Distance from center | Eye in
UTCG & of FOV to eye (km) | View?
(deg) (deg)

1 10/14/2010 | 12:58 | 13.6 137.8 29.2 Yes
2 - - - _ - -
3 _ _ _ _ _ _
4 - _ - _ _ _
d 10/23/2010 | 19:10 | 234 118.5 37.7 Yes

similar to the ‘greedy solution’ as described in Chapter 2 is approached. With only
one target of the next two available to the satellite, the optimizer simply provides the
best-performing solutions for this target, and propagates through the second target
period. While the multi-objective nature of the optimization does offer a range of
possible solutions in comparison to the originally discussed ‘greedy solution’, it still
eliminates consideration for future storm location.

From this non dominated set shown in Figure 3-11a, a solution was selected and
the first maneuver in this set was executed, with the viewing window for the satellite
concluding a bit after 10/15/2010 0:00 UTC. Then, the next set of solutions was
generated from that point. In this case, no solutions were found for the second
or third maneuver period (starting at 10/15 and 10/17 respectively), and so the
satellite simply propagated forward for these cases. Options exist for the fourth and
fiftth maneuver period, as shown in Figure 3-11b and Figure 3-10c, resulting in a
possible access of the fifth target. So, in this case, the added maneuverability does
not result in increased number of target accesses, but provides possible options for
future alternative accesses.

Ultimately, this optimization alone may not perform well in this particular case.
There are several ways to address this. One option is to adjust the possible targets;
as forecasted data is updated every 12 hours, one can simply determine if a non-
maneuvering satellite would have an access or a near-access at each update, rather

than having evenly spaced targets. Target selection could be included as a part of
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Figure 3-10: Non-dominated sets for single satellite case using forecasted track,
start dates of simulations shown in parentheses.

an outer optimization, determined internally to the model rather than an external
input. This would create a more adaptive approach, suitable for uncertain targets,
and offers another level of control to a future user. This is a rich area for potential
future work.

Alternatively, if these evenly space targets are desired, this can be used to set
requirements for the satellite system. This could require an increase in number of
satellites to achieve better possible accesses, or increasing propulsion system perfor-
mance. In this case, with the closest non-maneuvering pass for targets 2-4 being
around 250km, the propulsion system would need to produce an order of magnitude
more thrust (increasing from around 0.35mN to 7mN) to allow target accesses.

Finally, it is important to note that, in general, this method of optimization may
not be the most suitable for use with forecasted data. This is due to the fact that
the optimization is being performed upon little data; essentially maneuvers involving
only 30 second passes are being optimized as though there is complete certainty in the
results, when in reality there is a level of uncertainty present in each storm location.

To mitigate some of these issues present with using precise optimization for an
uncertain set of targets, robustness should be included in the analysis. A robust
solution is defined as "one that performs well across a variety of possible future
states of a system" [10]. However, there is an associated price of robustness, as
any robust solution is not typically ideal for any particular individual scenario [10].

Robust decision making practices in general involve testing solution alternatives over
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a number of plausible scenarios, attempting to account for the uncertainty present in
the model [10].

There are a variety of levels of uncertainty; a forecasted storm with models from
multiple sources would likely fall under a so-called ‘Level 4" uncertainty, where a mul-
tiplicity of possible future exist [82]. This would be what is called a ‘deep uncertainty’
which may result from uncertain future events that cannot be well-characterized [73].
There are different methods of incorporating robustness against these uncertainties
into optimization. Many-objective robust decision making (MORDM) and generally
robust optimization techniques may be useful for the variety of problem at hand|73].
MORDM involves the same kind of multi-objective search of the solution space as
described prior, with additional evaluation of possible solutions under deep uncer-
tainty [73| [10]. There are many different ways to characterise robustness of solutions
generated, through robustness metrics, measuring system performance over a set of
future states of the system in a number of different ways [52]. For example, in this
particular case, the mean predicted storm track could be used as the nominal future
state, and then predicted tracks from individual models could be used to test this

result.

3.3 Conclusions

It is confirmed through this preliminary exploration that for relatively low amounts
of delta-V, satellites can be slightly maneuvered to gain better quality and quantity
of accesses along a hurricanes track, as proposed by McGrath et al. This particular
methodology of utilizing multi-objective optimization reveals particular tradeoffs, as
an enhancement to [50]. This evaluation of the design space can be especially useful
to decision makers; for example, a greater number of accesses may be more vital in
certain applications like early in a hurricane’s lifetime [1| but a closer pass may be
more important for high resolution data-gathering. This difference between shorter
passes and longer passes, is demonstrated in Figure 3-11. This prioritization can be

used in conjunction with the non-dominated sets of solutions to select an ideal set of
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(a) A shorter pass with the target (b) A longer pass with the target
along the of edge of the field of view. along the center of the field of view.

Figure 3-11: Different possible target accesses, with the targets shown in yellow
with a 200km access distance and satellite passes shown in green.

maneuvers.

It is also clear in the non-dominated sets that particular families of solutions ex-
ist, as shown by the groupings of designs in each plot. Additionally, the continuous
design space exploration allows for other maneuver opportunities not otherwise seen
in the graph theory formulation. By displaying the success of this low-thrust maneu-
ver methodology on an additional case study, the validity of the method is further
confirmed.

One significant note to make is that the orbit used for the Typhoon Megi case
was preselected as a relatively convenient orbit, allowing for some storm accesses in
the non-maneuvering case [50]. In the event that a satellite is completely out of
phase with desired targets (i.e. not having some accesses in the non-maneuvering
case), successful solutions may require a significantly greater amount of delta-V, or
may simply be unachievable within the constraints given. For example, both in the
Typhoon Megi and Hurricane Harvey case, at least one target was inaccessible in the
time constraints of the problem in the single satellite case. Multiple were unavailable
in the Hurricane Harvey case. Therefore, it is important to consider the initial orbit

of the satellites as the low-thrust maneuvers over the short time scales considered
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can only adjust the expected SSP by so much. Ideally, this would fit into the larger
ReCon concept as an additional adjustment to a ROM orbit.

The two hurricane case studies discussed offer an initial insight into the usefulness
of this mobile target tracking method with optimization and some tradeoffs of the
resulting solutions. There is an opportunity to further explore this with different
mission scenarios (satellite initial conditions, hurricane tracks, etc.) and different
objectives. For example, one might desire simply more targets to be visited rather
than the total access time. There are numerous areas yet to be explored in this
solution space. Throughout the work involved with this thesis, the code required to
perform this mobile target tracking method with optimization for different mission
scenarios has been compiled and is publicly available (Appendix B). A tool form of this
code can be developed to streamline future testing, allowing a user to input mission
scenarios and view the nondominated set of solutions as the output. A potential tool
set-up is displayed in Figure 3-12, and the development of this tool is likewise stored

as referenced in Appendix B.
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Chapter 4

ReCon Demonstrator (ROAMS)

Considerations

4.1 ROAMS Mission Summary and Considerations

4.1.1 ROAMS Mission Motivations

There is an effort currently ongoing at MIT to explore the reality of the ReCon con-
cept and propose intermediate de-risking missions before fully implementing an entire
20-30 satellite constellation. A couple of intermediate missions have been identified,
all under the larger category of a ROAMS (Reconfigurable On-orbit Adaptive and
Maneuverable Spacecraft). First, a propulsive payload would be used on a shared
Cube Satellite (CubeSat) mission. This payload version of ROAMS would allow for
the proving-out of the reconfiguration in a relatively inexpensive and low-risk man-
ner. Then, a larger mission of several ROAMS satellites, building off of the ROAMS
payload, could demonstrate coordinated reconfiguration among a small ‘constellation’
and emphasize the findings of the payload mission. These two concepts of increasing
scope has been developed throughout the MIT 16.851 and 16.89 courses and are on-
going projects. The ROAMS payload mission has been the most developed thus far,
with initial design and prototyping performed. This payload mission will be the focus

of the following section, and further references made to the ROAMS mission are to
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this preliminary demonstrator payload.

Overall the proposed ROAMS mission places the ReCon concept in the real world,
by testing out the main principles of the concept on a small, inexpensive scale with
a single CubeSat demonstrator; this can enable future missions to utilize the ReCon
concept with lower risk. It also allows for the exploration of key concepts ignored in
the ideal environment of simulation, where the ReCon concept has been largely ex-
plored until now. This presents new challenges. Certain orbits can be rather crowded,
especially in LEO where the ReCon concept has been explored and where most inex-
pensive and convenient launch opportunities are available. Therefore, hurdles include
maneuver planning in the context of other satellites and debris which may lead to
less-than-ideal maneuver opportunities impacting performance. Additionally, maneu-
vers will not be exact; considerations must be made for the precision of propulsion
systems available including maneuver timing and accuracy. This can lead to the
satellite arriving in a slightly different orbit than originally intended as well, which
will impact performance and future maneuver options. In the following sections, the
existing mission design will be discussed and existing uses of CubeSat propulsion will
be explored to better contextualize this demonstrator. The chosen propulsion system
presented will then be evaluated for a potential mission involving RGT orbits and
then a mobile target tracking mission will be planned using this proposed ROAMS

demonstrator.

4.1.2 ROAMS Mission Design

One of the primary methods to de-risk this variety of mission is prove the ability of
a small satellite to perform the maneuvers described in an RGT ReCon architecture.
This would involve moving from one orbit to an RGT (or simply another orbit) within
a certain tolerance, achieving better localized revisit for a ground target for a time
period in the RGT, and being able to return to the original orbit. This would simulate
the GOM to ROM and ROM to GOM return of a larger constellation. The proposed
design reference mission involves a launch to the ISS, deployment and transferring

into a ‘GOM’-type nominal orbit, calibration, observation, and then maneuvering into
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Figure 4-1: ROAMS concept of operations [MIT 16.89 Students (Spring 2021
PDR)].

an RGT orbit (simulating ROM) over a target of interest, as shown in Figure 4-2.

Similar to the ReCon concept, this maneuver to an RGT may utilize the relative
RAAN drift of a third orbital altitude. The spacecraft would return to the origi-
nal nominal orbit and the maneuver, observation, and return process would repeat
throughout the mission duration until the satellite runs out of fuel. The target of
interest would not be planned ahead of launch, meaning that the spacecraft would
have to respond in real time, simulating a ReCon-type response; however, given the
low amount of delta-V available on a payload of a CubeSat, the target possibilities
may be restricted by feasibility.

The payload is nominally 2U (20cm x 10cm x 10cm) in volume, and would include
a propulsion module, a remote sensing module, and the necessary on board computer

to control each. Possible remote sensing options are under consideration for various
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Figure 4-2: ROAMS CubeSat configuration [MIT 16.89 Students (Spring 2021)].

mission stakeholders (microwave for TC tracking, VIS/IR for wildfire tracking, etc),
however requirements of the mission emphasize ability to prove the maneuver process
and improved data gathering over the targets of interest rather than the quality or
variety of data itself. Based upon the requirements of the mission, the propulsion
module is to include both a low-thrust and high-thrust propulsion system, mean-
ing that both a chemical and electric propulsion system will be included on board.
This approach is deemed a requirement to demonstrate hybrid capability on a small
satellite. The relatively low volume of the payload ensures a wide range of potential
launch opportunities in the future, assuming it will share space on a 6U (30cm x
20cm x 10cm) CubeSat, but this also severely limits the amount of delta-V available.
A potential system design, determined at the time of the preliminary design review
(PDR), by the students in the 16.89 course, includes the following propulsion systems
in Table 4.1.

While the final system configuration has not been set in stone, assumptions can
be made and system requirements can be set out to enable the planning of potential

specific maneuvers for the vehicle. For example, for the above delta-V capability
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Table 4.1: Propulsion System Selection [MIT 16.89 Students (Spring 2021)]

Propulsion System | Enpulsion Nano [77] | Aerojet MPS130 [67]

Physical Characteristics

Dry Mass (g) 680 1060

Wet Mass (g) 900 1660

Dimensions (cm?) 10 x 10 x 8.25 10 x 10 x 10

Propellant Indium ASCENT Green Propellant

System Performance

T, (5) 2000-6000 206-235

Thrust (N) 330 x 100 I

Delta-V Capability (m/s) | 363-1088 104-118

calculation, an 12kg CubeSat was assumed. Throughout the courses 16.851 and
16.89, a comprehensive list of system requirements were generated based upon these
preliminary design assumptions and stakeholder meetings. For example, it can be
assumed that the MIT ground station will be sufficient for downlink and maneuvers
can be planned around this ground station access. However, other assumptions must
be considered carefully; for example, it cannot be readily assumed that thrusters can
be oriented such that the thrust vector is perfectly directed through the center of mass
of the spacecraft. With the small volume constraint on a 6U satellite, the positioning
and orientation of these thrusters must be considered carefully, as well as any residual
torques that might be introduced by thrust maneuvers about the spacecraft center of

mass.

4.2 Small Satellite Propulsion Systems Background

Generally, CubeSats are very constrained in mass and volume. A 6U satellite must
be 30cm x 20cm x 10cm and weigh around 8kg or so [30]. There has been a large
increase in the number of CubeSats launched since the early 2000s, with an increasing
number created to address needs like remote sensing and technology development [81].
However, largely these missions have not included propulsion systems [40]. As of 2017,
only two missions had featured propulsion systems for technology demonstration (for

uses other than attitude control) [40]. More missions have been conducted since
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then, including one testing the high-thrust system the team intends on using [51].
Overall, though, there is only a small amount of flight history one can draw from
when considering CubeSat propulsion options, and this generally restricts the TRL
of available products. Additionally the kind of propulsion systems that may be used
may be restricted by the launch system used; for example the P-POD developed by
CalPoly restricts any use of solid propulsion and the amount of stored chemical energy
that may be stored on board (i.e. amount of propellant) [40]. Finally, while electric
propulsion systems are attractive for their higher Isp, offering higher delta-V for the
same propellant storage, these systems can require high power consumption which is
not easily achievable in the mass and volume constraints of CubeSats, especially in
the ROAMS case where spacecraft power may be shared across multiple payloads.
Due to the low amount of available flight heritage, overall the TRL of most avail-
able systems is 8 or less, as they have only been flown at most a few times in orbit [14].
Each of the systems chosen by the MIT team (in collaboration with the Aerospace
Corporation Slingshot program) have previously been flown, and performance has at
least in part been validated. The Aerojet MPS-130 system, with 1N thrusters was
tested on the GPIM (Green Propellant Infusion Mission) in 2019 [51]. The thrusters
successfully performed perigee altitude changes with results within about 20km of
the target altitude [51]. The thrusters were also successfully used for momentum
management (despinning reaction wheels) and detumbling demonstrations [51]. The
Enpulsion Nano, a FEEP (Field Emission Electric Propulsion) system, has also been
tested in orbit, with 37 units launched by mid-2020 [77]. One of these was a 3U
CubeSat, with observed change in semi-major axis aligning with the expected change
based on thruster telemetry [35]. So, the ROAMS mission presents an opportunity
for emphasizing the capability of these systems on-orbit but also presents a risk to
overall mission performance with reduced confidence in system performance. The
ROAMS mission also faces unique challenges in utilizing a couple of these propulsion
systems in tandem. As this is planned to be a shared mission as well, containing other
distinct modular payloads, resources will have to be shared. Particularly, power and

energy management will be a concern as the electric propulsion system will take the
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majority of the system power. Thermal management is a concern as well, as both
propulsion systems will produce heat which could possibly affect surrounding pay-
loads if they are not completely thermally isolated. Especially as the FEEP thruster
requires heating to melt the indium fuel, the heat produced by each system requires
consideration. Finally, considerations must be made for the ADACS as well; if there is
an off-axis thrust, some of this may be compensated for by reaction wheels on board.
Likewise, ADACS will be responsible for slewing the spacecraft for target viewing.
The performance of this system will impact required performance of the propulsion
system. With all of these aspects, iteration between the bus provider, other payloads,
and the ROAMS team will be required to ensure the ROAMS payload is compatible

and sufficiently capable to meet the larger system requirements.

4.3 Logistics of Maneuver Planning

There are several challenges to conducting the kinds of maneuvers planned for the
ROAMS mission. First, these maneuvers have thus far been planned and executed in
simulation with exact accuracy under particular assumptions; the errors present in
maneuver execution (i.e. errors in thrust direction or magnitude) have not yet been
considered. These maneuvers have assumed to be timed ideally as well. However,
in an actual LEO orbit, some maneuvers may have to be delayed due to available
communication windows (depending on the autonomy level of the satellite), available
power levels or needs of other payloads on board (as a result of being on a shared
satellite), and possibility of collision with other space debris or satellites in the planned

maneuver path.

4.3.1 Error Tolerances

First, the errors within the spacecraft system itself must be considered. This system
includes the ground station communicating to the satellite and the satellite itself
including receiver, ADCS (attitude determination and control system), thrusters, and

transmitters [72]. It is assumed that the calculations for maneuvers will be conducted
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Figure 4-3: Sources of maneuver error.

on the ground and relayed to the satellite, meaning that the satellite will not be able
to execute these larger decisions having a relatively low level of autonomy. Figure 4-3
shows the sequence of possible maneuver errors throughout this process- each of these
sources of error should be evaluated.

First there are attitude and orbital determination issues. This relates to the
pointing error and the location and velocity error of the ADCS. For example, in the
case of the BeaverCube mission, where the ADCS system is comprised of a 3-axis
magnetometer and a GPS receiver, the pointing error in azimuth and elevation of the
satellite will be derived from the errors of the magnetometer reading, and the errors in
the location and velocity will be derived from the errors in the GPS readings [72]|. Both
these GPS readings and magnetometer data must be downlinked to the ground station
[72]. The accuracy of these measurements is based upon the exact components used
and their integration. The data received can also be further processed. For example,

an Extended Kalman Filter (EKF) can be used to process received measurements to
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reduce statistical noise and other inaccuracies |75]. Different data sources can also
augment the knowledge obtained through data downlink. Frequently TLEs (two-
line elements, which describe position and velocity of the spacecraft) provided by a
Combined Space Operations Center (JSpOC) shortly after deployment are used to
assist CubeSat acquisition and orbit determination [66] [72]. For example, IceCube, a
3U CubeSat with the mission to obtain data on cloud ice was deployed from the ISS in
2017 and used the provided TLEs to aid in spacecraft acquisition |75]. However, the
spacecraft lost contact after initial acquisition and there were persistent issues with
locating the spacecraft |[75]. Some issues include that the TLEs received did not line
up with the GPS states downlinked and unknown spacecraft attitude, which made
it difficult to predict the influence of drag on the spacecraft [75]. Depending on the
needs of missions, TLEs may not be sufficient on their own. Errors in TLE generated
locations can be around 4.5 km (median), and from 2 km up to 20 km (from the
first to third quartile) [66]. The error varies between the direction of tracking, with
the largest error in the in-track direction (when considering the local vertical local
horizontal frame), and smaller error in the cross-track direction [66].

From there, the maneuver required is calculated and then this command is up-
linked to the satellite. Finally the command will be executed on the satellite it-
self, whereby the computer and thrust determination errors must be taken into ac-
count. The thrust magnitude, direction, and duration will all have an associated
error, whether derived from the thruster itself or the computer directing these com-
mands. Errors carried throughout this sequence of operations will result in a slightly
different final satellite orbit than originally intended. As seen in Chapter 3, some of
these access times for target imaging are only on the order of 20-30 seconds, so that
a maneuver execution timing error on the order of 10 seconds could be significant.

The thrust determination errors will be derived from the system installed. In the
case of the ROAMS mission, there will be two different sets of thrust determination
errors derived from each of the systems installed. Also, the method of installation and
configuration of these components may influence the error. Additionally, the timing

of the maneuvers as controlled by the on-board computer can also influence possible
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Figure 4-4: Comparison of spatial density distributions from 2007 to those projected

for 2206, considering the addition of post-mission disposal (PMD) of all objects and
two varieties of active debris removal (ADR02 and ADRO05). [42]

thrust duration.

4.3.2 External Factors

Aside from the errors possible within the spacecraft system, the environment in LEO
also influences maneuver planning. For example, when changing orbits, probability
of collision with space debris and active satellites in LEO must be considered. The
amount of debris is only projected to increase in coming years, however, the alti-
tudes planned for the ROAMS mission (400km-500km range) are relatively low-risk
in comparison to higher (900km or so) LEO altitudes, as shown in Figure 4-4 [41].
Broadly, the capacity of LEO is important to considered as evaluated in [8]. Multi-
ple spacecraft may be used in future iterations of ROAMS as well, and the slotting
method discussed in [8] to fix constellation spacing is noted as worthwhile for future
exploration.

A simple probabilistic calculation can be performed for a rough estimate of col-

lision probability over the satellite lifetime. Based on what has been determined for
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the mission thus far, a mission lifetime of two years will be assumed. The following

formula from [86] can be used

P, =1 —exp SPDAtva (4.1)

where SPD refers to the spatial density of objects (m~3), A refers to the collision
cross-sectional area (m?), t refers to mission time (s), and v, refers to the relative
velocity between the satellite and object (m/s). Assuming a worst-case cross sectional
area of 0.14 m? [28], and head-on collision at 500km altitude (15.2 km/s impact
velocity and an SPD of around 0.57® objects/km?) this results in a collision probability
of 6.7-107° %. Note that this is for objects greater than 10cm. If objects greater than
3mm are considered, the SPD increases by about 300 (as projected by the MASTER-
2009 space debris model for 2017) [37], so the probability of collision increases to
0.02%. It is also important to note that if higher altitude is used in LEO, this
SPD could dramatically increase (Figure 4-4). One final note is that probability
of collision depends, to a lesser extent, on orbit inclination [15]. Typically, collision
probability is worsened for orbits with inclinations supplementary to inclinations that
are crowded by debris. Highly trafficked near-polar orbits and SSO retrograde orbits
therefore cause higher collision probability in higher inclinations. Therefore, orbits
with inclinations lower than 60 degrees or so (such as the ISS orbit) have relatively
lower collision risk.

While the probability of collision is overall low throughout a mission lifetime of
one year from this evaluation, this is a non-zero threat that must be addressed. In
addition, in reality, given the uncertainty of the location of each object in orbit,
close passes (so called conjunctions) must be considered as well as collisions. These
individual conjunction events must be considered in operations. Once the satellite
is deployed in orbit, the US Combined Space Operations Center will perform con-
junction assessments for active satellites and objects, so informed collision avoidance

maneuvers can be conducted as necessary [79]. Any threats will be communicated
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to the spacecraft operators (through a service such as SOCRATES (Satellite Orbital
Conjunction Reports Assessing Threatening Encounters in Space) [86]), so satellite
operators must be on-call to analyze and address these [36]. Hundreds of alerts for
possible conjunctions are issued each week for typical LEO satellites, but in most
cases, the risk of collision for each possible conjunction decreases as more orbital in-
formation is gathered [23|. For example for ESA satellites in LEO, about two alerts
per week per satellite require a follow-up, and analysis must be conducted to fully
evaluate the risk; if the probability is greater than 0.01%, action must be taken typ-
ically in the from of collision avoidance maneuvers [23]. Ultimately, for this fleet of
ESA satellites, about one maneuver per year must be conducted [23]. Therefore, for
the ROAMS mission, some propellant must be reserved for conducting these avoid-
ance maneuvers, similar to reserving some propellant for deorbit at the end of satellite
lifetime [79]. The currently selected propulsion systems, both having flight heritage,
will likely be considered sufficiently reliable to conduct these maneuvers [79]. Depend-
ing on the exact maneuver required, ROAMS intended observations and maneuver

plans will have to be reevaluated from the new satellite location.

4.4 FEvaluation

Given all of this information, an evaluation will now be performed to demonstrate the
projected performance of a simulated ROAMS mission. First, the currently planned
CONOPS of a satellite moving from the starting (ISS) orbit to the nearest RGT
orbit will be evaluated for the low-thrust system, including the uncertainty relevant
to these maneuvers. This will first be conducted assuming Keplerian orbits without
a RAAN change requirement, then assuming J2 perturbations and a RAAN change
requirement via drift orbit (utilizing McGrath’s formulas [46]). Then, the potential
performance of the ROAMS mission for mobile target tracking applications will be
examined; the delta-V capability of the system will be compared to what is required
for the low-thrust maneuvers for mobile target tracking as discussed in Chapter 3.

As mentioned previously, there are several parameters of the spacecraft that influ-
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ence the possible errors in maneuvers, including parameters of the propulsion systems,
timing capabilities of the computer on board, and parameters of the ADCS system. In
the case of the ROAMS mission, a 6U bus is being planned. Currently, it is assumed
this bus will roughly have the characteristics of the Blue Canyon Technologies 6U bus
so these bus parameters will be assumed. The aforementioned Nano Enpulsion and
Aerojet MSP-130 propulsion systems are being used. The relevant characteristics of
these components are included in Table 4.1.

For a preliminary evaluation, errors in communication to the satellite and the
commands executed on board will be ignored. Only errors in the propulsion system
(thrust timing, duration, direction, and magnitude) will be considered. Of course, in
the consideration of a circular to circular orbit transfer with static targets, the precise
timing of the maneuver will not have an impact on the final orbit, simply the exact
location of the satellite in the final orbit. This, however, could have an adverse effect
when observing mobile targets as previously discussed, as the mean anomaly shift
caused by imprecise timing may cause future passes to be poorly timed.

If the satellite is maneuvering with the low thrust system, a spiral transfer from
the ISS orbit (440km altitude) to that of the RGT (497 km) will be conducted.
Based upon the in-flight results of [35], the average thrust recorded for the 30 minute
operation of the propulsion system was around 0.2212+ /- 0.0033 mN. In this test as
well, the attitude control system did not maintain attitude during the burn, leading
to only 82% of the total thrust force being used or about a 35 degree off-axis angle.
Assuming the spacecraft will have operational ADACS throughout system burns,
and that the spacecraft will have at least the performance level of the aforementioned
BeaverCube (another student-led project at MIT), a worst-case 15 degree pointing
error will be assumed [72] with the off-axis thrust produced compensated for by
ADACS. So, in this case, an error range of +/- 15 degrees thrust direction, -+ /-60
seconds thrust duration, and +/- 0.0033 mN thrust magnitude (0.2212 mN nominal)
will be considered. These are simply sample errors; the exact range of these will
depend upon the bus used and exact component configuration and installation which

at this time is not certain. The impact of these errors independently on final orbit
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Figure 4-5: Final orbit altitude resulting from various individual errors.

altitude are shown in Figure 4-5.

It is clear the angle difference has the largest impact, but ultimately, from each
factor individually, the difference in final altitude is only off by 2km. Of course, in
reality these factors may compound. A random sampling of errors from each of these
factor ranges leads to the final altitude as shown in the histogram of 100,000 runs in
Figure 4-6, with a mean value of 496.35km, just a bit below the intended altitude.

A worst case scenario is ending up at around 494km, or only about 3km off
the nominal altitude. This is close to the uncertainty in GPS measurements (4 /-
5km) [35] so depending on the orbit determination, this difference may not even
be apparent. When looking at the ground track resulting from this slight altitude
difference in Figure 4-7, it is clear the ground track does not quite repeat as intended.
The impact of this difference will depend upon the FOV of the satellite, target size,
and viewing duration. Additionally, if the target is being viewed for a sufficiently
long period, such that the reliability of the ground track can be evaluated, a small
correction maneuver could be executed to rectify the orbit altitude. For further

analysis, effects of drag and J2 perturbations should be included.
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Figure 4-6: Final Orbit Altitude Resulting from Various Errors Combined.

Figure 4-7: Ground tracks resulting from intended altitude (497km, blue) and a
potential altitude (494km, yellow) over a 2-week period. A sample ground target is
shown in with a 200km diameter area (pink).
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Figure 4-8: Performance of a random sampling of maneuver options with up to 50%
error in delta-V magnitude.

When compared to the prior work presented in Chapter 3, it is clear that the low-
thrust system would have the delta-V capability to perform the maneuvers required
for target viewing the Megi or Harvey case studies. These maneuvers required on the
order of 10 m/s per satellite or less, and the propulsion system is capable of up to 1
km/s as shown in Table 4.1. However, precision will be important to conduct these
maneuvers as well. The same random sampling of the errors conducted above was
performed for a maneuver of similar duration (in the worst case), the errors can result
in a corresponding difference in intended delta-V of just below 0.1 m/s, or about 5 %
of the intended delta-V. In the context of the majority of the mobile target tracking
solutions, this translates to a few kilometers shift in distance to ground target. In the
case of the sample solution for a single satellite for Megi as in Table 3.1, this does not
significantly change accesses; however, depending on how close the accesses are to the
edge of satellite field of view, this could create a larger impact, due to the sharp cutoft
in FOV visibility. This can be further extended by evaluating the impact of larger

errors. A random sampling of potential error in delta-V, up to 50 % error, results in
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the objectives shown in Figure 4-8. This reveals relatively a variety of performance,
with the majority of potential results performing worse than the intended results.
Depending on the desired performance of a future satellite performing mobile tar-
get tracking, one could set ADACS and propulsion system requirements based upon
this variety of evaluation. It is likewise important to consider how this system may
change with time; low-thrust systems, including FEEP thrusters, tend to have worse
performance with time, and initial mission requirements should be determined based

upon the end-of-life characteristics to ensure conservative design.

4.5 Summary

Overall, the ROAMS mission effort is vital to place the ReCon concept in the real
world, and ensure considerations are made for non-ideal circumstances. The chal-
lenges faced by this effort include dealing with these non-ideal circumstances and
ensuring maneuvers can be conducted such that the desired ground track and target
flyovers can occur despite errors inherent to realistic payload design. As the team
continues to develop this concept, they will also face the challenges of working with

a hybrid propulsion system on a small Cubesat; this has not yet been tested.
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Chapter 5

Conclusions and Future Work

5.1 Summary and Contributions

This thesis has validated and extended work by McGrath et al. [50] in an effort
to present an adjusted methodology to track mobile targets. By utilizing a series
of low-thrust maneuvers, satellite orbits can be adjusted to obtain improved passes
of targets than could otherwise be achieved. This application can allow for better
quality and quantity of data gathered over a hurricane’s track, which can lead to
improved hurricane forecasting; this is especially vital as increasing hurricane intensity
continues. For example, the next hurricane season in the US (2021) is projected to
include more hurricanes than average, with a nearly 70% chance of a major hurricane
to hit the US coastline (in comparison the past century average was a 52% probability
of such an event occurring) [32].

Overall, this thesis has validated McGrath’s method as described in [50] and has
further explored the tradeoffs in this space; the major contribution of this thesis is
adding to this concept of adaptive reconfigurable maneuver planning. The method
has been extended through the addition of an optimizer; the output from this multi-
objective optimization has allowed for an exploration of the solution space in a new
way. Key tradeoffs include trading higher delta-V use for closer passes or longer
access time. Access time can likewise be traded for closer passes; for example, a few

targets could be accessed with closer passes or many targets could be accessed at
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further passes. All of these various trades would be worthwhile for a future user to
understand.

Additionally, this method has been implemented with multiple satellites. The
increase in natural accesses with RAAN-shifted additional satellites has been ap-
parent in both case studies explored. There is a clear sense of diminishing returns
on maneuverability as more satellites are added to the constellation; depending on
the particular case explored, a greater number of static satellites can be considered
equivalent to fewer maneuverable satellites. Finally, the use of forecasted data was
considered to create a more realistic model of this mobile-target tracking method. In
both case studies explored, the use of multi-objective optimization revealed interest-
ing possible solutions. Both revealed maneuvering options that offered closer accesses
or longer access times than otherwise achievable in the non-maneuvering case with
low amounts of required delta-V (typically on the order of 10 m/s or less).

Finally, while there have been many prior investigations into potential ReCon
applications and uses, the ROAMS mission offers an opportunity to take a step toward
actualizing this concept. Potential errors in maneuvers that must be considered were

explored, and serve as a jumping off point for future mission planning and operations.

5.2 Future Work

There are a number of areas yet to be explored in this work. One simple area for
growth is simply applying this method to a larger swath of hurricane tracks. This
could be explored through the tool described at the end of Chapter 3 and the code
developed from this work. Other initial conditions can be used with more satellites
and different overall mission scenarios. For example, one could explore having multi-
ple satellites in the same plane rather than shifted by RAAN, which can help decrease
hypothetical launch costs. Alternatively, one could look into beginning in an RGT
orbit, to examine if this has any benefit for these mobile target tracking observations.
Further exploration into incorporating uncertainty into the optimization through ap-

proaches like MORDM can aid in producing improved results for maneuver planning
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with forecasted tracks. It would likewise be worthwhile to gather more information
from the potential users of this kind of maneuverable satellite or constellation; consid-
erations from the users including desires for greater number of accesses at particular
time in the TC track or simply a closer passes overall would greatly inform how the
solution space can be explored in the future and what objectives need to be taken
into account. This can help inform what may be best used for optimization, as there
are numerous objectives one could use.

There are many areas that are yet to be explored within this topic of mobile-
target tracking and applied ReCon. Other adjacent applications such as oil spills
and wildfires may benefit from similar explorations as those described in this thesis.
These are targets of changing area unlike this thesis’ exploration of tracking a TC
eye, but the same methodology could be applied to slightly shift SSPs to more readily
obtain data for particular vital points within the target area. Further aspects of
target viewing such as prioritizing particular solar illumination angles for constructing
stereoscopic imagery are currently being explored. Additionally, this work assumes
an effective field of view of each satellite but does not take into account the slewing
maneuvers that may be required by the satellite. This could be combined with the
work presented by Straub [76] for the collection of imagery to prioritize maneuvers
based on their ease of access from both a delta-V and a slewing capability perspective.

The ROAMS mission work will be continuing forward, in the effort to create a
payload capable of performing maneuvers and bring the research done thus far on
ReCon into the real world. This effort will help prove the validity of this concept and
derisk a larger mission including multiple satellites, bringing a full ReCon mission

one step closer to reality.
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Appendix A

Three-Phase Raising and Lowering

Equations [46]

Available here: https://doi.org/10.5281/zenodo.4452979 [45]
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and, for the case where the satellite altitude is lowered in Phase 1,
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while for the case in which the satellite altitude is raised in Phase 1
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A is the acceleration of the satellite

where

for lowering maneuvers, a negative acceleration should be used
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for raising maneuvers, a positive acceleration should be used
ag is the initial mean semi-major axis
ag is the final mean semi-major axis
AV, is the total delta-V required for altitude change
¢ is the inclination of the orbit
i is the gravitational parameter of the Earth
Jo is the coefficient of Earth’s gravitational zonal harmonic (2nd degree)

R, is the mean Earth radius

112



Appendix B

Mobile Target Tracking Code and
GUI Framework

The following Github URL contains the code used for the analysis in this thesis,
including both code for the graph theory analysis and optimization analysis. A de-
scription of the code is included.

https://github.com /sjmorgan6/Mobile-Target-Tracking

Contact: sjmorgan@mit.edu
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