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ABSTRACT

State-of-the-art weather forecasting systems depend on various data collected by

airborne, orbiting, and ground sensors. Regional CubeSat constellations have the poten-

tial to improve hurricane forecasting by collecting sensor data over data-starved oceanic

regions. Even in areas where terrestrial sensor networks exist, constellation sensor data can

help reduce forecasting model errors. To this end, we consider the problem of designing a

low-Earth orbit CubeSat constellation that meets resolution requirements over a region of

interest. Specifically, we envision a novel mission design concept referred to as a regional

hybrid constellation in which multiple formation-flying CubeSat clusters are deployed in a

traditional multi-plane constellation configuration.

To take advantage of the Repeating Ground Track (RGT) orbits within the re-

gional constellation, we present a new optimization-based approach to design an RGT orbit.

Using these RGT orbits in the constellation design can reduce the station-keeping cost of the

constellation. For the hybrid constellation, we design three novel formation designs that can

address the current observation gaps and improve hurricane forecast accuracy. We determine

the safe (no collision) relative orbits for each formation design. In addition, we consider a

novel optimization framework that utilizes satellite coverage maps to determine the number

of satellites and constellation patterns.

To facilitate the hybrid constellation design, we determine the CubeSat forma-

tion’s coverage map analytically and use it within the optimization framework to deter-

mine the optimal hybrid constellation design. Optimizing the hybrid constellation considers

minimizing the infrastructure and maintenance cost of the constellation while maximizing

the quantity and quality of the hurricane data collection. The hybrid constellation design

considers the second-order geo-potential perturbations such that there will be no coverage

degradation of the hybrid constellation over the region of interest under these perturbations.

Additionally, we develop control strategies for station-keeping and formation-keeping of the

hybrid constellation using chemical and electrical propulsion.
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CHAPTER I

INTRODUCTION

1.1 Motivation

Hurricanes are one of the most frequent natural disasters that impact the lives of individuals

and properties in the United States. Hurricanes also have a significant effect on the environ-

ment, especially in a coastal habitat. The trend of hurricane disaster events, the property

damage, and deaths caused due to these disasters happening in each decade is shown in

Table 1. As the warm ocean waters fuel hurricanes every year, these hurricanes are getting

more frequent, violent, and unpredictable with the rise of sea temperature. With this, the

need to improve hurricane forecast accuracy is also increasing. Accurate forecasting of hur-

ricanes can provide lead time to respond to natural disasters efficiently.

Table 1: Assessments of hurricanes in last four decades

Time Period Hurricanes Events Cost Cost Deaths Deaths

per Year per Year per Year

1980s (1980-1989) 24 2.4 $158.3B $15.8B 2761 276

1990s (1990-1999) 43 4.3 $191.3B $19.1B 2763 276

2000s (2000-2009) 52 5.2 $171.9B $17.2B 659 66

2010s (2010-2019) 116 11.6 $421.0B $42.1B 1660 166

2019-2021 43 14.3 $174.9B $58.3B 825 275

All Years (1980-2022) 279 6.5 $1,103.1B $25.7B 8825 205

The current hurricane forecast models can be classified into statistical, dynamical,

and statistical-dynamical models. The statistical models use the historical hurricane data to
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predict the current ones, dynamical forecast models solve the physical equations describing

the atmospheric motion with certain assumptions, and statistical-dynamical models use the

results from the dynamical models as inputs and statistically predict the hurricanes. Ad-

vanced dynamical forecast models, such as The National Oceanic and Atmospheric Adminis-

tration’s (NOAA) Geophysical Fluid Dynamics Laboratory (GFDL) Finite-Volume Cubed-

Sphere Dynamical Core (FV3), can model hurricanes with great precision with reasonable

computation cost. We can forecast the hurricane track and intensity with greater precision

by providing the required initial conditions with high quality and resolution to the advanced

modern forecast models. State-of-the-art weather forecasting systems depend on a variety

of data collected by airborne, orbiting, and ground sensors. There are certain disadvantages

and limitations associated with the current operational instruments used to provide initial

conditions to the forecast models. The recent CubeSat missions have demonstrated that

a miniature radar can provide the required input data to the forecast models and can be

operated on a CubeSat platform. Regional constellations have the potential to improve hur-

ricane forecasting by collecting sensor data with desired resolution over data-starved oceanic

regions. Even in regions where widespread terrestrial sensor networks exist, constellation

sensor data can help reduce forecasting model errors.

The CubeSat constellation can bring in the ability to perform earth science mis-

sions such as monitoring hurricanes on a low-cost, quick-turnaround platform. The data

from such a constellation can improve the capabilities of the NOAA’s advanced hurricane

forecast models. An accurate forecast of the hurricane can help the first responders to man-

age resources and assist the government in developing environmental policies.

1.2 Research Objective

The first research objective of this research is to design a nominal orbit for orbiting sensors

that can significantly reduce the maintenance cost of the hurricane monitoring constellation.

The second objective of this work is to identify a region of interest where hurricanes fre-

quently occur, as shown in Figure 1 and design a low-Earth orbit CubeSat constellation by
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leveraging the nominal orbit that meets given resolution requirements over a region of inter-

est to monitor hurricanes to determine the number of satellites and constellation patterns.

The third research objective is to design CubeSat formations to fill the current observation

gaps and improve the hurricane track and intensity forecast accuracy. The fourth objective

is the efficient integration of the constellation design and the formation design. The final

objective of the research is to determine the required station-keeping maneuvers for the con-

stellation to maintain the required coverage to monitor hurricanes.

Figure 1: Region of interest where hurricanes occur frequently

Regional constellations using a network of CubeSats can help monitor large-scale

weather events such as hurricanes. For such applications, the design of repeating ground

track orbits usually leads to a fewer number of CubeSats. A design of a regional hybrid

constellation in which a cluster of CubeSats fly in formation and considers a regional con-

stellation of such formation units is a novel mission concept that is introduced in this work.

Hybrid constellations can collect hurricane data at desired resolution with enhanced quality.

The coverage of the formation units within the hybrid constellation is a function of time

that depends on the relative orbits of the formation. Therefore the coverage area of the con-
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stellation is not constant and is required to be maximum over the regions where hurricanes

occur frequently. Within the formation, each follower CubeSat should maintain the relative

position with respect to the target CubeSat to a remarkable precision to minimize the errors

in the data measurements. The formation of CubeSats and the design of the constellation

of these formations are interdependent. They have to be integrated to find the optimal

hybrid constellation design for monitoring hurricanes continuously. To this end, a Pareto

optimization problem with opposing objective functions, such as maximizing the coverage

of the constellation and minimizing the number of CubeSats in the constellation, is required

to quantify the advantages of the hybrid constellation for monitoring hurricanes.

1.3 State-of-the-art in Hurricane Monitoring

A constellation of CubeSats is a group of CubeSats working within a system that functions

independently from each other. On the other hand, the formation of CubeSat has multiple

CubeSats coordinating with each other to achieve the mission objective. In this section,

we will discuss the state-of-the-art methods for the constellation and formation design for

monitoring hurricanes. In addition, we will discuss the available repeating ground track orbit

design methods and the station and formation-keeping design methods.

1.3.1 Constellation Design

The land-based network of ground radars NEXRAD of the National Weather Service can

observe the internal three-dimensional (3D) structure of the hurricane [1]. However, they are

limited by their range and cannot observe the hurricane’s movement over the ocean. The

airborne Doppler radars of NOAA are also used to collect data by flying over the hurricane

when it is still on the sea. Although these missions can provide hurricane-related data [2]

(such as temperature, humidity, precipitation, and wind information), the sampling of the

collected data is limited because the aircraft only conducts one or two missions a day. Geosta-

tionary Operational Environmental Satellite (GOES) of NOAA and National Environmental

Satellite Data Information Service (NESDIS) are the only instruments capable of monitor-
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ing the position and appearance of hurricanes continuously from space using optical-infrared

instruments [3]. They provide intensity estimates using Dvorak technique [4]; however, they

cannot observe the internal dynamics, vertical structure, or intensity of hurricanes [5]. A

Doppler radar in geostationary Earth orbit may solve the problem. Still, such a mission is

challenging (if not prohibitive) due to huge antenna sizing, expensive manufacturing costs,

and decade-long lead time for development [5].

Satellites deployed in low-Earth orbits (LEO) provide a different opportunity [6, 7].

Furthermore, the recent advances in the miniaturization of technologies enable the LEO

operation of different sensors such as spectrometer, precipitation radar, synthetic aperture

radar (SAR), or radiometer on CubeSat platforms that provide the advantage of deployment

in large numbers in a single rocket launch [8, 9]. Hence, one can envision a regional CubeSat

constellation as a low-cost infrastructure for improving the spatial and temporal resolution

of sensor data. A number of studies have emphasized the importance of the availability of

high-resolution sensor data, replacing synthetic data from prior forecasting, which has the

potential to improve the accuracy of the hurricane forecasts [10, 11, 12]. However, the current

sensor infrastructure is incapable of providing hurricane data at desired spatial and temporal

resolution. For example, the Atlantic warm pool is a data-starved region where most of

these hurricane geneses and evolution take place. Furthermore, new capabilities facilitated

by the deployed constellation of sensors can reduce the errors in forecasting models by

complementing the terrestrial network sensor data. For instance, the detection of convective

systems by precipitation radars, using measurement of the vertical distribution of condensed

water, can improve forecasting.

Traditional constellation design methods such as the streets of coverage [13, 14,

15, 16] and Walker constellation [17, 18] mostly consider a geometric approach incorporating

the symmetry in the design. In the former, satellites are symmetrically placed in a plane

with the same altitude and inclination to create continuous streets of coverage to provide

global or zonal coverage. In Walker constellations, the arrangement of the satellites in circu-

lar symmetric orbits minimizes the largest required coverage circle size. Regional coverage
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constellations, unlike global constellations, are designed to provide coverage on a particular

geographical area. Researchers have investigated the asymmetrical constellation designs for

regional coverage over a specific target point on the surface of the Earth, with most stud-

ies, such as the flower constellation [19], utilizing repeating ground track orbits. Timeline

meshing methods have also been used to minimize the coverage gap resulting in a constel-

lation [20, 21]. Asymmetric constellation design for providing continuous or discontinuous

coverage is studied by Lee et al. [22]. A satellite constellation design method for complex

coverage requirements using the concept of coverage maps was studied by Ulybyshev [23].

However, this method cannot be used for asymmetric constellation design.

1.3.2 CubeSat Formation Design

Hurricane’s internal dynamics are highly influenced by the hot tower’s vertical moist convec-

tion [24]. Hot towers are tropical hot air that rise up as high as 15 km from the sea surface

and release latent heat in large amounts due to the condensation of water vapor. In deep

convection, along with the air in these hot towers, small amounts of heat, moisture, mass,

and traces gases are carried to the upper troposphere of the atmosphere [25]. These vertical

transports are a significant source of high clouds and heavy precipitation. This convection

data can be obtained from Earth-orbiting clouds and precipitation radars such as Tropi-

cal Rainfall Measuring Mission (TRMM), Global Precipitation Measurement (GPM), and

CloudSat. The missions mentioned above have propelled clouds and precipitation science.

Our understanding of these sciences can be further improved by overcoming the limitations

in current multi-frequency and Doppler measurements of the deep convection [26]. With the

recent advancements in technology, miniaturized precipitation radar missions such as Rain-

Cube and Multi-Application Smallsat Tri-band Radar (MASTR) are being planned. These

small satellites, along with many other CubeSats under development, bring in the opportu-

nity of distributed sensing of the deep convection, enabling us to understand the hurricane

dynamics better.

It is essential to monitor cloud and precipitation processes in addition to the at-
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mospheric states to advance the capabilities of hurricane forecast models. Measuring the

vertical motion of the convective storms and the microphysics will enable us to understand

these processes related to vertical latent heat distribution and convective mass flux. The

precipitation radar equipped with the Doppler capability can enable to monitor the vertical

transports of the convectio. Even with the Doppler capability, it is challenging to measure

vertical motion with the desired accuracy due to the uncertainties in the Doppler measure-

ments due to the satellite’s high velocity [27]. This high velocity of the satellite can generate

apparent Doppler velocity of the vertical transports in the convection. The Doppler uncer-

tainties increase with the Doppler spectral width that is directly proportional to satellite

velocity and inversely proportional to Pulse Repetition Frequency (PRF) and the diameter

of the antenna. We cannot have a large antenna or increase the PRF, which requires high

onboard power for CubeSats for practical purposes. We have no control over the choice of

the satellite’s velocity for a given nominal orbit. Additionally, having higher PRF can also

cause ambiguities in the Doppler measurements. The literature proposes a solution for this

dilemma in the form of a concept called Displaced Phased Antenna Concept [28]. The idea

is to use two antennas instead of one to make the antenna appear stationary as the satellite

moves. This mission design considers radars operating at a single frequency.

Cloud and precipitation in-homogeneity within the radar beam sampling volume

results in the Non-Uniform Beam Filling (NUBF). NBUF effect is one more factor that in-

troduces the uncertainties in the Doppler velocity estimates of the vertical motion of the

convective storms. We can theoretically estimate the NUBF Doppler velocity bias and com-

pensate it for reducing the Doppler velocity estimation errors. The uncertainties in the

NUBF Doppler velocity correction are inversely proportional to the operational radar fre-

quency. Radars operating at lower frequencies with deeper penetration into the convective

storms will have more significant uncertainties. Observing these storms using multiple fre-

quencies can provide data that can help to estimate the NUBF Doppler velocity correction

with reduced uncertainties using higher radar frequencies and provide higher penetration

into the convective storm with lower radar frequencies.
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A single non-Doppleralized radar cannot observe the vertical motion of the con-

vective storms. The literature proposed a mission concept using non-Doppleralized radar

CubeSats to observe these processes of convection. In this mission, three black CubeSats

in a cluster collect data over the same convection within seconds apart [25]. These time-

difference measurements provide additional information that, when processed, can observe

the vertical motion of the convection. In recent years, the science community has been inter-

ested in simultaneous multi-frequency radar observations of the same precipitation system.

Such observations improve the quality of the convection’s vertical transport data by taking

advantage of the complementarity and synergy data [26]. Radars operating at a single fre-

quency can have particular penetration capabilities limiting them from observing the entire

vertical profile of the precipitation system. Having simultaneous data of the precipitation

system obtained from radars operating at different frequencies can complement the otherwise

unavailable data collected with a single-frequency radar (complementarity). On the other

hand, when available, multi-frequency data of a specific portion of the precipitating system

can reduce the retrieval uncertainties compared to the single-frequency data (synergy).

Understanding the hurricane’s ocean surface wind speed and direction is essential

data that the hurricane forecasting models require. This wind information will enable us

to understand the physical processes that determine the formation and evolution of these

hurricanes. This wind data can also help to predict the storm surge that causes signifi-

cant damage to the coastal habitat during the landfall of the hurricanes [29]. There are

several wind-retrieval space-born sensors such as spectrometers, radiometers, and Synthetic

Aperture Radar(SAR). The two main challenges in observing the near-surface ocean winds

of hurricanes are rain contamination and the high wind speed retrievals [30]. Simultane-

ous observations of precipitation and the ocean surface winds can improve the accuracy of

hurricane forecast [31, 32]. Currently, SAR is the only instrument that can collect data

at a kilometer-scale resolution of wind speeds that are above the hurricane threshold that

is 33m s−1 and improve the quality of hurricane forecast [33]. As SAR’s provide a single

azimuth view, we can only determine if the changes in the backscatter are due to wind speed
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or wind direction variation [30]. Over the years, several methods to estimate wind speed, as

well as direction from the SAR data, have been developed [34]. Operational uncertainties

introduce many errors in these estimates, and there is a potential for using SAR in a multi-

static configuration in order to make these estimates more accurate.

1.3.3 Repeating Ground Track Orbit Design

The orbit of the satellite is the solution to the two-body problem, which is widely studied

in the literature. When no additional forces are considered other than the gravitational

force of the celestial body on the spacecraft, we get pure Keplerian motion for the satellite.

When the satellite is in keplerian motion, the orbital period of the satellite is constant and

can be analytically computed. It is straightforward to use this nodal period and design an

RGT orbit that repeats its ground track after an integral number of revolutions around the

Earth. However, the design of the RGT orbit is challenging when we consider geopotential

perturbations due to the non-spherical Earth [35, 36, 37] as in this case, the nodal period of

the satellite is unknown and cannot be computed analytically. Several methods have been

developed, for instance, Flower Constellation (FC) developed by Mortari [38, 39, 40, 19]

considers second zonal geopotential perturbations (J2) and can design RGT orbits with any

eccentricity. To design more accurate repeating ground track orbits, Aorpimai and Palmer

developed Epicyclic motion Repeating ground track Orbit (ERO) [41]. In addition to first-

order J2 terms, the ERO method also considers second-order J2 and first-order J4 terms.

ERO method is based on an epicyclic motion introduced in work done by Ref [42] and is

limited to near-circular orbits. To overcome the limitations of the above two methods, Vtipil

and Newman developed Modified Flower Constellation (MFC) [43] method. This method

considers the first and second-order J2 terms and first-order J4 terms and is extendable

to orbits of any eccentricity. A Simplified Repeat Ground track (SRG) method developed

by Collins [44] is used to refine the MFC solution in Ref [45]. Additionally, in this work,

Collins [44] compared the ground track errors of RGT orbits designed using the FC, MFC,

ERO, and SRG methods. Lara et al. [46] have designed RGT orbit in a fast manner con-
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sidering High-Fidelity geo potentials. All the methods discussed above use a semi-analytical

method to design RGT orbits. These methods leave some residual Ground Track Error

(GTE) in real applications. Considering that residual GTE has an associated penalty (ei-

ther in station keeping cost or in coverage provided), Pu et al. [47] and D’Amico et al. [48]

have studied the trajectory optimization of RGT orbits to reduce the ground track error

using minimum fuel.

1.3.4 Station-keeping and Formation-keeping

The station keeping of the nominal orbit of the constellation and the relative orbits of

the formations is required to maintain the hybrid constellation. Orbit station-keeping re-

quires a time to time control actions to compensate for perturbations such as atmospheric

drag [49]. The optimal control of the station-keeping and formation-keeping using chemical

propulsion is less efficient compared to electric propulsion. In recent years, enhancements to

solar-electric propulsion technology [50, 51] have seen their greater usage in Earth-orbiting

satellites [50, 52] for station-keeping. These applications have largely been for relatively

larger satellites, and a variety of electric propulsion technologies are currently being minia-

turized for future incorporation in nano-satellites as well [53, 54]. A number of methods

have been developed in order to compute optimal low-thrust station-keeping, broadly falling

under the categories of direct and indirect optimization-based methodologies. While indirect

techniques use the calculus of variations to determine the necessary conditions of optimality

and set up a two-point boundary value problem [55, 56, 57], direct techniques avoid using

calculus of variations and instead rely on direct transcription and collocation to set up a

parameter optimization problem, often solved using commercial software such as SNOPT

and IPOPT [58, 59]. These methodologies typically rely on good quality user-provided

initial guesses in order to rely on numerical convergence of the underlying algorithm [60]. In

order to address these issues, a number of alternative approaches have been developed, such

as shape-based techniques, Q-law, or semi-analytical approaches [61, 62, 63]. Furthermore,

dynamic models to capture the underlying translation dynamics of the spacecraft often play
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an important role in the convergence of direct or indirect optimization techniques. Several

such models have been used in the literature, orbital elements, equinoctial elements, Carte-

sian, and spherical coordinates. The J2 perturbations and the atmospheric drag are the

two main perturbations for the Leo-Earth orbits that need to be incorporated within the

dynamic model to determine the station-keeping and formation-keeping requirements.

1.4 Operational Challenges in LEO

All the technologies implemented on the CubeSat platform are miniaturized. Therefore

CubeSats have limited onboard power available for the payload, such as radars to monitor

hurricanes. Generally, the power required to operate the space-born radars for a given

antenna aperture area is proportional to the altitude of the orbit [64]. Due to the limited

power available to conduct the mission, CubeSats are preferred to be in Low-earth orbits.

Additionally, the CubeSats are generally made of on-the-shelf materials and are less tolerant

of the radiation around the earth at higher altitudes. For the above-mentioned reasons,

most of the remote sensing CubeSat missions consider the Low-Earth orbits. In orbits less

than 700 km, the atmospheric drag is the most dominant non-conservative perturbation

acting on the spacecraft and the major source of error in the numerical models of the forces

acting on the spacecraft. The acceleration due to atmospheric drag varies as a result of

several factors, such as the dynamic pressure of the satellite, the mass of the spacecraft,

and the atmospheric density. Among various parameters that constitute to the change in

the atmospheric drag, atmosphere density has a vital role. In addition, these density values

also vary with the solar and geomagnetic activities. To determine efficient station-keeping

and formation-keeping strategies for the CubeSats in the hybrid constellation, we need to

estimate the atmospheric density accurately.

In the last half a century, researchers have developed several atmospheric density

models to estimate the thermosphere atmospheric density where the LEO satellites oper-

ate [65]. In the literature, the atmospheric density models developed are mostly global

models that can estimate the atmospheric density values for any altitude given solar flux

11



and solar bulge. Furthermore, the global models are classified into two: empirical and

physics-based models. Empirical models develop a formula to estimate atmospheric density.

Several empirical models, such as Jacchia’s 1960 [66], 1971 [67], 1977 [68], Jacchia-Bowman

2006 [69], and 2008 [70] are developed. In addition, in recent years, several more accurate

empirical models have been developed, such as the High Accuracy Satellite Drag Model

(HASDM) [71], MSIS-86 [72], MSISE-90 [73], and Drag Temperature Model (DTM)-94 [74]

and 2000 [75]. Empirical formulas are fast as they are analytical functions but are less accu-

rate in general. On the other hand, physics-based models, also known as Global circulation

models, provide more accurate atmospheric densities however comes at a great computational

cost. These models calculate global circulation, temperature, and compositional structure

with coupled electrodynamics. Some of the physics-based models in the literature include

General Circulation Model (TIME-GCM) [76], Coupled Thermosphere–Ionosphere–Model

(CTIM) [77], Thermosphere–Ionosphere–Plasmasphere model (CTIP) [78], and Global Iono-

sphere–Thermosphere Model (GITM) [79].

The main drawback of global atmospheric density estimation models is that they

estimate many more parameters and not just the atmospheric density leading to a less

accurate prediction of the density values. The data used to generate global empirical models

cannot be enough. On the other hand, no mathematical model is perfect, and there could be

unmodeled physics in the physics-based models. To overcome these limitations, an alternate

approach has been proposed by Stastny et al. [80]. In this method, a localized density model

estimate the atmospheric density along the orbit of a single spacecraft, unlike the global

methods. Neural networks are good at modeling nonlinear functions and dynamic models

when an appropriate network architecture is considered. To this end, more recently, neural

networks have been used to estimate the local atmospheric density along the satellite’s orbit

using the data from the accelerometers onboard satellites [81].

1.5 Contributions of Dissertation

The contributions of this dissertation are as follows:
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• We designed a novel mission concept referred to as a hybrid constellation, in which

multiple formation-flying CubeSat clusters are deployed in a traditional multi-plane

constellation configuration. We identified formation designs to monitor hurricanes that

fill the current observational gaps in hurricane monitoring using distributed sensing.

Furthermore, we developed an optimization setup to determine the optimal hybrid

constellation that maximizes the coverage area over the region of interest to monitor

hurricanes and minimize the number of CubeSats required in the constellation.

• We enable the hybrid constellation operation feasible on a 12U CubeSat form factor by

determining the optimal orbit-keeping control strategy that prevents the CubeSats in

the hybrid constellation from drifting away due to the perturbations with reasonable

fuel requirements. In addition, we trained a novel neural network-based multi-step

atmospheric density prediction that allows a more precise computation of atmospheric

drag acting on the CubeSats compared to the global empirical atmospheric density

models.

• We extended the idea of coverage maps first introduced by Reference [23] by incor-

porating orbital perturbation due to Earth’s oblateness (J2 effect) in our formulation.

In addition, we determine the dynamics of the coverage maps, and using them, a new

optimization-based asymmetric constellation design methodology has been developed in

this work. We published the regional constellation design work in IEEE Transactions

on geoscience and Remote Sensing [82].The coverage determined by the formulated

optimization problems ensures that sensor data corresponding to requisite spatial and

temporal resolution is available for improved forecasting. We have presented the con-

stellation design that provides sensor data over the mainland US and Northwestern

portion of the Atlantic warm pool at the 17th Annual Symposium on Operational En-

vironmental Satellite Systems [83]. In the 34th Conference on Hurricanes and Tropical

Meteorology [84], we presented our work that compares the constellations designed for

different regions of interest.
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• We developed a novel optimization framework for designing an RGT orbit that considers

the evaluation of the ground track error using orbit propagation considering higher order

geopotential perturbations terms (upto 50 x 50 terms), which are mostly neglected in

the literature. Specifically, we consider an optimization-based approach to determine

the semi-major axis of the RGT orbit by minimizing the ground track closure error,

given the orbit’s eccentricity and inclination and the requirement for repetition. The

use of repeating ground track orbits designed using our methodology in the regional

constellation ensures repeated daily coverage of the region with the fewest number of

CubeSats and significantly fewer fuel requirements for the station-keeping. The related

works have been published in the proceeding of the 2020 AAS/AIAA Space Flight

Mechanics Meeting [85].

• We have identified three novel CubeSat formation designs that improve the quality of

the essential parameters required to monitor hurricanes and fill the current observation

gaps. Additionally, we determined the safe and efficient relative orbits of the CubeSats

in each formation with respect to the chief’s orbit under J2 perturbations. Furthermore,

we conducted a performance comparison of these formation designs and identified the

nominal formation design to improve hurricane forecast accuracy. The novel formation

designs and mission analysis is published at the 2022 IEEE Aerospace Conference [86].

• Unlike the geometric approach in the literature, we have developed analytical func-

tions to determine the width of the coverage map for a given satellite. In addition,

we introduce the concept of coverage maps of the formation in this work. These an-

alytical functions facilitate the determination of the width of the CubeSat formation

with a significantly lower computational cost that allows their implementation within

the constellation optimization framework, which is otherwise not practical. The ana-

lytical functions to determine the width of the coverage maps have been published in

the proceeding of the 2022 AAS/AIAA Space Flight Mechanics Meeting, and the paper

presenting the work on the hybrid constellation optimization framework got accepted
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for the 2023 AAS/AIAA Space Flight Mechanics Meeting.

• To maintain the CubeSats in the hybrid constellation from drifting away using mini-

mum fuel, we have developed an optimization setup to determine the optimal Delta-V

maneuvers for the station-keeping of the chief satellites in the hybrid constellation and

the formation-keeping of the deputy CubeSats. Furthermore, as the fuel requirements

with the Delta-V maneuvers for the formation-keeping are very high, we developed

an optimization setup to determine the optimal thrusting scheme for deputies using

low-thrust all-electric propulsion. This low-thrust propulsion system enables a five-year

hybrid constellation mission on a 12U form factor. We have submitted the work on the

station-keeping of chief satellites in the hybrid constellation at the 2022 AIAA SciTech

Conference [87] and formation-keeping of deputies at the 2022 IEEE Aerospace Con-

ference [86].

• To estimate the atmospheric density more accurately compared to the existing empir-

ical atmospheric density models, we have trained a nonlinear autoregressive network

with exogenous inputs (NARX) neural network to get a multi-step prediction of the

atmospheric drag that belongs to a particular orbit in which the satellite is operating.

The trained neural networks predict the atmospheric density more accurately compared

to empirical models in a computationally efficient way. We have used the data from

the Challenging Minisatellite Payload (CHAMP) satellite and the Gravity Field and

Steady-State Ocean Circulation Explorer (GOCE) satellite to train the NARX net-

works. We plan to publish the results in a future conference paper.

1.6 Organization of Dissertation

This dissertation is organized as follows:

• Chapter II introduces several dynamic models in the literature for two-body problems

considering different perturbations such as J2 and atmospheric drag. This chapter also

presents a dynamics to model the satellite’s relative motion under J2 and atmospheric
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drag perturbations.

• Chapter III discusses the optimization problem formulation to design the Repeating

Ground Track (RGT) orbit. This chapter provides an overview of the RGT orbit design

optimization setup. Additionally, this Chapter presents the RGT orbit design simula-

tions for various near-Earth RGT orbits with different eccentricities and inclinations.

• Chapter IV provides an overview of the constellation design goals under study. This

chapter details the methodology to design the regional asymmetric constellation. In

this chapter, we demonstrate the constellation design through numerical simulations.

Specifically, we consider two separate geographical areas for analysis: the mainland

US (where orbiting sensors complement the terrestrial infrastructure) and the Atlantic

warm pool region (where there is a significant absence of data-collecting sensors).

• Chapter V provides the CubeSat formation design concepts developed to improve the

collected hurricane data. This chapter also discusses the development of the relative

orbits of the CubeSats in each formation with respect to the chief’s orbit under J2

perturbations. Additionally, a targeting problem to determine the relative velocities

of the deputies required to initialize the formation is presented in this chapter. Using

numerical calculations, this chapter shows the relative orbital elements of the deputies

in the three formation designs.

• Chapter VI discusses the procedure followed to develop the analytical functions to

determine the width of the coverage map. In addition, this chapter also discusses the

design of an optimal hybrid constellation leveraging the width of the nominal formation

design’s coverage map. Using the hybrid constellation design optimization framework,

in this chapter, we design optimal hybrid constellations with an application for the

monitoring of hurricanes.

• Chapter VII provides the details on the optimization problem set up to determine the

optimal Delta-V maneuvers for the station-keeping and formation-Keeping of the hybrid

constellation. In addition, this chapter considers a structured thrust scheme for solving
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low-thrust propulsion optimization problems for the formation-keeping of the deputies in

the hybrid constellation. Furthermore, this chapter provides the details on the nonlinear

autoregressive network with exogenous inputs (NARX) neural network architecture used

to estimate the atmospheric drag and discusses the data used for the training along with

the training procedure followed to train the neural network. This chapter shows the

operational feasibility of the hybrid constellation using numerical simulations and shows

the effectiveness of the trained networks compared to the empirical model’s estimation

of atmospheric density.

• Chapter VIII discusses the summary of the dissertation. It also has a discussion on dif-

ferent optimization algorithms, their merits, and their limitations. Finally, this chapter

provides some ideas on future work that can be developed, leveraging the concepts pre-

sented in this work.
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CHAPTER II

SATELLITE DYNAMICS

This chapter presents several two-body problems existing in dynamic models in the literature.

High-fidelity relative motion dynamics are also presented in this chapter. The dynamics

presented in this chapter are extensively used in this work.

Figure 2: Position vectors in two-body problem

2.1 Two-body Problem

The spacecraft in space has many forces acting on it. For example, a satellite revolving

around the Earth has multiple forces acting on it, like the gravitational forces of the Earth,

the Sun, the Moon, and other planets in the solar system. Formulating the dynamics of

spacecraft considering all these forces requires an n-body problem that is very complex to

solve. To this end, in general, the astrodynamics community considers a two-body problem to

determine the dynamics of a spacecraft rotating around a celestial body. Two-body problem

considers the spacecraft and the celestial body as point masses. It is important to note that

we can incorporate the dynamics ignored due to the assumptions considered in the two-body
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problem as additional perturbations acting on the spacecraft. Let us consider two point

masses m1 and m2 with position vectors r1 and r2, respectively, in the Inertial coordinate

frame (I) as shown in Figure 2. By considering the second order derivative of the relative

distance (r) of point mass m2 with respect to the point mass m1 in frame I, we get

r̈ = − µ

r3
r +

F

m2

(1)

where,

µ = G(m1 +m2) ≈ Gm1 (2)

The constant G is Newton’s universal gravitational constant (G=6.674× 10−11N.m2/Kg2).

Gravitational parameter µ is approximated as Gm2 as the spacecraft’s mass (m1) is much

smaller than the celestial body (m2) it revolves around. As mentioned earlier, all the per-

turbations and the thrust acting on the spacecraft can be modeled as F and is shown in

Equation (1).

2.2 Thrust and Orbital Perturbations

The mass of the celestial body, in the case of Earth’s revolving spacecraft, is not uniformly

distributed. The unmodeled asphericity of the Earth causes orbit perturbations(FJ) and

must be included within the F term in the Equation (1). Additionally, spacecraft that have

flown below 1000 km typically have atmospheric drag (FD) acting on them. Considering

these two perturbations and the thrust (FT ) acting on the spacecraft, we can write the F

term in the Equation (1) as shown below:

F = FT + FJ + FD (3)

In addition to the above-mentioned dominant forces, other minor forces can be considered

within the two-body problem, such as higher-order geo-potential perturbations and solar and

lunar gravity perturbations, along with many others. The thrust of the spacecraft can be
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determined as shown below:

FT = −ṁIspg0 (4)

where ṁ is the rate of change of mass of the spacecraft, Isp specific impulse of the engine,

and g0 is Earth’s gravitational acceleration at the surface (g0 ≈ 9.8066 m/s2 ). The force

due to the geo-potential perturbations can be determined as shown below:

FJ

m2

= −▽UE (5)

Where U is the gravitational potential field at a distance r from the center of Earth, we

can solve for U in the Earth-Fixed spherical coordinates by solving the following Laplace

Equation:

▽2UE = 0 (6)

By choosing the boundary condition that U goes to zero as r goes to infinity, we get gravi-

tational potential as a series of summations of terms as shown below:

UE =
µ

r

∞∑
l=0

(ae
r

)l l∑
m=0

P̄lm sin(ϕ)
[
C̄lm cos(mλ) + S̄lm sin(mλ)

]
(7)

where µ is the gravitational constant, r is the radius of the satellites, ae is the semi-major

axis of the ellipsoid Earth, ϕ is the latitude, and λ is the longitude. P̄lm represents the

normalized Legendre association function, and C̄lm and S̄lm represent the normalized geo-

potential coefficients with degree l and order m. The magnitude of FJ is proportional to

the magnitude of these coefficients. The magnitude of the second-order zonal harmonic

coefficient (J2) is three orders of magnitude larger than the other higher-order coefficients

and dominates the gravitational perturbative influences of the Earth. To this end, the

gravitational potential field considering the J2 terms is given as shown below:

UJ2 = −µ

r
− 3J2µR

2
E

2r3

(
1

3
− sin2(ϕ)

)
(8)
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where J2 is the constant coefficient of 1.08263× 103 ,RE = 6378 km is the mean equatorial

radius of the Earth, and ϕ is the latitude angle. Atmospheric drag is another major pertur-

bation, especially for Low-Earth orbiting satellites, and is determined as shown below:

FD

m2

=
1

2
ρACDV

2
a

(
−Va

| Va |

)
(9)

Where Va is the velocity vector of the satellite relative to the atmosphere of the celestial

body, ρ is the celestial body’s atmospheric density, A is the reference area of the spacecraft,

and CD is the drag coefficient.

2.3 Keplerian Orbital Elements

This section describes the equations of motion described using the position and state vectors

in Equation (1) using the keplerian orbital elements. The Keplerian orbital elements are one

of the many forms we can represent the spacecraft dynamics. Keplerian elements consists of

six states: semi-major axis (a), eccentricity (e), inclination (i), Right Ascension of Ascending

Node (RAAN) (Ω), argument of perigee (ω), and True anomaly angle (θ). The argument of

latitude (U) is defined as the sum of the argument of perigee and the true anomaly angle

and is used extensively in Chapter IV. The angles RAAN, inclination, and argument of

perigee give the orientation of the orbit plane with respect to the inertial reference frame (I).

The semi-major axis gives information regarding the orbit’s size, and the eccentricity gives

information about the shape of the orbit. The true anomaly angle determines the position

of the satellite in the orbit plane. The advantages of the keplerian elements allow the easy

identification of the geometric properties and the orbit’s orientation. In addition, except for

the true anomaly angles, the other five states of the Keplerian elements are slow-varying

elements. That is, under no perturbations or spacecraft thrust (pure Keplerian motion),

these five states do not vary, and the variation of these states under a small magnitude of

accelerations is very slow. For a spacecraft with forces acting on it, the variation of the five
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slow varying keplerian states with respect to the true anomaly angle is given as shown below:

dx

dθ
= G


Fr

Fn

Fh

 (10)

where x = [a e i Ω ω]T and Fr, Fn and Fh are the components of thrust expressed in the

non-inertial frame. Referring to Figure 3, r points toward the satellite, h is the orbital

angular momentum vector, and n completes the right-handed Cartesian triad. The thrust

vector expressed in this frame is Fr = F cosα cos β and Fn = F sinα cos β, Fh = F sin β.

Where α is the in-plane angle and β is the out-of-plane angle of the thrust vector as shown

in Figure 3. The control matrix G is given in below:

G =



2pr2e sin (θ)
µ(1−e2)2

2p2r2

µr(1−e2)2
0

r2 sin (θ)
µ

r2 cos (θ)
µ

(1 + r
p
) + r3

pµ
e 0

0 0 r3 cos (θ+ω)
µp

0 0 r3 sin (θ+ω)
µp sin (i)

− r2 cos (θ)
µe

r2 sin (θ)
µe

(1 + r
p
) − r3 sin (θ+ω)

µp tan (i)


(11)

Equation (10) is a Gaussian form of Lagrange’s planetary equations. The rate of

change of time with respect to the true anomaly angles is given as shown below:

dt

dθ
=

r2
√
µp

(
1 +

r2

µe

[
cos (θ)Fr −

(
1 +

r

p
sin (θ)

)])
(12)

where,

p = a(1− e2) (13)

Every form that represents the dynamics of the spacecraft has some advantages and dis-

advantages. As mentioned earlier, the keplerian orbital elements are easy to understand

the geometric properties and the orientation of the orbit. However, these elements have a

singularity for an equatorial circular orbit. For Earth-sensing missions such as monitoring,
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hurricanes are not in equatorial orbits to cover higher latitudes. Thus, the keplerian elements

can be used to design the orbits for Earth sensing missions using LEO orbits.

Figure 3: Control angles of the spacecraft

2.4 Dynamical Coordinates

The development of the dynamic description utilized in this section utilizes a reference frame,

obtained after a 2-1-3 rotation sequence from an Earth-Centric Inertial (ECI ) reference

frame; for details please see Ref. [88]. In this dynamic model, the states of the spacecraft

are the magnitude of the angular momentum (h), the components {hX , hY } of angular

momentum on the ECI XY plane (also the equatorial plane of Earth), the components {ex,

ey } of the eccentricity vector in the x-y plane of the non-inertial reference frame obtained

after 2-1 rotation from the ECI frame, and finally the third rotation angle σ, about the

angular momentum vector, locating the spacecraft in orbit. The differential equations that

govern the change of these states with respect to the time are captured by the following
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equations [88]: 

ḣ

ḣX

ḣY

ėx

ėy

σ̇


=
[
0 0 0 0 0 µ2B2

h3

]



h

hX

hY

ex

ey

σ


+ C


Fr

Fn

Fh

 , (14)

where Fr, Fn and Fh are the components of thrust expressed in the final non-inertial reference

frame. Referring to Figure 3, this reference frame is identified by the following unit vectors:

r points toward the nadir, h is the orbit angular momentum vector, and n completes the

right-handed orthogonal triad. The thrust vector expressed in this frame is Fr = F sinα cos β

and Fn = F cosα cos β, Fh = F sin β. The control matrix C is given by:

C :=



0 h2

µmB
0

0 hhx

µmB

h2
√

h2−h2
X−h2

Y

µmB
√

h2−h2
Y

sinσ + hhXhY

µmB
√

h2−h2
Y

cosσ

0 hhy

µmB
−h

√
h2−h2

Y

µmB
cosσ

hsinσ
µm

2hcosσ
µm

+ hAsinσ
µmB

heyhY

µmB
√

h2−h2
Y

sinσ

−hcosσ
µm

2hsinσ
µm

− hAcosσ
µmB

− hexhY

µmB
√

h2−h2
Y

sinσ

0 0 − hhY

µmB
√

h2−h2
Y

sinσ


, (15)

with A = exsinσ − eycosσ and B = 1 + excosσ + eysinσ. The mass loss is accounted for by

the following standard mass flow rate relationship:

ṁ =
−F

Ispg0
(16)

It is important to note that the dynamic model mentioned above does not consider any

specific assumptions on the force F. To this end, we can consider the force F to be a pertur-

bation force or the sum of multiple forces (thrust and perturbations) acting on the spacecraft.

In [89] and [90], it is shown that the automated generation of solutions is not affected by
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the incorporation of additional perturbations within the dynamic model. It is important to

note that this model uses dynamical parameters as the states of the spacecraft instead of

geometrical quantities like in the case of keplerian orbital elements. This model also uses a

non-inertial reference frame that can be obtained by a 2-1-3 rotation sequence of Euler an-

gles instead of a traditional 3-1-3 rotation sequence used in orbital mechanics. This dynamic

model removes the singularity arising for equatorial and circular orbits, the singularity being

a major drawback with traditional keplerian orbital elements. The singularity is shifted to

a special case of polar orbits when the right ascension of the ascending node is 0 or 2π deg.

Five out of six new orbital set elements are regularized, that is, they change very slowly for a

low-magnitude thrusting spacecraft or spacecraft under perturbations and remain constant

for pure Keplerian motion.

2.5 Relative Dynamics

In this section, we present the dynamics of the chief in the LVLH frame and the relative

states of the deputy with respect to the chief in the chief’s body fixed frame. These equa-

tions consider two main perturbations acting on the spacecraft in the Low-Earth Orbits: J2

perturbations and the atmospheric drag. The differential equations that describe the motion

of the chief satellite is as shown below:

ṙ = vx (17)

v̇x = −µ

r
+

h2

r3
− kJ2

r4
(1− 3 sin2 i sin2 U)− C∥Va∥vx (18)

ḣ = −kJ2 sin
2 i sin 2U

r3
− C∥Va∥(h− ωEr

2 cos i) (19)

Ω̇ = −2kJ2 cos i sin 2U

hr3
− C∥Va∥ωEr

2 sin 2U

2h
(20)

i̇ = −2kJ2 sin 2i sin 2U

2hr3
− C∥Va∥ωEr

2 sin i cos2 U

h
(21)

U̇ =
h

r2
+

2kJ2 cos
2 i sin2 U

hr3
+

C∥Va∥ωEr
2 cos i sin 2U

2h
(22)

25



where r is the radial position of the chief in the LVLH frame, vx is the velocity in the

radial direction, h is the angular momentum of the satellite, Ω is the right ascension of

ascending node (RAAN), i is the inclination, and U is the argument of latitude. In the

above expressions, the constant kJ2 is defined as shown below:

kJ2 =
3J2µR

2
E

2
(23)

where µ is the Earth’s gravitational constant, J2 is the second zonal harmonic coefficient of

the Earth, and RE is the radius of the Earth at the Equator. In addition, we define the term

C as shown below:

C =
1

2
Cd

(
A

m

)
ρ (24)

where Cd is the drag coefficient, A is the surface area, m is the mass of the spacecraft, and

ρ is the atmospheric density. The term ∥Va∥ in the equations of motion corresponds to the

magnitude of the vector Va, which is defined as shown below:

Va = V − ωE × r (25)

where ωE is the angular velocity of the Earth, V and r are the velocity and position vector

of the satellite in the LVLH frame, as shown below:

V = vxx̂+
h

r
ŷ (26)

r = rx̂ (27)

The differential equations that determine the relative positions and velocities of the deputy

with respect to the chief in the chief’s body-fixed frame are as shown below:

ẋj = vxj
(28)

ẏj = vyj (29)

żj = vzj (30)
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v̇xj
= 2vyjωz − xj(η

2
j − ω2

z) + yjα̂z − zjωxωz − (ϵj − ϵ) sin i sinU (31)

− r(η2j − η2) +Qx + Fx (32)

v̇yj = −2ẋjωz + 2żjωx − xjα̂z − yi(η
2
j − ω2

z − ω2
x) + zjα̂x (33)

− (ϵj − ϵ) sin i cosU +Qy + Fy (34)

v̇zj = −2ẏjωx − xjωxωz − yjα̂x − zj(η
2
j − ω2

x)− (ϵj − ϵ) cos i+Qz + Fz (35)

where xj, yj, zj are the relative position vector components in the LVLH frame for the ith

CubeSat. Similarly, vxj
, vyj , vzj are the components of the relative velocity vector in the

LVLH frame. The angular velocities ωx and ωz are defined as shown below:

ωx = −kJ2 sin 2i sinU

hr3
− C∥Va∥ωEr

2 cosU sin i

h
(36)

ωz =
h

r2
(37)

The angular acceleration α̂x and α̂z is defined as shown below:

α̂x = −kJ2 sin 2i cosU

r5
+

3vxJJ2 sin 2i sinU

r4h
− 8k2

J2 sin
3 i cos i sin2 U cosU

r6h2
(38)

α̂z = −2hvx
r3

− kJ2 sin
2 i sin 2U

r5
(39)

The terms η2j , η2, ϵj, ϵ are defined as shown below:

η2j =
µ

r3j
+

kJ2
r5j

−
5kJ2r

2
jZ

r7j
(40)

η2 =
µ

r3
+

kJ2
r5

− 5kJ2 sin
2 i sin2 U

r5
(41)

ϵj =
kJ2rjZ
r5j

(42)

ϵ =
kJ2 sin i sinU

r4
(43)

rj =
√

(r + xj)2 + y2j + z2j (44)

rjZ = (r + xj) sin i sinU + yi sin i cosU + zj cos i (45)
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In the relative equations of motion, the terms Qx, Qy, and Qz represent the effect of the

atmospheric drag on the relative motion and are defined as shown below:

Qx = −Cj∥Vaj∥(ẋj − yjωz)− (Cj∥Vaj∥ − C∥Va∥)vx (46)

Qy = −Cj∥Vaj∥(ẏ + xjωx − zjωx)− (Cj∥Vaj∥ − C∥Va∥)
(
h

r
− ωEr cos i

)
(47)

Qz = −Cj∥Vaj∥(żj + yjωx)− (Cj∥Vaj∥ − C∥Va∥)ωEr cosU sin i (48)

where Cj and Vaj are defined as shown below:

Cj =
1

2
Cd,j

(
Aj

mj

)
ρj (49)

Vaj = Va + l̇j + ω × lj (50)

where Cd,j is the drag coefficient, Aj is the surface area, mj is the mass, and ρj is the

atmospheric density of the jth deputy. ω is the angular velocity of the chief’s LVLH frame

with respect to the inertial frame, l̇j and lj are the relative velocity vector and position

vector of the jth deputy with respect to the chief, respectively. The terms Fx, Fy, and Fz

represent the thrust components of the deputy in the chief’s LVLH frame. Now we will

discuss the optimization formulation for the station-keeping and formation-keeping using

the high-fidelity dynamics discussed here.

2.6 Summary

This chapter discusses several existing dynamic models considering spacecraft states in Carte-

sian, keplerian, and dynamical coordinates. These dynamic models represent the dynamics

of the satellite in pure Keplerian motion as well as the satellite under different perturbations

such as J2 and atmospheric drag along with the thrust forces. In addition to the individual

satellite dynamics, this chapter presents the relative dynamics of two satellites in formation.

The dynamics presented in this chapter are used extensively in this work for developing

several new concepts and for numerical simulations.

28



CHAPTER III

REPEATING GROUND TRACK ORBIT DESIGN

Hurricanes occur in a particular region of the Earth. To this end, it is practical to design a

constellation to monitor hurricanes over a particular region of interest instead of providing

global coverage. For regional constellation design, Repeating Ground Track (RGT) orbits

provide fixed revisit times and reduce the number of satellites in the regional constellation

required to provide coverage at desired temporal resolution. In literature, most RGT orbit de-

sign methods that determine the semi-major axis of the RGT orbit for given mission-specific

requirements do not consider higher-order geo-potential perturbations. RGT orbits designed

using just these dominant geo-potential perturbations drift significantly under higher-order

perturbations leading to increased station-keeping costs. To this end, this chapter presents

a novel RGT orbit design that determines the optimal semi-major axis of the RGT obit

by solving an optimization problem to minimize the ground track closure error considering

higher-order geo-potential perturbations.

Figure 4: Ground track
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3.1 Repeating Ground Tracks

The ground track of a satellite revolving around the Earth in a given orbit changes over time

due to Earth’s rotation and geopotential perturbations. Unlike regular orbits, any spacecraft

in an RGT orbit has its ground track revisit a given geographical location on the surface of

the Earth after a recurring period; we denote this period of repetition by Tr. We denote by

TΩ the satellite’s nodal period, which is the interval between two successive passages across

its ascending node (or, equivalently, descending node). In addition, we denote by TΩG the

nodal period of Greenwich, which is the period of the Earth’s rotation with respect to the

ascending node. Within one period of repetition of the RGT orbit, we consider that the

satellite completes Np orbital revolutions while the Earth completes Nd rotations about its

axis. In other words, our consideration implies that there are Nd sidereal days during the

period Tr. One can therefore relate the period of repetition of an RGT orbit to the spacecraft

nodal period and the nodal period of Greenwich, as follows [38]:

Tr = NpTΩ = NdTΩG (51)

For pure Keplerian motion (in the absence of any orbital perturbations), it is straightforward

to calculate the semi-major axis a of a RGT orbit for a given desired inclination, eccentricity

e and a period of repetition Tr using Equation (51). However, when the effect of orbital

perturbations are included, there does not exist an analytical expression for the semi-major

axis; one has to set up a nonlinear equation that is solved numerically to yield the semi-major

axis [40, 41, 44]. Such designs can still lead to a residual ground track error, with the ground

track returning to a location different from the intended repetition period. Figure 4 shows

an RGT orbit’s ground track designed using the Flower constellation method considering

J2 perturbations and associated error after the repetition period within the white box when

propagated considering 50×50 geo-potential perturbations. The zoomed version of the white

box is shown in Figure 5. The x cross in Figure 5 is the desired latitude and longitude the

ground track should pass through for the satellite to have a repeating ground track after one
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period of repetition. We define the ground track closure error as the distance between the

actual and desired longitudes at the Equator crossing after one period of repetition.

Figure 5: Closure error

3.2 Optimization Problem

We now pose the RGT orbit design problem as an optimization problem in which the orbital

elements semi-major axis a, eccentricity e and inclination i are chosen in a way such that

the ground track error is minimized. For a given selection of these orbital elements, the

ground-track error corresponding to the selected orbit after one period of repetition (Tr) can

be defined as:

[ϕ (Tr)− ϕ(0)]2 + [λ (Tr)− λ(0)]2 .

where ϕ is the latitude and λ is the longitude of the satellite’s sub-satellite points. As

minimizing the ground track is equivalent to minimizing the spacecraft states in the Earth-

Centered Earth-Fixed (ECEF) frame at the initial time and spacecraft states in the ECEF

frame after one period of repetition. We can therefore write the optimization problem as
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follows:

min
a,e,i∈R+

(xECEF (0)− x(Tr)ECEF )
T (x(0)ECEF − x(Tr)ECEF ) (52)

subject to the translation dynamics of the spacecraft given by [91]:

ẋ = fKep(x) + fP(x), x ∈ R, (53)

the relation between the states in the ECEF frame and the orbital elements is also a function

of time due to the Earth’s rotation as shown below:

xECEF = K(x, t), (54)

and the condition for RGT:

Tr = NpTΩ = NdTΩG, Np, Nd ∈ Z+. (55)

In the above, x denotes the state vector of the spacecraft in the keplerian ele-

ments, f(x) represents the Keplerian rates of change of the spacecraft’s states, FP means

the perturbations acting on the spacecraft, and K denotes the set of mapping functions that

maps orbital elements to the ECEF states of the spacecraft for a given time. These functions

are standard astrodynamics calculations and are not discussed explicitly for conciseness; in-

terested readers can find the conversions in a standard text such as [92]. Furthermore, the

nodal period and period of repetition change with the perturbations acting on the spacecraft

and are not known a priori.

3.3 Optimization Framework for RGT Design

The optimization problem described by Equations (52), (53), (54), (55) is a nonlinear

programming problem involving dynamic constraints. While several techniques have been

developed to solve such problems using calculus of variations [93] or using direct transcription

and collocation [94], there is often a lack of guarantees for the convergence of the implemented
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numerical algorithm. The convergence often relies on the quality of the initial guess provided

by a trained practitioner [95]. To this end, our methodology focuses on determining the

solution robustly, albeit at the cost of introducing sub-optimality in the resulting solution.

We consider using the semi-major axis as the single decision variable for the optimization

problem, with eccentricity and inclination assuming user-provided values. This approach is

also practical as the inclination and eccentricity are constrained by the mission requirements

chosen by the mission designer.

We formulate the optimization problem as an unconstrained optimization problem

(that is easier to solve in contrast to a constrained optimization problem) that yields the

optimal semi-major axis for the RGT orbit by minimizing the objective function considered

in Equation 52. The objective function evaluation for this problem is achieved by conducting

trajectory propagation until the equatorial crossing of the ground track after the desired set

of revolutions (Np) in the presence of geo-potential perturbations. We consider up to 50th

degree and order terms (50 × 50) from the gravity model computed using the data from

the Gravity Recovery and Climate Experiment (GRACE) Satellite mission. Once the semi-

major axis is determined, the associated ground track closure error is determined after each

period of repetition by evaluating the equatorial crossing of the ground track after one period

of repetition. This section describes the procedure to determine the semi-major axis of the

RGT orbit for a given inclination, eccentricity, and the ratio of the Np to Nd. Note that the

nodal period and repetition period are not known a priori in the presence of geo-potential

perturbations. Hence we propagate the trajectory until the equatorial crossing of the ground

track after the desired set of revolutions.

3.3.1 Semi-major Axis Determination

This section discusses the unconstrained minimization framework to determine the semi-

major axis of the RGT orbit. For this optimization problem, the objective function remains

the same as the original optimization problem. However, the only variable for this optimiza-
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tion problem is the semi-major axis of the RGT orbit, as shown below

min
a

F = (xECEF (0)− x(Tr)ECEF )
T (x(0)ECEF − x(Tr)ECEF ) (56)

The optimization setup developed here can determine the semi-major axis of the RGT orbit

for a given set of inclination, eccentricity, Nd, and Np value. The methodology utilizes user-

defined right ascension of ascending node (Ω) and the argument of latitude (U) to be zero,

such as the sub-satellite point at the initial time at the equator. Using these spacecraft

states, we determine the states of the spacecraft in the ECEF frame. To determine the

objective function, we propagate the initial states of the spacecraft within the optimization

setup using Equation (53) until the equatorial crossing of the ground track after the desired

set of revolutions using 50 × 50 geo-potential perturbations, as shown in Figure 6. Using

the initial guess for the semi-major axis denoted by aFC , the optimization setup determines

the semi-major axis denoted by a∗ of the RGT orbit. Using this RGT orbit solution, we

propagate the orbit for desired revolutions until the spacecraft is back at the Equator to

determine the orbit’s ground track closure error, discussed in detail in the following section.

3.3.2 Ground Closure Determination

We need to determine the ground track closure error of RGT orbit after one period of

repetition that is not explicitly known due to 50 × 50 geo-potential perturbation acting on

the spacecraft. To this end, here, we determine the ground track closure error by propagating

the orbit considering these geo-potential perturbations to determine the equatorial crossing

of the spacecraft ground track after Np orbital revolutions. The semi-major axis of the

orbit used in this step is the solution obtained from Flowchart 6, and the remaining orbital

elements for the orbit correspond to the original user-provided values. We determine the

latitudes and longitudes using the end and initial states of the spacecraft to compute the

ground track closure error for the RGT orbit at the final and initial times. The functions

used to convert the spacecraft states to the latitude, longitude, and height are standard

conversions used in the astrodynamic community. With the determined latitude-longitude
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pairs, we compute the ground track closure errors of the RGT orbits designed using Matlab

in-built functions distance and deg2km to compute the ground closure error in kilometers

from latitude and longitude pairs considering the ellipsoid Earth.

Figure 6: Optimal RGT orbit design flowchart

3.4 Initial Guess Generation

Here, we discuss the procedure we use to generate an initial guess for the optimization

problems discussed earlier. A good initial guess for the minimization problem makes the

solver more robust and fast. The minimization problem requires an initial guess for the semi-

major axis variable of the optimization problem. In this work, we utilize the semi-major axis

solution (aFC) obtained by using the Flower Constellation (FC) method that considers the

J2 perturbations acting on the spacecraft to design an RGT orbit. We can design an RGT

orbit with different eccentricities using the flower constellation method. The FC method

uses the relations from the geopotential perturbation theory to determine the rate of change
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argument of perigee, the longitude of the ascending node, and the mean anomaly. For a given

set of inclination (i), eccentricity (e), Nd and Np values, we can determine the semi-major

axis (aFC) of the RGT orbit using FC method by solving the following equation[43]:

τ =
ωE + 2A(a) cos i√

µ
a3

+ A(a)[
√

1− (1− RE+hp

a
)2{2− 3 sin2 i}+ {4− 5 sin2 i}]

(57)

Where,

A(a) =
3 µ
a3
R2

EJ2

4(2(RE + hp)− (RE+hp)2

a
)2

τ =
Nd

Np

where, ωE is Earth’s rotation rate (7.29211585530 × 10−5 rad/s), µ is Earth’s gravitational

constant (3.986004415 × 105km3/s2), RE is radius of Earth, hp is the perigee height above

Earth’s surface, and J2 is the second-order geopotential perturbation zonal coefficient. There

is no analytical solution for the flower constellation method, and therefore we use numerical

methods that also require the initial guess (ainit) to solve for the aFC .

Solving Equation (51) for the semi-major axis of an orbit for a given inclination,

eccentricity, Np, and Nd can give a solution for the RGT orbit with no perturbing forces acting

on the spacecraft. This solution of RGT can be a good initial guess for the semi-major axis

for the FC method that considers the J2 perturbing forces acting on the spacecraft. The

following equation gives the nodal period of the Greenwich under no perturbing forces.

TΩG =
2π

ωE

(58)

where ωE is the rotation of the Earth and is equal to 7.29211585530 × 1e−5 radians per

second. Using the following equation, we can obtain the nodal period of the spacecraft for

pure Keplerian motion.

TΩ = 2π
√

a3/µ (59)

where a is the semi-major axis, and the µ is the Earth’s gravitational constant equal to
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398600.4415 km3/sec2. Using the relations for TΩ, TΩG and, the Equation (51), we can solve

for the semi-major axis (initial guess) of the RGT orbit as follows:

ainit =

[
µ

[
Nd

ωENp

]2]1/3
(60)

3.5 Repeating Ground Track Orbit Design Results

In this section, we demonstrate our methodology using numerical simulations in GMAT/Matlab

computational environment. Specifically, we determine the semi-major axis of RGT orbit

for a given inclination, eccentricity, and Np to Nd ratio with geo-potential perturbations

computed using the 50× 50 gravity model acting on the spacecraft using our methodology.

Table 2: Comparison of semi-major axis solutions for different Nd to Np ratios

Inclination Eccentricity Reference Initial Optimal

Nd/Np Semi-Major axis Semi-Major axis Semi-Major axis

(deg) (km) (km) (km)

1/14 75.27 0 7232.38 [96] 7232.3781 7240.8261

1/15 87.62 0 6922.09 [96] 6922.0846 6931.4909

3/46 97.282 0.001 6838 [97] 6838.0320 6847.4019

1/10 70 0 9064.7 [98] 9064.7413 9071.1105

The simulations use a Yukon solver in GMAT installed on a machine using an Intel

i7 processor with 4 Cores and 16 GB RAM. The feasibility tolerance, optimality tolerance,

and function tolerance of the Yukon solver are 10−9. The Yukon solver uses the central dif-

ference method to compute the gradients. We propagate the orbits using the RungeKutta89

method within the GMAT with an accuracy of 10−12. The lower bound of the search space

for the semi-major axis in the optimization problem is 50 km less than the aFC , and the

upper bound is 50 km more than the aFC . Each simulation is initialized at the reference
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epoch on Jan 1, 2000, at 12:00:00.
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Figure 7: Ground closure errors of RGT orbits with 75.27 deg inclination, 0 eccentricity, Nd as 1 and Np as
14

As already mentioned, we compute the initial guess for the our methodology with

the same design using the Flower Constellation method. To this end, we have implemented

in Matlab the determination of the semi-major axis of the RGT orbit using Equation (57).

We have verified our Matlab implementation by comparing it with results in the literature.

Additionally, using these FC solutions as the initial condition, we have determined the opti-

mal semi-major axis for each of these cases using our optimal RGT orbit design methodology.

Table 2 summarizes the results.

Furthermore, we investigate the ground track errors for 30 repetition periods for

each case shown in Table 2. We compute ground track errors for the RGT orbit designed using

our methodology. The RGT orbit design and ground track errors computation considers the

50×50 geo-potential perturbations. In addition, we also study how these errors evolve when

we consider other perturbations, such as solar and lunar gravity perturbations for each case

in Table 2.
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Figure 8: Ground closure errors of RGT orbits with 87.62 deg inclination , 0 eccentricity, Nd as 1 and Np as
15

3.5.1 Repeating Ground Track Orbits with Np as 14 and Nd as 1

In this section, we have RGT orbits that repeat their ground track after one day. During

this one day, the satellite makes 14 revolutions around the Earth. Figure 7 depicts the

ground track errors for the RGT orbit designed using our methodology; clearly, the errors are

significantly smaller for the RGT orbits designed using our methodology. While considering

the additional perturbations such as solar and lunar gravity, the ground track errors increase.

3.5.2 Repeating Ground Track Orbits with Np as 15 and Nd as 1

Here, RGT orbits repeat their ground track after one day, during which the satellite makes

15 revolutions. The ground track errors for the RGT orbit designed using our methodol-

ogy are shown in Figure 8. As expected, the errors for the RGT orbits designed using our

methodology are much smaller as we have considered higher-order geo-potential perturba-

tions while designing the RGT orbit. The effect of the additional perturbations (solar and

lunar gravity) on the ground track errors is studied. The percentage increase in the ground

track error with these additional perturbations is decreasing with time for our methodology

solution.
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Figure 9: Ground closure errors of RGT orbits with 97.282 deg inclination , 0.01 eccentricity, Nd as 3 and
Np as 46

3.5.3 Repeating Ground Track Orbits with Np as 46 and Nd as 3

Now, we consider RGT orbits that repeat their ground track after three days. The satellite

makes 46 revolutions around the Earth during these three days. Figure 9 depicts the ground

track errors for the RGT orbit designed using our methodology. As we can see, the errors are

significantly less for the RGT orbits designed using our methodology. While considering the

additional perturbations such as solar and lunar gravity, the ground track errors increase.

However, after a particular time, the errors decrease for the RGT orbits designed using our

methodology for both cases: when additional perturbations are considered and ignored.

3.5.4 Repeating Ground Track Orbits with Np as 10 and Nd as 1

In this section, we have RGT orbits that repeat their ground track after one day and 10

revolutions around the Earth. Figure 10 depicts the ground track errors for the RGT orbit

designed using our methodology. The errors are significantly smaller for the RGT orbits

designed using our methodology. While considering the additional perturbations such as

solar and lunar gravity, the ground track errors increase. As the Np value increases, the

RGT solution has higher altitudes where the geo-potential perturbation effect decreases.

40



This makes the ground track closure errors smaller in magnitude compared to the previous

cases. In addition, as the satellite operates away from Earth, closer to the moon and Sun,

in this case, the effect of the Lunar and Solar gravity perturbation is high compared to the

other Low-Earth Orbits.
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Figure 10: Ground closure errors of RGT orbits with 70 deg inclination , 0 eccentricity, Nd as 1 and Np as
10

3.6 Summary

This chapter presents a novel Repeating Ground Track (RGT) orbit design. The RGT orbit

is designed to determine the optimal semi-major axis of the RGT orbit. All the other kep-

lerian elements are chosen based on mission-specific requirements, which is usually the case.

For designing the RGT orbit, we consider the gravity model obtained from the GRACE

satellite data. Specifically, we use the first 50× 50 coefficients to compute the geo-potential

perturbations while designing the RGT orbit in this work. The optimal RGT orbit design

methodology can easily incorporate additional geo-potential coefficients from the gravity

model if desired. We compute the ground track closure errors under these higher-order

geo-potential perturbations for the RGT orbits designed using the our methodology. Fur-

thermore, we investigated the effect of the other perturbations, specifically, Lunar and Solar

gravity perturbations, on the ground track closure errors of the RGT orbits. The reduced
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ground track errors obtained using the RGT orbit designed using our methodology have

direct implications on the fuel budget required for the station keeping of the satellites in

these RGT orbits.
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CHAPTER IV

REGIONAL CONSTELLATION DESIGN

State-of-the-art weather forecasting systems depend on a variety of data collected by air-

borne, orbiting, and ground sensors. Regional CubeSat constellations have the potential to

improve hurricane forecasting by collecting sensor data over data-starved oceanic regions.

Even in regions where strong terrestrial sensor networks exist, constellation sensor data can

help reduce forecasting model errors. To this end, this chapter considers the problem of

designing a low-Earth orbit CubeSat constellation that meets given resolution requirements

over a region of interest. We consider a novel optimization framework that utilizes the

concept of satellite coverage maps to determine the number of satellites and constellation

patterns. Numerical simulations are presented for asymmetric constellation design that can

provide sensor data over important geographical regions within a specified repeated time

window.

4.1 Problem Overview

4.1.1 Constellation Design Goals

Our goal is to design a constellation that provides measurements at each point (defined by

its latitude and longitude) within the region of interest during the time window over which

sensor data is collected. Let (ϕ, λ) be a pair of latitude and longitude on the surface of the

Earth, and within the minimum bounding rectangle (MBR) describing the region of interest.

The MBR, denoted by R, is identified in terms of the range of latitudes and longitudes of

covered geographical area:

R = {(ϕ, λ) : ϕmin ≤ ϕ ≤ ϕmax, λmin ≤ λ ≤ λmax}. (61)

For instance, see Figure 1 for a defined MBR over a geographical area, along with marked

ranges of latitude and longitude. For convenience of discussion, we use Φ to denote the

43



interval [ϕmin, ϕmax]. The constellation design objective is to provide sensor data over each

point within R within a stipulated time on a daily basis. Specifically, we aim to: (1)

determine the orbital elements of the constituent orbits in the constellation, (2) determine the

spatial distribution of the satellites within each orbit that meets the coverage requirements,

(3) utilize the minimum number of CubeSats (to minimize infrastructure costs), and (4)

ensure periodic data gathering on a daily basis.

Figure 11: Minimum bounding rectangle representing a region of interest

4.1.2 Repeated Ground Tracks

The above-mentioned final requirement (4) for constellation design is best addressed using

repeating ground track (RGT) orbits that have constant revisit times, thereby providing

desired temporal resolution over the covered region by utilizing a fewer number of Cube-

Sats [20]. We denote the period of repetition for satellites in RGT orbit by Tr, and the nodal

period, which is the time between successive passages to ascending node, by (TΩ). We also

consider the nodal period of Greenwich TΩG, which is the time taken by the Earth to make

a complete rotation. The period Tr of a RGT orbit is related to TΩ and TΩG as follows [39]:

Tr = NpTΩ = NdTΩG, (62)
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where Np are the number of revolutions of the spacecraft around Earth in Nd days. Sev-

eral RGT orbit design methods have been studied in the literature considering geopotential

perturbations, such as flower constellation method [19, 99], modified flower constellation

method [43], epicyclic motion repeat-ground-track orbit method [42], and simplified repeat

ground track method [43]. Here, we use the optimal Repeating Ground Track orbit design

method developed in the previous chapter that allows for the dominant geo-potential J2

perturbations in the RGT orbit design, thereby allowing for the determination of period Tr

and semi-major axis of the RGT orbit.

4.1.3 Individual Satellite Coverage

Let us consider that the constellation has N satellites. The coverage area of i-th satellite is

defined by the footprint of its onboard radar, which in turn is determined by the latitude-

longitude pair on Earth’s surface illuminated by the radar. The footprint of the radar is a

function of the satellite’s location in orbit, as defined by its argument of latitude (U). We,

therefore, denote by P(i, j, U) the footprint of the radar onboard the i-th satellite during

its j-th revolution, with the set comprising of geographical latitude-longitude pairs (ϕ, λ)

illuminated when the satellite is at location U . Note here that, although the footprint remains

the same in size and shape across different revolutions, they shift with each revolution due

to the combined effect of Earth’s rotation and polar flattening (J2). For each case of radar

geometry considered for the constellation, we typically have two distinct continuous sets of

longitudes covered by the footprint for each (geographical) latitude. As seen in Figure 12,

only one of these two sets corresponds to useful coverage over R within the desired time

window. Denoting by UA(i, j) the location of i-th satellite when it is at a right ascension of

ascending node (RAAN) during j-th revolution, we have:

U (i, j) ∈
[
UA(i, j)−

π

2
, UA(i, j) +

π

2
,
]
. (63)
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Figure 12: geographical coverage of CubeSat for one revolution

4.2 Constellation Design Methodology

4.2.1 Coverage Map

For a given (geographical) latitude ϕ, the set of longitudes covered by the footprint of satellite

i occupying position U during its jth revolution is given by:

L(ϕ, i, j, U) = {λ | (ϕ, λ) ∈ P(i, j, U)}. (64)

Next, we define the geographical coverage of the i-th satellite during its j-th revolution to be

all geographical latitudes and longitudes corresponding to the region of interest as follows:

G(i, j) = {(λ, ϕ) | ϕ ∈ Φ, λ ∈ L(ϕ, i, j, U), U ∈ U(i, j)}. (65)

Consequently, our goal is to have N CubeSats that provide coverage over R during J revo-

lutions, that is:
N⋃
i=1

J⋃
j=1

G(i, j) ≃ R. (66)
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Figure 13: CubeSat coverage map for geographical latitudes within the region of interest (with the coverage
map for one latitude zoomed within the square)

To achieve this goal, we utilize the concept of a satellite coverage map in order to

relate the provided geographical coverage to the position of the satellite in orbit. Specifically,

for a given geographical latitude ϕ ∈ Φ, the coverage map of the i-th satellite during its j-

th revolution is defined as the set of pairs of orbital position and geographical longitude

covered by the footprint of the radar during the revolution. In other words, the coverage

map is described as follows:

C(ϕ, i, j) = {(U, λ) | (ϕ, λ) ∈ P(i, j, U), ϕ ∈ Φ, U ∈ U(i, j)}. (67)

Figure 3 shows the typical variation of the coverage map of a satellite for all latitudes given

by Φ, with the inset depicting the coverage map for a particular latitude.

For the convenience of discussion, the set of longitudes covered at latitude ϕ by

the i-th satellite during the j-th revolution is denoted by:

M(ϕ, i, j) = {λ | (U, λ) ∈ C(ϕ, i, j)}. (68)

With these above considerations, we can write the objective of the constellation design

47



(described in (66)) as follows:{
(λ, ϕ) | ϕ ∈ Φ, λ ∈

N⋃
i=1

J⋃
j=1

M(ϕ, i, j)

}
≃ R. (69)

4.2.2 Shift of Coverage Maps

Radar footprint geometry being the same for all satellites, the shape and size of the coverage

maps (as seen in the inset of Figure 3) for a given geographical latitude remain constant.

However, the coverage maps shift under the influence of Earth’s rotation and J2 perturbation.

In order to take into account the shift in coverage maps while meeting the goal given by (69),

we consider a reference coverage map C0 that corresponds to a fictitious satellite in a circular

orbit of the same inclination, but different RAAN (Ω0). Furthermore, we consider a reference

argument of latitude UR with a covered set of longitudes Λ⋆, with respect to which we evaluate

the coverage of longitudes provided by each satellite.

We denote the mean of the elements in the set L by L̄. To this end, L̄(ϕ, i, 1, UR)

denotes the mean of all longitudes that are covered at latitude ϕ by satellite i occupying

position UR(i, 1) during its first revolution with RAAN as Ωi. Note that we have:

L̄(ϕ, i, 1, UR)− Λ⋆ = Ωi − Ω0 (70)

Now, as the satellite moves to the argument of latitude Ui during the same revolution, the

mean of the set of longitudes covered can be determined by considering the effect of Earth’s

rotation and the J2 perturbation as follows:

L̄(ϕ, i, j, Ui)− L̄(ϕ, i, j, UR) = −(ωE + Ω̇)∆t, (71)

where ∆t is the time taken by the satellite to move from the right ascension of the ascending

node to the location Ui in orbit, ωE is the angular speed corresponding to Earth’s rotational

motion and Ω̇ is the nodal regression of the CubeSat’s orbital plane due to J2 perturbation.
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The CubeSat’s argument of latitude is a function of time and can be written as:

U = M0 +W0 + nt, (72)

where n denotes mean motion, while M0 and W0 are respectively the mean anomaly and

argument of periapsis at initial time. This implies:

U̇ = Ṁ0 + ω̇0 + n. (73)

The change in satellite position during time ∆t can be obtained from the discrete difference

equation [39]:

∆U = ∆t
(
Ṁ0 + ω̇0 + n

)
(74)

where Ṁ0 and ω̇0 are respectively the rates of change of mean anomaly and argument of

periapsis due to perturbations. From Equations (70) and (71), we have:

L̄(ϕ, i, 1, Ui) = Λ⋆ + (Ωi − Ω0)−
(Ui − UR)(ωE + Ω̇)

Ṁ0 + ω̇0 + n
(75)

During jth revolution, the mean of the set of longitudes that are covered at the

same orbital position Ui can be obtained by considering Earth’s rotation and J2 perturbation

as follows:

L̄(ϕ, i, j, Ui) = L̄(ϕ, i, 1, Ui)− (j − 1)TΩ(ωE + Ω̇), (76)

where TΩ is the nodal period of the orbit. Finally, taking into account Equations (75)

and (76), we obtain the shift of the coverage map of a satellite with respect to the reference

coverage map as follows:

Λ̄(ϕ, i, j, Ui) = Λ⋆ + (Ωi − Ω0)−
(Ui − UR)(ωE + Ω̇)

Ṁ0 + ω̇0 + n
− (j − 1)TΩ(ωE + Ω̇). (77)

The relative positions of all points in M(ϕ, i, j) with respect to L̄(ϕ, i, j, Ui) do not change

over time and thus the entire coverage map can be determined using Equation (77).
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4.2.3 Range of Longitudes

Let us define the width of a coverage map, for a given satellite i, revolution j, and geograph-

ical latitude ϕ, as follows:

W(ϕ, i, j) = sup(M(ϕ, i, j))− inf(M(ϕ, i, j)), (78)

where sup represents the upper bound, and inf represents the lower bound for longitudes

in set M. For a given geographical latitude, the width of a coverage map remains the

same for all satellites across all revolutions (owing to the same orbit and sensor geometries).

Furthermore, note that the width of a coverage map is smallest for latitude that is closest

to the Equator, ϕmin. Coverage of all longitudes at this latitude, therefore, translates to

coverage sustained at higher latitudes. Hence, in our design, we consider coverage maps for

latitude ϕmin in our design.

One important thing to note here is that the range of longitudes that need to be

covered at this chosen geographical latitude is simply not given by λmin and λmax because the

coverage maps veer to the right (see Figure 4). Specifically, we are interested in determining

the set of longitudes that the union of coverage maps at latitude ϕmin should span so that

all longitudes at higher latitudes are covered by taking into account the veering; note here

that the union is taken over all satellites and all revolutions for each satellite.

However, based on the shape of the coverage map veering to the right, some extra

longitudes are required to be covered; this is illustrated in Figure 14. If the union of coverage

maps at latitude ϕmin just span the range of longitudes [λmin, λmax], the striped region in

Figure 14 will not be covered at higher latitudes. We therefore determine the range of longi-

tudes L = [λlb, λub] that needs to be covered by the union of coverage maps. If the coverage

maps veer to the right at higher latitudes, that is, inf(M(ϕmin, i, j))< inf(M(ϕmax, i, j)),

then we have λub = λmax and the following:

λlb = λmin + inf(M(ϕmin, i, j))− inf(M(ϕmax, i, j)). (79)
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If the coverage maps would have veered to the left, then the lower bound for L would simply

be λmin and we would have needed to modify the upper bound of L appropriately.

Figure 14: Range of longitudes that the union of coverage maps of CubeSats of constellation should span

4.2.4 Constellation Pattern Generation

We now formulate the optimization problem to generate the pattern of the CubeSats in

the constellation for a given orbit semi-major axis, eccentricity, and inclination. The pattern

refers to the selection of RAAN of individual orbits, the number of satellites in each plane, and

the placing of satellites within each orbit. To this end, let us introduce the following decision

variables pertaining to the optimization problem: P ∈ Z+ is the total number of planes, xℓ ∈

Z+ represents the number of CubeSats in each plane, yℓ ∈ R represents the relative RAAN

for each orbital plane, Uℓm ∈ R denotes the position (relative argument of latitude) of the mth

satellite on the ℓth plane at the beginning of the time window, considering ℓ = 1, 2, . . . , P and

m = 1, 2, . . . , xℓ. Clearly, the resulting optimization problem has both integer and continuous

decision variables and belongs to the class of mixed-integer programming problems. Two

important factors are accounted for when formulating the optimization problem. First, we

need to ensure that the entire range of longitudes is covered by the union of all coverage

maps for N satellites across their J revolutions. Second, we also need to ensure that we use

the minimum number of satellites.
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4.2.5 Objective Function

In order to facilitate the development of the optimization framework, we define the repre-

sentative longitude of a coverage map (Λ(ϕmin, i, j)) for latitude ϕmin of ith CubeSat during

its jth revolution as follows:

Λ(ϕmin, i, j) =
sup(M(ϕmin, i, j)) + inf(M(ϕmin, i, j))

2
(80)

Now, let X be an order set in which the representative longitudes of (N × J) coverage maps

of latitude ϕmin are arranged in descending order as follows:

X ∈ {1, 2..., N × J} s.t Λ(ϕmin,X ) > Λ(ϕmin,X + 1) (81)

Figure 15: Arrangement of coverage maps of constellation obtained by minimizing the objective function

The ordered set helps in the identification of the gaps or overlap in coverage

between two successive coverage maps. The total gap and overlap in coverage is therefore

given by:

F1 =
N×J∑
X=1

| Λ(ϕmin,X )− Λ(ϕmin,X + 1)−W(ϕmin, i, j) | (82)

While the above-mentioned function should be minimized, we also need to ensure that the

coverage maps corresponding to the left boundary take into account the correct lower bound
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of longitudes that need to be covered. To ensure this, the following function also needs to

be minimized as well:

F2 =| Λ(ϕmin,X = N × J)− λlb +
W(ϕmin, i, j)

2
| (83)

Similarly, the coverage maps should take into account the upper bound of range of longitudes

that need to be covered, implying that the following function needs to be minimized:

F3 =| Λ(ϕmin,X = 1)− λub −
W(ϕmin, i, j)

2
| . (84)

Finally, taking into consideration that we want to minimize the number of satellites to

provide the requisite coverage, we formulate the objective function as follows:

minF = w1 (F1 + F2 + F3) + w2|N | , (85)

where w1 and w2 are relative scaling factors of the two parts of the objective function, one

part representing gaps and overlaps in coverage, and the other part representing the number

of satellites.

4.2.6 Intermediate Asymmetric Design

We consider a two-step optimization framework in order to decide on the constellation pat-

tern. In the first step, we allow the number of satellites in each plane to be unequal, as

well as the RAAN spacing between the planes, leading to a partly asymmetric constellation.

However, we assume that within each plane, the satellites are symmetrically distributed:

Uℓm =
2π

xℓ

(1−m) , for all m = 1, 2, . . . , xℓ. (86)

The RAAN of each orbital plane is considered relative to λub. Hence, the RAAN for all

orbital planes is given by:

Ωl = λub − yℓ, for all ℓ = 1, 2, . . . , P. (87)
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The resulting optimization problem can be solved for given values of the number of planes

P to yield the corresponding optimal pattern. We utilize the optimization routine ga in

MATLABTM in order to solve the optimization problem. The search area for the P vari-

ables xℓ that determine the number of CubeSats in each plane can be bounded such that a

minimum desired spacing between CubeSats in each plane is maintained. Constraints are

placed to have desired minimum spacing between two successive orbital planes. Let us con-

sider the optimal solution obtained by solving the intermediate design problem be given by

P ⋆, x⋆
ℓ , y⋆ℓ . The number of CubeSats can be simply computed as:

N⋆ =
P ⋆∑
l=1

x⋆
ℓ (88)

This design is an intermediate asymmetric pattern as the number of CubeSats per plane can

be different, but inter-CubeSat spacing in a plane is uniform.

4.2.7 Asymmetric Constellation Design

The second step of our optimization framework considers relaxing the constraints of equally

spaced satellite positions in orbit. In order to solve the resulting optimization problem

obtained after the relaxation of symmetry constraints, we considered the optimal solution

from the first step (intermediate asymmetric constellation pattern) as an initial guess, that

is, the values P ⋆ and N⋆, obtained from the first step, are kept constant. We, therefore,

consider the following constraint to assign in the second step:

Ωℓ = λub − yℓ, (89)

for all Uℓm ∈ [0, 2π), ℓ = 1, 2, . . . , P ⋆ and m = 1, 2, . . . , x⋆
ℓ . The decision variables for

the second step of the optimization framework are the N variables representing the orbital

location of N satellites and P variables representing the RAAN for P orbital planes in the

constellation. These variables are evaluated respectively with respect to reference latitude of

zero and reference RAAN of λub. Here, we place constraints on the choice of the argument
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of the latitude of any two successive CubeSats in an orbit plane and ascending nodes of the

successive orbital planes for the safety of the CubeSats within the constellation.

4.3 Constellation Design Results

Here, we illustrate our developed constellation design methodology by conducting numerical

simulations. To identify the regions of interest used in these simulations, we considered the

NOAA database Atlantic HURDAT2 [100] that includes historical information on hurricanes

that originated in the Atlantic Ocean between 1851 and 2018. We specifically consider the

tracks (latitudes and longitudes) of hurricanes originating in the Atlantic basin because the

hurricanes originating in the Pacific Ocean tend to veer away from mainland US (Figure 11).

4.3.1 Asymmetric Constellation Design-I

Region of Interest and Sensor geometry First, we consider coverage over part of the At-

lantic ocean and the mainland US. Specifically, we consider a MBR with the vertices defined

by: ϕmin = 10 deg, ϕmax = 45 deg, λmin = −100 deg, λmax = −30 deg. We consider a

constellation of RainCubes to provide coverage over this region and complement the exist-

ing terrestrial sensor infrastructure and available airborne sensors. Specifically, RainCubes

have miniaturized precipitation radars whose measurements provide vertical resolution of

condensed water, thereby helping to reduce forecast errors [101]. We consider the following

regarding the radar and associated operations: (i) 3-dB beam-width of the radar is the same

for all CubeSats, (ii) main width angle in the azimuth and elevation plane is 1.25 degrees,

(iii) grazing angle is 90 deg, (iv) main beam elevation is 0 degree. Considerations (ii) to

(iv) are consistent with the nadir-pointing operation of the miniaturized radar in NASA’s

RaInCube mission [101]. Nominal Orbit Design We undertake two considerations in order to

design the nominal orbit. First, we consider that the nominal orbit repeats its ground tracks

in Nd = 1 day and Np = 15 revolutions. Second, we consider circular orbit (eccentricity

= 0). The inclination of the orbit determines the altitude of the RGT orbit. In order to

determine the inclination, we take into consideration the ratio of the range of longitudes
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needed for coverage (λub −λlb) to the range of longitudes (λmax −λmin) within R. Figure 16

illustrates the variation of this ratio with respect to inclination, noting that ϕmin = 10 deg.
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Figure 16: Variation of coverage map properties with inclination

Table 3: Variation of coverage with the respect to w2

w2 Number of Coverage Coverage

CubeSats (Intermediate) (Asymmetric)

1 2 0.8949 % 0.8949 %

0.1 160 68.33 % 68.33 %

0.01 240 93.4302 % 95.8237 %

0.0o1 240 94.0198 % 94.0358 %

Also, note that the inclination needs to be greater than 45 deg in order to provide

coverage over all latitudes in R. Clearly, the ratio (λub − λlb) / (λmax − λmin) reaches a

minimum for inclination of 87.2 deg, requiring minimum additional longitudes needing to

be covered. Figure 16 also shows the width of the coverage map W(ϕmin, i, j) ≡ W̄(ϕmin)

closest to the equator and it increases with inclination because the corresponding altitude of

the RGT orbit increases as well. From the chosen inclination of the RGT orbit, the width

of the coverage map at ϕmin is determined to be 0.1044 deg. The nominal orbit design is

summarized by the following orbital elements: semi-major axis = 6930.90 km, inclination =
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87.2 deg, eccentricity = 0. The period of the selected orbit is 1.5929 hr. We consider J = 3

revolutions so that all revolutions are completed within a time window of six hours.

Constellation Pattern After selecting the orbit, we focus on the intermediate asym-

metric design by considering a maximum of P = 5 planes. Additionally, we analyzed the

effect of the choice of the scalar weights of the objective function on the constellation cov-

erage. Table 3 shows the coverage characteristics of the constellation by varying the weight

w2 such that the sum of w1 and w2 is always 1. Using this analysis, we choose the scalar

weights for the objective function to be w1 = 0.99 and w2 = 0.01 for maximum coverage.

The range of longitudes that need to be covered are given by λlb = −100 deg and λub = −30.

Furthermore, we consider the spacing between successive satellites in orbit to be at least 4.5

deg, and similarly, the RAAN spacing between two orbital planes to be 4.5 deg or greater.

For 4-plane and 5-plane scenarios, the genetic algorithm solver yields a solution with one

and two planes having zero satellites. Comparing 1-plane, 2-plane, and 3-plane solutions,

the minimum objective function is obtained for the 3-plane scenario; hence, our constellation

design incorporates three planes (see Table 4).

Table 4: Relative RAAN of each orbit plane in constellation-I

Plane Number of Relative RAAN Relative RAAN

CubeSats (Intermediate ) (Asymmetric)

1 80 -8.118 deg -8.118 deg

2 80 -3.521 deg -3.522 deg

3 80 1.064 deg 1.063 deg

The constellation has 240 CubeSats in total, with each plane having 80 arranged

in three planes (maximum allowed based on the minimum spacing requirement). Once the

intermediate asymmetric constellation pattern is determined, it is used as an initial guess

for Matlab’s constrained non-linear programming solver fmincon to design the asymmetric

constellation pattern. The fmincon solver, using the interior-point algorithm, has a step
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tolerance of 10−12 and a constraint tolerance of 10−6. In the final design, we allow for a

relaxation of the minimum spacing constraint by 0.5 deg, so that neighboring asymmetric

solutions can be investigated on either side of the constraint. Figure 17 depicts the relative

position (∆U) between successive CubeSats in the constellation, illustrating the asymmetric

nature of the designed constellation. Table 4 summarizes the relative RAAN of each orbital

plane in the intermediate and final design. Finally, Table 5 summarizes the percentage of

longitudes that are covered by the union of satellite coverage maps for both the intermediate

and final design. The coverage increases at higher latitudes owing to the increase in the

width of the coverage map with latitude.

Figure 17: Spacing between two successive CubeSats in each orbital plane

4.3.2 Asymmetric Constellation Design-II

Next, we choose as our region of interest the data-starved Atlantic warm pool, which is

outside the range of conventional ground sensors. Collecting data over this region using

orbiting sensors can help us gather important early data related to hurricanes. To this end,

we consider a MBR defined by ϕmin = −10 deg, ϕmax = 35 deg, λmin = −100 deg, λmax =

100 deg. We consider RainCubes like sensors to provide coverage over this region, hence
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considerations (i)-(iv) remain the same as the first design.Considering the same criterion of

15 revolutions per day as before for the RGT, the ratio (λub − λlb) / (λmax − λmin) for the

MBR considered for the second constellation has a minimum value for inclination of 86.6

deg. The selected orbital elements for the nominal orbit are: semi-major axis = 6930.90

km, inclination = 86.6 deg and eccentricity = 0. For this design, the width of the coverage

map at Equator is 0.1026 deg. The orbital period of the selected orbit being 1.5925 hr, we

consider J = 4 revolutions to scan the region of interest, thereby providing coverage over a

time-window of 6.37 hours. As before, we consider weights w1 = 0.99 and w2 = 0.01 and a

maximum of P = 5 planes for the intermediate design. For the optimization, we consider

the spacing between successive satellites in orbit to be at least 3 deg and the RAAN spacing

between two orbital planes to be at least 4.5 deg. The final constellation has 236 CubeSats in

total, distributed uniformly in two different planes of RAAN 0.0855 deg and 4.6526 deg. The

asymmetry arises in the selection of RAAN for the orbital planes. The coverage provided by

the designed constellation ranges from 93.6421% at Equator to 96.1387% at 35 deg latitude.

Table 5: Percentage of longitudes covered by constellation-I

Latitude Percentage covered Percentage covered

(Intermediate) (Asymmetric)

10 deg 93.4302 % 95.8237 %

15 deg 93.6716 % 95.9467 %

20 deg 94.0337 % 96.0903 %

25 deg 94.5166 % 96.2378 %

30 deg 95.1443 % 96.4198 %

35 deg 95.9142 % 96.6578 %

40 deg 96.5916 % 96.9623 %

45 deg 97.0748 % 97.3473 %
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4.3.3 Asymmetric Constellation Design-III

In this design, we continue with considering the Atlantic warm pool as the region of in-

terest. However, we consider the cross-satellite-track swath operation of the TEMPEST-D

millimeter-wave radiometer instrument for data collection. This wide-swath instrument can

observe mid-tropospheric water vapor that facilitates the understanding of the convection

during hurricanes [102]. Consideration (i) remains the same as previous designs, but the

operation considers: (ii) main width angle in the azimuth and elevation plane is 3.6 degrees,

(iii) The instrument scans at 30 RPM to view Earth across a wide swath [102]. Since the

region of interest is the same as second design, the nominal orbit remains the same as Design

II. The width of the coverage map at ϕmin = 0 deg is 9.8118 deg. Consequently, the period

of the selected orbit is 1.5925 hr. We consider J = 4 revolutions as before. We still consider

a maximum of P = 5 planes as well as the same weights for the optimization. Additionally,

we consider the constraints on the spacing between successive satellites in orbit and the

RAAN spacing between two orbital planes same as Design-II. The resulting constellation

has 5 CubeSats in total, arranged in five different planes (RAAN of 4.8817 deg, 13.5075 deg,

23.209 deg, 54.9253 deg and 64.7316 deg). This constellation design provides 100% coverage

over the considered region.

4.4 Summary

In this chapter, we develop an optimization-based framework to design a CubeSat constel-

lation that takes into consideration the required spatial and temporal resolution of sensor

data collected within a specified time window for a selected region of interest and sensor

geometry. The constellation orbits take advantage of repeating ground track orbits that are

designed by considering orbital perturbation due to the polar flattening of the Earth. We

consider a two-step optimization methodology to solve a nonlinear mixed-integer program-

ming problem allowing for asymmetric constellation patterns. The objective function takes

into account maximizing the coverage utilizing a minimum number of CubeSats. In the

first step, we allow for an unequal number of satellites in each plane and unequal spacing
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between successive orbital planes. The number of planes for the constellation is used as a

parameter within the formulated problem and is selected by comparing the optimal coverage

obtained for a different number of planes. The selected number of planes remains fixed for

the second step, in which we allow for unequal spacing between successive orbital planes

and between successive satellites in the same orbit. For this optimization, we utilize the

first step solution corresponding to the selected number of planes as an initial guess. We

demonstrated the constellation design methodology by designing three different asymmetric

constellations with different regions of interest (mainland US and Atlantic warm pool) and

sensor geometry (similar to sensors onboard RainCube and TEMPEST-D). Such constel-

lations can significantly improve hurricane forecasting by increasing sensor data collection.

Such designs providing coverage over the mainland US can help reduce forecasting errors,

while designs for the data-starved Atlantic warm pool region can facilitate early predictions

of hurricane path.
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CHAPTER V

CUBESAT FORMATION DESIGNS

With the recent advancements in the miniaturization of the satellite bus and payload, many

CubeSats equipped with precipitation radars and synthetic aperture radar are under develop-

ment. These low-cost platforms can enable monitoring of the atmospheric processes through

distributed sensing. In literature, mission concepts such as D-train and Displaced Phased

Antenna Concept is proposed to monitor the precipitation systems using distributed sens-

ing. However, studying mission designs that can collect data using multi-frequency radars

simultaneously operating from different platforms can improve the science output of the mis-

sions mentioned above. Near-surface ocean wind vectors are another essential information

required by the forecast models to predict hurricanes accurately. Multi-static SAR obser-

vations are necessary to observe both the wind speed and direction. These observations,

along with precipitation system data, can further improve hurricane forecast accuracy and

necessitate studying the formation design that can collect wind data in multi-static mode

and precipitation data using multi-frequency radars operating simultaneously on different

platforms. Simultaneous and time difference measurements using distributed sensing require

a close and accurate formation design to retrieve the data with minimum uncertainties.

Here, we discuss the three novel formation designs in detail that can improve the

quality of the hurricane data collected by CubeSats using distributed sensing. The first and

second formation design considers non-Dopplerized precipitation radars and the Dopplerized

precipitation radars, respectively. The third formation design considers the SAR and non-

Dopplerized precipitation radars.

5.1 Formation Design-I

The first design concept is motivated by the D-train mission. The D-train mission con-

siders three satellites such that each satellite collects time-difference data over a particular
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geographical area. This time-difference data can provide additional information to help un-

derstand the rate of change of the atmospheric states (atmospheric processes). Instead of

individual satellites in the D-train mission, we consider to have three satellites flying in for-

mation. Specifically, we choose the operating frequency of the three satellites in formation to

be Ka, Ku, and W band, respectively, as shown in Figure 18. These satellites will allow the

formation to collect simultaneous multi-frequency data and take advantage of Complemen-

tarity and Synergy data. This formation design considers nine non-Dopplerized CubeSats

that can collect time-difference measurements of different parts of the convective system

using simultaneous multi-frequency data. Considering one of these nine CubeSats as the

Chief satellite, we determine the relative positions of the deputy CubeSats in the formation

design.

Figure 18: Concept of formation design-I
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5.2 Formation Design-II

The second design concept is motivated by the Displaced Phased Antenna Concept (DPAC).

In the DPAC, two satellites with Dopplerized radars follow one another. The trailing satellite

comes to the current position of the leading satellite with respect to the Earth’s surface after

one pulse repetition interval. These time-difference measurements help us to reduce the

Doppler uncertainties due to the high satellite velocity. If the second satellite comes to the

relative position of the transmission with respect to Earth’s surface after one pulse repetition,

the distance from the radar to the target remains the same for the transmitted and the

received signal. To this end, the second formation design considers three CubeSats operating

at different frequencies instead of individual satellites in the DPAC. This formation design

has six CubeSats with Dopplerized radars, as shown in Figure 19. Three leading CubeSats

provide overlapping coverage to provide simultaneous multi-frequency measurements, and

the three trailing CubeSats provide overlapping coverage and reduce uncertainties. Similar

to the previous design, we consider that the three overlapping coverage satellites operate in

Ka, Ku, and W bands, respectively. The simultaneous multi-frequency data collected by the

formation can provide better penetration with smaller uncertainties in the NUBF Doppler

velocity correction.

5.3 Formation Design-III

This section considers a third formation design to collect precipitation measurements and the

SAR measurements simultaneously that can improve the hurricane forecast accuracy. Here,

we consider a new formation configuration with the six satellites: three precipitation radar

CubeSats and three SAR CubeSats as shown in Figure 20. The three precipitation CubeSats

need to have an overlapping coverage to provide simultaneously multi-frequency measure-

ments. Additionally, here, we consider three SAR CubeSats in a multi-static configuration

that can help retrieve the wind direction and speed with greater accuracy. In this formation,

the transmitter SAR, receiver SAR 1, and receiver SAR 2 is denoted by T, R1, and R2,

respectively. We define the positions of these three SAR CubeSats in this design relative to
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the center of the precipitation radar footprint using two different geometry angles α and ϕ.

The first angle α is the look angle of the SAR. The second angle ϕ is the in-plane angle on

the Earth’s surface, as shown in Figure 22. The two geometry angles mentioned above fix the

position of the SAR satellites given the altitude of the satellite (H). The geometric quantities

such as the altitude of the satellite (H), angles α and ϕ for the transmitter SAR, receiver

SAR 1, and receiver SAR 2 are identified by the subscripts T, R1, and R2, respectively.

The SAR deputies in the formation are positioned such that the center of the footprint of

each SAR coincides with the center of the overlapping coverage footprint of the precipitation

radars. Similar to the previous two cases, to take advantage of the Complementarity and

Synergy data, we consider that the three overlapping coverage satellites operate in Ka, Ku,

and W bands, respectively.

Figure 19: Concept of formation design-II

5.4 Mission Analysis

For the above-mentioned formation design, we need to determine the relative CubeSat states

respective to a chief satellite such that we achieve the desired distributed sensing without

any collisions within the formation. Additionally, we need to develop a model to compare the

three formation designs. To this end, we categorize the Deputy CubeSats in the three for-
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mations into three groups: overlapping coverage deputies, time-difference coverage deputies,

and SAR deputies. The overlapping coverage deputies provide overlapping coverage on the

Earth’s surface to allow for simultaneous multi-frequency measurements. The time-difference

coverage deputies provide identical geographical coverage at the desired time intervals. The

SAR deputies provide simultaneous coverage along with the precipitation radar. In this

section, we detail the procedure followed in conducting mission analysis for the CubeSat for-

mations. Firstly, we determine the relative positions of the overlapping coverage deputies,

time-difference coverage deputies, and SAR deputies with respect to the chief CubeSat to

enhance the science outcome. For a given set of relative positions, we determine the rel-

ative velocities required to initialize the formation that can place the Cubesats in relative

orbits that require minimum maintenance under the J2 perturbations. Finally, we describe

the procedure followed to model a performance metric to evaluate the performance of each

formation.

Figure 20: Concept of formation design-III
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5.4.1 Overlapping Coverage Deputies

Here we determine the relative positions of a satellite with respect to the other such that they

have the desired minimum overlap at any given time. To this end, we consider two satellites

separated in the across-track direction. It is important to note that the across-track distance

of such two satellites changes over time and is maximum at the Equator and minimum at

the poles. The coverage overlap is proportional to the across-track distance. To achieve the

desired coverage overlap, we determine the required along-track separation at the Equator

(maximum across-track separation). We consider the chief spacecraft states to consist of

keplerian orbital elements as shown below:

Xc = {ac, ec, ic,Ωc, ωc, θc} (90)

where ac, ec, ic, Ωc, ωc, θc is the semi-major axis, eccentricity, inclination, Right Ascension

of Ascending Node (RAAN), argument of perigee, and true anomaly angle of the chief,

respectively. The state vector of the deputy (Xd) is defined using relative orbital elements

as shown below:

Xd = {ac + δa, ec + δe, ic + δi,Ωc + δΩ, ωc + δωc, θc + δθc} (91)

where δa, δe, δi, δΩ, δω and δθ are the relative orbital elements of semi-major axis,

eccentricity, inclination, RAAN, argument of perigee and true anomaly angle with respect

to the chief, respectively. The argument of latitude of the deputy spacecraft is defined as

the sum of the argument of perigee and the true anomaly angle as shown below:

Ud = ωc + δω + θc + δθ = Uc + δU (92)

To have across-track separation, we consider the satellites have the same orbital

parameters except for the δΩ. Here, assuming δa, δe, δi, and δU to be zero, we determine

the δΩ required to achieve desire coverage overlap at the Equator. Here, we assume that
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Earth’s surface is flat and the coverage of the CubeSat on it is circular. This assumption

holds for the CubeSats narrow-swath sensors that have a very small footprint, typically with

a radius of tens of kilometers. Let us assume satellites with the same radar configuration and

thus have the same geocentric angle θ̄ as shown in Figure 21. Assuming both the satellites

have an identical footprint geometry on Earth’s surface, we can write the radius of the

footprint as RE θ̄, where RE = 6378.1 km is the radius of the Earth. The shift of one of the

satellite footprint’s centers due to the across-track separation will be REδΩ. As a result, the

overlapping coverage of the satellites can be assumed as an ellipse with a semi-major axis of

length RE θ̄. The semi-minor axis of the overlapping coverage ellipse is RE(θ̄− δΩ). We can

determine the geocentric angle of the CubeSat coverage (θ̄) using the following equation:

θ̄ = 2 sin−1 (
Rf

RE

) (93)

where Rf is the radius of the foot print of the CubeSat and η is the user-defined desired

coverage overlap. Now, we can determine the required across-track separation (δΩ) for

desired coverage overlap as shown below:

δΩ = θ̄(1− η̄) (94)

Figure 21: Overlapping coverage deputy
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5.4.2 Time-difference Coverage Deputies

Now, we consider the case where the deputy satellite has to provide identical geographical

coverage as the chief after a time ∆T . For this, we need to place satellites in orbits with

different RAAN to account for the Earth’s rotation. After time ∆T , the geographical area

required to be scanned shifts right by (ωE + Ω̇) ×∆T , where ωE is the angular velocity of

Earth about its axis and Ω̇ rate of change of Right Ascension of Ascending node due to

J2 perturbations. To this end, to provide identical geographical coverage as the chief after

time ∆T , we place the deputy CubeSat in orbit with a small difference in RAAN that is

determined as shown below:

δΩ = −(ωE + Ω̇)∆T (95)

where ∆T is the difference between the time at which chief coverage over region of interest

(tC) and time at which the deputy provide the identical geographical coverage (tD) as shown

in below:

∆T = tC − tD (96)

Additionally, along with a small difference in RAAN, we need to separate the satellites in

the along-track direction such that after time ∆T the deputy provides the same geographical

coverage. To this end, we determine the required δU by considering the second-order geo-

potential perturbations in this analysis. The argument of latitude of the chief satellite is a

function of time as shown below:

Uc = Uc0 + nct, (97)

Where Uc0 is the chief satellite’s argument of latitude at the initial time and nc is the mean

motion of the chief satellite. Considering the discrete difference equation of the rate of change

of the satellite, we have the following:

δU = ∆T (U̇c0 + nc) (98)
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Where U̇c0 is the summation of rates of change of mean anomaly and argument of periapsis

due to perturbations. Using the above relation, we can determine the required δU to provide

a time-difference coverage after time ∆T .

Figure 22: SAR deputy

5.4.3 SAR Deputies

In this analysis, considering the center precipitation radar as the chief, we can evaluate the

relative orbital elements of the SAR satellites in the formation design. Here, considering the

small footprint size associated with the CubeSats, we assume the surface of the Earth to be

flat. Additionally, for this assumption to hold true, we consider the geometric angles ᾱ and

ϕ̄ to be small. For a given SAR satellite with an altitude of H and a look angle of ᾱ, we can

determine the slant range (S) using the following equation:

Rs =
H

cos ᾱ
(99)
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Once we have the slant range(Rs) of the SAR satellite, we can determine the required δΩ

for a given set of look angle (ᾱ) and in-plane angle (ϕ̄) using the following equation:

δΩ =
S cos ϕ̄ sin ᾱ

RE

(100)

Where RE is the radius of the Earth. Additionally, we can determine the required δU for a

given pair of look angle (ᾱ) and in-plane angle (ϕ̄) using the following equation:

δU =
S sin ϕ̄ sin ᾱ

RE

(101)

Using the Equation 99, Equation 100, and Equation 101 we can determine the relative

positions of the SAR satellites with respect to the chief precipitation radar CubeSat.

5.4.4 Collision Avoidance

In this section, Firstly, assuming the chief orbit to be near-circular, we determine the con-

dition for collision avoidance for any deputy in the formation. Secondly, we determine the

condition to avoid collisions between any two deputies in the formation. Considering zero

relative eccentricity, we can approximate the relative distance in the radial direction (x) as

shown below [103]:

x = δa (102)

The above equation assumes the δa is much smaller than the semi-major axis of the chief

satellite (ac). Similarly, we can consider the relative distance in the along-track direction (y)

as shown below [104]:

y = acδU − 3

2
δa(Uc − Uc0) (103)

The above equation assumes the δU is much smaller than the argument of latitude of the

chief satellite (Uc). Let us consider D to be the minimum distance between the chief and

deputy required to avoid the collision, we can write the following condition for collision

avoidance:

x2 + y2 > D2 (104)
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Considering Equation 102 and Equation 103, the condition to avoid collision for chief and

deputy CubeSat in the formation can be written as shown below:

δa2 + a2cδU
2 +

9

4
δa2Û2 − 3acδUδaÛ > D2 (105)

where Û = Uc − Uc0 . Now let us consider define a function f(Û) as shown below:

f(Û) =
9

4
δa2Û2 − 3acδUδaÛ (106)

The first and second derivative of f(Û) with respect to Û are obtained as shown below: ]

df(Û)

dÛ
=

9

4
δa2Û − 3acδUδa,

d2f(Û)

dÛ2
=

9

4
δa2 ≥ 0

(107)

as the second derivative of f(Û) with respect to Û is positive, the Û∗ that satisfies the

equation df(Û)/dÛ = 0 will give the minimum of f(Û). The solution of df(Û)/dÛ = 0 is

obtained as shown below:

Û∗ =
4acδU

3δa
(108)

by substituting the Û∗ in f(Û), we get zero. As the minimum of the function f(Û) is

zero for a given pair of δa and δU values, we can write the collision avoidance condition in

Equation (113) as shown below:

δa2 + a2cδU
2 > D2 (109)

If any deputy in the formation has δU as zero, we should have a certain δa that satisfies

Equation 109 to ensure safe crossings at the poles. Considering the δa required for collision

avoidance will be very small compared to the semi-major axis of the chief, we can assume

the satellite footprint geometry of both the chief and deputy will be identical, and thus the

analysis to determine δΩ for overlapping coverage holds. Additionally, from the design point

of view, as the δU is a function of the time-difference (∆T ) after which the deputy has to
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provide the chief’s current coverage, we cannot explicitly choose δU to avoid the collision.

For very small values of ∆T , we can consider δU as zero and consider δa that satisfies avoid

collision condition. Now considering the same assumptions for the chief’s orbit (to be near-

circular and small δa), we can write the relative position of two deputies i and j in the radial

direction as shown below:

δxij = xi − xj = δai − δaj (110)

We can write the relative position of two deputies i and j in the along-track direction (y) as

shown below:

δyij = yi − yj = acδUi −
3

2
δai(Uc − Uc0)− acδUj +

3

2
δaj(Uc − Uc0) (111)

Similar to the previous case, the above equation assumes the δU is much smaller

than the argument of latitude of the chief satellite (Uc). Let us consider D to be the minimum

distance between any two deputies required to avoid the collision, we can write the following

condition for collision avoidance:

δx2
ij + δy2ij > D2 (112)

Now, considering δaij = (δai − δaj), δUij = (δUi − δUj), Equation 110 and Equa-

tion 111, the condition to avoid collision for any deputy CubeSat in the formation can be

written as shown below:

δa2ij + a2cδU
2
ij +

9

4
δa2ijÛ

2 − 3acδUijδaijÛ > D2 (113)

where Û = Uc − Uc0 . Using the same procedure as discussed earlier, we can derive the

collision avoidance condition between ith and jth deputy as shown below:

δa2ij + a2cδU
2
ij > D2 (114)

Let us consider we have N number of CubeSats in the formation that is, we have one

chief CubeSat and N-1 deputies. In this case, we will have N − 1 conditions to ensure
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no collisions between the chief and the deputy. It is important to note the fact that the

magnitude of the relative distance between ith deputy to jth deputy is the same as the

magnitude of the relative distance between the jth deputy to ith deputy in the radial and

along-track direction. Considering this fact, we will have (N−2)(N−1)
2

(
(
N−1
2

)
) conditions to

check to ensure no two deputies collide in the formation. To this end, the total number of

conditions we need to check to avoid collisions in the formation are N2−N
2

(sum of N − 1

and (N−2)(N−1)
2

). Determining the relative states of the deputies in the formation designs

discussed in the previous sections should consider these collision avoidance conditions to

ensure collision-free mission operation. It is also important to not that these conditions are

derived using linearized equations. However, with tight formation-keeping, these conditions

ensure collision-free operation even with nonlinear dynamics and additional perturbations.

5.4.5 Formation Initialization

In the above sections, we evaluate the relative orbital elements of the deputies with respect to

the chief for each of the formations by categorizing them into overlapping coverage deputies,

time-difference coverage deputies, and SAR deputies. Here, we transform the relative orbital

difference into the relative positions in the chief’s reference frame (x,y,z). Furthermore, we

determine the relative velocities of deputy (vx, vy, vz) in the chief’s reference frame for these

relative positions (x,y,z) such that the spacecraft formation does not drift away over time.

For this analysis, we consider the second-order geo-potential perturbations, which, when

does not consider, can make the formation drift away drastically over time. We formulate

a targeting problem to determine the relative velocity required to initialize the spacecraft

formation considering J2 perturbations as shown below:

Choose ∆vx, ∆vy, ∆vz (115)
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subject to the translation dynamics of the chief spacecraft and deputy’s relative motion

under J2 perturbations given by [105]:

ṡ = fKep(s) + fJ2(s), s ∈ R12, (116)

and subject to the following constraints on the initial states:

vx(0) = vx(0) + ∆vx,

vy(0) = vy(0) + ∆vy,

vz(0) = vz(0) + ∆vz,

(117)

and subject to the following constraints on the final states:

x(TΩ) = x(0),

y(TΩ) = y(0),

z(TΩ) = z(0),

(118)

s is the state vector consisting the elements as shown below [105]:

s = {rc, Vxc, hc, Uc, ic,Ωc, x, y, z, vx, vy, vz} (119)

where rc is the position vector, Vxc is the radial velocity, hc is the angular momentum, Uc is

the argument of latitude, ßc is the inclination, and Ωc is the Right Ascension of Ascending

node of the chief spacecraft, respectively. x, y and, z are the relative positions of the deputy in

the chief’s body-fixed reference frame, respectively. vx, vy, and vz are the relative positions

of the deputy in the chief’s body-fixed reference frame, respectively. The conversion of

the Keplerian orbital elements to the state vector (s) along with the nonlinear dynamics

equations of motion is detailed in Ref [105]. ∆vx,∆vy,and ∆vz are the required components

of the relative velocity of deputy in the chief’s body-fixed reference to initialize the formation.

The initialization enables the deputy to have the same relative positions after one nodal
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period (TΩ), and the TΩ is determined using the equation shown below:

TΩ =
2π

Ṁc + ω̇c + nc

(120)

where, where nc, Ṁc and ω̇c are respectively the mean motion of the chief satellite, rates of

change of mean anomaly, and argument of periapsis due to perturbations. It is important

to note that the targeting problem considers the deputy spacecraft is placed by the launcher

at desired relative positions (x(0),y(0),z(0)) and with a particular initial relative velocity

(vx(0), xy(0), vz(0)). However, placing the deputy at a more efficient choice of initial relative

velocities can reduce the formation initialization costs. Additionally, it is efficient to provide

a good initial guess for ∆vx,∆vy, and ∆vz while solving the targeting problem. To this

end, we consider the equations developed using the energy matching technique to determine

relative velocities under J2 perturbations by Morgan et al. [104] to determine the initial

guess for the components of the relative velocity of deputy in the chief’s body-fixed reference

(∆vxinit,∆vyinit, ∆vzinit) required to initialize the formation.

Table 6: Relative orbital elements of deputies in formation design-I

δa δΩ δU ∆VI

(km) (deg) (deg) (m/sec)

0.1 0.0072 0 0.1715

-0.1 -0.0072 0 0.1716

0 -0.1253 1.8862 247.9378

0.1 -0.1181 1.8862 247.9844

-0.1 -0.1325 1.8862 247.8913

0 0.3760 -5.6586 740.3042

0.1 0.3832 -5.6586 740.2579

-0.1 0.3688 -5.6586 740.3505
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5.5 Formation Design Results

In this section, we determine the relative orbital elements of all the deputies with respect to

the chief satellite’s orbital elements in the three formation designs.

5.5.1 Formation Design-I

Here, we consider eight deputy CubeSats in the formation. For an overlapping coverage, we

consider a ninety percentage of coverage overlap that is η̄ = 0.9. We consider that the radius

of the footprint of the nadir pointing CubeSat (Rf ) is 4 km. We consider the minimum

distance between the chief and deputy required to avoid collision (D) as 0.1 km. For time-

difference coverage in the formation, we consider ∆T of 30 sec and -90 sec. The orbital

differences of the CubeSats in the formation are computed using the equations developed for

the overlapping and time-difference coverage deputies. The orbital elements of each deputy

ensure collision avoidance with the chief. Additionally, the difference in the semi-major axis

and the argument of latitude of the CubeSats in the formation satisfy the Equation 109

to ensure safe operation of the CubeSats in the formation. Table 6 shows the relative

orbital elements of the deputies in the formation design-I. The ∆V required to initialize the

formation(∆VI) for each CubeSat in the formation design-I are presented in Table 6.

Table 7: Relative orbital elements of deputies in formation design-II

δa δΩ δU ∆VI

(km) (deg) (deg) (m/sec)

0.1 0.0072 0 0.1715

-0.1 -0.0072 0 0.1716

0.2 0 0.00010437 0.3296

0.3 0.0072 0.00010437 0.4955

-0.3 -0.0072 0.00010437 0.4984
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5.5.2 Formation Design-II

In this section, the formation design-II with five deputy CubeSats is considered. Similar

to the previous case, for overlapping coverage, we consider a ninety percentage of coverage

overlap that is η̄ = 0.9. We consider that the radius of the footprint of the nadir pointing

CubeSat (Rf ) is 4 km. We consider the minimum distance between the chief and deputy

required to avoid collision (D) as 0.1 km. For time-difference coverage in the formation, we

considered ∆T equal to the pulse repetition interval and assumed it to be 1660 µsec. The

relative orbital elements of the CubeSats for the time-difference coverage in the formation are

determined using the previous analysis. Here, for time-difference coverage the δΩ require is

6.9356×10−6 deg. As the required δΩ for time-difference coverage is very small, we consider

it as zero in this simulation. Similar to the previous case, the relative orbital elements of

each deputy ensure the collision avoidance with the chief and with all other CubeSats in the

formation. Table 7 presents the relative orbital elements and the ∆V required for formation

initialization of the deputies in the formation design-II.

5.5.3 Formation Design-III

We consider five deputy CubeSats in formation design-III in this section. Similar to the

previous two cases, for overlapping coverage, we consider a ninety percent of coverage overlap

that is η̄ = 0.9. We consider that the radius of the footprint of the nadir pointing CubeSat

(Rf ) is 4 km. We consider the minimum distance between the chief and deputy required

to avoid collision (D) as 0.1 km. For the transmitter SAR deputy, we consider the look

angle of 5 deg and the in-plane angle of zero deg. For both the receiver SAR we considered

the look angle to be 5 deg. We consider the in-plane angle for the two receivers’ SARs to

be 5 and -5 deg. The relative orbital elements of the CubeSats in the formation design-III

for simultaneous precipitation radar and SAR measurements are computed and presented in

Table 8. The CubeSats’ relative orbital elements in the formation ensure the safe operation

of the CubeSats in the formation. The initialization of each CubeSat in the formation design-

III requires ∆V whose values we present in Table 8.
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Table 8: Relative orbital elements of deputies in formation design-III

δa δΩ δU ∆VI

(km) (deg) (deg) (m/sec)

0.1 0.0072 0 0.1715

-0.1 -0.0072 0 0.1716

0.2 -0.0075 0 0.3326

0.2 0.0075 0.0853 11.3124

0.2 0.0075 -0.0853 11.2101

5.6 Summary

This chapter introduced three novel CubeSat formation designs to enable sensor data collec-

tion that has the potential to improve the accuracy of forecasts made by hurricane prediction

systems by filling up the observation gaps in current sensor networks. Taking into account

the recent developments in miniaturized technologies such as RainCube, Multi-Application

Smallsat Tri-band Radar(MASTR), and CubeSat Imaging Radar for Earth Science (CIRES).

This chapter considers CubeSat formations that fly SAR, non-Dopplerized, and/or Dopp-

lerized precipitation radars in close proximity. The three designs envision different roles

for the deputies: they could provide overlapping coverage, time-difference measurements, or

could enable a SAR. We have developed equations to determine the relative orbital elements

that enable the envisioned data collection for each type of deputy. Additionally, this chapter

presents the conditions to avoid collision and ensure safe operations for all constituent Cube-

Sats. The formation designs in this chapter keep the motion of the deputies relative to the

chief bounded under J2 perturbations. Furthermore, this chapter discusses the procedure to

determine the ∆V required for formation initialization by formulating a targeting problem.
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CHAPTER VI

HYBRID CONSTELLATION DESIGN

In this chapter, we identify a nominal formation design among the designs considered in

the previous chapters and incorporate it within the constellation design discussed earlier to

design an optimal hybrid constellation. To this end, in this chapter, we present analytical

equations to determine the width of the coverage map of the formation that is required

for the constellation design. Using these equations, we determine the width of the nominal

formation design’s coverage map and design a hybrid constellation.

6.1 Nominal Formation Design

In the previous chapter, we present three novel formation designs. The first and second for-

mation design considers non-Dopplerized precipitation radars and Dopplerized precipitation

radars, respectively. The third formation design considers the SAR and non-Dopplerized

precipitation radars. The first formation design considers CubeSats operating in a train to

provide time-difference non-Dopplerized radars that allow us to determine the rate of change

of atmosphere. As we place the CubeSats in the formation at a very large distance to allow

sufficient time for the atmospheric process to evolve, the CubeSats in the formation drift

away over time significantly, and the fuel required to keep them in tight formation makes

the operation of this formation design unfeasible. We consider Dopplerized precipitation

radars operating on CubeSats in the second formation design. This formation can effectively

monitor hurricanes and their dynamics with a reasonable amount of fuel requirements for

mission operations. However, until today a Dopplerized precipitation radar is not flown on

the CubeSat platform. The EarthCARE satellite carries a Dopplerized precipitation radar;

however, EarthCARE is a large satellite. Nevertheless, when Dopplerized precipitation radar

is available on a CubeSat platform, this formation can improve the data quality by reducing

the uncertainties due to the high platform velocity of the CubeSats.
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Figure 23: Nominal formation design

The third formation design collects precipitation and SAR measurements simulta-

neously, improving hurricane forecast accuracy as shown in Figure 23. In addition, the SAR

and non-Dopplerized precipitation radars are currently available on CubeSat platforms. To

this end, in this work, we consider this formation design as the nominal formation design

for monitoring hurricanes. However, the fuel requirements for this formation design mission

operation are very high using Delta-V maneuvers.

6.2 Formation Coverage

In this section, we provide an overview of geographical coverage provided by an individual

satellite and develop the formulation for determining the width of the coverage provided

by a satellite formation that includes a chief satellite and a deputy satellite flying in close

proximity of the chief.
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6.2.1 Individual Satellite Coverage

We consider the general case of a satellite taking measurements using onboard precipitation

radar by ‘looking sideways’ (in contrast to the nadir-pointing configuration). To this end, let

us consider the radar and Earth geometry depicted in Figure 24, illustrating the footprint

of satellite A on the surface of the Earth. In this figure, B is the sub-satellite point, whereas

D is the center of the satellite’s footprint. We denote the longitude angle between points B

and D as R, which varies with latitude.

θ

θ

Heel

Figure 24: Radar-Earth geometry

The figure also shows the grazing angle (Ψ), the 3-dB main width in the azimuth

plane (ϕAZ) and the 3-dB main width in the elevation plane (ϕEL); these angles collectively

define the radar geometry. Furthermore, the angle θEL represents the main width in the

elevation plane, H is the altitude of the spacecraft, RE is the radius of the Earth, Rs is the
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slant range, the point C denotes the center of the Earth, L is the length of the footprint, and

W is the width of the footprint. Using conventional nomenclature, we denote the closest point

of the footprint to the satellite’s sub-satellite point as the Heel of the footprint. In contrast,

the Toe of the footprint is the farthest point on the satellite’s footprint from the sub-satellite

point B. Finally, the angles θ̄Heel and the θ̄ represent the Earth center angles to the heel of

the footprint and the center of the footprint, respectively. Given these considerations, we

can determine the Earth center angle (θ̄) as follows[23]:

θ̄ = cos−1

(
RE cosΨ

RE +H

)
−Ψ. (121)

Using the Earth center angle, we can determine the latitude (ϕD) and longitude (λD) of the

center of the footprint as follows:

ϕD = ϕB, (122)

λD = λB +
θ̄

cosϕB

. (123)

Furthermore, we can determine the grazing angle at the heel of the footprint (ΨHeel) as

shown below [106]:

ΨHeel = cos−1

((
1 +

H

RE

)
sin

(
π

2
−Ψ− θ̄ − ϕEL

2

))
, (124)

where RE is the radius of the Earth, Ψ is the grazing angle, θ̄ is the Earth center angle to

the center of the footprint, and ϕEL is the 3 dB main width in the elevation plane. Using

Equation (121) and Equation (124), we can determine Earth center angle to the heel of the

footprint (θ̄Heel). We can determine the Earth center angle (∆θ̄) between the heel of the

footprint and the center of the footprint as shown below:

∆θ̄ = θ̄ − θ̄Heel. (125)

The footprint of the satellite is a surface. However, the footprint of the precipitation radars
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operating onboard a CubeSat platform such as RainCube has a small surface area. For such

scenarios, we undertake the following assumption for developing the analytical equations

for the satellite’s coverage. We assume that the boundary of the satellite’s footprint is an

ellipse. Taking into account this assumption, let us consider aF to be the semi-major axis

of the footprint and bF to be the semi-minor axis of the footprint. These considerations are

summarized in Figure 25.

Using the Earth center angle (∆θ̄) between the heel of the footprint and the center

of the footprint, we can determine the semi-major axis (aF) of the footprint as follows:

aF = ∆θ̄RE, (126)

Similarly, we can determine the semi-minor axis (bF) of the footprint as shown below:

bF =
RsϕAZ

2
. (127)

Figure 25: Footprint of an individual CubeSat

The slant range in the above equations is determined by the usual cosine law for
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triangles:

Rs =
√

R2
E + (RE +H)2 − 2RE(RE +H) cos

(
θ̄
)
. (128)

The assumption on the footprint boundary having elliptic geometry allows us to determine

the longitudes (λ1,2) corresponding to a given latitude (ϕ) as shown below:

λ1,2 = λD ±
([

1− (ϕ− ϕD)
2R2

E

b2F

]
× a2F

R2
E cosϕD

2

)1/2

. (129)

Considering the latitude ϕ in the Equation (129) to be the one corresponding to the center

of the footprint ϕD, we can determine the longitudes corresponding to the heel and toe of

the footprint, as shown below:

λHeel = λD − aF
RE cosϕD

, (130)

λToe = λD +
aF

RE cosϕD

. (131)

We use the above development related to individual satellite coverage in order to identify

the coverage provided by the formation, comprised by a chief and a deputy.

6.2.2 Length of Formation Coverage

The coverage provided by the formation is the union of the footprints provided by the two

satellites. Figure 26 depicts two footprints (elliptical assumption) whose centers are different

(but located in close proximity); the figure also shows the satellite’s respective heel and toe.

Assuming that the measurements are taken simultaneously by the chief and the deputy, the

difference between the two footprints results solely from the different locations occupied by

these satellites.

We consider another assumption in order to develop an analytical expression for

the width of the coverage provided by the formation. Specifically, we assume a spherical

Earth. Under this consideration, we can determine the sub-satellite point (ϕBc , λBc) and the

altitude (Hc) of the Chief using an Earth-centered Earth-fixed non-inertial reference frame,
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as shown below [107]:

ϕBc = arctan

(
Zc√

(Xc)
2 + (Yc)

2

)
, (132)

λBc = arctan 2(Yc, Xc), (133)

Hc =

√
(Xc)

2 + (Yc)
2

cos(ϕBc)
−RE, (134)

where ϕBc , λBc , and Hc are the latitude, longitude and altitude of the chief satellite, respec-

tively. Xc, Yc, and Zc are components of Rc in the Earth-Center Earth-Fixed Frame. Using

Rd, we can determine the latitude (ϕBd
) and longitude (λBd

) of the deputy’s sub-satellite

point, as well as the altitude (Hd) of the deputy.

As illustrated in Figure 26, we define the length of the formation’s footprint

(LFormation) at the latitude of the center of the footprint ϕD as the sum of two times the

semi-major axis (Lc) of the chief’s elliptical footprint and the additional contribution (δL)

that arises from the footprint of the deputy satellite. In other words, we have:

LFormation = δL+ Lc. (135)

In this work, given the sub-satellite points of the chief and deputy, we develop analytical

equations to determine the relative length of the formation’s footprint (δL) as satellite sub-

satellite points move across different latitudes on the surface of the Earth and using δL we

determine the length of the footprint of the formation (LFormation).

6.2.3 Relative Coverage

Here, we consider a formation of two CubeSats providing overlapping coverage, as was il-

lustrated in Figure 26. Our motivation here is to develop an analytical relationship for the

coverage constraint because analytical expressions are more amenable for use within opti-
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mization frameworks. We, therefore, undertake the following assumption. We assume that

both satellites have identical sensor geometry, and we develop equations to determine the

relative length of the formation’s footprint at the latitude ϕD. From here on, we denote the

latitude and longitude pair representing the center of the footprint of the chief’s CubeSat

as (ϕc, λc) and the latitude and longitude pair representing the center of the footprint of

the deputy’s CubeSat as (ϕd, λd) as shown in Figure 26. As the two satellites complete a

revolution around the Earth, two cases can potentially emerge in terms of the overlap of

their footprint; these cases are considered next. To identify these cases, we consider the

points on the boundary of the deputy footprint corresponding to latitude of the center of

footprint of chief satellite. With the latitude given to be ϕD, recall that the two points can

be determined from equation (9). We denote these two points by adding the subscript ‘d’

for the deputy satellite. If these cases do not hold, under the assumption of the same radar

geometry for chief and deputy, there is no overlap between the footprint of the satellites.

Figure 26: Relative footprint of CubeSat formation

Case-I: λd1 > λcToe
: Using Equation (135), the relative length (δL) of the Cube-
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Sats formation at the latitude ϕc is determined as shown below:

δL = λd1 − λcToe
(136)

where λcToe
is the toe of the chief’s footprint and λd1 is one of the boundary points on the

elliptical footprint of the deputy at the latitude ϕc and is determined as shown below:

λd1 = λd +

([
1− (ϕc − ϕd)

2R2
E

b2Fd

]
×

a2Fd

R2
E cosϕd

2

)1/2

(137)

where aFd
and bFd

are the semi-major axis and semi-major axis of the deputy’s footprint,

respectively. Using Equation (137) and Equation (130), we can write the Equation (136) as

shown below:

δL = λd +

([
1− (ϕc − ϕd)

2R2
E

b2Fd

]
×

a2Fd

R2
E cosϕd

2

)1/2

− λc −
aFc

RE cosϕc

(138)

where aFc is the semi-major axis of the Chief satellite footprint. Let us consider δH is the

difference between the altitude of the deputy and chief CubeSat. Considering that the chief

and deputy have same radar geometry operating and the δH is small we can assume that

ad ≈ ac and bd ≈ bc. Now considering δλ as λd − λc and δϕ as ϕd − ϕc, we can write the

Equation (138) as shown below:

δL = δλ+

([
1− (δϕ)2R2

E

b2Fd

]
×

a2Fd

R2
E cosϕd

2

)1/2

− aFc

RE cosϕc

(139)

Case-II: λcHeel
> λd2 : In this case, we can calculate the δL as λcHeel

− λd2 , where

λcHeel
is the heel of the chief’s footprint and λd2 is the other boundary point on the elliptical

footprint of the deputy at the latitude ϕc and is determined as shown below:

λd2 = δλ−
([

1− (ϕc − ϕd)
2R2

E

b2Fd

]
×

a2Fd

R2
E cosϕd

2

)1/2

(140)
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In the case when λcHeel
> λd2 , using Equation (140) we can compute the δL as shown below:

δL = −δλ+

([
1− (δϕ)2R2

E

b2Fd

]
×

a2Fd

R2
E cosϕd

2

)1/2

− aFc

RE cosϕc

(141)

Under the assumption ad ≈ ac and bd ≈ bc, in the case when λd1 ≯ λcToe
and λcHeel

≯ λd2 , δL

is equal to zero. Now, the length of the formation’s footprint can be determined as shown

below:

Lformation = δL+
2aFc

RE cosϕc

(142)

where aFc is the semi-major axis of the footprint of the chief satellite (Lc).

6.3 Coverage Map of Formation

We have defined the coverage map of an individual satellite that determines the relationship

with the geographical coverage in Chapter IV (67). Now let us consider the coverage map

for a particular latitude (ϕ∗) for one revolution of the chief satellite. For the convenience of

discussion, the set of longitudes covered at latitude ϕ∗ is defined as M(ϕ∗) by the formation

as shown in Equation (68). For each argument of latitude U, there will be a corresponding

set of λ within the coverage map that belongs to the latitude ϕ∗. The largest set of λ

corresponds to the argument of latitude when the chief satellite’s sub-satellite point (ϕc) is

at the latitude ϕ∗. As the satellite’s sub-satellite point moves away from the latitude ϕ∗ the

set of λ that belong to (ϕ∗, λ) ∈ P(U) decreases. To this end, in the case when λd1 > λcToe

we can write:

sup(M(ϕ∗)) = λc +
aFc

RE cosϕc

+ δL
∣∣∣
ϕc=ϕ∗

, (143)

inf(M(ϕ∗)) = λc −
aFc

RE cosϕc

∣∣∣
ϕc=ϕ∗

(144)
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where sup represents the upper bound, and inf represents the lower bound for longitudes in

set M(ϕ∗). Similarly, in the case when λcHeel
> λd2 we can write:

sup(M(ϕ∗)) = λc +
aFc

RE cosϕc

∣∣∣
ϕc=ϕ∗

, (145)

inf(M(ϕ∗)) = λc −
aFc

RE cosϕc

− δL
∣∣∣
ϕc=ϕ∗

(146)

when λd1 ≯ λcToe
and λcHeel

≯ λd2 , δL is equal to zero and sup(M(ϕ∗)) = λc + ac and

inf(M(ϕ∗)) = λc − ac. Now let us define the width of the coverage map of the formation

(W(ϕ∗)) as shown below:

W(ϕ∗) = sup(M(ϕ∗))− inf(M(ϕ∗)) (147)

for all the cases considered, the width of the coverage maps of the formation that belongs

to the latitude ϕ∗ will be equal to the length of the formation when the chief satellite’s

sub-satellite point (ϕc) is at the latitude ϕ∗, as shown below:

W(ϕ∗) = δL+
2aFc

RE cosϕc

∣∣∣
ϕc=ϕ∗

= LFormation

∣∣∣
ϕc=ϕ∗

(148)

Using the above equation, we can analytically determine the width of the overlapping Cube-

Sat formation coverage map that belongs to a latitude ϕ∗ as a function of CubeSat’s relative

positions. For a given geographical latitude, the width of a formation’s coverage map re-

mains the same for all formation units across all revolutions (owing to the same chief’s orbit,

formation design, and sensor geometries). Furthermore, note that the width of a coverage

map is smallest for the latitude that is closest to the Equator, ϕmin. This is true even for

the formations coverage maps, as the decrease in the longitude coverage of formations due

to the relative motion of CubeSats is negligible compared to the increase in the longitudes

covered at higher latitudes due to the shape of the Earth. Coverage of all longitudes at this

latitude, therefore, translates to coverage sustained at higher latitudes. Hence, in our design,

we consider coverage maps for latitude ϕmin in our design. We can write the width of the
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formation’s coverage map that belongs to the latitude ϕmin can be written as shown below:

WForm(ϕmin) = δL
∣∣∣
ϕc=ϕmin

+
2aFc

RE cosϕmin

(149)

Here, the radar geometry of the CubeSats in the formation is assumed to be the same, and

the difference in the altitude of the CubeSats is considered small. This formulation allows us

to determine the width of the coverage map of the formation analytically, which will enable

us to use it within the hybrid constellation design optimization framework.

6.4 Optimal Hybrid Constellation Design

In this section, we will use the equations developed in the previous sections to determine the

width of the formation and incorporate them within the optimization framework developed

in Chapter 3 to design an optimal hybrid constellation.

6.4.1 Range of Longitudes

Let us define the supremum and the infimum of the formation’s coverage map that belongs

to the latitude ϕmin as shown below:

sup(M(ϕmin, i, j)) = λ̄c(ϕmin) +
WForm(ϕmin)

2
(150)

inf(M(ϕmin, i, j)) = λ̄c(ϕmin)−
WForm(ϕmin)

2
(151)

where (M(ϕmin, i, j) represents the set of longitudes covered at latitude ϕmin by the i-th

formation during the j-th revolution and λ̄c represents the longitude of the center of the

footprint of chief’s satellite when the chief’s footprint’s center is at latitude ϕmin. Here, sup

represents the upper bound, and inf represents the lower bound for longitudes in set M.

As discussed in chapter 3, the range of longitudes that need to be covered at

this chosen geographical latitude is simply not given by λmin and λmax because the coverage

maps veer to the right (see Figure 27). Specifically, we are interested in determining the

set of longitudes that the union of coverage maps at latitude ϕmin should span so that all
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longitudes at higher latitudes are covered by taking into account the veering; note here that

the union is taken over all formations and all revolutions for each formation.

However, based on the shape of the formation’s coverage map veering to the

right, some extra longitudes are required to be covered; this is illustrated in Figure 27. If

the union of coverage maps at latitude ϕmin just span the range of longitudes [λmin, λmax],

the orange shaded region in Figure 14 will not be covered at higher latitudes. We, there-

fore, determine the range of longitudes L = [λlb, λub] that needs to be covered by the

union of coverage maps. If the coverage maps veer to the right at higher latitudes, that

is, inf(M(ϕmin, i, j)) < inf(M(ϕmax, i, j)), then we have λub = λmax and the following:

λlb = λmin + inf(M(ϕmin, i, j))− inf(M(ϕmax, i, j)). (152)

If the coverage maps would have veered to the left, then the lower bound for L would simply

be λmin and we would have needed to modify the upper bound of L appropriately.

Figure 27: Range of longitudes that the union of coverage maps of CubeSats of constellation should span

6.4.2 Hybrid Constellation Pattern Generation

We now formulate the optimization problem to generate the pattern of the chief CubeSats

of each formation in the constellation for a given orbit semi-major axis, eccentricity, and

inclination. The pattern refers to the selection of RAAN of individual orbits, the number of
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satellites in each plane, and the placing of chief satellites within each orbit. To this end, let

us introduce the following decision variables pertaining to the optimization problem: P ∈ Z+

is the total number of planes, xℓ ∈ Z+ represents the number of formations in each plane,

yℓ ∈ R represents the relative RAAN for each orbital plane, Uℓm ∈ R denotes the position

(relative argument of latitude) of the mth chief satellite on the ℓth plane at the beginning

of the time window, considering ℓ = 1, 2, . . . , P and m = 1, 2, . . . , xℓ. Clearly, the resulting

optimization problem has both integer and continuous decision variables and belongs to

the class of mixed-integer programming problems. Two important factors are accounted for

when formulating the optimization problem. First, we need to ensure that the entire range

of longitudes is covered by the union of all coverage maps for N satellites across their J

revolutions. Second, we also need to ensure that we use the minimum number of formations

in the hybrid constellation.

6.4.3 Objective Function

Here, we present the optimization formulation developed in Chapter 3 and adapt it to design a

hybrid constellation using coverage maps of the formations. Now, we define the representative

longitude of a coverage map (Λ(ϕmin, i, j)) for latitude ϕmin of ith CubeSat during its jth

revolution as follows:

Λ(ϕmin, i, j) = λ̄c(ϕmin) (153)

Now, let XForm be an order set in which the representative longitudes of (N × J) coverage

maps of latitude ϕmin are arranged in descending order as follows:

XForm ∈ {1, 2..., N × J} s.t Λ(ϕmin,XForm) > Λ(ϕmin,XForm + 1) (154)

where the ordered set helps in the identification of the gaps or overlaps in coverage

between two successive coverage maps. The total gap and overlap in coverage is therefore
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given by:

F1,Form
=

N×J∑
XForm=1

| Λ(ϕmin,XForm)− Λ(ϕmin,XForm + 1)−WForm(ϕmin, i, j) | (155)

While the above-mentioned function should be minimized, we also need to ensure that the

coverage maps corresponding to the left boundary take into account the correct lower bound

of longitudes that need to be covered. To ensure this, the following function also needs to

be minimized as well:

F2,Form
=| Λ(ϕmin,XForm = N × J)− λlb +

WForm(ϕmin, i, j)

2
| (156)

Similarly, the coverage maps should take into account the upper bound of range of longitudes

that need to be covered, implying that the following function needs to be minimized:

F3,Form
=| Λ(ϕmin,XForm = 1)− λub −

WForm(ϕmin, i, j)

2
| . (157)

Figure 28: Arrangement of coverage maps of constellation obtained by minimizing the objective function

Finally, taking into consideration that we want to minimize the number of forma-
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tions to provide the requisite coverage, we formulate the objective function as follows:

minFForm = w1 (F1,Form
+ F2,Form

+ F3,Form
) + w2|NForm| , (158)

where w1 and w2 are relative scaling factors of the two parts of the objective function, one

part representing gaps and overlaps in coverage, and the other part representing the number

of satellites.

P = Pmax

(Non-linear mixed integer

programming solver)

Choose x to minFForm(x) s.t xℓ ∈ Z+

∀ ℓ ∈ {1,2..P},P ∈ Z+, yℓ ∈ R

(Intermediate Asymmetric

constellation pattern)

Ωℓm , Uℓm ∀ l∈{1, 2...P},m∈{1, 2...xℓ}

(Non-linear programming solver)

Choose y to minFForm(y) s.t

y ∈ RP∗+N where N=
∑P∗

ℓ=1 x
∗
ℓ

(Asymmetric constellation pattern)

Ωℓm , Uℓ ∀ l∈{1, 2...P ∗},m∈{1, 2...x∗
ℓ}

Figure 29: Asymmetric constellation pattern design flowchart

6.4.4 Asymmetric Hybrid Design

Here, we use the same two-step optimization approach developed in Chapter IV to determine

the optimal constellation pattern as shown in Figure 29. In the first step, we allow the
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number of formations in each plane to be unequal, as well as the RAAN spacing between

the planes, leading to a partly asymmetric constellation. However, we assume that within

each plane, the chief satellites of each formation are symmetrically distributed. The RAAN

of each orbital plane is considered relative to λub. Hence, the RAAN for all orbital planes is

given as shown in Equation 87. Similar to the optimization problem in Chapter IV, we can

solve for given values of the number of planes P to yield the corresponding optimal pattern.

We utilize the optimization routine ga in MATLABTM in order to solve the optimization

problem. The search area for the P variables xℓ that determine the number of formations in

each plane can be bounded such that a minimum desired spacing between formations in each

plane is maintained. Constraints are placed to have desired minimum spacing between two

successive orbital planes. Using the optimal solution obtained by solving the intermediate

design problem, we can compute the number of CubeSats in the hybrid constellation as

shown in Equation 88. In this step, the number of formations per plane can be different,

and the inter-chief CubeSat of each formation spacing in a plane is uniform.

In the second step of our optimization framework, we consider relaxing the con-

straints of equally spaced chief satellite positions of each formation in each plane. In order

to solve the resulting optimization problem obtained after the relaxation of symmetry con-

straints, we considered the optimal solution from the first step as an initial guess, that is, the

number of orbital planes and the number of formations obtained from the first step are kept

constant. In addition, we consider the constraint to assign in the second step as shown in

Equation 89. The argument for the latitude of the chief satellites in the hybrid constellation

is bounded within [0 2π). Similar to the optimization problem in Chapter IV, the decision

variables for the second step of the optimization framework are the N variables representing

the orbital location of N chief satellites within each formation and P variables representing

the RAAN for P orbital planes in the hybrid constellation. These variables are evaluated

respectively with respect to reference latitude of zero and reference RAAN of λub. Here, we

place constraints on the choice of the argument of the latitude of any two successive chief

CubeSats in an orbit plane and ascending nodes of the successive orbital planes for the safety
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of the CubeSats within the hybrid constellation.

6.5 Numerical Simulations of Hybrid Constellation Design

In this section, we demonstrate the hybrid constellation design method introduced in the

previous section using numerical simulations. Here, we discuss the region of interest, the

temporal requirements, and the formation design parameters. Finally, we present the optimal

hybrid constellation design results considering different formation parameters.

Figure 30: Region of interest for the hybrid constellation design

Similar to the regional constellation design, we consider coverage over part of the

Atlantic Ocean and the mainland US. Specifically, we consider an MBR with the vertices

defined by: ϕmin = 10 deg, ϕmax = 45 deg, λmin = −100 deg, λmax = −30 degas shown in

Figure 30. Here, in contrast to the regional constellation design, we consider a constellation

of nominal formations to provide coverage over this region and complement the existing

terrestrial sensor infrastructure and available airborne sensors. As the region of interest

is the same as in the regional constellation design, we consider the same nominal orbit.

To this end, the nominal orbit of the hybrid constellation’s chief satellites is summarized

by the following orbital elements: semi-major axis = 6930.90 km, inclination = 87.2 deg,

eccentricity = 0. The period of the selected orbit is 1.5929 hr. As the GDAS collects all
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available sensor data within a window of 6-hour, we want the hybrid constellation to cover

the region of interest within six hours. To this end, we consider J = 3 revolutions so that

all revolutions are completed within a time window of six hours.

Now, we discuss the nominal formation design configuration considered for the

design hybrid constellation. As we have discussed in the earlier sections, for the nominal

formation design, we consider that the center of the footprints of the chief satellites and

the SAR deputies(all three of them) is the same. We can optimize the constellation with

respect to the precipitation radar’s overlapping coverage and assume that SAR deputies pro-

vide simultaneous coverage over the precipitation radar’s footprint by choosing the relative

positions appropriately, as discussed in the previous chapter. To this end, for the design of

the hybrid constellation, we only consider the width of the formation by considering over-

lapping coverage deputies carrying precipitation radars, assuming the footprint of the SAR

and the precipitation radar is the same. For the precipitation radars in the formation design,

we consider RainCubes like miniaturized precipitation radars whose measurements provide

vertical resolution of condensed water, thereby helping to reduce forecast errors [101]. We

consider the following regarding the radar and associated operations: (i) 3-dB beam-width

of the radar is the same for all CubeSats, (ii) main width angle in the azimuth and elevation

plane is 1.25 degrees, (iii) grazing angle is 90 deg, (iv) main beam elevation is 0 degree.

Considerations (ii) to (iv) are consistent with the nadir-pointing operation of the miniatur-

ized radar in NASA’s RaInCube mission [101]. Furthermore, as we have three overlapping

coverage deputies in the nominal formation design, we consider the overlapping coverage of

the two overlapping coverage deputies to determine the width of the formation as shown in

Figure 31.

As we can see in the figure, by considering the overlapping coverage of the two

overlapping coverage deputies in the nominal formation, we choose the percentage of the

overlapping coverage of the formation where data from three different frequencies is selected.

For the hybrid constellation design, we consider the percentage of this overlapping coverage

where three different radar frequencies are collected simultaneously as a varying parameter
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and determine the hybrid constellation design for multiple overlapping percentages. Using

our previous analysis, we consider the footprint of the CubeSat operating W band and Ku

band to determine the width of the formation.

Figure 31: Overlapping coverage of the nominal formation design

6.5.1 Hybrid Constellation Design-I

Here, we design a hybrid constellation with overlapping coverage of 90 percent that is,

the three CubeSats in the precipitation radars in the formation provide multi-frequency

simultaneous data with a footprint size of 90 percent of their original footprint. The optimal

hybrid constellation has 240 formation units arranged in two different orbital planes (120

formations in each plane), as shown in Figure 32.

The RAAN of the first orbital plane is 0.0544 deg and the RAAN of the second

orbital plane is 4.7347 deg. As each formation unit has 6 CubeSats in this hybrid constel-

lation, we have 1440 CubeSats. This seems to be a very large number of CubeSats, but

these are very small satellites with a mass of around 10 kg. In that case, the payload mass

of the entire constellation will be about 14.5 metric tons of kg, which is about three to

six large traditional satellites. With new powerful launch vehicles, the entire constellation

can be deployed in a couple of launches. As the constellation pattern consists of only two

orbital planes, the deployment of satellites will also be easy for this constellation. We have

considered that the reduction in the coverage in terms of the longitudes as a result of the

relative motion of the CubeSats is negligible compared to the increase in the coverage of
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CubeSats. To confirm this via numerical simulations, we examine the coverage at higher

latitudes provided by the hybrid constellation that is designed considering the coverage at

the latitude within the region of interest closest to the Equator, that is, 10 deg in this case.

Table 9 shows the coverage of the hybrid constellation design-I at higher latitudes. For this

design, the intermediate design is the optimal design, and therefore the asymmetric design

is the same as the intermediate design. For this design, the maximum number of CubeSats

allowed in each plane is 120 CubeSats. For the asymmetric design, the constraints are placed

such that the minimum spacing between the chief satellites of the formations is 2.5 deg and

the minimum RAAN spacing of the orbital planes is 4 deg.
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Figure 32: Optimal arrangement of hybrid constellation design-I

6.5.2 Hybrid Constellation Design-II

Here, we will consider the overlapping coverage of all three precipitation radars in the nom-

inal formation design is 60 percent compared to the individual CubeSats footprint. As the

overlapping coverage percentage decreases, the width of the coverage map of the formation

increases and results in a hybrid constellation design with fewer multi-frequency radar mea-

surements and fewer total CubeSats. When the maximum allowable number of formations in
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each plane is considered as 120, the optimal hybrid constellation design has only 120 Cube-

Sats, all in a single plane with a RAAN of -0.954 deg. This asymmetric hybrid constellation

design, in this case, only provides coverage of 81.59 percent. For this design, the minimum

allowable spacing between two CubeSats in the constellation is 2.5 deg, and the minimum

RAAN spacing between two orbital planes is 4 deg. When the maximum allowable forma-

tions in each plane are reduced to 90, the algorithm finds a solution with more CubeSats and

a higher coverage percentage. Specifically, in this case, the algorithm places 77 CubeSats in

one plane and another 77 CubeSats in the other.

Table 9: Percentage of longitudes covered by hybrid constellation-I

Latitude Percentage covered Percentage covered

(Intermediate) (Asymmetric)

10 deg 97.3679 % 97.3679 %

15 deg 97.4336 % 97.4336 %

20 deg 97.5289 % 97.5289 %

25 deg 97.6571 % 97.6571 %

30 deg 97.8279 % 97.8279 %

35 deg 98.0448 % 98.0448 %

40 deg 98.3274 % 98.3274 %

45 deg 98.6855 % 98.6855 %

The RAAN of the first orbital plane is 1.631 deg, and the second orbital plane

is -4.76 deg. With only 90 formations allowable in each orbital plane, the asymmetric hy-

brid constellation design provides 91.9377 percent of coverage at the latitude closest to the

Equator. The spacing between any two chief satellites in the orbital plane and the minimum

RAAN space is the same as the case when the maximum allowable formations in each plane

are 120. Similar to the hybrid constellation design-I, with 60 percent overlapping coverage of

all three precipitation radars, the coverage of the constellation increases at higher latitudes,
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and this is true for both cases when the maximum allowable formation in each orbital plane

is 120 and 90. In the case when the maximum allowable formation in an orbital plane is

120, we have 720 CubeSats in the hybrid constellation, and in the case when the maximum

allowable formations in an orbital plane are 90, there are 924 CubeSats in the hybrid con-

stellation.

6.5.3 Hybrid Constellation Design-III

Finally, we consider the case when the overlapping coverage of the three precipitation radars

in the formation is 20 percent of the individual CubeSat coverage. This design considers

the least percentage of the multi-frequency simultaneous radar data collecting footprint

compared to the previous two cases. As a result, this hybrid constellation design has only

109 formations distributed in a single plane. The optimal intermediate and asymmetric

constellation design, in this case, provide one hundred percent coverage over the region of

interest. The RAAN of the single orbital plane in the hybrid constellation is -0.067 deg. In

this case, we consider the maximum allowable formation in each orbital plane is 120. The

minimum spacing between any two chief satellites in the orbital plane is constrained to be

greater or equal to 2.5 deg. This hybrid constellation has 654 CubeSats in the constellation.

6.6 Summary

In this chapter, we consider a novel mission design concept referred to as a hybrid con-

stellation in which multiple formation-flying CubeSat clusters are deployed in a traditional

multi-plane constellation configuration. In this chapter, we develop analytical equations to

determine the width of the formation’s coverage map. Leveraging the width of the nominal

formation’s coverage map and the regional constellation design optimization framework, we

develop a hybrid constellation design optimization framework. Considering an application

to hurricane monitoring over the region where hurricanes occur frequently, numerical simu-

lations in this chapter depict the effect of the formation design’s overlapping coverage choice

on the hybrid constellation design solutions.
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CHAPTER VII

STATION-KEEPING AND FORMATION-KEEPING

In this chapter, we determine the station-keeping and formation-keeping strategies for the

hybrid constellation design. We especially focus on three problems. The first one is to

determine the station-keeping strategy for the chief satellite to make sure the RGT orbits

ground tracks do not drift away over time. The second and third problem considers the

formation-keeping strategies for the overlapping coverage deputy and the SAR deputy in

the nominal formation design selected for the hybrid constellation design in the previous

chapter. In addition, here, we discuss the optimization formulation setup used to determine

the optimal control strategies in detail.

7.1 Station-keeping of Chief

In this section, we discuss the effect of perturbations on the constellation coverage and present

a methodology to compute the ∆V for maneuvers necessary to maintain the re-acquisition

of the nominal orbit.

7.1.1 Nominal Constellation Orbit

Our design of a hurricane monitoring constellation in Chapter 3 leveraged the use of a re-

peating ground track (RGT). The RGT orbit is designed to repeat its ground tracks every 24

hours. This repetition facilitates data collection over the region of interest on a daily basis.

Furthermore, the choice of an RGT orbit allows us to keep the total number of satellites

in the regional constellation to a minimum. Specifically, the nominal orbit under consider-

ation allows for the constellation to collect sensor measurements at a maximum number of

longitude-latitude pairs over the specified region within a period of six hours. The six-hour

time window is important for the data assimilation component, such as GDAS, of weather

forecasting systems. The daily period of repetition of the nominal orbit seamlessly integrates

with day-to-day operations of weather forecasting systems, kick-starting forecasting-related
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computations on a daily basis. The nominal RGT orbit designed for the constellation takes

into account only the second-order geopotential perturbations and follows an optimization

procedure that aims to minimize the ground track closure error; please see Chapter 2. How-

ever, it is important to note here that the designed RGT orbit’s ground track will not repeat

precisely after one repetition owing to the presence of other orbital perturbations not ac-

counted for in the design process, thereby leaving a residual ground track closure error. This

ground track closure error will shift the coverage over the region of interest within the six-

hour time window. The solution of the RGT orbit considered in this work uses up to the

second-order geo-potential perturbations. Among the orbital perturbations unaccounted for,

this chapter focuses on the effect of atmospheric drag acting on the chief satellites of the

hybrid constellation. Under the influence of these perturbations, each formation, along with

the chief satellite, drifts away from the designed nominal orbit, resulting in ground track

closure errors and significant degradation of the coverage provided by the constellation.

Figure 33: Ground track of RGT orbit with atmospheric drag

The orbital elements of the designed nominal RGT orbit are a semi-major axis

of 6930.74201 km, an eccentricity of zero, and an inclination of 87.2 deg. This RGT orbit

design considers only second-order geopotential perturbations and repeats its ground track

after every fifteen revolutions in one day. To understand the effect of unaccounted orbital

perturbations, we simulate the orbit in NASA General Mission Analysis Tool for 60 days
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(assuming the right ascension of ascending node as 60 deg and argument of perigee and

the true anomaly angles as zero deg), taking into account the atmospheric drag. Figure 33

shows the resulting ground track of this orbit when atmospheric drag is included. The ground

tracks shift significantly over time, and the coverage provided by the constellation over the

region of interest and within the desired time window changes. In this chapter, we analyze

the change in the coverage over time, which can provide us with insights into the change in

the coverage provided by the constellation with these additional perturbations. To this end,

we present the effects of the orbital perturbations on the resulting coverage.

Figure 34: Effect of orbital perturbations on the coverage maps of the constellation to monitor hurricanes

7.1.2 Effect of Orbital Perturbations on Constellation Coverage

Recall that the regional constellation’s coverage maps positions are optimized in our previous

chapters in the sense that the overlaps or gaps between pairs of coverage maps have been

minimized, yielding a high value of coverage. However, in the presence of orbital perturba-

tions unaccounted for in the design (such as atmospheric drag), the coverage provided by

the constellation will degrade over time. The change in coverage due to orbital perturbation

is depicted in Figure 34.

As all the CubeSats in the constellations are the same, the perturbations acting

on each CubeSat will be the same. Because of this homogeneity in the constellation, the shift

of each coverage map due to the orbital perturbations will be the same. In this work, we

105



propagate one CubeSat considering different perturbations, such as the atmospheric drag to

determine the shift of its coverage maps. We define the shift of the coverage map belonging to

the latitude closest to the equator along the horizontal axis as ∆Λ̄(ϕmin). Using this, we can

determine the positions of all the coverage maps of N formations in the hybrid constellation

over J revolutions belonging to the latitude (ϕmin) closest to the equator in the region of

interest, as shown below:

Λ̄(ϕmin,X ) = Λ̄(ϕmin,X ) + ∆Λ̄(ϕmin), X ∈ {1, 2..., N × J}. (159)

As all the coverage maps of the constellation shift due to the orbital perturbations, the

union of all the coverage maps does not span across the range of longitudes required to

cover the region of interest, leaving certain region uncovered that is shown as the shaded

area in Figure 34. This makes the coverage over the region vary over time. Additionally,

as the orbital perturbations change the orbital parameters of the nominal RGT orbit, the

shape and size of the coverage map change. This can result in the increase of the gaps

and overlaps between the coverage maps of the constellation and affect the coverage over

the region of interest. Understanding how the coverage varies over time is important as

this allows us to identify a good frequency to perform the station-keeping maneuvers. In

the following subsection, we determine the required station-keeping maneuvers to make sure

that the constellation’s coverage maps do not always drift due to the effect of the orbital

perturbations.

7.1.3 Station-keeping Optimization Formulation

To determine the required velocity change required to acquire the nominal orbit, we formulate

an optimization problem that determines the minimum amount of ∆V required along the

three axes. To this end we consider the cost function of the optimization problem as shown

below:

min
∆V ,tf

||∆V ||22 (160)
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The constraints for the optimization problem are given by the translation dynamics of the

satellites under perturbations:

ẋ = fKep(x) + FJ2,Drag, x ∈ R6, (161)

initial conditions that reflect the application of the impulse at the initial time:

vx(0) = vx(0) + ∆vx,

vy(0) = vy(0) + ∆vy,

vz(0) = vz(0) + ∆vz,

(162)

the relation between the states and the ground track of the satellites:

(ϕ(Tr), λ(Tr)) = g(x(Tr)), TR ∈ R+, (163)

and the constraint to achieve a ground track error smaller than a specified threshold value:

ϕ (Tr) = ϕ(0),

λ (Tr) = λ(0).
(164)

In this description, x refers to the states of the satellites constituting the elements discussed

in the high-fidelity dynamics of the chief considering J2 and atmospheric drag. The period of

repetition (Tr) is unknown when we consider the orbital perturbations, such as second-order

geo-potential perturbations and atmospheric drag. To this end, we solve the above problem

considering a free final time problem. By providing the initial guess for the final time, tf

close to the period of repetition is computed analytically considering the J2 perturbations

we can ensure that the optimizer chooses tf as one period of repetition where the satellite

crosses the equator after Np number of revolutions. In this approach, we first propagate the

satellite till the tf secs and determine the satellite’s sub-satellite point as shown in Figure 35.

The optimizer then refines the variables, which are the three Delta-V values in

this case, such that the desired constraints are satisfied, and the cost function is minimized.
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We have constraints for the optimization problem such that the ground track closure error of

the nominal RGT orbit is zero so that the coverage maps do not drift away under the effect

of the orbital perturbations. To determine the ground track closure error, we are required

to determine the longitude of the satellite’s ground track after one period of repetition, that

is, t∗f obtained as part of the solution of the optimization problem.

Figure 35: Optimization setup to determine the optimal Delta-V required for station-keeping

7.1.4 Station-keeping Numerical Simulations

Here, we use the methodology discussed earlier to determine the coverage characteristics

under various orbital perturbations. This section propagates one CubeSat in the constella-

tion’s nominal orbit in Matlab. The nominal RGT orbit of the constellation considered in

this work has a semi-major axis of 6930.74201 km, an eccentricity of zero, and an inclina-

tion of 87.2 deg. The repeating ground track considered for these simulations is supposed

to repeat its ground track after fifteen revolutions around the Earth. To this end, we de-

termine the ground closure error of the RGT orbit after every fifteen revolutions and shift

the coverage maps of all the CubeSats in the constellation and determine the percentage

of longitudes covered at the latitude closest to the Equator within the region of interest.
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We perform these simulations considering the atmospheric drag along with the second-order

geo-potential perturbations.

Figure 36: Semi-major axis of hief under different perturbations

Additionally, we determine the required optimal delta-V maneuvers for the station-

keeping of the constellation’s nominal orbit. We use the interior -point algorithm for the

fmincon solver of Matlab. We use the ode45 method with an accuracy of 1e−12 for the orbit

propagation in Matlab. For these simulations, we have used the exponential model to deter-

mine the atmospheric drag and JGM2 to determine the Earth’s geopotential perturbations

within Matlab. For all the simulations in this section, we have considered a 12U CubeSat

(20 cm x 20 cm x 30 cm) with a dry mass of 9.5 kg and a fuel mass of 2.5 kg. The drag

coefficient is considered as 2.2, and the surface area normal to the direction of motion is

considered as 0.04 m2. The Isp of the propulsion system is considered as 50 sec. All these

simulations here are considered to start on 08 Sep 2021 at 12:00:00.
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Figure 37: Optimal constellation’s coverage under different perturbations

Figure 36 shows the change in the semi-major axis under different perturbations.

When the atmospheric drag is not considered for the simulation, we can see that the altitude

of the spacecraft is not degrading. As the nominal orbit of the satellite is a Low-Earth orbit,

the impact of the atmospheric drag is significant. With the Delta-V maneuvers applied to the

trajectory after each period of repetition, the altitude of the orbit remains almost constant,

showing the effectiveness of the station-keeping formulation.

Figure 37 shows the drift in the coverage provided by the optimal constellation

when additional perturbation, such as atmospheric drag, is considered. In the presence of

atmospheric drag, we can see that the coverage over the region of interest degrades signif-

icantly. Even when we consider just the J2 perturbations, there is a certain drift of the

constellation’s coverage. This drift of the constellation’s coverage corresponds to the resid-

ual ground track error associated with the nominal RGT orbit as discussed in Chapter 2.

With the Delta-V maneuvers applied to the trajectory after each period of repetition, the
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coverage of the constellation remains almost identical to the optimal constellation’s coverage

over time under perturbations, showing the effectiveness of the station-keeping formulation.

Figure 38: Fuel requirements for the station-keeping over a span of one month

We show the fuel requirements for the optimal station-keeping of the Chief Cube-

Sats in Figure 38. The required Delta-V for station-keeping is very small, thanks to the

nominal orbit design method discussed in Chapter 2. The average station-keeping Delta-V

after each period of repetition is about 0.5 cm/sec. As a result of these small Delta-V ma-

neuvers, even considering a low-efficient propulsion system such as cold gas with an Isp of

50 sec, we have very less propellant usage. We have estimated the propellant requirement

of 0.24 kg fuel requirement for a Five-year mission considering J2 and atmospheric drag to

ensure no drift of the constellation’s coverage. We have estimated the fuel requirements for

a five-year mission by using the average propellant requirement obtained for one period of

repetition from a 30-day simulation.

As we have determined the optimal station-keeping strategy for the Chief satel-
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lites, now, we look into the formation-keeping of the deputies with respect to the chiefs. If

each deputy maintains its relative positions with respect to the chiefs that take care of the

drift in the constellation’s coverage, the coverage provided by all the CubeSats in the hybrid

constellation will remain identical under different perturbations.

7.2 Formation-keeping by Deputy

In this section, we present the optimization formulation for the formation-keeping of the

deputies such that their relative positions do not drift away over time. In this work, we

assume that the satellite has complete knowledge of the chief, and it determines the optimal

control for formation-keeping using this full state information. We especially study two

different optimization approaches for the formation-keeping of the deputies, using Delta-V

maneuvers and Low-thrust propulsion. The low-thrust propulsion approach is considered as

fuel requirement for the formation-keeping using Delta-V maneuvers is high and makes the

formation-keeping operationally infeasible.

7.2.1 Delta-V Optimization Formulation

The objective function for the Dela-V optimization is as shown below:

min
∆V ,tf

||∆V ||22 (165)

subject to the translation dynamics of the chief spacecraft and deputy’s relative motion

under J2 perturbations given by [105]:

ṡ = fKep(s) + fJ2,drag(s), s ∈ R12, (166)

and subject to the following constraints on the initial states:

vx(0) = vx(0) + ∆vx,

vy(0) = vy(0) + ∆vy,

vz(0) = vz(0) + ∆vz,

(167)
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and subject to the following constraints on the final states:

x(TΩ) = x(0),

y(TΩ) = y(0),

z(TΩ) = z(0),

(168)

s is the state vector consisting the elements as shown below [105]:

s = {rc, Vxc, hc, Uc, ic,Ωc, x, y, z, vx, vy, vz} (169)

where rc is the position vector, Vxc is the radial velocity, hc is the angular momentum, Uc is

the argument of latitude, ßc is the inclination, and Ωc is the Right Ascension of Ascending

node of the chief spacecraft, respectively. x, y and, z are the relative positions of the deputy in

the chief’s body-fixed reference frame, respectively. vx, vy, and vz are the relative positions

of the deputy in the chief’s body-fixed reference frame, respectively. The conversion of

the Keplerian orbital elements to the state vector (s) along with the nonlinear dynamics

equations of motion is detailed in Ref [105]. ∆vx,∆vy,and ∆vz are the required components

of the relative velocity of deputy in the chief’s body-fixed reference required for the formation-

keeping such that the deputy to have the same relative positions after one nodal period (TΩ),

and the TΩ is determined using the equation shown below:

TΩ =
2π

Ṁc + ω̇c + nc

(170)

where, where nc, Ṁc and ω̇c are respectively the mean motion of the chief satellite, rates of

change of mean anomaly, and argument of periapsis due to perturbations.

7.2.2 Delta-V Formation-keeping Numerical Simulations

This section provides numerical simulations to determine the drift of the relative positions

between chief and deputy, one from each of the two categories: overlapping coverage deputies

and SAR deputies. We present the numerical simulations presenting the drift of the relative
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positions with and without station keeping for each case. For these simulations, we have

considered a 12 kg CubeSat with a drag coefficient of 2.2 and a surface area along the velocity

direct of 0.04 m2. We consider the Keplerian orbital elements for the chief spacecraft in all

the simulations at the initial time, as shown in Table 13.

Table 10: Orbital elements of chief spacecraft at the initial time

Parameter Value

ac 6930.90 km

ic 87.2 deg

ec 0

Ωc 30 deg

ωc 0 deg

θc 0 deg

Now, we present the relative positions deputy with respect to chief over time

to analyze the drift. We consider three cases for this analysis, one from each category of

deputies, as mentioned earlier.

Table 11: Orbital element difference for overlapping coverage before the formation initialization

Parameter Value

δa 0.1 km

δi 0 deg

δe 0

δΩ 0.0072 deg

δU 0 deg

For an overlapping coverage, we consider a ninety percentage of coverage overlap

that is η = 0.9. We consider that the radius of the footprint of the nadir pointing CubeSat
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(Rf ) is 4 km.

Figure 39: Overlapping coverage deputy’s relative motion in x-y plane over a period of 1 month under J2
and atmospheric drag perturbations

We consider the minimum distance between the chief and deputy required to avoid

collision (D) as 0.1 km. To this end, we have the relative orbital elements between the chief

and the deputy before initialization for the overlapping coverage, as shown in Table 11.

We determine the deputy’s relative positions (x,y,z) and relative velocities (vx, vy, vz) in

the chief’s reference frame using the above-mentioned orbital elements. Using these initial

relative velocities, we determine the desired ∆V ’s to initialize the formation. Figure 39 shows

the relative motion of the overlapping coverage deputy in the x-y plane over one month under

the J2 perturbations. There is drift in the y-direction when there is no station-keeping after

the spacecraft formation initialization. The relative motion is bounded in the x-y plane

by maintaining the relative orbit using a station-keeping maneuver after each nodal period.

The relative motion of the overlapping coverage formation is bounded in the x-z plane even

without the station-keeping, as shown in Figure 40.
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Figure 40: Overlapping coverage deputy’s relative motion in x-z plane over a period of 1 month under J2
and atmospheric drag perturbations

The magnitude of the minimum relative distance between the chief and the deputy

over the simulation time-span of one month with station-keeping maneuver is 0.1027 km

which is greater than the considered minimum distance (D) between the chief and deputy that

is required to avoid a collision. For a five-year mission, the fuel required for each overlapping

coverage deputy with an initial mass of 12 kg is 7.45 kg using cold gas propulsion system

with 50 secs Isp. This makes the optimal Delta-V formation-keeping strategy operationally

not feasible.

Now, we consider deputy SAR which provides simultaneous coverage along with

the precipitation radar. We consider the look and the in-plane angle of the SAR deputy

to be 5 deg. For this simulation, we consider the minimum distance between the chief and

deputy required to avoid collision (D) as 0.1 km. The δU considered for this formation is

sufficient to satisfy the collision avoidance condition in Equation 109. The SAR deputy’s

relative orbital elements before formation initialization are as shown in Table 12.
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Figure 41: SAR deputy’s relative motion in x-y plane over a period of 1 month under J2 and atmospheric
drag perturbations

Table 12: Orbital element difference for SAR before the formation initialization

Parameter Value

δa 0 km

δi 0 deg

δe 0

δΩ 0.0853 deg

δU 0.0075 deg

Similar to the above two scenarios, here, using the above-mentioned relative orbital

elements, we determine the relative positions (x,y,z) and relative velocities (vx, vy, vz) of

SAR deputy in the chief’s reference frame. The desired ∆V ’s to initialize the formation

using these initial relative velocities are then determined. In Figure 41, we show the relative

motion of the SAR deputy in the x-y plane over one month under the J2 perturbations. The

relative motion in the x-y plane is bounded with the station-keeping maneuvers. Without

the station-keeping maneuvers, there is a secular drift in the relative motion along the y-

direction. Similar to the previous two cases, the station-keeping maneuvers are executed
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after each nodal period of the chief spacecraft. The relative motion in the x-z plane of the

SAR deputy is bounded with and without the station-keeping as shown in Figure 42.

Figure 42: SAR deputy’s relative motion in x-z plane over a period of 1 month under J2 and atmospheric
drag perturbations

The minimum distance between the chief and the SAR deputy in the formation

is 1.3984 km during the simulation time window of one month. The minimum distance

between the two satellites in the formation is larger than the considered minimum distance

(D) between the chief and deputy that is required to avoid a collision. For a five-year mission,

the fuel required for each SAR deputy with an initial mass of 12 kg is 7.51 kg using cold

gas propulsion system with 50 secs Isp. This makes the optimal Delta-V formation-keeping

strategy operationally not feasible similar to the overlapping coverage deputy.

7.2.3 Low-thrust Optimization Formulation

Now, we consider an optimization formulation using a low-thrust propulsion system that has

greater efficiency with respect to chemical propulsion. We need to study this problem as the

formation-keeping strategy using Delta-V maneuvers is not practical as they have extremely

high fuel requirements, as we have seen in our previous sections. The objective function for
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the low-thrust optimization problem is as shown below:

min
α,β,t1,t2∈R2K+2

−mtf (171)

subject to the translation dynamics of the chief spacecraft and deputy’s relative motion

under J2 perturbations (fJ2)„ atmospheric drag (fAD) and thrust force (fT) given by [104]:

ṡ = fKep(s) + fJ2,drag(s) + fT(s), s ∈ R12, (172)

and subject to the following constraints on the initial states:

vx(0) = vx(0) + ∆vx,

vy(0) = vy(0) + ∆vy,

vz(0) = vz(0) + ∆vz,

(173)

and subject to the following constraints on the final states:

x(TΩ) = x(0),

y(TΩ) = y(0),

z(TΩ) = z(0),

(174)

and the rate of change of mass (ṁ) of the deputy spacecraft due to continuous thrusting is

determined as shown below:

ṁ = −Fmax

Ispg0
(175)

where, the notations are the same as the Delta-V formation-keeping optimization

formulation discussed earlier. where Fmax is the constant thrust magnitude available for

the deputy, Isp is the specific impulse, and g0 is the gravitational acceleration of the Earth.

α and β are the in-plane and out-of-plane control angles. The components of thrust force

(fT) in the chief’s body-fixed frame are Fx, Fy and Fz, where Fx = Fmax sinα cos β and

Fy = Fmax cosα cos β, Fz = Fmax sin β. In this work, we consider on-off-on the thrust profile
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for the low-thrust formation keeping as shown in Figure 43. The spacecraft thrust for t1

secs followed by coasting and thrust for t2 secs. The sum of burn duration and coasting is

constrained to one nodal period given in Equation (170). The t1 and t2 burn duration are

variables of the optimization problem along with the control angles (α,β). In this work,

we solve a direct optimization problem that discretizes the problem and solves the optimal

control for formation-keeping by solving a parameter optimization problem. To this end, we

consider k1, k2, and k3 number of nodes for the trajectory discretization during the first burn

(t1 sec), coast (TΩ sec) and second burn(t2 sec), respectively. Let us consider the sum of k1, k2,

and k3 is K. Now, the optimization problem will have a 16K+2 number of variables. At each

node, we have 16 variables that represent the s ∈ R12, the mass of the deputy (m), thrust

magnitude (Fmax), and the control angles (α, β). As mentioned earlier, the two additional

variables for the problem are two burn times (t1, t2). To formulate the optimization problem

as a parameter optimization problem, we transform the dynamic differential constraints

shown in Equation (172) into algebraic constraints using the trapezoidal rule as shown below:

si − si−1 −∆t(ṡi + ṡi−1) = 0 (176)

mi −mi−1 −∆t(ṁi + ṁi−1) = 0, i ∈ {1, 2...K} (177)

where s0 and m0 are the initial states and

∆t =
t1
k1

, Fmax = Fmax, i ∈ {1...k1} (178)

∆t =
TΩ − k1t1 − k3t2

k2
, Fmax = 0, i ∈ {k1 + 1...k1 + k2} (179)

∆t =
t2
k3

, Fmax = Fmax, i ∈ {k2 + 1...K} (180)

In addition, to allow better convergence, we consider inequality constraints on the final states

with certain tolerances. The Equation (173) is considered in the parameter optimization
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problem as shown below:

|δr(TΩ)− δr(0)| ≤ δrTol, δr ∈ R3 (181)

|δv(TΩ)− δv(0)| ≤ δvTol, δv ∈ R3 (182)

Figure 43: Thrust structure for formation-keeping

To this end, we have 13K number of equality constraints and six inequality con-

straints for the optimization problem that represent the dynamic constraints and constraints

on the final states, respectively. The objective function for the parameter optimization will

be the same as Equation (171). In this case, the mtf is the mK . The parameter optimiza-

tion approach requires an initial guess for the solution. To this end, we consider arbitrary

burn times t1,init and t2,init secs as the initial conditions. Then, we integrate Equation (172)

without any thrust force for one nodal period (TOmega). We do the numerical integration in

three steps, each with a different fixed integration step. First, using the initial states, we

integrate till t1,init secs using t1
k1

as the integrating step. We then use end states of the previ-

ous numerical integration solution as the initial states and integrate the Equation (172) for

TΩ− t1,init− t2,init secs with an integration step of TΩ−k1t1−k3t2
k2

. Finally, we use the end states

of the coasting trajectory obtained as the solution to the previous optimization problem and
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integrate differential dynamic constraints till t2 secs using t2
k3

as the integration step. The

solution of the three numerical integration steps serves as a good initial for the parameter

optimization problem as demonstrated in the numerical solutions.

7.2.4 Low-Thrust Formation-keeping Numerical simulations

This section presents the implementation of the low-thrust formation-keeping strategy and

analysis of the fuel requirements. For this purpose, we consider an overlapping coverage

deputy and a SAR deputy that have the relative states determined as discussed in the

mission analysis section. To determine the relative positions, we consider a ninety percentage

of coverage overlap that is η = 0.9, 4 km radius of the footprint of the nadir pointing CubeSat

(Rf ), 5 deg look (α), and the in-plane (ϕ) angle of the SAR deputy. For these simulations,

we consider the minimum distance between the chief and deputy required to avoid collision

(D) as 0.1 km. To determine the relative velocities, we solve one targeting problem discussed

earlier for each deputy. For these simulations, we have considered a 12 kg CubeSat with a

drag coefficient of 2.2 and a surface area along the velocity direct of 0.04 m2.
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Figure 44: Overlapping coverage deputy’s relative motion

We perform low-thrust formation-keeping of each deputy for one day to determine

average fuel requirements and compare them with Delta-V maneuvers. We need to solve one
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optimization problem for each nodal period, and the chief’s nominal orbit repeats its ground

track after every 15 nodal periods. To this end, here, we solve 15 low-thrust formation-

keeping optimization problems for each deputy (overlapping and SAR) to present simulations

for one day. We solve these optimization problems using Matlab’s fmincon solver and interior-

point algorithm. The constraints on the end states of the optimization problem are set such

that the difference between the relative positions and velocities at the initial time and final

time after one nodal period is less than 10−6 km and 10−6 km/sec, respectively. All the

other parameters of the fmincon solver are chosen to be the default values. For trajectory

discretization, we consider five nodes for the first burn and 25 nodes for the coasting, and five

more nodes for the second burn. We present the differential equations of motion as algebraic

constraints for the optimization problem using the trapezoidal rule, as discussed in the

previous section. We have considered the t1,init and t2,init as 500 sec and generated the initial

condition for the parameter optimization problem by numerically integrating differential

equations of motion using Matlab’s ode45. All the 15 optimization problem for each deputy

has converged, ensuring the satisfaction of constraints on the relative states of the deputy

with respect to the chief and demonstrating the effectiveness of the initial condition.

We solve these optimization problems using Matlab’s fmincon solver and interior-

point algorithm. The constraints on the end states of the optimization problem are set such

that the difference between the relative positions and velocities at the initial time and final

time after one nodal period is less than 10−5 km and 10−5 km/sec, respectively. All the

other parameters of the fmincon solver are chosen to be the default values. For trajectory

discretization, we consider 5 nodes for the first burn and 25 nodes for the coasting and 5

more nodes for the second burn. We present the differential equations of motion as algebraic

constraints for the optimization problem using the trapezoidal rule.
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Figure 45: SAR deputy’s relative motion

Table 13: Formation-keeping Fuel Requirements for 5-year Mission

Propulsion Sys Overlapping SAR Volume of

Characteristics Coverage Deputy Deputy fuel

Impulsive 7.45 7.51 > 16931 cm3

50 sec Isp (kg) (kg) (≈ 17U)

Low-thrust (1.5 mN) 2.1480 2.1494 > 738 cm3

2250 sec Isp (kg) (kg) (≈ 1U)

Figure 44 shows the relative motion of the overlapping coverage in x-y and x-z

planes over a period of one day with low-thrust formation-keeping. The relative motion

is bounded by the formation-keeping in both planes. We show the relative motion of the

SAR deputy in Figure 45. The relative motion is bounded in this case as well with the

formation-keeping in the x-y and x-z plane. Considering the one-day fuel requirements

from the simulations, we estimate the fuel requirements for a 12 kg CubeSat for a five-year

mission for each deputy for formation-keeping considering J2 and atmospheric perturbations

as shown in Table 13. During the one-day simulation considered for estimating the 5-year

fuel requirements, the overlapping coverage deputy has an average burn time of 256.5852
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secs for each revolution around the Earth, and the SAR deputy has 256.7495 secs of average

burn time. As we can see, without the proposed formation-keeping strategy, the nominal

formation design is not feasible from an operations perspective on a CubeSat.

7.3 Atmospheric Density Prediction

Here, we train neural networks to predict the atmospheric drag for a given orbit in which

the satellite operates. The satellites have an onboard accelerometer that provides accurate

atmospheric density values compared to the empirical atmospheric density models. Using

this data, we can train the neural network to predict the atmospheric density, which can

be used to estimate the drag acceleration more accurately. The accurate prediction of the

atmospheric drag leads to more efficient station-keeping and formation-keeping maneuvers

discussed in the previous chapters.

7.3.1 Atmospheric Density Estimation Errors

To estimate the drag acceleration acting on the spacecraft more accurately, we need to esti-

mate the atmospheric drag precisely. Most of the models in literature developed to estimate

the Earth’s atmospheric density are global models. We can classify the global atmospheric

models broadly into two categories: empirical and physics-based models. Empirical models

such as the Jacchia-Roberts model can estimate the atmospheric drag with less compu-

tational cost as they use an analytical function. These functions generally vary with the

altitude, 20-cm solar flux, and angular distance to the center of the diurnal solar bulge.

However, these models come to have significant errors in the atmospheric drag predictions.

Figure 46 shows the difference in the prediction of atmospheric drag determined using the

Jacchia-Roberts model and high fidelity dynamics in NASA’s General Mission Analysis Tool

(GMAT) and the actual atmospheric drag obtained from the onboard accelerometers of the

Challenging Minisatellite Payload (CHAMP) satellite. On the other hand, the physics-based

models have great computational needs that prohibit them from using within station-keeping

and formation-keeping control strategy optimization frameworks. A nonlinear autoregressive
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with external input (NARX) neural network with enough neurons, time delays, and hidden

layers can model atmospheric drag. To this end, in this chapter, we leverage NARX net-

works to estimate atmospheric drag more accurately compared to the empirical models in a

computationally efficient way.
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Figure 46: Atmospheric drag estimated from GMAT’s Jacchia-Roberts model Vs actual density values from
the CHAMP satellite

7.3.2 NARX Neural Network

Here, we will briefly discuss the nonlinear autoregressive with external input (NARX) neural

network, which is a type of recurrent dynamic network. The concept of the NARX network

is motivated by the linear ARX models that are known for their application for the modeling

of the time series. The output of the NARX network predicts the future step of the signal

whose current step is passed as the input of the network. In addition, to the signal the NARX

network is forecasting, we can provide additional inputs (exogenous) to the neural network.

These NARX networks have multiple applications, such as modeling nonlinear models and

forecasting the time series of the signal. In addition, these networks can also be used to

filter the noise in the signal when trained appropriately. In the absence of the current step

of the signal we are trying to forecast as an external input, we can close the loop and use

the predicted output signal for the next prediction. This application of feedback networks is
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generally used for the multi-step prediction of the signal or the output.

Here, we use the NARX network to predict atmospheric drag. To this end, we first

train the open-loop NARX network and then close the loop to predict the time series of the

atmospheric drag. The other external inputs for the prediction of atmospheric drag include

the altitude of the satellite and the latitude and longitude of the satellite’s sub-satellite point,

as shown in Figure 47.

Figure 47: Closed-loop NARX neural network

For NARX network considered in this chapter the predicted atmospheric drag is
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defined as:

ρ̂(t) = f2 (W2 (f1 (W1xn(t− d) + b1)) + b2) , (183)

where W1 and W2 are weight matrices associated with the input-hidden layer and hidden-

output layer having dimensions of (nh×mi) and (1×nh), respectively. Here, mi is the number

of inputs, and nh is the number of nodes in the hidden layer. b1, b2 are the given bias matrices

of dimensions (nh×1) for the hidden layer and (1×1) for the output layer. f1 and f2 represent

the activation functions used for the hidden and output layers, respectively. The d is the

number of delays considered in the network. The activation functions provide element-wise

nonlinearities to the network [108]. The NARX network considered in this chapter has four

inputs and one output. There is one fully connected hidden layer in this network with

12 neurons. The activation function for the hidden layer is "tansig." The input neurons

has "mapminmax" processing function that converts the actual data to normalized data.

A same processing function is used to get the actual output values from the normalized

output from the NARX network. We use the normalization of the data to help with the

neural network There are 10 delays for each input that helps model the dynamics of the

atmospheric density with respect to the other external inputs. The open-loop network can

only predict the density of the future with a fixed time step, which is equal to the time delay

of the network. However, using feedback from the predicted density as input for the network,

we can predict the time series of atmospheric density prediction. The activation function for

the output is "linear." We consider a time delay of 300 secs for the inputs of the network

that is, the network predicts the atmospheric density after 300 secs, given the current states

as the inputs.

7.3.3 Training Data

Here, we discuss the training data used for training and testing the neural networks. In

recent years, Tu Delft has been working on a project called Thermosphere Observations

from Low-Earth Orbiting Satellites (TOLEOS). The main objective of the TOLEOS project

is the production of thermosphere density along with other data products, such as crosswind
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observations. These measurements are derived from the accelerometer measurements of

the CHAMP, GOCE, GRACE and GRACE-FO missions. The data from the CHAMP

satellite has a temporal resolution of 30 sec, and the data from the GRACE satellite has

a temporal resolution of 10 secs. The data is accessed using the anonymous FTP server

(ftp://thermosphere.tudelft.nl) managed by the TOLEOS project [109]. The data from each

satellite for every month is provided for in one text file. The format of the data file is as

shown in the Table 14.

Table 14: Format of the TOLEOS project thermosphere density data file

Column Parameter

1 Date (yyyy-mm-dd)

2 Time (hh:mm:ss.sss)

3 Time system: UTC or GPS (differs per mission)

4 Altitude (m), GRS80

5 geodetic longitude (deg), GRS80

6 geodetic latitude (deg), GRS80

7 Local solar time (h)

8 Argument of latitude (deg)

9 Density (kg/m3)

Here, we consider density data of one day (24 hours) before the prediction epoch

to train the neural network. The number of time delays for the network is modified based on

the temporal resolution of the data. For example, the CHAMP satellite data is available at

an interval of 30 sec. Therefore, we use ten delays to achieve the desired 300-sec prediction

step, as discussed in the earlier section. Similarly, we use 30 delays to achieve a 300-sec

prediction step using the GOCE satellite data that has a temporal resolution of 10 seconds.

In this work, we use the logarithm of the atmospheric density to train the networks to avoid

scaling problems, as the density values are very small in magnitude, even for the Low-Earth
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Orbit.

7.3.4 NARX Network Training

We have trained the neural network in Matlab. We use the Matlab inbuilt function to initial-

ize the weights of the neural network. We divide the training data into three parts: training,

testing, and validation data. To this end, the generated database is eventually categorized

into three sets randomly using Matlab’s inbuilt function "dividerand" to train the NARX

network: 70 percent for training, 15 percent for testing, and the remaining 15 percent for

validation. During the training, the network’s weights and the bias values are updated using

the back-propagation using the Levenberg-Marquardt optimization. Levenberg-Marquardt

optimizer is used as a training algorithm due to its rapid convergence rate [110]. Mean

squared error is considered the performance measuring tool of the network. We use the

mean squared normalized error (MSE) as the objective function for the network’s training.

The MSE for a given data is defined as shown below:

MSE =
n∑

i=1

(log(ρTarget(i))− log(ρOutput(i)))
2, (184)

where i is the index of the input sets in the data, "Target" is the actual value correspond-

ing to the input set, and the "Output" is the predicted value by the network given the

inputs. The initial weights of the neural network are initiated using the inbuilt function

"setdemorandstream" to avoid randomness in the network weight initialization. To initial-

ize the network training, we must use the first "d" (time delays considered in the network

architecture) timesteps of the external input and feedback time series to fill the "d" tap delay

states of the network. Also, we need to use the feedback series both as an input series and

target series. To this end, we use Matlab’s inbuilt function "preparets" to prepare time

series data for simulation and training.
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7.3.5 NARX Network Trained on Data from CHAMP Satellite

Here, we use the data from the CHAMP satellite to train the NARX network, as discussed

earlier. As discussed earlier, as the data from the CHAMP satellite has a sampling rate of 30

sec, we use 10 delays for the network to have a 300-sec prediction step. Matlab pre-processes

the data to accommodate these delays, as discussed in the previous section. We first train the

network as an open loop and then close the feedback loop to generate a time-series forecast

of the atmospheric densities. The main advantage of this approach is we can predict any

number of steps of the atmospheric density. Figure 48 shows the performance of the training

of the NARX network with ten delays using the density data from the CHAMP satellite.
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Figure 48: Training performance of the NARX neural network using the data from the CHAMP satellite

The mean square error of the trained network when tested on the testing portion

of the data is 0.00129. The network is trained very quickly with only ten training epochs.

We predict the atmospheric drag for 4 hours using the open-loop and closed-loop network

as shown in Figure 49. It is important to note that the network is not trained on any of the

data points in the 4 hours window used for the prediction. The network is well-trained, and

the prediction of the atmospheric drag for the open-loop NARX network is very accurate, as

we can see in Figure 49. The network, when the feedback loop is closed, has more errors in
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the prediction as expected, as these are multi-step predictions, and the errors in the outputs

are propagated as they are used in place of the external input of the density values. The

mean square error of the closed loop net is 0.0079. Even though the errors are more than in

the open-loop network, the closed-loop network still forecasts the atmospheric density better

than the empirical model values obtained from the GMAT, showing the effectiveness of the

neural networks.
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(a) Open-loop NARX network prediction
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(b) Closed-loop NARX network prediction

Figure 49: Prediction of the logarithm of atmospheric drag for 4 hours starting from 00 hrs on May 20th,
2001
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(a) Open-loop NARX network prediction
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(b) Closed-loop NARX network prediction

Figure 50: Prediction of the logarithm of atmospheric drag for 6 hours starting from 00 hrs on October 3rd,
2001 when geomagnetic activity was high

Now, we consider the prediction of the logarithm of atmospheric density on Octo-
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ber 3rd, 2001, using the CHAMP satellite data. On this particular day, a moderate geomag-

netic storm occurred, so there was a higher geomagnetic activity. The six hour prediction

of the open-loop and the closed-loop NARX network trained on the data from the CHAMP

satellite from October 2nd, 2021, the day before the geomagnetic storm, is shown in Fig-

ure 50. The training MSE is 0.0011. As we can see, the error of the open-loop net prediction

of the atmospheric drag is very small, leading to an accurate prediction. The accuracy of the

network’s atmospheric drag degrades when we close the network. The performance of the

closed network, in this case, is worse compared to the previous case when the geomagnetic

activity was not high. The MSE of the closed loop network is 0.0288. This means even with

the high geomagnetic activity, the closed-loop net predicts the logarithm of the atmospheric

density with an accuracy greater than 97 percent.
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Figure 51: Training performance of the NARX neural network using the data from the GOCE satellite

7.3.6 NARX Network Trained on Data from GOCE Satellite

In this section, we use the Gravity Field and Steady-State Ocean Circulation Explorer

(GOCE) satellite data to train the NARX network by following the procedure discussed

in the previous section. As discussed earlier, as the data from the GOCE satellite has a

sampling rate of 10 sec, we use 30 delays for the network to have a 300-sec prediction step.

Similar to the previous case, we use Matlab to pre-process the data to accommodate the time
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delays, as discussed earlier. First, we train the network as an open loop and then close the

feedback loop to generate a multi-step prediction of the atmospheric densities. As discussed

earlier, the main advantage of this approach is we can predict any number of steps of the

atmospheric density. Figure 51 shows the performance of the training of the NARX network

with thirty delays using the density data from the GOCE satellite.
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Figure 52: Prediction of the logarithm of atmospheric drag for 6 hours starting from 00 hrs on September
2nd, 2013

The mean square error of the trained network when tested on the testing portion

of the data is 0.000168. Similar to the previous network, the network is trained very quickly,

with only ten training epochs. A 6 hours prediction of the atmospheric drag is obtained

using the open-loop and closed-loop network, as shown in Figure 52. We have not trained

the NARX network on any of the data points that belong to the 6 hours prediction window

used for this simulation. The prediction of the atmospheric drag for the open-loop NARX

network is very accurate, as we can see in Figure 52, showing that the network is well-

trained. When the feedback loop is closed, the network has higher errors in the prediction

as expected, as these are multi-step predictions. The errors in the outputs are propagated

as they are used in place of the external input of the density values. The mean square error

of the closed loop net is 0.0051. As the GOCE satellite data has a higher sampling rate

than the CHAMP satellite data, the prediction of the neural network trained on the GOCE
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satellite is more accurate with a smaller MSE compared to the network trained using the

CHAMP satellite data.

7.4 Summary

In this chapter, we study the station-keeping and formation-keeping strategies for the Cube-

Sats in the Hybrid Constellation such that their coverage does not drift away over time. We

have considered the effect of dominant orbital perturbations such as J2 and atmospheric drag

on a hybrid constellation to monitor hurricanes. We have determined the optimal station-

keeping control for the chief satellites so that they stay in the nominal RGT orbit considered

for the optimal hybrid constellation. We then determine the formation-keeping control for

the deputies with respect to the chief such that their relative positions do not drift away

over time. Implementing the station-keeping by chief satellites and formation-keeping by

each deputy CubeSat, the hybrid constellation’s coverage over the region of interest is well

maintained without significant loss of coverage, which is not the case without these optimal

maneuvers determined in this chapter. The fuel requirements for the Delta-V maneuvers

for the station-keeping of the chief satellite are very reasonable, unlike the fuel requirements

for the formation-keeping using Delta-V maneuvers. To this end, in addition to the optimal

Delta-V maneuvers, to make the nominal formation design of the hybrid constellation opera-

tionally feasible, in this chapter, we present an optimization framework to determine optimal

low-thrust formation-keeping control considering J2 and atmospheric drag. The developed

formation-keeping strategy reduces the fuel requirements by more than two-thirds, making

the novel formation design more practical in terms of mission design.

Furthermore, in this chapter, we consider a nonlinear autoregressive with exoge-

nous input (NARX) neural network to estimate the atmospheric drag instead of the empirical

models such as Jacchia-Roberts. Leveraging the NARX networks, trained using the atmo-

spheric data obtained from the onboard accelerometers of the satellites such as the Chal-

lenging Minisatellite Payload (CHAMP) satellite and Gravity Field and Steady-State Ocean

Circulation Explorer (GOCE) satellite, we demonstrated that we can predict the time-series
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of the atmospheric density more accurately than Jacchia-Roberts model. As these neural

networks are computationally efficient, we can use them to predict atmospheric drag accelera-

tion more accurately within the hybrid constellation’s station-keeping and formation-keeping

optimization framework. Having a more accurate atmospheric drag acceleration can allow

us to determine more efficient maneuvers.
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CHAPTER IX

CONCLUSIONS

8.1 Dissertation Summary

This work studies a novel mission concept using CubeSats called "Hybrid Constellation" for

monitoring hurricanes. This mission can overcome the current limitations in the operational

hurricane monitoring sensor network that fails to provide advanced hurricane forecasting

models with desired spatial and temporal resolution. There are two important aspects of

hurricane forecasts: the trajectory of the hurricane and the intensity of the hurricane along

the trajectory. Over the years, the quality of the hurricane track forecast has significantly

improved compared to the hurricane intensity forecast. The accuracy of these forecast models

highly depends on the initial conditions such as wind vectors, temperature, humidity, clouds,

precipitation, and aerosols of the atmosphere. By providing the data mentioned above with

high quality, we can improve the accuracy of the forecast model’s initial conditions and thus

improve the accuracy of hurricane track and intensity forecast. Using CubeSats to monitor

hurricanes can bring distributed sensing, cost-effectiveness, scalability, and robustness to the

science mission design. This works focuses on the hybrid Constellation of CubeSats a novel

orbiting sensor architecture to improve hurricane prediction through strategic measurements.

In this work, to leverage the advantage of repeating ground track orbits for the

regional CubeSat constellations for Earth-sensing missions like monitoring hurricanes are

designed using an optimization approach. In this work, we present an optimization-based

methodology to design an RGT orbit considering higher-order geopotential perturbation.

The optimization framework determines the semi-major axis that minimizes the ground track

error over one revolution for a given criterion for repetition, provided the eccentricity and

inclination of the orbit. The simulations demonstrate that the ground track errors decrease

with altitude. Our simulations use a ground track repetition condition suitable for low-Earth

orbit applications such as monitoring hurricanes using CubeSat constellations. The mini-
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mization of the ground track error identified through the study is close to the operating

region where related technologies have been successfully demonstrated. For instance, tech-

nology demonstration missions such as RaInCube and Tempest-D have used near-circular

orbits with an inclination of 51.6 deg and an altitude of around 400km. Considering that

the ground track errors directly impact the station-keeping fuel required by the spacecraft to

maintain an RGT orbit, the orbit design framework is useful to mission designers to identify

trades between station-keeping propellant requirements and desired scientific output of the

mission.

Furthermore, we designed three novel CubeSat formation designs to enable sen-

sor data collection that has the potential to improve the accuracy of forecasts made by

hurricane prediction systems by filling up the observation gaps in current sensor networks.

Our designs envision different roles for the deputies: they could provide overlapping cover-

age, time-difference measurements, or could enable a SAR. We have developed equations to

determine the relative orbital elements that enable the envisioned data collection for each

type of deputy and ensure that the deputies do not drift away over time. Additionally,

we presented the conditions to avoid collision and ensure safe operations for all constituent

CubeSats. Considering the currently available CubeSat technology and operational cost of

each formation, we identify nominal CubeSat formation as the one that flies SAR, non-

Dopplerized precipitation radar deputies in close proximity.

Additionally, in this work, we develop an optimization-based framework to de-

sign a CubeSat constellation that takes into consideration the required spatial and temporal

resolution of sensor data collected within a specified time window for a selected region of

interest and sensor geometry. This approach is also extended to the design of the hybrid

constellation design. To facilitate the hybrid constellation design, in this work, we have de-

veloped analytical equations to determine the individual CubeSat and CubeSat formation’s

coverage map’s width. The hybrid constellation’s chief CubeSat’s orbits take advantage of

repeating ground track orbits that are designed by considering orbital perturbation due to

the polar flattening of the Earth. We consider a two-step optimization methodology to solve
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a nonlinear mixed-integer programming problem allowing for asymmetric hybrid constella-

tion patterns. The objective function takes into account maximizing the coverage utilizing

a minimum number of formation units. In the first step, we allow for an unequal number of

formation units in each plane and unequal spacing between successive orbital planes. The

number of planes for the hybrid constellation is used as a parameter within the formulated

problem. It is selected by comparing optimal coverage obtained for a different number of

planes. The selected number of planes remains fixed for the second step, in which we allow

unequal spacing between successive orbital planes and between successive chief satellites in

the same orbit. For this optimization, we utilize the first step solution corresponding to

the selected number of planes as an initial guess. We demonstrated the constellation design

methodology by designing three different hybrid asymmetric constellations that provide cov-

erage over the mainland US and Atlantic basin. For these simulations, we have used sensor

geometry (similar to sensors onboard RainCube and CRIES). Such constellations can signif-

icantly improve hurricane forecasting by increasing sensor data collection. Such designs can

help reduce forecasting errors by providing more sensor data for hurricane forecast models.

Here, we have presented the trade studies of hybrid constellations optimized to

provide coverage of the region of interest enclosed between the 10 deg North and 45 deg North

latitudes and 30 deg West and 100 deg West longitudes within six hours. The precipitation

radar geometry is considered the same as the RainCube mission for this study. Here, we have

considered three formation configurations with one precipitation radar, two precipitation

radars, and three precipitation radars and considered different overlapping coverage for the

precipitation radars in the formation. It is evident that the number of CubeSats in the

hybrid constellation is proportional to the number of precipitation radars in the formations

and their overlapping coverage percentages. By choosing the right amount of overlapping

coverage for multi-frequency precipitation radar that can be used for calibration purposes,

the mission designer can achieve a good coverage percentage for the hybrid constellation

using a lesser number of CubeSats as we can see in Table 15. It is important to note that

we did not consider the SAR CubeSats here in the hybrid constellations. We can choose
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one, two, or three SAR CubeSats operating in a multi-static mode in each formation shown

in Table 15. As the coverage provided by the SAR is considered identical to one of the

precipitation radars in the formations, considering the additional SARs can improve the

quality of hurricane data at the cost of additional CubeSats in the hybrid constellation

but does not change the coverage provided by the hybrid constellations. Additionally, it is

important to note that we can use the hybrid constellation design methods developed in this

work to design hybrid constellations for another region of interest with different temporal

requirements as well.

Table 15: Trade studies of hybrid constellations

Formation Number of Number of Coverage

configuration formations CubeSats percentage

1 Precipitation radar 240 240 > 95.8 %

2 Precipitation radars 160 320 >97.2 %

(50 % coverage overlap)

2 Precipitation radars 134 268 >96.6 %

(20 % coverage overlap)

3 Precipitation radars 240 720 >97.3 %

(90 % coverage overlap)

3 Precipitation radars 120 360 100 %

(20 % coverage overlap)

This work also focuses on maintaining the coverage obtained by the optimal hybrid

constellation design over time. The coverage of the hybrid constellation drifts away over time

without the station-keeping and formation-keeping maneuvers due to the effect of dominant

perturbations such as the J2 and the atmospheric drag acting on the CubeSats operating

in the hybrid constellation’s nominal orbits(Low-Earth Orbits). To this end, this work

determines optimal station and formation-keeping maneuvers. As the fuel requirements for
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performing Delta-V maneuvers using less efficient chemical propulsion are high, especially

for the formation-keeping, we determine the optimal thrusting strategy for the formation-

keeping of the deputies using highly efficient low-thrust all-electric propulsion. This optimal

low-thrust control allows the operational feasibility of the nominal formation design for the

hybrid constellation design. The main source of error in the force model of the CubeSats

operating in orbit with an altitude of less than 700 km is the atmospheric density. This error

is mainly because of the wrong estimation of the atmospheric density, which is typically done

using empirical models. In this work, we train nonlinear autoregressive with exogenous input

(NARX) neural network to estimate the atmospheric density using the data from actual

satellites such as the Challenging Minisatellite Payload (CHAMP) satellite and Gravity

Field and Steady-State Ocean Circulation Explorer (GOCE) satellite. We show that the

trained NARX network can provide a multi-step prediction of the atmospheric density more

accurately than NASA’s GMAT, which uses an empirical model to compute atmospheric

density. Using this neural network within the optimization framework to determine optimal

station-keeping and formation-keeping maneuvers will allow us to determine more efficient

control strategies.

8.2 Summary of Optimization Algorithms

This research is heavily focused on optimization-based approaches; hence we provide an

overview of the optimization tools used, and we will discuss briefly the merits and the limi-

tations of different optimization algorithms used in this work. These optimization algorithms

have been used for various applications such as designing a Repeating Ground rack (RGT)

orbit, designing asymmetric regional CubeSat constellation, asymmetric Hybrid constellation

design, and determining optimal station-keeping and formation-keeping strategies. Specifi-

cally, we will discuss Sequential Active-set Quadratic Programming (SQP) algorithm [111],

the interior-point algorithm [112], and the genetic algorithm [113].
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8.2.1 Active-set Sequential Quadratic Programming (SQP) Algorithm

We have used Active-set SQP for designing the optimal Repeating Ground track orbit of

the hybrid constellation in the YUKON optimizer of NASA’s General Mission Analysis Tool

(GMAT) [114]. The main idea behind the SQP is to transform a large, non-linear problem

into a sequence of small quadratic problems to reduce the computational cost. In the active-

set method, we solve the Karush–Kuhn–Tucker (KKT) [115] conditions to find the critical

points by using an initial guess. First, the active-set algorithm considers all the constraints

to be inactive by choosing the Lagrange multipliers as zero. Then the algorithm solves the

remaining system and then checks for the feasibility of the solution. All the constraints

that are violated, if there are any, are considered for the next iteration. In addition, if any

Lagrange multiplier is found to be negative, its constraints should be considered inactive in

the next iteration. Active-set algorithm [116] is a Sequential Quadratic Programming (SQP)

method as a Quadratic Programming (QP) sub-problem is solved at each iteration. The main

limitation of the active-set algorithm is derivative terms in the KKT conditions could be non-

linear and challenging to solve. In such cases, one can use Newton’s Method to solve the

SQP. Active-set algorithm, at each iteration, requires determining the Hessian of the positive

definite approximation of the Hessian (a square matrix of second-order partial derivatives of

scalar-valued function) of the Lagrangian function, which is calculated using the modified

BFGS method by the YUKON optimizer within the GMAT. The active-set algorithm is not

appropriate for large problems as we need to save large matrices that take up a significant

amount of memory and may result in a long time to execute. As our RGT orbit optimization

problem has only one variable, it is a good option to choose an active-set SQP algorithm

to solve this problem. However, if the number of variables in the optimization problem

increases, we can use other algorithms, such as the interior-point algorithm, discussed in

detail in the next section.
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8.2.2 Interior-point Algorithm

As discussed earlier, the interior-point algorithm is effective in solving nonlinear program-

ming problems with a large number of variables as it uses linear algebra that does not need

to store or operate on full matrices. This is done using sparse linear algebra for computations

whenever possible. To this end, we use the interior-point algorithm within Matlab’s fmincon

solver to determine the optimal control for the station-keeping and formation-keeping of the

hybrid constellation, especially for the low-thrust formation-keeping optimization problem,

where the number of variables is significantly large. The interior-point algorithm introduces

additional slack variables to convert the inequality constraints to equality constraints. Then

additional constraints are introduced on the slack variables by restricting them to be positive

such that the solution stays within the feasible region. In addition, the interior-point algo-

rithm considers an additional logarithmic term called a barrier function within the objective

function to take care of the constraints on the slack variables. By varying the variables in

the barrier function, the interior-point algorithm keeps the solution close to the constraint

boundary. This allows the interior-point algorithm to solve the problem with equality con-

straints that is more convenient to solve compared to the inequality constraints. Similar

to the SQP, now the interior-point algorithm solves the KKT conditions using Netwon-

method [117]. To determine the search direction of the newton-method, the interior-point

algorithm linearizes the Lagrangian function and performs LDL factorization. If the hessian

matrix is not positive definite, then the interior-point algorithm uses a conjugate gradient

step instead of LDL factorization. In addition, the interior-point algorithm updates the bar-

rier function parameter as the iteration number increases. The interior-point algorithm can

be used effectively for optimization problems with a small and large number of variables.

One of the drawbacks of the interior-point algorithm is that the solution can be slightly

less accurate than those from other algorithms, such as SQP. The interior-point algorithm

calculates the barrier function, which keeps the solution close enough but still away from

the inequality constraint boundaries. This is the reason for this potential inaccuracy in the
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interior-point algorithm’s solution. It is important to note that for most practical applica-

tions, this inaccuracy in the interior-point algorithm’s solution is generally very small.

8.2.3 Genetic Algorithm

In this work, we have used a genetic algorithm to develop the mixed-integer optimization

framework for the constellation design. Specifically, we have used Matlab’s genetic algorithm

that allows us to specify the variables we want to be integers and place nonlinear inequality

constraints on such integer variables along with the other variables. The genetic algorithm

is a heuristic approach, unlike the previous two algorithms, and can give a different solution

with each run. Unlike the previous two algorithms, the genetic algorithm does not require

an initial guess. However, giving tighter bounds for the integers variable in the optimiza-

tion problem can reduce the search space and give a better performance of the algorithm.

The natural selection process inspires the genetic algorithm in nature. In general, a genetic

algorithm initially considers a set of candidate solutions randomly for an optimization prob-

lem, also known as population. In each step of the genetic algorithm, it uses the current

generation population to create the next population. The genetic algorithm selects the next

generation by computing the fitness value of each candidate solution using the given cost

function. Then, the algorithm chooses candidates called parents from the population based

on their expectations. To avoid getting stuck at the local minima, the genetic algorithm also

selects individuals from the population (also known as elite) that have lower fitness to pass

on to the next generation. By making random changes to a single parent via mutation or

by combining the vector entries of a pair of parents via a crossover, the genetic algorithm

produces the children from the parents. The genetic algorithm then replaces the current

generation with children. When we have inequality constraints on the integer variables, the

genetic algorithm makes a few changes to the steps followed to determine the optimal solu-

tion. With integer variables, the genetic algorithm uses a different set of creations, crossover,

and mutation functions that enforce required variables to be integers. With integer inequal-

ity constraints, the genetic function considers a penalty function just like the barrier function
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in the case of the interior point algorithm [118]. The genetic algorithm minimizes the penalty

function instead of the fitness function if the solution is not feasible. When the solution is

feasible, the fitness function is the same as the penalty function. There are several merits

for the Genetic algorithm as it does require any initial guess, provides a globally optimal

solution, and can handle integer variables and constraints. The main disadvantage of the

genetic algorithm is that it does not scale well with the size of the problem and leads to

significantly high computational times. In addition, it compares the solution with respect to

other solutions leading to a local minimum at times.

8.3 Future Work

Here, we will discuss the areas we can focus on for the future work of the hybrid CubeSat

constellation design to monitor hurricanes.

8.3.1 Heterogeneous Hybrid Constellation Design

In the current work, we have considered that all the CubeSats formation units are homo-

geneous. That is, the sensor geometry and nominal orbit for all the formation units are

considered to be the same. By considering different sensor geometries or the nominal orbits

for the formations, we can have different widths of the coverage map for each formation.

Furthermore, we can even consider different formation design configurations within each for-

mation in the hybrid constellation. For example, unlike in the current work, we can assume

the overlapping coverage of multiple CubeSats in different formations in the hybrid constel-

lation is not the same. Even with the same sensor geometry for the formation units and

the same nominal orbit, by changing the formation design slightly, we can achieve different

widths for each formation in the hybrid constellation.

By making the parameters such as the sensor geometric angles, nominal orbit

keplerian elements, and the relative positions of different CubeSats the variables for the

constellation design, we can design a heterogeneous hybrid constellation. Such a constellation

can explore more optimal solutions that are otherwise not possible with a homogeneous design
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of the hybrid constellation and could be a great extension of the current work.

8.3.2 Neural-Network Assisted Station-keeping and Formation-keeping

In the current work, we have determined optimal station-keeping and formation-keeping

Delta-V maneuvers. In addition, we have also determined the optimal low-thrust all-electric

formation-keeping strategy for the deputies in the formation. For these simulations, we

have used the exponential model to estimate the atmospheric drag. As an extension of this

work, we can use the NARX networks within the station-keeping and formation-keeping

optimization framework to compute more efficient and accurate maneuvers for the CubeSats

in the hybrid constellation.

The atmospheric density of the atmosphere varies with solar activity and geomag-

netic activity. In the current work, the neural networks do not consider these effects on the

estimation of atmospheric drag. In future work, using the indices that represent the intensity

of the solar activity and geomagnetic activity as the input for the neural network, we can

estimate atmospheric drag with more precision considering these natural phenomenons.
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