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Aerocapture, the method of entering orbit via a single pass through the atmosphere of a

planet, is an enhancing or enabling technology for a range of interplanetary missions. Compared

to propulsive maneuvers, aerocapture can reduce cruise duration while decreasing the total mass

expended for orbit insertion, thus leaving more time and mass for the primary science mission. Two

mission classes in particular both benefit from aerocapture and are of high priority for the next

decade of planetary science: exploration of the ice giants, Uranus and Neptune, and low-cost small

satellite platforms. However, despite its potential benefits, aerocapture has never been implemented

in flight. This is primarily because of the large uncertainties involved, which must be modeled and

adequately mitigated by closed-loop autonomous guidance onboard the spacecraft.

Aerocapture guidance has been well-studied for vehicles that control their atmospheric flight

by changing the orientation of a lift vector, but is not as well developed for a class of flight vehicles

that achieve control by releasing a drag device mid-flight. Known as drag modulation, this control

mechanism is significantly less complex in terms of hardware and avionics than lift modulation, and

is thus appealing for small satellite missions. However, the state of the art guidance solutions have

a computational demand that is both high and difficult to bound. This dissertation contributes a

novel guidance algorithm for drag-modulated aerocapture that achieves equivalent performance to

the state of the art, but with reduced computational demand.

One of the most pernicious sources of uncertainty that aerocapture guidance must mitigate

is atmospheric density, which varies over space and time. While scientific and engineering atmo-

sphere models are available and well-characterized for on-the-ground studies, models that retain

this fidelity while being significantly more compact and analytically tractable are desirable for on-

board use. This dissertation develops reduced-dimensionality models of uncertain atmosphere for



iii

use onboard a spacecraft, derives a method for updating the model based on noisy measurements,

and demonstrates the ability to accurately predict future state uncertainty resulting from these en-

vironmental dispersions without requiring the use of random sampling. These contributions have a

range of potential applications, including incorporation into future stochastic guidance algorithms.

Many of the mission concepts most relevant to aerocapture, such as the Uranus Orbiter and

Probe, involve more than one flight vehicle. These missions benefit from the ability to deliver both

spacecraft to their destination with minimal disruption to the overall concept of operations. While

a number of missions have successfully executed multi-vehicle architectures in the past, this “co-

delivery” method has not received dedicated systematic attention. This dissertation addresses the

concept as a topic in its own right, investigating the ability to co-deliver an orbiter and probe from a

single approach trajectory without the need for a divert maneuver. Co-delivery of an entire network

of probes from a single, non-maneuvering mothership is also investigated. Finally, expressions for

relative motion in the velocity frame are derived in order to provide a mathematical model that is

more intuitive than the typical rotating orbit frame for highly-elliptical orbits, as are common for

aerobraking, entry, and aerocapture.

To illustrate the unifying motivation for this work, the contributions of this dissertation are

applied to an example problem: the concept of reducing atmospheric uncertainty for aerocapture

by including a fly-ahead probe that enters the atmosphere some time before the orbiter. While

this idea has been proposed several times, the benefit conferred to the orbiter by the probe has not

been quantified. The contributions of this dissertation naturally lend themselves to addressing this

problem, as well as other entry, aerocapture, and co-delivery scenarios for future interplanetary

missions.



Dedication

Do I dare disturb the universe?

– T. S. Eliot

To my parents and my grandparents, who taught me always to dare.
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Chapter 1

Introduction

1.1 Motivation

Accelerating a spacecraft from rest atop a launch pad to the high speeds required for an

interplanetary trajectory requires a massive expenditure of energy. After launch and cruise, the

vehicle enters the local vicinity of its planetary destination, speeding up as it falls into the gravity

well. If no action is taken (and if the trajectory avoids impacting the planet or atmosphere) then the

spacecraft will, like a rollercoaster in the absence of friction, leave the gravity well and depart with

the same planet-relative energy as it arrived, thus executing a 
yby. In cases where the objective

is not to perform a 
yby but to enter orbit, the spacecraft must reduce its energy enough to be

captured by the gravity well and achieve orbit insertion. To date, initial orbit insertion has always

been accomplished via a propulsive maneuver.

The Tsiolkovsky rocket equation dictates an exponential relationship between required initial

total mass including propellant (i.e. wet mass)m0 and desired change in velocity � V [1],

� V = ve ln
m0

mf
; (1.1)

where ve is e�ective exhaust velocity and mf is �nal total mass without propellant, i.e. dry mass.

The result is that the fraction of total wet mass that must be reserved for propellant (calculated

as 1� mf =m0) is very large; around 90% for launch vehicles and typically in the range of 50% for

planetary spacecraft using chemical propulsion [1, 2]. This so-called tyranny of the rocket equation1
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is a fundamental reason for the high cost-per-kilogram of launching into space2 . As a consequence,

orbit insertion is a major driving factor in the design of any spacecraft destined to reach orbit

around a planet or moon.

Electric propulsion technologies such as Hall e�ect thrusters o�er a way to loosen the grip of

the rocket equation, and have been successfully demonstrated on interplanetary missions including

NASA's Deep Space 1 and ESA's SMART-1 [3, 4]. They accomplish this by operating at much

higher e�ciency, increasing the value of ve by as much as tenfold compared to chemical propulsion

[5]. However, the maximum thrust of electric thrusters is proportional to available electrical power

and they often must operate continuously for long periods of time [6]; this is especially limiting

for missions to the outer planets, where incident solar radiation is greatly reduced. Moreover,

low-thrust transfers designed for electric propulsion tend to require longer times of 
ight [7].

Figure 1.1: JPL's 6 kW Hall thruster 3

Aerobraking provides another approach to reducing the total mass required for orbit in-

sertion, and has been successfully employed at both Venus and Mars [8, 9, 10, 11]. This involves

1 The Tyranny of the Rocket Equation by Don Pettit
2 Interactive launch vehicle cost comparison from CSIS Aerospace
3 Image: NASA/JPL-Caltech
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gradually lowering the apoapsis of a high-energy initial orbit by repeatedly 
ying through the upper

planetary atmosphere, intentionally incurring a small reduction in energy due to atmosphere drag

each time, as shown in Fig. 1.2. However, insertion into the initial orbit still must be accomplished

propulsively, so signi�cant propellant mass is still required. Moreover, aerobraking missions often

require hundreds of passes through the atmosphere, which takes months and requires demanding

around-the-clock operations in addition to increasing mission risk [12].

Figure 1.2: Aerobraking

Aerocapture is a promising alternative method of orbit insertion that addresses several of the

shortcomings of both low-thrust propulsion and aerobraking, and will be the focus of much of the

rest of this dissertation. Like aerobraking, aerocapture makes use of atmospheric drag to reduce

the energy of the spacecraft to achieve the desired orbit. However, aerocapture trajectories rely on

a single, lower-altitude pass through the atmosphere to capture into orbit [13, 14, 15], as shown

in Fig. 1.3. As a consequence of the high heating environment encountered during hypersonic
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ight through mid-altitudes, aerocapture requires a protective aeroshell, much like those used for

planetary entry missions. The vehicle also requires some method of 
ight control during atmospheric


ight. This is achieved by judiciously adjusting the aerodynamic forces acting on the vehicle, and

control approaches thus generally fall into two categories: lift modulation and drag modulation [16].

After exiting the atmosphere, the spacecraft executes a propulsive maneuver at the subsequent pass

through apoapsis to raise periapsis out of the atmosphere, and performs other correction maneuvers

as necessary. By essentially relying on a naturally-available resource (the atmosphere) rather than

propellant, aerocapture could enable shorter transit times and lower total expended mass for orbit

insertion for a variety of interplanetary mission concepts [17, 18, 19], including crewed mission to

Mars [20, 21]. Although it has been proposed for a number of missions [22, 23, 24], aerocapture

has never been 
own [19].

Figure 1.3: Aerocapture

Aerocapture is particularly relevant to two classes of missions of high interest for the next

decade of planetary exploration: a 
agship mission to the ice giants and low-cost small satellite

interplanetary missions [25, 26]. To date, the ice giants, Uranus and Neptune, have each only been

visited once, by Voyager 2 during 
ybys in the 1980s [27, 28]. The 2023-2032 Planetary Science
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Figure 1.4: Voyager 2 portraits of Uranus (left) in 1986 and Neptune (right) in 19894

Decadal Survey, Origins, Worlds, and Life , establishes a Uranus orbiter and probe mission as

the highest priority new Flagship mission [29], delivering an in situ atmospheric probe as well as

conducting a multi-year orbital tour. Trajectories to this outer planet are characterized by long trip

times from Earth and large orbit insertion � Vs [30, 31]. For traditional propulsive orbit insertion,

this results in greatly reduced time and mass for the science mission. Aerocapture has been shown

to reduce the total mass required for orbit insertion by some 40% for Uranus missions [32], while

also reducing transit time by 2{5 years (15-30%) [25].

Small satellites (smallsats), especially CubeSats, have accounted for an increasingly large

share of satellites launched each year since around 2012 [33]. Technological innovations, including

the miniaturization of electronics and availability of commercial-o�-the-shelf hardware, have led

to a steady increase in the capabilities possible in these small form-factors, and CubeSat missions

have now moved beyond serving a primarily educational role to making numerous notable scienti�c

contributions [34]. A 2014 study sponsored by the Keck Institute for Space Studies (KISS) presented

space science mission concepts \uniquely enabled by the small satellite platform," and recommended

4 Image: NASA/JPL-Caltech/Bj•orn J�onsson
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Figure 1.5: Image of Mars taken by MarCO-B after a successful InSight landing5

including small spacecraft as secondaries on all missions beyond low Earth orbit [35]. NASA has also

studied a variety of mission concepts through its Planetary Science Deep Space SmallSat Studies

program [36]. In November 2018 MarCO-A and MarCO-B, the twin CubeSat communications

relays accompanying the InSight Mars lander, successfully demonstrated the merit of smallsats

in deep space applications [37]. Aerocapture o�ers signi�cant bene�t to smallsats launched via

rideshare with a primary mission, enabling orbit insertion despite the lack of high-� V systems at

smallsat scale and reducing sensitivity to primary mission trajectory design [26, 38]. The NASA

Science Mission Directorate (SMD) has re-established the Small Innovative Missions for Planetary

Exploration (SIMPLEx) class of competed missions, which solicits smallsat missions for rideshare

opportunities with primary SMD missions 6 . The 2022 Strategic Framework7 released by the NASA

5 Image: NASA/JPL-Caltech
6 https://soma.larc.nasa.gov/simplex/
7 https://techport.nasa.gov/framework
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Space Technology Mission Directorate states that \an Earth-based aerocapture demonstration will

reduce perceived risk and mature guidance and control methods" for aerocapture at other planetary

destinations. Drag-modulated aerocapture is an especially good �t for smallsat missions because it

could be signi�cantly easier to integrate on a small spacecraft than other methods of atmospheric


ight control [38, 39].

Of course, aerocapture does not deliver the bene�ts described above for free. The required

aeroshell imposes signi�cant packaging constraints on the spacecraft, and the hardware required to

survive hypersonic atmospheric 
ight adds complexity, but perhaps the largest complication is the

inherent risk in the maneuver. By de�nition, aerocapture trajectories tread a careful line between


ying too low (possibly disintegrating in the atmosphere or impacting the surface) and too high

(possibly failing to capture into orbit altogether). Hypersonic 
ight mechanics are nonlinear and

highly sensitive to perturbations in the atmosphere, error in the vehicle state at entry, uncertainty

in the modeled vehicle aerodynamics, and more. While the guided hypersonic entries of Apollo

[40], Orion [41], Mars Science Laboratory (MSL)[42], and Mars 2020 [43] provide some degree of


ight-heritage for aerocapture, it is often still perceived as high risk [44]. Thus, advancing the

state-of-the-art for aerocapture-related technologies could reduce the associated risk

(both real and perceived) and improve the e�ective technology readiness level [19];

this is the underlying motivation for this thesis. The following paragraphs introduce the

speci�c areas in which this dissertation makes novel contributions; namely,

ˆ e�cient onboard aerocapture guidance,

ˆ onboard modeling of uncertain atmospheres, and

ˆ co-delivery concepts.

Closed-loop autonomous guidance is one of the critical challenges for aerocapture. Unlike

planetary entry, passive trajectories or open-loop control are generally not feasible options for

aerocapture because of the narrow window of success, on top of the signi�cant sources of uncertainty

and highly-sensitive nonlinear dynamics that are also characteristic of entry missions. Thus, the
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central objective for aerocapture guidance is to adapt to current conditions in order to guide

the vehicle to the desired �nal orbit with minimal error. For example, onboard accelerometer

measurements may result in a current state estimate that is higher-velocity than planned, possibly

indicating that the encountered density and/or vehicle drag coe�cient is lower than anticipated;

in this scenario, the guidance needs to adjust the upcoming control pro�le to 
y lower in the

atmosphere than originally planned. The limited capacity of 
ight-heritage radiation-hardened

onboard computers, combined with the requirement for the guidance algorithm to rapidly respond to

new information, means that computational e�ciency is a major performance metric (and potential

limiting factor) for aerocapture guidance.

Another of the key technical challenges for aerocapture is that hypersonic 
ight trajectories

are highly sensitive to variation in atmospheric density. Planetary atmospheres are characterized

by high epistemic and aleatory uncertainty; that is, our ability to accurately predict local density is

limited by insu�cient data as well as by the inherent random variability in the system. Thus, the

selection of an atmosphere model is an important consideration for uncertainty quanti�cation (UQ)

analysis of aerocapture trajectories, both for modeling and simulation during mission design and for

rapid onboard predictions of uncertainty. The two most common choices are an exponential model

or a semi-empirical atmosphere model such as a Global Reference Atmosphere Model (GRAM) from

NASA or the Mass Spectrometer and Incoherent Scatter radar (MSIS) model from the US Naval

Research Laboratory. The exponential model is useful because it provides a reasonably accurate

approximation of how density varies with altitude while reducing the density pro�le to a function

of two scalar parameters, surface-level density and atmospheric scale height [45]. Uncertainty can

then be modeled by dispersing these two parameters, typically as Gaussian random variables. This

approach is primarily useful as a simpli�ed approximation enabling analytical approaches; the

actual density pro�les of planetary atmospheres have signi�cant disagreement with an exponential

curve, and dispersing only scale height and surface density will always retain the same exponential

shape of the density pro�le and simply scale the result in either direction. The other common

approach is using a model like GRAM that generates characteristic density pro�les based on a
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Figure 1.6: Relative error between nominal density pro�les from the exponential model and Earth-
GRAM2016

combination of data and modeling. These models are generally more realistic and more 
exible

than a simple exponential model, and have a built-in capability to randomly generate pro�les with

physically realistic perturbations. In the context of uncertainty quanti�cation, the major limitation

of GRAM and models like it is that they are often treated as a black box, such that a new density

pro�le is generated for each trial in a Monte Carlo analysis.

The issue is that many UQ techniques, such as stochastic collocation [46, 47] and polynomial

chaos expansion (PCE) [48, 49], require low stochastic dimensionality (i.e., a relatively small number

of dispersed input parameters). By relying on random sampling techniques like Monte Carlo and

simply selecting full pre-generated pro�les, the analyst has implicitly forgone the implementation of

other UQ techniques which, in some cases, may have outperformed Monte Carlo. This motivates the

development of a parametric model of an uncertain atmosphere that is higher-�delity than a simple

exponential model, while reducing dimensionality compared to a discretized semi-empirical model

like GRAM (for which the dimensionality is equal to the number of altitude points). Furthermore,

onboard density models can bene�t greatly from the ability to update density predictions based on

in-
ight measurements, so the developed model should accommodate such a method.

Returning now to the discussion of ice giants exploration and low-cost planetary science mis-
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sions, observe that these two mission categories have another commonality: they either inherently

require, or would signi�cantly bene�t from, more than one 
ight vehicle. In the case of the Uranus

orbiter and probe, this statement is self-evident. In the latter category, networks of multiple small,

�xed landers have been identi�ed as a potential pathway to Mars surface exploration at reduced

cost; this was a conclusion of a recent KISS workshop titled \Revolutionizing Access to the Martian

Surface" as well as a follow-on \Low-Cost Science Mission Concepts for Mars Exploration" work-

shop [50, 51]. Other concepts are based on the idea of path�nder probes that return data about a

planetary atmosphere to primary mission, such as a probe released prior to crewed Mars landing

from orbit or a small probe sent into the atmosphere of Uranus in advance of an aerocapture mis-

sion [19]. Finally, the \carry your own relay" architecture pioneered by the addition of the MarCO

CubeSats to the InSight mission could be signi�cantly enhanced if a combination of co-delivery and

aerocapture enabled the relay spacecraft to enter orbit rather than continue on a 
yby trajectory

[37, 52]. While some co-delivery mission concepts have been either studied or successfully executed,

the multi-vehicle architecture results in a number of unique mission design considerations [53, 52]

that, currently, lack dedicated study. This motivates systematic study of co-delivery concepts, as

well as a quanti�cation of the extent to which a path�nder probe would reduce risk to the primary

mission.

1.2 State-of-the-Art Overview

1.2.1 Aerocapture

Aerocapture has been studied for decades [13, 14, 15, 17] and planned until various stages

of development for missions including the Aeroassist Flight Experiment [22], Mars Surveyor 2001

orbiter [23], and Mars Sample Return [24]; however, it has never been implemented in 
ight. The

Mars Polar Lander and Mars Climate Orbiter failures in 1999 led to the removal of aerocapture

from the mission design for the 2001 Mars orbiter [54], and had the lasting impact of a relatively

conservative approach by NASA to Mars missions and entry, descent, and landing technology [20].



11

Figure 1.7: Number of aerocapture-related publications per year colored by target planet (ISPT
refers to the multi-center NASA aerocapture system analysis studies)8

Between 2002 and 2006, a multi-center NASA team completed systems analyses for aerocapture

missions to Mars [55], Venus [56], Titan [57], and Neptune [58]. These studies advanced the state-of-

the-art of aerocapture at a systems engineering level, built around a set of design reference missions

and quantitatively-informed assumptions. While the study team concluded that heritage blunt-

body aeroshells would be su�cient for aerocapture at Mars, Venus, and Titan, they argued that a

novel, higher lift-to-drag ratio ( L=D ) aeroshell would be necessary at Neptune. This conclusion {

that aerocapture at the ice giants would require design and quali�cation of an entirely new class

of entry vehicle as opposed to the incremental improvements to Viking-era technology that has

characterized the NASA Mars program since the 1990s [20] { has posed a major programmatic

barrier to the implementation of aerocapture.

Aerocapture has received considerable study in the nearly two decades since the multi-center

NASA studies, particularly in the last �ve years, as summarized in Fig. 1.7. Signi�cant hardware

development has advanced deployable entry vehicle technology, enabling a much larger drag area

than could otherwise �t in a launch vehicle fairing and reducing aeroheating compared to smaller

rigid aeroshells with similar mass [59]. Suborbital 
ight tests have been successfully conducted

8 From Wikimedia via A. Girija
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(a) ADEPT sounding rocket test 1, 201810 (b) HIAD suborbital test (LOFTID), 2022 11

Figure 1.8: Successful 
ight tests of deployable entry vehicle technologies

for the Adaptive Deployable Entry and Placement Technology (ADEPT) and Hypersonic In
at-

able Aerodynamic Decelerator (HIAD) platforms [60, 61]9 , bringing these technologies closer to

readiness for mission infusion. Improved thermal protection systems, including the Heatshield for

Extreme Entry Environments Technology (HEEET), have been developed and matured to a tech-

nology readiness level of 6 [62]. Advances have been made for guidance, navigation, and control for

aerocapture, including: improved atmospheric estimation methods [63], more capable aerodynamic

control mechanisms [64], development and systematic analysis of high-performance deterministic

guidance algorithms [65, 54], and investigation of stochastic trajectory optimization methods ap-

plied to aerocapture [66, 67]. Tools for rapid conceptual design of aerocapture missions have become

available [68]. Optical navigation techniques and improved estimation methods have also improved

the accuracy possible in deep-space navigation [69]. As a result of all of this, aerocapture is be-

coming an increasingly feasible proposition [26, 25]. A 2016 study at the NASA Jet Propulsion

Laboratory concluded that, while aerocapture technology readiness is destination-dependent, no

prior 
ight demonstration would be needed to implement aerocapture at Titan, Mars, and possibly

Venus [19]. Recent studies have argued that aerocapture at Neptune (a more stressing case than

Uranus) is feasible with heritage blunt-body aeroshells [70, 71], avoiding the need to develop novel

aeroshells as was recommended by the 2006 NASA study [58].

9 LOFTID Flight Test Successful
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1.2.2 Guidance

Signi�cant investment has been dedicated to developing aerocapture guidance schemes, es-

pecially centered around the aforementioned missions that planned to use aerocapture but were

eventually either cancelled or redesigned around propulsive orbit insertion. One well-studied algo-

rithm, known as terminal point control (TPC), is derived from Apollo entry guidance and relies on

linear feedback with gains derived using calculus of variations and evaluated about a pre-de�ned

reference trajectory [72]. TPC bene�ts from very little onboard computational demand, and was

selected from among other algorithms for the Mars Surveyor Program 2001 Orbiter as well as

the French-contributed orbiter, Mars Premier, for a previous incarnation of Mars Sample Return

[73, 74]. Versions of this algorithm were also used for entry guidance on the MSL and Mars 2020

missions [75, 43]. While the algorithm is robust and lightweight, some drawbacks of TPC { typical of

linear control laws of this kind { are the need to manually tune feedback gains and the requirement

to select a nominal pro�le before 
ight [54]. Another algorithm that has received extensive testing

is the Hybrid Predictor-Corrector Aerocapture Scheme (HYPAS) [76], originally known as Analytic

Drag Aerocapture Guidance [77]. HYPAS combines reference-based tracking guidance similar to

TPC with an analytical predictor-corrector approach based on solutions to the planar equations of

motion under equilibrium glide assumptions [54, 78, 77]. After a comparison campaign based on

six degree-of-freedom simulations, HYPAS was selected for the Aeroassist Flight Experiment and

was under development until cancellation of that mission [74, 22], and has been subsequently used

for numerous aerocapture studies including the multi-center NASA studies mentioned earlier [54].

Notably, HYPAS does not require any pre-de�ned reference trajectories, leading to e�cient code

[74], but it may be less robust to uncertainties and relies on at least some portions of the 
ight

pro�le being well-approximated by equilibrium glide.

More recently, much of the literature on aerocapture guidance has focused on numerical

predictor-corrector (NPC) algorithms, which make predictions by numerically propagating the

11 ADEPT image
11 LOFTID image
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nonlinear equations of motion rather than evaluating an analytical approximation. This means

that NPC algorithms should be able to make the most accurate predictions of the future state,

but this comes at the expense of increased computational demand as well as a lack of convergence

guarantees. These drawbacks of NPC guidance algorithms are a major motivation for

the work detailed in Chapter 2. NPC algorithms were studied for both the Aeroassist Flight

Experiment and Mars Surveyor orbiter [79, 80, 81, 82], but while they were successfully demon-

strated they were, at the time, not considered competitive with the TPC and HYPAS algorithms

[73]. However, a combination of algorithmic improvements and a steady increase in availability of

onboard computational power has led to a shift in the EDL literature to largely focus on NPCs [54].

Perhaps most notably, the Fully-Numerical Predictor-Corrector Aerocapture Guidance (FNPAG)

presented in [65] and applied to mid-L/D Mars aerocapture in [83] improved over previous aero-

capture NPC guidance schemes by incorporating the fact that, for deterministic in-plane motion,

the optimal 
ight control law for aerocapture 12 is bang-bang.

1.2.3 Uncertainty Quanti�cation

Every guidance algorithm discussed above, as well as all 
ight-heritage algorithms from guided

entry missions, could be described as deterministic in nature. That is, they implicitly control uncer-

tainty by updating commands based on new estimated of the current state, and the e�ectiveness of

this approach is estimated in uncertainty quanti�cation studies of the closed-loop dynamics, namely

via Monte Carlo analyses. An alternative approach that has recently gained attention in the lit-

erature is to explicitly control uncertainty by considering the e�ect of present and future control

decisions on the trajectory uncertainty evolution, referred to as stochastic guidance or stochastic

optimal control. Stochastic aerocapture guidance could directly incorporate an updated model of

density variability, and can be tuned to quantitatively balance nominal performance and perfor-

mance at the margin (e.g. 3� values of a targeting parameter, where� is standard deviation). This

motivates development of a stochastic guidance architecture for aerocapture that is e�cient enough

12 Speci�cally, for bank angle modulated aerocapture
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to feasibly run onboard an 
ight vehicle. Speci�cally, because the de�ning source of uncertainty

for aerocapture is spatially-dependent variability in atmospheric density, stochastic aerocapture

guidance should include a method of accurately modeling an uncertain atmosphere and updating

this model based on noisy measurements.The development of high-�delity onboard models

of uncertain atmosphere presented in Ch. 3 is directly motivated by the potential

for incorporation of this model into an autonomous stochastic guidance framework for

aerocapture.

Onboard guidance often does include some function for updating the predicted density pro�le

in-
ight based on deceleration data. Typical approaches estimate either a physical parameter such

as atmospheric scale height or a density scale factor that is multiplied with the a priori nominal

pro�le [84, 85], possibly including a fading-memory �lter applied to the estimated parameter. More

recent approaches include machine learning [86, 87] and ensemble �ltering [88]; see Ch. 6 of Ref.

[63] for further discussion. What all of these approaches have in common is that they update the

expected value of density, without explicitly modeling the random variability present in the sys-

tem. Recent works have applied more advanced uncertainty propagation methods to aerocapture,

including analytical polynomial chaos expansion and other spectral methods [89, 90], the Perron-

Frobenius operator [91], and the stochastic Liouville equation [92]. A stochastic terminal point

control problem is solved in [93] for an uncertain atmosphere and entry state. The aforementioned

works are all limited, however, by only considering an exponential model of atmospheric density.

Several approaches to stochastic numerical predictor-corrector guidance are proposed in [94] using

the unscented transform for uncertainty propagation, and a similar stochastic retargeting method is

applied to aerocapture in [95] using a Gaussian mixture model for uncertainty propagation. Other

approaches focus on linearization and convexi�cation techniques to obtain stochastic optimal so-

lutions in a local neighborhood [96, 97, 98].See Sec. 7.3.1 for an extended discussion of

potential future work leveraging the recent developments in the literature and the

contributions of this dissertation to develop stochastic guidance for aerocapture.
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1.2.4 Co-Delivery

A number of interplanetary missions featuring a co-delivery architecture have been 
own or

proposed. The Galileo and Cassini-Huygens missions each successfully delivered an atmospheric

probe along with a larger orbiter [99, 100]. The Deep Space 2 Mars Microprobes were delivered to

entry by the Mars Polar Lander [101], and the Russian Mars 96 mission included two small landers

plus two small penetrators all delivered by a larger orbiter [102]; unfortunately, these missions

all ended in failure, and the NASA failures scrapped plans for later Mars Surveyor landers and

accompanying Mars Micromissions [101]. The sample return missions of Genesis [103], Stardust

[104], Hayabusa [105], Hayabusa-2 [106], and OSIRIS-REx13 all successfully delivered sample return

capsules to Earth entry from a hyperbolic carrier [107], as will the Earth Entry System component

of the Mars Sample Return campaign [108]. Finally, the Pioneer Venus mission delivered four

probes (one large and three identical small probes) to entry at Venus from a single spacecraft bus

[109], 
inging the small probes out toward their respective entry points by spinning up the main

bus [110].

Despite these mission precedents, it is di�cult to provide a \state-of-the-art overview" for

interplanetary co-delivery concepts for the very reason that they have received little dedicated

systematic study before this dissertation, but rather a series of independent mission design studies

as needed. One exception is a 2013 study that demonstrates a unique method of co-delivery wherein

two Phoenix-class landers enter the atmosphere together and then separate, one lander with a drag

skirt and the other without [111]; however, this method requires separation between two 
ight

vehicles during hypersonic 
ight, a high-risk event. Recent work for the Aeolus mission concept

presents a design that co-delivers 20 probes to a global network on Mars from a single hyperbolic

carrier, but assumes that the carrier maneuvers after each probe deployment [112]; this assumption

is typical to previous studies of Mars network missions. One might expect the �eld of spacecraft

formation 
ying to provide a set of useful tools for co-delivery trajectory design up until atmospheric

13 NASA press release regarding successful return of OSIRIS-REx sample capsule on 9/24/23
14 Pioneer Venus image: NASA/Paul Hudson
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Figure 1.9: Artist's illustration of Pioneer Venus probes just after deployment from Multiprobe 14


ight, but the existing literature is primarily concerned with motion about circular or near-circular

elliptical orbits [113]. While some relative motion descriptions do accurately model motion about

a highly-eccentric chief, they do not necessarily provide an intuitive representation in the way that

the evolution of the relative position vector in the rotating orbit frame does for a circular chief

[114]. Motivated by the lack of dedicated study of co-delivery as its own concept,

this dissertation provides a systematic investigation of co-delivery for missions that

combine a probe and orbiter via aerocapture (Ch. 4) or co-deliver multiple probes

(Ch. 5) and, furthermore, derives relative motion models that are more intuitive for

motion about a highly-eccentric orbit or entry trajectory (Ch. 6).
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1.3 Summary of Contributions

The driving motivation for this thesis is to advance the state-of-the-art for aerocapture and co-

delivery and to provide the �rst dedicated systematic study of co-delivery as a mission architecture;

chapters 2 { 6 each describe one contribution toward this overarching aim. In Ch. 2, an e�cient

guidance algorithm is developed for a proposed smallsat aerocapture technology demonstration

at Earth, and through high-�delity simulation is shown to equal the performance of the state-of-

the-art NPC solution while reducing computational demand. Because a de�ning characteristic of

aerocapture is the requirement to mitigate spatially-dependent uncertainty in atmospheric density,

in Ch. 3 multiple models are investigated and quantitatively compared for their ability to recreate

high-�delity atmosphere models while remaining compact enough for onboard use. A methodology

is introduced for updating one of these onboard models according to incoming noisy estimates of

density. A method is then demonstrated for incorporating this model of environmental uncertainty

into approximate analytical predictions of state uncertainty. This model of uncertainty, combined

with a predictive model for a probabilistic future state, are motivated in part by the potential

for constructing a stochastic guidance scheme for aerocapture using these component parts. This

concept is beyond the scope of this dissertation but is addressed in an extended future work section.

Having described contributions related to single-vehicle aerocapture, the dissertation tran-

sitions to studies of co-delivery. In Ch. 4, a novel concept is de�ned for co-delivering a probe

and orbiter by using aerocapture for orbit insertion and designing the two vehicles to require the

same entry conditions. The feasibility of this concept is quantitatively assessed across a large trade

space for multiple planetary destinations, and a representative scenario is simulated in more detail

including closed-loop guidance implementation. In Ch. 5, the more common idea of co-delivering

a network of probes to the Martian surface also receives systematic treatment, and a linearized

targeting method is developed for maneuver design for regional networks. Motivated by these co-

delivery concepts, expressions for relative motion in the velocity frame are derived in Ch. 6 for both

exoatmospheric and hypersonic 
ight. This is shown to be a more intuitive way of understanding
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motion about a highly-eccentric chief than the traditional orbit frame solutions. The dissertation

concludes by outlining a case study evaluating the utility of a 
y-ahead probe for aerocapture

at Uranus. While not a contribution of its own, this example serves to illustrates how the tools

developed by this thesis can be brought together to address a relevant problem.
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Chapter 2

E�cient Onboard Guidance for Drag-Modulated Aerocapture

2.1 Introduction

Aerocapture is a technology that could enable shorter transit times and lower total expended

mass for orbit insertion for a variety of interplanetary missions [17, 18, 19]. To perform aerocapture,

the spacecraft executes a single pass through the atmosphere of a planet or moon, dissipating enough

energy to reach the desired target orbit upon exit from the atmosphere. During the subsequent

pass through apoapsis the spacecraft performs a propulsive maneuver to raise periapsis out of

the atmosphere, and performs other correction maneuvers as necessary. For missions to the ice

giants Uranus and Neptune, aerocapture can potentially reduce cruise duration by 2{5 years while

reducing mass for orbit insertion by some 40% [25, 32]. Aerocapture also o�ers signi�cant bene�t to

small satellites (SmallSats) launched via rideshare with a primary mission, enabling orbit insertion

despite the lack of high-� V systems at SmallSat scale and reducing sensitivity to primary mission

trajectory design [26, 38]. Although it has been proposed for a number of missions [22, 23, 24],

aerocapture has never been 
own [19].

Variability in the spacecraft state at atmospheric entry, atmospheric density, aerodynamic

properties of the vehicle, and other day-of-
ight dispersions require a spacecraft performing aero-

capture to autonomously control its trajectory through the atmosphere. During this hypersonic


ight phase, control is achieved by judiciously adjusting the aerodynamic forces acting on the vehi-

cle, and control approaches thus fall into two main categories: lift modulation and drag modulation.

Lift modulation involves changing the attitude of the vehicle to reorient the lift vector, typically ei-
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ther by banking about a �xed trim angle (bank angle modulation) or by independently modulating

angle of attack and side-slip angle (direct force control) [115, 116]. Note that direct force control

also involves changes in the drag and side force components, but the primary control authority

is obtained by modulating lift, and thus this technique is categorized with lift modulation for the

purposes of this discussion. Lift modulation, particularly bank angle modulation, is well-studied

in the literature [73, 65, 116, 54], and has relevant 
ight heritage from guided hypersonic entry

of blunt-body aeroshells including the Apollo [40], Orion [41], Mars Science Laboratory [42], and

Mars 2020 [43] missions, all of which relied on some form of closed-loop lift modulation.

Recent work has studied drag modulation as a potentially simpler method of achieving control

for aerocapture [63, 85]. Typically, a drag-modulated vehicle is assumed to be axisymmetric and

to 
y at zero angle of attack, thus generating no lift. The trajectory is in
uenced by adjusting

the ratio of mass to e�ective drag area, termed ballistic coe�cient; when this ratio is low, the

vehicle rapidly dissipates energy through drag, and vice-versa. This can take a variety of forms,

including devices that achieve continuously-variable drag [117], release of a trailing in
atable drag

device [118], and jettison of one or more rigid drag skirts [119]. Single-event jettison, de�ned here

as a single discrete change in ballistic coe�cient caused by the jettison of a rigid drag skirt, is the

control architecture that will be the focus of this work. This represents a limiting case, because

after jettison the vehicle 
ies passively for the remainder of atmospheric 
ight and the vehicle lacks

any out-of-plane control. However, for a su�ciently large change in ballistic coe�cient, single-

event jettison can achieve a total control authority comparable to lift modulation with heritage

blunt-body aeroshells [16]. Compared to lift modulation, single-event jettison drag modulation

may be less complex because the vehicle can be passively spin-stabilized, rather than requiring

a high-rate reaction control system that must operate during atmospheric 
ight [120]. Moreover,

ballast masses are not required to create an o�set center of gravity, as is typically the case for

lift-modulated axisymmetric vehicles [42].

A limited number of guidance algorithms for single-event jettison drag-modulated aerocapture

exist in the literature. The simplest solution in terms of computational expense is to trigger jettison
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when the instantaneous value of a measured state exceeds some threshold, such as a velocity trigger

[121]. To reduce error caused by noisy measurements, the observed state can be �ltered and jettison

can be triggered based on some polynomial function of the state. For example, the algorithm

implemented in [122] triggers jettison when the total integrated � V exceeds a polynomial function

of the �ltered instantaneous or maximum sensed acceleration. The deceleration curve �t algorithm

used for Mars Path�nder parachute deploy [123] and applied to drag-modulated aerocapture in

[124] also triggers based on deceleration measurements. In this case, two measurements are taken

a set time apart, and a pre-computed curve �t between the second deceleration measurement and

time until jettison is consulted to set a jettison timer. All of these approaches require only minimal

onboard computation and memory, but each is also shown to have poor performance when relevant

uncertainties are applied. The predictive trigger approach applied in [125] is more computationally-

intensive; in this case, the energy of the spacecraft at atmospheric exit is predicted by numerically

propagating the equations of motion, and jettison is commanded when the predicted �nal energy

is less than or equal to the desired �nal energy. Machine learning-based guidance schemes have

been successfully developed for entry and aerobraking problems [126, 127, 128, 129], but have yet

to be applied to single-event jettison drag-modulated aerocapture other than for the purpose of

atmospheric estimation [86, 87].

While the algorithms summarized above share the bene�t of relatively low onboard com-

putational burden, the current state of the art guidance for drag-modulated aerocapture is the

numerical predictor-corrector (NPC) approach [85]. This algorithm also predicts the �nal state by

numerically propagating the equations of motion, then takes the additional step of making a cor-

rection to the jettison time. This two-step procedure is applied iteratively, such that the algorithm

should converge to an optimal jettison time each guidance call. NPC has two key di�erences with

the predictive trigger:

(1) The NPC solves for jettison time rather than directly commanding jettison, so the release

timing can operate at signi�cantly higher resolution; this is under the assumption that a
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simple controller releases the drag skirt when the jettison time is reached, operating at a

higher rate than the guidance algorithm itself.

(2) The NPC is signi�cantly more computationally expensive than the predictive trigger be-

cause multiple numerical propagations may be required in each step.

In summary, NPC guidance is signi�cantly more accurate in the presence of uncertainties than the

other algorithms discussed here [85, 121, 124], but is also much more computationally demanding.

A more detailed description of the NPC algorithm is given in Sec. 2.3.

This work investigates a guidance algorithm for single-event jettison drag-modulated aero-

capture, with the goal of achieving the same level of accuracy as the NPC but with signi�cantly less

computational demand. The reference mission for this study is an Earth 
ight test of aerocapture

with a SmallSat using a rigid deployable drag skirt; that is, the drag skirt is stowed during launch

and deployed during cruise, but does not change its shape during atmospheric 
ight. Assumptions

regarding modeling of dynamics and uncertainties are discussed, and key physical parameters de-

�ned. The baseline NPC algorithm is described in detail, including an approach to the correction

step that improves computational e�ciency, and targeting results under relevant uncertainties are

estimated. The proposed algorithm is also described, and compared directly with NPC. A param-

eter study is presented that gives insight into optimal tuning and tradeo�s between memory and

performance for the proposed algorithm. Finally, results are discussed along with a number of

avenues for potential future work.

2.2 Methodology

2.2.1 Reference Mission

Researchers from the NASA Jet Propulsion Laboratory (JPL), NASA Ames, and the Uni-

versity of Colorado Boulder have been studying drag-modulated aerocapture for small satellites

[38, 130], including concepts for an Earth 
ight test of the technology [124]. This idea is supported
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by the 2022 Strategic Framework1 released by the NASA Space Technology Mission Directorate,

which states that \an Earth-based aerocapture demonstration will reduce perceived risk and ma-

ture guidance and control methods" for aerocapture at other planetary destinations. Motivated

by these developments, single-event jettison drag-modulated aerocapture at Earth by a SmallSat

is the reference mission considered in this work. As summarized in Fig. 2.1, the spacecraft is

launched into a geosynchronous transfer orbit, then performs a maneuver to lower periapsis into

the atmosphere, achieving the desired entry state. Based on the JPL reference mission, the space-

craft targets an apoapsis of 5000 km and performs a maneuver at the next pass through apoapsis

to raise periapsis to 200 km. Autonomously raising periapsis during the �rst pass through apoapsis

in order to achieve a near-term stable orbit is a signi�cant component of successful aerocapture;

however, speci�c consideration of the on-orbit maneuver guidance and control is beyond the scope

of this study.

The drag skirt in this study is modeled as the Adaptable Deployable Entry and Placement

Technology (ADEPT), an umbrella-like deployable structure for entry probes currently under devel-

opment at NASA Ames [131]. During launch, ADEPT is in the retracted con�guration, signi�cantly

reducing fairing volume required for the spacecraft and enabling stowage in the standard ESPA

envelope [131, 132]. The drag skirt is fully deployed between separation from the launch vehicle and

atmospheric entry, and remains rigidly deployed until it is jettisoned by the guidance algorithm.

The initial epoch for simulation of this mission is de�ned as 10 minutes before nominal

atmospheric entry, which is the time of the �nal orbit determination (OD) update to the spacecraft

from ground control. From this point onward, the navigated states are based on propagation with

only IMU data. The nominal entry state, de�ned at the atmospheric interface altitude of 125 km,

has a planet-relative velocity u of 9:9 km=s and 
ight-path angle 
 of � 4:6 � , where 
ight-path

angle is the angle between the planet-relative velocity vectoru and the local horizontal plane. The

nominal entry point is at a geocentric latitude � of � 7:4� and longitude � of 14:8� with a heading

of 118:9� , where heading angle is de�ned as the angle between the horizontal projection of the

1 https://techport.nasa.gov/framework
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