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di tesi, la Professoressa Michèle Lavagna, per la sua fiducia in me, per avermi
concesso di collaborare con un suo collega di oltreoceano e di lavorare ad un
argomento di ricerca molto interessante, e per avermi saggiamente consigliato
nella stesura finale del lavoro.

I would like to thank Professor Kenneth D. Mease, who has always been
kind and helpful with me, and has guided my work through valuable research
hints. Furthermore, I would like to thank him for letting me experience the
life of a researcher at the University of California at Irvine, six of the best
months of my life.

Un ringraziamento a mia madre Rita, a mio padre Luigi, ed a mia sorella
Angela, che mi hanno sempre supportato nel difficile cammino verso la laurea,
credendo cecamente nella mia riuscita, anche quando ho vacillato.

Grazie alla mia famiglia, Fani e Marzi, orgogliosi di avere finalmente un
ingegnere nell’albero genealogico.

Grazie ai nuovi amici italiani a Irvine: Alessandro, Elisa, Andrea, En-
rico, Marco e tutti gli altri. Mi avete fatto sentire a casa, e gustare appieno
un’esperienza fantastica.

Thanks to the Ganddinis, who have showed me the true hospitality of the
Californian people.

Thanks to the Kleinsassers, and to Julia, my first American family, which
has contributed in my personal and professional growth, with all the love I
could receive.

Un grazie ai bombers di Milano: Teo, Zeta, Cero, Gian e Scipio. Vivere gli
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Abstract

Robotic landing missions on Mars have reached the limit
of landing performances with standard decelerating architec-
tures. To increase the landing payload mass or altitude, new
deceleration strategies have been analyzed. An inflatable aero-
dynamic decelerator can be a wise choice since it has been
proved worthy in overcoming current aerodynamic decelera-
tion limits, and NASA is currently testing some devices of
the category to reach complete maturity (TRL-6). Neverthe-
less, the literature concerning inflatable decelerators lacks the
study of the coupling of these devices with optimal guidance.
In the present work, an analysis of the landing performance in-
crement, provided by the inflatable decelerator, is performed
exploiting optimal bank angle guidance. New achievements in
lading altitude and mass are proved, along with new targeting
capabilities. In addition to that, a logic has been designed to
trigger the inflation of the decelerator, in order to mitigate
downrange errors accumulated along the trajectory, exploit-
ing the inflation event as a further control variable.

Keywords: Entry Guidance, Inflatable Decelerator, Trajectory Opti-
mization, Trigger Control.



Sommario

Le missioni robotiche atterrate su Marte hanno raggiunto il
limite delle prestazioni con architetture decelerative comuni.
Per incrementare il carico utile o la quota d’atterraggio sono
state analizzate nuove strategie decelerative. Un deceleratore
aerodinamico gonfiabile può essere una scelta saggia poiché
è stato dimostrato degno di superare gli attuali limiti di de-
celerazione aerodinamici, e la NASA sta testando alcuni di-
spositivi della categoria per raggiungere la maturità completa
(TRL - 6). Tuttavia, la letteratura sui deceleratori gonfiabili
è priva dello studio dell’accoppiamento di questi dispositivi
con guida ottima.
Nel presente lavoro, viene eseguita un’analisi dell’incremento
prestazionale di atterraggio, fornito dal deceleratore gonfia-
bile e sfruttando una guida ottima. Sono dimostrati nuovi
raggiungimenti in termini di carico utile e quota d’atterrag-
gio, insieme a nuove capacità di puntamento. Inoltre, è stato
progettato un controllore per innescare il gonfiaggio del dece-
leratore, al fine di mitigare l’errore sull’impronta a terra accu-
mulato lungo la traiettoria, sfruttando l’evento di gonfiaggio
come un ulteriore variabile di controllo.

Parole Chiave: Guida di Entrata, Deceleratore Gonfiabile, Ottimizza-
zione di Traiettoria, Controllo di Attivazione.
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Chapter 1

Introduction

The challenge that Mars landing offers to engineers is due to the thin atmo-

sphere of the red planet, approximatively 1
100

of Earths atmospheric density

[1]:

• Mars entry vehicles require supersonic parachutes, since only entry sys-

tems with a ballistic coefficient β = 50
[
kg
m2

]
can deliver payloads to

subsonic conditions.Yet, approximately 99% of the entry energy, at at-

mospheric interface, has been dissipated through aerodynamic deceler-

ation by every successfully landed spacecraft.

• Deceleration to supersonic speeds and consequent parachute deploy-

ment happens at lower altitudes with respect to the Earth, and the time

remaining for subsequent Entry Descent and Landing (EDL) events is

often a concern.

NASA landing missions on Mars have an old heritage, as Viking missions

back in 1975. From then other missions have successfully landed a robot

on the red planet, but NASA has always relied on the same architecture to

pursue aerodynamic deceleration [Fig. 1.1] [2]:

• 70◦ sphere-cone forebody.

• Disk-Gap-Band (DGB) Parachute.
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Figure 1.1: Graphic reconstruction of MSL parachute descent.

This strategy has produced a high hypersonic drag coefficient system,

in order to meet severe system requirements while flying within a very thin

atmosphere. Nonetheless, these technologies have defined constraints. DGB

parachutes have severe deployment limitations. As a result, the largest decre-

ment of energy, by means of aerodynamic deceleration, is devoted to the rigid

aeroshell alone. This has a maximum diameter, since robotic class missions

are meant to be launched with Atlas V class launchers. The parachute de-

ployment and the maximum aeroshell diameter constraints limit the payload

that can be delivered to the surface of Mars.

This limit has been reached by the last Mars robotic mission, Mars Science

Laboratory (MSL), landed in 2012, [3]. MSL has exploited a lifted entry

through a center of mass offset, with respect to the aerodynamic axis. On

top of that, for the first time on Mars, the capsule was equipped with a

hypersonic guidance software, commanding the lift vector direction (bank

angle) [Fig. 1.2] [4]. Such guidance is a revisited version of the successful

entry guidance of Apollo missions, well tested and trusted [5].

As requested by the scientific community, future Mars robotic missions

shall[1]:
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Figure 1.2: Lifted guidance through center of mass offset.

• Land at higher altitudes, in order to explore the interesting higher lands

on the southern hemisphere of Mars.

• Allow the safe landing of heavier payloads, with complex scientific in-

struments.

• Enable a vaster selection of landing sites increasing the landing accu-

racy.

To meet the requests NASA has gathered a team devoted to the analysis

of possible improvements for the MSL mission. These account for alternate

entry geometries, terrain relative navigation, hazard detection, supersonic

retro-propulsion, improved guidance and, supersonic inflatable aerodynamic

decelerators (SIADs) [6].

The study and the eventual implementation of ballutes (ballon + chute),

as SIAD are often called, dates back to the Viking era. Numerous system

studies demonstrated the benefit of a new decelerator technology capable

of operating at higher Mach numbers and higher dynamic pressures than

existing decelerators allowed [7][8]. The research was prolific but stopped

after the Viking mission team discovered that the mission requirements could

be met by a rigid aeroshell coupled with a supersonic parachute. Until now
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Figure 1.3: NASA LDSD Program.

testing to bring SIAD technology to high TRL has not been worth the effort

[9].

In 2012 NASA has launched the Low Density Supersonic Decelerator

(LDSD) program, as part of its Technology Demonstration Missions Program

[10]. The LDSD program aims at the development and testing of three new

aerodynamic decelerators, intended to work in supersonic conditions [Fig.

1.3].

• SIAD-R: Supersonic Inflatable Aerodynamic Decelerator - Robotic (un-

manned).

• SIAD-E: Supersonic Inflatable Aerodynamic Decelerator - Exploration

(manned).

• R-S Parachute: Supersonic Ring Sail Parachute.

The two Supersonic Inflatable Aerodynamic Decelerators (SIADs) shall

overcome the size limitation of the aeroshell and the deployment constraints

of the DGB parachute. They are stored aboard the capsule with a low vol-

ume and mass impact, meeting the limitations of the launcher’s fairing. Once

inflated they increase the wet surface, thus conveying greater aerodynamic

force with respect to the aeroshell. Finally, they can be deployed at larger

Mach numbers and dynamic pressures with respect to the DGB parachute.

This will allow the aerodynamic force increment earlier along the trajec-

tory and a higher altitude inflation of the main parachute. The SIAD-R is

designed for Robotic unmanned missions, while the SIAD-E should enable

human Exploration mission. The ring-sail parachute is a different parachute

architecture with little Martian flight heritage, but with promising perfor-

mances that should enlarge the envelope of the DGB parachute.
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The focus of this analysis is placed on the SIAD-R.

Recent analyses on SIADs have proved a general landing altitude or mass

increment with respect to aeroshell alone missions. In [11] a futuristic feasi-

bility analysis is presented, where the adoption of a 30 [m] diameter SIAD,

as well as of an enlarged aeroshell, mountable only on orbit, and of retro-

propulsion, can bring as much as 20 [t] to safe landing at 0 [km] altitude.

The study however considers a reference trajectory with constant 45◦ bank

angle. In [12] both the tension cone shape of SIAD-R and the isotensoid of

the SIAD-E are exploited for a phase A study of a notional 2016 Mars robotic

mission. Even here bank profiles are not optimized.

The research that has produced this thesis has been performed at the

University of California at Irvine, UCI for short, under the supervision of

Professor Kenneth D. Mease. Among the team of Professor Mease, the re-

search focuses on the improvement of hypersonic guidance for Mars entry.

Previous studies have proved that computationally light trajectory planners

(thus implementable aboard entry capsules) provide suboptimal reference

trajectories with better performances (higher parachute deployment altitude)

than MSL trajectory planning, yet allowing margin for uncertainties in entry

state, Martian atmosphere, etc. [13]. The objective of the study is to combine

the results of the guidance approach developed at UCI with the new SIAD-R

technology, and to try designing a new guidance technique that especially

exploits the new inflatable decelerator.
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Chapter 2

Entry Dynamics Problem

The main source of data has been [13]. The few data whose reference is

different are individually cited, for all other refer to [13].

2.1 Equations of Motion

The capsule is considered as a moving particle in a tridimensional space. The

equations of motion are written for the center of mass dynamics, expressed

through the so defined state vector x:

x =



r

θ

φ

V

γ

ψ



Planet center distance

Longitude

Latitude

Speed

Flight path angle

Heading angle

(2.1)

The convention for the heading angle is ψ = 0◦ for East, and ψ = 90◦ for

North.

Since the planet is rotating with a constant angular velocity ωp, both

Coriolis and Transport effects are concerned. Nevertheless, Transport effects

are neglected in the equation of motion because they are proportional to ω2
p,

which is a very small quantity, relative to other terms. In addition to this,

other usual assumptions, for preliminary entry dynamics calculations [13],
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have been considered to build the model. All the assumptions are hereafter

listed for clarity:

• Planet-fixed coordinate frame.

• Mars is perfectly spherical.

• Windless dynamics.

• Negligible Transport effect.

The center of mass 3D dynamics reads:



ṙ = V sin γ

θ̇ =
V

r

cos γ cosψ

cosφ

φ̇ =
V

r
cos γ sinψ

V̇ = −D − g sin γ

γ̇ =
1

V

[
L cosσ −

(
g − V 2

r

)
cos γ

]
+ 2ωp cosψ cosφ

ψ̇ = − 1

V cos γ

(
L sinσ +

V 2

r
cos2 γ cosψ tanφ

)
+ 2ωp (tan γ sinψ cosφ− sinφ)

(2.2)

The mass-specific forces, applied on the capsule, are the aerodynamic

force, decomposed in lift and drag as common, and the weight:

D =
1

2
ρV 2 S

m
CD (2.3)

L =
1

2
ρV 2 S

m
CL (2.4)
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g =
µ

r2
(2.5)

σ is the bank angle, and it is identified as the rotation angle of the lift

vector about the planet-relative velocity vector direction [Fig.2.1]. When σ =

0◦ the lift lies on the vertical plane defined by the position and velocity vector

(full lift up). In this way the model allows to convey an information on the

attitude without the need for the whole rigid body motion equations. This is

allowed by the stringent requirements set on the remaining attitude angles

by the MSL guidance team [14]. Indeed the attitude controller is supposed to

track bank commands and stabilize the angle of attack α and sideslip angle

s around their trim values. The angle of attack is trimmed to a nearly fixed

value along the entry trajectory, up to the very moment of the parachute

deployment. The sideslip angle is required to be virtually null, to avoid any

lift decrease.

α ≈ 15.5◦ s ≈ 0◦ (2.6)

2.2 Energetic Approach

The entry problem can be rewritten considering the specific energy as inde-

pendent variable, instead of time:

E =
1

2
V 2 − µ

r
(2.7)

Ė = −DV (2.8)

Notice that the energy monotonically decreases along the trajectory. A nor-

malized energy can be written, such that it is 1 at entry interface, and 0 at

parachute deployment:

Ẽ =
E − Ef
Ei − Ef

(2.9)

Although the dynamics could be written in terms of energy (energy deriva-

tives instead of time derivatives), only time based simulations have been

performed, while various quantities’ profiles with varying energy have been
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Figure 2.1: Bank angle identification.

retrieved a posteriori. This has been used for comparison purposes, since

whilst different trajectories might have different timelines, Ẽ ∈ [0, 1] for ev-

ery trajectory.

2.3 Planet

Mars is assumed spherical with the following quantities of interest:

• Planet radius rp = 3397 [ km ]

• Planet gravitational parameter µ = 42, 828
[
km3

s2

]
• Planet rotation angular speed ωp = 7.095e− 5

[
rad
s

]
The capsule altitude is computed as h = r − rp, and this is used to model

the atmospheric density and speed of sound:
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ρ(h) = 0.013 exp(−9.204e−5 h−1.936e−11 h2−7.507e−15 h3−4.195e−20 h4)

(2.10)

VS(h) = 223.8− 2.004e− 4 h− 1.588e− 8 h2 − 1.404e− 13 h3 (2.11)

2.4 Capsule

Due to the large availability of data regerding MSL mission, simulations have

been run considering an MSL like capsule, for comparison’s sake.

m = 3300 [ kg ] Dhs = 4.5 [ m ] rn = 0.66 [ m ]

where m is the mass of the capsule, while Dhs is the heat shield diameter,

and rn its nose radius.

As previously said the angle of attack is trimmed to a fixed value. Con-

sequently, aerodynamic coefficients are functions of the Mach number only

[Fig. 2.2].

The guidance is pursued controlling the lift vector direction, i.e. the bank

angle, through the reaction control system, RCS, of the capsule. Such has

operational limits for bank rate and acceleration:

|σ̇| ≤ 20
[ ◦

s

]
|σ̈| ≤ 5

[ ◦

s2

]
Some authors limit even the bank angle [11], in order to disallow negative

lift. This is not the case here, because negative lift can be exploited to extend

the capability of the capsule in some cases, as in the computation of the

landing footprint [p. 34].

2.5 Loads

For what concerns structural and thermal loads applied on the capsule no

hard constraints have been set. Such limits have been verified after the com-

putations, considering the requirements of MSL [13] & [15], for comparison

purposes.
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Figure 2.2: Aerodynamic coefficients’ profiles.

The structural load is the composition of the aerodynamic and the grav-

itational forces. The total force acting on the entry vehicle can be written in

the xvyvzv reference frame [Fig. 2.1]:

Ftot =



L cos(σ)− g cos(γ)

−D − g sin(γ)

−L sin(σ)


(2.12)

The thermal protection subsystem, TPS, must protect all other subsys-

tems from the large aerothermal heating caused by hypersonic friction, and

ensure proper temperature ranges for the whole system. In an MSL like entry

vehicle this function is usually demanded to a frontward heatshield, and to

a rear backshell. For preliminary analyses of entry missions the heatshield is

the TPS part which mostly affects the mass budget, since it is subjected to

the highest loads. It is enough to show the profile of the thermal load on the

heatshield, to understand if the new designed trajectories can be exploited



2.6 SIAD-R 13

or not. The convective heat rate Q̇ has been approximated at the stagnation

point by the Sutton-Graves equation [16]:

Q̇ = kq

(
ρ

rn

)N
V M (2.13)

where kq = 1.898e − 4, N = 0.5, M = 3 are planet constants. For the total

heat load Q absorbed at the stagnation point of the capsule, the time integral

of the heat rate is computed:

Q =

∫ tf

0

Q̇dt (2.14)

MSL loads requirements are hereafter reported:

Ftotmax = 15[g] Q̇max = 197

[
W

cm2

]
Qmax = 5477

[
J

cm2

]
(2.15)

Notice that the thermal requirements are very concessive. Indeed the

thickness of the heatshield was determined by the entry system mass con-

straints rather than through thermal analysis in response to a particular

heat pulse. Instead of deriving a minimum required thickness, the TPS anal-

ysis focused on ensuring that 1.25 [in] was sufficient to withstand the heat

pulse with sufficient margin and acceptable risk [15]. Structural requirement

is reported as in [5].

2.6 SIAD-R

From [17], constraints set for the SIAD-R by the LDSD team are reported:

• Minfl ≤ 4 , to prevent excessive aeroheating of SIAD fabric.

• q ≤ 2200 [Pa], to allow a proper inflation.

• dae ≤ 3 [cm], (fabric max aeroelastic distortion) to let the mission

analysts consider a rigid shell.

• Fast inflation, to let the mission analysts consider an instantaneous

inflation.
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Figure 2.3: Aerodynamic coefficients’ comparison.

The CD(M) profile of a tension cone of similar diameter of the SIAD-R

is presented in [18], for the supersonic range of interest. Such is exploited to

analyze ballistic trajectories. As far as the knowledge of the writer goes, no

CL(M) profiles are available, at the current time, at least through the official

channels. To design a complete model of the SIAD-R there were two possible

ways:

1. Exploit the new CD(M) profile found in literature assuming a constant

aerodynamic efficiency L/D.

2. Consider the same aerodynamic coefficients profiles for both the capsule

and the SIAD-R.

In [Fig. 2.2] the efficiency of the aeroshell varies in the low Mach number

band, (M < 5), which is the one of interest for the SIAD-R. Assuming that,

for the SIAD-R, the efficiency would change as well, the second option has

been preferred, concluding that any further complication to the model, such

as switching CD(M) interpolation, was not worth.
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Figure 2.4: Capsule with aeroshell alone (left) and with SIAD inflated (right).

In addition to that, the updated profile slightly differs from the one ex-

ploited in the calculations [Fig. 2.3], especially in the Mach range the SIAD-R

is supposed to operate, i.e.M ∈ [1.4 lower DGB Parachute limit, 4 upper SIAD−R limit].

Basing on the assumption of equal CD(M) and CL(M), and on the re-

quests of the LDSD team, the SIAD has been modeled as a decelerating

surface discontinuity (instantaneous jump) [Fig. 2.4].

DSIAD = 6 [m]

2.7 Parachute Deployment Constraints

The study of the dynamics ends at the parachute deployment, as the further

dynamics with the parachute and the final retro-propulsion phase are not

affected by the SIAD, and are then not of interest [p. 81].

Final state = Parachute Deployment

Although in the LDSD program the SIAD-R is meant to fly with a ring-

sail parachute, the following simulations have considered a disk-gap-band

parachute, as the one used by MSL, to compare consistently performances.

For such parachute, deployment constraints are set on dynamic pressure and

Mach number:

Parameter Min. Max. Units

q 300 800 Pa

M 1.4 2.2 -
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A further constraint for the parachute deployment is the minimum safe

deployment altitude, as specified in MSL requirements [5]:

hf,min = 6 [km] (2.16)

The allowable deployment region has been translated into meaningful

state coordinate, altitude (relative to rp) and speed. The region has been

then approximated by a polygon [Fig. 2.5], as done by MSL team [5]:

Parameter Min. Max. Units

V 310 470 m/s

h 6.00 16.90 km

Figure 2.5: DGB Parachute deployment constraints.

2.8 Surface Position and Distance

The radial projection of the vehicle position onto the planet surface can be

defined either in terms of longitude θ and latitude φ or by downrange DR
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and crossrange CR. Both crossrange and downrange are defined exploiting a

great circle, on the planet surface, as a reference. Here the one that passes on

the radial projection of the initial position of the spacecraft [θ0, φ0], directed

as the initial velocity of the same [ψ0], is used, as in [19]. The crossrange

is the shortest distance from the target position to the great circle, with

positive values when the final position is to the right, looking down on the

surface. The downrange is the arc length on the great circle between the

initial position and the point from where the crossrange is measured [Fig.

2.6]:

Figure 2.6: Definition of downrange DR and crossrange CR.

When a specific final position on the surface is targeted, the solver requires

final values for longitude and latitude. If the targeted position is provided

in terms of final downrange DRf and crossrange CRf , one can find the

corresponding final longitude θf and latitude φf , as long as the initial state

is known, to draw the great circle (i.e. [θ0, φ0, ψ0]). This is doable through

spherical trigonometry [Fig. 2.7].

Direct transformation: (θf , φf )→ (CRf , DRf )

d = arccos[sinφ0 sinφf + cosφ0 cosφf cos(θf − θ0)] (2.17)

β = sign(φf − φ0) arcsin

[
sin(θf − θ0) cos θf

sin d

]
+ π(φf < φ0) (2.18)
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ξ = β + ψ0 −
π

2
(2.19)

OBS: d is the arc length on the great circle connecting the initial

and the final point, thus it is always positive, no conditions

on the arccosine are needed. Nevertheless, β < −π
2

& β > π
2

is possible, thus the logic condition on the latitude difference

has been considered. The final relation is always valid, with

proper angles’ signs.

CRf = rp arcsin(sin ξ sin d) (2.20)

DRf = rp arccos

 cos d

cos
CRf

rp

 (2.21)

Inverse transformation: (CRf , DRf )→ (θf , φf )

d = arccos

(
cos

DRf

rp
cos

CRf

rp

)
(2.22)

ξ = arcsin

sin
CRf

rp
sin d

 (2.23)

β = ξ − ψ0 +
π

2
(2.24)

φf = arcsin(sinφ0 cos d+ cosφ0 sin d cos β) (2.25)

θf = θ0 + arcsin

(
sin d sin β

cosφf

)
(2.26)
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Figure 2.7: Downrange DR and crossrange CR on a spherical triangle.
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Chapter 3

Model for the Optimization of

Entry Trajectories

In the following study the entry dynamics has always open-loop guidance, by

means of reference bank angle profiles tracking. Such bank profiles are always

generated through the solution of an optimization problem, with various cost

functions.

Here the process of optimization is reported. Firstly the definition of

feasible trajectory is addressed. The general optimization problem set up

follows, as well as the solution method, which exploits GPOPS II (General

Pseudospectral Optimal Control Software).

3.1 Definition of Feasible Trajectory

An entry trajectory from initial state x0, generated by the bank profile σ(t),

is feasible if there exists a final time tf such that:

1. The trajectory perfectly solves the dynamics and meets the modeling

assumptions drawn before, with an admissible bank angle profile along

t ∈ [0, tf ]. A bank angle profile σ(t) in the time interval [0, tf ] is admis-

sible if it belongs to the set:

U(tf ) = {σ[0, tf ] ∈ C2[0, tf ] : |σ̇(τ)| ≤ σ̇max, |σ̈(τ)| ≤ σ̈max, ∀τ ∈ [0, tf ]}
(3.1)
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2. The final state x(tf ) lies in the parachute deployment set, i.e. the state

space subset containing the states that satisfy the parachute deploy-

ment constraints [p. 15].

3.2 Optimization Problem Setup

Various optimal control problems, with different cost functions, have been

addressed. The general form they are described by is called Bolza form, which

is written as:

J =M(tf ,xf ) +

∫ tf

0

L(x(t),u(t), t)dt (3.2)

M(tf ,xf ) is the Mayer cost, and depends on the final state only, whereas the

Lagrangian function L(x(t),u(t), t) defines the integral Lagrange cost, which

depends on the state and the control, along the whole trajectory. The way the

solver is written allows setting constraints only on the control variable, not

on its derivatives. This is a problem because the bank rate and acceleration

have definite limits, driven by RCS performance. To cope with this issue the

state has been enlarged, to contain the bank and the bank rate. Two further

dynamics equations have been written, and the bank acceleration has been

set as the new control parameter:

xaug =



r

θ

φ

V

γ

ψ

σ

σ̇


u = σ̈ (3.3)



ẋaug(1) = xaug(4) sin xaug(5)
...

ẋaug(7) = xaug(8)

ẋaug(8) = u

(3.4)
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The solver allows setting boundaries for the state variables at initial time, at

final time, and along the path. The independent variable of the simulation

is the time t ∈ [0, tf ], with tf unconstrained, since flight duration is usually

left free for the entry phase. Boundary conditions are written for the state

and for the control variable. The initial state, at entry atmosphere, is hardly

constrained to be the same of MSL, for comparison purposes, unless diversely

specified:

x0 = x(0) =



r0

θ0

φ0

V0

γ0

ψ0





3540 km

−90.07◦

−43.90◦

5505 m
s

−14.15◦

−4.99◦


(3.5)

Along the path, the state has very large boundaries. Requirements such as

peak thermal rate, peak acceleration and other similar are not set in the

solver, but always checked afterwards. The solver stops the integration of the

dynamics when the current state falls within predefined boundaries for the

final state. When only the final altitude is to be optimized, boundaries are

provided solely for final altitude, related to rf , and speed Vf , to be sure the

dynamics meets the parachute deployment constraints:

Parameter Min. Max. Units

Vf 310 470 m/s

rf rp+6.00 rp+16.90 km

This means that, in general, final longitude θf and latitude φf , as well

as final flight path angle γf and heading angle ψf , are free. Eventually, one

might want the capsule to reach a precise position on the Martian surface.

In such cases, the final longitude and latitude are given as hard constraints:

max (θf ) = min (θf ) = θf max (φf ) = min (φf ) = φf (3.6)

Notice that, usually, final positions on the surface are rather provided in

crossrange and downrange, and the final longitude and latitude are found

with the spherical trigonometric formulas (CRf , DRf ) → (θf , φf ) [p. 16].
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The boundaries on the control variable, and on the last two components

of the state, are the bank dynamics limits defined before [p. 11]. Such are

enforced evenly at initial and final time, and along the path.

3.3 Altitude Control Authority Margin

Altitude control authority is defined as the controlling term in the altitude

dynamics:

ḧ = −g −D sin γ +
V 2

r
cos2 γ + 2V ωp cosψ cosφ cos γ + L cos γ cosσ (3.7)

Altitude Control Authority = L cos γ cosσ

In order to account for a control margin the bank values close to 0◦ shall be

penalized. This can be done adding a Lagrangian cost to the optimization cost

function. A 5% margin is enforced penalizing σ ∈ [−18.2◦, 18.2◦], through the

following Lagrangian cost:

J =

∫ tf

0

a{arctan[b(−σ + σmin)] + arctan[b(σ + σmin)]}dt (3.8)

Where σmin = 18.2◦ a = 40 b = 500

3.4 GPOPS II

GPOPS II (General Pseudospectral Optimal Control Software) is a software,

in the form of a Matlab R© function, gpops.mat, able to solve nonlinear opti-

mization problems.

This software is the common procedure in the research group of Prof.

Mease at UCI. “The software employs a Legendre-Gauss-Radau quadrature

orthogonal collocation method where the continuous-time optimal control prob-

lem is transcribed to a large sparse nonlinear programming problem (NLP).

An adaptive mesh refinement method is implemented that determines the

number of mesh intervals and the degree of the approximating polynomial

within each mesh interval to achieve a specified accuracy. The software can

be interfaced with either quasi-Newton (first derivative) or Newton (second
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Figure 3.1: Integral cost for altitude control margin.

derivative) NLP solvers, and all derivatives required by the NLP solver are

approximated using sparse finite differencing of the optimal control problem

functions” [20]. All optimization problems have been solved through this

software.

3.5 Validation of the Optimization

GPOPS II is a reliable optimizer successfully used by many researchers (e.g

[21]). Nevertheless a preliminary validation of the optimization software re-

sults has been performed. The validation has been achieved through:

• Validation of the functions that GPOPS II asks as input.

• Comparison of the optimized bank profile with similar analyses per-

formed in Prof. Mease Lab, UCI.

GPOPS software required input [22]:

1. Set of auxiliary data related to the dynamics , [Chap. 2].
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2. Set of boundaries for state and the control variables, [Sec. 3.2].

3. Equation of the dynamics, [Sec. 2.2].

4. Cost function, [Sec. 3.2].

5. Options for the solver, always set to default values.

The validation of the equation of motion has been performed imposing

bank profiles designed by the MSL EDL team, and comparing the time his-

tories of the state and other dynamically relevant quantities (e.g. drag) with

results in [5].

The first validation of optimizer output has been checking the satisfac-

tion of state and control variables constraints. Moreover, optimal bank pro-

files have been computed implementing a variety of cost function, and then

compared with results available in Prof. Mease Lab, which are under revi-

sion for future publication. Yet, a further high fidelity validation could be

performed thorough the exploitation of other commercial optimizers, such as

POST (Program to Optimize Simulated Trajectories), which is the NASA

standard for trajectory optimization.



Chapter 4

Landing Performance

Advancements

Here follow the first analyses on the landing performance enhancements pro-

vided by the SIAD-R. Firstly, the peak performances for parachute deploy-

ment altitude and landable mass are found coupling the decelerator with

optimal guidance. Then, a further parameterization on the entry flight-path-

angle proves that landing systems equipped with the ballute benefit from

steepened γ0. Last, the enlargement of landing footprint is reported, to docu-

ment the advanced targeting capabilities of the SIAD equipped entry vehicle.

4.1 Landing Performance Enhancement

LDSD team has defined a very specific inflating condition for the SIAD-R

testing, in particular Minfl = 3. Nevertheless, as previously said [p. 13], the

decelerator can be inflated up toMinfl ≤ 4. From a physical point of view, one

would expect that the sooner the ballute were inflated along the trajectory,

the higher parachute deployment altitude the capsule could reach, since a

larger drag would be exploited higher in the atmosphere.

The study in [12] constitutes the state of the art for inflatable decelerators,

from the mission analysis’ point of view. The author of this paper has linked

the inflation of the device to the peak altitude reached while in the final

lofting phase of the trajectory. The consequent Minfl depends on the bank
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profile the vehicle is flying, and is reported as less than 4. Since even the bank

profile is not optimal, results from [12] are to be considered suboptimal.

In order to investigate how much state of the art performances could

be improved, optimal bank profiles have been coupled with the SIAD-R,

parameterizing the inflation Mach number. The optimal guidance problem

has been solved maximizing exclusively the parachute deployment altitude:

J = −hf (4.1)

As it was physically predictable, computations have proved that the

sooner the device is inflated, the higher is the final altitude [Fig. 4.1].

Figure 4.1: Altitude profiles with varing Minfl, zoomed on the right.

As a net result the increment of parachute deploy altitude, with respect to

the reference case without the SIAD, is very consistent. The largest altitude

increment is 5.2 [km], roughly +45% of optimal solution without the decel-

erator. This is obtained with the highest inflation trigger allowed, Minfl = 4.

Of course, the new SIAD-R subsystem would not be massless. Comparing

results with the same entry mass only suggests the altitude increment the

ballute can provide, at the price of a reduction of payload mass. To under-

stand how much more mass the decelerator can land, also the entry mass

has been parameterized. The result is that the SIAD can bring up to about

250% of reference MSL entry mass into safe parachute deployment condition

[Fig. 4.2]. Some (mentry,Minfl) couples generate unacceptable dynamics, be-

cause the dynamic pressure constraint on the SIAD-R is not met. Since this
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constraint is not forced in the optimizer, but checked a posteriori, some com-

binations are missing in [Fig. 4.2].

Figure 4.2: Final altitude parameterization, for different entry masses.

DGB parachute deployment constraints, translated into state constraints,

are always met [Fig. 4.3 ].

Optimal bank profiles, retrieved with different Minfl, resemble much each

other. They are bang-bang profiles, where the lift jumps from full positive,

σ = 0◦, to full negative, σ = ±180◦ [Fig. 4.4]. Similar results are reported

in papers from Prof. Mease team, currently under revision for publication.

The basic difference is the length of the full lift down phase. Such lets the

capsule reach the lower layers of the atmosphere, thus decelerating more. If

the Minfl increases, a larger part of the deceleration is carried by the SIAD,

thus a shorter full lift down phase is needed.

Constant full lift up guidance provides higher altitudes along the trajec-

tory, as the lofting motion is more pronounced. Nevertheless, the deceleration

is less than in the optimal guidance case, because the density is thinner at

higher altitudes. Actually, the capsule reaches the final desirable velocity for

parachute deployment at a lower altitude [Fig. 4.5].
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Figure 4.3: Parachute Deployment Condition, zoomed on the right.

The heat rate requirement is always met, since the highest value is expe-

rienced for mentry = 250% mMSL, Minfl = 1.9 (no inflation):

Q̇ = 115.60
[

W
cm2

]
The heat load requirement is satisfied by all solutions with entry mass

up to 200% of MSL capsule, whereas the structural requirement is satisfied

only by the 125% entry mass. This means that heavier capsules can safely

land on Mars (up to 250%), but need a thicker heatshield, as well as a more

resistant structure. Both require an increase of service mass, thus the final

increment of payload mass that the ballute can provide is some less than the

net increase in entry mass.

In conclusion, for the optimization of the nominal trajectory, as long as

one wants to maximize landing altitude or payload mass, the SIAD Minfl

is constrained to the maximum inflation Mach number available. Therefore,

the SIAD Minfl is not a new guidance variable, unless one goes suboptimal.

4.2 Entry Flight-Path-Angle Parameterization

The results of the previous section, manly the different optimal bank profiles

with varying Minfl, suggest that the capsule needs to fly steeper to reach a

higher parachute deployment altitude. Following the research of [18], a further

parameterization of the entry flight-path-angle, γ0, has been executed. Again,
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Figure 4.4: Bank profile with various Minfl.

optimal guidance problems have been solved for different values of Minfl and

γ0, maximizing the final altitude. The results of the analysis are shown in

[Fig. 4.6].

Notice that the requirement for the maximum final parachute deployment

altitude has been relaxed for this analysis, to prevent the saturation of the

results for different γ0.

As foreseen, a steeper entry flight-path-angle provides a higher parachute

deployment altitude. The dots in [Fig. 4.6] are final states projection onto

the downrange altitude plane, and the blue asterisks are best solutions of the

parameterization for different Minfl. The green lines refer to a fixed value of

γ0 and span the Minfl range. The red lines are the opposite, thus provide

the solution for the same Minfl, varying the γ0. It is interesting to see that

“the greater Minfl the higher hf” rule still holds. Therefore, whichever is the

entry flight-path-angle, the highest parachute deployment altitude is reached

with Minfl = 4. Moreover, the γ0 range has been chosen almost symmet-

rically around the best value, which happens to be −18.5◦. To understand

why the steeper entry provides higher final altitude one should analyze the
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Figure 4.5: Altitude and velocity profiles with various constant bank angle

guidance.

vertical trajectory. The optimal vertical trajectory is very similar for every

parameterization. The capsule dives into the atmosphere flying with full lift

up with an eventual initial full lift down phase, then lofts and dives back to

the final state.

The fact that a steeper entry is better than the MSL one was expected.

For shallow entries like MSL, indeed, the maximum altitude reached during

the loft is usually paired with a speed that is too high for the deployment

of the DGB parachute, which is why the capsule continues flying after the

lofting, losing altitude. In this case, a full lift up guidance does not decelerate

the capsule enough, thus an initial full lift down phase is needed.

For steeper γ0 the full lift down phase is not needed. The capsule is able

to fly full lift up for the entire trajectory without over-speeding after the final

lofting motion. As a result, an admissible parachute deployment velocity is

reached at higher altitudes.

This, however, does not hold for very steep γ0

(
< γ0max(hf )

)
, where the

deceleration is more than needed, and the capsule performs the lofting mo-

tion inside the parachute admissible velocity range. Here the final altitude

happens to be the peak lofting altitude, and the final flight path angle is null

[Fig.4.7].

When changing the entry flight-path-angle both structural and thermal

loads are matter of concern.
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Figure 4.6: Vertical final position along downrange, with various Minfl and

γ0.

As a general rule of thumb, the steeper is the trajectory the higher is the

structural load and the heat rate, but the trajectory is shorter, thus the total

heat load usually decreases. The heat rate provides a requirement for the

selection of the ablative material constituting the heatshield. The heat load,

integrated in time, provides a requirement for the mass of the heat shield, as

well as the maximum acceleration drives the structural mass requirement.

The largest heat rate is experienced for γ0 = −22.0◦, Minfl = 2.6 :

Q̇ = 98.25
[

W
cm2

]
The largest heat load is experienced for γ0 = −14.0◦, Minfl = 4:

Q = 3558
[

J
cm2

]
Both thermal requirements are met, even for the steepest γ0[Fig. 4.8],

confirming the robustness of MSL TPS margins.

The largest acceleration, below the requirement, is experienced for γ0 =

−20.5◦, Minfl = 2 (not inflated):
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Figure 4.7: Parachute deployment condition with γ0 = −22◦ and various

Minfl, zoomed on the right.

Ftot = 14.74[g]

Thus any steepest entry is not feasible with an MSL like structure, which

is not an issue considering that the optimum γ0 = −18.5◦.

The variation of the Minfl, at fixed γ0, acts on the loads in this way:

• Structural load and heat rate benefit from a greater Minfl because the

vehicle requires less drag in the hypersonic (M > 5) phase to optimize

final altitude, but the difference in the available range is almost not

appreciable.

• Greater Minfl trajectories usually last longer, and since heat rate is

almost the same, the total heat load increases.

4.3 Landing Footprint Enlargement

The last analysis regards the landing footprint of the entry system. To find

out whether the SIAD-R can enlarge the reachable set of the aeroshell only

capsule one needs to find the whole subset of feasible trajectories. Project-

ing the set on the crossrange-downrange-altitude space yields the reachable

position space set. Equivalently one can project onto the longitude-latitude-

altitude space. In both spaces, the boundary is drawn at the minimum
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Figure 4.8: Heat rate for variable γ0 entries, with Minfl = 4.

safe deployment altitude, hf = 6 [km], and this boundary identifies the

so-called “Landing Footprint”, on the crossrange-downrange or longitude-

latitude planes. Notice that due to the parachute phase, which is not of

interest in this analysis, the deployment target would be biased away from

the actual landing site. To find the landing footprint a series of Mayer prob-

lems, i.e. problems without the integral cost, have been solved. Here are the

steps:

1. Maximum reachable longitude J = −θ(tf )

2. Minimum reachable longitude J = θ(tf )

3. Discretization of longitude span θf = θfmin
: step : θfmax

OBS: θf is the vector of reachable longitude. For each final reachable

longitude θf (i), there is a final latitude span, except for the

extremes of the vector, where the reachable latitude is unique.

To draw the landing footprint one needs only the maximum

and the minimum latitude for each reachable longitude.

4. Maximum reachable latitude J = −φ(tf )→ φmax(i)∀i,θf (i) fixed
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5. Minimum reachable latitude J = φ(tf )→ φmin(i)∀i,θf (i) fixed

The landing footprint is found on the longitude-latitude plane since the

state is defined through longitude and latitude. One can project it on the

crossrange-downrange plane through the spherical trigonometry [p. 16]. The

comparison has been brought among the reference case, without the ballute,

and the ones with the SIAD inflated at various Mach numbers. This has

proved that the addition of the decelerator enlarges the landing footprint.

Figure 4.9: Landing footprint comparison with and without SIAD-R.

From a physical point of view, the reason for the change has to be sought

in the variation of the ballistic coefficient. Counterintuitively, indeed, it is the

increment of drag, rather than the increment of lift, that allows for larger

landing footprint. This is because the increment of drag lets the capsule fol-

low trajectories that are unfeasible without the SIAD. In order to be feasible,

the trajectory’s final state must meet the parachute deployment constraints.

Since the altitude on the boundary of the landing footprint is always 6 [km]

(the minimum allowed), the only constraint is on final velocity. To under-

stand the underlying physical evidence, the optimal trajectories for maximum
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downrange has been compared with constant bank angle guidance.

J = −DR(tf ) (4.2)

In doing this one can appreciate that, to maximize the downrange flown,

the capsule shall increase the lofting motion. But the lofting motion is af-

flicted by this issue: if it is too pronounced the capsule is not able to decelerate

enough before hitting the deployment altitude. However, the same happens

with no lofting at all, for instance with full lift lateral. This is well shown

in [Figs. 4.10, 4.11, 4.12], where the ballute is not considered, by setting the

Minfl = 0 for the fictitious SIAD.

Minfl = 0

Figure 4.10: Altitude with constant bank guidance, with no SIAD-R, zoomed

on the right.
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Figure 4.11: Speed with constant bank guidance, with no SIAD-R, zoomed

on the right.

Figure 4.12: Landing Footprint approximation (left), optimal bank profile

(right),with no SIAD-R.

Nevertheless, this is true if the inflatable device is not considered. When

the capsule is equipped with the SIAD, the further deceleration lets the

capsule fly almost full lift up, still decelerating enough, so that the final

velocity falls inside the allowed range[Figs. 4.13, 4.14, 4.15].

Minfl = 4
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Figure 4.13: Altitude with constant bank guidance, with SIAD-R, zoomed

on the right.

Figure 4.14: Speed with constant bank guidance, with SIAD-R, zoomed on

the right.
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Figure 4.15: Landing Footprint approximation (left), optimal bank profile

(right),with SIAD-R.

Notice that, in the case without the SIAD, the bank profile that maximizes

the final downrange cannot be full lift up, otherwise the capsule is too fast at

the minimum deployment altitude, as happens with the constant guidance,

with σ = 0◦. Indeed, it contains a phase of full lift down, so that the thicker

layers of the atmosphere can be reached, and the velocity can be effectively

diminished. When the decelerator is inflated at Minfl = 4 the optimal bank

profile is almost full lift up. At the very end, the optimal solution jumps to full

lift down. This is because, with the ballute, the vehicle slows even more than

necessary. Indeed, with constant lift-up, the capsule loses few hundreds of

meters of downrange, yet providing a higher altitude. This, and the cases with

σ = ±10◦, are the only ones where the simulation ends because the lowest

velocity limit is hit, before reaching the minimum deployment altitude. This

explain why, from a practical point of view, the landing footprint enlargement

provided by the SIAD does not depend on the inflation Mach number. Here

[Fig. 4.16] are the maximum downranges reached with varying Minfl (still

J = −DR(tf )).
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Figure 4.16: Altitude with optimal bank guidance, with varying Minfl,

zoomed on the right.

Figure 4.17: Optimal bank profiles for varying Minfl, maximizing final down-

range.

We can resume the results of [Figs. 4.16,4.17]

• Minfl = 2 : the flight Mach number never reaches 2 before the end of

the simulation, the final downrange is the same of the Minfl = 0 case,
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since the SIAD does not inflate at all.

• Minfl = 2.2 : the flight Mach number reaches 2.2 before the end of

the simulation, but the increment of the landing footprint is contained,

because a very short part of the trajectory is remaining.

• Minfl ≥ 2.4 : the flight Mach number reaches 2.4 enough before the end

of the simulation to allow a great enlargement of the landing footprint.

In the whole Minfl range left the final downrange changes of less than

2 [km], over an average of 1323.5 [km]. The variation is the 0.15% of

the final downrange, thus it is safe to say that the Minfl does not affect

the enlargement of the landing footprint.

Looking at the optimal bank profiles [Fig. 4.17], with varying Minfl, one

can notice that in both the Minfl = 2 & 2.2 cases the capsule needs a full

lift down phase to be able to slow down and get inside the safe parachute

deployment region. However in the Minfl = 2.2 case the SIAD can actually

be exploited, thus a shorter full lift down phase is needed, and a longer final

downrange is reached. When Minfl ≥ 2.4 the capsule does not need full lift

down phases, since the SIAD alone provides the required deceleration to let

a full lift up profile get into the safe parachute deployment region. Thus, now

the difference is the time of flight. The sooner the SIAD is inflated the longer

the capsule can fly before reaching the minimum altitude allowed. Thus for

Minfl ∈ [2.4, 3.6] the higher is Minfl, the greater is the final downrange.

With Minfl > 3.6, the capsule slows too much. Therefore, if the solver led

the capsule fly with full lift up, all the way until the end, the capsule would

reach the minimum safe deployment velocity above the minimum altitude,

thus being suboptimal. To be optimal then, the solver applies a late full lift

down phase to keep the velocity high enough, so that the minimum altitude

constraint is met before the minimum velocity one, and the downrange is

further increased.



Chapter 5

Terminal Downrange Control

Despite shaping different reference trajectory exploiting the SIAD capabil-

ities, this new decelerator may provide trajectory-tracking enhancements.

MSL EDL team divided the hypersonic guidance into two sub-phases, with

different logics:

1. Range Control: the guidance corrects any downrange error, containing

the crossrange error through bank reversals, but not directly controlling

it.

2. Heading Alignment: the guidance gives up the control on downrange

and controls only the crossrange.

From the other end, the LDSD team foresees to inflate the SIAD-R at

Minfl = 3. This condition has been previously proved suboptimal, yet pro-

vides the chance to use the SIAD as an additional robust control. The concept

is to exploit the roughly ± 1 Mach number margin, in the inflation range,

to design a logic which contains the downrange error during the final head-

ing alignment. This is possible for the following physical evidence. When the

SIAD is open, the drag increases and the capsule slows more, reaching the

final parachute deployment state sooner along the trajectory path. There-

fore, the earlier the SIAD is opened, the shorter the downrange will be. The

control logics concept would then be:

• To set a nominal inflation Mach lower than the upper bound, to have

margin.



44 Terminal Downrange Control

• If undershot inflate later (at lower Mach).

• If overshot inflate sooner (at higher Mach).

Up to now trajectories have been designed optimizing final altitude, to

investigate peak theoretic performances. In this section a real control will be

designed and tested. Such control is supposed to work with applicable sub-

optimal guidance, which reserve some margin for altitude control authority,

to leave room for correction to the closed loop guidance. Although the closed

loop guidance will not be addressed in this study, all the simulation presented

in this chapter base upon suboptimal bank profiles, retrieved optimizing the

following cost function:

J = −hf +

∫ tf

0

a{arctan[b(−σ + σmin)] + arctan[b(σ + σmin)]}dt (5.1)

The values of the constants in the Lagrangian function are defined in [Sec.

3.3]. To test the logic with different bank profiles various (DRf , CRf ) have

been targeted.

5.1 Control Feasibility

To investigate whether this new control technique is worth the effort, two

possible flaws of the logic have been analyzed:

1. Control authority.

2. State reconstruction error.

The first step is to understand if changing the inflation conditions the

SIAD can affect the trajectory enough, to counteract significant disturbs.

To discover this, the dynamics has been perturbed with constant errors on

dynamically relevant parameters, such as ρ(h), CD(M), CL(M), in the range

of ± 10% of reference density values, and of ± 5% for the aerodynamic

coefficients.

Simulations have been run considering open-loop trajectory tracking: the

bank profile has been retrieved through an optimization problem, maximizing
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final altitude while forcing enough control margin for eventual closed-loop

trajectory tracking. The SIAD inflation Mach number has been parametrized

for each perturbed scenario, in the available range. As a result, the simple

inflation shift has been proved able to vanish completely the downrange error,

for significant perturbations of the model. This, in certain cases, comes at

the price of a loss in final altitude deployment, [Fig. 5.1].

Figure 5.1: Controllability of the TDR logic.

Once that the control authority of the inflation shift has been proved,

one needs to check the sensors capability for such logic. The inflation trigger,

indeed, must base upon the measurement of a certain quantity related to

the dynamic state. As it will be addressed later [p. 52], the trigger will be

designed tracking the downrange, which is retrievable from the state.

In MSL entry phase, the state has been reconstructed integrating inertial

measurements from the IMU. IMU measurements are more subjected to er-

rors with respect to relative measurements, e.g. RADAR altimetry, because

more sensitive to bias on the sensor or on the initial state. In the future,

there might be capsule exploiting RADAR altimetry, during the hypersonic

entry phase.
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Nevertheless, to be more robust, the state reconstruction has been per-

formed through IMU measurements only. The actual acceleration the capsule

experiences has been retrieved from the real dynamics, which has been per-

turbed. The perturbations have been added to the reference density and

aerodynamic coefficient trends, as done previously. The perturbation of the

speed of sound VS, required to compute the Mach number, has been retrieved

indirectly from the perturbation of the density, considering Martian air as a

gas with unperturbed isentropic bulk modulus K(h):

VSref
(h) =

√
K(h)

ρref (h)
→ K(h) = ρref (h)V 2

Sref
→ VSpert(h) =

√
K(h)

ρpert(h)

(5.2)

In addition to that, also the initial entry state x0 has been perturbed

with 3σ variations considered as in [13] [Tab. 5.1].

Table 5.1: Entry state perturbations.

r0 θ0 φ0 V0 γ0 ψ0

Mean 3540 km -90.07◦ -43.90◦ 5505 m/s -14.15◦ 4.99◦

3σ 2.306 km 0.3◦ 0.03◦ 5505 m/s 0.23◦ 0.15◦

The measured acceleration has been retrieved adding a bias vector, whose

magnitude has been selected to be 300µg plus a random noise with maximum

value of 35µg, as for the IMU mounted aboard MSL rover curiosity [23]. For

the direction a 2π dispersion in the tridimensional space is considered: the

error vector is initially considered parallel to the real acceleration direction,

then rotated following the Eulerian rotation scheme R313, with the three

Euler angles αi ∈ (−π, π) ∀i = 1, 2, 3, and with normal distribution,[Fig.

5.2].

The error on the downrange depends on the point along the trajectory

where we measure the true and the observed downranges. The control logic

will be a single shot correction, since when the SIAD is inflated no further

actions can take place. Therefore, the control logic can account for even-

tual perturbations occurring only before the decision. One can remark two
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Figure 5.2: Measured acceleration error directions.

aspects:

• There is no need to consider multiple measures because the perturba-

tions of the model are intimately random. Multiple measures, acquired

in different spots along the trajectory, could provide perturbations pro-

files, which would be, in the most fortunate case, not representative

of the perturbation scenario. In the worst case, eventual perturba-

tions profiles without physical significance could be even detrimental

for downrange correction purposes. Therefore, the downrange error is

calculated only at a certain point along the trajectory:

∆DR∗ = ∆DR(p) = DRobserved(p)−DRnominal(p) (5.3)

p is the parameter one selects to fix a precise point along the trajectory.

In such point, the control decision is made. In figure [5.3] p : M = 5,

along simulations affected by different disturbs on the density (the dots

represent the M = 5 condition). Possible p parameters are reported in

[Tab. 5.2].
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Table 5.2: Decision Parameters.

p Pros Cons

Time t Easiest to

measure

Scarcely linked

with dynamics

Normalized Energy Ẽ Useful for

comparisons

during simula-

tions

Depends on

the final state,

which lies in a

tiny range, but

is eventually

unknown

Speed V Most used as

trigger in the

entry phase

for capsule

exploiting only

IMU measures

[24]

Influenced by

state measure-

ment errors

Mach number M Easiest to

link to SIAD

usability

constraints

Influenced

by errors on

the state, as

speed, plus by

perturbations

of atmospheric

model
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Figure 5.3: Vertical trajectory for multiple perturbation, decision point at

M∗ = 5.

• The later the decision is taken, along the trajectory, a more compre-

hensive perturbation effect will be addressed, and thus the countermea-

sure will be more effective. Nevertheless, the measurement must not be

postponed too much, since there must be enough margin between the

measure and the actual control action to account for control computa-

tion time. This automatically discards time t and normalized energy Ẽ

from the selection, since the M(t) and M(Ẽ) profiles strongly depend

on the reference trajectory. Choosing a properly conservative value of

M∗ is trivial, and also for V ∗ the decision is straightforward, since the

speed at M = 4 falls within a small range, for a large range of altitudes.

Since the largest Minfl the logic can provide is 4, the selection will be

M∗ = 5 or corresponding V ∗ = 1100[m/s]. Inflation constraints will be

met, as enough seconds are spared [Fig. 5.4]. The choice of M∗ = 5 is

motivated also because the heading alignment trigger for MSL guidance

was set to the same value[5].

To understand upon which quantity one should pose the decision point a
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Figure 5.4: TDR Logic timeline for different perturbed altitude histories.

comparison has been carried between the downrange error at decision point,

∆DR∗ , for M∗ = 5 and V ∗ = 1100[m/s]. The results of a 200 cases Monte

Carlo analysis are presented in [Fig. 5.5].

The reader may notice that the error on the downrange estimation at

M∗ = 5 is completely unacceptable, since the largest radial position mistake

is 4451 [m]. Indeed, As it will be later shown [p. 53], the sensible range of the

logic is of the order of 10 [km]. If the downrange is estimated at V ∗ = 1100%,

the error falls within a 27 [m] radius circle , thus providing less than 0.5%

maximum error on the logic’s sensible range.

The difference between the performances provided by M∗ and V ∗ is as-

cribable to the perturbation of the speed of sound reference profile. The

computation of V does not require the VS(h) model. M does, thus a further

source of error is added.

Notice that, due to VSpert(h), there does not exists a DR(M) function, as

to each M different values of DR can be associated, due to perturbation on

VS(h). This is not the case for DR(V ), since V is retrieved integrating the

acceleration in time, and altitude plays no role. For error estimation purposes
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Figure 5.5: Surface position estimation error at the decision point, zoomed

on the right.

the cloud of (M,DR) points has been fit through a 5th degree polynomial,

to be able to have a unique value of DR at M∗ = 5.

In conclusion, V ∗ = 1100% is to be set as the terminal downrange control

(TDR CTRL) trigger along the trajectory.

5.2 Control Design

Once the capability and operability of such a control has been proved, the

logic has been developed following this scheme:

1. Generate undershot and overshot scenarios and parameterize the SIAD

inflation Mach number Minfl. In this way the parameterization exploits

for sure all the available envelope of the SIAD.

2. Translate the information of the Minfl into the Vinfl. The control logic

needs to base upon speed commanded inflation, because the reconstruc-

tion of the Mach number is affected by speed of sound perturbation

which does not affect speed. This is why all MSL triggers were based

on speed for the hypersonic entry phase [24].

3. Interpolate the simulations data to find the best Vinfl, which minimizes

the final downrange error.
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To build the closed-loop logic one firstly needs to decide what to track.

Since the downrange has to be corrected, the most intuitive quantity to track

is downrange itself. Another possible choice would be the trajectory length,

which does not need trigonometry to be calculated from state variables, lead-

ing to lighter computational cost. Yet, the trajectory length may differ several

kilometers from the downrange by the time the SIAD must be inflated. This

is the case when the capsule is targeting a large final crossrange landing site.

Consequently, to appreciate safely whether the capsule is undershot or over-

shot along the downrange direction, one needs to measure the downrange

error. Therefore, downrange tracking is the most reasonable strategy.

The decision point is fixed: V ∗ = 1100 [m
s
]. In such point the downrange

error is computed. The corrected Vinfl,corr is found through the interpolant

function created with the various perturbed scenarios’ parameterization in-

troduced above:

∆DR∗ = ∆DR(V = V ∗)

Ṽinfl : ∆DR(tf )|Ṽinfl
= min(∆DR(tf )|Vinfl

) ∀Vinfl

→ f(∆DR∗)

Vinfl,corr(∆DR∗) = f(∆DR∗)

(5.4)

Simulations’ data distribution follows an almost linear variation, and a

saturation due to the limits set on the Minfl. Notice that the upper limit is

a requirement of the SIAD, Minfl ≤ 4, while the lower is fixed at Minfl =

2, because all trajectories end up in the final parchute deployment box at

slightly higher Mach numbers. The corresponding inflation speed limits are

found averaging the velocity at the upper and lower limit of Minfl, computed

for the many perturbed trajectory. The mean is needed because perturbed

trajectories covers different altitude, with respect to the reference one, for

the same Mach number. Therefore the speed of sound changes, as well as the

corresponding velocity. The result for the suboptimal reference profile with

unconstrained final surface position is:

Vinflmin
= 443

[m

s

]
Vinflmax = 868

[m

s

]
(5.5)
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These data are well interpolated by polynomial trends, but only for the

sensible part of the downrange domain, i.e. when the logic produces a result

within the saturation limits [Fig.5.6]. The extrapolation outside the sensible

trend must be a constant saturation, rather than following the interpolant.

There is no direct physical correlation suggesting a quadratic, a cubic, or

a higher polynomial fit for the sensible downrange subdomain. Therefore, a

linear interpolation, with saturation at Vinfl = Vinflmin
& Vinflmax , has been

chosen:

A = min(∆DR∗)|Vinfl=Vinflmax
& B = max(∆DR∗)|Vinfl=Vinflmin

Vinfl,corr(∆DR∗) = Vinflmin

Vinfl,corr(∆DR∗) = Vinflmin
+
Vinflmax − Vinflmin

A−B
(∆DR∗ −B)

Vinfl,corr(∆DR∗) = Vinflmax

if ∆DR∗ < B

if ∆DR∗ ∈ [B,A]

if ∆DR∗ > A

(5.6)

Different simulations have shown that the interpolant constants A&B

assume values of roughly +7 km and -8 km respectively, with γ0 = 14.15◦

and suboptimal bank angle with free final surface position. These values

depend on the selected reference trajectory. There exist no general interpolant

function, and its parameters A & B might need to be calculated during

entry. This does not pose a further problem, since once the trajectory planner

has defined the reference trajectory, A & B could be selected in a table of

values covering all the possible output of the planner, stored in the logic

software. This is doable since trajectory planners are deterministic. However,

as long as the margin across the reference Minfl is symmetric, approximating

A & B with constant values, regardless the reference trajectory, provides a

suboptimal correction, but in the right direction [Fig. 5.7].

This would mitigate the problem, in case the selection of A & B could

not be done aboard for memory or computation time issues, although very

unlikely. For clarity’s sake, the steps of the terminal downrange control design

are here resumed:
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Figure 5.6: Interpolant for downrange correction.

1. Design a reference trajectory with suboptimal Vinfl,reference

2. Generate undershoot and overshoot scenarios through perturbations,

and parameterize Vinfl.

3. Measure ∆DR∗ at V = V ∗, for each perturbed trajectory, for each

parameterized Vinfl.

4. Find A = min(∆DR∗)|Vinfl=Vinflmax
and B = max(∆DR∗)|Vinfl=Vinflmin

5. Find inflation trigger with eq. 5.6.

Once the logic has been designed, it has been tested with variable per-

turbations of the model. For instance:

ρpert(h) = ρref (h) + n(h) (5.7)

n(h) is a Gaussian noise with mean µ(h) and standard deviation σ(h)[Fig.

5.8].

The logic has been tested with open loop guidance simulations, and found

effective[Fig. 5.9].
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Figure 5.7: Suboptimal correction provided by symmetric inflation range

across reference Vinfl.

5.3 Monte Carlo Analysis

A more extensive testing has been accomplished performing 1000 Monte

Carlo simulations. The perturbations have been added to the reference den-

sity and aerodynamic coefficient profiles, as done previously. In addition to

that, also the initial entry state x0 has been perturbed with 3σ variations

considered as in [13] [Tab. 5.1].

Results of the analysis are summarized in [Tab. 5.4], [Tab. 5.3] and [Fig.

5.10]. The reader may notice that:

• TDR logic is designed to correct the downrange but it positively af-

fects even the crossrange, and in general the distance from the nominal

targeted point on Mars surface rf .

• Final downrange and crossrange errors are shown in absolute values,

as the perturbations’ distribution is symmetric across reference values

for all quantities perturbed. The error on final altitude, besides, is not



56 Terminal Downrange Control

Figure 5.8: Example of variable density perturbation with altitude.

filtered through the absolute value, to show that the TDR logic nega-

tively affects the final altitude.

• MSL required a touchdown ellipse of 25 x 20 [km] in size, for selecting

the landing site. This derived a requirement for the parachute deploy-

ment radial error of 10 [km] around the planned deploy target, in order

to achieve the required touchdown ellipse in the presence of winds [5]. In

[Tab. 5.3] the percentage of success is reported. The TDR control out-

performs the uncontrolled dynamics, but the percentage is still poor.

This is due to the saturation of the inflation speed, which drives a

saturation in downrange correction.

To test the logic even the sensors dynamics has been considered. The

platform for the test has been designed in Simulink [App. A].
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Figure 5.9: Example of TDR control simulation.

Table 5.3: Percentage of cases falling in the admissible 10[km] radius entry

corridor.

rf ≤ 10[km] rf ≤ 20 [km]

- 40.7% 73.5%

TDR 68.5% 91.6%

TDRecf 62.8% 86.8%

5.4 Worst Case Scenario

The weakest point of the logic is the inability to take further actions once

that the SIAD is inflated. To understand how the strategy is sensitive to

what happens after the inflation a worst case scenario analysis has been per-

formed. The reference dynamics has been perturbed with a unique parameter

variation. This has been done to generate easily undershot or overshot sce-

narios. The perturbation is constant, positive or negative, until a prescribed

point along the trajectory. In such point the parameter is perturbed in the

opposite direction, with much greater magnitude [Fig. 5.11].

Among the parameters of interest, the atmospheric density shall be dis-

carded, because in the final part of the entry trajectory the capsule flies with

almost constant altitude, thus it is hard to force a large opposite variation

right after the inflation event has occurred. On the contrary, managing vari-
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Table 5.4: Solution of 1000 Monte Carlo simulations. Statistical results with-

out control (-), with reference control (TDR), and with the enhanced cost

function control (TDRecf).

µ [km] σ [km]

|∆DRf
|

- 14.28 10.46

TDR 8.48 7.46

TDRecf 9.72 8.78

|∆CRf
|

- 1.87 1.41

TDR 1.69 1.24

TDRecf 1.30 1.01

∆rf

- 14.45 10.49

TDR 8.86 7.31

TDRecf 9.92 8.71

∆hf

- -0.28 0.51

TDR -0.79 2.30

TDRecf 0.12 1.50

OBS: rf =
√
DR2

f + CR2
f

ations of the aerodynamic coefficients after the decision speed is trivial, since

profiles are provided for Mach variation, and the decision speed is correlated

to the Mach number.

Let us consider the case of drag coefficient perturbation. The drag coef-

ficient is kept lower than its reference profile, for the high Mach range down

to a prescribed point. Such point has been parameterized across the decision

point, thus it has not been set right after the decision V ∗. This has been done

to investigate whether the perturbation switch affects the TDR CTRL even

if set before the decision point.

In [Fig. 5.12] the error committed by the control with respect to the un-

controlled perturbed dynamics, i.e. |∆DR∗
TDR−ON

| − |∆DR∗
TDR−OFF

|, depends
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Figure 5.10: Surface position for 1000 Monte Carlo simulations.

on the magnitude of the sudden variation (s.v) and on the velocity at which

the variation occurs. Where the value is negative the logic works properly,

despite the sudden variation. This occurs for practically all velocities, de-

spite for V = 868
[
m
s

]
, thus approximatively before and after the maximum

inflation speed. Despite the large variations, if the switching point is before

V ∗ the TDR CTRL is poorly affected, as the downrange measurement per-

ceives the perturbation. Immediately after the decision point the effect is the

largest, since the decision is already made, and there is still a long part of

the trajectory ahead, to accumulate disturbances. The peak position in the

graph is due to the discretization of the parameterization. The least variation

presented is 30%, because anything below is absorbed by the TDR logic. As

a final remark, one should notice that jump variations of as much as 150%

of pre variation value cause errors of less than 3 [km]. The Robustness of the

TDR CTRL is proved.
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Figure 5.11: CD perturbation profile with Mach number, worst case scenario

analysis.

5.5 Enhanced Cost Function

Another minor flaw of the strategy is that, when correcting undershot sce-

narios, the final altitude reached, at parachute deployment, is less than in the

case without TDR CTRL. This makes perfect sense, because since the soft-

ware notices that the capsule has not flied far enough, it postpones the SIAD

aperture. Consequently, the capsule flies with lower drag than expected, ac-

quiring some downrange, but losing altitude. This problem can be of great

importance because the logic could even command to open the SIAD while

in the parachute deployment box, thus when it becomes useless. To cope

with this issue the control logic has been adjusted considering a different

cost function to find the interpolant for the logic. Instead of considering only

the downrange, also an information on the altitude has been included. In the

cloud of final states, different Pareto fronts have been drawn considering the

minimization of this functional:

J = a|∆DRf
| − (1− a)hf (5.8)
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Figure 5.12: TDR CTRL performaces in worst case scenarios.

a is a parameter used to trade the capability of correcting the downrange

with the loss in final altitude. Some examples are in [Fig. 5.13].

Figure 5.13: Pareto optimal fronts for various values of a.

Once different sets of (∆DR∗ , Vinfl) points are used to create the inter-

polant, one might lose the lower saturation at Vinfl ≈ 440 [m
s
]. In such cases

the set of points is poorly represented by a linear variation, thus they shall be

interpolated by higher order polynomials. Again the interpolation will focus

on the sensible part of the domain only, discarding the downrange entries for

which the Vinfl is upper saturated at 868 [m
s
]. Saturation must be forced both

for a higher and a lower limit of Vinfl. Now the lower limit will no longer be

443 [m
s
], but the minimum value of inflation speed in the data set. This will
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avoid the diverging effect of high order polynomials [Fig. 5.14].

Figure 5.14: Corrected interpolant with a = 0.21.

The new interpolant would be:

Vmin = min(Vinfl) of the set.

A = min(∆DR∗)|Vinfl=850 Bnew = max(∆DR∗)|Vinfl=Vmin

Vinfl,corr(∆DR∗) = Vmin

Vinfl,corr(∆DR∗) = p1∆
n
DR + p2∆

n−1
DR + · · ·+ pn+1

Vinfl,corr(∆DR∗) = Vinflmax

if ∆DR∗ < Bnew

if ∆DR∗ ∈ [Bnew, A]

if ∆DR∗ > A

(5.9)

Notice that this solution changes the interpolant, but the decision is still

taken only measuring the downrange error at the decision point, thus the test

bench for the simulations is not mutated. The result of the new strategy is

reported through 1000 Monte Carlo simulations along with the uncontrolled
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dynamics and the reference TDR control, in [Tab. 5.4], [Tab. 5.3] and [Fig.

5.10], where the TDR CTRL with the enhanced cost function is indicated as

TDRecf . The value of a for all the simulation is 0.21.

The reader shall notice that the overall downrange correction performance

has worsen with respect to the reference a = 1 TDR CTRL, yet the logic

contains the DR error and outperforms the uncontrolled dynamics results.

Nonetheless, the mean final altitude is the key performance of this new logic.

Notice that it registers a positive shift with respect to the nominal dynamics.

This proves that a trade between DR correction and altitude maintenance is

possible, thus mission analysts have a parameter to tune the TDR CTRL: a.
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Chapter 6

Concluding Remarks

Once the trajectory has to be optimized, whether we want to maximize

the parachute deployment altitude, payload mass, final downrange, etc., the

SIAD Minfl has a unique best value. Therefore, the SIAD Minfl cannot be

used as a parameter to attain other minor goals (yet pretending to be opti-

mal).

The adoption of the inflatable decelerator has multiple advantages:

• Increment of landing altitude and mass.

• Landing footprint enlargement: additional capability while selecting the

landing region, as multiple targets may fit in a larger footprint.

A control logic has been designed, based on the SIAD inflation. Such has

given encouraging results, being able to increase the landing accuracy of the

capsule in a wide variety of perturbed scenarios.

To further validate the control strategy these research concepts shall be

explored:

• Adoption of reference bank profile planner: the optimal bank profiles

that have been considered in this study are very unlikely to be com-

putable on-board of the entry system, due to the large computational

cost. The common strategy, used also by MSL [5], is to implement a

light trajectory planner, which interpolates the information of the ini-

tial state at entry interface, and of the landing target, to compute the

nominal bank profile. Since the interpolation matrix needed to compute
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the corrected inflation point depends on the reference bank profile, an

analysis of the coupling between the planner and the inflation control

shall be performed.

• Coupling with closed-loop guidance: the TDR CTRL can operate with

open-loop and closed-loop bank tracking. Although interesting results

are achieved with open-loop guidance, the TDR CTRL correction on fi-

nal downrange is saturated to relatively low values due to the limitation

of the ballute’s inflation. As a matter of fact, only the 68.5% of 1000

Monte Carlo simulations fit in the required circle around the target

point [Tab. 5.3]. Therefore, the coupling with a closed-loop guidance,

which might attain the downrange error at the decision point, is highly

advisable. Anyway, the concept of the TDR CTRL itself derives from a

flaw of MSL heading alignment guidance. It is mandatory, then, to an-

alyze how the adoption of the TDR CTRL might affect the closed-loop

guidance and vice versa.

The path towards Mars entry with inflatable aerodynamic decelerators

has been drawn for NASA’s future journeys to the red planet. The second

test of the SIAD-R plus RS parachute, the so called flying saucer, has been

completed very recently, on June 8th 2015, with a very good performance of

the SIAD and a partial chute, i.e. a failure of the parachute. NASA is pushing

the envelope to reach landable masses in the order of tens of tons, to enable

human missions to Mars. While the goal seems still pretty far, interesting

achievements are at reach within few years from today.

But the potentialities of SIADs are vaster than what presented in this

study. For instance, a key advantage of SIADs is the absence of a drag bucket.

The DGB parachute’s drag profile has a relevant drop in the transonic regime,

and forces the heatshield separation at M < 0.8. Nevertheless the heatshield

function is exploited before reaching the supersonic regime, M ≈ 5. A large

diameter SIAD may permit the entry vehicle to release its heat shield at

any point after the ballute inflation, without risking recontact. This would

reduce the mass being decelerated and allow onboard altimeters acquisition

of the ground sooner, thus permitting the initiation of propulsive descent at

a higher altitude. A further increase of landing altitudes and of flight time,
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to perform pinpoint landing guidance, can be achieved [18].

Moreover the future of SIADs are HIADs, hypersonic inflatable aerody-

namic decelerator, which could be operated right from the entry interface.

For this reason they are also known as inflatable aeroshells [3]. HIADs can

reduce immediately the ballistic coefficient and enhance tremendously the

landing capabilities. HIADs are currently under study at NASA [25].
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Appendices





Appendix A

Code Validation for TDR

Control Logic

A.1 Test Bench

The platform for the test has been designed in Simulink R©. [Fig. A.1]. Another

similar platform has been used to analyze the real sensor behavior, before

testing the whole TDR CTRL. Such platform is equivalent to the one ana-

lyzed hereafter, despite the missing tdr ctrl block. No further validation

is required.

Figure A.1: Simulink model of the test bench for the TDR control.

The open loop tracking feeds the actual dynamics subsystem with

the reference bank profile. In the actual dynamics block, the state is recon-

structed integrating the reference equations of motion, and the acceleration
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experienced by the capsule is passed to the real sensor block where it is

perturbed. The observer block works as the actual dynamics, despite

the fact that the information on the perturbations is missing. It provides the

reconstruction of the state, through which the solver calculates the speed

the capsule is flying at, and the downrange flown. Both are passed to the

tdr ctrl, which computes the best inflation speed, to correct the terminal

downrange. This info is given to the siad-r subsystems, that operates the

inflation.

In the following the various blocks are presented in detail, along with the

procedure used for validation. In all subsystems the light blue boxes represent

constant inputs, whereas the green boxes are stored outputs.

A.2 Open Loop Tracking

Figure A.2: Simulink model of the open loop guidance command.

The open loop tracking subsystem [Fig. A.2] is in closed loop with

the observer as it needs a measure of the velocity (V obs) to command a bank

angle. Nevertheless the guidance is in open loop, since no feedback control is

implemented to correct the bank profile.
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This block loads the reference bank profile with velocity, interpolates it at

the current velocity and passes it trough a saturation block, which prevents

values outside the bank domain, σ ∈ [−180◦, 180◦], which may occur after

interpolation.

Basing the bank angle command on the measure of the speed is a good

way to contain the error due to the perturbations. In fact, when a trajectory

is perturbed, its time line can be highly affected. If one had to command the

bank angle basing on the flight time he would loose the eventual stretching

or squeezing of the profiles. This does not happen if one commands with the

speed, as the speed stretches or squeezes too, and adapts automatically the

reference bank profile to the new condition. The issue is that abandoning

the σ(t) profile we loose the certainty of the satisfaction of the bank dy-

namics constraints. Since no actuator behavior is present in the model, to

avoid control saturation the reference bank profiles are retrieved with tighter

constraints on σ̇ & σ̈.

Notice that the values used for the interpolation belong to two separate

subsets of the reference σ(V ) profile. This is because the profile is not unique,

since the velocity does not decrease monotonically in time. Indeed in the early

entry stage the atmosphere is so thin that the vehicle is mainly subjected

to the gravitational pull, which increases its speed. The lower the vehicle

flies the greater becomes the aerodynamic force, mainly drag. As a result the

velocity reaches a peak and starts to decelerate monotonically, till the end of

the entry. The bank profile has to be interpolated very well since the guidance

is in open loop, and a variation of the reference command may accumulate

large errors in downrange. To cope with this issue the bank profiler utilizes

even a time information. The peak velocity time t V max, in the reference

trajectory, is used as the discriminant for the selection of the interpolation.

The solution is presented in [Fig. A.3], with a bank profile designed to reach

DRf = 900 [km], CRf = 30 [km], optimizing the final altitude but leaving

the margin for the altitude control. At the beginning of the simulation the

green profile is exploited. When the time of flight overtakes t V max the

interpolation switches to the cyan line. The black line over the two branches

is the result of this block. This constitutes the validation of the open loop

tracking.
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Figure A.3: Validation of the bank angle interpolation with velocity.

A.3 Actual Dynamics

The main block (1)[Fig. A.4] hides the equations of motions presented in [p.

8]. The inputs of the blocks are the state, the reference bank profile, and the

forces acting on the capsule. Notice that the perturbations enter indirectly

from block 2, which is devoted to the coputation of many quantities relevant

for the dynamics (e.g. the forces). The inflation of the SIAD is simulated

updating the value of the wet surface S [Sec. A.7].

The acceleration experienced by the capsule is retrieved as the sum of the

aerodynamic and gravitational forces, and passed to the real sensor. Block 3

applies the spherical trigonometric formulas [Sec. 2.8] to compute the real DR

and CR, used to validate the counterparts estimated by the observer. Block

4 is the responsible for simulation’s termination. A condition on altitude and

velocity is given to force the end of the simulation when the systems enters

the safe parachute deployment region.

The validation of the outputs is performed by graphical comparison with

the results provided by the optimal solver, previously validated, switching off

all the perturbation of the model.
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Figure A.4: Simulink model of the real perturbed dynamics.

A.4 Real Sensor

The true acceleration felt by the vehicle acc is perturbed with a vector error

with bias magnitude of 300 [µg], plus a Gaussian noise with mean of 35

[µg][Fig. A.5]. The direction of the measuring error varies for every Monte

Carlo Simulation, covering the whole direction sphere for a large enough

number of simulations.

The validation is performed checking that the vector difference between

the input and the output acceleration is directed as the unit vector found with

the bias Euler angles, with rotation scheme R313, and that its magnitude falls

in the range of the measurement bias + noise.

A.5 Observer

The observer is almost the exact replication of the actual dynamics

block[Fig. A.6]. The basic difference is that the block needed to terminate

the simulation is missing and the dynamics is fed by the perturbed sensed
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Figure A.5: Simulink model of the real sensors’ behavior.

acceleration acc obs, which is a vectorial quantity, and substitutes D,L and

g of actual dynamics block.

Notice that the observer is directly fed by the reference bank profile be-

cause there is no feedback control on the bank angle.

The basic check is the comparison with the result of the dynamics, with all

perturbation off, and without real sensors behavior. The vector F tot obs check

is the reconstruction of the acceleration by the observer, and it is used to

test its dynamics with perturbations and real sensor behavior. In this case

the comparison is carried between F tot obs check and F tot obs, from the

real sensor.

A.6 TDR CTRL

The TDR CTRL subsystem has three blocks[Fig. A.7]. In block 1 the nomi-

nal downrange is interpolated, still through velocity, to find its value at the

current speed. Notice that, as for the bank angle, the DR(V) function does

not exist. However the measure of the downrange error is important only

close to the decision point, which always falls in the second branch of the
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Figure A.6: Simulink model of the observer.

Figure A.7: Simulink model of the TDR control.

velocity variation in time. This means that the double interpolation with

switching is not needed here. In fact, block 2 acts as a filter, implement-

ing the logic presented in [p. 53] only if the observed velocity is lower than

the decision speed, and setting to zero the outputs if otherwise. Therefore

V infl predicted 0 (TDR) and 1 (TDRecf ) are step functions, with null

initial value, and corrected inflation velocity after the jump at the decision

point. The last block, 3, is a simple switch block, which selects the strategy

to operate depending on the value of the flag infl flag.

The interpolant functions feeding block 2 are loaded from a fictitious data

set, depending on the reference bank profile.
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The basic validation for this subsystem is to run the unperturbed dynam-

ics and check that:

Vinflcorrected = Vinflreference
(A.1)

A further check is that the DR ref vector is compatible with the actual

nominal downrange profile, DR old.

A.7 SIAD-R

Figure A.8: Simulink model of the SIAD-R.

The inflation of the SIAD is simulated updating the value of the wet

surface [Fig. A.8]:

S =

{
SAEROSHELL

SSIAD

if V > Vinfl

if V ≤ Vinfl
(A.2)

OBS: SAEROSHELL = S small, SSIAD = S aug.

Since the speed always decreases after the decision point, once the SIAD

is inflated it stays inflated until the end of the trajectory. The inflation of

the SIAD is linked to the tolerance of the integrator, since the software

simulates the inflation for the first velocity which falls below Vinfl. In case
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of rough tolerance, the inflation could be postponed so much, from TDR

CTRL result, that an overshot scenario would be treated as an undershot

one, and the actual Inflation velocity might be lower than in the case with

no control, thus providing a further error instead of a correction. Notice that

no real actuator behavior is considered because the inflation is supposed to

be instantaneous, but numerical errors do mimic real triggers’ delay.

The validation of the block is straightforward. One shall check that vector

S reaches the SIAD area at the largest observed velocity value below the

computed inflation speed.
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Appendix B

MSL Entry, Descent and

Landing

In order to appreciate the complex sequence of events that characterizes an

entry mission to Mars, the MSL EDL has been reported hereafter [Fig. B.1].

This will help readers to understand when the SIAD-R would come in the

game for future missions. Memento, however, that the final descent phase,

after parachute detachment, has been performed with different strategies for

the many landed rovers.

EDL Events:

1. Exo-atmospheric EDL: the EDL logic is executed. The cruise stage is

separated ad the entry capsule is despun and detumbled, so that also

cruise balance masses can be separated.

2. Entry: the capsule enters the sensible part of the atmosphere. The peak

heating point precedes the peak deceleration point along the trajectory.

Once the capsule is slow enough, the ejectable mass balance devices,

that have granted a non null angle of attack during flight, are ejected

to acquire the best attitude for parachute deployment.

3. Parachute descent: the parachute is deployed. The heatshield is sepa-

rated after the Mach number has fallen below the parachute drag bucket

range. After few seconds the RADAR altimeter begins acquiring surface

data.
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Figure B.1: MSL Entry, Descent and Landing sequence.

4. Powered descent: the backshell is released along with the parachute.

The powered descent approaches at constant speed, than the capsule

descends with constant deceleration.

5. Sky Crane: the rover is released and lowered to the surface trough an

umbilical device exploiting a triple bridle. Such maneuver is called Sky

Crane.

6. Fly away: after the rover has touched down the powered stage flies away

at a safe distance.

The SIAD-R would enter this sequence right before item 3., at the end

of the entry phase, while in supersonic regime, but before the parachute

deployment. For further details on MSL EDL see [4].
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Compendio in lingua italiana

C.1 Introduzione

Atterrare su Marte costituisce una sfida avvincente per gli ingegneri, dal mo-

mento che la sua densità è circa 1
100

della densità atmosferica terrestre. I

veicoli di atterraggio devono essere equipaggiati con paracaduti supersonici

perché solo sistemi con coefficiente balistico β = 50
[
kg
m2

]
possono raggiun-

gere condizioni subsoniche [1]. Ciononostante il 99% dell’energia, all’interfaccia

con l’atmosfera, è stata dissipata attraverso resistenza aerodinamica per tutte

le sonde atterrate con successo sul pianeta rosso. NASA ha una vecchia

eredità di missioni atterrate su Marte, come le missioni Viking del 1975.

Da allora NASA si è sempre affidata alla stessa architettura decelerativa [2],

con scudo termico a sfera-cono con apertura di 70◦, e paracadute Disk-Gap-

Band. Questa architettura è vincolata dalla dimensione limite di carico della

stiva del lanciatore, della classe di Atlas V, e dalle condizioni di apertura del

paracadute. Il limite è stato raggiunto da MSL, atterrata nel 2012 [3], che

ha anche sfruttato la portanza generata da uno sbilanciamento del baricen-

tro della capsula, controllando la guida in fase ipersonica tramite l’angolo di

bank.

Per poter esplorare gli altopiani dell’emisfero Sud di Marte, e per poter

far atterrare carichi utili più pesanti, NASA ha riunito una squadra che inda-

gasse eventuali possibili miglioramenti alla missione MSL. Il SIAD, analiz-

zato già ai tempi delle missioni Viking [7][8], si è mostrato una delle strategie
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su cui investire per sviluppare le prestazioni di atterraggio su Marte. Per

questo nel 2012 NASA ha lanciato il programma LDSD, il cui fine è quello

di testare, in ambiente operativo simulato, tre nuove tecnologie decelerative,

studiate per lavorare in regime supersonico. Questa analisi si è focalizzata

sul SIAD-R, un deceleratore gonfiabile che supererebbe le limitazioni dello

scudo termico rigido, fornendo una superficie decelerativa maggiorata, pur

rispettando i limiti della stiva di carico, con un ridotto impatto volumetrico

e di massa. Benché recenti analisi abbiano dimostrato l’efficacia dei SIAD

[11] [12], nessuno ha mai accoppiato questa nuova tecnologia con algoritmi

di guida ottima.

Questa ricerca è stata sviluppata all’Università della California a Irvine,

sotto la supervisione del Professor Mease, attivo nella ricerca di algoritmi

di guida per il rientro atmosferico. L’obiettivo di questa ricerca è quello di

combinare i risultati sulla guida ottima sviluppata dal gruppo di ricerca del

Prof. Mease con la nuova tecnologia del SIAD-R, e sviluppare una nuova

tecnica di guida che sfrutti specialmente il nuovo deceleratore gonfiabile.

C.2 Dinamica di Rientro Atmosferico

Le equazioni della dinamica sono state scritte considerando la capsula come

una particella in moto tridimensionale. Marte è stato modellato perfetta-

mente sferico e le equazioni sono state scritte in un sistema di assi fissato su

di esso, trascurando gli effetti di trasporto (legati al quadrato della velocità

angolare del pianeta) e del vento. Le forze in gioco sono la forza aerodi-

namica, decomposta come al solito in resistenza e portanza, e l’attrazione

gravitazionale. L’informazione dell’assetto è condensata nell’angolo di bank,

dal momento che gli altri angoli sono costanti per vincoli di assetto [14].

La capsula, il pianeta, e il paracadute sono stati modellati seguendo

l’esempio di [13], mentre il SIAD-R è stato modellato come una disconti-

nuità della superficie decelerativa, secondo le specifiche dettate dal team di

LDSD [17].

L’apertura del paracadute costituisce la fase finale dell’analisi.
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C.3 Modello per l’Ottimizzazione delle Trai-

ettorie di Rientro

Una traiettoria si definisce fattibile se risolve le equazioni della dinamica

rispettando i vincoli della dinamica di bank lungo di essa, e se lo stato finale

ricade nel campo di apertura sicura del paracadute.

L’ottimizzazione viene modellata scrivendo funzioni di costo composte

da costo di Mayer e/o costo integrale di Lagrange. La variabile di controllo

diventa l’accelerazione di bank, mentre l’angolo e la velocità di bank entrano

a far parte dello stato aumentato. In questo modo i vincoli sulla dinamica di

bank possono essere imposti. Ulteriori vincoli sulle restanti variabili di stato

sono imposti.

Qualora si analizzino traiettorie realizzabili, e non di prestazione di picco

teorico, un costo integrale viene aggiunto al costo da ottimizzare per penal-

izzare angoli di bank prossimi allo zero, e riservare margine all’autorità di

controllo sulla quota.

Il problema di ottimizzazione viene risolto attraverso GPOPS (General

Pseudospectral Optimal Control Software), un software sotto forma di Matlab R©

function , gpops.mat. Questo software è lo standard nel gruppo di ricerca del

Prof. Mease.

I risultati dell’ottimizzatore sono validati tramite il controllo delle funzioni

e dei dati che richiede come input, e con comparazione grafica dei risultati,

con i risultati di analisi simili presenti in letteratura [5].

C.4 Progresso delle Prestazioni di Atterrag-

gio

La traiettoria di riferimento è stata ottimizzata massimizzando la quota fi-

nale, di apertura del paracadute. Il numero di Mach a cui il SIAD viene

gonfiato è stato parametrizzato per indagare quale sia la condizione ottima

di gonfiaggio. La parametrizzazione ha dimostrato che:

• Il numero di Mach di gonfiaggio ottimo è il massimo del campo disponi-

bile, i.e. Minfl = 4, sia per raggiungere la massima quota di atterraggio
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con la massa di rientro di MSL, sia per aumentare tale massa.

• L’adozione del SIAD produce profili di bank ottimi simili per tutti i val-

ori del Mach di gonfiaggio parametrizzati. Gli andamenti sono di natura

bang-bang tra valori 0◦ e ±180◦, e l’arco a ±180◦, a piena portanza

negativa, è necessario perché la capsula raggiunga il prima possibile gli

strati più bassi e più densi dell’atmosfera. Tale arco si riduce se il Mach

di gonfiaggio aumenta, perché una più larga parte della decelerazione

viene svolta nell’ultima parte della traiettoria, grazie al SIAD.

• La massa di rientro può salire fino al 250% di quella di MSL grazie al

SIAD, seppur un aumento di massa sia da devolvere allo scudo termico

e alla struttura, a discapito del carico utile [Fig. C.1].

Figure C.1: Quota finale con parametrizzazione di massa di rientro.

Un’ulteriore parametrizzazione ha dimostrato che esiste un angolo di volo

iniziale ottimo per raggiungere la massima quota di apertura del paracadute,

pur rispettando i vincoli termici e strutturali [Fig. C.2].

È stato inoltre dimostrato che il SIAD permette un all’allargamento

dell’impronta di atterraggio (alla minima quota di apertura del paracadute),

che è indipendente dal Mach di gonfiaggio, fintanto che Minfl > 2.4. Ciò

significa che il SIAD è in grado di fornire capacità di puntamento migliorate

al veicolo di rientro.
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Figure C.2: Posizione verticale finale lungo il downrange, con vari Minfl e γ0.

C.5 Logica di Controllo per Downrange Fi-

nale

Nella missione MSL l’algoritmo di guida era diviso in due fasi:

1. Range Control: la guida corregge l’errore di downrange, contenendo

l’errore di crossrange attraverso dei capovolgimenti di bank, ma non

controllandolo direttamente.

2. Heading Alignment: la guida abbandona la correzione del downrange e

controlla esclusivamente il crossrange.

Si è pensato di sfruttare la capacità del SIAD per correggere il downrange

anche nella fase di volo finale. Questo è possibile perché quando il SIAD

è aperto la resistenza aerodinamica aumenta, e la capsula rallenta di più,

raggiungendo prima, lungo la traiettoria, la posizione finale di apertura del

paracadute. Se il gonfiaggio nominale del SIAD viene posto ad un valore più

basso del valore massimo, la traiettoria finale sarà subottima, ma il campo

di numeri di Mach di gonfiaggio, attorno al nominale, può essere utilizzato

per correggere il downrange, gonfiando prima se lunghi, o dopo se corti (in

termini di downrange).

La fattibilità del controllo è stata dimostrata analizzando gli errori sulla

ricostruzione dello stato basata su misure inerziali. Il controllo deve basarsi su
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misure di downrange ad un valore di velocità fissato. L’efficacia del controllo

è stata dimostrata per perturbazioni notevoli di parametri del modello che

hanno effetto sulla dinamica, come ad esempio la densità atmosferica.

La logica di controllo è stata progettata seguendo il seguente procedi-

mento:

1. Sono stati generati casi di lungo e di corto, e per ognuno è stato

parametrizzato il Mach di gonfiaggio, per poter sfruttare tutto il campo

ammissibile.

2. L’informazione sul Mach di gonfiaggio è stata tradotta in informazione

sulla velocità di gonfiaggio, per evitare le perturbazioni causate da un

modello non perfetto della velocità del suono in atmosfera marziana

VS(h).

3. I dati delle simulazioni sono stati interpolati per trovare la migliore

velocità di gonfiaggio, che minimizza l’errore sul downrange finale.

Per stabilire la correzione, l’errore sul downrange viene misurato alla ve-

locità di decisione, V ∗ = 1100
[
m
s

]
. La logica prevede una relazione lineare

tra tale errore ∆DR∗ e la velocità di gonfiaggio corretta Vinfl,corr, a meno delle

saturazioni imposte dall’usabilità del SIAD [Fig.C.3] . I valori di A e B in

Figure C.3: Interpolante per la correzione del downrange.

[Fig.C.3] dipendono dalla traiettoria di riferimento, e devono essere l’output

del pianificatore di traiettoria.
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Il controllore è stato testato con 1000 simulazioni Monte Carlo, dove,

oltre ai parametri che affezionano la dinamica, è stato perturbato anche lo

stato iniziale. I risultati hanno provato una diminuzione dell’errore di down-

range finale, a spese di una diminuzione media della quota di apertura del

paracadute.

Dal momento che il controllo è un singolo interruttore, la sensibilità a im-

portanti perturbazioni, oltre il punto di decisione, è stata analizzata. Questo

perché una volta che la decisione è presa il controllore non può agire ulterior-

mente. Tale analisi di peggior scenario ha provato che il controllo è robusto

verso importanti perturbazioni in senso contrario di quelle che hanno causato

la decisione, perché la decisione del controllore viene presa sufficientemente

prima al primo istante di gonfiaggio possibile, ma molto vicino, e la pertur-

bazione istantanea di segno opposto agisce solo per la corta rimanente parte

della traiettoria.

Dal momento che la logica cos̀ı scritta può comandare il non gonfiaggio del

SIAD, con relativa grande perdita di quota, è stata analizzata la possibilità

di generare interpolanti diversi per calcolare Vinfl,corr, scegliendo i dati da

interpolare minimizzando il seguente funzionale:

J = a|∆DRf
| − (1− a)hf (C.1)

In questo modo si è verificato che è possibile aggiustare il parametro a per

creare correzioni che mitigano la perdita di quota di apertura del paracadute,

al prezzo di un maggior errore di downrange finale.



List of Acronyms

NASA National Aeronautics and Space Administration

TRL Technology Readiness Level

EDL Entry, Descent and Landing

DGB Disk Gap Band

MSL Mars Science Laboratory

SIAD Supersonic Inflatable Aerodynamic Decelerator

LDSD Low Density Supersonic Decelerators

RS Ring Sail

UCI University of California, Irvine

RCS Reaction Control System

DR Downrange

CR Crossrange

GPOPS General Pseudospectral OPtimal Control Software

POST Program to Optimize Simulated Trajectories

TPS Thermal Protection System

IMU Inertial Measurement Unit

RADAR RAdio Detection And Ranging

TDR Terminal Downrange

CTRL Control

HIAD Hypersonic Inflatable Aerodynamic Decelerator
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