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Motivation

* The general objective of the EDL GNC system is to safely
bring the spacecraft from orbital conditions to rest on the
planet surface following the designed mission profile.

« GNC for a planetary probe present many commonalities,
but also key differences with respect to Earth re-entry.

Objective

« To provide an overview of the GNC design for planetary
entry missions
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GNC EDL Scenarios
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 GNC Planetary Scenarios

— Atmospheric — Airless bodies
» Landing probe (ex: rover) « Minor bodies (ex: NEO)
 Flying probe (ex: aerobot) « Major bodies (ex: Moon)

Titan Atmosphere (Cassini/Hyugens) Mercury (MESSENGER)
Credits: NASA/ESA Credits: NASA
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GNC EDL Phases
L
« Atmospheric EDL

— Exo-Atmospheric Phase

 Orbital flight from last manoeuvre to the Entry
Interface Point (EIP)

— Entry

» Hypersonic to supersonic flight
of the aeroshell

2-stages ExoMars (2007)

10 T
— Descent s
- Flight with an additional braking z, =« s 1 A
device deployed g
— Flight phase PR BRI R i S
» Sustained flight (aerobots) g .,IM
— Landing e
« Final braking for touchdown = s
10° bbbt et e L
Titan Atmosphere (Cassini/Hyugens) S TS Cc;-rot;t;l;g1ié;loc;it;(;n!s;{oz 10°
June 15-16, 2013Credits: NASA/ESA  |nternational Planetary Probe Workshop 10 .

Short Course 2013



GNC EDL Phases

— Descent: Braking
« Main AV

- Landlng Approach
Final horizontal AV
* LS observations
« HDA & landing site

retargetings
— Landing: Terminal

* Final vertical AV
» Soft touchdown

Mercury (MESSENGER)
Credits: NASA
June 15-16, 2013
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* Non-Atmospheric EDL

— Descent: Coasting
« e.g. elliptic orbit with perigee consistent with final landing phases

deimos
| TrO 1 escent g T  anding
(~Coasting | ——Coastng Braking [ Approach — JTErminal
i A A A Py & A F'y
Velocity “t““‘fﬁ Dol PPI HG AG Retargeting LG TG o)
F 3 3

o | oirE—aE D
kmis km "

]

'

'

[

1.67 kmis| 15 km
TOmis 2 km E E - .
1. Absolute navigation based on landmarks
2. Relative visual navigation
0m 3. Hazard detection and avoidance (camera &

0 mis LIDAR based)

Lunar Lander
Credits: ESA

International Planetary Probe Workshop 10
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Propulsion: use of non-
throttleable engines
Combination of fixed
thrust main engines &
pulse modulated assist

@ engines
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GNC Overview
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« (Generic components
— G-N-C
« Actuator management; sensor filtering
— Modes Management (MVM, FM)

GNC System Real World

Feedfoward nominal force/torque Environment

Guidance
Reference
T Commanded Commanded Force/
Objective . I ) pos/ang force/torque Thrust s torque )
Trajectory | Trajectory —»0 p-| Control Assignment - Actuators Dynamics
generation ! control + System Kinematics

Estimated
pos/ang

Estimated state Estimated state

Navigation

Sensors measurements Spacecraft state
Sensors

GNC functions
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GNC Overview
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 Example of EDL GNC sub-system functions

ar sun
! SENSOrS

o 5 Navigation

Navigation

i I ing Image
i | Correction

______________________

Lunar Lander
Credits: ESA

International Planetary Probe Workshop 10
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GUIDANCE
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Altimeter!

Guidance Tasks

« Generate 0o/b trajectory (trajectory generation)

« Tracking of reference trajectory (trajectory control)
» Targeting of final conditions

* Re-planning and re-targeting

« Stabilization (response against traj perturbations)

Guidance means

Longitudinal Control Lateral Reference
° Thrust (rOCketS) Mission /Study Algorithm (Bank Angle ] Replanning
. Modulation) Control Profile
¢ Englne (aerObOtS) MSL (NASA) Entry Terminal | | _te(DRD fy | Crossrange DR(V),D(V) N
. Aerodynamic ang|es Point Controller A)_ NC(BR.DN) | 4 reshold h(V) ©
Azimuth Update of
. . MREP - HP (ESA) MSTS+ % =fnc(D, h, I D) error D(e) Dref wrt DR
Guidance ReqUIrem ents threshold error
* Desired Trajectory Dynamics (o, C) Example of Guidance Methods (Mars Entry)

« Targeting accuracy, Pointing needs
« Simplicity, Robustness, Low consumptions

International Planetary Probe Workshop 10
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NAVIGATION
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Navigation Tasks
 Estimate state

Navigation means

 Sensors
— Inertial (IMU: Accelerometer, Gyro)
— Relative (Radar, Camera, Doppler, Sun...)
— Hybrid solutions

Navigation Requirements
 Accuracy
 Autonomy

« Initialization
 Redundancy

Hybernation (Exomars: ~10h,
MREP - SL: ~10 days)
and IMU initialization before Entry

June 15-16, 2013

Relative Navigation

Concept
RA only navigation
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Advantages Disadvantages
- Simple - Coarse
accuracies

RA plus inertial

- Improved accuracy - Subject to inertial

navigation with respect to RDA attitude navigation
only performances
Vision based - Provides position, - Complex
illumination
ground

conditions required
- High performance
estimation of lateral
velocity wrt to ground

RA +inertial + VBN

Robust, high accuracy | Complex

Example of Relative Navigation Trade-offs
(Mars Descent) MREP — SL (ESA)

A
.!\q

foA
o~

s

One Sun sensor issuffident to execute the
pro cedure. For redundancy reasons two ones
could be integrated on op positesides

Nutation-Free
attltude

GNC _Body
Reference Frame

Credits: TASI

International Planetary Probe Workshop 10
Short Course 2013
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Control Tasks

« Tracking of guidance commands

« Stabilization (response against perturbations like turbulence)
« Actuator management and commanding

* Failure tolerance

Control means
« RCS
« Main engines (pulseable, throtable, etc)

Guidance

PERIGEO, Credits: SCR
AERNNOVA, DEIMOS

IXV Re-entry control
architecture

deimos
. f [
/ N\
3 -
L g
2 < | | e = >,
% T, okt STE
( | 7 e
' ‘
_ e \\ .
€ :

BWB configuration for Titan UAV

A 4

Control

Y

(@ Dems | Feed Forward
(CON.1) l

(@ Doy

« Active aerodynamic surfaces

Feedback
(CON.2)

J
computation
(CON.3)

Control Requirements

« Actuators limits (deflection, rates) and
max thrust

llocation

FPCS

(CON.5)

RCS

« Desired Trajectory and attitude Dynamics (on, C) |

* Robustness (MCI, AEDB, Atm, Actuation, etc)

International Planetary Probe Workshop 10

June 15-16, 2013 Short Course 2013

ion [«

IMU




elecnor

MODES

Tasks
« Events detection
* Events triggering

 Modes Management (MVM)
* Failure modes management

(HMS)
Means
e Sensors

Requirements
 Accuracy
 Autonomy

June 15-16, 2013

10 :
9 . trajectory
5 ; & 1st measure
5 7 : 2 2nd measure ||
5 . & Parachute trigger
5 6 L L | SRR |
= H
- & L L |
= i
a4 ! -
s | DESCENT
[ 1
2 e e RRREL - SLLLEhEEEELhl SEbbt th S bbbt
1 e SN . NP 5 -------------------- .
0 |
0 50 100 150 200 250 300

Time (s)

Example of load-factor-based algorithm to trigger a parachute opening

Airbag

Inflation

Altitude RAD start

Vertical V RAD firing Bridle cut

Horizontal V
B TIRS firing
Backshell

Pitch

Example of sensors, measured state and events triggering
Mars, powered descent sequence MREP — SL (ESA)
MER-like (RAD+TIRS)

International Planetary Probe Workshop 10
Short Course 2013
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EDL Phase

GNC needs

GNC Means

Guidance

Navigation

Control

Exo-atmospheric

Attitude Stabilisation
Attitude Control
State Determination

Delta V commanding
and pointing

Inertial Navigation

Spin
3-axis control

Guidance . o
Attitude Trackin Relative Navigation Weathercock effect
itu i
) - g i Guidance Controller based on other s/c Spin
Entry Attitude Stabilisation Roll control
Events detection i
o 3-axis Control
State Determination
Guidance
Wind / Lateral velocity compensation ) Controlled Parachute
Descent , Guided Parachute )
Events detection Lateral velocity control
State Determination ] o
Inertial Navigation
Hazard Avoidance Relative Navigation
Pinpoint targeting Landing Pilotin based on r_elative
Retargeting Functic?n g sensors (Lidar, radar
, . Doppler, altimeter,
Landing Impact velocity control (vertical & Target guidance camera...) 3-axis control

horizontal)

Angular rates control
Events detection
State Determination

g-turn
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EDL GNC drivers
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* Needs for GNC depends on the mission
requirements: from fully ballistic to fully guided and
controlled probes.

— Keep it simple but safe: add complexity only if needed

« GNC specific requirements for planetary probes
— Target body: Titan, Mars, Venus, Jupiter, asteroids, Moon..
— Environment knowledge
— Vehicle: capsule, lifting body, aerobot
— Entry strategy: ballistic, controlled...
— Autonomy

International Planetary Probe Workshop 10

June 15-16, 2013 Short Course 2013
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Target body
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« Nol/tiny atmosphere: asteroids, Moon, Europa .,
— No “free” deceleration ® ~1/7
— Lower trajectory and attitude disturbances
— Easier safe modes

Altitude AGL (km
)
a

« Low density: Mars
— Limited “flyability” 1 TN
0135 01355 0.136 0.1365 raeit‘lyagatio 01375 0.138 0.1385 0.139
— Breaking as main EDL task o 'ﬁtantogEarth Density Ratio
 High density: Titan, Venus
— Enables sustained flight missions (endurance) :Z

Altitude AGL (km
L]
o

density ratio

Titan / Earth Environment (gravity, density)

Titan Balloon Concept
Credits: NASA/JPL, Caltech

June 15-16, 2013

International Planetary Probe Workshop 10
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Environment

Limited Knowledge drives robustness requirement
— Atmosphere
— Terrain
Mitigation:
— Remote sensing (atmosphere & terrain)
— Hazard Detection and Avoidance (landing)

e TA'-A »"‘*‘m\ > RN BIR
Viking Blg Joe boulder and surface changes Wlth time
Credits: NASA

Percentile
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' '\I—:~o.75:ee EI:WCD calls |

10 15 20 25 30

wind module close to the ground [m/s]

Mars Winds close to ground
(post-process of EMCD calls)

HDA (Lunar Lander, ESA)

Credits: ESA
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« Atmospheric: shape is relevant for GNC
— Capsules (limited authority)
* Ballistic (L/D=0) Direct Entryw/ 6 = 200 kg/m? &
° Llftlng (lOW L/D) Alt.(km MOLA) I‘ncreasingilift—to—drag

30 | :

| \

— Lifting bodies | ‘\ \

. 25 Mach 1 Mach 2 Mach 3 \1 ‘.:

— Aerobots (balloons, airplanes) | \ |

. \ L \ ‘-
— Parachutes and parafoils 0r | | | A ke
\ | > \;9:200kg/m“ Terminal \‘

- Non-atmospheric 15 | prem
— Landing modules ol
— — | 5
j i -

l
154

1400

= 8 200 400 600 800 1000 1200

| v
| el. (m/fs)
L e | ‘ ) . | Impact of L/D on Mars Entry and Descent

Credits: R.D. Braun, R.M. Manning
Intermediate eXperimental Vehicle (IXV, ESA)
Lifting body GNC Technology Demonstrator (Earth)

Credits: ESA International Planetary Probe Workshop 10

June 15-16, 2013 Short Course 2013
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ATM Entry Strategy
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« Controlled or ballistic: accuracy, complexity and robustness trade-off

« Release strategy drives GNC requirement during coasting phase.
(ex: hybernation)

&
[

. . 150 --mpoemeeeoe R e poeeeenee oy Y corridor
— Release from Elliptic | —ec8m
. . _thax
— Hyperbolic arrival — Yo
_mmax
m— | ifting Traject.
REF Radius: 3402.7 km. Contour dispersien:012% | ammammy
T T T T T T T N’;‘ 100— L L R W
0.3 E
c
= 02 S
3 5
Y g
:.; 0.1 3
= ©
: :
E S 50-
[T
2 041
k1l
5
o
E
[T
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i I i i
2500 3000 3500 4000 4500

Co-rotating velocity (m/s)

i i i
1000 1500 2000

b
9.9 10 10.1 10.2 10.3 10.4 10.5
Final Planetocentric longitude (deg)

Accuracy at end of Controlled Entry, Mars L _ o N
MREP — HP Entry corridor: drag acceleration for ballistic or lifting entry (Mars)

International Planetary Probe Workshop 10
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Autonomy
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« Large distances does not allow remote commanding in the vicinity of
the target body
« After last TCM, GNC must be autonomous

— Reflected in the modes management (MVM) and the failure
management (FDIR)

— 0/b processing
— o/b sensors
— Target mapping
— Robustness

FIRE TIRS!

— Mapping and
Characterisation

MER DIMES: Opportunity (left) — Spirit (right)
Used by GNC in combination with other sensors (IMU, RA)
to take the correct decision on firing TIRS

Credits: NASA

International Planetary Probe Workshop 10

June 15-16, 2013 Short Course 2013
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System Aspects
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* GNC closely relates with Mission and System
— Mission
« Provides “flyability” of the proposed mission scenario
— System
« Mass, volume, power and fuel budgets

« Control surfaces deflection ranges (not so common...)
« Thrust authority and budget

— Avionics
« Data (DHU) and CPU budget
— Cost

International Planetary Probe Workshop 10

June 15-16, 2013 Short Course 2013
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GNC
ARCHITECTURE
SOLUTIONS
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ARCHITECTURE
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 Avionics &
hardware

* Actuators

e Sensors

- OBC
 Power

« Data exchange

June 15-16, 2013

— o

(28V/120 Vicurent imtedipulsed)
MILBUS 1553 PYRO
High Prionty Command - Low Pewer
:&’cﬁ”"" Command - High Power e %
Bi-level (swich moror) i xt >
a5 -« s o
LoChNg bl
valves
Flow control w I
Separation
el e e 322070
m RCS -
PPDU FOV comms. | 100 H,
3
P'cs RBrake +
Sy
T y - IMU data {100 Hz
AR « Latching valve come, - rpcs <on!mmdo {zo )
= Mﬁ:«M - Latching valve comma.
- - Pyro commands
o he Al iMu
- Brabe corrums. fire
Q N - Brake comms.
IMUData [100 Hz)
FOCS cammands |20 H2]
1553 MIL BUS

Overview of IXV Avionics Hardware and Interfaces
Credits: ESA, TAS, Alenia SIA

International Planetary Probe Workshop 10
Short Course 2013
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« ESA MREP-SL: Small Mars Landers (Network of 3)

EDL Elements Sensors Actuators
Sub-element Units _ Value
Aeroshell 702 sphere-cone Sun Sensor Coasting Nominal thrust, one rocket N 2200
Entry Ballistic (no guidance needed) Radar Altimeter Descent & Landing Number of thrusters 3
Descent 1 stage (DGB) IMU All Specific impulse S 270
Retro-rockets Solid (Vertical & Horizontal) Vision Based Navigation [ Descent Total impulse Ns 10120
Lowering Yes, from backshell Rockets burnout s 4.6
Landing Non vented airbags RAD Fuel mass rate Ke/s |0.83083
Entry Descent A Descent B Airbag inflation Free fall Case diameter il 0.12
Case length m 0.50
Canted noozle deg 17
Off-vertical angle (mounting) | deg 28
Nominal Thrust, one rocket N 800
Number of thrusters 3
Specific impulse S 270
= Total impulse Ns 400
TIRS | Rockets burnout S 0.5
_ Fuel mass rate Kg/s |0.30203
MER-Like Sequence Case diameter m 0.07
EIP Mass = 340 kg Case length m 0.12
P/L Mass = 130 kg Off-vertical angle (mounting) | deg 90
FS Release RA Lowering Powered Descent Touchdown

Landing Accuracy not a main concern!
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« ESA MREP-SL: Controlled versus uncontrolled descent under
paraCh utes - Powered descent phase objective: reduce the lander speed

Credits: NASA/JPL

June 15-16, 2013

from parachute terminal velocity to impact velocities sustainable
by the landing system (i.e. non vented airbags).

Vertical and Horizontal impact velocity components:

« Vertical impact V: parachute terminal velocity + free fall

« Horizontal impact V: is the result of several contributors:
« sustained winds: act drifting parachute and payload

« wind gusts: act changing the attitude of the backshell.
Vertical retrorockets (if present) can introduce a lateral AV
to the lander (if the backshell is not aligned with the local

o vertical).

& < relative motion of the payload under the backshell (at
bridle distance)

* non-verticalized trajectories (shallow trajectories)
« Terrain slope

Vertical and Horizontal V can be reduced by retrorockets.
MER implemented solid retro-rockets, so there was no throttle
control. All depended on the sequence of events: smart triggerings
had to be carefully tuned to achieve satisfactory performances.

, 1 Liquid retrorockets add flexibility but also complexity.
RAD & TIRS thrusters, bottom view
International Planetary Probe Workshop 10

Short Course 2013 5
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« ESA MREP: High Precision Mars Lander ‘
Guided Entry Module
“— back-shell
EDL Elements Sensors
DropShip —_
Sub-system Type Sub-system Phases =
Aeroshell 702 sphere-cone Sun Sensor Coasting
Entry Guided (L/D 0.2-0.25) Radar Altimeter Descent & Landing
Descent 1 stage (DGB) IMU All %_Sample —
Yes, from DropShip (after a Vision Based Navigation | Descent
Lowering free-fall phase) \
Retro-rockets Liquid (Vertical & Horizontal) Guided Entry Module EIP Mass = 1200 kg
Landing Soft touchdown (rover wheels) - front shield P/L Mass = 100 kg
. . . Reference 0A - E profile
Landing Accuracy is a main concern! Trajectory SEpons

System elements

Guidance is critical: so far, only MSL implemented it Credits: ASTRIUM

for planetary entry probes

Estimated state Trajectory Updated D-E profile

Miss-range error at chute Altitude error at parachute e
Dispersion taken deployment (km) Iudeploymentp(km) :
into account downrange crossrange Ectimated state_ | Reference state Reference state
mean | sigma | mean | sigma | mean |sigma| min | max :l computation | (/D)
EIP + MCI 2.15|0.89 | 0.76 | 0.93 |-0.38| 0.31 |-0.62| 0.85
Atmosphere 2.19 | 0.74 | 0.67 | 0.80 |-0.42| 0.91 |-2.27| 2.01 <
avigation Estimated state Trajec_tory

Winds 2131113 |0.40 | 157 |-0.37|0.17 |-0.57| 0.55 oo 7] tracking
Aerodynamics 2.04 | 0.28 | 0.30 | 0.69 |-0.38| 0.37 |-0.86| 1.07 \ 4

Estimated state_ (~
All dispersions | 2.27 | 1.61 | 1.03 | 1.58 |-0.31| 0.92 |-2.35| 2.08 : _ _ o oem | T command
Guidance Functional Architecture

MSTS+ Entry Guidance performances

<10 km range) International Planetary Probe Workshop 10

June 15-16, 201 Short Course 2013
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« Exomars: g-turn Landing Guidance (retros phase)

« Simple but robust landing
guidance solution .
 Tis opposite to V

* Act on the Thrust/Weight o
— Variable T/W m _—
— Fixed T/W A

MC WARM

——MC COLD112 |

— MC WARM :

Time (s)
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* Lunar lander: Hazard mapping & detection
— Provides robustness to unknown terrain R
— Allows for autonomous landing site changes
— Facilitates safe landing

Choice of a target

Lateral maneuvering

Possible retargeting

s Landing

Camera lmage

Shadow Map

LIDAR Image

Lunar Lander
Credits: Deimos Engenharia

International Planetary Probe Workshop 10
June 15-16, 2013 Short Course 2013
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SENSORS AND ACTUATORS
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Sensors
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* Pre-entry sensors (carrier/orbiter excluded)

— Accelerometers
» Rough Trajectory State Estimation

— Gyroscopes

* Rough Attitude State estimation
— Star / Sun sensor NPAL WAC

« Accurate Attitude State estimation credis:Astiium, Galeo Avionica
— Cameras

» Optical Navigation (landmarks, celestial bodies)
— 2-way range & Doppler

» Navigation with respect to an Orbiter (accurate)
— Timers

» Event detection and triggering Credit“jgsws

International Planetary Probe Workshop 10

June 15-16, 2013 Short Course 2013
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Sensors
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 EDL sensors (beyond pre-Entry)
— IMU is the “minimum”

— Large dynamic range: velocity, altitude and illumination

— Calibration is necessary for accurate performance (IMU,
Camera)

ATMOSDNE DN ATMOSDO

Entry Descent Landing Descent Landing

IMU (acc & gyros)
Camera

3D LIDAR

Range sensor
FADS
Star-Tracker

International Planetary Probe Workshop 10
June 15-16, 2013 Short Course 2013 o
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« Aerodynamic Surfaces

* Rockets
— Solid
— Liquid
* Monopropellant
» Bi-propellant

« Engine

Titan: Aviatr IXV

Credits: W. Barnes

7.7 kKN Solid Thruster 400N Hydrazine Thruster  Lunar Lander Terminal Descent
(STAR 8) Credits: Astrium Credits: ESA

Credits: ATK  International Planetary Probe Workshop 10

32
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« Guidance, Navigation and Control is an integral part of
the EDL concept and solution

» Planetary Entry GNC solutions are characterized by high
levels of autonomy.

* Need for GNC is driven by the Robustness-Complexity-
Performance trade-off

« Strong heritage from Earth lessons learned.

« GNC complexity iIncreases as far as the EDL
environment is better known

* Increased autonomy and performance will require
iInclusion of FDIR function.

International Planetary Probe Workshop 10

June 15-16, 2013 Short Course 2013
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Thank you!

International Planetary Probe Workshop 10
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