PETBOX: FLIGHT QUALIFIED TOOLS
FOR ATMOSPHERIC FLIGHT

Davide Bonetti, Cristina Parigini, Gabriele De Zaiacomo,
Irene Pontijas Fuentes, Gonzalo Blanco Arnao, David Riley,
Mariano Sanchez Nogales (speaker)

DEIMOS Space S.L.U., Flight Systems Business Unit
Atmospheric Flight Competence Center

6t International Conference on Astrodynamics Tools and Techniques

Elecnor Deimos is a trademark which encompasses Elecnor Group companies that deal with Technology and Information Systems:

DMS-CMS-SUPSC03-PRE-15-E © DEIMOS Space S.L.U.

1



|
elecnor

deimos

/’— \ e

Introduction and presentation objectives

MOTIVATION

« The Planetary Entry Toolbox (PETbox) is a set of multiple SW modules
developed by DEIMOS Space S.L.U. to support Mission Engineering and
Flight Mechanics in the area of Atmospheric Flight.

« PETbox has been intensively and successfully used in multiple ESA
projects, EU projects, and private initiatives covering a very wide
range of vehicles (launchers, lifting bodies, capsules, UAVs, winged
bodies, hypersonic transport vehicles, space debris...) in multiple
environments (Earth, Mars, Titan) and in multiple flight phases (launch,
coasting, entry, descent, landing, sustained flight).

« Practical examples of use and key applications in multiple projects are
presented with special emphasis on the use of PETbox in the current
ExoMars program (2016 and 2018 missions) and in the recent
Intermediate eXperimental Vehicle (IXV) that successfully flew on
February 11th, 2015.
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Selected DEIMOS Space S.L.U. projects o
in the area of Atmospheric Flight elecr!e?ﬂors
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PETbox applications examples, selected projects:

(J EXOMARS: 2016 and 2018 scenarios, Coasting, Entry, Descent and
Landing design and analysis in support to system prime TAS-I (ESA
contract)

(1 MREP: Design of EDL and GNC for a network of Small Mars Landers.
(ESA prime contract)

[ IXV: End to end (launch to splashdown) Mission Analysis in support to
system prime TAS-I (ESA contract).

(] D4D: Design for Demise. Identification and analysis of a set of S/C
design techniques to reduce the re-entry debris casualty risk. (ESA
prime contract)

(d HYPMOCES: Hypersonic Morphing for a Cabin Escape System. Project
coordinator with responsibility on Mission Analysis and GNC. (EU
commission, FP7 contract)

(1 PERIGEO: Project coordinator. Multidisciplinary Design Optimization
(MDO) and flight tests on Earth of UAVs designed for the exploratlon of
Titan. (CDTI, Spain contract Be
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MISSION ENGINEERING

SHAPE DESIGN
CONFIGURATION DESIGN
SYSTEM SPECIFICATIONS

Atmospheric Flight: Mission Engineering Areas

VEHICLE DESIGN

DATABASE CREATION
DATABASE INSPECTION
DATABASE ANALYSIS

AEROTHERMODYNAMICS

TRIM
STABILITY, CONTROLLABILITY
GNC SPECIFICATICNS

FLYING QUALITIES

DESIGN
PROTOTYPES
FUNCTIONAL VERIFICATION

GUIDANCE

MODELLING
ENDTO END SIMULATIONS
OPTIMIZATION
ANALYSIS
FLIGHT PREDICTIONS

Planetary Entry

TRAJECTORIES

Toolbox (PETbox)

PERFORMANCE & MARGINS V.
SPECIFICATIONS FCR SYS&S/S
CORRELATION ANALYSIS

SIZING CONDITIONS

FIXED/MOBILE GS
GPS
BETWEEN SPACECRAFTS

VISIBILITY

FOOTPRINT
DEBRIS SURVIVAB. AND RISK
S/C SEPARATION

SAFETY

TRAJECTORY RECONSTRUCTION
DATA FUSION

POST FLIGHT ANALYSIS
ANALYSIS
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User

X Analysis modes
Nominal
(ptimizer
WC / Grid
Covariance
Monte Carlo
X Postpro Tools

Modularity User configurablel/O SVN repository

Common functions and Reliabilityand .
. y XML interface

models library reusability
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Exo-atmospheric Design & Analysis:
1 Simulation of 3DOF/6DOF trajectories (orbital coasting phase)
[ Design of De-orbiting phase and EIP targeting

Trajectory Simulation Core

Endo-atmospheric Open Loop Design & Analysis:
1 Simulation of 3DOF/6DOF trajectories
O Entry, descent, approach and landing phases
1 Main application: re-entry vehicles
Endo-atmospheric Closed Loop Analysis & Design:
1 Ascent, Entry, Descent, Approach and Landing phases
J Guided Re-entry Approach for generating entry trajectories
1 Simulation of 3DOF controlled entry trajectories
 Test bench for 6DOF GNC analysis

EndoSim can be used in any of the PETbox analysis modes:
1 Nominal, Optimizer, WC/grid, Covariance, Monte Carlo
Common core simulation module for multiple analysis:
 Statistics, Sizing Conditions, Safety, Visibility, Debris...

= (e
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ATMOSPHERIC FLIGHT
MISSION ENGINEERING

SHAPE DESIGN
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SYSTEM SPECIFICATIONS

VEHICLE DESIGN
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Selected examples of use of
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VEHICLE DESIGN Examples:
« EDL/GNC Design of Small Mars Landers (ESA)

* Hypersonic Morphing for a Cabin Escape System (EU)

SLEDLGNC, Mars . UAV for Titan Exploration (PERIGEO, CDTI)

(MER-like)
Q
04 HYPMOCES, Earth
0.3
0.2
0.1 ‘

0
0.1 =

RAD & TIRS thrusters, bottom view
02 s Capsule OML
03 m——— Payload
—— Airbag T2
Rl IR NI/ A p— Parachute L
-0.5 RCS /
-1
Capsule internal volume
0.4 -0.2 0 05
i Sy A PERIGEO, Titan
15
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VEHICLE DESIGN Examples:
+ EDL/GNC Design of Small Mars Landers (ESA)

* Hypersonic Morphing for a Cabin Escape System (EU)
UAV for Titan Exploration (PERIGEO, CDTI)
IXV Centre of Gravity Specification (ESA)

IXV, Feasible Domain
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DATABASE CREATION

AEROTHERMODYNAMICS Examples:

+  Spaceliner Hypersonic CFD (FAST20XX, EU)
« ATDB for HYPMOCES (EU)

+ Nose
« Inflatables
* Rudders

* Flaps

am: 0 2 4 6 8 101214161820

HYPMOCES
Flaps - pDL2 trajectory
L=Ts[o = ICCETTEEEN Flaps - DL2 trajectory T T
Nose - pDL2 trajectory : :
so0H ———— Mose - DL2 trajectory
Inflatables - pDL2 trajectory
700 ==== Inflatables - DL2 trajectory
Rudder - pDL2 trajectory
Rudder - DL2 trajectory
e 00 e Stagnation Paint, DKR
= - == Heat Flux at morphing
FAST20XX g 00T 7
Spaceliner & 400 ; R R e P
T

W
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AEROTHERMODYNAMICS Examples:
. Spaceliner Hypersonic CFD (FAST20XX, EU)

« ATDB for HYPMOCES (EU)

HYPMOCES « Hypersonic Database and Real-Time Aerodynamics (HYDRA,
cp distributions: HYPMOCES / APOLLO/ Envisat)
Flaps=+15° S
AOA=35°
Mach=10

Rarefied flow

APOLLO

AOA=20°
Mach =20

'4’.; o, \ < |
ENVISAT \
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[ DATABASECREATION | .
AEROTHERMODYNAMICS Examples:
S 53 753 Spaceliner Hypersonic CFD (FAST20XX, EU)

AEROTHERMODYNAMICS (2/9)

« ATDB for HYPMOCES (EU)
« Hypersonic Database and Real-Time Aerodynamics (HYDRA,
cp distributions: HYPMOCES / APOLLO/ Envisat)

« Hypersonic Aerothermodynamics Database Estimation
(HADES: qgdot distribution on Blunted Bodies / IXV / Debris,
Internal/ESA)

‘H __—// Transitional region

BLUNTED BODIES

IXV

DEBRIS
(PRIMITIVE SHAPEYS)

12
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TRIM
FLYING QUALITIES Examples:
Flying Qualities Analysis Tool (ESA)

« ExoMars2016 Descent Module Long. Stability (ESA)
Analyst « IXV Entry Corridor Analysis (trim, stability,
‘ controllability) for the Trim Line design flown by the

vehicle (ESA)

hicle AEDB . e
(Fiying Qualites
Analysis
) Vehicle FQs
Framework - % GNC Guidelines IXV
Supersonic AoA Entry Corridor, MCI-2, AEDB 5.1.4 with k222 extrapolation, 99%ile with 90% CI, 3 Axes Trim
65 T T T
Flight data J & ——C,pdyn=0[deg"]]
7 o
g? -~ —_ —LCDP=0[deg]
‘ 60 F ——SM =0 [Lref]
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GUIDANCE Examples:
EISEVNEEENEE . XV entry guidance design and prototyping
« Skip entry guidance for exploration missions return

IXV guidance prototyping capsule (CSTS, CSTE, BLAST)
CSTE Moon return targeting and direct/skip
Ground I o - Altitude vs downrange to go, Range = 7800 km entry gUIdan Ce

) 140 ! :
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BLAST

DESIGN
PROTOTYPES
FUNCTIONAL VERIFICATION

ASCENT + ORBITAL ARC + KICK STAGE + ENTRY (nominal FPA)

ﬂ]D_ """""" [ 2
' ! ' AVUM CUT QFF

—

Examples:

« IXV entry guidance design and prototyping
« Skip entry guidance for exploration missions return
capsule (CSTS, CSTE, BLAST)
« Guidance prototyping for several scenarios/phases:
« Exo-atmospheric TVC (BLAST)

« Earth, entry guidance for capsules, lifting bodies,
space planes (ARV, BLAST, IXV, HILIFT, FAST20XX)
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« Mars entry guidance for precise landing (HPEDLGNC)

AOA - E profile
D-E profile
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Trajectory
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Examples.

TRAJECTORIES - IXV E2E (Launch to Splashdown) simulations (ESA)
e

TRAJECTORIES (5/9)

3DoF/ 6DoF modelling capability
with closed loop GNC

Example of trajectory optimization of the
VEGA launcher with SGRA

| | | | | | |
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I I====-=-"= r==-=--- T-~—~—- 'I'__‘?'__—| ______ ==-=-=-=-- r==-=-==7
| | | | | F | | |
| | | | | rd | | |
1 1 1 1 [ 1 1 1
6F-----1-----q------ ------ :“-“‘:-“"‘/}%' ------ i ——EsaA Benchmark | - - -
IXV 0 | | | | e | A a0 start
E 1 1 : 1 1 /_/ 1 1 v P&0 cut-off
= 5p---- 7T nininiiiale T i V7 rininiaiie 1 A zz3ignon [T
2 ! ! ! ! ;/ ! ' | v Z23 cutoff
o | | | . A [ t| A Z9ignition
La4r----- 7T 1Tt T - Sl ey QO Fairing release |~ ]
g | | | ! ! ! '| 7 Z9 cutoff
‘. Lo L DA L [ [ o A AvUMigniion ||
< | | | | | 1l v AVUM cutorf
8 : | I | | ! ! | ——PB0 SGRA
| — R R g TZ23SGRA L]
I I I I I | | —coasting SGRA
¥ / : : : : : : : —Z9 SGRA
Credits: ESA e b CanE EEELEE - R St REEECEEEEEEE || —coasting SGRA | _ __
| | | | | | | AVUM SGRA
Nl NS N I NN NN S R
[§] 50 100 150 200 250 300 350 400 450 500
Time (s)
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Examples.
TRAJECTORIES OPmLZ\f‘;‘SON « IXV E2E (Launch to Splashdown) simulations (ESA)
e FLGHT PREDICTIONS, ] « ExoMars 2016 Coasting & EDL trajectory (ESA)

EDM/ TGO SEP.

TRAJECTORIES (5/9)

10° -
10" b B R b L e L R RIS SRR NI FR S AR
EXOMARS 2016 EDL : . COASTING
10}
=
2 . SuRE
19/0ct/2016 3 .| YA R
& 10 | . DESCENT: i
o RN : i : HENEE ;
8 POWERED DESCENT | : DM ECR LPO
© L : - || == DM ECR LPC
SR R M e e e : Separation
= EIP

Drogue Deployment|
Frontshield Jettison |-
Parachute Cut I
Retro Ignition
Free Fall

Touchdown s
il L |

10 10

FREEFALL
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T I S
10' 10°
Co-rotating velocity (m/s)

(+)
Meridiani Planum:

Google earth
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TRAJECTORIES (5/9)

TRAJECTORIES

—

)
ENDTO END SIMULATIONS Examp/eS.
.

ANALYSIS
FLIGHT PREDICTIONS °
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IXV E2E (Launch to Splashdown) simulations (ESA)
ExoMars 2016 Coasting & EDL trajectory (ESA)

« IXV Trajectory Optimization in the Entry Corridor and
path constraints (Passive to active TPS oxidation)

analysis (ESA)

Caorridor
Ceiling Limit

Passive/Active Oxidation
i | = Maximum Heat Flux at Nose
— Maximum Heat Flux at Flap

drag acceleration (mfsQJ

— q, at DRS
——— QA ORS

— Trajectory Final

_| == === Trajectory PDR

------------------------

--------------

DMS-CMS-SUPSCO03-PRE-15-E
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TRAJECTORIES (5/9)
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ENDTO END SIMULATIONS Examp/eS.

- IXV E2E (Launch to Splashdown) simulations (ESA)

. .
« ExoMars 2016 Coasting & EDL trajectory (ESA)

« IXV Trajectory Optimization in the Entry Corridor and

Sy path constraints (Passive to active TPS oxidation)
AN analysis (ESA)
ST « IXV flight predictions (ESA)
of .
3215 ,,::‘\\Sp\_asl‘l;iﬂw?"-""\"'\‘ o Mammgqer J =
T o ~T [elecngg e " |
Latitude (deg) 3265 e 2 181 12a0e 12306 & ) i
e Longitude (deg) IXV
25- ) :
— MC cases - i
Predicted Trajectory 3 % a0 om0 n":':;m 0 Em o0
» IXVEIP 20 =0-
2l ® IXVDRStriggering |..... m;
31.5— =
2 S
$
s= 1%
05k H
2 & 0|
IXV, 6DOF Visualization
% 200 400 600 800 1000 1200 1400

Time from IXV EIP (s)
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PERFORMANCE & MARGINS V.

SIZING CONDITIONS Examples:
« IXV parachute deployment & Landing Accuracy (ESA)

SIZING CONDITIONS (6/9)

5000

4500

— 4000
o i
% IXV, Position Accuracy
g 3500 REF Radius: 6378.1 km. Contour dispersion: 0.00%
o 35 T T T T T T T
g - : : : : *  DRS triggering (1000 Shots)
< 3000 RS ST O T L LT Main deployment |
346 : 5 : ; : Splashdown
. 34 S S SR -
2500 g
§ 335 e e e T i R e -
2000 ' ' ' : 3
']3 135 ']4 145 ']5 155 16 165 ']_l( % CRCH =EETERRRRRR UPRRRRRRRRE AR R | R S Y PR —
hlach (s) :'é
c_Eu 325 . -
-
. e RS SO e S e S i
IXV, Mach vs Dynamic Pressure box 3.2 : : ; : :
315 T T S -
31 :
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Final Planetocentric longitude (deg)
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SIZING CONDITIONS (6/9)

.
SIZING CONDITIONS Examples:

« IXV parachute deployment & Landing Accuracy (ESA)
+ LEC (Exomars2018) / GEC (MarsNEXT) (ESA)

Local Entry Corridor (LEC), EXOMARS 2018

Local Entry
Corridor (LEC)
2D

FPA, Ballistic Coeff.
FPA, Bank

Local Entry Dedicated
Corridor (LEC) wrapper function

Local Entry
Corridor (LEC)

EDLS/GNC Sizing
and Analysis Tool
(ESAT)

Boundary conditions Any variable input

Global Entry
Corridor (GEC)

N
F’.‘ Baseline 2018, LS = 135° Mass = 140Kg fpacorridor [deg]
g_ | Prediction ( nt is e, Black = 2, Pink = MOLAJ), DeltaM 5
: e : : B » y
; : : a: : : : = : ) <
5 5 5 g s s : g ; - A
05 1 1 1 w | I I 1 @ 1 g
15 -14.5 -14 -135 -13 -12.5 -12 -11.5 -1 -10.5 -
Co-rotating flight path angle (deg) ,g,
K
5
maxinflationforce [ max inflation force (WC) Global Ent ry : 1
max load factor at full !nﬂal!on (DGVB) ---------- max inflation force (main parachute) (WC) . q2 050 75 5
max :oag :agor at full inflation (main) max inflation force (main parachute) Corridor Longitude [deg] nscarndr (]
max load factor min mach at drogue deployment " . . = P 5
max pitch at reference altitude max dynamic pressure deployment (G EC) a0 Nominal Prediction (Eastern Hemisphere, Black = 2, Pink -L]' Delta M 4
max total heat flux landing accuracy =
max to?al heat load max mach at drogue deployment M ars N EXT / ’
min aftitude at FSJ max total heat load 2 ¥
---------- min altitude deployment entry corridor § 1
3 :
: F o -1
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SIZING CONDITIONS

Dispersed inputs (sorted by relative weight)

SIZING CONDITIONS (6/9)

elecnor

deimos

PERFORMANCE & MARGINS V.
SPECIFICATIONS FOR SYS&S/S
CORRELATION ANALYSIS

de: Minimun number of dispersed inputs = 6/39 (total relative weight = 99%)

UFCM ©-

xcog
MCI_KFUEL_phD_MA

—

UFCMDE

Major-tH

eftainties:

zcog

MCI_Ks_7_phD_MA

UFCLLO

ycog
UFCLLB

MCI_KTPS_DRS_phD_MA

UFCLNO

UFCYRAR

UFCLLRAR

UFCMRAR
UFCNRAR

UFCLNDA

IXZ_McCin

YY_MCi

mass

MCI_Ks_5_phD_MA

MCI_Ks_6_phD_MA
UFCLNB

MCI_Ks_1_phD_MA

ftimorum

ertainties

IXX_MCI1

UFCN

1ZZ_mci

MCI_Ks_2_phD_MA
UFCA

drag

MCI_Ks_3_phD_MA

UFCYDA

IXY_McCi

UFCLLDA
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UFCLNRAR

UFCYB

MCI_Ks_4_phD_MA

UFCARAR

60

65

70

Average (on Mach) variability covered (% of cumulative relative weight)
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Examples:

« IXV parachute deployment & Landing Accuracy (ESA)
+ LEC (Exomars2018) / GEC (MarsNEXT) (ESA)

* Correlation Analysis (Worst Cases for IXV GNC) (ESA)

/

IXV, elevators deflection WCs
identification and GNC verification

i [—aNcop :
|| ——oo5%me, CL=0.1|
{|=——Mean,CL=01 |}
§ | 0.5%lke,CL=01 |

Elevon effective deflection {deg)

M2 14 16 18 2 22 24 28 28 3 32
NAV Mach numbar
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Number of visible GPS satellites

VISIBILITY (7/9)

VISIBILITY

FIXED/MOBILEGS
BETWEEN SPACECRAFTS .

Examples:
Geometric visibility of IXV: Ground Stations and GPS (ESA)
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Credits: TAS-I GPS antenna ) - — } N .
NOMD?2 Trajectory. BLUE: Cross polarization, GREEN: Visibility Interval (Elevation > 0), BLACK: Visibility Interval (Elevation > § deg)
TM antenna i ; i i i [ ; i i
RS26N !
TM antenna
TAR
=
=4
=
® maL
TM antenng LB ; 5
TM antenna i i i i i | | i | i
1000 1500 2000 2500 3000 3500 4000 4500 5000 5500 6000
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16 1 .
15 ] I : ! /
1
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I X N
11 “"\'I i —l | i.'$ \‘
10
9 “MN:\‘““"“ { { ) ‘!
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7
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SAFETY (8/9)
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FOOTPRINT
DEBRIS SURVIVAB. AND RISK
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Starbuck
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Examples:
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Altitude at demise (km)
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SAFETY (8/9) elecnor
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SAFETY Examples.
« IXV safety footprint analysis (ESA)

2000 - « Debris survivability and risk analysis (D4D/DRAMA, ESA)

TIAIBVAL
1800 t==ron ._._.15,

Magnetic Torquer
Tank

Launcher Interface
Antenna Hom Assembly |
Power '

1600

1400 -
%3
g 1200 PETbox-embedded Object Oriented Tool: DEBRIS
o . . g - -
2 1000 (Debris survivability and risk analysis)
P
800 -
H H H ¥ H H H H o
L N
/77 S N NN U NS N B G P
' ' ' ' ! ' ' ' ' BT s, N R AR LD
200
0 100 200 300 400 500 600 700 800 500 ﬁ"ﬁ"
Time (s) £
g 220 | GERE L i T b
Confidence Level: 90% <_§
o o il 719 ki
E . 3 NGy
@ B2f---1-%1----mmoe A v o gl
E Body-1 Break-up H
2 80t---1-- B derae R = D499 ki
",'n‘ —_—— Mean Boi‘lyfz Break-up H
| r————— . SO ———— b RN (o (A S50, (N
% 78 ----T-; 9% Range CLo6% i Body-1 - Solar Array - Body-2
:g e — % 1o i i Separation i
§ 5% 136 134 132 130 128
Geodetic longitude (deg)

: 76
84 86 88 90 92 alt_tg2 (km)
Altitude at break-up condition (km)

25

DMS-CMS-SUPSC03-PRE-15-E © DEIMOS Space S.L.U.



elecnor

deimos

/—f \ e

}
SAFETY Examples:
« IXV safety footprint analysis (ESA)

» Debris survivability and risk analysis (D4D/DRAMA, ESA)
« S/C Separation (ARV Service Module - Re-entry Module &
Exomars 2018 Carrier Module debris — Descent Module

separation) (ESA)

SAFETY (8/9)

ARV: Service Module — Re-entry Module ExoMars 2018: CM debris - DM separation 24 h before EIP
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altitude above ground (km)
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POST FLIGHT ANALYSIS Examples.
EENUIEEEEE . XV Mission Engineering design solution

(PETbox-based) verification through flight data (ESA)

POST FLIGHT ANALYSIS (9/9)
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Flight Qualification of Design
Methodology and Tools
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POST FLIGHT ANALYSIS Examples.
EENUIEEEEE . XV Mission Engineering design solution

(PETbox-based) verification through flight data (ESA)
« PERIGEO open loop trim and stability of UAV (CDTI)

POST FLIGHT ANALYSIS (9/9)
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Conclusions

ATMOSPHERIC FLIGHT
MISSION ENGINEERING

SHAPE DESIGN
CONFIGURATION DESIGN
SYSTEM SPECIFICATIONS

« Multiple practical examples of the use of
PETbox in the area of Atmospheric Flight have
been presented.

VEHICLE DESIGN

DATABASE CREATION
DATABASE INSPECTION
DATABASE ANALYSIS

- The following features have been highlighted: AEROTHERMODYNAMICS

TRIM
STABILITY, CONTROLLABILITY
GNC SPECIFICATIONS

FLYING QUALITIES

* State of the art SW suite in Atmospheric
Flight Mission Engineering

* Flexibility to adapt to a very wide range of
problems (different vehicles, flight phases,
environments, analysis types)

* Modularity and centralized SW

* Flight qualification of design methodology
and tools

* Live tool under continuous upgrading by an

expert team, ready for future challenges in
Atmospheric Flight!
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SIZING CONDITIONS
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