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Why HADES? e'“'}gg‘g
Motivations
d Increasing number of missions to minor bodies (science, deflection)
d Relatively unknown environment (lack of knowledge prior arrival)
d Detailed preliminary analysis (operational orbit)
d System performance (e.g. thruster accuracy, sensors)

High-fidelity Asteroid Deflection Evaluation Software* capabilities
Analysis of spacecraft motions at irregular objects
Performance of different types of guidance schemes

Relative navigation methods

Performance of slow-push asteroid threat mitigation methods as
Gravity Tractor (GT), Ion-beam Shepherd (IBS) and Laser Ablation (LA)
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*Hades (/ heidiz/; Ancient Greek: ‘Adnc or Adng, Haidés) ancient Greek chthonic god of the underworld
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HADES is a full Matlab software relying on a number of C routines
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Propagation Module: Spacecraft Dynamics
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d Discrete controllers based on the concept of control box

Control Module

O Discrete control based on reflection method

« invert the direction of the velocity when the spacecraft gets closer,
« apply a manoeuvre along the radial direction such as to obtain the
velocity reflected with respect to the tangential direction

O Discrete control based on dead band control

d Discrete LQR with integrative contribution

d Discrete control designed using stability criteria (Y. Liu et al, 2003)

Manoeuvre error in magnitude and direction  u=R(8, ®)uuom(1 +72y)
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O Problem definition

« Dynamics problem Xis1 = (XU, W)
« Measurements Ye = h(xp, Vi)
« Estimate state variables £,

O Performance model Z=[rv] + Xpmeas

Navigation Module

d H-infinity bounds the maximum expected error with unknown statistics

Zg = LpXp

1 N-1 1 . .
To= == llxo — % 122 + llzi = 2, 13, — = (Iwicl2-e + lIvili22) ) < 1 Ji =min_max J,
p Pﬂ k=0 k p Qk Rk

Xk WkVkXp

weighted samples to propagate mean and covariance matrix through sigma-points

Sigma points = (m Transformed
° A i ¥ = Z W™ X1 sigma points
|

2'.-1

Xt =flxt_,,u _ . : AT
k=1 = ( o k) Py ZW(C)(-xkuc 1 xk)(rklk—l _xk)
i=0

UT covariance UT mean
N o . B _ o e T
* update X, =X +KOk—¥)  (Pr)™' = () + (P) Pk R [(PR) Py -6kl

. performance bound ;" = tmax (eig((P5)~1(P7) P, kRE[(P5)Pyul’) ), Filter Gain K= Py,P;
¥ ¥
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0 Camera and LIDAR models

« Simple based on ellipsoidal shape 2
o Centroid identification (x.y.) ¢ :tan_l?yz
o Local azimuth and elevation ¢ =tan™ ——=—
V&2 +f?

o LIDAR pointing towards the centroid e +f

Navigation Module: Measurements Model

Pinhole camera
model and LIDAR

d= ||5T5C _x;urface”

« Detailed based on actual shape models
o Centre of brightness identified on the camera screen
o LIDAR illuminates a spot close to the centre of brightness

300

d Modelisation of illumination and visibility

pixel posizion
ra
=]
o

200 n n n n n n ‘
-800 500 -400 200 0 200 400 600 800
pixel posizion

Y [km] X [km]

camera

Example of image as seen on the screen of the camera and

footprint of the LIDAR o
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Body Fixed with Asteroid Didymos

—

O Fixed hovering at 200m along a-axis

— asteroid size [c, c; c3] = [1.05 0.65 0.45]km

- 4th order gravity field

Position error per component

Position error per component
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100 m position error

1 cm/s velocity error

2% (30) error in magnitude
1.5 deg (30) error in direction

- 20 m along track (10)
- 10 m cross track (10)
- 2 mm/s along track (10)
- 1 mm/s cross track (10)

Av budget for 1 day

Method Actuation interval Av [m/s]
Continuous thrust 5 56.2
Control box (100m) | 300 62.5
Dead-band control 300 64.3
(100m) 600 61.7

900 54.4
Discrete LQR 300 55.8

600 54.9

900 53.4

1200 51.2

50r

A v [m/s]
&

401

354

T

—e—Case 1
—e—Cage 2| |
—e—Case 3

400 600

1000 1200

Actuation time [s]
LQR for hovering 1) 200 above a,
2) 200 m above b, 3) 3D position 1300 m
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O Objective: to maintain 5 degrees illumination angle

Hill’s Hovering: Controlling the Illumination Angle

- Reference trajectory - 2% (30) error in magnitude - 20 m along track (10)
¥rey = [=3.373km, Om, Olem, Okm /s, Okm /s, Okm /s ] - 1.5 deg (30) error in direction - 10 m cross track (10)

- Initial trajectory - 2 mm/s along track (10)
Xo = [—3.423km, 0.05km, 0.05km, 0.000031km /s, —0.000051km/s, 0.000020km /5] ~ 1 mm/s cross track (10)

- 4th order gravity field
Av budget for 60 days

4 5
15 45 | ‘ Method Actuation interval Av
, ol | l | " (min-max-mean) [min] | [m/s]
5 Rl B Al ; Continuous thrust 8 16.9
Ch g ' Control box 421/533/485 24.2
i <25 iR i Reflection method | 325/1792/890 11.2
21 g | miRik0 | V . Dead-band control | 8/440/140 25.9
7 718 | [ Discrete LQR 360 (fixed) 24.1
., ! I Discrete LQR 240 (fixed) 24.0
' 8 Discrete LQR 180 (fixed) 23.1
OOWWO B T — % 10 20 30 10 50 60 Stable PD 360 (fixed) 18.2
Time [days] Time [days] -
. Stable PD 240 (fixed) 18.2
Continuous Thrust Control box Stable PD 180 (fixed) 182
6 30 4
5 | ‘ 25 *
35
34,, I EQU gao
B 8 LS
%3 A1 A T e ‘%15 %20 i l d
52 BT $ el ML iy
L A'Nwwnhnm
L pAt | | LA 5
bt PTG
0 wio 2i0 20 4i0 ;0 50 % 10 20 30 40 50 60 0 10 20 30 40 %0 60
Time [days] Time [days] Time [days]
Dead-band 6 hrs discrete LQR 6 hrs stable PD
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Hill’'s hovering: Navigation Errors
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d Fixed hovering

- Initial and reference trajectory
xo = 5 - [~ 1km, 1km,\2km, 0Okm s, Okm/s, Okm/s]

100 :

100

—

deimos

/

- 100 m initial position estimate error
- 1 cm/s initial velocity error

—_—X }—X
80 o &0 0 Measurements assembly
60 60 characteristics
—_ —_ Lidar mounting error (10) 0.001 deg
E 40 E 40 Lidar range error (1c) 10 m
20 20 Lidar range bias (16) 1m
VST s S — Number of pixels per side 2048
O W eprmcancs 0 Camera FoV 20 deg
20 . el Camera side 10 cm
o 05 1 Timeltfiays] 225 3 o 05 1 Timelt?Jays] 2 25 3 Attitude error (1c) 0.0057 deg
Case 1: Case 2: Attitude bias (1c) 0.0006 deg
- True world ->ellipsoid shape - True world ->ellipsoid shape
- Filter 4th order gravity field - Filter 4th order gravity field
- Measurements model simple - Measurements model detailed
100 ” 100 » Av budget for 3 day
80 7 80 — Av [cm/s]
60 60 Case 1 9.18
— _ Case 2 9.14
E 40 E 40 Case 3 9.25
20 20 Case 4 9.18
0 = 0 /~
e S 0O 10% difference between
205 05 1 15 2 25 3 205 05 1 15 2 25 3 different models
Time [days] Time [days]
Case 3: Case 4:

- True world ->1708 facets*
- Filter ->1708 facets*
- Measurements model detailed
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- True world -> 7790 facets*
- Filter ->1708 facets*, 1% error on Rean
— Measurements model detailed
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Station Keeping at 10 km Station for AIM | &
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L . Position error per component «10°  Velocity error per components
Q Initial trajectory 15 — A R e
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d Synthetic results displayed: single case

Station Keeping at 10 km Station for AIM

Total control budget is: 1.9154 m/s Minimum and maximum
________ _ _ manoeuvre vs. minimum actuation
Mean Time between actuations: 4547.3684 min time
Min Time between actuations: 4392.0903 min 0.048 ‘ ‘ ‘
Max Time between actuations: 4858.802 min — 0.046
________ 50044’
:
. . 2 0.042"
@ MC simulation :
- 20 m along track (10) E 0.04y
- 10 m cross (10) E o038
- 2 mm/s along track (10) = 0,036
- 1 mm/s along track (10) oy ‘ ‘ ‘ ‘
- iti i i RN | 32 33 34 3.5 3.6
50 m per component position dispersion (10) i Actuation timo [a]
- 1 cm/s per component velocity dispersion (10) oot
- 2% (30) error in magnitude '
- 1.5 deg (30) error in direction T oom)
A MC statistics (30 days) 2
§ 0.071
Total control budget is: 0.93109 m/s (dispersion 1-0:0.048834 m/s) g
---------------------- - £ 0.068/
Mean Time between actuations: 3.1824 days (dispersion 1-o: 0.03609 days) E .
Min mean Time between actuations: 3.0032 days (dispersion 1-o:0.087042 days) § 0.066
Max mean Time between actuations: 3.3528 days (dispersion 1-0:0.068887 days)
Min mean dv actuations: 0.042674 m/s (dispersion 1-o: 0.0023174 m/s) 0'06%.7 2:8 . 2i9 3 ) 3:1 32
Max mean dv actuations: 0.067255 m/s (dispersion 1-0: 0.0010453 m/s) Minimum Actuation time [d]
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O Laser Ablation

« 3D Interaction laser-matter (Thiry et al 2015)
« Thrust aligned to local surface normal
« Affected by rotational velocity
« No contamination included
« 2 laser pointing strategies

- Pointing to obtain desired

thrust direction
- Fixed laser pointing

d Ion Beam shepherd
« Ion plume Gaussian expansion (Goebel et al 2008)

« Ion plume constant axial velocity
« 2 thrusters required
 No contamination included

3 Fixed pointing

Variable pointing

Z [m]

Thrust direction projection

IBS o 1.2

Force [N]

Q Gravity Tractor

« Avoid asteroid impingment by expansion plume

d Orbital and rotational dynamics computational intensive:
« Mean directions of thrust and efficiency based on the actual geometry of the
asteroid over a control period of 7 days
« Variational approach implemented (Gauss equations)
* No actual spacecraft control integrated

=z UE) NG 13
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Q (433) Eros scaled down to 100 m

Deflecting a 100 m Asteroid

0 mass 9.263-108 kg e

]

=1
=2
=}

=

=
.
=

O 20 years operations

]

=]
[
=]

O 20 kW maximum power for laser
beam (u=50%) or thrusters (u= 60%)

Achieved Deflection [Earth Radius]
-
f=]

Achieved Deflection [Earth Radius]

No
Pno

1 1

x10° x 10

ower a 0 ; ; ower al ; ;
D Syste ms p | a Ced a t 2 O O m a | on g t rac k p tt) [W] 0 Deflection Time [years] P tt, [W] 0o Deflection Time [years]

Laser ablation deflection: 1) controlling laser
pointing, 2) maintaining laser pointing fixed.

Results

.
=)

0

=}

98]
=

=

=

O GT Maximum deflection
 spacecraft mass circa 16500 kg
Q LA with variable pointing 20% more

—
=

Achieved Deflection [Earth Radius]
S
[
(=]

Achieved Deflection [Earth Radius]
=
f=]

ol
efficient than the fixed pointing ? oot : 3
- operationally more complex xot . o 1. ’
Q IBS appears less efficient but Poweraty V1 0 0 Detccon Time [yeas]  Powerat(, (V] " Do Time [y
« more lightweight and less Ion Beam Shepherd deflection Gravity Tractor deflection.

affected by contamination

14
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O Possible impact on a 100 m asteroid
QO Time to clear the proximity of the asteroid Survival particles from impact

Samples surviving with angular velocity

Debris Analysis around a 100 m Asteroid

- A2M = 0.001 kg/m?

Hill radius: circa 15 km
Asteroid 2013XK22: Shape Geographos

[a,e,i,0,, w,] = [1.045AU, 0.2034,0.1221rad, 3.187rad, 4.6374rad] 2

« 30,000 uniformly distributed samples on the surface E<0
« different value of area to mass ratios (A2M) 1
- fractions k, of the asteroid’s nominal angular velocity

Time [days]

O The initial conditions play important role in the number of
surviving particles; if all the SRP is the same, particles with
lower initial tangential velocity will have more probability to
survive for longer period

Samples surviving with angular velocity

A2M = 0.01 kg/m?2

O The SRP will affect the survivability - A2M = 0.001 kg/m?
produces more surviving samples because particles are more
affected by the asteroid’s gravity and less by the SRP

O At the beginning the particles with higher energy (close to

0) will experience SRP and third body effects leading to

escape/impact N
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a Maln features and architecture of HADES
Dynamics in 3 different frames
« Several control techniques available
« Different measurement models
« Use of asteroid actual shapes
« GNC
« Deflection analysis

Conclusions & Future Works

A Possibility of performing broad range of simulations
« Assessment different control laws
« Assessment impact of environment knowledge
« MC simulations
« Debris analysis
« LA, IBS and GT deflections

w
=)

d Improvements

« Integration of deflection systems
» Propagation Module

Achieved Deflection [Earth Radius]
- ]
(=] =]

po

» Control Module 0’ s :
. . 5
> NaV|gat|0n MOdUIe Power att; [W] 00 Deflection Time [years]
-  Estimation of the deflective action LA laser pointing control with

contamination

« Effect of contamination
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/——f \ C—

Thank you

EU FP7 funded Stardust project
Marie Curie Initial Training Network
Grant Agreement 317185
www.stardust2013.eu
twitter.com/stardust2013eu

Elecnor Deimos is a trademark which encompasses Elecnor Group companies that deal with Technology and Information Systems:
Deimos Space S.L.U., Deimos Castilla La Mancha S.L.U., Deimos Engenharia S.A., Deimos Space UK Ltd., Deimos Space S.R.L. (Romania).

STARDUST-DMS-PMD-HAO-CONFICATT6-PRE-10-E © DEIMOS Space S.L.U.




References

1. T. Kubota, T. Hashimotoa, S. Sawai, J. Kawaguchib, K. Ninomiyaa, M. Uoc, K. Babac, “An autonomous navigation and guidance system

for MUSES-C asteroid landing”, Acta Astronautica 52 (2003) 125 - 131.
2. S. Li, P. Cui and H. Cui, “"Autonomous navigation and guidance for landing on asteroids”, Aerospace science and technology, 10(3):
239-247, 2006
3. H.J. Melosh, 1.V. Nemchinov and Y.I. Zetzer, "Non-nuclear strategies for deflecting comets and asteroids”, In: Gehrels, T. (Ed.), Hazard
due to comets and asteroids. University of Arizona Press, pp. 1111-1132, 1994.
4. C. Colombo, J.P. Sanchez Cuartielles, M. Vasile et al, "A comparative assessment of different deviation strategies for dangerous NEO”,
’(Luternational Astronautical Congress. Valencia, Spain, October, 2006.
. A. Galvez et al, “Asteroid Impact Mission (AIM) & Deflection Assessment: An Opportunity to Understand Impact Dynamics and
Modelling”, European Planetary Science Congress 2012, in Madrid, Spain,23-28 September, 2012.
Montenbruck, O. and Gill, E., Satellite Orbits: Models, Methods and Applications, Springer-Verlag, Heidelberg, 2005.
T. Winkler, B. Kaplinger and B. Wie, “Optical Navigation and Fuel-Efficient Orbit Control Around an Irregular-Shaped Asteroid”, AIAA
Guidance, Navigation, and Control (GNC) Conference, Boston, USA, 08/2013.
8. W. Boyce, "Comment on a formula for the gravitational harmonic coefficients of a triaxial ellipsoid”, Celestial Mechanics and Dynamical
Astronomy, , Volume 67, Issue 2, pp 107-110, February 1997
9. M. Vasile and C.A. Maddock. “Design of a Formation of Solar Pumped Lasers for Asteroid Deflection”, Advances in Space Research,
2012, 50(7): 891-905, 2012
10.S. B. Broshart and D. J. Scheeres. “"Boundness of Spacecraft Hovering under Dead-Band Control in Time-Invariant systems”, Journal of
Guidance, Control and Dynamics Vol. 30, March-April 2007.
11.Y. Liu et al., 2003. “Stability Analysis of Impulsive control systems”, Mathematical and Computational Modelling 37 (2003) 1357-1370),
2003.
12.Simons, D., Optimal state estimation, Kalman, and Non-linear Approaches, Published by John Wiley & Sons, Inc., Hoboken, New
Jersey, 2006.
13.W. Li, and Y. Jia, “H-infinity filtering for a class of nonlinear discrete-time systems based on unscented transform”, Signal Processing
90(2010)3301-3307, 2010.
14.S.M Oh and E.N. Johnson, “Relative Motion Estimation for Vision-based Formation Flight using Unscented Kalman Filter”, AIAA
Guidance, Navigation and Control Conference and Exhibit, Hilton Head, South Carolina, 2007.
15. K. Dionne, “Improving Autonomous Optical Navigation for Small Body Exploration Using Range Measurements”, AIAA 2009-6106. AIAA
Guidance, Navigation, and Control Conference, 10 - 13 August 2009, Chicago, Illinois.
16. N. Thiry and M. Vasile, “Deflection of uncooperative targets using laser ablation”, in SPIE Optical Engineering + Applications.
International Society for Optics and Photonics, 2015.
17.Goebel D. M. and Katz Ira. Fundamentals of Electric Propulsion: Ion and Hall Thrusters, JPL SPACE SCIENCE AND TECHNOLOGY
SERIES. Chapter 1 and 8., March 2008.
18.C. Colombo, M. Vasile and G. Radice, “Semi-Analytical Solution for the Optimal Low-Thrust Deflection of Near-Earth Objects”, Journal
of Guidance Control and Dynamics 32(32):796-809, May 2009.

Elecnor Deimos is a trademark which encompasses Elecnor Group companies that deal with Technology and Information Systems:
Deimos Space S.L.U., Deimos Castilla La Mancha S.L.U., Deimos Engenharia S.A., Deimos Space UK Ltd., Deimos Space S.R.L. (Romania).

STARDUST-DMS-PMD-HAO-CONFICATT6-PRE-10-E © DEIMOS Space S.L.U. M@’

N




_ —

|
Control Module elecnor

deimos
{7 ﬁtz
: 032 03,3 I3.3 032 I+ B— Atl Atl
ox = l_ﬂ_aa [I —3fpFg] 033 bx + 13:3]“ - [ ﬁf 03::3 bx + 13:3 *o X = ' 2 e R Sﬂ] W = A0x, + By
615 BAt I3.3 e

d Discrete LQR with integrative contribution

-1
J() = Z 1T Qx; + ul Ruy K = (BISB, + R) BISA, ALsTA, — s — AlsA,(BLSB,) BisA,+Q=0
k=1

d Discrete control designed using stability criteria (Y. Liu et al, 2003)

x=ftx) i, v(e,2) < a(lxl)
Z = h(X) t+t - fandharenullfor x=10 1
AX =u(x) =1t Ve, x)==(x?+v? + 22+ T?vZ + T?v2 + T?v?
2 Y ¥
x(tﬂ) = XU t= tﬂ
1- There has to exist a constant I, :
D*V(tx) < ;—:ck(l"(t,x)] y = f_\,_k u, (6x) = [0,0,0, —ax — av, ,—ay — bv, ,—az —bv, |”
k t
D* is the right-hand generalized deri\'ij'ative
Aty control time D*V(t,x) = xv, + yv, + zv, + B, T?xv, + B,T*yv, + BT zv,

¢ (-..) suitable scalar function 1
: <y-(x*+y*+ 22+ T?v2 + T?v? + T?v2)
2- There has to exist a constant 2

}:{(ff:;f:;kg < V(6 %) + i (V(5.2)) V(i x+ ) = %(xz +y2+ 22+ T2 (v, + ax +bv, )2 +T? (v, +ay + EM;IJ,)2
for suitable neighbourhood of ~ s(@)/ [[x] = @ i . 11,
c(5) <d,(s) if wv,<0 +T(vz+az+bvz))£vi}r§(x +y*+z7+ T?ug +Tvy + T7v;)
and dy(s) <cps) if <0
s+ vpdi(s) < 0 d,(s) = c.(s) = s xTAx =0
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Infos e
elecqor
d HADES runs completely in matlab

v dynamics equations (mainly for gravity field purposes)
v visibility functions (shapes, shadows)

Integration of ODE

1. matlab ode Runge-Kutta 45 (for events to be located)

2.
v

X
X

Hints

10-50 times faster
No events handling

 Coupled Control-Navigation intensive
» performance methods for long simulations
simulations to draw necessary statistics

>
and move to performance model

« Continuous, discrete LQR and control box

tends to be more precise and robust

STARDUST-DMS-PMD-HAO-CONFICATT6-PRE-10-E

integrator ODEMEXv12 package

asteroid shape dynamcs to be included =k

Routines both in Matlab® and mex-fied in C for speed purpose

\\\\\\\\\\\\\\\\\
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| SUPPORT
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&
elecnor

deimos

Gravity Based on Polyhedral Model

\ -

VU =-Gp Z LaEe‘Fe'FGP Z MIFI'FJ"

ecedpes Fefacers ;_'_n" = ﬁj'ﬁ_."
Geometrical characterisation of the surface (normals, edges etc)
L= lnh +ri+e;
Fi+ri— €
P By X P r: spacecraft distance from facet’s centre
twy = 2 arctan — — — :
' rir e + il Fe) + (e o F) + () r. spacecraft distance from edge centre

Asteroid (433) Eros - acceleration on the surface: comparison with paper Winkler
B x 103
x 10 &2 e

Winkler . . Implemented model

5

2

acceleration [m/s ]

5000

5000 4
15

05

B

« [km] s y [km]

i ' y (m)
x (m) 15 1x10*

Solution overlapping - difference due to number of facets and density (assumed 2500 kg/m3)
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elecnor

deimos

//— \ e

Ellipsoid of arbitrary size: harmonics coefficients (Boyce 1997)
int(%
3 n!(2n — 2m)! 2 6o) Z (a? — b2Y™+2[c2 _ 1/2(a? + bR)|*-m- 4

Spherical Harmonics and Reflection

Canam = gan 32m(2n + 3)(2n + D! 167(n— m — 20)! (m + D!1!
i=0
Gravity attraction error on the circumscribing sphere at 3km  mesh 14400 facets

Harmonics:0th degree

70 Harmonics: 12th degree
Harmonics:156th degree
4 20 0.09
60 4 .
. 0.08
50 = 21 15 0.07
—_ = —_
£ o = — 9 0.06 —
] g Eo o i)
0l 40 o N 10 &8 005 3
=29 5 s :
0.04 &
-4 30 u 0.03
2 e . ’ o
2 . .
0 e 0 20 2 0.01
2 2 !
m 3 -2 -2
y [m] X [m] y [m] % [m] y [m] x [m]

Reflection: unable to maintain 5 degrees illumination angle
18 ”

SC-Ast-Sun Angle [deg]

| |
Wl HM.H |

A0 T ww i
1 T
10 A

0 10 20 30 40 50 60
Time [days]
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