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In Which Way Can We Deflect an Asteroid?

We can change the orbit of the asteroid in many different ways
depending on the direction in which we push.

V - increase or decrease the velocity of
the asteroid

n — push in the direction perpendicular
to the velocity in the orbit plane

h - push in the direction perpendicular
to the velocity and to the orbit plane
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In Which Way Can We Deflect an Asteroid?

Change the energy of the orbit

Rotate the orbit in its plane
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In Which Way Can We Deflect an Asteroid?

Change the inclination of the orbit

Rotate the orbit around
the polar axis of the Sun

Vasile, Colombo 2008
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What happens when we deflect?

—

A deflection action generally has two consequences : ﬂ
A change in the geometry /shape of the orbit

A change in the impact timing

Speed up
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For example if we push in the
direction of the velocity of the
asteroid we produce a delay in
the arrival at the impact point.
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What happens when we deflect?

The deflected orbit of the asteroid will be
proximal to the undeflected one.

PUSHING THE BOUNDARIES OF
SPACE RESEARCH TO SAVE OUR FUTURE _*_ S T ‘_\ R D LI S T

impact-plane possible  chief orbit

impact

proximal orbit

We normally measure the
deflection on a so—called impact
plane on which we define the
impact parameter b*.

When b* is smaller than the
radius of the Earth we have an
impact.
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Types of Deflection Actions

Impulsive deflection actions
of the asteroid

possible  chief orbit
impact

impact-plane

proximal orbit

Slow push deflections act along
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possible  chief orbit

impact-plane impact

proximal orbit
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Computing the Deflection- Linear Model &5
Proximal position equations 7= \/1_7 @
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The deflection manoeuvre generates
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a change in the orbital parameters of *
the asteroid. b-planc possible  chief orbit
impact
The achieved deviation 3r=[8s, 8s, 8s,]"is ~ *
computed at the expected Minimum proximal orbit
Orbit Interception Distance (MOID).
(0]
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Computing the Deflection- Impulsive Deflection

-
Gauss’ equations ~ 5a=2 [esin 1o, +£5v3j @
r
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Computing the Deflection- Slow-Push Deflection

The variation in mean anomaly is modified to take into account ﬂ
the thrust arc:

due to a variation in « through Gauss’ equations

A A
. 4 N\ \
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What is the most efficient way of deflecting?

Deviation achieved with dv=0.07 m/s for 1979XB (60mt impactor, 30km/s impact,
2.7-100 kg Asteroid) .

Vasile and Colombo 2008
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Deflection and minimum interception distance il
T
B-Plane Analysis of the Deflection G
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Does the manoeuvre change if we maximise b?

Svopt (max Or)

ﬁvopt (max b )

0“ 1 1 1 1 1 1 1 1 1
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Vasile and Colombo 2008
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What happens if we consider 3rd body effects?

Comparison between linear and non-linear model
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Computing the Deflection- Linear Model

Verification of the analytical expression
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Nonlinear Proximity Position Equations

- Geometric difference between two orbits

G

Ar = FAJM. Y-10 chief orbit

- Expressed in terms of difference of
orbital elements

proximal orbit
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Nonlinear Proximity Motion Equations y

- With the additional terms

o

@ =COoSi, SlIl(IAo +Az)—cosAQcos(1Aﬂ +Az)smxAO
p =sni, sm(zAG +Ax)+cosAQcos(zA0 -I-AI)COSIAO

& = cos AC2cos 9/10 + cos‘fA0 sin AQ2sin HAO
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- If the Delta elements are small enough then A — & and if one retains only
the first order terms then the nonlinear equations becomes the linear
equations.
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A Perturbation Theory Approach

= (Gauss planetary equations in Equinoctial non-singular elements:

3
da_2 | () 01~ eosi)a, +(1)a,
U
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A Perturbation Theory Approach

« Under the hypothesis of small, constant, perturbing acceleration:

d _r* |ad B
dL  h \u ®(L)
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A Perturbation Theory Approach

- Let's assume that the control acceleration can be expressed as:
a. =egcosacosf
a, = gsina cos f
a, =¢gsin f

« Where ¢ is a small number compared to the local gravity field and the
two angles oo and 3 are with respect to a local r-t-h reference frame.

- Let's further assume that ¢ is constant along a thrust arc.
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A Perturbation Theory Approach

- Following Perturbation Theory, one can express each non-singular @
element and the time as an expansion in the small parameter «:

a=a,+ea +&a,+&a,+...
R=R,+&R +& B, +& Ry +...
F,=F, +¢b, +EEB_2 +53P13 +...
0 =0,+80,+€0,+£0; +..
0,=0,,+£0,, +&°Qp, +&' 0y +...

t=ty,+&l +EL+EL ...
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* In the following only the linear terms in € will be retained (linear
theory).
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A Perturbation Theory Approach

- The time equation needs a special consideration
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A Perturbation Theory Approach )

—
- Thus the first order approximated solution of the perturbed Keplerian G

motion takes the form:
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A Perturbation Theory Approach

- The time equation can be further simplified :
7
t, =3, ,H%Bﬂs cos f(cosal, +sinal,)
7,

with integrals:

f,1=f : [ — Jdﬁ 1= [
L (L) (@ (2) @ (L) L @0 (£)
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A Perturbation Theory Approach

- Equivalent formulas can be derived for an inertially fixed acceleration
and can be used to model the effect of solar pressure:

2B a,’

a"=a,+&" Tms@ [-(ﬁ‘ﬂ!u +1,)cosy, +(Pyl, +1, }sin;v,aj
n i B"a : : :
RI =F, +&" D‘uﬁ {msﬁl [_(P]'EII:E +1), +IL—3]C‘:’SJ’0 +(P1'n‘rc3 +11c153)5m}’u]_5mﬁn‘[;u [Qmjﬂ — Ol )}
PEIH ="F;D +g!h Bﬂ aﬂ_ {Cﬂsﬁﬂ [_(PEDISS +Ilr153)CUS?ﬂ +(‘P'Eﬂ"rc3 +‘II2 +Izr3 ]Siﬂ_'}’u]-l-Siﬂf%Hn (Qiﬂjﬂ _meﬁ)}
7
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A Perturbation Theory Approach

- The same formulas derived for a tangent-normal-binormal reference @
frame require the calculation of a some elliptic integrals:

2 3L 2
i —a +s 2B f 1 2 B,
Hoq Du (‘5) (Du (L) CD“(.C)_
P =P, +¢ B,)'a,’ j‘ 2(ﬁn +sin ‘C)E
Ho D (L)D,(L)
4 2 L 2 H L
}32.' :JPE{}_I_EI Bﬂ a[]ﬂ J. ( 20 + COs 1 dﬁ
H o Dy (L£)D, (L)

D=\1+PB+P+2(RsinL+PcosL)
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- The time equation, in this case, can be more conveniently integrated
with a Gauss formula using 6 nodes per revolution.
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A Perturbation Theory Approach

- Accuracy of the approximation over a single revolution.

0

a_—¢ error analysis: relative error on Time
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Error Control Over Long Spirals

-
- The propagation error can be controlled by updating the reference @
orbital elements Eo every n orbits.

- The update simply consists in taking the value for E(L) computed at
the n-th orbit as the new reference condition Eo for the following n
orbits (see Colombo et al. 2009).

1.2

Error on eccentricity

X

- Example: LEO spiral
- Acceleration 1e-4 m/s? 08
- Rectification every n=20 5 0sl
«  Computation time 0.02s
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Fast Propagation Over Long Spirals 8¢
e
- Consider an upward spiral from GTO with constant thrust and Js. @

- The acceleration is 1e-4 m/s?
The frequency of rectification dynamically adjusted from n=1 to n=8.

The analytical propagation required about 0.6 s while a numerical one with ode113
(Adams-Bashfort, with tolerance set at 10-3) took about 15 s

Relative error on modulus of radius
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Relative Error in the Solar System

- For asteroid deflection the level of acceleration is very small (10-'2-10-8) which
makes the linear expansions accurate enough to correctly predict the
deflection and the miss distance.

a,-s emror analysis: Time [sec] a - etror analysis: relative error on Semi-major axis

a % e N
\%\\\1 ﬂ %\RJO %7‘““——4%;-___,“9 ” 33
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.= o0 GH)J‘\A~\_‘_\__ﬂ _g S
_ _,_/-?\ P B Sy i B
5 ) » L
é l()'8 EIOS \\1&1Q&m& ; g
- \gzm R [
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10 . 10 < »13 \‘%,},_

00'- 2 \/1;>
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Transcription into FPET

- Continuous thrust

= To propagate the motion,
the trajectory is subdivided into
Finite Perturbative Elements.

= On each element, thrust is
continuous

= ~10 times faster compared to numerical integration and with
comparable accuracy.
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Transcription into FPET

-
= A Direct Transcription Method based on Finite Perturbed Elements in Time @
(FPET) has been designed using the perturbative approach.

= Each transfer trajectory is divided into n subarcs:

Backward f Forward
= Amplitude of arcis AL. propagation_— "€ ¥ ~_ propagation
= Perturbed motion propagated using i
analytical solution. Lower boundary Upper boundary

point

= Constant thrust vector in the r-t-h X- X+
reference frame. < 4 Th\m
= Reference node for propagation is /\ A &

the midpoint of the arc.
= Motion is propagated analytically

point :

www.stardust2013
twitter.com/stardust2013eu

backwards and forwards by At AL
from the midpoint to obtain
boundary nodes (better accuracy , AL
compared to a single sided X" =f (Xm,T,&a,ﬂj
propagation) 4
X =f (Xm,—A—L,g,a,ﬁ)
2 ()
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The Low Thrust Two-Points Boundary Value Problem with FPET

Upper bounds on acceleration

= The FPET transcription method is used to solve the LT boundary problem: @
e P Total AV
Y = Zad Departure conditions
Inter-element
X; - X, : .
St oy = XE X1 = 2. e 14 =0 matching conditions
Xieoer _Xf cg §
ToF—nFZPE:T P Arrival conditions % %
£ <6 i=1 .. Nope Fixed time of flight 82
£ 5
= 3
.:‘:‘%

= Decision variables for each of the n FPET:

= Position of the reference point (5 scalars).

= Acceleration magnitude, azimuth and elevation (3 scalars).
= 8n decision variables and 5(n+1)+1 scalar constraints.

= The problem is efficiently solved with a gradient-based local optimizer
(fmincon active-set).

(5]
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Earth-Mars Direct transfer (1)

Boundary problem:
= Departure from Earth at 5600 MJD2000.

= Rendezvous with Mars after a transfer time of 3 years.

= 2 complete revolutions.

Maximum acceleration: 2.5 x10° m/s2.
40 FPET.

Initial guess for the local optimizer: constant thrust profile.
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€ le/s“l

Earth-Mars Direct transfer (2)

2_ ............ .......
= Results: sl j T "

Trajectory

= Total AV: 5.63 kms. I/ 7 i \ e

_ 0.5 ........ . ._I._.D.FPEIT :
= Relative error 103, H - e -.'-%11% Flanagan| 31|
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Asteroid's Prospective on the Deflection Action =

= If one considers the asteroid-spacecraft system all the deflection methods can be
grouped in two classes:

= Momentum change due to mass expulsion
= Low-thrust Tug
- Scheduled thrust, or dual engine
Gravity Tug

Mass expulsion function of the gravity attraction

- Laser/Solar Ablation

www.stardust2013.eu
twitter.com/stardust2013eu

Mass expulsion from ablated asteroid
Mass Driver
Asteroid mass expulsion

Nuclear Blast

Expulsion of the ablated surface of the asteroid

()
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Asteroid’s Prospective on the Deflection Action

= Momentum change due to mass acquisition or mix expulsion/acquisition:
= lon Beam Shepherd
-Flow of accelerated gas impacting the asteroid
= Kinetic Impactor
Inelastic impact with mass ejection
Smart Clouds
Inelastic impact with particles
Light Tug

Light absorption and enhanced Yarkovsky
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Excursus on Space Debris

= Zuiani F., Vasile M. Preliminary Design of Debris Removal Missions by Means of Simplified Models for Low-
Thrust, Many-Revolution Transfers. International Journal of Aerospace Engineering, Volume 2012 (2012),
Article ID 836250, 22 pages, doi:10.1155/2012/836250

Pareto optimal sequences
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amplitudes of the thrust arcs
and the thrust direction per arc
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Impulsive Deflection Techniques

an

Nuclear Blast
Kinetic Impact

Smart Clouds

www.stardust2013.eu
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Slow-push Deflection Techniques B2

Low-thrust tug

Gravity tug

Solar sail formation

Enhancement by charging the asteroid
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Slow-push Deflection Techniques

an

Solar Sublimation
Light Tug

www.stardust2013.eu
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Kinetic Impactor

possible  chief orbit
impact

impact-plane

proximal orbit
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- |f we assume that the impacting spacecraft is on an orbit similar to the one of
the asteroid but rotates, the cost of the transfer is not different from the one of
LT tugs or solar sublimation.

- The mass efficiency is therefore only a function of the impacting mass:

m, m,

n, = : §v=vf Av
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m m,+m,
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Fragmentation Hazard i

e

* At the level of energy required to deflect an asteroid with a kinetic
impact, an asteroid could fragment unpredictably

—e—R&M Basalt for a 10 km's impact

T T R&M Strong Mortar for a 10 km's impact
——R&M Weak Mortar for a 10 kn/s impact

—a— H&H(1990) Nonporous bodies for a 10 km/s impact
—— H(1994) Nonporous bodies for 2 10 km's impact
—»— R&M Basalt for a 50 knvs impact

3 |=
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Fig. 1 Critical specific energy Q* for barely catastrophically disrupting asteroids with a diameter ranging from 40 m to 1 km, calculated using the work
of Ryan and Melosh (R&H) [3], Housen and Holsapple [H&H (1990)] [4], and Holsapple [H (1994)][20]. ( J
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Fragmentation Hazard

= To have an idea of the consequences of a fragmentation we can look at the
expected damaged area due to an impact with the whole asteroid or with the
resulting fragments after the deviation attempt.
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A Fractionated Kinetic Impactor I[dea &%

i
- Kinetic impactors are the most mature method for asteroid deflection. |

- The drawback of kinetic impactors is that the impact can fragment the
asteroid.

- The idea is to impact with a cloud of particles with a total mass equivalent to a
single spacecraft.

www.stardust2013.eu
twitter.com/stardust2013eu
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Smart Cloud vs Kinetic Impactor

« Unlike the Kinetic Impactor the cloud provides a distributed impact, more like
a drag, thus no fragmentation.

- The relative velocity between the cloud and the asteroid can be very high, up
to 50 km/s for highly eccentric asteroids.

« Unlike the Kinetic Impactor there is no need to pin-point the asteroid as an
extended area is covered by the cloud.

The change of velocity of a 2.7 <10
kg asteroid hit by a 500 kg cloud is
0.1 cm/s
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Smart Cloud vs Kinetic Impactor

= Deployment of a smart dust cloud with a total mass equivalent to the propellant of a
low-thrust tug.

= High elliptical orbit with steep intersection with the orbit of the asteroid.
= Orders of magnitude lower impact energy of individual particles.

= High relative velocity for deep crosser

= No need of extra energy to accelerate the cloud
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Smart Clouds — Deep Crossers

Asteroid Diameter=250m; Thrust Time:8.6 years; a=2AU,e=0.7
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Smart Clouds — Shallow Crossers

-

Asteroid Diameter=250m; Thrust Time:8.6 years; a=1AU,e=0.1
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Nuclear Blast

an

= Different variants of the nuclear blast concept:

= Standoff a »
= Buried
= Surface
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Nuclear Blast

= The amount of linear momentum dp, per layer of material dz is:

N

dp, = p,V,0z

= One can now integrate over the surface area
and over the thickness the total energy per
type of radiation and get the total momentum
per each type of radiation:
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Nuclear Blast

Av delivered by each type of radiation/particles releases

03
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Nuclear Blast

4000 \ I I | | I I I I I 100

= = mExcess vel. from neutron radiation

- —=—Excess vel. from x—ray

------- Excess vel. from gamma—ray

-

mm= Ex pelled mass from neutron radiation
----- Exelled mass from gamma-ray
— Expelled mass from x—ray
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Gravity Tractor

o
The effective thrust that the gravity tractor can deliver depends @
on the mass of the spacecraft, the exhaust
angle of the plume 24, and the hovering

radius d:

. (R, 3 3
Fooer = T, COS| arcsin q +¢ o2
GM  m(t EE
Fg — a2 ( ) § %
d = g
£

|:hover = |:g

and the tugging acceleration is simply: 8g (1) = G:{‘Z(t)
1)
PUSHING THE BOUNDARIES OF SanCheZ et al. 2009
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Gravity Tractor

—
If the engines are assumed to be always on and the initial mass of the @
spacecraft is m;, the mass of the spacecraft at time t can be
expressed as:

GM, ()

d? cos(arcsin(%}gbjlspgo

www.stardust2013.eu
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m(t) =me

[62)
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Gravity Tractor

| | | | | | | | | ﬁdo

s total impulse provided by low-thrust mitigation

[

vmemsotal impulse provided by gravity-tug mitigation
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Ablation Process

Derive the mass flow rate, per unit area, of the sublimated material
One dimensional energy-balance at the illuminated spot

Absorbed laser beam per unit area P, the heat losses of conduction
Qconp @nd radiation Qg4 respectively and the sublimation enthalpy of the
target material E,

G

1, . 25
[Ev + Ev + CP (Ta o TE:J ) + Cv (Ta o Tu))a” = Rf - Q.xua _Q::'m@ % é
Equivalent to increasing the enthalpy of O,y = O & I = 2
sublimation by ~ 1-2 MJ/kg o = Csp# (T ~Tow ) E
Heating the gaseous ejecta from  3100-4747 K 298 )
would consume ~ 2 MW/m?2 energy ki=ku| 7—
SUB
[assuming a specific heat of 1361 J/kgK]
g g — T —T Ci'pfdkd
Q( ‘OND _( SUB 0 ) Tt { 64 )
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Ablation Process

G

Ablation temperature is also related to local pressure

Clausius-Clapeyron equation

T..,. corresponds to @

p, E [ 1 1 TP : 5
p.f'ff re SUB g
. f :

=

twitter.com/stardust2013eu

Vapour pressure will increase with the temperature of the irradiated
asteroid.

(5]
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ABLATION MODEL

Mass flow rate is also dependent on the local pressure at the
interface between the Knudsen layer and ablated material

Hertz-Knudsen equation
where k is the fraction of molecules

1
1 5> thatre-condense at the interphase.
[ = is the vapor pressure and R_ is
,L[—(l—k) pS Ps pp s
27T RSTSUB the specific gas constant.

0.024

The fraction of molecules that re-condense is
expected to increase with the local pressure.

0.0236

However the change in thrust due to the re- =
condensation is limited. Over a wide range of £°"*
k value the maximum variation in thrustis only 4,5,/

4 %

0.0231

0‘0228 Il Il Il Il Il Il Il
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

K
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ABLATION MODEL

Absorbed laser power per unit area P,

' P

|- . n, efficiency of the laser system
Aspot P, input power to the laser,

a,, IS the absorption at the spot

—(1 Albedo a, of the asteroid and the increment in
(04 M ( o ga 053 ) reflectively ¢, at the frequency of the laser
beam.

1, accounts for the absorption of the laser in the rapidly
expanding and absorbing plume of ejecta.

Expected, based on the experiment, to be 10-15 %

T is the degradation factor caused by the re-condensed
deposited ejecta
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Contamination Process

Degradation is computed by first calculating the plume density:

an

2

(2J | a Iﬁ;r)f)'r" ) ."’MX

Accumulative ejecta thickness: - EE
dk 2F B no if Dls!mcc: § %

— VP os V., % -

.  p, \ ] E

Expected Phune Density Profile

Degradation factor:
Beer-Lambert-Bougier law

(o)
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Direct Solar Concentration and the Contamination Issue

= Mirrors hovering at AEP, 800m from the target
= Distance limited by focusing capabilities
= High efficiency — up to 90%

Impact parameter b (km) with contamination. variable C : ford, (~62m

1400

1200

41000 S

= 5B
5 s s
: 1 [ 1800 , s E
& ® Complete condensation of s $
g 300 - the whole contamination flow E
Z — hitting the mirror

. B 400

2f 1 200

S T S R I (69 )

Warning/thrust time, L (multiples of T A)
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Light Tug Idea

= Combined light pressure
Yarkovsky effect.

= No contamination
= High energy efficiency
= Large deployable structu

and enhanced

res

= Propellant consumption to counterbalance light pressure

Deflection {in km) for & dw =60m, eff =90%

12— e . T 2000
A = > 2% AN
1 A \ 2 (3 % B
s %\ 3 B3 22 WY
10 .| RN ‘23% | 2500
\ \ \ \
al \ \ ! \ -
&= ; \ A \
2 8 L 1 ] 2000
& > A % v % B
B 7t \ %\ Q)O z. % 0%‘ g
B A \ % B %
S 5 > N 1500
E; \ \ ]
2 \\\ S \, e ’%
7 , 1000
N . . .
3t N N N '
. e 500
4! = 500
2 \\\\ ‘Ooﬂ____‘
| A L L L 200
1 2 3 P 3 & 7 8

Warning Time [year]
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g
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Momentum Coupling and Deflection System Mass
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Deflection System Mass

- Given a minimum deflection & and time T available to achieve it, one can
define the system mass ratio as:

m, +m,
M =

m

s/c

where m, is the mass required to deflect the asteroid, m is the energy

required to deflect the asteroid, my, is the total mass of the spacecraft at
launch.

= For example for a kinetic impactor we have:

m
5VA - < Avsfc; m!z’ - f(Avsfc)
m, + m,
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Momentum Coupling as a Performance Metric

Let's take the ratio between the amount of power required to produce
a deflection action P, and the resulting variation of linear momentum

an

F,
c Fu
Py

www.stardust2013.eu
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We call this coefficient the momentum coupling of the deflection
action.

This coefficient applies to all deflection methods for which the mass of
the deflection system is a function of the installed power.

[72)

PUSHING THE BOUNDARIES OF
SPACE RESEARCH TO SAVE OUR FUTURE _*_ q T _\ R D Ll S T



Momentum Coupling as a Performance Metric

= n, =0.55, Target Asteroid
|—e— rspot—O‘SOmm L |
s rspot=0.75mm E : :
) r  =1.00mm | RRERERERERE, ........ i
spot & = : :

—*_rspot=1'25mm S " . - : C h

| —gt _pot=1.50mm : ‘ ‘ m —
——RIT20 é : . f P
—RIT10 3 : IN

L PPSI3SOG ...... N RS e N R ...... #‘)C ..... C .....

}:]' AU ‘ASA
R 2

AU

Py =1
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RIT20: Isp 4500 s, 150 mN, 5000 W
RIT10: Isp 3325, 15 mN,460 W; Green line - Hall Thruster

[74)
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Deflection System Mass as a Performance Metric

= Evaluated the deflection-only mass of the laser ablation system to achieved a given Av.

N

IN
4 + m;{

m;¢ = aﬂpf F pRAR(l - 77:,) oe T
RLR

Included:
Mass, emissivity and operating temperatures of the radiators;
The area and specific mass of the power system
Input power and efficiency of the laser system

www.stardust2013.eu
twitter.com/stardust2013eu

Compared to electrical propulsion, which has the same installed power of the
laser and produces the same Av.

Included: the mass of two engines, power system, radiators, tanks and
propellant

Py
thrust + {IP BW + p R AR (l - UEF ) 4 + 2me

F
my, =22— At
gl]!sp JER]:TE

[75)
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Low-Thrust vs. Sublimation

Imparted A v [m/s] after 10 years, shooting distance=250m

J B | .
f“"? /)8 gs/ . = Deflection mass for the same power
& ss0[)/ = 3 - . . .
5.0 § | input and delivering the same Av.
7500 = g
E as0fE / & 5 .
2 400:*%;.; °§§, &
33505‘% §§ / / - C . F;ub
25003 < ‘*“Q’ @ 1 e P
2250_;?:/ o / | IN .
= 200 _g%; & aft /om/_ Q g
b .+ = |ow efficiency processes, such as 3 2
Imparted A v [m/s] after 10 years, shooting distance=250m . . © _(E“
wfTTET 7 /7 7 & laser ablation, can still generate a G2
FOOF) ¥ T / ' high thrust, for a low Isp: 3
§ 1800y Ci‘.; & ] 2
%‘ 1600 'f:f 4 g // & o o =
2 14001 2\7 J o
2 1200{:‘; Gc?fb‘,, // 1/ 1 2]?10!}\#' _ F]
E 1000 f;f (?e““ i / ) | B F
5 800%3 / N e gﬂ
g 6007, & ) \/. 1
400 Eﬁ | /u | |
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Optimal System Mass

J‘

- The mass of the last system can be modelled with a single analytic @
expression if one assumes that the contamination induces an exponential
increase in the size of the arrays and the mass of the laser is proportional to

the input power:

WAL PrAR(L _477|_) - AvVm,,
oex 15 AtC

www.stardust2013.eu
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- Likewise the mass of an Electric Propulsion system can be expressed in a
similar fashion including also the propellant consumption:

mg, =|2.2

| | |
+(ap + ape N ) —2— 1+ 1- P+ =P AVm
0ol ( p T &gp )277At PrPr(1—17ep) 2Atnoe TS At } A

[77)
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Optimal System Mass

>3 I
G

AL PrARL—177,) 4

Ms =| Op T0xpE 2
oex 1o

Hy

x10
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LoV] N FES h
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[ (]
1

Normalised Laser System Mass
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(78]
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Optimal System Mass

o
= One can now try to compute the derivative of the mass ratios for both the @
laser and the electric propulsion system to get:

dnrs

dAt

ogll — 2 _
— (vp At — 1) augpeBAt — I:OP . Pr( ‘ JZL) +NL] — 0

= The two derivatives can be put to zero to find the optimal time that minimises
the mass ratio:

dnep , Rl = nep
|EF = (vgpAt — 1) (\,s‘h("/EPA’ = (“P T Bl r */EF) L 2’”')

www.stardust2013.eu
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—
~—

dAt

= The two expressions are essentially identical and lead to the same conclusion
on the optimal system mass. [ 79 ]
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Optimal System Mass

= One can also check the ratio between the mass of the EP system and the
mass of the laser system for different contaminations.

50 50
40F / 40 W\ I}
—_\ N /
""" Ver 'L W /
\ /
R (s | | \
2 30f ER 2 30} K
- < / = -— '
= el — Ve VL = b N V=V
Z v__=1.5v 2 b gtk
Z —==Vep VL = ' == Vgp=0
= 20} 2 201 %
_—_-'\
S e
-==V_.=1.5v
10} 10} Bk
O i 3 N : ! L 1 0 N N : i i |' -l N
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At [day] Sl At [day] « 10}

2.2 =L =t [O’p—FQ’ng’VEPAt—Fp rU—1EP) +2/ ] spgo

mepp 7 9olsp oerTyh NEP
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Uncertainty Quantification
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Uncertainty in the Ablation Model

The thrust is a function of the rate of mass expulsion:

d Yrot Tout

mexp =2n.V, J- L I:)in _Qrad - Pcond )dtdy

dt sc " rot

= The power input due to the solar concentrator is: "’

2
r
7 (. 05

= The Black Body radiation loss and the conduction loss are: é’:é 3
— © 2

Qs =iy T" Qeonc @ To ) § B

| 7t = ‘E

= The average velocity of the ejecta is given by: s g
=

s — § 8

v |2 @ 8

\| 7zM Mg25i0, =

= Thus the sublimation thrust is computed, under the assumption of tangential thrust, as:
AVm

exp

u

m,

= Physical properties of the asteroid are known with a degree of uncertainty ( 82 J
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Spacecraft System Sizing

= Each spacecraft consists of:

« A primary mirror M, which focuses the solar

rays on the secondary mirror M,.

 Aset of solar arrays S, which collect the \

radiation from the secondary mirror. Y Lt

- A semiconductor laser L.

www.stardust2013.eu
twitter.com/stardust2013eu

- A steering mirror My, which directs the Laser light on the target.

- Aset of radiators, which dissipate energy to maintain the Solar arrays

and the Laser within acceptable limits.

&)
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Spacecraft System Sizing

-t
.
-
.
-
-
-
.
.
.
.
.
.

= System sizing procedure: \/\_! o
> .

 The number of spacecraft n

«» the primary mirror di ;/ \
concentration ratio C, are specified as design parar

- The radiator area is computed through steady state |

"

the solar input power and the irradiated power. | e

« The total mass of the spacecraft: m,, =my, +1.1m_

S
D O
o 2
i
o
o
S
L =
S
_EL
< 2
=
s 8
= o
()
=
2

- Thedry mass: My =1.2(mg +mg +my +m_+m,+m,,)

m, =155 my =1.2859)( A + Ay, +2A,, )
mS :115105AS mR nsys Pgl\/l
= These quantities are the result of assumptions on technological readiness [ 84 ]
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Maximum Impact Parameter Problem

~
producing a deviation action a, for a time At=t_-t. @

maximise the impact parameter on the b-plane at the expected time of the

= Given a spacecraft mass m,

impact.

= In the Hill reference frame, this is computed as:

Fay

kAO)— 0 |>b
0

Ar,

dev = rAdevT(kAdev ’

= Withk, and k, as the Keplerian elements of
Ao Adev

nominal and deflected asteroid orbits.

= To compute k , 1o, ON€ can use the analytical solution to the Gauss’

Variational equations.
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Introduction to Evidence-based Reasoning

= Evidence Theory could be viewed as a generalisation of classical Probability

G

Theory.

= Both aleatory (stochastic) and epistemic (incomplete knowledge) uncertainty can
be modelled.

= Uncertain parameters u are given as intervals U, and a probability m is

associated to each interval.

U, ={vp:pelp,pl}; mU,)e[01]
mU ,)+mU ;) +mU vl ,)=1

www.stardust2013.eu
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= Different uncertain intervals can be disconnected from each other or even

overlapping.

)
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Upper and Lower Expectations

Given the proposition (in set form):

an

A:{u|f(a,u){v,ﬁED,ueU}

Lower Expectation (prevision):

E.=[1[f@)] P (du)
v E. = [ L[f]P(du)

www.stardust2013.eu
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> Upper Expectation (prevision):

CE" = (1] £()] P(du)

E :jf [ £1P(du) (€8
PUSHING THE BOUNDARIES OF v
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Deflection and System Model Coupling

2 u
Uph tech
Ph)?si)(/:SaI Design Technological
ncertaintie paramete uncertainties

Impact parameter

System sizing

computation

«»

PUSHING THE BOUNDARIES OF ‘
SPACE RESEARCH TO SAVE OUR FUTURE _*- S T A R D Ll S T

_’_'

[

www.stardust2013.eu
twitter.com/stardust2013eu

()



Interval summary (1): asteroid physical characteristics

Specific heat:

[

Thermal conductivity: e i I

05 S
Conductivity [W/Am*K))

Density:

1

www.stardust2013.eu
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SUinmation 1500 :Loun :;;;l -‘::('UU 3500
Temperature: |

1700 1720 1740 1760 1780 1800
Sublunation Temperature [K]

Sublimation
enthalpy:

&)

5 10 15
Sublimation Enthalpy [J/kg] x10®
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Interval summary (2): technological properties

Laser efficiency:

45 05 0SS
Laser efficiency

Solar array efficiency:

Mirror specific mass:

—

Laser specific mass: o o o

. 1h- 04
Mirror specific mass Ikg-'m:I

Radiator specific mass: !

Radiator specific mass {kg‘m:)
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Integrated System and Trajectory Optimisation

Minimum total spacecraft mass and maximum impact parameter variation:
II\EII? |:msystem _b:|

= Where x is given by the 3 design parameters:
- Diameter of the primary mirror; ~ Am €[2,20]m
- Number of spacecraft in the formation:  n,_ €[1,10]

- Concentration ratio: C, <[1000,3000]
= Mixed integer-nonlinear multiobjective optimisation problem

= Solution with Multi-Agent Collaborative Search (MACS2) a memetic
stochastic optimiser.
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Integrated System and Trajectory Optimisation Under Uncertainty

= Collection of focal elements are mapped into a unit hypercube U

= The maximum over the hypercube defines the worst case values of the cost
functions under uncertainty.

« “minmax’, i.e. optimised worst case scenario
min [ma_x Mo Max (—b)}

xeD uelJ

« The minimum over the hypercube defines the best case values of the cost
functions under uncertainty.

« “minmin’, i.e. optimised best case scenario

min [mm Moo MIN (—b)}

xeD ueJ

= Minimax mixed integer nonlinear programming problems. Solution with

minmax version of MACS.
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Deterministic vs Robus

= Die¢dtanetistbetnshootgeativeh between P, O P ]
twtifsdraition pirdbbégns: ' 5 : -~ minmax
* In thm‘{nﬁimmax” ca)s}, solutions -
) weD . system
with 4°Righ number of spacecraft
= “mingakaemseall primary mirror are
preferred (Many spacecraft to

coni E T mfsg{ér;l;%eimbw(/ebﬂ

Pareto fronts for Laser system MOP

b [km]

Xe ueU

individual efficiency).

= “minHitecageinmin” case, solutions

with a low number of spacecraft ,
andin|levigg mrimary nﬂﬁl;rr(eb)a}e
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Belief/Plausibility Curves for Single Uncertain Parameter
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