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This paper presents an autonomous guidance, navigation and control system for the deflection and attitude 

control of a small asteroid via laser ablation. Laser ablation consists of irradiating the surface of the asteroid with a 

laser beam with sufficient intensity to sublimate the irradiated material. The resulting jet of gas and debris induces a 

force and a torque thrusting the asteroid off its natural course and changing its tumbling motion. In this paper it is 

proposed to use the laser to first de-tumble the asteroid. A reduction of the rotational speed of the asteroid increases 

the yield of the laser ablation process. An autonomous proximity control system is then implemented to keep the 

spacecraft flying in formation with the asteroid under the effect of the thrust acting on the asteroid, plume 

impingement, laser recoil and solar radiation pressure. 

The spacecraft employs and processes the measurements coming from its own on board measurements, given by 

a laser range finder, high resolution cameras, and an impact sensor. The latter is combined with the attitude 

information and, thus, used to estimate the plume impingement force, which acts in the same direction of the exerted 

thrust due the laser ablation. In this way the spacecraft is able to estimate on-board the imparted acceleration and the 

effectiveness of the laser ablation procedure. An unscented Kalman filter is used to estimate spacecraft position and 

velocity together with the perturbative accelerations. A second filter is implemented to estimate the asteroid’s 

rotation by extracting and tracking the motion of asteroid’s features, using either optical flow or spectral methods. 

These variables are used to implement spacecraft trajectory control in order to permit the laser to work at his optimal 

focussing distance.  

Two trajectory control strategies are considered: in the first one, a series of impulse bits maintains the spacecraft 

within a 0.5 m box from the reference trajectory; the second strategy is based on a continuous low-thrust control. It is 

shown that both techniques are viable and accurate. The discrete impulsive control does not downgrade the laser 

performance given the small oscillations with respect to the nominal conditions. Nonetheless low thrust allows the 

spacecraft to impart a higher momentum onto the asteroid.  
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I. ACRONYMS 

AU – Astronautical Unit 

CoM - Centre of Mass 

FFT - Fast Fourier Transform 

GNC - Guidance Navigation & Control 

NEO – Near Earth Object 

MOID –  Minimum Orbital Intersection Distance 

PHA – Potentially Hazardous Asteroids 

RCS - Reaction Control System 

UKF – Unscented Kalman Filter 

 

II. INTRODUCTION 

Near Earth Objects (NEO), the majority of which are 

asteroids, are defined as any minor celestial object with 

a perihelion less than 1.3 AU and an aphelion greater 

than 0.983 AU. A subclass of these, deemed potentially 

hazardous asteroids (PHA), are defined as those with a 

Minimum Orbital Intersection Distance (MOID) from 

the Earth’s orbit less than or equal to 0.05 AU and a 

diameter larger than 150 m. As of 3rd of September 

2013, 10040 NEOs have been detected; of those, more 

than 2900 have a diameter between 0.3 and 1 km, and 

1420 are listed as PHA
1
. Impacts from asteroids of 

about 1 km or more in diameter are considered to be 

capable of causing global climate change and the 

destruction of ozone, with a land destruction area 

equivalent to a large state or country. Those with an 

average diameter of 100 m can cause significant 

tsunamis and/or the land destruction of a large city. It is 

estimated that there are between 30000–300000 NEOs 

with diameters around 100 m, meaning a large number 

of NEOs are still undetected. 

There is wide interest in the asteroid risks 

mitigation. Different deflection techniques can be 

divided into two genres 
2,3

: contact and contactless. Both 

the methods are valid, but contact deflection techniques, 

in the case of impactor, are not effective for every kind 
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of asteroid, such the rubble-pile ones. Moreover this 

solutions require an object (either a spacecraft/ man-

made impactor or another asteroid) to impact the 

asteroid with high relative velocity. In the likely event 

the asteroid trajectory is not precisely known, 

approaching the asteroid fast will reduce the possibility 

to impact and impart the desired momentum. Other 

contact techniques which foresee to capture the asteroid 

and drag it on safer trajectories are difficult to scale-up 

to larger asteroid missions. Contactless systems are 

considered in general to be more flexible from this 

point-of-view; the approach to the asteroid is slower and 

the deflective action precisely controllable. Laser 

ablation consists of irradiating the asteroid’s surface 

with a laser beam. The absorbed energy increases the 

temperature of the spot, thus the rock is brought to 

sublimate, transforming directly from a solid to a gas. 

The ablated material then expands to form a plume of 

ejecta which converts the thermal energy into 

momentum, pushing the asteroid away from its original 

trajectory.  

In 2012 the European Space Agency (ESA) 

addressed a technology reference study concerning 

space mission concepts. The call intended to enable the  

modification of the orbital dynamics of a 130 tonnes 

meter-sized asteroids via a suitable contactless 

deflection technique. The mission is meant to be launch 

after 2025, and to have a maximum lifetime of 3 years 

to impart the asteroid with an overall deviation of 1 m/s. 

LightTouch2 mission, a consortium, led by University 

of Strathclyde and formed with partners from EADS 

Astrium Stevenage, GMV Portugal and the University 

of Southampton, has been selected to prove the laser 

ablation proof-of-concept and the feasibility of its in-

space demonstration.  

The results of this work
4
shows, though, that the laser 

requires the spacecraft to maintain a close formation at 

50 m with the asteroid either along the along track or 

cross track direction.  The laser has limited focusing 

capability and the plume of ejecta tends to contaminate 

the solar arrays, thus reducing the power available 

during the mission.  Big variation with respect to the 

optimal distance could reduce dramatically process 

performance. With asteroids in the range of a few 

metres in diameter, stable terminator orbits do not exist, 

therefore, instead of controlling the spacecraft around a 

stable terminator orbit, the GNC needs to counter-act 

the effect of SRP to remain at the required relative 

position. Even if at 50 m operational distance the 

asteroid barely attracts the spacecraft, during ablation 

the spacecraft is subject to the small but not negligible 

perturbative force for which the spacecraft needs 

constantly to change its state of motion. An active 

control is then required to maintain the formation within 

a suitable operational distance. Two alternatives have 

been considered to control the spacecraft: a discrete 

control and a continuous control. The former method 

uses impulse bits from the RCS thrusters; the latter 

employs low thrust engines. 

Moreover the rotation of the asteroid affects the 

efficiency of the whole process. 
2,5

 showed that the 

higher is the angular velocity, the lower is the imparted 

acceleration on the asteroid. It is, then, important to 

precisely point the laser on the asteroid, and possibly 

reduce this quantity. 

Also the navigation in close proximity of asteroids can 

be complicated due to the fact that the environment and 

the response to the ablation are relatively unknown and 

the dynamics is highly non-linear. Thus it is necessary 

to estimate not only  spacecraft relative trajectory but 

also the effects of the laser on the asteroid. This is also 

vital for the controlling the spacecraft around the 50m 

operating distance. 

In this paper we consider a 600 kg spacecraft with 

7.4m
2
 solar arrays flying along track at 50m from the 

asteroid as one of the case in 
4
. The asteroid trailing 

configuration has been chosen because it is the most 

effective from the deflection point of view. Also it 

reduces the contamination effects from the plume. 

Section III describes thoroughly the proximity 

spacecraft and asteroid dynamics. Section III.II explains 

the implemented control strategy. In particular it 

describes spacecraft control using impulsive and 

continuous thrust techniques. Asteroid rotating 

dynamics and control are then introduced and shown in 

Section IV. Section V explains the set of sensors 

available for determining all the variables necessary to 

perform navigation. Section V.II is devoted to the 

optical flow method, which is necessary to determine 

the asteroid instantaneous angular velocity, which is 

vital to quantify the desired control torque in Section 

IV. Section VI describes the implemented technique for 

estimating the perturbative accelerations due to the 

interaction of the laser with the asteroid. Eventually 

results for both the spacecraft control strategies are 

shown in Section VII. Conclusions are, then, drawn in 

Section VIII.    

 

III. DYNAMICS AND CONTROL  

 

The spacecraft is required to fly in formation with 

the asteroid during the ablation process. The control of 

the ablation process requires an approximated 

knowledge of the distance between the laser source and 

the surface of the asteroid. Hence the relative position of 

the spacecraft needs to be determined and controlled 

within a given range.  

 

III.I Proximity Motion and Perturbations 

 

The dynamic motion of the spacecraft in the rotating 

Hill reference frame. In the proximity of the asteroid, 
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the spacecraft is subject to the resulting force due to 

solar pressure, the gravity of the asteroid, the gravity of 

the Sun, the centrifugal and Coriolis forces plus other 

forces induced by the impingement with the plume. 

Moreover the asteroid is accelerating under the effect of 

the laser ablation, and, thus, the spacecraft experiences 

the same acceleration in magnitude but in the opposite 

direction. 

Following the ellipsoidal asteroid model, we assume 

that the semi-axis c is aligned with the z-axis of the 

asteroid Hill frame A (see Figure 1) at initial time. 

 
Figure 1. Definition of the reference frames, 

including the rotating Hill frame A centred on the 

asteroid. 

Assuming the asteroid’s shape is an ellipsoid, the 

gravity field of the asteroid is expressed as the sum of a 

spherical field plus a second-degree and second-order 

field 
6
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and γ is defined as 

 arctan( ) A
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w

x
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If one considers a Hill reference frame centred in the 

barycentre of the asteroid, the motion of the spacecraft 

in the proximity of the asteroid itself is given by 
7
: 
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where
ar

a is the projection into the local axes of the 

acceleration the asteroid ar  is subjected to 
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The second component on the right side of Eq. [4] 

represents the tugging effect exerted by the spacecraft 

on the asteroid, and

( , , , , )laser available asteroid spotf P m A composition kinematicsa   is the 

thrust due to the laser ablation process which depends 

on available power at the laser beam availableP , area of 

the spot on the asteroid
spotA , asteroid’s mass, 

composition and kinematics 
4
; ν is the angular velocity 

with which the reference frame moves, and it is also 

affected by the process. In local reference frame its 

dynamics is given by  

 ( ) 2 ( )
a a a a ar r r r r laser local      x ν x x ν x x a [5] 

being laser locala is the projection of lasera  into the local 

reference frame. ( , )
asc rF x x  includes all the 

perturbations due to solar radiation pressure, the laser 

recoil and plume impingement 
8
: 
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where CR is the reflectivity coefficient and Ssrp is the 

solar flux at 1 AU, AM  is the area of the solar arrays, 

Aeq is the spacecraft cross section for the plume 

impingement, plume and  
plumev are respectively the 

plume’s density and velocity at the spacecraft 

(dependant on the distance from the spot 
4
.  The motion 

of the spacecraft is thus ruled by: 

• Laser recoil: Reaction force induced by 

conservation of momentum upon the projection 

of laser photons.  This force acts to push the 

spacecraft away from the asteroid. 

• Solar radiation pressure: exerted mainly in the 

7.4 m
2
 solar panels, but also partially in the 

spacecraft body. The spacecraft is nominally sun 

pointing, but the nominal value still changes with 

the distance to the Sun. A part from that, it can 

be considered a stochastic value where the 

magnitude changes by 20% (conservative) with 

respect to its nominal.  

• Plume impingement: Caused by the jet of ejecta 

plume hitting the body and solar panels of the 

spacecraft. Pushes the spacecraft away from the 



64th International Astronautical Congress, Beijing, China. Copyright 2013 by the authors. Published by the IAF, with permission and released to 

the IAF to publish in all forms.. 

IAC-13,C1,4,11,x16601          Page 4 of 15 

asteroid. The magnitude depends on the cross 

section of the exposed surface.  

• Deflection induced: a fictitious force arising 

from the accelerating local frame. The frame is 

centred in the asteroid’s Centre of Mass (CoM), 

which is, through ablation, thrusting with a 10 

mN force, thus accelerating at 0.077 µm/s2. The 

chase caused by this acceleration is equivalent to 

a force, when seen in a local frame of about 

42µN. 

 

III.II Spacecraft Control 

 

The GNC needs to estimate the distance of the laser 

from the surface of the asteroid and the distance of the 

spacecraft from its CoM. In order to focus the beam 

onto the surface, the laser-to-surface distance must be 

known with a0.1m accuracy to limit the complexity of 

the optics. Trajectory estimation is performed by 

combining information from the on board camera and 

LIDAR Range Finder, along with the measurements 

from the opportunistic payload, i.e. impact sensor and 

spectrometer 
4
. The ranging sensors directly measure 

this quantity, more specifically the range in the direction 

of the beam’s boresight. Combining with Line Of Sight 

(LOS) measurements, this can directly be converted to 

altitude, that is, range to surface in the SC-CoM 

direction. The spacecraft-to-CoM distance is is the 

quantity of interest to control the translational dynamics. 

Figure 2 shows how rotation is coupled with the 

measurements.  

The implications for GNC are numerous: on one 

hand, a measurement is available that (with little 

filtering) can provide cm accuracy to focus  the beam. 

On the other hand the translational control cannot react 

to keep this measurement constant, because that would 

imply a large amount of actuations. Furthermore, the  

spacecraft determines its trajectory with respect to the 

CoM, so it would be easier to refer to the spacecraft 

relative position rather than to the range from th surface. 

 
Figure 2. Range to surface change with rotation of 

the asteroid 

To provide insight to this issue, consider the 2 DoF 

simplification shown in Figure 3. The asteroid has been 

assumed to be an ellipsoid with semi-axes given 

[ ] [2.3 3.0 1.5]a b c m . Being the difference 

between the maximum and minimum axis of the 

ellipsoid equal to 1.5m, the rotation of the asteroid, at 

maximum, will cause an excursion in range of ±1.5 m , 

if the CoM distance remains fixed. The focusing of the 

laser is such that the distance beyond which the 

defocusing of the laser beam would stop the ablation 

process is close to ±2 m about the nominal operating 

distance. Translated to a requirement, this means that 

the CoM distance needs to be controlled to a box of 

±0.5 m. Figure 3 shows how an excursion of ±0.5 m in 

CoM plus the rotation lead to an excursion of range to 

surface of ±2 m. 

 
Figure 3. Maximum excursion of range to surface 

caused by a 2 m excursion in CoM range and rotation 

Two control logics have been implemented for the 

formation. The first one is a discrete limit cycle control 

based on impulsive bits from RCS thrusters. The second 

employs a continuous thrust to constantly maintain the 

spacecraft within the box. 

 

Discrete Control 

 

 At each instant of time the autonomous system 

propagates the estimated state up to the following 

instant of time. Then the system checks for the inclusion 

of the spacecraft between the boundaries defined by the 

control box. The control allocates an impulse bit, 

keeping into account the estimated acceleration acting 

on that direction, exploiting the dynamics to reduce the 

overall number of actuations. It is assumed that within 

the control box the total acceleration acting on the 

spacecraft is constant. Under the effect of a constant 

acceleration, the motion of the spacecraft within the 

control box is given by:  

      

 

2

( )
2

in in corr est

t
t   d d v v a  [7] 

where ind
 and inv

are the initial position and velocity 

error with respect to the nominal trajectory, corrv
 is 

the corrective impulse bit, while esta is the acceleration 

acting on the spacecraft. The corrective impulse bit is 

allocated such that the spacecraft reaches the other side 

of the control box, with relative velocity equal to 0. 
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where position and velocity have been substituted by 

their estimated counterpart at the current instant of time. 

In order to achieve this limit cycle, an estimate of the 

relative acceleration is necessary. 

 

Continuous Control  

 

If one assumes that centrifugal and Coriolis forces 

are negligible compared to solar pressure, gravity of the 

asteroid, and plume and that any non-spherical terms in 

the gravity field expansion results in only a small 

perturbation, then one can build a simple control law 

based on the Lyapunov control function
8
:  

       2 2 2
21 1

2 2
ref ref refV v K x x y y z z        [9] 

where [ ]ref ref ref refx y z r  are the 

coordinates of a point along the nominal formation orbit 

(in the Hill frame). The assumption here is that the 

motion along the reference formation orbit is much 

slower than the control action.  

The necessary condition for the stability of the 

controller is that it must exist a controller u such that 

0dV dt  . Such a controller is defined as follows: 

 3
( ) A

Sun ref dK c
r


    



 
      

 
u a r r r r v  [10] 

If the actual trajectory of the spacecraft was known, 

the continuous control in Eq.[10] can now be introduced 

into the full dynamics model in Eqs.. Though, the 

trajectory is estimated by the navigation and in this way  

Eq.[10] becomes: 

 3
( ) ( ) ( )A

Sun est est ref d estK t c t
r


    



 
      

 
u a r r r r v      [11] 

where refr , ref v  are the estimated position and 

velocity from the filter and the two coefficients are time 

dependant, in order to account for the filter to converge, 

thus reducing initial control. The elastic coefficient K 

was chosen to have 10
−5

/s
2
 as steady value while the 

steady dissipative coefficient cd was set to 10
−3

/s. 

IV ASTEROID ROTATIONAL DYNAMICS AND 

CONTROL 

 

Given the fact that the yield of the laser ablation 

process is higher when the angular velocity of the 

asteroid is lower, decreasing its angular velocity by 

pointing the laser off-barycentre can increase the 

process effectiveness. Thus the desired deflection can be 

achieved in a shorter time, or, conversely, higher 

deflection can be obtained in a year operations. The 

dynamics of the rotating body is given by a set of 7 

differential equations, which describes the evolution of 

the asteroid attitude, here represented by quaternions, 

and its angular velocity : 
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q Ωq

Iω ω Iω M
  [12] 

where 1 2 3 4[ ]q q q qq
 is the quaternions 

array, 
[ ]x y z

   
is the angular velocity 

array in the inertial reference frame, I is matrix of 

inertia of the asteroid; cM
is the control momentum, 

and Ω  is given by 
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 [13] 

It has to be pointed out that we neglected the 

perturbative torque because the overall effect is 

negligible with respect to the torque induced by the 

laser, and also we did not consider the contribution 

given by the rotation around the Sun (equal to 
72 1.9 10aT rad s  

, about 4 order of magnitude 

lower). Difficulties arise when trying to control asteroid 

rotation using the laser due to: 

1. the lack of knowledge of inertial properties of 

the body, which reduces the system capability 

to predict how the asteroid will behave under 

the control momentum; 

2. the thrust alignment with the local normal to 

the asteroid surface where the laser is pointing, 

which could produce an undesired control 

momentum;  

3. the spacecraft configuration for which the 

spacecraft will be able to control the rotation 

only around two directions.  

On the contrary before the deflection operations 

begin, the on-board system will construct a map of the 

asteroid determining the regions of the asteroid where 

the laser will produce desired torques. Moreover the 

wide angle navigation camera together with the LIDAR 

will be used to determine the instantaneous angular rate, 

by tracking few feature points. Also the relative attitude 

could be obtained but the objective here is to reduce 

angular rate, not to maintain the asteroid in a fixed 

attitude. (The latter will require a strict control which is 

not possible with a fixed spacecraft configuration).  . 
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The only information from the on board system is 

the estimated angular velocity relative in the Hill 

reference frame through image processing. In this way a 

control torque proportional to the angular velocity 

component can be determined as : 

I
c I Laser

I

k    
ω

M r T
ω

      [14] 

where c IM   and Iω  are the control torque and the 

angular velocity in the inertial frame. For simplicity, 

given that the angular velocity of the Hill reference 

frame is very low compared to the rotations of the 

asteroid, the inertial frame IJK as in Fig.4 is assumed to 

be coincident with the Hill reference frame of xyz 

components. k is a scaling factor for which the 

magnitude of the control momentum is realizable by the 

system.  If one does not scale the angular velocity, the 

desired arm could be outside of the asteroid volume. For 

this reason k has been defined as: 

maxlaser

estimated

asteroid armk M r  a                [15] 

where max armr   is the maximum arm with respect to the 

CoM at a certain time. It has been assumed that the 

CoM is precisely known (which can be determined 

before starting operations). In this way even if the 

asteroid is rotating, the laser will always hit the surface. 

In components:  
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-

-
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                    [16] 

In order to derive the target point on the surface of 

the asteroid to generate the desired control torque, one 

can start from considering that the spacecraft is flying 

along y-axis, and that the laser can be controlled only in 

azimuth and elevation. The azimuth and elevation of the 

laser beam translate into a coordinate in the x-z plane. 

Furthermore, it is desirable to produce a deflection 

action mainly along the y direction. Hence, iIn order to 

reduce any thrust component in the z direction the target 

region has been restricted to a maximum distance from 

y equal to 2/3 of the minor inertia axis of the asteroid.  

  

Figure 4 sketches the proposed target point and 

control technique.  

 

  
Figure 4: Angular velocity control scheme 

 

Given these assumptions, the desired arm is given by  
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The desired arm is, thus, defined in the x-z plane. 
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 [18] 

 In this way it is not necessary to know the asteroid 

mass but one can rely only on the estimated angular 

velocity and total perturbative acceleration from the 

laser.  To model interaction fully, one needs to identify 

the intersection between the line connecting the desired 

arm to the laser whose position is assumed to be, for 

simplicity, coincident with the spacecraft barycentre. 

Figure 5 schematically shows how the model identifies 

the point where the laser hits the surface and the 

correspondent actual control arm and thrust. 

 
Figure 5: Spacecraft-asteroid interaction 
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In the following, the actual laser-asteroid interaction 

is explained. With reference to Figure 5, the equation of 

the line is given by Eq. [19]  

 arm d x r l
 [19] 

where 
[ ]'arm x y zr r rr

is the desired arm as defined in 

Eq.[17], l  is the unit vector aligned as the spacecraft-

arm direction, d is the intersection with the surface. 

The surface of the ellipsoid is defined as in Eq.[20]: 

 ' ( ) 1t x A x  [20] 

where is given by the rotation of the ellipsoid with 

time: 

 
( ) ( ) ' ( )t t t 0A R A R

 [21] 

The matrix 
2([ ] )diag a b c 0A

 is assumed to 

be diagonal, which means that the ellipsoid axes are 

aligned with the inertial reference frame. ( )tR  is the 

asteroid rotation matrix, given by: 
2 2 2 2

1 2 3 4 1 2 3 4 1 3 2 4

2 2 2

2 3
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R

  [22] 

By substituting Eq. [19] in Eq.[20] the intersection 

with the ellipsoid is defined by the solution of a second 

degree system of equation: 
2 '' ( ) 2 ' ( ) ( ( ) 1) 0arm arm armd t d t t   l A l l A r r A r

 [23] 

Eq. [23] leads to finding two values of d : 
2 '

2

' ( ) ( ' ( ) ) ' ( ) ( ( ) 1)

( ' ( ) )

arm arm arm armt t t t
d

t

   


l A r l A r l A l r A r

l A l  [24] 

Only the solution which gives the shortest distance 

between the asteroid and the spacecraft is considered. 

From the solution of [13], the normal to the surface, and 

thus the direction of exerted thrust, can be calculated. 

For an ellipsoid, the normal vectors are given by the 

gradient of the surface function as follows: 

2 2 2 2 2 2
( ' ( ) 1) ( ' ( ) )

x y z x y z
t t

a b c a b c

   
        

   
n x A x x A x

[25] 

Once the normal is available the actual applied 

torque can be calculated by   

 ( )c c laser M r T  [26]  

 

V. Measurements model 

 

On board orbit determination at the asteroid will be 

performed by combining optical measurements from the 

camera with the ranging information from the laser 

range finder 
9
. The measurements then are processed by 

an unscented Kalman filter selected for its capability to 

not introduce approximations due to linearization as the 

extended Kalman filter
10

.The measurements from the 

camera are defined on the screen of the camera itself as 

the coordinates of the asteroid centroid and translated 

into angular measurements. The definition of the 

asteroid as seen from the camera a certain number of 

points are taken the asteroid surface. The position of 

each point is given in the spacecraft reference frame as: 

 
i i

Surf SC SC surface  x r x
                            [26] 

where  

i

surfacex
are the vector position of the points with 

respect to the centre of the asteroid. Then these points 

are given in the camera reference frame in the 

components 
( , , )i

cam cam camx y z
: 

 

i i

cam Surf SC camera

i i

cam Surf SC camera

i i

cam Surf SC camera

x

y

z







 

 

 

x x

x y

x z
                                   [26] 

where camerax
, cameray

 and cameraz
represent the 

axes of the local camera frame. Being 
i i i i

x y zv v v   v
 the normalized the local vector, 

the position of the surface point in terms of pixel can be 

defined as: 

 

i i

screen x c width

i i

screen y c width

x v t p

y v t p




                          [26] 

where 
/ i

c zt f v
,  f is the focal length and widthp

is the 

pixel width. The centroid coordinates 
( , )c cx y

is obtained 

by the mean position of the all points on the screen of 

the camera. A representation of this stage of the process 

is reported in Figure 6 which reports also the position of 

the centroid with respect to the actual centre.  

 

 
Figure 6. Centroid identification 

 

The local azimuth and elevation angles are obtained 

as: 

1

1

2 2

tan

tan

c

c

c

x

f

y

x f














                          [26] 

The measurements from the camera results in being 

affected from both attitude and pixelization errors. The 
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latter is due to the fact that the surface points in terms of 

pixel are defined as multiple of pixels and could lead to 

mis-identifying the actual pixel position on the camera 

screen. A minimum of two points on the asteroid 

surface is necessary to make navigation system 

observable. When a range measurement is added to a 

camera image, only one visible surface point is required 

for the navigation system to be observable. The 

measurements from the LRF are given by the distance 

between the spacecraft and the spot the camera is 

pointing to: 

sc surfaced  x x
                             [26] 

where surfacex
 is the position of the spot on the asteroid 

surface. 

An impact sensor and spectrometer are embarked are 

used to characterize the composition of the asteroid and 

measure the mass flow from the ablation process. These 

sensors provide the system with information on the 

mean velocity and mass flow per unit area of the ejecta 

plume. These can be used to estimate the force exerted 

by the ejecta plume as: 

 ( )plume laserF m vA attitude  [26] 

where laserm  is the mean mass flow per unit area, v is 

the mean ejection velocity and ( )A attitude is the cross 

section of the spacecraft with respect to the ejection 

velocity (which depends on the attitude). 

 

V.II Optical Flow 

 

In order to control the asteroid rotation rates, it is 

necessary to estimate its instantaneous angular velocity. 

Tracking feature points of the asteroid can be used in an 

efficient implementation to characterize the asteroid’s 

rotational state. Two methods can be used proposed to 

perform the asteroid’s rotational state determination. 

The first method, the Fourier Spectral analysis method, 

reconstruct the rotation of the asteroid by performing a 

Fourier analysis of the movement of selected features on 

the surface of the asteroid. The Fourier Spectral analysis 

methods works applies a fast Fourier Transform (FFT) 

to a batch of measurements over a period of time 

sufficiently long to capture the lower desirable 

rotational frequencies
11

. The second method is based on 

the optical flow method to extract rotation information 

by tracking the movement of selected features on the 

surface of the asteroid. The method can be used to 

estimate the instantaneous rotation of the asteroid. Both 

method rely on the feature extraction algorithm and can 

be implemented on-board to autonomously control the 

rotation of the asteroid during deflection. This FFT 

method assumes that the asteroid’s motion is described 

by the superposition of the rotations with constant 

angular velocities. Using the combination of camera, 

ranging instruments, and model of the asteroid, the 

estimator can obtain three dimensional position 

information of the points on the object. From these 

measurements, it can estimate the rotational parameters 

of the asteroid - each frequency and direction of the 

axes of rotation can be computed by applying a Fourier 

transform to a time sequence of the points’ three 

dimensional positions. This method has been envisaged 

for debris capture and removal missions, and works on 

the premises that the motion is free torque force acting 

on the body and characteristic frequencies of rotation 

are distinct 
11

. The main drawbacks are represented by 

the fact the method is suitable especially for symmetric 

bodies and that a batch of measurements needs to be 

processed over long time to identify lowest frequencies 

correctly. Conversely, the optical flow method has been 

already employed and it is being used on the Rosetta 

mission during landing
12

, where it is critical to 

determine the relative attitude and position with respect 

to the surface, possibly integrating imaging information 

with the range measurements from radar or LIDAR. 

Feature points have specific characteristics that makes 

them distinguishable from others in their surroundings. 

Knowing how points evolve in the image frame, the 

velocities and angular rates with respect to the camera 

can be deduced. 

 

 
Figure 7. Pin-Hole Camera Model 

 

To extract the velocity from the feature point, the 

“pinhole” model of a camera is used 
13

: 

 

c

cc

yu f

zv x

  
   

                                  [27] 

where
( , )u v

 is the projection in the focal plane of the 

camera; 
[ ]c c cx y zcr  is the position of the point 

in the camera reference frame;    is the distance in the 
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boresight direction and 
f

the focal length of the 

camera. 

Applying the time derivative to both sides of the pin-

hole camera model, it is possible to relate the optical 

flow with the angular and linear velocity of the asteroid: 

 

2

/ /

c

cc c c

c cc c

c cc c c
B C B C

dy

yu f f dxdt

v dz zx x dt

dt

dx dy dz

dt dt dt

 
    

     
     

  

 
    

 
cω r V

        [27] 

Substituting the second equation in Eq.23 and 

reorganizing it to make it a function of  /B CV
 and /B Cω

, 

which are respectively the linear and angular velocities 

of the body relative to the camera : 

 

/

/

( , )
c

B C

p c

B C

u V
M f c

v 

  
   

            [28] 
2

2

0

( , )

0

c c

p

c c

u f uv u
v f

x x f f
M f c

v f v uv
u f

x x f f

 
    
 
 
   
          [28] 

Eqs. [28] and [28] lead to a representation of the 

motion of the points with respect to the camera frame, 

including the angular velocities. Anyway by using the 

position of the points on with respect to the asteroid 

centre of gravity, a different form of Eq. [28] can be 

obtained:   
2

2

0

( , )

0

a

c

c c c

p a

c

c c c

xu f uv u
v f

x x f f x
M f c

xv f v uv
rr u f

x x f x f

 
    
 
 
   
        [28] 

where 
a

cx
 is the distance of the feature point to the 

centre with respect to the boresight direction. Adding 

the information from other feature points and pseudo-

inverting, both /B CV
 and /B Cω

 are directly calculated. 

1

1

1

/

/

( , , )

( , , )

B

N B

P O
c

B C

c

B C

P O N

N

u

M f c c v

M f c c u

v


 
  
    
    
    
  
  

V

ω

      [29] 

where the   sign stands for pseudo-inverse. The 

algorithm allows extracting velocity and attitude rates 

from at least 3 tracked feature points from two 

consecutive frames.   

• No approximations are done in this model. 

However,  u  and v  are not available, so they 

are replaced by / t u . This is to assume that 

this value is small, which should be the case 

considering the camera extracts 10 FPS and 

the fastest rotation rate should be 19/hour.  

• The equations are linear with respect to the 

evaluated variations of the feature points ( ̇, 

 ̇). The matrix, however, depends on a value 

that cannot be directly measured by the 

camera, the distance to the boresight direction 

to each of the points. So the information from 

the camera needs to be complemented  using 

the model of the asteroid’s surface. 

• Relative velocity can be extracted from 

navigation filter so the algorithm can be 

adapted. Rearranging the equations: 

 

/

2

/2

0

 

0

 

e

c c c e

B C

e e

c c

a e

c

e

c c e

B Ca e

c

e

c

u f

x xu
V

v v f

x x

xuv u
v f

f f x

xv uv
u f

f x f







 
 

 
  
    
 

 
   
 
 

  
  

 [29] 

where the apex e refers to the estimated quantities. 

Thus obtaining: 
1

2

/ /2

0

 

0

a e

c

e e e

c c cc e c e

B C B Ca e

c
e ee
c cc

xuv u u f
v f

f f x x xu
V

v v fxv uv
u f

x xf x f








    
       

                  
     

[30] 

Finally I eω
for Eq. [14]is obtained by rotating 

/

c e

B C
 from the camera frame to the asteroid frame. 

Through this method, at each time a batch of points are 

processed, an estimate of the rotation rate of the asteroid 

with respect to the camera is obtained (the attitude and 

rotation rate of the camera is well known from the 

spacecraft attitude determination).  The method is 

affected by errors coming from the identification of the 

features on the surface (pixelization error), as well as 

the spacecraft position error from the translational filter. 

As an example reports the error of the optical flow 

system during 14 days operations. A number of 10 

features have been considered at each time. 
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Figure 8: Optical Flow error 

In general the system is able to determine the 

angular rate as precise as few milliradians per second.  

 

VI ACCELERATION ESTIMATE 

 

During operations it is vital to measure the 

effectiveness of the momentum coupling. The on-board 

GNC system is able to determine the relative 

acceleration between the spacecraft and the asteroid. 

The effect of the thrust exerted by the laser ablation 

produces a dragging force whose effect is coupled with 

the plume impingement. The impact sensor gives the 

necessary information on the mass flow and velocity of 

the ejecta acting on the direction normal to the surface 

facing the plume. The contribution of the plume is not 

negligible The premise of this method is that we can 

rely on precise methods to model the effects from the 

laser recoil and from the solar radiation pressure. This is 

the case, because the acceleration from the solar 

pressure can be filtered and precise estimated will be 

available during ground station campaign. Moreover 

during calibration, the laser recoil will be estimated 

precisely by simply firing the laser in the asteroid 

direction defocusing the beam, so that it will not 

produce any laser ablation. The proposed method 

consist of augmenting the state variable the on board 

system needs to estimate during laser operations, by two 

variables, which represent the dragging force due to the 

laser ablation and the plume impingement acceleration. 

In this way the variables, which the filter will need to 

estimate, are[ , , , , , , , ]x y z laser plumex y z v v v aa . The approach 

is the one used to estimate biases, commonly used to 

estimate solar radiation pressure
14

. The dynamics 

equations associated to the acceleration from the laser 

ablation and the plume impingement is thus time 

independent:   

 
0

0

laser laser

plume plumea 

 

 

a ν
               [30]                                     

where  laserν and plume
are system noises, which means 

that the dynamics of these variables is driven by the 

noises. It has been assumed that the force from the 

plume is exerted along the asteroid-spacecraft direction. 

The acceleration from laser is used to update both the 

spacecraft and the asteroid dynamics in Eqs.  and [4]. It 

has been hereafter considered the level of noise on the 

system equal to the 10% of the nominal value. Treating 

these accelerations as biases is a strong assumption 

because it implies that their dynamics is slowly varying 

with time. However, by keeping the spacecraft within a 

small control box, one can maintain the acceleration 

almost constant, thus limiting the dynamics effects from 

the laser ablation. 

 

VII. RESULTS 

 

Following the study
4
, it has been assumed to use the 

near Earth object 2006 RH120 whose characteristics are 

listed in Table 1.   

 

 
Table 1. Orbital elements and physical  

characteristics of 2006 RH120 

(http://ssd.jpl.nasa.gov/sbdb.cgi?sstr=2006%20RH120), 

 

This is a small rocky asteroid with an estimated 

mass of 130 tonnes. The laser ablation starts when the 

asteroid is at perihelion. The initial angular velocity is 

[0.0052    0.0052    0.0332]rad/s. At the beginning of 

operations the asteroid principal axes of inertia are 

aligned to the Hill’s frame axes. This means that the 

spacecraft is assumed to rotate mainly along the z-axis 

at the beginning of the operations with smaller 

components on the other 2 axis. The inertial matrix is 

assumed to be almost diagonal, as given for an ellipsoid 

with extra-diagonal components equal to 1% of the 

minimum axis inertia.  Since the overall process is 

stochastic, the random process has been seeded to 

produce the same results for both the discrete and 

continuous control. The results, hereafter reported, 

simulates operations at the asteroid for 14 days.  

 

VII.I Estimated and Controlled Motion 

  

The on-board system estimates the relative trajectory 

of the spacecraft. As one can see from Fig.9 and Fig.10,  

http://ssd.jpl.nasa.gov/sbdb.cgi?sstr=2006%20RH120
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the filter produces similar performance in both the 

discrete and continuous control.. The estimate is as 

precise as 20 cm in position and less than 0.1 mm/s.In 

general the maximum error is on the y-axis.  

The most noticeable difference is due to the fact that 

in the case of the continuous control the number of 

peaks with maximum error (circa 20 cm) is higher than 

in the case of discrete control. Conversely when one 

considers the actual error with respect to the desired 

position (i.e. spacecraft placed with zero velocity at 50 

m along track with ), the continuous control maintains 

the spacecraft closer to the desired trajectory as shown 

in Fig.12 with maximum error in the range of 40 cm in 

position and 0.1mm/s. On the contrary Fig.11 shows 

that the discrete control sometimes fails to maintain the 

spacecraft within 0.5m. Moreover as shown in Fig.11.b, 

the maximum error in velocity is up to 4 times higher 

than the former case.  

 

 

 

 
Figure 9: Discrete Control -Estimated position(a) 

and velocity error(b). 

The reason for these trends can be easily explained. 

The discrete control allows the spacecraft to move 

freely within the control box. During this phase the 

estimate is less affected by the noise introduced by the 

measurements into the dynamics through the control. 

Then the peaks outside the control box are due to the 

fact that the control logic works when the estimated 

position is outside the control box. Given the error in 

the estimated trajectory, the spacecraft is actually 

maintained within a 80 cm control box.  

 

 
 

Figure 10: Low Thrust Control -Estimated position 

(a) and velocity error (b). 

Anyway in both cases, the controller uses also the 

estimated accelerations which is affected by high level 

of noise. This leads sometimes to apply higher or lower 

level of control with subsequent peaks in the position or 

velocity. 

 

 

 

 

a 

b 

a 

b 
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Figure 11: Discrete Control - Actual controlled 

position (a) and velocity error (b). 

 

 
Figure 12: Low Thrust Control - Actual controlled 

position (a) and velocity error (b). 

 

VII.II Asteroid Control 

 

Implementing the method described Section III.III 

the rotational velocity is progressively decreased. Fig.13 

reports the set of points representing the projection of 

the control arm on the x-z plane for the asteroid for the 

discrete case (the continuous one is very similar). The 

distance of each points from the centre of mass is about 

1 m, which is 2/3 or the minor axis. Since the main 

component of the rotation is along the z-axis, the control 

arm has as major components along x-axis for the 

selected period of time. 

   

 
Figure 13 - Typical distribution for the desired 

control arm on the x-z plane during 14 days operations.  

As one can see from Fig.14, the magnitude of the 

angular velocity decreases with time in both the 

implemented control strategies. Small oscillations are 

present in the first days of operations.   

a 

a 

b 

b 
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Figure 14: Controlled angular velocity for discrete 

(a) and continuous (b) control. 

Although similar, the two curves have slightly 

different slope. In particular, the continuous control 

strategy reaches 0.01 rad/s after 12.46 days of de-

spinning operations while the discrete control takes 

about 12.85 days to reach the same value, although both 

control were affected by the same statistical errors in the 

measurements. This descends directly from the fact the 

former control is more precise, and this means the thrust 

levels, thus the control torques, are higher than in the 

discrete case.   

 

VII.III Estimated Deflection Action 

 

Last results presented regard the estimated 

perturbations. As shown in Fig.15 and Fig.16, as 

expected the the trend is very similar for the 

implemented control strategy.  

 

 

 
Figure 15: Discrete Control - Estimated acceleration 

from the laser (a) and acceleration from the laser and 

plume force vs. the actual forces (b) 

 

As in the case of the angular velocity in Section V.II, 

the difference resides in the slope of the curve. Also in 

this case, this is due to the fact that a finer control 

produces better focussing accuracies with  higher 

control torque. This causes the asteroid to slow down in 

relatively less time, increasing the efficiency of the 

ablative process. For the same reasons the error peaks 

are smaller in the case of continuous thrust.   

 

a 

b 

a 

b 
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Figure 16: Low Thrust Control - Estimated Estimated 

acceleration from the laser (a) and acceleration from the 

laser and plume force vs. the actual forces (b) 
 

The advantage of this method is that there is no 

assumption on the laser ablation model, which requires 

the knowledge of a complex dynamics model, involving 

asteroid kinematics and composition, reaction 

thermodynamics, a number of variables which cannot be 

drawn from the embarked payload.  

 

VIII.CONCLUSIONS 

This paper presented an autonomous GNC for 

asteroid deflection and attitude control via laser 

ablation. In order to maintain the optimal focussing of 

the laser, a precise GNC system is required to control 

the spacecraft at a given distance from the asteroid. 

Discrete and continuous control methods have been 

considered for this task. Both methods are based on on-

board estimates of position, velocity and perturbative 

accelerations from the ablative process. Camera and 

ranging instruments are used to estimate the spacecraft 

relative motion, while additional information from an 

impact sensor and spectrometer is used to separate the 

plume impingement contribution from the actual 

acceleration due to the laser ablation. In this way the 

deflection action on the asteroid could be estimated 

without relying on any interaction model between the 

laser and the asteroid.  

This paper demonstrates that laser ablation can be 

employed to reduce angular velocity of the asteroid by 

pointing the laser off-barycentre. Without relying on the 

inertial characteristics, except for the knowledge of the 

centre of mass, it has been shown that it is possible to 

decrease asteroid’s spin rate, when the asteroid is a 

compact ellipsoid and rotates mainly along the out-of-

plane direction. In this paper the region where the laser 

can be pointed has been restricted such that the thrust is 

almost contained in the orbital plane. This does not 

produce the maximum achievable control torque but 

provide a deflection action in the desired direction. 

Future works will consider asteroids with irregular 

shape (i.e. ellipsoid with higher curvature) and methods 

to maximise the desired torque accordingly. 

Finally, from the experiments in this paper one 

could observe that the continuous control decreases the 

asteroid rotation rate in less time than the discrete 

control. The reason for this faster de-spinning can be 

found in the more precise control which maintains a 

better focusing of the laser  

 

___________________ 
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