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This paper deals with collision handling problem for a free-floating space robot. In future, autonomous satel-
lites equipped with manipulators should be able to perform routine and maintenance work, capture tumbling
objects, relocate spacecraft and assembly structures. In these contexts, contacts may occur intentionally or
unintentionally. Intelligent robots should be endowed with algorithms to master properly these situations
avoiding critical consequences. Collision handling task can be divided into four phases: detection, isolation,
identification and reaction. In particular, this paper presents novel techniques to face detection and isolation
considering a free-floating space robot. In the free-floating mode, no external forces/torques act on the
system and therefore the linear momentum and angular momentum are preserved. When a contact occurs,
the momenta lose their stationarity, and thus they are good candidates to be used as monitoring signals to
detect a collision. Afterwards, the variation of the momenta is exploited to identify the orientation and point

of application of the collision force.

1. Introduction

Even if many efforts have been made in the last
thirty years, space robotics is still a novel field of
research. Especially, the use of on-orbit manipula-
tors is limited to the Space Shuttle first, followed
by the International Space Station experience[l] and
few test missions[2]|[3]. The reason lies in the high
risk involved during on-orbit autonomous robotic op-
erations. Hence, further studies are required to en-
able widespread exploitation of space robots. In fu-
ture, satellites mounting manipulators could be used
to carry out various tasks, such as supporting astro-
nauts in maintenance work, capture of uncoopera-
tive objects, assembly of large structures in space,
inspection[4]. Moreover, missions involving teams of
robots with different tasks could be designed|[5].

In these scenarios, dealing with physical contact
between the robot and another object is one of the
most critical and challenging issue. Many researchers
have addressed the problem of guaranteeing a safe
interaction during the capture phase in a servicing
mission[6][7][8][9]. In this case, the contact at the
end-effector is sought intentionally and it can be im-
portant to know the impact force as accurately as
possible in order to achieve suitable compliant be-
havior by proper control strategy. The contact can
be detected and the force can be measured directly
with force sensors duly placed, but they may be in-
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accurate if the contact does not occur exactly at the
foreseen location[6]. Moreover, they make the sys-
tem more complex and expensive. Therefore, another
proposed approach has been to estimate the contact
force[6][10].

In this paper, the more general situation of an
unexpected collision in an unknown location along
the manipulator is considered. Collision handling
has been already studied for fixed-base robots, hu-
manoids and flying-robots[11]. As suggested in [11],
it can be divided into different phases: detection, iso-
lation, identification and reaction. In the first phase,
the occurrence of the collision is detected. Then, in
the second and third phases, an estimate of the con-
tact position and force is provided, respectively. In
the last phase, the robot is controlled to react prop-
erly and avoid critical consequences. Note that in-
tentional contact case is included in this framework
since it can be seen as a special case in which the
contact position is known a priori.

In particular, this work focuses on collision de-
tection and isolation for free-floating space robots.
For the detection, the components of the total mo-
mentum, which are expected to be constant under
unperturbed conditions, are monitored. Especially,
a robust change detection test based on intersec-
tion of confidence intervals (ICI-CDT [12]) is applied
to detect variations in the translational momentum,
since it turns out to be particularly noisy, due to the
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Fig. 1: Free-floating space robot.

dynamics and low measurements accuracy. On the
other hand, a simpler threshold approach is used for
the rotational momentum, being less noisy thanks to
some decoupling achievable by computing it around
the center of mass of the whole system. Finally, the
second cardinal equation of dynamics is exploited to
isolate the collision.

The paper is organized as follows. In Sect. 2,
the mathematical model of the free-floating robot is
presented. In Sect. 3, a general overview of the col-
lision handling problem is provided. In Sects. 4-5,
momentum-based strategies for detection and isola-
tion are proposed and discussed. In Sect. 6, a sim-
ulation example is used to assess the performance of
the proposed methods. Finally, in Sect. 7 the main
conclusions are drawn and future developments are
discussed.

2. Space robot modeling

2.1 Assumptions

In this work a space robot composed of rigid bod-
ies connected by rotational joints is considered. No
gravitational or environmental disturbances are taken
into account, since they are assumed to be less signif-
icant in comparison to actuator and inertia torques.
It should be noted that these assumptions are com-
monly accepted in space robotics. Moreover, for what
concerns the collision phase, it will be assumed that
only one contact at a time occurs on the manipulator.

2.2 Dynamics model of the collision phase

A space robot can be represented as a tree-
structured multibody system composed of n+ 1 rigid
bodies connected with n joints (see Fig. 1). Consid-
ering on-orbit operations, the robot is floating in an
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inertial space, characterized by a frame denoted by
7.

Then, other two reference frames are defined. The
first one, denoted by B, is the body frame located on
the center of mass (CM) of the robot base. The sec-
ond one, denoted by C, is a frame with non-rotating
axes, parallel to Z, placed on the CM of the whole
system.

The dynamics of the system can be expressed in B
as follows:

M(q)
Mt Mtr th [ (U3
Mt’z; M’r Mrm Wy +
Mg, M, My, || d
Cz Ctr Ctm [ (U3
+ C’rt C’r Crm Wy =
C’mt Cm'r Cm L q
C(vp,wy,9,9)
[ fb .feact,b
= my + Mext,b
T Text

(1)

where vy, wy, € R? are the linear and angular velocity
of the base; g, ¢ € R™ are the joint angles and veloc-
ities; fy, my € R3 are the commanded base force and
moment; 7 € R™ are the commanded joint torques;
Sewtbs Mexty € R are the components of the pro-
jection in B of the collision wrench at a generic po-
sition, denoted by Wey = [fL, mL,]T € RS with
Feat, Megr € R3 its force and moment, respectively;
Texwt € R™ are joint torques caused by the contact;
the submatrices My, My, M, € R3*3 compose the
inertia matrix of the system regarded as a composite
rigid body; the submatrices My, M., € R3*™ com-
pose the coupling inertia matrix; M, € R™*" is the
inertia matrix of the manipulator; C(vy,wy, q,q) €
R6+7)x(6+n) s the Coriolis/centrifugal matrix.

The total generalized momentum, including trans-
lational and rotational momentum, around B, de-
noted by hy € RS, can be written as

_ M, M, Uy My, .
S IR B L

Starting from hy, the total momentum can be com-
puted also around Z and C as h; = Ai_bThb € RS and
h, = A;)Thb € RS, respectively, exploiting the so-
called adjoint transformation matrix:

[Pay]™ Ry

6x6
R., ] eR (3)
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where pg,y € R3 and R, c R3*3 indicate the generic
position vector and rotation matrix from frame X’ to
frame ), respectively. The operator [-]* stands for
the skew-symmetric matrix of the argument.

Space robots can be operated in three different
modes. The base can be fully controlled, only at-
titude controlled or free to float. In this paper, free-
floating robot is considered and thus f,, m; in Eq.
(1) are null and the total momenta h; and h. are
preserved in absence of external disturbances.

2.8 Measurement model

The measurements of the angular velocity is mod-
eled as[13]:

w?:wb+bw+nw (4)
bw = MNvw
where w® € R? is the measured angular velocity of
the base; the term b,, € R? is a bias, considered to be
a ”Brownian” motion process; the terms n,,, s, € R3
are white Gaussian noise with zero mean.

For the other measurements, a white Gaussian
noise with zero mean is added to the real values. To
be more precise, linear velocity can not be measured
directly in practice, but it can be only reconstructed.

3. Collision handling

One of the problem, that must be faced to foster
the use of space manipulators, is the handling of phys-
ical contact between the robot and another object.
Indeed, many applications require the robot to work
safely in an environment with other robots, astro-
nauts or passive objects, and to carry out operations
in which contact is intentional, e.g. grasping an ob-
ject, or may occur accidentally. A space robot, with
a certain level of autonomy, should be able to collect
as much information as possible to get aware of and
master effectively these situations, either controlling
the post-impact phase or monitoring health status of
the system. In the following, a brief overview of the
collision handling problem is provided.

Along the same line of [11], collision handling can
be divided into different phases: detection, isolation,
identification and reaction.

Collision detection: the goal of this phase is to
detect whether a collision occurred or not. Basically,
a signal, that is expected to behave in a certain way,
is monitored and, whenever an unexpected change
happens, an alarm is risen. In this phase, it is impor-
tant to reduce false positive and, at the same time,
achieve high sensitivity in order to have a fast de-
tection. Therefore, it is essential to understand the
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influence of noise and uncertainties on the selected
monitoring signal since, as it can be expected, it af-
fects significantly the detection promptness.
Collision isolation: in this phase the part of the
robot involved in the collision is identified. This is
an important information that can be exploited for
both the reaction strategy or health monitoring pur-
poses. Isolation aims at locating the exact point of
the collision, or at least the link. Clearly, this phase
is required only in case of unexpected collision.
Collision identification: an estimate of the gen-
eralized collision force, in terms of direction and in-
tensity, is provided in this phase. The knowledge of
the contact force is necessary in order to guarantee a
suitable compliant behavior during the post-collision
phase, in both intentional or unintentional case. In
the latter situation, this information can be exploited
also to understand the seriousness of the collision.
Collision reaction: in this last phase the robot
should react properly in response to the collision. De-
pending on the situation, whether the contact is de-
sired or not, different control strategies can be imple-
mented.
In the next paragraphs, the work will focus on the
first two phases, namely detection and isolation.

4. Momentum-based collision detection

As already said, a space robot operating in free-
floating mode is considered. No external forces and
torques act on the system and thus the total momen-
tum is preserved. When the collision occurs, the total
momentum components jump from a constant value
to another one and therefore they can be exploited as
monitoring signals for the detection phase.

In Sect. 2, it has been explained how to com-
pute the total momentum around reference frames
Z and C. Under ideal conditions, a contact situa-
tion can be detected easily monitoring either h; or
h. indifferently. However, from practical point of
view some considerations should be made. Since on-
orbit robotic operations are carried out at relatively
low velocity and considering the masses involved, it is
reasonable to assume that a collision will cause a rel-
atively small variation in the velocities, especially in
the base translational one. In addition, data on lin-
ear velocity can be expected to be the most uncertain
and thus small changes are difficult to be recognized.

This fact is particularly critical for the transla-
tional momentum since the variation of the linear
velocity is multiplied by the total mass of the sys-
tem and, consequently, weights more than the other
terms. Hence, small jumps in this momentum are

Page 3 of 8



69th International Astronautical Congress (IAC), Bremen, Germany.

Copyright (© 2018 by Politecnico di Milano. Published by the IAF, with permission and released to the IAF to publish in all
forms.

harder to detect and the detection is more prone to
false positive.

As regards the rotational momentum, noise on
linear velocity is less critical, but, in any case, it
could affect significantly the quality of the signal.
Therefore, decoupling the rotational momentum from
the linear velocity can be beneficial, guaranteeing a
clearer signal to be monitored, and thus prompter
detection. This is the reason for preferring h. to h;;
indeed, rotational components of h. do not depend
on the linear velocity. In Sect. 6 some simulations
are reported to support this statement.

Depending on the monitored signal, different de-
tection techniques can be exploited. Defining a
threshold, below which the modulus of the signal
should lie, is the easiest and, probably, the promptest
strategy, and for this reason it is exploited to monitor
the components of the rotational momentum. An ad-
equate threshold can be defined in the study phase of
the mission through simulations, taking into account
nonidealities. On the other hand, another approach
could be to learn the statistical features of the sig-
nal in a training phase directly in orbit and define
the threshold as p + I'ypo, with p, o the mean and
standard deviation of the generic signal and I'y, a
confidence parameter.

Despite the explained advantages, threshold ap-
proach is not particularly robust, in terms of false
positive, when dealing with high-noisy signals, like
the translational momentum. In this case, a more
robust technique has been chosen, named ICI-CDT
(Change Detection Test based on Intersection of
Confidence Intervals). This strategy is a sequential
change detection test that can work with noisy data
without a priori statistical information about the
process, which is acquired in an initial training phase.
It exploits the ICI-rule which is a technique that regu-
larizes Gaussian-distributed data through polynomial
regression computed on adaptive support. Especially,
for change detection test, a 0" oder polynomial is
considered since the signal is expected to be station-
ary.

During the training phase, a training time Tg is
chosen and the available data are windowed in dis-
joint subsequences composed of N instances. For
each subsequence s the sample mean M (s), which
is Gaussian distributed thanks to the central limit
theorem, is computed. Then, mean and standard de-
viation of M(s), over the training set composed of
So = Tp/N subsequences, are computed. These es-
timates define the confidence interval for the mean
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feature that, under stationary condition, can be de-
fined as:

(5)

with T'eq; > 0 controlling the amplitude of the inter-
val.

Once the training is completed, the ICI-CDT be-
comes operational. Every time N data are available,
a new sequence s is created and feature extracted to
populate .#M.

The ICI-rule is used to verify wether the new fea-
ture instance can be intended as a realization of the
existing distribution. If not, a drift is detected. Basi-
cally, it computes the intersection of all the confidence
intervals up to the current one and when the result
is an empty set a change is detected.

A more comprehensive discussion of these strate-
gies can be found in [12] and [14].

The versatility, namely the possibility to work with
both Gaussian (N = 1) and non Gaussian noise
(N > 20), and the capability of working with high
level of noise, with respect to the signal variation, are
the main advantages of the ICI-CDT. This technique
has the main drawbacks of having to wait N obser-
vations, in case of non Gaussian noise, and, in any
case, of a structural delay as time passes. However,
the latter disadvantage could be overcome resetting
periodically the method, keeping and restarting from
the information of the training.

In both strategies, the confidence parameter is
used to modify the sensitivity; especially, a trade-
off between detection promptness and robustness to
false positive must be made.

As last remark, in order to mitigate the occurrence
of false positive, a second layer that validates the de-
tection could be introduced. In this case, the fact that
translational and rotational momentum are related
to each other could be exploited to this aim. For in-
stance, if a change is detected in some components of
the rotational momentum, a change is also expected
in the translational momentum and thus this addi-
tional information can be used to validate the first
detection with a certain degree of confidence.

M M M M M
I, = [Mso —Leatog,, g, + chtUSO}

5. Momentum-based collision isolation

In unexpected collision handling problem, finding
the position where the external force is applied is par-
ticularly challenging, especially if more than one con-
tact occurs at the same time. In ground applications,
dedicated external sensors can be used, such as tac-
tile skin or proximity sensors. However, in case of
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space applications, exploiting typical sensing equip-
ment seems to be a better solution, in terms of cost,
power and weight.

Assuming that the point of application of the gen-
eralized collision force does not change during the
collision phase and that only wrenches with negli-
gible contact moment occur, which is a reasonable
assumption for impulsive collisions, the translational
and angular momentum can be exploited to isolate
the contact. Indeed, considering h, = [ht" hZT]T,
the second cardinal equation of dynamics can be writ-
ten as

dh’,
dt

dht
o ©

= Megt,c = Pwe X .feact,c = Pwe X

where feyt o, Megt . € R? are the components of the
projection in C of Weg: and pue € R? is the position
vector from frame C to the contact point. Integrating
Eq. (6), under the assumptions previously stated, the
following relation can be obtained:

A" = py. x AR (7)

Hence, the contact point lies on the line

AL x ART
b = AR ®)

which passes through p,,. and has the same orienta-
tion of fext,c-

Knowing I, and the configuration of the space
robot at the contact time, it is possible to find the
contact point as the intersection between the line and
the robot, whose representation could be simplified
exploiting primitive shapes. In the unlucky case of
multiple possible contact points, the type of the ongo-
ing on-orbit operation could provide additional infor-
mation to identify the most likely one. This method
can be applied similarly also using h;.

+ kARL € R?

6. Simulation example

A spacecraft equipped with a 3 DoF manipulator
is considered. The kinematics and dynamics parame-
ters of the free-floating robot are reported in Tab. 1.
The system is initially stationary and the initial joint
angles are go = [—25 45 81]T deg.

At time t = 2 s, first and third joint are
commanded to follow a trapezoidal velocity profile
to reach a maximum velocity of 0.075 rad/s and
—0.015 rad/s, respectively, in 1 s. It should be noted
that the joint control strategy is irrelevant for the
proposed method. At time ¢t = 3.887 s, the third link
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Fig. 2: Simulation scenario.

Table 1: Kinematics and dynamics parameters.

I'[m] m kgl I, [kgm?] I, kgm?] I, [kgm?]
Base - 150 15.0 21.8 18.88
Link 1 0.17 3 0.03 0.03 0.03
Link 2 1.3 9 1.65 1.65 0.64
Link 3 1.3 6 0.25 0.25 0.03

impacts another free-floating object, as shown in Fig.
2.

Considering a local coordinate frame at both con-
tact points (on the link and on the impacted object)
with one axis normal to the surface, the normal com-
ponent of the contact force is modeled as follows:

fn = K&™ + D§™6 (9)

where K = 2-107 and D = 9 - 10* are the elastic
and damping coefficient, § is the penetration in the
normal direction and, in the presented case, m = 1.5.
The tangential components of the contact force are
null since friction is neglected.

For the threshold approach the confidence param-
eter I'yy, is set equal to 6, while, for the ICI-CDT, I'.4¢
is set equal to 2 and N equal to 20.

Table 2: Noise parameters.

Oy, [mm)] 1
Oy, [mm/s] 1
o4 [rad] 0.026
og [rad] 5-107°
o4 [rad/s] 1074

The measurements of the angular velocity are sim-
ulated using Eq. (4) with standard deviations o, =
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3.162-1074 prad/sg/2 and oy, = 0.316 prad/sl/Q, and
initial bias on each axis b, o = 0.1 deg/hr. The stan-
dard deviations of the Gaussian noise on the other
measurements are reported in Tab. 2. x;, and ¢ are
the position and the Euler angles of the base. Mea-
surement of the base position are required only to
compute h;. An acquisition frequency of 100 Hz is
considered.

Before proceeding with the simulation example,
Fig. 3 shows the effects of noise on the components
of the total momentum, explained in Sect. 4. At the
beginning, an ideal condition is considered, then at
time ¢t = 1 s noise is switch on. Rotational momen-
tum around C is less affected by noise than the one
around Z, as expected. Therefore, h. is used in the
simulation example.

Fig. 4 shows the variation in the components of
the total momentum after the collision. All the com-
ponents of the momentum change due to the colli-
sion, except for the z-component of the translational
momentum. Note the higher noisiness of the trans-
lational momentum, whose cause has been explained
in Sect. 4. Both the ICI-CDT and threshold ap-
proach can detect a drift in the stationarity of the
translational and rotational momentum, respectively.
As expected, the threshold approach turns out to be
prompter with a detection delay of few milliseconds,
basically limited only by the acquisition frequency.
On the other hand, in Fig. 4a the capability of the
ICI-CDT of detecting variation comparable to the
noise can be appreciated, even if with an increased
delay. Detection performance closer to the thresh-
old method can be achieved when changes are more
sudden (see Fig. 4b).

Finally, as regards the isolation phase, the link in-
volved in the collision is immediately identified, while
the estimation of the point of application of the colli-
sion force requires few tens of milliseconds to converge
(due to noise), as shown in Fig. 5. From the oper-
ational point of view, the mean value of the contact
point is computed iteratively to filter some noise.

7. Conclusions and future works

In this paper collision handling problem for free-
floating space robot has been addressed. First of all,
a general overview of the problem has been provided.
Then, some methods for collision detection and isola~
tion based on monitoring the total momentum of the
system have been proposed. The performance of the
proposed strategies has been assessed through a sim-
ulation example, which has shown promising results.
Further analysis will be carried out considering dif-
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Fig. 4: Variation in the components of the total momentum due to the collision.

TAC-18D1.6.8 Page 7 of 8



69th International Astronautical Congress (IAC), Bremen, Germany.

Copyright (© 2018 by Politecnico di Milano. Published by the IAF, with permission and released to the IAF to publish in all

forms.
— (6]
— = True position _ TN
—— Estimated position I'
15+ ! ﬁ B
y-x
I
i /
| z
— 7 [
k=) i
| 7]
= o0s !
i
i
i
i
0
1]
1 Y
L \
0 53 3‘2 3.‘4 3‘6 3.‘3 4.‘2 4.4 4.‘6 4‘3 5 [8}

s
Time s

Fig. 5: Point of application of the collision force.

ferent level of intensity of the contact, different level

of noise and uncertainties.

Moreover, the methods

will be extended to the controlled-base case.
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