
 
 

 

 

Abstract— A planning and control methodology is 
developed for manipulating passive objects by 
cooperating orbital free-flying servicers in zero gravity. 
Both on-off base thrusters and manipulator continuous 
forces are used in handling on-orbit passive objects and 
eliminating the effects of on-off control on them. For two 
different contact types, the system dynamics are 
presented. Using a two-layer optimization process, a 
planning strategy for the trajectory tracking motion of a 
passive object including optimal end-effector contact 
point selection, is developed. A model-based controller 
adapted to the special characteristics of the system such 
as the unilateral constraints and the on-off thrusting, is 
presented and its response is discussed, for both contact 
cases. The manipulation strategy is illustrated using a 3D 
task. For the cases studied, the system performance 
exhibits desirable response characteristics, such as 
remarkable positioning accuracy and reduced thruster 
fuel consumption. 

 

Index Terms—Space robotics, robot cooperation, free-
flying robots, object manipulation on orbit. 

I. INTRODUCTION 

he growing number of orbital structures and the rapid 
commercialization of space require systems capable of 

fulfilling tasks such as construction, maintenance, astronaut 
assistance, docking and inspection, or even orbital debris 
handling and disposal. These tasks fall under the concept of 
On-Orbit Servicing (OOS), a relatively new but growing 
area of interest in space. Some of these tasks can be 
performed by astronauts in Extra Vehicular Activities 
(EVA). However, EVA is dangerous and subject to 
limitations such as limits to the force/torque an astronaut can 
apply, the motions that can be performed or even the EVA 
temporal constraints. To relieve astronauts from EVA, to 
enhance performance and to extend the range of feasible 
tasks, robotic servicers will be required. 

As man’s activities in space proliferate, passive object 
manipulation functions such as debris handling and 
deorbiting, handling of fuel-less satellites or even handling 
of orbital-construction parts, are going to be on demand 
increasingly. Large manipulators such as the Canadarm 2 
(C2), mounted on a large base such as the International 
Space Station, are already used for object manipulation. In 
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such cases though, the manipulator base is so large 
compared to the handled object that the base can be 
considered quasi-fixed. Similarly, the maximum allowed 
payload for the space shuttle Canadarm was one third of the 
Shuttle’s mass. To handle larger payloads, additional 
servicers would be required. Systems like the above are 
designed for limited on orbit mobility and cannot be 
available on demand at various locations on orbit. They also 
move payloads with respect to their base, and not with 
respect to a Cartesian frame or to another object. In the 
former motion, attitude disturbances may not be important, 
while in the later they must be considered. To address such 
challenges, multiple cooperating robotic servicers handling a 
payload of size comparable or larger than their own is 
proposed. To this end, the dynamics, planning and control of 
such systems must be studied. 

Robotic OOS has been discussed a lot during the last two 
decades, and a number of architectures have been proposed 
[1]. Important robotic tasks, such as orbital assembly and 
debris handling, require passive object handling capabilities. 
The first step in the handling procedure is to securely grasp 
the passive object, a task called docking. Studies in this field 
have provided several theoretical approaches [2], [3], some 
of which resulted in experimental servicers [4], [5]. 
However, actual handling of a captured passive object has 
not been studied adequately and issues such as large object 
handling remain open. On-orbit object handling has 
similarities to cooperative manipulation of passive objects 
on Earth [6]-[17], with the additional complexities that in 
space no fixed ground to support the manipulators exists, 
thus letting momentum changes to play a key role in body 
motion, and that the development of control forces is of on-
off nature, thus reducing system positioning capabilities. 

Several prototype robotic servicers have been proposed 
and studied since the 1990’s [4], [5], [18], [19]. 
Nevertheless, only a few studies exist concerning the 
dynamics and control of an already captured object. 
Dubowsky et al. proposed a control method for handling 
large flexible objects, aiming at reducing flexibility-induced 
vibrations. Robotic servicers use their thrusters as a low 
frequency control of rigid body motion, and their 
manipulators, as a high frequency control, cancelling out 
vibrations this motion causes on the flexible modes [20]. 
Fitz-Coy and Hiramatsu presented a post-docking control 
approach based on game theory, minimizing interaction 
forces, and thus helping avoid the loss of firm grasp [21]. 
Moosavian et al. presented a passive object manipulation 
method by a single servicer with multiple manipulators, 
aiming at an object prescribed impedance behavior, in case 
of contact with the environment [22]. In a simplified 2D 
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manipulator could achieve handling. Nevertheless, because 
of requirement (b), a single servicer will face the problem of 
not being able to exert thruster forces in one or more 
directions. Thus, even in the case of firm grasps, a number 
of cooperating free-flyers are needed, with two servicers 
being the minimum. In practice, the number of the servicers 
also depends on whether they are capable of applying the 
required magnitude of forces/ torques on the object. 

(c2) In the point contact case, at least three single-
manipulator servicers are required to produce any required 
force and torque vector on the passive object. This results 
from the fact that two manipulators with a point contact are 
not able to exert on the passive object a torque around an 
axis parallel to the line connecting the two contact points. 

(d) To protect thruster valves from space conditions, 
continuous or pulse-width-modulation (PWM) thruster 
control is avoided in space. This is because the generation of 
low control thrusts (e.g when the tracking errors are small), 
requires rapid thruster switching (up to several thousand 
times per second). However, electromechanical thruster 
valves cannot follow rapid PWM commands, deteriorating 
controller response and performance. Rapid switching may 
result in valve closing before it has fully opened, or opening 
before it has fully closed, resulting in nozzle ice formation, 
deterioration of thruster performance, and eventual damages. 
For example, the performance of thrusters deteriorates to 
levels below 80%, if the duration of thrust pulses is less than 
300 ms, even for 1N thrusters [29]. Simple on-off or Pulse 
Width Pulse Frequency (PWPF) modulation, both with 
minimum on/off times, are not subject to these limitations 
and are preferred in space [30-33]. However, even these are 
used in satellite attitude control where thruster firing is 
sparse, and not in trajectory tracking, where the controller 
must update thrust values several times per second. 

(e) In the point contact case, manipulators can only push a 
passive body, introducing unilateral constraints and 
complicating manipulation. Such issues have been studied 
for terrestrial systems, but not for systems in zero-g, where 
the absence of a fixed base or of gravity pulling all bodies 
towards the same direction, makes the aspect of losing 
contact a critically important parameter. Thus, to avoid end-
effector slipping, or risking losing the object, the applied 
forces must stay within the local friction cone. 

Since the focus of this work is on minimizing thruster fuel 
during accurate object cooperative manipulation on orbit, 
and having introduced the manipulation concepts as well as 
the related assumptions and requirements, an important 
question arises: Is the introduction of manipulators 
beneficial for passive object manipulation? Or more 
specifically, can they result in accurate trajectory tracking 
control of a passive object not subject to limit cycles, while 
limiting thruster fuel use? Next, we will demonstrate that the 
answer is affirmative on both counts. 

III. SPATIAL SYSTEM DYNAMICS 

The dynamics of a system of n orbital robotic servicers 
controlling a rigid passive body via manipulators is studied 
next. The equations of motion for passive object (i =0) and 
free-flying servicer bases (i =1,…,n) have the form [34]: 

  ,i i i i i i H q C q q Q   (1) 

where qi are the generalized coordinates for the object (i = 
0) and the servicer bases (i = 1,…, n), 
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where [xi yi zi]
T is the position vector ri of body i with 

respect to the Cartesian frame and [θi φi ψi]
 T denote the 

Euler angles θi of the same body. If the attitude is close to an 
Euler angle singularity, the attitude description is switched 
to a different Euler angle set. Because of assumption (ii), the 
manipulators act as end-effector force/torque transmission to 
the servicer base. Hi are the 6×6 mass matrices of body i: 

 

3 3

3 3

3 3 3 33 3 * *

3 3 3 3

    diag( , , )

    

    diag( , , )
    

    

xi i i
i T T

x i i i i i

x xx i i i
i iT T

x xi i i i i

m m m

m m m


 
 

  
   
  

0
H

0 E R I R E

0 0I
E H

0 0E R I R E

 (3) 

where I3x3 is the 3×3 identity matrix, Ri is the rotation matrix 
transforming vectors from the frame i to the Cartesian frame, 
Ii and mi are the inertia matrix and mass of body i 
respectively, Ei is a 3×3 matrix mapping the Euler rates i

  
of body i to its angular velocity ωi : 

 i i iE    (4) 

Ci are 6×1 vectors containing the nonlinear velocity terms, 
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and Qi (i = 1,…,n) are 6×1 vectors that include thruster 
forces, reaction wheel moments and manipulator forces/ 
torques acting on the ith servicer base, 
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where nt is the number of thrusters, fij and ni are the thruster 
forces and reaction wheel moments acting on the ith servicer 
base, fbi and nbi are the forces and moments transmitted to 
the ith servicer base by its manipulator, dij is the vector 
locating the jth thruster of the ith servicer base with respect to 
the base CM, and pi is the position vector locating the ith 
manipulator mount with respect to the base CM, (see Fig. 2). 

The manipulators can be attached to the object through a 
firm grasp or through a contact point. In the case of firm 
grasp, the vector Q0 includes forces and moments applied on 
the passive object by the n end-effectors: 
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where fEi, nEi are respectively the forces and moments 
applied to the passive object by the ith end-effector, and di is 
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Note that the two-layer optimization yielding the optimal 
contact points does not need to be executed in real time. In 
fact, it must be performed off-line, so as to obtain the 
optimal contact points, subject to geometric constraints, as 
preparation for the actual motion. During the actual motion, 
only the first-layer of the optimization method needs to be 
running, to resolve the required control force/ moments to 
the end-effectors, while the contact points are assumed to be 
given. This improves the execution time of the algorithm. 

First layer. We set the three end-effector forces fEi and the 
three end-effector moments nEi, as the design parameters. 
Equation (7) is a linear constraint, while (15) is a non-linear 
constraint to be observed. Applying (14), the desired 
trajectory provides the required generalized object forces. 
Then, the optimization process returns the contact forces fEi 
and moments nEi that must be applied by the manipulators so 
that the object trajectory is followed, the forces/moments 
norm is minimized and the constraints observed. To that end, 
the performance index is chosen as, 
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so that the weighted sums of the squared norms of both the 
applied forces and moments is minimized. In (16), w2 is a 
weighting factor with appropriate units. The initial guess for 
each optimization step is the fEi and nEi of the previous step, 
while for the first step, the initial guess is fEi = nEi = 0. 

The case of point contacts is described by (1) to (12), 
where (7) is replaced by (8). The model-based controller of 
(14) is used again. In this case, though, unilateral constraints 
are introduced for the contact forces fEi. To avoid loss of 
contact, these forces must have a normal component towards 
the object. Thus the following constraint must hold 
 0,   1,2,3Ei i i  f s  (17) 

where si is the unit vector at the ith contact point Ai, 
perpendicular to the surface of the passive object and facing 
outwards. In addition, these forces must remain within the 
friction cone of the contacting surfaces, so that slip of the 
end-effector on the surface of the passive object is avoided. 
Therefore, an additional constraint for fEi must hold, 

     atan2 , atan ,   1,2,3i Ei Ei i i i    s f f s  (18) 

where μi is the corresponding friction coefficient between 
the two contacting surfaces. In (18), function atan2 is used to 
take into account the direction of fEi. 

Thus, in this case, (17) and (18) apply as additional linear 
and non-linear constraints respectively and (8) is used as a 
linear constraint, while (14) is again used as a non-linear 
constraint. Moreover, the return of the optimization process 
includes only the forces fEi, applied on the passive object by 
the servicer manipulators. Thus, the performance index in 
(16) is reduced to, 
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thus minimizing the sum of the squared applied forces. 
The required generalized forces Q0 are resolved into the 

nine contact force components fE by optimization. The two 
vectors are related by: A fE = Q0, where the 6×9 matrix A 

depends on the positions of the three contact points, with 
respect to the passive object center of mass. Solution to this 
problem requires that the matrix A AT is of full rank, i.e six. 
This holds true always if at least two of the contact points do 
not coincide with the passive object center of mass. Under 
this assumption, the problem of force distribution has 
infinite solutions, as stated in requirement c2. As is true for 
all optimization techniques, a local minimum may result, 
pointing to a suboptimal solution. However, the primary task 
for the optimization, is to resolve the Q0 to the three contact 
forces; this task is achieved still. 

Second Layer. Since the fuel consumption depends on the 
locations of the contact points, it is beneficial to search for 
optimal contact point locations. To this end, an additional 
optimization is set up, having the coordinates of the contact 
point vectors di as the design parameters. This search can be 
done offline, i.e. before the actual trajectories are executed. 
The performance index is now of min-max type, 

  2 1min max ( )
i t

t  
d

 (20) 

where the maximization over time t means that, for a given 
set of di, the trajectory tracking motion is simulated and the 
overall max Λ1(t), i.e. the worse force requirement over time 
is obtained. The optimization process then chooses a 
different set of di until max Λ1(t) is minimized during object 
desired motion. The procedure yields the optimal contact 
point vectors di, subject to geometrical constraints defined 
by the object geometry. With the completion of the 
optimization process, the optimal contact points for the free-
flying servicers are obtained. 

Next, the design of the servicer controllers, both in terms 
of manipulator and in terms of servicer base position and 
attitude (pose), is presented. Planning the desired servicer 
trajectory is a complex process, as the servicer manipulator 
will have to apply the required fEi on the object while 
maintaining a desired pose of its base that takes into account 
workspace and collision avoidance requirements. To this 
end, appropriate initial servicer base pose with respect to the 
passive object is chosen. Ιt is then desired that it is 
maintained within certain safety limits, throughout the 
motion. Hence, the desired servicer base trajectory qi,d is 
computed based on the object trajectory and sent to its 
motion controller, presented next. 

In the case of firm grasp, the servicer motion controller 
takes as feedback the pose of the servicer base and uses it to 
compute the motion tracking errors, with respect to qi,d. 
Employing a model-based controller, the control inputs on a 
servicer are given by, 
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where, 
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The KPi, KDi are control gain diagonal matrices, *
iH and 

*
iC are defined in (3) and (5), ei = qi,d - qi is the tracking 
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with 0 0 0( (1),..., (6)) 0 anddiag a a   

 1
0 0 0 0 0= P D

w e e   (28) 

Differentiating (27) and using (1) to (5) for i = 0 along 
with (14), (7) (or (8)) and (28), we obtain 

 3
0 0 0 0 0 0DV   K e e  (29) 

simply by selecting the following condition 

 2
0 0P DK K  (30) 

Using Barbalat’s Lemma [35], it can be shown that 

  0 0lim
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and in conjunction to (29), the following is obtained 

  0 0lim
t

e  (32) 

Thus, the error e0 converges to zero (see (32)), proving the 
stability of the proposed controller for the passive object. 
Examining the stability properties of the servicer controllers 
is more involved. As seen previously, model-based control 
was used as an intermediate step in developing a switching 
strategy for the on-off thruster forces. The nature of these 
forces introduces errors in the relative positions and attitudes 
between the passive object and each servicer. As mentioned 
already, these errors need only to remain bounded within 
certain limits; therefore the lack of asymptotic stability is not 
a limitation. The boundedness analysis is complicated since 
some of the forces are continuous (i.e fEi), while others are 
switched (i.e. fij). However, the bounded control response 
can be realized similarly to the on-off attitude control of 
satellites. The boundedness of servicer motions is 
demonstrated here via simulation results.  

V. SIMULATIONS RESULTS 

To demonstrate the developed methodology, we study the 
case of three single-manipulator servicers, both when 
applying point contact forces on the passive object and when 
having a firm grasp over it. Each servicer base has thrusters 
capable of producing forces or moments (thrusters facing the 
object are deactivated), reaction wheels, and a single 
PUMA-type manipulator. A series of simulations is run, 
with realistic parameters in terms of thruster and reaction 
wheel capabilities. The 2m×3m×2m orthogonal object has 
mass of 180 kg. The free-flying servicers have mass of 70 kg 
each, and their base is of cubic shape with a 0.7 m side. The 
three contact points lie on the object surfaces with normal 
vectors parallel to the 0 0ˆ ˆ, x x  and 0ŷ  unit vectors of the 
object body-fixed axes. The servicer thrusters develop per 
axis a force of 20 N, while their trigger threshold is set to ft 
=10 N. For attitude control, the servicers have additional 
pairs of thrusters that develop torque of 2 Nm per axis, and 
reaction wheels that can develop continuous torques up to nt 
=1 Nm per axis. The manipulator on each servicer has a 
reach of 2.1 m i.e. three times the cubic servicer base side. 
The above system parameters, including the object/ servicer 
mass ratio, were chosen taking into account realistic 

scenarios. In particular, if the object/ servicer mass ratio is 
too large, obviously either an extreme number of servicers 
will be needed, or the task will be physically impossible, 
depending on the required trajectory. With this ratio too 
small, the interaction between servicers and the object can be 
ignored. What is of interest here is the case in which the 
masses are comparable; this yields the mass of the object. 
The simulations are run on Matlab/ Simulink. Non-linear 
constrained optimization function fmincon [44] is used to 
obtain optimal end-effector forces/ torques and contact 
points. The optimization code running on a current average 
computer takes about 100 ms. In a dedicated computer with 
optimized and compiled code, this time will be far smaller, 
achieving a total loop time close to 100 ms. Although a 
performance gap between space and ground processors 
exists, long delays also occur in implementing new methods 
in space, during which, space-qualified hardware advances; 
thus this performance should be realizable by future systems. 

The motion of all four bodies is simulated with the 
passive object following a velocity trapezoidal trajectory in 
all DOF, see Table I. The accelerations were chosen to be 
compatible with servicer force/ moment capabilities. The 
desired servicer relative position with respect to the passive 
object is its initial relative position. This position is chosen 
so as to accomodate adequately the expected relative motion 
between each servicer and the passive object, and maintain 
the manipulator in its kinematic and force workspace [45]. 
Thus, the servicer position task is to keep the manipulator 
base at a distance of 1 m for two servicers contacting 
opposing sides of the passive object and of 0.6 m for the 
third servicer, measured along the object surface normal 
vector passing from the end-effector contact point. The 
servicer attitude control task is to maintain a relative attitude 
with respect to the object approximately constant. 

Table I. Passive object desired motion parameters. 

 

DOF 

const. accel. 
(m/s2)/ 
(rad/s2) 

up to 
(s) 

const. 
veloc. 
(m/s)/ 
(rad/s) 

up to 
(s) 

const. deccel. 
(m/s2)/ 
(rad/s2) 

up to 
(s) 

x0des 0.0003 56 0.0168 84 -0.0003 140

y0des -0.00036 50 -0.018 90 0.00036 140

z0des 0.0002 59 0.0118 81 -0.0002 140

θ0des 5*10-5 60 0.003 80 -5*10-5 140

φ0des 7*10-5 55 0.00385 85 -7*10-5 140

ψ0des 10-4 65 0.0065 75 -10-4 140

 

First the case of point contact is demonstrated. The 
bandwidth that corresponds to the control gains is 
constrained by reaction wheel and thruster limits. Moreover, 
higher gains would result in lower tracking errors, but more 
frequent thruster firing, thus higher fuel consumption. 

The tradeoff between tracking errors and fuel 
consumption can be used to obtain the desired gains, for a 
given desired motion. In this case, the control gains in (14) 
are KP0 = 3.24, KD0 = 1.8 (for all passive object translational 
DOF), KP0 = 0.64, KD0 = 0.8 (for all passive object 



 
 

rotational DO
0.16, KDi = K
and KPi = KrP

rotational DO
For the des

is displayed in
the servicer b
attitude track
same servicer
the servicer t
torques. The 
similar and ar

Fig. 4. Actual

Fig. 5. Point 
attitude, (c) servi

Fig. 6. (a) Typ
torques by reactio

As seen in 
trajectory ver
desired servi
oscillate arou
remains withi
servicer attitu

0 5
-5

0

5
7x 10

-4

0 5
-2

0

2

P
as

si
ve

 o
bj

ec
t

po
si

tio
n 

tr
ac

ki
ng

e
rr

o
r 

(m
)

F
irs

t 
se

rv
ic

e
r 

b
a

se
d

is
p

la
ce

m
e

n
t 

e
rr

o
rs

(m
)

exi
e

ezi

(a)

(c)

0
-1

0

1
1.5

0
-20

0

20

F E
1 

(N
)

f 1 j (
N

)

(a)

(b)

OF). The gain
KrDi = 0.4 (fo
Pi = 0.5625, K

OF), with i = 1
sired trajector
n Fig. 4. Fig. 
base position 
king errors, fo
r, Fig. 6 show
thruster forces

same variab
re not shown h

l trajectories of th

contact case: Tra
icer base displace

pical manipulator
on wheels and thr

Figs. 4, 5, an
ry well. The 
cer base loca

und zero, indi
in bounds, see
ude errors. B

50 100 1

50 100 1

t (s)

t (s)

eyi

50

50 100
t (s)

s in (21) and 
or all servicer
KDi = KrDi = 0
1, 2, 3. 
ry in Table I, 
5 shows the o
tracking erro

for one of th
ws the end-eff
s/ torques, an
bles for the 
here. 

he passive object 

acking errors in (
ement, and (d) att

r applied forces, 
rusters for one of

nd 6, the passi
errors in disp
ation with re
icating that th
e Fig. 5c. Fig. 
y increasing 

160 0
-1

0

1
1.5x 

160 0
-0.05

0
0.05
0.1

0.15

P
as

si
ve

 o
bj

ec
t

a
tt

itu
d

e
 t

ra
ck

in
g

e
rr

o
r 

(r
a

d
)

F
irs

t 
se

rv
ic

e
r 

re
la

tiv
e

a
tt

itu
d

e
 t

ra
ck

in
g

e
rr

o
r 

(r
a

d
)

(b)

(d)

100

160 0
-2

0

2

1

-1

t (s)

n 
(N

m
)

1
(r

e
a

ct
io

n
 w

h
e

e
ls

a
n

d
 t

h
ru

st
e

rs
)

(c)

(24) are KPi =
r translationa
0.75 (for all s

the actual tra
object tracking
ors, and the s
e servicers. F

fector applied 
d the reaction
other servic

coordinates. 

(a) object position
titude. 

(b) thruster force
f the servicers. 

ive object foll
placements fr
espect to the 
he manipulato
5d shows ver
the position 

50 100

10
-3

50 100

t (s)

t (s)

50 100
t (s)

reaction wheel lim

= KrPi = 
l DOF) 
servicer 

ajectory 
g errors, 
servicer 
For the 
forces, 

n wheel 
ers are 

 

 
n and (b) 

 
es and (c) 

lows its 
rom the 

object, 
or base 
ry small 
control 

ga
acc
ob
be
ma
let
wo
ap
co
the
res
res
req
wh
up
pro

ser
cas
an
ma
y 
tor
ma
req
lim
ch
thr
fro
ser

va
en
be
an
de
co
va
fre
of 

pro
co
tha
KD

160

160

160

160

its

θ 1j
 (

d
e

g)
τ 1j

 (
N

m
)

(

ains of the se
cordingly. As

bserved, thus
havior demo
anipulators e
tting the serv
orkspace, firin
proaches its w
ntinuous man
e servicers f
sulting in con
sult, thruster f
quired by the
heels. If the w
p, operating 
opulsion capa
In Fig. 7a, 
rvicer, as wel
se of a PUMA

nd θ12 corresp
anipulator and
axes respecti

rques are sh
anipulator rea
quirements ar
mits for both 
hanges in the s
ruster firing o
om the passiv
rvicer directio

Fig. 7. Typical m

As shown in
ary around th
nd-effectors we
 reduced furth

nd KrDi. Then,
sired (initial)
rresponding m

alues will resu
equent thruste
f fuel. This trad

To show th
oportional to
mpare the res
at that results 
Di = KrDi = 0

0
-180

0

180
90

-90

0
-1

0

1

(a)

(b)

11 a

1

ervicer, the er
s expected, m
 increasing 
onstrates ho

enhances the 
vicer base m
ng the thruste
workspace lim
nipulator forc
filter the infr
ntinuous cont
forces are spa
e servicer are

wheels become
at one-tenth

ability, see Fig
the manipula

ll as their phy
A-like manipu
ponding to t
d with axes pa
ively). In Fig
own. As can
asonable phy
re quite acce
angles θ11 an
slope of the jo
or to manipul
ve object (in b
on). 

manipulator joint-

Fig. 7a, the t
heir initial va
ell into their w
her by increas
smaller servic

) positions a
manipulator jo
ult. Higher gai
er firing and th
deoff can be r

his, we assum
o the integra
sponse corresp
from a set of 
.5. A direct c

50

50

11

and 12 limits

11

2
13

rror displacem
more frequent

the fuel co
w the intro

performance
move freely in

ers only when
mits, while con

e on the pas
requent thrust
trol forces on
arse, see Fig. 
e low and ap
e saturated, tor
h of the th
g. 6c.  
ator joint an
ysical limits, a
ulator, see Fig.
the joints at 
arallel to the s
g. 7b, the co
n be seen, n

ysical limits, 
eptable. Note 
nd θ12 are ±90
oint angles res
lator pushing 
both cases, th

-angles (a) and joi

typical manip
alues, keeping
workspace. Th
sing control g
cer base devia
and smaller 
oint-angles θij

ins are expect
herefore incre
resolved by sy
me that fuel

al of all thru
ponding to the
f higher gains,
comparison b

100
t (s)

100
t (s)

12

13

ments are red
t thruster firin
onsumption. 
oduction of 
e of the sys
n the manipu
n the manipu
nstantly apply
sive object. T
ter on-off fo

n the object. 
6b. The mom

pplied by rea
rque-thrusters
hruster maxi

gles for the 
are shown, fo
. 2 (with angle

the base of
servicer base z
orresponding 
no angle exc
while the to
that the phy

0 deg. The su
sponses are d
the servicer a

here is a chang

int-torques (b). 

ulator joint-an
g the manipu
hese variation
gains KPi, KrPi

ations around 
variations of
j from their in

ted to lead to
eased consump
ystem operator
l consumptio
uster forces, 
e initial gains 
 KPi = KrPi = 

between Fig. 8

13 li

 

duced 
ng is 
This 

the 
stem, 
ulator 
ulator 
ying a 
Thus, 
orces, 
As a 

ments 
action 
s fire-
mum 

first 
or the 
es θ11 
f the 
z and 
joint 

ceeds 
orque 
ysical 
udden 
due to 
away 
ge in 

 

ngles 
ulator 
s can 
i, KDi 
their 

f the 
nitial 
more 
ption 
rs. 
on is 

and 
with 
0.25, 
8a to 

160

160

imits



 
 

 

Fig. 8b shows that manipulator joint angles vary less around 
their initial positions for higher gains, while a comparison 
between Fig. 8c and Fig. 8d shows that fuel consumption has 
increased by more than 25%. 

 
Fig. 8. Typical manipulator joint-angles and fuel consumption, for the 

initial servicer control gains (a and c) and for increased gains (b and d). 

The response of the developed control law is compared to 
the one where the forces/torques are applied to the passive 
object by thruster equipped servicers (without manipulators) 
in direct contact to it and actuated by (a) pure on-off control 
with a deadband and, (b) by PWPF control, for the same 
passive object desired motion (Table I). All mass properties 
and the desired trajectory are kept the same. In both cases, 
the control law is model-based as in (14), where the required 
Q0 is transformed to the passive object frame. 

In the pure on-off control case, each thruster is turned on, 
when the corresponding continuous force or torque value 
exceeds a preset threshold value ft or nt respectively. The 
control gains were chosen as KP0 = 2.25, KD0 = 1.5 (for all 
passive object translational DOF), KP0 = 6, KD0 = 3 (for all 
passive object rotational DOF), while the threshold values 
were chosen as ft = 18N and nt = 1Nm. In the PWPF case, 
the PWPF modulator developed in [45] was employed. The 
control gains and the signal filter parameters were chosen as 
KP0 = 12.25, KD0 = 3.5, Km = 1, τm = 0.5 (for all passive 
object translational DOF), KP0 = 9, KD0 = 3, Km = 1, τm = 
0.95 (for all passive object rotational DOF), while the 
threshold Uon = [ft

T nt
T]T values were chosen as ft = 18N and 

nt = 1Nm and the Uoff values (hysteresis) were set at 80% of 
the Uon ones (thus leading to htrans = 3.6 and hrot = 0.20). 
These parameters ensure minimum pulse duration of 100 ms. 
The applied thruster forces/ torques were again 20N and 
2Nm respectively, for both the pure on-off and PWPF cases. 

Fig. 9 shows the tracking errors and the corresponding 
fuel consumption as a function of time, obtained again as in 
Figs. 8c and 8d. In this figure, it can be seen that the 
performance of the proposed system is superior to that of the 
system without manipulators, for both PWPF and pure on-
off control cases. Indeed, for the same fuel consumption 
(Figs. 9a and 9b), the position error for the proposed system 
is approximately six times less than the one for the PWPF 
control (Figs. 9d and 9e). Moreover, it can be seen that the 
performance of the PWPF control system is, as expected, 
superior to that of the pure on-off control, since, for slightly 
higher maximum tracking errors for the pure on-off control 
case (Figs. 9e and 9f) the fuel consumption is more than 

double (Fig. 9b and 9c). The tracking error of both the 
PWPF and the pure on-off control can be lowered with 
higher control gains (or equally with lower triggering 
thresholds), but that would result in a further increase in the 
fuel consumption. Moreover, the fuel consumption of the 
pure on-off control system can be lowered to the levels of 
the other two systems, but that would result in very high 
tracking errors. Note that for the thrusting of servicer bases 
with manipulators, pure on-off control was used for 
simplicity. If PWPF control were used, the fuel consumption 
of the proposed system would be even lower. 

 
Fig. 9. Tracking error and corresponding fuel consumption as a function 

of time. (a), (d) with manipulators, (b), (f) without manipulators (PWPF 
thrusters), and (c), (e) without manipulators (pure on-off thrusters). 

To investigate controller robustness to parameter 
variations, parametric inaccuracies, lag in applying thruster 
forces, and error in the application of a manipulator force 
were introduced, see Table II. The same controller and gains 
as before were used. Fig. 10 displays the same variables as 
those of Fig. 5. It can be seen that the tracking capability of 
the system is still remarkable, while the servicers are again 
within their workspace limits. 

 
Fig. 10. Point contact case with inaccuracies: Tracking errors in (a) 

object position and (b) attitude, (c) servicer base displacement, and (d) 
attitude. 

Several more simulations with various inaccuracies were 
run and had similar results; they are not shown here for 
brevity. These show that the developed controller is 
reasonably robust with respect to parametric and modeling 
errors. The developed controller can be extended to include 
adaptive capabilities. However, one should first consider the 
benefit in the resulting response versus the complexity and 
limitations of such algorithms. 
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Table II. Introduced Inaccuracies 

Object 
mass error 

Object center of 
mass position error 

Thruster 
f34 lag 

Thruster 
f23 lag 

Error in 
force fE1 

-20% -10% 0.4 s 0.4 s -10% 
 
The same desired motion scenario is simulated for the 

case of firm grasp. In Fig. 11, the same variables as in Fig. 5 
are shown for the case of firm grasping. In Fig. 12, a 
comparison on tracking errors and fuel consumption is being 
made, between the case of point contact (Fig. 12 a, c) and 
firm grasp (Fig. 12 b, d). It can be seen that, as expected, the 
case of firm grasping of the passive object by the servicer 
manipulators, displays even lower fuel consumption, with 
far lower tracking errors on the motion of the passive object.  

 
Fig. 11. (a) Firm grasp case: Tracking errors in (a) object position and 

(b) attitude, (c) servicer base displacement, and (d) attitude. 

 
Fig. 12. Tracking error history and corresponding consumed fuel for 

servicers with manipulators. (a), (c) firm grasp case, (b), (d) point contact. 

VI. CONCLUSIONS 

This work has studied the handling of an on orbit passive 
object via servicers, employing both on-off thrusters and 
manipulator continuous forces. In this technique, the on-off 
forces are filtered by the manipulator-servicer system, 
allowing accurate passive object motion and reducing fuel 
consumption. The dynamics of three cooperating single-
manipulator free-flying robotic servicers, handling a larger 
passive rigid object for the cases of firm grasps and for point 
contacts were studied. Using a two-layer optimization 
process, a planning strategy for trajectory tracking of a 
passive object including optimal end-effector contact point 

selection and an adapted model-based controller, were 
developed. For both cases studied, the performance of the 
manipulation method was shown by simulations to exhibit 
desirable response characteristics, such as remarkable 
positioning accuracy and reduced thruster fuel consumption. 
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