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Abstract 

To increase the mobility of on-orbit robotic systems, Space Free-Flying Robots (SFFR) in which one 

or more manipulators are mounted on a thruster-equipped base, have been proposed. Unlike fixed-

based manipulators, the robotic arms of SFFR are dynamically coupled with each other and the free-

flying-base, hence the control problem becomes more challenging. In this paper, the Multiple 

Impedance Control (MIC) is developed to manipulate space objects by multiple arms of SFFR. The 

MIC law is based on the concept of designated impedances and enforces them at various system 

levels, i.e., the free-flying base, all cooperating manipulators, and the manipulated object itself. The 

object may include an internal angular momentum source, as is the case in most satellite 

manipulation tasks. The disturbance rejection characteristic of this algorithm is also studied. The 

result of this analysis reveals that the effect of disturbances substantially reduces through 
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appropriate tuning of the controller mass matrix gain. A system of three manipulators mounted on a 

free-flying base is simulated in which force and torque disturbances are exerted at several points. 

The system dynamics is developed symbolically and the controlled system is simulated. The 

simulation results reveal the merits of the MIC algorithm in terms of smooth performance, i.e. 

negligible small tracking errors in the presence of impacts due to contact with the obstacles and 

significant disturbances.  

Nomenclature 

C A vector which contains all gravity and nonlinear velocity terms of the dynamics model, where 
ˆ C  or ˜ C  corresponds to the one in the task space, and a superscript “(i)” refers to the i-th 

manipulator. 
e, ˜ e  Vector of tracking errors, where a subscript is used for a particular variable, e.g. eω  is the error 

in angular velocity, and a superscript “i” corresponds to the i-th manipulator. 

Fc  A 6×1 vector which contains the forces/moments applied on an acquired object due to contact 
with the environment. 

ˆ F c  Estimated value of contact force Fc . 

Fe  A 6n×1 vector which contains all end-effector forces/torques applied on an acquired object, 
where Fe

(i )  is a 6∞1 vector corresponding to the i-th end-effector. 

Fe req
 Required end-effector forces/torques to be applied on an acquired object, where Fe req

(i )  is a 6∞1 

vector corresponding to the i-th end-effector. 
FG Required force for moving an internal angular momentum source along with the acquired object 

motion. 
Fo  A 6×1 vector which contains external forces/moments (other than contact and end-effector ones) 

applied on an acquired object. 
Fω  A 6×1 vector which contains nonlinear velocity terms in an acquired object dynamics equations. 

fc , n c  Resultant force (torque) applied on an acquired object due to contact, where n c  includes 
moment of fo  about the object CM. 

fe
( i )

, n e
(i )

 The i-th end-effector force (torque) exerted on an acquired object. 

fo , n o  Vector of external forces (torques), other than contact and end-effector ones, applied on an 
acquired object (including gravity effects), where n o  includes moment of fo  about the object 
CM. 

G A 6×6n grasp matrix which maps the vector of all end-effector forces/ torques to an acquired 
object dynamics equations. 

G#   A weighted pseudoinverse of the grasp matrix G. 
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H The positive definite mass matrix of the system, where ˆ H  or ˜ H  corresponds to the one in the 
task space, and a superscript “i” refers to the i-th manipulator. 

if   Number of applied force/torque vectors on a body. 

JC  A square Jacobian matrix which relates the output speeds to the generalized ones, where a 
superscript “i” corresponds to the i-th manipulator.. 

JQ  An N×N Jacobian matrix which relates the vector of actuator forces/toques to the vector of 
generalized forces. 

( )
i

mJ  A N×6  Jacobian matrix which relates the generalized velocities q  to the linear velocity ( iR ) 

and angular velocity ( )m(
iω ) of the exerted body. 

K p , Kd  Control gain matrices. 
ke Stiffness matrix of an RCC unit. 

˜ k p , ˜ k d, ˜ M des  Block diagonal N×N control gain and desired mass matrices, composed of the corresponding 6×6 
matrices which define the impedance law for the acquired object. 

kw  Stiffness coefficient of an obstacle located at xw, in a unilateral study. 

LG   Angular momentum of an internal source about the acquired object CM. 

L s  Angular momentum of an internal source about its own CM. 
M A 6×6 mass matrix for an acquired object. 
Mdes An acquired object desired mass matrix, in the impedance law. 
MG Required moment for moving an internal angular momentum source along with the acquired 

object motion. 
mobj , IG  An acquired object mass, and its moment of inertia about CM. 

ms  Mass of an internal angular momentum source which is not included in the acquired object mass 
mobj . 

n Number of manipulators or appendages, for a system of multiple manipulators. 

fn  The number of disturbing torque/force applied on the i-th link of the m-th manipulator. 

N The system total degrees of freedom (DOF). 
Nm Number of joints (single DOF), for the m-th manipulator. 

p s  Linear momentum of an internal angular momentum source, inside an acquired object. 

Q Vector of generalized forces, where ˜ Q  corresponds to the one in the task space, and a 
superscript “i” refers to the i-th manipulator. 

˜ Q app  Applied controlling force ( expressed in the task space), where a superscript “i” refers to the i-th 

manipulator; ˜ Q app = ˜ Q m + ˜ Q f . 

˜ Q f  Required force to be applied on the manipulated object by the end-effector, where a superscript 
“i” refers to the i-th manipulator. 

˜ Q m  Applied controlling force concerning the motion of the end-effector, where a superscript “i” 
refers to the i-th manipulator. 

˜ Q react  Reaction force ( expressed in the task space) on the end-effector, where a superscript “i” refers to 
the i-th manipulator. 
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( )
i

m
dist j

Q  The j-th disturbing torque/force applied on the i-th link of the m-th manipulator. 

distQ  Vector of generalized disturbing forces, where  distQ corresponds to the one in the task space. 

q , q , q  An N×1 vector of generalized coordinates, and its rate, where a superscript “i” corresponds to the 
i-th manipulator. 

R C 0
, 

0CR , 
0CR  Inertial position, velocity, and acceleration of the spacecraft CM, where the components are 

expressed as x0 , y0 , z0 , etc. 

RCM , CMR , CMR  Inertial position, velocity, and acceleration of the system CM, where the components are 
expressed as xCM , yCM , zCM , etc. 

( )i
er  The position vector of the i-th end-effector with respect to the object CM. 

rs  Position vector of the angular momentum source CM with respect to the object CM. 

Sobj A 3×3 matrix, which relates the angular velocity of an acquired object to the Euler angle rates. 

U f c
 An N×6 matrix, composed of (n+1) 6×6 identity matrices. 

v s  The inertial linear velocity of the internal angular momentum source CM. 

x A 6×1 vector ( ( , )T T T
G obj=X x δ ) which contains the CM position, and Euler angles of an acquired 

object, where x  and x  are its rates, and xdes, etc. are the desired ones. 

x , x , x  A vector of controlled variables, and its rates, where desx , desx , and desx  refer to the desired 
ones, and a superscript “i” corresponds to the i-th manipulator. 

xE
(m ) , ( )m

Ex  The m-th end-effector inertial position, and velocity vector; xE
(m )  = (xE

(m ) ,yE
(m ) , zE

(m ) ) , etc. 

, ,G G Gx x x  Inertial position, velocity, and acceleration of an acquired object CM. 

t∆  The time step used in the estimation procedure. 

0δ  A set of Euler angles which describes the spacecraft attitude;  d0  = (α 0 ,β0 ,γ 0 ) . 

( )m
Eδ   A set of Euler angles which describes the m-th end-effector orientation; ( )m

Eδ  = 
(α E

(m ) ,βE
(m ) ,γ E

(m ) ), and becomes a single angle δE
(m )  in planar motion. 

objδ  A set of Euler angles which describes an acquired object attitude. 

( )mθ  An Nm×1 column vector which contains the joint angles of the m-th manipulator, where θ i
(m )  

refers to its i-th component (joint). 

θ  A K×1 column vector which contains all joint angle vectors, 

( )(1) (2) ( ), , ,
TT T Tnθ θ θ . 

( )m m T
Eω  Angular velocity of the m-th end-effector expressed in its own body-fixed frame. 

objω , objω  An acquired object angular velocity, and acceleration. 

0 A zero matrix. 
1 The identity matrix. 
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1. Introduction 

Robotic systems are expected to play an important role in space applications, e. g. in the servicing, 

construction, and maintenance of space structures on orbit. For instance, robotic systems may be used 

to inspect, capture, and repair or refuel damaged satellites. Ultimately, coordinated teams of robots 

might deploy, transport, and assemble structural modules for a large space structure1. Space Free-

Flying Robots (SFFR) are robotic systems that include an actuated relatively small base equipped 

with one or more manipulators, Figure 1. Distinct from fixed-based manipulators, the base of SFFR 

responds to dynamic reaction forces due to manipulator motions. In order to control such a system, it 

is essential to consider the dynamic coupling between the manipulators and the base, by developing 

proper kinematics/dynamics model for the system2-4. Motion control of SFFR have been studied by 

various researchers5-10. Also, coordinated control of free-flying base and its multiple manipulators 

during capture or manipulation of objects has received attention11-15. 

In order to control interaction forces and system response during contact, force or impedance 

control strategies are required. Hybrid position/force control has been the basic strategy of several 

proposed implementations16-17. Nevertheless, due to several control mode switching during most 

tasks, particularly in unexpected situations, hybrid control does not provide an efficient interface. 

Impedance Control provides compliant behavior of a single manipulator in dynamic interaction with 

its environment18. An impedance controller enforces a relationship between external 

force(s)/torque(s) acting on the environment, and the position, velocity and acceleration error of the 

end-effector. Adaptive schemes have been presented to make impedance control capable of tracking a 

desired contact force, which has been described as the main shortcoming of impedance control in an 

unknown environment19-20. Optimizing the regulation of impedance control from the viewpoint of 

both the transient and steady state responses, using the concept of impedance matching to choose 
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optimal parameters has been proposed21. A Cartesian impedance controller has been presented to 

overcome the main problems encountered in fine manipulation, i.e. effects of the friction (and 

unmodeled dynamics) on robot performance and occurrence of singularity conditions22-24. 

Experimental and simulation investigations into the performance of impedance control implemented 

on elastic joints, have shown the benefits of using this control strategy in compensating undesirable 

effects due to system flexibilities25. 

 

 

Fig. 1: A SFFR with multiple manipulators. 

Object Impedance Control (OIC), has been developed for robotic arms manipulating a common 

object26. The OIC enforces a designated impedance not for an individual manipulator endpoint, but 

for the manipulated object itself. A combination of feedforward and feedback strategies is employed 

to make the object behave as a reference impedance. However, it has been recognized that applying 

the OIC to the manipulation of a flexible object may lead to instability27. It was suggested that either 

increasing the desired mass parameters or filtering the frequency content of the estimated contact 

force, may solve the instability problem. Multiple Impedance Control (MIC) is an algorithm that has 

been developed for several cooperating robotic systems manipulating a common object28-29. 
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In this paper, the MIC law is studied in the context of space robotic systems. The MIC 

formulation is extended to impose a reference impedance to all elements of a SFFR, including its 

free-flying base, the manipulator end-points, and the manipulated object. It is assumed that the 

manipulated object includes an internal angular momentum source, as it is the case in most satellite 

manipulation tasks. The effect of torque/force disturbances applied on different points of the system 

is studied next. Results show that through appropriate tuning of the MIC mass matrix gain, the effect 

of disturbances is substantially reduced. Next, a system of three manipulators mounted on a space 

free-flyer is simulated during a planar maneuver. To consider practical aspects, it is assumed that a 

Remote Center Compliance is attached to the second end-effector, and that the system is subjected to 

significant force and torque disturbances at several points. Also, the desired trajectories are planned 

such that the object comes into a contact with an obstacle. Simulation results reveal the merits of the 

MIC algorithm in terms of its smooth performance, i.e. resulting in negligible small tracking errors in 

the presence of both impacts due to contact with the environment and imposed disturbances, and in a 

soft stop at the obstacle position following the contact. 

2. The MIC Law for Space Free-Flyers 

2.1. System Dynamics 

In this section, a brief review of the dynamics modeling of space free-flying robots with multiple 

arms is presented, while for more details one should see Ref.30 Assuming that the system consists of 

rigid elements, the vector of generalized coordinates can be chosen as 

 ( ), ,
TT T T

CM oR=q δ θ  (1) 

where 
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 ( )(1) ( ), ,
TT Tn=θ θ θ  (2) 

which is a 1×nK  column vector where )m(θ  is an 1×mN  column vector which contains the joint angles of 

m-th manipulator, and 1

n
n mm

K N
=

= ∑ . The vector of output (controlled) variables is defined as 

 ( ) ( ) ( ) ( )1 1
00

, , , , , ,T T n T n TT T
C E E E E

 =  X R X Xδ δ δ  (3)

which is a 6nK +  column vector. Applying the general Lagrangian formulation31, or any other method, 

the equations of motion can be obtained and expressed in the task space, i.e. in terms of the output 

coordinates ~X, as 

 ( ) ( , )+ =H q X C q q Q  (4) 

where H  describes the system mass matrix, C  contains all nonlinear terms, and ~Q  describes the 

vector of generalized forces in the task space. 

To develop the MIC law, the vector of generalized forces ~Q , is written as 

 app react m f react= + = + +Q Q Q Q Q Q  (5) 

where ~Qreact  is the reaction force on the end-effectors, and ~Qapp  is the applied controlling force 

consisting of the force which corresponds to the motion of the system, ~Qm , and of the required force 

to be applied on the manipulated object by the end-effectors, ~Qf . To determine these terms, the object 

dynamics is considered next. 

2.2. Object Dynamics 

The equations of motion for a rigid object can be written as 
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 c o e+ = + +MX F F F GFω  (6) 

An active object is assumed i.e. the object includes an internal angular momentum source, as shown 

in Figure 2. The above forces, the mass matrix M, and the grasp matrix G will be detailed in the 

following. 

Object

re
(1)re

(n)

o(n
6

)

mobj, IG

objω
fo no,

fc nc,

o(1
6

)

1-st Manipulatorn-th Manipulator

L s

rs

ms

 

Fig. 2: An object with an internal angular momentum source, manipulated by cooperating 

manipulators. 

 

The linear momentum of the source, p s , can be written as 

 ( )s s s s G obj sm m= = + ×p v x rω  (7) 

The required force for moving the internal angular momentum source along with the object motion, 

GF , can be written as 

 G s s s
d m
dt

= =F p v  (8) 

Therefore, differentiation of Eq. (7) and substitution of the result into Eq. (8), yields 

 ( )( )G s G obj s obj obj sm= + × + × ×F x r rω ω ω  (9) 
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which has to be included in Eq. (6) for linear motion. 

For the object angular motion, based on the translation theorem for angular momentum31, it can be 

written 

 G s s s= + ×L L r p  (10) 

Therefore, the required moment for moving the internal angular momentum source along with the 

object motion, written about the object center of mass is 

 G G G s= + ×M L x p  (11) 

Assuming that L s  has a constant magnitude, results in 

 ( ) ( )G obj s s s G s G obj s
d m
dt

= × + × + × + ×M L r p x x rω ω  (12a) 

Calculating different terms of Eq. (12), and substitution the results back into the equation, yields 

 ( )( )G obj s s s G obj s obj obj sm= × + × + × + × ×M L r x r rω ω ω ω  (12b) 

which has to be included in Eq. (6) for angular motion, as 

 
( )

( ) ( ) ( )

1 1

( )G obj obj G obj obj s s s G obj s obj obj s

m m
i i i

c o e e e
i i

m

= =

+ × + × + × + × + × ×

= + + × +∑ ∑

I I L r x r r

n n r f n

ω ω ω ω ω ω ω

 (13) 

Now all these terms can be put together, and written in the matrix form of Eq. (6), where 

 3 3( ) [ ]
[ ] ( )

obj s s s obj
T T

s obj s obj G s obj

m m m
m

×
×

×

 + −
=  +  

1 r S
M

S r S I I S
 (14a) 

 

2 2

2 2

2 2

y z x y x z

x y x z y z

x z y z x y

s s s s s s

s s s s s s s s

s s s s s s

r r r r r r

m r r r r r r

r r r r r r

 + − −
 

= − + − 
 

− − +  

I  (14b) 
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c

Tc
obj c

 
=  

 

f
F

S n  
o

To
obj o

 
=  

 

f
F

S n  
( )

( )
( )

6 1

i
ei

e i
e ×

  =  
  

f
F

n  (14c) 

 
(1)

( )

6 1

e

e
n

e n×

 
 =  
 
 

F
F

F

 (14d) 

 
[ ]

[ ]

(( ) , ( (

( ) )) )

T T
s obj obj s s s obj obj obj obj G obj obj s

T T
G s obj obj s s obj obj s

m m

m

× × × ××

× ××

       = − + +       

   + +    

F r r S S I L

I I S r r

ω ω ω δ ω ω ω

δ ω ω
 (14e) 

 
3 3 3 3

3 3 3 3 3 3 3 3
(1) ( )

6 6
[ ] [ ]nT T T T

obj e obj obj e obj n× ×

× × × ×

× ×

×

 
=  

  

1 0 1 0
G

S r S S r S
 (14f) 

where 1 and 0 denote the identity and zero matrices, respectively. The matrix objS  relates the object 

angular velocity and the corresponding Euler rates as 

 obj obj obj= Sω δ  (15) 

It should be mentioned that for a flexible object an appropriate dynamics model can be simply 

substituted for the above model of a rigid object (Eq. (6)). Next, the MIC law is developed. 

2.3. The MIC Law 

A desired impedance law for the object motion can be chosen as 

 des d p c+ + =−M e K e K e F  (16) 

Then, considering the target impedance, the required end-effector forces/torques on the object are 

obtained using Eq. (6) as 

 ( ) ( ){ }1#
e des des des d p c c oreq

−= + + + + − +F G MM M X K e K e F F F Fω  (17) 
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where #G  is the pseudoinverse of the grasp matrix defined as 

 ( ) 1# 1 1T T −− −=G W G GW G  (18) 

Therefore, the controlled forces ~Qf  in Eq. (5) required to be applied on the manipulated object by the 

end-effectors is 

 
6 1

f
ereq

×  =  
  

0
Q F      6 1

react
e

× 
=  − 

0
Q

F
 (19) 

where 

 ( )#
e c o = + − + F G MX F F Fω  (20) 

Next, to impose the same impedance law on the spacecraft motion, manipulators, and the object, the 

impedance law for the space free-flyer is written as 

 1des des d p f c Nc ×+ + + =M e K e K e U F 0  (21) 

where des= −e X X is the tracking error of the SFFR controlled variables (as opposed to “e” which 

describes the object tracking error) and desM , pK  and dK  are N N×  block-diagonal matrices based 

on desM , pk  and dk  respectively, defined as 

 

N N

des

des
des

des ×

 
 
 =
 
 
  

M 0 0
0 M

M
0 0

0 0 M

6 6

6 6 N 6

cf

×

× ×

 
 =  
  

1
U

1

 (22a) 

 

N N

p

p
p

p ×

 
 
 =
 
 
  

k 0 0
0 k

K
0 0

0 0 k
N N

d

d
d

d ×

 
 
 =
 
 
  

k 0 0
0 k

K
0 0

0 0 k

 (22b) 
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The desired trajectory for the system controlled variables, desX , can be defined based on the desired 

trajectory for the object motion, desX , and the grasp condition. Then, similar to the derivation for fQ  

and assuming that the system mass and geometric parameters are known, mQ can be obtained as 

 1
m des des des d p f cc

−  = + + + +
 

Q HM M X K e K e U F C (23) 

Substituting these results into Eq. (5) makes all participating manipulators, the free-flyer-base, and 

the manipulated object exhibit the same impedance behavior, and guarantees an accordant motion of 

the various subsystems during object manipulation tasks. It should be noted that it was assumed that 

the exact value of the contact force is available, whereas usually substitution of an estimated value for 

this, as will be discussed later, is required. Also mass and geometric properties for the manipulated 

object, spacecraft and manipulating arms are known a reasonable assumption for space man-made 

systems. Finally, it should be mentioned that inspired by the human control system, a related 

formulation to fulfill desired force tracking tasks has been presented in Ref.32. 

2.4. Error Dynamics 

In this section, error dynamics is studied to show that under the MIC law all participating 

manipulators, the free-flying base, and the manipulated object exhibit the same designated impedance 

behavior. Hence, an accordant motion of the manipulators and payload is achieved, and the MIC 

algorithm imposes a consistent motion of all parts of the system. To this end, substituting Eqs. (23) 

and (19) into Eq. (5), and the result into Eq. (4) yields 

 
( )( ) ( )( )

6 11
# 1( )

cdes des des d p f c
des des des d p c

×−
−

  + + + − + = + + + −  

0
H q M M x k e k e U F x 0

G M M M x k e k e F x

 (24) 

Since Eq. (24) must hold for any M  and H , it can be concluded that 
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( )( )
( )( )

1

# 1

( )
cdes des des d p f c

des des des d p c

−

−

+ + + − =

+ + + − =

H q M M x k e k e U F x 0

G M M M x k e k e F x 0
 (25) 

Now, based on Eqs. (14f) and (18) it can be seen that the pseudoinverse of the grasp matrix, G# , is a 

full-rank matrix. Therefore, Eq. (25) results in 

 
( )( )

( )( )

1

1

( )
cdes des des d p f c

des des des d p c

−

−

+ + + − =

+ + + − =

H q M M x k e k e U F x 0

M M M x k e k e F x 0
 (26) 

Finally, based on the fact that M  and H  are positive definite inertia matrices, Eq. (26) results in 

 
des des d p f cc

des d p c

+ + + =

+ + + =

M e K e K e U F 0

M e K e K e F 0
 (27) 

Considering the definitions for desM , dk , pk , and 
cf

U  according to Eqs. (22), Eq. (27) means that 

all participating manipulators, the free-flyer-base, and the manipulated object exhibit the same 

impedance behavior. Next, the estimation procedure for the contact force is discussed. 

2.5 Contact Force Estimation 

As mentioned in the previous section, computation of 
reqeF  requires knowing the value of the contact 

force, cF . Normally, this has to be estimated which is discussed here. 

Eq. (6) can be rewritten as 

 c o e= + − −F Mx F F GFω  (28) 

It is assumed that the external forces/torques oF , and also the object mass and geometric properties 

are known. Assuming that end-effectors are equipped with force sensors, eF  can be measured and 

substituted into Eq. (28). Also, based on the measurements of object motion, Fω  can be computed, 
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and substituted into Eq. (28). However, to evaluate the contact force, the object acceleration has to be 

known, too. Since this is not usually available, it has to be approximated through a numerical 

procedure. To implement Object Impedance Control, Schneider and Cannon (1992) suggest either to 

use the desired acceleration, or to use the last commanded acceleration, defined as 

 ( )1 ˆ
cmd des des des d p c

−= + + +x M M x k e k e F  (29) 

They describe that both of these two approximations yield acceptable experimental results, though it 

has been emphasized that a more sophisticated procedure would improve the performance. Since 

there may be a considerable difference between x  and desx , particularly after contact, the first 

approach does not yield a reliable approximation. The second approach, may result in a poor 

approximation because of sudden variations at each contact. 

Here, the approach taken is to use directly a finite difference approximation as 

 ˆ t t t

t
−∆−

=
∆

x xx   (30a) 

or 

 2
2

2ˆ
( )

t t t t t

t
−∆ − ∆− +

=
∆

x x xx  (30b) 

where t∆  is the time step used in the estimation procedure. It should be mentioned that due to 

practical reasons (i.e. time requirement for measurements and corresponding calculations), t∆  can not 

be infinitesimally close to zero. In practice, a sufficiently small t∆  can be employed so that the 

resulting errors are negligible, even at the time of contact. Substituting Eq. (30) for acceleration, the 

contact force can be estimated from Eq. (28) as 

 ˆ ˆc o e= + − −F Mx F F GFω  (31) 
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Next, the disturbance rejection characteristics of the MIC algorithm are studied. 

3. Disturbance Rejection Analysis 

The effects of disturbances that are applied on several arbitrary points of a SFFR are considered here. 

The resultant generalized disturbance can be described as33 

 ( ) ( )

1

f
T

i i

n
m m

dist dist j
j=

= −∑Q J Q  (32) 

where the Jacobian matrix ( )
i

mJ  is a N×6  matrix defined as 

 ( )
( ) i

mi
m

i

 
= 

 

R
J q

ω
 (33) 

which relates the generalized velocities q  to the linear velocity ( iR ) and angular velocity ( )m(
iω ) of the 

exerted body. The generalized disturbance as described in Eq. (32) in the joint space, can be 

expressed in the task space as 

 ( ) 1T
dist c dist

−
=Q J Q  (34) 

where the Jacobian matrix cJ is defined as 

 c=X J q  (35) 

Therefore, the vector of generalized forces in the task space, ~Q , as given in Eq. (5) will be obtained as 

 m f react dist= + + +Q Q Q Q Q  (36) 

Noting the fact that fQ  is virtually canceled by the reaction load on each end-effector, reactQ , and 

substituting Eq.(36) into Eq. (4) it is obtained 

 ( ) ( , ) m dist+ = +H q X C q q Q Q  (37) 
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Next, substituting Eq. (23) into Eq. (37) it can be obtained 

 1( ) ( , ) ( ) ( , )des des des d p f c distc

−  + + + + + = +
 

H q M M X K e K e U F C q q Q H q X C q q  (38) 

which can be simplified to 

 1( )des des d p f c des distc

−+ + + = −M e K e K e U F M H q Q  (39) 

As it is seen, the resultant disturbing torque/force appears in the right hand side of the whole system 

error equation. Noting the fact that the inertia matrix ( )H q  is a positive definite matrix, it can be 

guaranteed that 1( )−H q  remains bounded. As expected from physical intuition, Eq. (39) reveals that 

increasing the mass properties of SFFR reduces the effects of disturbances. Also, the desired mass 

matrix appears as a coefficient in the right hand side of Eq. (39). This means that one can reduce the 

effects of disturbances by choosing lower values for the elements of desM . It should be noted that by 

decreasing the values for the elements of desM , the system behaves with lower inertia and its response 

becomes faster. 

Next, to examine the developed MIC law, a system of three appendages mounted on a space free-

flyer is simulated. 

4. Simulation Results 

As shown in Figure 3, a system of two manipulators mounted on a space free-flyer is simulated in this 

Section, in which a third appendage is considered as a communication antenna. A Remote Center 

Compliance (RCC) is attached to the second end-effector, Figure 3, to consider practical aspects (see 

Ref.34), and also to show the capability of MIC law in the presence of system flexibility. The SFFR 

performs a cooperative manipulation task, i.e. moving an object with two manipulators according to 

predefined trajectories, and is subject to significant force and torque disturbances at several points. As 
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shown in Figure 3, the antenna is connected to the base of the system and should keep a constant 

absolute orientation toward a remote center. For illustration purposes, the desired trajectory for the 

object is planned such that passes through an obstacle, and the object has to come to a smooth stop at 

the obstacle. The object has been grabbed with a pivoted grasp condition, i.e. no torque can be 

exerted on the object by the two end-effectors. The initial conditions, and system geometric 

parameters, mass properties, and the maximum available actuator torques and forces of system base, 

antenna, cooperative manipulators and manipulated object has been presented in the Appendix. 
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Fig 3. The simulated SFFR performing a cooperative object manipulation task, under the 

effect of disturbing forces/torques. 

The system dynamics model of the described SFFR, which is a central element in the simulation 

code, using a barycentric method, and MAPLE tools. The code (SPACEMAPLE) yields the mass 

matrix H, the vector of nonlinear velocity terms C (both in the joint space and task space), also the 

Jacobian matrix and its time derivative, each one as an analytical function of generalized coordinates 

and speeds30. Next, the dynamics model in a symbolic (analytical) format is imported to the 
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simulation routine in MATLAB, where equations of motion under the developed MIC law are 

integrated, using the Gear algorithm. 

The obstacle is at 3.1wx m= , so it is expected that the object will come into contact at its right side. 

Therefore, as seen in the following simulation results, the contact occurs at t ≈ 7.5  s along x-direction, 

so that no contact force does affect the object motion in the y-direction. After the contact, since the x-

position depends on the dynamics of the environment, according to the impedance law, the base 

smoothly comes back until position converges to a final value, which is determined by the desired 

contact force on the obstacle. It is assumed that no torque is developed at the contact surface (i.e. a 

point contact occurs), therefore n c  is equal to the moment of fc . Also, there is no other external force 

applied on the object, i.e. ,o o= =f 0 n 0 . The contact force is calculated based on the real stiffness of the 

obstacle, which is 1 5 /wk e N m= . The desired trajectories for the object and base center of mass, 

expressed in the inertial frame, are chosen as 

( ) ( )
( )

0.20.1791 4 1

0.4

t
deso

deso

x e m

y m

−= − + −

=

( ) ( )

( )

0.20.025 3 1

0.03

t
des

base

des
base

x e m

y m

−= + −

= −
 

where the origin of the inertial frame is considered to be located at the system center of mass at initial 

time. 

The controller gains are chosen as 

2 1(100,...,100) ( ) & (20,...,20) ( )p ddiag KgS diag KgS− −= =K K  

First, to see the effect of mass matrix gain on the system behavior, no disturbances are considered 

and the system performance is simulated in three cases, i.e. different selections of the desired mass 

matrix (1,...,1)des diag=M , (0.5,...,0.5)des diag=M , and (0.2,...,0.2)des diag=M . As shown in Figure 4, by 

decreasing the values of controller mass matrix elements, the y-component of the object position 
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tracking error remains very close to zero before the contact, and eventually vanishes after that. Note 

that the contact occurs along x-direction, at t ≈ 7.5 s, so that does not affect the object motion in the y-

direction. It should be mentioned that other position tracking errors, i.e. free-flying base and the two 

manipulators end-effectors, are very similar to the object position tracking errors. Also, decreasing 

the values of controller mass matrix elements, has similar effect on the rate of these errors and results 

in a smoother tracking. Consequently, the contact force estimation procedure, which is based on finite 

difference calculation of the object acceleration, yields more accurate results. Therefore, as shown in 

Figure 4, when no disturbances are applied on the system, decreasing the values of controller mass 

matrix elements has minor improving effects on the system performance. 

To see disturbance rejection characteristics for the developed MIC law, disturbing forces/torques 

of step type equal to [50 N, 50 N, 50 N.m] are applied on the free-flyer base at a distance of [0.5, 0.5] 

in its body coordinate, when it reaches to 1.5x m=  in the inertial frame. Another disturbing force equal 

to [50 N,50 N] is applied on the second joint of the second manipulator, as depicted in Figure 3.. Note 

that these disturbances are significant, compared to the base actuator saturation limits. The system 

performance is now simulated for the two selections of (0.15,...,0.15)des diag=M  and (1.0,...,1.0)des diag=M , and 

the results are depicted in Figure 5. 

As shown in Figure 5a, the y-component of the object position tracking error remains very close to 

zero before the contact, and eventually vanishes after that. This is due to the fact that the contact 

occurs along x-direction, so that it does not affect the object motion in the y-direction. Other position 

tracking errors, i.e. free-flying base position errors and manipulator end-effectors, and the rate of 

these errors behave similarly to the object position tracking errors. On the other hand, the x-

component of error, starting from some initial value, decreases at some rate till contact occurs, at 

t ≈ 7.5 s, Fig. 5. This rate changes after contact, because the tracking error dynamics depends on the 
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dynamics of the environment, according to the impedance law. Then, this error smoothly converges to 

the distance between the final desired x-position and the obstacle x-position. 

 
Fig. 4: Object Position Tracking Error when no Disturbing Forces/ Torques are applied: (a) 

(1,...,1)des diag=M , (b) (0.5,...,0.5)des diag=M , (c) (0.2,...,0.2)des diag=M . 

(a)

(b)

(c)
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Fig. 5: Disturbing Forces/ Torques are applied on the Base and Manipulator: 

(0.15,...,0.15)des diag=M  (left), and (1.0,...,1.0)des diag=M  (Right): (a) Object Position Tracking 

Error, (b) Tracking Error Rates, (c) Orientation Tracking Error. 

As discussed in previous section, decreasing the values of controller mass matrix has a substantial 

effect on the error dynamics. As seen in Figure 5, lower values of controller mass matrix elements 

(corresponding to the left hand side of the figure) result in smaller object tracking error, and so does 

on other position tracking errors. The orientation error starting from zero grows to some amount until 

contact occurs and then, it converges to a final limited value. The initial growth is due to the fact that 

the first end-effector (i.e. without the RCC unit) responds faster than the second one. Therefore, the 

difference between the two end-effector forces produces some couples that results in an undesirable 

(a)

(b)

(c)
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rotation of the object. Since there is no direct control on the object orientation, due to the pivoted 

grasp condition, the object orientation converges to a final limited value. As seen in Figure 5, the 

object position error and its time derivative, also other errors in rotation of base, antenna and all 

manipulator end-effectors decrease by reducing the values of desired mass matrix. The simulation 

results reveal the merits of the MIC algorithm in terms of suitably smooth performance, i.e. proper 

tracking errors in the presence of impacts due to contact with the obstacle and also significant 

disturbances. 

5. Conclusions 

In this paper, the MIC law was formulated and applied to space robotic systems. In space, 

participating robotic arms are connected through a free-flying-base, and the formulation had to 

consider the dynamic coupling between the arms and the base. For the manipulated object, inclusion 

of an internal source of angular momentum was admitted, as is the case for most satellite 

manipulation tasks. By error analysis, it was shown that under the MIC law, all participating 

manipulators, the free-flyer base, and the manipulated object exhibit the same designed impedance 

behavior. Next, the disturbance rejection characteristics of the MIC law applied to a SFFR in 

manipulating an object was studied. It was shown that increasing the mass properties of SFFR, which 

is an inherent characteristic of the system, reduces the effects of disturbances. It was also shown that 

the effect of disturbances can be substantially decreased by appropriate tuning of the controller mass 

matrix gain. Finally, to examine the developed MIC law, a system of three appendages mounted on a 

space free-flyer was simulated. Based on the simulation results the merits of the MIC algorithm in 

terms of disturbance rejection characteristics was revealed, i.e. negligible small tracking errors can be 

achieved in the presence of significant disturbing forces/torques. This is due to the fact that based on 

the MIC law all participating manipulators, the free-flyer-base, and the manipulated object exhibit the 
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same impedance behavior, which guarantees an accordant motion of the various subsystems during 

object manipulation tasks. 
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Appendix 

The initial conditions and parameters for the simulated system, as depicted in Figure 3, are 

summarized here. The SFFR parameters are described in tables 1, 2 and 3. The initial conditions are 

chosen as 

( ) ( ) ( )0 11 12 21 22 31, ,δ , , , , , , 0.0,0.0,0.0,2.7, 2.7,1.0,2.5,0.0,0.0 ,cm cm objs s
x y m rad= = −

=

q

q 0

θ θ θ θ θ θ  

The stiffness and damping properties of the RCC unit are chosen as follows, see Ref.35, where it is 

assumed that it is initially free of tension or compression. 

3 1

2 2

(1.2,1.2) 10 s
(5, 5) 10 s

e

e

diag kg
diag kg

−

−

= ×

= ×

k
b

 

Table 1: The base Parameters and Saturation limits. 
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Table 2: The manipulators Parameters and limits. 
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1 1 0.50 0.50 4.0 0.50 70 
1 2 0.50 0.50 3.0 0.25 70 
2 1 0.50 0.50 4.0 0.50 70 
2 2 0.50 0.50 3.0 0.25 70 
3 1 0.25 0.25 5.0 2.00 70 

Table 3: The manipulated object Parameters. 
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