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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. 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, that is, the free-flying base, all cooperating manipulators, and the manipulated object itself.
The object can 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 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, that is, negligible
small tracking errors in the presence of impacts as a result of contact with the obstacles and significant disturbances.
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Nomenclature
vector that contains all gravity and nonlinear
velocity terms of the dynamics model, where
C or C corresponds to the one in the task
space, and a superscript i refers to the ith
manipulator
vector of tracking errors, where a subscript
is used for a particular variable, for example,
e,, is the error in angular velocity, and a
superscript i corresponds to the ith
manipulator
6 x 1 vector that contains the forces/
moments applied on an acquired object
caused by contact with the environment
estimated value of contact force F
6n x 1 vector that contains all end-effector
forces/torques applied on an acquired object,
where F{ is a 6001 vector corresponding to
the ith end effector
required end-effector forces/torques to be
applied on an acquired object, where F{" is
a 6001 vector corresponding to the ith end
effector
required force for moving an internal angular
momentum source along with the acquired
object motion
6 x 1 vector that contains nonlinear velocity
terms in an acquired object dynamics
equations
6 x 1 vector that contains external forces/
moments (other than contact and end-effector
ones) applied on an acquired object
resultant force (torque) applied on an
acquired object as a result of contact,
where n, includes moment of f, about the
object c.m.
ith end-effector force (torque) exerted on an
acquired object
vector of external forces (torques), other than
contact and end-effector ones, applied on an
acquired object (including gravity effects),
where n, includes moment of f;, about the
object c.m.
6 x 6n grasp matrix that maps the vector
of all end-effector forces/torques to an
acquired object dynamics equations
weighted pseudoinverse of the grasp matrix G
positive-definite mass matrix of the system,
where H or H corresponds to the one in the
task space, and a superscript i refers to the
ith manipulator
number of applied force/torque vectors
on a body
square Jacobian matrix that relates the output
speeds to the generalized ones, where a
superscript i corresponds to the ith
manipulator
6 x N Jacobian matrix that relates the
generalized velocities ¢ to the linear velocity
R; and angular velocity wf’") of the exerted
body
N x N Jacobian matrix that relates the
vector of actuator forces/torques to the
vector of generalized forces
control gain matrices
stiffness matrix of a remote-center-
compliance unit
block-diagonal N x N control gain and
desired mass matrices, composed of the
corresponding 6 x 6 matrices that define the
impedance law for the acquired object

k.,
Lo
L,

M
Mdes
Mg

mobjsIG

Qapp
Quist
Qv
0r
0
Oreacr

q4.9.9

Rec,, Rey, Re,
Row, Rew, Rew

(i)
r,
rS

S obj

U

©

vy

stiffness coefficient of an obstacle located at
Xy, in a unilateral study

angular momentum of an internal source
about the acquired object c.m.

angular momentum of an internal source
about its own c.m.

6 x 6 mass matrix for an acquired object
acquired object desired mass matrix, in the
impedance law

required moment for moving an internal
angular momentum source along with the
acquired object motion

acquired object mass and its moment

of inertia about c.m.

mass of an internal angular momentum
source that is not included in the acquired
object mass 1 p;

system total degrees of freedom (DOF)
number of joints (single DOF), for the mth
manipulator

number of manipulators or appendages, for a
system of multiple manipulators

number of disturbing torque/force applied on
the ith link of the mth manipulator

linear momentum of an internal angular
momentum source, inside an acquired object
vector of generalized forces, where Q
corresponds to the one in the task space and
a superscript i refers to the ith manipulator
applied controlling force (expressed in the
task space), where a superscript i refers

to the ith manipulator, = Q,, + QO

vector of generalized disturbing forces,
where Qg;s corresponds to the one in the
task space

jth disturbing torque/force applied on the ith
link of the mth manipulator

required force to be applied on the
manipulated object by the end effector,
where a superscript i refers to the

ith manipulator

applied controlling force concerning the
motion of the end effector, where a
superscript i refers to the ith manipulator
reaction force (expressed in the task space)
on the end effector, where a superscript i
refers to the /th manipulator

N x 1 vector of generalized coordinates, and
its rate, where a superscript i corresponds to
the ith manipulator

inertial position, velocity, and acceleration
of the spacecraft c.m., where the components
are expressed as X, Yo, Zo, etc.

inertial position, velocity, and acceleration of
the system c.m., where the components are
expressed as XcMm, YcMs ZCM» etc.

position vector of the ith end effector with
respect to the object c.m.

position vector of the angular momentum
source c.m. with respect to the object c.m.

3 x 3 matrix, which relates the angular
velocity of an acquired object to the Euler
angle rates

N x 6 matrix, composed of (n+1) 6 X 6
identity matrices

inertial linear velocity of the internal angular
momentum source c.m.

6 x 1vector [X = (xZ, 6ij)T], which contains
the c.m. position, and Euler angles of an
acquired object, where X and X are its rates,
and Xges, Xges, and Xges are the desired ones
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vector of controlled variables and its rates,
where Xges, Xges, and Xy refer to the desired
ones and a superscript i corresponds to the
ith manipulator
x(Em) s xg”) = mth end-effector 1nert1a1 Posmon and
velocity vector; x" = Ly, 2, ete.
X, X, XG = inertial position, Veloc1ty, and acceleration
of an acquired object c.m.
At = time step used in the estimation procedure
Ry = set of Euler angles that descrlbes the mth
end-effector orientation, = [a! b’ MBIy,
and becomes a single angle 6, in planar
motion
Oobj = set of Euler angles that describes an acquired
object attitude
b0 = set of Euler angles that describes the
spacecraft attitude, = (g, Bo, Y0)
2] = K, x 1 column vector (K, = Y _ | Ny),
which contains all joint angle vectors
[0(1) 0(2 , 0(”) ]T
om = N,x1 column vector that contains the joint
angles of the mth manipulator, where 6"
refers to its ith component (joint)
= angular velocity of the mth end effector
expressed in its own body-fixed frame
Wabj» Wobj = acquired object angular velocity and
acceleration
0 = zero matrix
1 = identity matrix

m, ()T
Wi

I. Introduction

OBOTIC systems are expected to play an important role in
space applications, for example, in the servicing, construc-
tion, and maintenance of space structures on orbit. For instance,
robotic systems can be used to inspect, capture, and repair or re-
fuel damaged satellites. Ultimately, coordinated teams of robots
might deploy, transport, and assemble structural modules for a large
space structure.! Space free-flying robots (SFFR) are robotic sys-
tems that include an actuated relatively small base equipped with
one or more manipulators (Fig. 1). Distinct from fixed-based ma-
nipulators, the base of SFFR responds to dynamic reaction forces
caused by manipulator motions. To control such a system, it is es-
sential to consider the dynamic coupling between the manipulators
and the base, by developing proper kinematics/dynamics model for
the system.2~* Motion control of SFFR has been studied by various
researchers.> ! Also, coordinated control of free-flying base and
its multiple manipulators during capture or manipulation of objects
has received attention.!!~!3
To control interaction forces and system response during con-
tact, force or impedance control strategies are required. Hybrid po-
sition/force control has been the basic strategy of several proposed
implementations.'®!7 Nevertheless, because of several control mode
switchings during most tasks, particularly in unexpected situations,
hybrid control does not provide an efficient interface. (Control of a
robot in free motions and contact tasks are considered as two dif-
ferent control modes. In free motion, a position control algorithm
can be employed, whereas in contact tasks the interaction with the
environment should be managed using force/impedance algorithms.
Most tasks include both free motions and contact tasks, that is, track-
ing a desired path and interaction with the environment at specific
points, for example, insertion of a pin in a hole. Therefore, switch-
ing between the two modes is required if hybrid position/force ap-
proach is used.) Impedance control provides compliant behavior of
a single manipulator in dynamic interaction with its environment.'$
An impedance controller enforces a relationship between external
force(s)/torque(s) acting on the environment, and the position, ve-
locity, and acceleration error of the end effector. Adaptive schemes
have been presented to make impedance control capable of track-
ing a desired contact force, which has been described as the main
shortcoming of impedance control in an unknown environment.'*-2
Optimizing the regulation of impedance control from the viewpoint

Fig. 1 SFFR with multiple manipulators.

of both the transient and steady-state responses, using the con-
cept of impedance matching to choose optimal parameters has been
proposed.?! A Cartesian impedance controller has been presented to
overcome the main problems encountered in fine manipulation, that
is, effects of the friction (and unmodeled dynamics) on robot perfor-
mance and occurrence of singularity conditions.?>~2* Experimental
and simulation investigations into the performance of impedance
control implemented on elastic joints have shown the benefits of us-
ing this control strategy in compensating undesirable effects caused
by system flexibilities.?

Object impedance control (OIC) has been developed for robotic
arms manipulating a common object.?® The OIC enforces a desig-
nated 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 ap-
plying the OIC to the manipulation of a flexible object can lead to
instability.?’ It was suggested that either increasing the desired mass
parameters or filtering the frequency content of the estimated con-
tact force might solve the instability problem. Multiple impedance
control (MIC) is an algorithm that has been developed for several
cooperating robotic systems manipulating a common object.?$2°

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 endpoints, and the manipulated object. Itis 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 substan-
tially 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
contact with an obstacle. Simulation results reveal the merits of the
MIC algorithm in terms of its smooth performance, that is, resulting
in negligible small tracking errors in the presence of both impacts
caused by contact with the environment and imposed disturbances
and in a soft stop at the obstacle position following the contact.

II. MIC Law for Space Free Flyers

A. System Dynamics

In this section, a brief review of the dynamics modeling of space
free-flying robots with multiple arms is presented (for more details,
see Ref. 30). Assuming that the system consists of rigid elements,
the vector of generalized coordinates can be chosen as

= (Réy. 65 - oT) (1



942

where
@)

which is a K, x 1 column vector where 0™ is an N,, x 1 column
vector that contains the joint angles of the mth manipulator, and

Kn:i:Nm

m=1

o=[0"",....6m"]

The vector of output (controlled) variables is defined as

X=[R{,.60. X7, 677 . X 60"] 3)

which is a K, + 6 column vector. Applying the general Lagrangian
formulation,?! or any other method, the equations of motion can be
obtained and expressed in the task space, that is, in terms of the
output coordinates X, as

A@X +Cq.q) =0 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

Q = Qapp + Qreact = Qm + Qf + Qreacl (5)

where Qapp is the applied controlling force consisting of the force
that corresponds to the motion of the system @Q,, and of the required
force to be applied on the manipulated object by the end effectors
Q. To determine these terms, the object dynamics is considered
next.

B. Object Dynamics
The equations of motion for a rigid object can be written as

MX+F,=F,+F,+GF, (6)

An active object is assumed, that is, the object includes an internal
angular momentum source, as shown in Fig. 2. The preceding forces,
the mass matrix M and the grasp matrix G, will be detailed in the
following.

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

)

Ps = mgvy = m; (g + Wobj X Fy)

MOOSAVIAN, RASTEGARI, AND PAPADOPOULOS

The required force for moving the internal angular momentum
source along with the object motion F can be written as

(®)

F G :ps = Em.\‘vx
Therefore, differentiation of Eq. (7) and substitution of the result
into Eq. (8) yields

(&)

Fg :ms[-x'G +wobj X Iy +wobj X (wobj X )]

which has to be included in Eq. (6) for linear motion.
For the object angular motion, based on the translation theorem

for angular momentum,’! it can be written
LG=Lx+rx X Ps (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

an

Assuming that L, has a constant magnitude, as it is for an internal
angular momentum source, results in

Mg = L + %6 x p,

d . .
MG = Wopbj XLx + E(rx Xp.v) +xc X ms(xG +wobj er)

(12a)

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

MG = Wopj X Ls + myrg X [xG +wobj X Iy +wobj X (wobj X r&)]

(12b)
which has to be included in Eq. (6) for angular motion as
IGwobj + Wobj X IGwobj + Wobj X Ls + myry
X [Xg + Wopj X Iy + Wepj X (Wobj X Iy)]
=nctng+ Yy rOx O+ 0 (13)

i=1 i=1

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

(Mopj +ms)13,3 — s [F ] Sopj
= T 1% T (14a)
mssobj [rx] Sohj (IG + IA‘)SObj
132‘. + rf s, Ts, —T, Ty,
I =my | —rors, 1l 410 —rgrg (14b)
T s s, T's rfx +r3v
fe Jo . 0
F.= { ., Fo=1 . FO =1 (14¢)
Sopifte Sovifo S P
FO
F.o=1 (14d)
(n)
F; 6n x 1
(ms [wobj] x [w()bj] er — My [rx] ><S0bj60bj)T
F,= . T (l4e)
{Sgbj[[wobj]xl(}wobj + [wobj]* Ls + g + L5)SobOobj + nlx[rs]x[wobj]x[wobj]xrs]}
13><3 03><3 13><3 03><3
G = y y (14f)
Sovi [’rgl)]sX s Son Sovi [’5”)]3 3 Son 6% 6
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Object
n™ Manipulator 18t

Manipulator

Fig. 2 Object with an internal angular momentum source, manipu-
lated by cooperating manipulators.

where 1 and 0 denote the identity and zero matrices, respectively.
The matrix S relates the object angular velocity and the corre-
sponding Euler rates as

Wobj = SobjOobi (15)
For a flexible object an appropriate dynamics model can be simply

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

C. MIC Law
A desired impedance law for the object motion can be chosen as

M,.é + K. + K,e = —F. (16)

Then, considering the target impedance, the required end-effector
forces/torques on the object are obtained using Eq. (6) as

F.. =G'[MM (MyXoei+ Kié+Kpe+F)+F,— (F.+Fo)|
a7

where G is defined as
G'=w'G"GW'G")™' (18)

Therefore, the controlled forces Q_,» in Eq. (5) required to be applied
on the manipulated object by the end effectors are

~ 06 x 1 ~ 06 x 1
Qf = {Ft’req } Qreact = {_Fe} (19)
where
F,=G'MX +F, — (F. +Fy)] (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

Mdesédes + i(dé +I~{pé + Uﬁ F. = 0N x 1 21

where € = X4 — X is the tracking error of the SFFR controlled
variables (as opposed to e, which describes the object tracking error)
and Mg, K,,, and K; are N x N block-diagonal matrices based on
M, k,, and kg, respectively, defined as

My 0 o 0 ’
s 0 My, - 06
Mdcs = . . ) UfL =
: 0 i 0
Toxod y 6
1] 0 Maes|,, n
(22a)

k, 0 0
3 0 &
K, = ! .
0 . 0
0 0 k[’_N><N
k; 0 07
3 0o k, - -
k=1. (22b)
S0 .0
0 0 kd_NxN

The desired trajectory for the system controlled variables Xges can
be defined based on the desired trajectory for the object motion
Xges and the grasp condition. Then, similar to the derivation for Q
and assuming that the system mass and geometric parameters are
known, @,, can be obtained as

Q. =AM\ (Mg Xoes + Kie + K, e+ U F)+C  (23)
Substituting these results into Eq. (5) makes all participating manip-
ulators, 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 was as-
sumed that the exact value of the contact force is available, whereas
usually substitution of an estimated value for this, as will be dis-
cussed later, is required. Also, mass and geometric properties for the
manipulated object, spacecraft, and manipulating arms are assumed
to be 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.

D. 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 behav-
ior. 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 Egs. (23) and (19) into
Eq. (5) and the result into Eq. (4) yields

iI(q) [M‘;Clg (Mdes;des + ’;dé + I;pé + Uﬂ-Fr') _-’E]

06><]

. . (=0 24
(Mdesxdes + kde + kpe + Fz) - x]

+
{G#M[Md‘els
Because Eq. (24) must hold for any M and H, it can be concluded
that

iI(q)[M_l (Zf/ldesyédes =+ iédé + I}pé + Uf{F() - -i.] = 0

des

G'M [114(,—;s

(Myeskges + kaé +kpe +F.) —%] =0 (25)

Now, based on Egs. (14f) and (18) it can be seen that the pseu-
doinverse of the grasp matrix G* is a full-rank matrix. Therefore,
Eq. (25) results in

iI(q)[Mil (Mdes-;édes + ];dé +l;pé + UfL F() - ‘i] =0

des

MM\ (Myeiqes + kaé + kpe + F) — %] =0 (26)

des

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

Mdesédes +kdé + i(pé + Uﬁ,FC =0
Myé+Kie +K,e+F. =0 27

which 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.
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E. Contact Force Estimation

As mentioned in the preceding section, computation of F,,, re-
quires knowing the value of the contact force F.. Normally, this has
to be estimated, which is discussed here.

Equation (6) can be rewritten as

F.=M3 +F, —F,—GF, (28)

It is assumed that the external forces/torques F and also the ob-
ject mass and geometric properties are known. Assuming that end
effectors are equipped with force sensors, F, can be measured and
substituted into Eq. (28). Also, based on the measurements of object
motion F,, can be computed and substituted into Eq. (28). However,
to evaluate the contact force the object acceleration has to be known,
too. Because this is not usually available, it has to be approximated
through a numerical procedure. To implement object impedance
control, Schneider and Cannon®® suggest either to use the desired
acceleration, or to use the last commanded acceleration, defined as
-.x.'cmd = M;els(Mdesjdes + kde + k[ze +F.) (29)
They describe that both of these two approximations yield accept-
able experimental results, though it has been emphasized that a more
sophisticated procedure would improve the performance. Because
there might be a considerable difference between ¥ and ¥, par-
ticularly after contact the first approach does not yield a reliable
approximation. The second approach can result in a poor approxi-
mation because of sudden variations at each contact.
Here, the approach taken is to use directly a finite difference
approximation as

Xe — X —Ar

P R e 30.
X AL (30a)
or
;_ _ X, — 2 _ar +X_on (30b)
(Ar)?

where At is the time step used in the estimation procedure. Because
of practical reasons (i.e., time requirement for measurements and
corresponding calculations), At cannot be infinitesimally close to
zero. In practice, a sufficiently small A¢ can be employed so that the
resulting errors are negligible, even at the time of contact. Substi-
tuting Eq. (30) for acceleration, the contact force can be estimated
from Eq. (28) as

F.=Mi+F,—F,—GF, 31

Next, the disturbance rejection characteristics of the MIC algorithm
are studied.

III. 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 as**

)lf
T n
Quw=—Y_J" O 52)

Jj=1

where the Jacobian matrix J;m) is a 6 x N matrix defined as

R[ (m) -
w (=i (33)
w;

which relates the generalized velocities ¢ to the linear velocity R;
and angular velocity wf"') of the exerted body. The generalized dis-
turbance, as described in Eq. (32) in the joint space, can be expressed
in the task space as

Ous = (I7) ' Qi (34)

where the Jacobian matrix J,. is defined as
X=1Jq (35)

Therefore, the vector of generalized forces in the task space 0, as
given in Eq. (5), will be obtained as

Q = Qm + Q_f + Qreact + Qdist (36)

Noting the fact that Q.L is virtually canceled by the reaction
load on each end effector Q... and substituting Eq. (36) into Eq. (4),
Eq. (37) is obtained:

H@X +C(g, 9 = 0n + Quix (37)
Next, substituting Eq. (23) into Eq. (37), Eq. (38) can be obtained:

iI(‘I)MJeIS (Mdesf(des + K+ kpé + Uy, Fc)

+C(q.4) + Qun = H@X + C(q. §) (38)

which can be simplified to
Moeoes + Kie + Kpe + Uy Fo = Moo H ' @Qu (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(qg) is a positive-definite matrix, it can be
guaranteed that H~!(q) remains bounded. As expected from phys-
ical 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 choos-
ing lower values for the elements of M. By decreasing the values
for the elements of M., the system behaves with lower inertia and
its response becomes faster.

Next, to examine the developed MIC law a system of three ap-
pendages mounted on a space free flyer is simulated.

IV. Simulation Results

As shown in Fig. 3, a system of two manipulators mounted on
a space free flyer is simulated in this section, in which a third ap-
pendage is considered as a communication antenna. A remote center
compliance (RCC) is attached to the second end effector, as shown
in Fig. 3, to consider practical aspects and also to show the capabil-
ity of the MIC law in the presence of system flexibility. (A RCCis a
compliant structure between the wrist of a manipulator and its end

Remote Center X

Force

Disturbing

Force/Torque Free-Flying Base

3 Appendage (An antenna)

Fig. 3 Simulated SFFR performing a cooperative object manipulation
task, under the effect of disturbing forces/torques.
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tool. Hence, the RCC is essentially an arrangement of springs that
makes it possible for a manipulator to perform contact tasks without
difficulty or damaging different system parts, for example, inserting
apininto a hole can be performed even though the clearance between
the pin and hole is such that the manipulator would not be normally
able to place the pin into that.>*) The SFFR performs a cooperative
manipulation task, that is, moving an object with two manipulators
according to predefined trajectories, and is subject to significant
force and torque disturbances at several points. As shown in Fig. 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 it 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, that is, no torque can be exerted on
the object by the two end eftectors. The initial conditions, system
geometric parameters, mass properties, and the maximum available
actuator torques and forces of system base, antenna, cooperative
manipulators, and manipulated object have been presented in the
Appendix.

The system dynamics model of the described SFFR 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
speeds.’® Next, the dynamics model in a symbolic (analytical) for-
mat is imported to the simulation routine in MATLAB®, where
equations of motion under the developed MIC law are integrated,
using the Gear algorithm.

The obstacle is at x,, = 3.1 m, and 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
the x direction, so that no contact force affects the object motion in
the y direction. After the contact, because 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. is equal to the
moment of f,. Also, there is no other external force applied on the
object, that is, fy =0, no = 0. The contact force is calculated based
on the real stiffness of the obstacle, which is k,, = 1e5 N/m. The
desired trajectories for the object and base center of mass, expressed
in the inertial frame, are chosen as

Xdesg = —0.1791 + 41 — 6—0.21) (m)
Xdespye = 0.025 4 3(1 — ¢ (m)

Ydesy = 0.4 (m), Ydespase = —0.03 (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

K, = diag(100, ...,100) (kgS™?)
K, = diag(20,...,20) (kgS7h

First, to see the effect of mass matrix gain on the system behav-
ior, no disturbances are considered, and the system performance is
simulated in three cases, that is, different selections of the desired
mass matrix Mg.s =diag(1, ..., 1), My =diag(0.5,...,0.5), and
My =diag(0.2, ..., 0.2). As shown in Fig. 4, by decreasing the
values of controller mass matrix elements the y component of
the object position tracking error remains very close to zero before
the contact and eventually vanishes after that. Note that the contact
occurs along the x direction, at r & 7.5 s, so that does not affect the
object motion in the y direction. Other position tracking errors, that
is, 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 a similar effect on
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Fig. 4 Object position tracking error when no disturbing forces/

torques are applied: a) My.s =diag(l,...,1), b) My, =diag(0.5,...,

0.5), and ¢) Mg = diag(0.2,...,0.2).

the rate of these errors and results in a smoother tracking. Conse-
quently, the contact force estimation procedure, which is based on
finite difference calculation of the object acceleration, yields more
accurate results. Therefore, as shown in Fig. 4, when no distur-
bances 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 x =1.5 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 Fig. 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 My, = diag(0.15, ..., 0.15)
and Mg, =diag(1.0,...,1.0), and the results are depicted in
Fig. 5.

As shown in Fig. 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 because the contact occurs
along the x direction, so that it does not affect the object motion
in the y direction. Other position tracking errors, that is, 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 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.
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As discussed in the preceding section, decreasing the values of
controller mass matrix has a substantial effect on the error dynamics.
As seen in Fig. 5, lower values of controller mass matrix elements
(corresponding to the left-hand side of the figure) result in smaller
object tracking error, as do other position tracking errors. The orien-
tation error starting from zero grows to some amount until contact
occurs, and then it converges to a final limited value. The initial
growth is because the first end effector (i.e., without the RCC unit)
responds faster than the second one. Therefore, the difference be-
tween the two end-effector forces produces some couples that results
in an undesirable rotation of the object. Because there is no direct
control on the object orientation, as a result of the pivoted grasp
condition, the object orientation converges to a final limited value.
As seen in Fig. 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 ma-
trix. The simulation results reveal the merits of the MIC algorithm
in terms of suitably smooth performance, that is, proper tracking er-
rors in the presence of impacts caused by contact with the obstacle
and also significant disturbances.

V. 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 manipu-
lated 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 ex-
hibit the same designed impedance behavior. Next, the disturbance
rejection characteristics of the MIC law applied to a SFFR in ma-
nipulating 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 appro-
priate 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 char-
acteristics was revealed, that is, negligible small tracking errors can
be achieved in the presence of significant disturbing forces/torques.
This is because, based on the MIC law, all participating manipula-
tors, the free-flyer base, and the manipulated object exhibit the same
impedance behavior, which guarantees an accordant motion of the
various subsystems during object manipulation tasks.

Appendix: Initial Conditions and System Parameters

The initial conditions and parameters for the simulated system,
as depicted in Fig. 3, are summarized here. The SFFR param-
eters are described in Tables A1-A3. The initial conditions are
chosen as
q = (Xem,» Yem,» 80, 011, 012, 621, 022, 031, o)

= (0.0,0.0,0.0,2.7, —2.7,1.0,2.5,0.0,0.0) (m, rad)

q=0

The stiffness and damping properties of the RCC unit are chosen
as follows,* where it is assumed that it is initially free of tension or
compression:

k., = diag(1.2, 1.2) x 10% kgs™

b, = diag(5, 5) x 10% kgs2
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Table A1 Base parameters
and saturation limits

Parameter Value
r m 05
réz), m 0.5
1*(()3), m 0.5
mo, kg 50
Iy, kg - m? 10
F.,N 100
Fy,N 100
70, N-m 20

Table A2 Manipulators parameters and limits

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 A3 Manipulated
object parameters

Parameter Value
mo, kg 3.0
Iy, kg - m? 0.5
rél), m 0.2
1‘((,2), m 0.2
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