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Abstract

This paper extends the Operational Space Formula-
tion to the important class of serial-to-parallel chain
(branching) manipulators. The various models and
concepts developed in operational space, such as Dy-
namically Consistent Force/Torque Decomposition for
control of redundant manipulators and the Augmented
Object Modelfor cooperative manipulator systems, are
shown to extend directly. Dynamic modeling and
experimental results for a free-flying, two-arm space
robot are presented to validate this extension.

1 Introduction

A growing body of work has emerged in the area
of branching manipulators — systems in which sev-
eral manipulators branch from a macro-manipulator
or mobile base. Branching systems are common in ap-
plications such as mobile-based terrestrial, industrial,
construction, underwater, and space vehicles with
multiple manipulators, multi-legged walking robots,
and fixed-base macro-mini systems with multiple end-
effectors such as dexterous arms with fingers.

Initial work in dynamic modeling and control of
branching systems has been reported for two-arm,
free-flying space robots by Ullman [1] and Yoshida,
et al. [2], and for multi-legged robots by Sunada, et
al. [3] This initial work has drawn upon previous de-
velopments in control of redundant serial manipula-
tors [4, 5] and cooperative manipulation by multiple
fixed-base manipulators and redundant manipulators.
[6,7,8,9,10]

The Operational Space Formulation [11, 12] is par-
ticularly useful for addressing the dynamic modeling
and control of complex, redundant systems because
it explicitly focuses upon the dynamic performance of
the end-effector in the space in which manipulation
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is performed. Complex internal dynamics for redun-
dant systems are decoupled from the dynamics at the
end-effector. Russakow and Khatib [13] have applied
this formulation to free-flying, redundant robots with
a single manipulator.

This paper presents an extension of the Operational
Space Formulation to branching manipulator systems,
a general class of manipulator systems in which mul-
tiple (sometimes cooperating) manipulators may be
dynamically coupled. The basic structure of the for-
mulation, as well as the concepts of Dynamically Con-
sistent Force/Torque Decomposition of redundant sys-
tems and the Augmented Object Model for control, are
preserved.

Section 2 briefly summarizes the Operational Space
Formulation for serial manipulators and cooperating
serial manipulators. Section 3 presents a more gen-
eral formulation called Extended Operational Space,
which addresses branching systems. Lastly, Section 4
features an experimental implementation of Extended
Operational Space modeling and control for a free-
flying, two-arm space robot.

2 Operational Space Review

The Operational Space Formulation projects the joint
space dynamics of the system into the operational
space, permitting both dynamic modeling and control
directly in the end-effector/object space in which the
manipulator(s) operate. This section offers a brief re-
view of the Operational Space framework for individ-
ual and cooperating serial-chain manipulators. [11, 12]

2.1 End-Effector Dynamics

The operational space equations of motion are:

AMaq)x + p(q,q) + p(a) = Fop (1)
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A(q) is the kinetic energy matrix of the system with
respect to the operational point, x, which defines the
operational space coordinates of the end-effector (or
object grasped by the end-effector). u(q, q) represents
the Coriolis and centrifugal forces acting at the same
operational point, and p(q) depicts the gravitational
forces also expressed at that point. F,, is the gener-
alized force vector expressed in the operational space.
q and q are the vectors of generalized joint angles and
velocities, respectively.

2.1.1 Serial-Manipulators

For a general redundant serial-chain manipulator:

Aa) = (@A™ (@7 (@)™, )
w(a, @) =7 (@bla) - Aq)i(@)a,  (3)
p(a) =7 (@)g(a), (4)

T(q) = A7 (@) (Q)A(a), (5)

where A(q) is the joint-space inertia matrix and b(q)
and g(q) are the Coriolis/centrifugal and gravity force
vectors in joint space. J(q) is the Jacobian relating
joint space velocities to the operational space velocity:
x = J(a)q.

J(q) is the dynamically consistent generalized in-
verse of J(q). For a non-redundant serial-chain ma-
nipulator, J(q) is invertible and J(q) = J~(q).

2.1.2 Augmented Object Control

When N manipulators (with the appropriate number
of degrees-of-freedom) grasp the same object, Equa-
tion (1) still holds, and the operational space dynam-
ics of the system simply become the sum of the op-
erational space dynamics of the object and each ma-
nipulator, all expressed at the same operational point:

N
Ala) = D Ailas) + Ao (6)
N
(@) = Y il i, @) + pobs (7)
=1
N
p(q) = ) pi(®%) + Pobj (8)
=1

Ai(qs), pni(qi, i), and p;(q;) represent the operational
space dynamic components of the #** manipulator.
Ji(q;) is the Jacobian of the i** manipulator. Aoy,
Hobj, and pop; are the operational space dynamic com-
ponents of the object.

2.2 Dynamic Decomposition and Con-
trol

End-effector motions are controlled by operational
forces, F,p, generated by the application of general-
ized joint torques, I' = J7(q)F,,. This relationship
is incomplete for redundant manipulators that are in
motion. For a given configuration of the manipula-
tor, there are an infinite number of generalized joint
torques that will produce a given force at the end-
effector.

The dynamically consistent relationship between
joint torques and operational forces for redundant ma-
nipulators is:

L =J"(@Fop+[-J (@7 (@]Ts  (9)

This relationship provides a decomposition of joint
torques into two dynamically decoupled control vec-
tors: joint torques corresponding to forces acting at
the end-effector, JT7(q)F,,, and joint torques that

only affect internal motions, [I — J T(q)jT(q)]I‘o.

3 Extended Operational Space

The Extended Operational Space Formulation ex-
pands the Operational Space framework to address
branching manipulator systems. This formulation ad-
dresses two cases: 1) open-chain serial-to-parallel sys-
tems, in which each end-effector is independent; and 2)
open/closed-chain serial-to-parallel systems, in which
some end-effectors grasp common objects.

3.1 Open-Chain Systems

The Operational Space Formulation extends immedi-
ately to the case of a robot with multiple, indepen-
dently moving arms. The operational space in this
case Is the superset of the domains of the operational
space of each manipulator.

Uy xy)

Figure 1: A Serial-to-Parallel Manipulator
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For the system in Figure 1, for example, the opera-
tional space coordinates are

X1
- | X2
x=| . D (10)

X4

and the corresponding Jacobian will be a vertical con-
catenation of the Jacoblans for each end-effector:

Ji(q)
@=| A | (i)

Ja(q)

x; is the position and orientation of the it* end-
effector, and J;(q) is the basic Jacobian which yields
the velocity of the ** end-effector, given q. q is the
vector of generalized joint coordinates for the entire
branching manipulator system.

The kinetic energy matrix, A(q), is still given by
the form (J(q)A~1(q)J7(q))~?. For an open-chain
system with N end-effectors, A(q) takes the intuitively
revealing form:

(5 4717)"

(A a0y! Ly
(J247 Iz )

1 (A=t
(A1 0)"

A=

(Ina~tI5H)?
(12)

(Ina~tiTy?

The inertial properties of each end-effector are not
only dependent upon the end-effector’s own configu-
ration, but also upon the configuration of all other
end-effectors in the system. The block diagonal ma-
trices of A, Ay = (JiA_lJ,-T)‘l, are each the inertia
matrix that would occur if the i** end-effector were
the only end-effector present. The off-diagonal matri-
ces, Ajj = (JiA_lJ]T)_l, may be regarded as cross-
coupling inertias that are a measure of the inertial
coupling to the ** end-effector from the motion of
the j** end-effector via the common lower links of the
robot.

With the Extended Operational Space coordinates
defined as above, the dynamics of an open-chain
branching system are now described by the same equa-
tions as for serial-chain systems, i.e. (1)-(5).

The dynamically consistent force/torque decompo-
sition described in Equation (9) also applies directly.
Under this decomposition, internal motions of the sys-
tem are guaranteed not to introduce accelerations at
any of the end-effectors.

3.2 Open/Closed-Chain Systems

When several end-effectors grasp a common object, a
kinematic chain is closed and the dynamics of the sys-
tem become constrained. In Augmented Object Con-
trol, where each manipulator has a stationary base
fixed in a common inertial frame, each manipulator is
an independent dynamic entity that only couples to
other manipulators through the object. Hence if each
manipulator has m degrees-of-freedom in operational
space, the dynamic model for the resulting augmented
system will also have m degrees-of-freedom in opera-
tional space.

Gy xp) Cobi Xobi)

Uys %)

Figure 2: A Serial-to-Parallel Manipulator
Grasping an Object

In contrast, all of the manipulators in branching
systems are cross-coupled through their common links
as part of a larger system. Their end-effectors are not
dynamically independent before grasping the object.
As discussed for the case of open-chain systems, the
dimension of the operational space increases with the
number of end-effectors. Similarly, as end-effectors
grasp common objects, the dimension of the opera-
tional space decreases.

It therefore becomes necessary to consider a re-
duced, or constrained, set of dynamics:

Ac(q)Ge +be(q,4q) + go(q) =T (13)

where
A(q) = CT(q)A(q)C(q) (14)
b.(q,q) = CT(q)b(q,4) + CT () A(a)C(q)q. (15)
g.(a) = CT(a)g(q) (16)

q. is a minimal set of generalized coordinates that
describes the configuration of the full system. C(q),
the constraint matrix, is defined by ¢ = C(q)q.. L. is
the reduced set of generalized forces that corresponds
to the choice of q,.

Again, the operational space equations of motion
for the system are the same as in Equation (1). Only
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now, the structure of x and F,, are determined by
which end-effectors are grasping common objects and
which are independent. For the example system in
Figure 2, where the second and third end-effectors are
grasping a common object, x and F,, will assume the
form:

X1 F°P1
X = | Xopj, |, and Fop = | Fopj, |, (1m
X4 Fop4

x; denotes the operational space coordinates of inde-
pendent end-effectors, as before, and x5, denotes op-
erational space coordinates of objects grasped by two
or more end-effectors. The particular order of end-
effector and object coordinates in x follow directly
from whichever manipulators happen to be grasping
whichever objects. The notation convention for F,, is
identical.

The Jacobian for the constrained system, J.(q),
will be the Jacobian relating the choice of 4¢ to x:

Ji(a)
Jo(@) = | Jobj,(a) | - (18)

Ja(q)
A(q), #(a,q), p(q), and J.(q) are now defined by:
A(q) = (Je(@)A7 (@) T (@)™, (19)
wa,4) =T, (@be(a) - Ala)o(a)de,  (20)
p(@) = 7; (9)g.(a), (21)
and J(q) = A7 (a)J7 (a)A(q). (22)

Notice that the structure of these equations is identical
to Equations (2)-(5). The operational space dynamics
of this system are once again given by Equation (1).

The control of the robot system in this case will
be similar to that of Equation (9) developed for the
open-chain case. In this case, however, the manipula-
tor system will have some closed chains which will have
redundant actuation. The redundancy in the actua-
tion may be used to control the internal forces of the
grasped object or to minimize a performance criterion,
e.g. minimizing actuator effort {12]. Williams and
Khatib [14] have proposed a physically-based model,
the Virtual Linkage Model, for the characterization
and control of object internal forces.

Using the Virtual Linkage Model, the control equa-
tion for the system is

Fop
Fint

r=JW@G*[ ]+U—J%m77@wm(%>

J(q) is the Jacobian for the full system described in
Equation (11). F;,¢ is a vector associated with the
control of internal forces on the grasped objects. G
is the grasp matrix which relates end-effector forces
to resultant forces and internal forces, Fo, and Fjp;,
exerted on the grasped objects.

4 Experiments

The Extended Operational Space Formulation has
been implemented and validated experimentally at the
Stanford University Aerospace Robotics Laboratory.

Figure 3: ARL Free-Flying Space Robot

The laboratory has three prototype free-flying
space robots which float in two-dimensions on a fric-
tionless air bearing over a granite surface plate. The
robot shown in Figure 3 has thrusters and a mo-
mentum wheel for locomotion, two DC motor-driven
manipulators with pneumatic grippers, force sensing,
real-time vision, on-board computation and power,
and wireless communications.

Figure 4 depicts the modeling for the free-flying
space robot: a nine degree-of-freedom system that op-
erates in a plane. A mobile-based robot can be mod-
eled simply as a fixed-base robot in which the first two
joints are prismatic and without joint limits, and the
third joint is revolute.
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Figure 4: Model for a Free-Flying, Two-Arm
Space Robot

4.1 Open-Chain Control

To apply the open-chain formulation of Section 3
to the space robot, let x = [x7 xI]7 and J(q) =
T (q) J¥(q)]F, where Ji(q) and J2(q) are the ba-
sic Jacobians from the origin of the inertial frame to
each end-effector. J(q) is easily constructed from the
Jacobians corresponding to the base and each arm:

vo-[33]- [t % 5]

ViJBL 0 ZJL

As shown in Figure 4, Jr and Jg are the Jacobians
for each manipulator extending from the base, as if
they were fixed-based manipulators. Z is the rotation
matrix that represents the rotation of the base relative
to the inertial frame. Jgr and Jgg are the Jacobians
from the origin of the inertial frame to each shoulder,
where each branching manipulator begins. Vi and
Vg are cross product operators that account for the
effect of the rotation and translation of the base on
the velocities at each end-effector.

Control of the robot is achieved by Equation (9).
For simplicity, the first three terms of I', are selected
to be —kp,(gi,.. — ¢) — kq,¢;, and the remaining six
are —kgq;¢;. This choice will assert a PD controller on
the base position and add extra damping within the
dynamically consistent nullspace.

Figure ba shows a photographic history of an in-
dependent arm slew, in which both manipulators exe-
cute step responses in operational space while the re-
dundant degrees of freedom of the robot move within
the dynamically consistent nullspace of the system
to move the base to a new desired location. Figure
5b records the end-effector and base positions during
the slew. While this system has limited performance
due to finite, discrete thruster actuation at the base,
these results demonstrate the effectiveness of the oper-
ational space approach in decoupling the end-effectors
from the internal motions of the system.

End-Effector Motion Base Motion

Position (m)

Position (m) and Orientation (rad)

xm)

5 10 15 20
Time (sec)

5 10 15
Time (sec)

nN
(=]
'
-
(=]

Figure 5: Slew Under Extended Operational
Space Control

4.2 Open/Closed-Chain Control

When the two manipulators of the robot grasp a com-
mon object, x reduces to X = Xg;. A convenient
choice for the reduced Jacobian for this system is
the Jacobian from the base to the right end-effector,

Je. = [VRJBR ZJR]. q. will then be the six coordi-

nates corresponding to the base and the right manip-
ulator. The constraint matrix is:

I 0
c(q) = 0 R I (25)
(ZJL)~Y(VrRIgr — ViJBL) (Z2J1)7'ZJR

T', is the same as before, F;,; is chosen to be zero
internal forces/moments on the object, and the grasp
matrix is defined by:

G= [ﬁ _II] . (26)

Figure 6a shows a photographic history of an aug-
mented arm slew, in which both manipulators cooper-
atively execute a step response on an object in trans-
lation and orientation while the base moves to a new
location.
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Figure 6: Slew Under Extended Augmented Ob-
ject Control

Figure 6b records the object and base time history.
Notice that long after the object has been moved to the
new desired location, the base of the robot continues
to move to its desired position and dynamically settle.
This motion of the base does not introduce unwanted
coupling forces to the object because the control of the
redundant degrees of the freedom are selected from the
dynamically consistent nullspace of the system.

5 Conclusions

We have presented in this paper an extension of the
Operational Space Formulation to address an impor-
tant class of serial-to-parallel (branching) manipula-
tors. The concepts of Augmented Object and Dy-
namically Consistent Force/Torque Decomposition for
redundant manipulators have been shown to extend
directly to this larger, more general class. The ex-
perimental results shown for a free-flying space robot
illustrate the effectiveness of this new formulation.

References

[1] M. A. Ullman. Eszperiments in Autonomous Navi-
gation and Control of Multi-Manipulator, Free-Flying
Space Robots. PhD thesis, Stanford University, Stan-
ford, CA 94305, March 1993.

[2} K. Yoshida R. Kurazume and Y. Umetani. Dual arm
coordination in space free-flying robot. In Proc. of the
IEEE ICRA, pages 2516-2521, Sacramento CA, April
1991.

[3] D. Argaez C. Sunada and S. Dubowsky et al. A coor-
dinated jacobian transpose control for mobile multi-
limbed robotic systems. In Proc. of the IEEE ICRA,
page 1910, San Diego CA, May 1994.

[4] Y. Nakamura H. Hanafusa, T. Yoshikawa. Analysis
and control of articulated robot arms with redun-
dancy. 8th IFAC World Congress, XIV:38-83, 1981.

[5] Y. Nakamura and H. Hanafusa. Optimal redundancy
control of robot manipulators. The Intl Journ of Rob
Res, 6(1):32-42, 1987.

{6] S. Hayati. Hybrid position/force control of multi-arm
cooperating robots. In Proc. of the IEEE ICRA, pages
82-90, San Francisco CA, 1986.

[7] S.A. Schneider and R. Cannon Jr. Object manipu-
lation control for cooperative manipulation: Theory
and experimental results. In Proc. of the IEEE ICRA,
pages 383-394, 1992.

[8] .M. Tao and J.Y.S. Luh. Coordination of two re-
dundant robots. In Proc. of the IEEE ICRA, pages
425-430, Scottsdale AZ, 1989.

[9] Y. Nakamura K. Nagai and T. Yoshikawa. Mechan-
ics of coordinated manipulation by multiple robotic
mechanisms. In Proc. of the IEEE ICRA, pages 991—
998, Raleigh NC, 1987.

[10] X. Zheng T. Yoshikawa. Coordinated dynamic hybrid
position/force control for multiple robot manipulators
handling one constrained object. The Intl Journ of
Rob Res, 12(3):219-230, 1993. MIT.

[11] O. Khatib. A unified approach for motion and force
control of robotic manipulators: The operational
space formulation. IEEE Journ of Rob and Autom,
RA-3(1), February 1987.

{12] O. Khatib. Object manipulation in a multi-effector
robot system. In B. Bolles and B. Roth, editors, The
Intl Symp of Rob Res, pages 137-144, Santa Cruz CA,
August 1987. MIT Press.

[13] J. Russakow and O. Khatib. A new control structure
for free-flying space robots. In i-SAIRAS Symp on
Art Int, Rob, and Autom in Space, Toulouse, Sept.
1992.

{14] D. Williams and O. Khatib. The virtual linkage: A
model for internal forces in multi-grasp manipulation.
In Proc. of the IEEE ICRA, pages 1025-1031, Atlanta
GA, 1993.

— 1061 —



