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Using momentum conservation to control
kinematically redundant manipulatorsf
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A control scheme for the coordination of motion in a macro-micro manipulator
system is presented. The motion of the end-effector is decoupled from the rest of the
system using resolved acceleration control, while a slow, gross positioning is used
for the macro part. To avoid saturated inputs and excessive use of energy for systems
with limited fuel, the end effector is not decoupled from macro part motion, but from
selected directions of the linear momentum of the total system. For the vehicle-
manipulator case, the end-effector is decoupled also from the angular momentum.
This leads to lower force and torque peaks in the actuators, and control force is used
on the macro part only when it is necessary to reposition this to keep the micro part
inside its workspace.

1. Introduction

In a macro-micro manipulator system the coordination of motion between the
macro and micro part is important for obtaining improved performance. Utilizing the
redundancy may among other things lead to better dynamical coordination, increased
acceleration capabilities and smaller tracking errors. For a system with limited
amounts of fuel, e.g. a spacecraft-manipulator system, low fuel requirements is of great
interest. However, these advantages are only obtained if a good control strategy is
applied.

The satellite-manipulator system can be treated as a macro-micro manipulator
system as described by Egeland (1987), Khatib (1986) or Salisbury and Abramowitz
(1985) where the manipulator gives a fast and accurate end-effector motion, and the
spacecraft is a slower positioning part which provides a large workspace.

A macro-micro manipulator is a redundant manipulator which has an internal or
nullspace motion. For the satellite-manipulator system it is natural to describe the
internal motion in terms of position and orientation of the spacecraft. However,
internal motion can also be described in terms of linear and angular momentum of the
total system; which is useful in the development of the controller. Decoupling of end-
effector and internal motion for macro-micro manipulators can be achieved using an
augmented Jacobian in the resolved acceleration control scheme (Egeland (1987)).
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The computed torque algorithm gives a global linearization of the system, enabling
the use of linear theory, with the drawback that information about the torque input
constraints is lost in the transformation from torque space to acceleration space.
Furthermore, it is well known that the computed torque algorithm gives reduced
tracking accuracy with saturated inputs. Methods to cope with this problem are
proposed by Dwyer, Fadali, Chen and Lee (1985) and Spong, Thorp and Kleinwaks
(1986). When saturation occurs, these approaches both result in an increased use of
nonsaturating joint actuators to reduce the tracking error.

The coordination of motion between spacecraft and manipulator is important for
repair and servicing satellites with one or more manipulators. The manipulator inertia
may be significant compared to the satellite inertia, which gives kinematic and dynamic
coupling. It is possible to decouple satellite and manipulator motion using momentum
compensation wheels or reaction jets, but this may require excessive use of control
energy. Several researchers have addressed this problem.

Longman, Lindberg and Zedd (1987) proposed to use reaction wheels in the
satellite to compensate for reaction torques at the manipulator base, and thereby
decouple the rotation of the spacecraft from manipulator motion. The kinematics and
dynamics of the manipulator were there modified to take into account the three
translational degrees of freedom of the base. Vafa and Dubowsky (1987 a, b) introduced
the concept of a virtual manipulator to simplify the kinematics and dynamics of
spacecraft-manipulator systems. In their paper they used this technique to control end-
effector position while keeping a constant satellite attitude using only the actuators in
the manipulator. Nakamura and Mukherjee (1989) proposed a path planning scheme
where both end-effector position and satellite attitude were controlled using manipu-
lator actuators. Alexander and Cannon (1987) demonstrated that end-effector motion
can be controlled without attitude control of the satellite when the thrust forces of the
satellite are known.

In several applications it is interesting to control end-effector position while using
the satellite for slow gross positioning. Normally, it is not necessary to decouple end-
effector and satellite motion, but it can be useful to coordinate the motion of
manipulator and satellite to keep the end-effector task inside the manipulators
workspace. The energy consumption can then be considerably lower than if decoupling
is used as in Longman et al. (1987), and the solution becomes more flexible than in
Alexander and Cannon (1987), Nakamura and Mukherjee (1989) and Vafa and
Dubowsky (1987 a) where only manipulator torques are used.

As mentioned, it is also interesting to avoid saturated inputs leading to reduced
tracking accuracy. However, the methods in Dwyer et al. (1985) and Spong et al. (1986)
are best suited for feedback linearization for nonredundant manipulators, because the
redundancy resolution will influence the end-effector tracking strongly if they are used
for manipulators with redundant degrees of freedom. With these algorithms any
trajectory given in joint space will be attempted tracked, and the redundancy will not be
utilized to improve the end-effector task. However, this is not necessary since the
important issue is to follow the end-effector trajectory, while internal motion should be
used to obtain this. Also the redundancy resolution scheme using the task-priority
strategy as in Nakamura, Hanafusa and Yoshikawa (1987) admits perfect tracking of
the calculated path and get into trouble if actuators saturate.

In this paper we would like to focus on the possibilities for improved end-effector
tracking characteristics obtained by a more efficient use of the actuators. A decoupling
of end effector motion from macro part motion does not necessarily give the most
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efficient use of these. In many cases, a better choice is to decouple end-effector motion
from the linear and/or angular momentum of the system. In this way, large peaks in the
actuator torques are avoided by a more economical internal motion which leads to a
distribution of the inputs in time.

In satellite manipulator control the same control scheme can be used, and in this
case increased fuel efficiency is an additional effect. Here we focus on the decoupling of
end-effector motion from satellite motion, and on the distribution of fast and slow
motion to manipulator and satellite.

In this paper a control scheme is presented using the macro-micro manipulator
approach. First we study a four link planar experimental manipulator to illustrate the
possibilities in a simple system. We further extend this to a satellite-manipulator system
which can be considered as a more general case. The satellite motion is controlled using
wheels or reaction jets, but energy is saved as the end-effector motion in the dynamical
controller is decoupled not from satellite motion but from the linear and angular
momentum of the total system. A slow gross positioning is used for the satellite. The
performance of the proposed controller is demonstrated in a simulation study using a
model with 12 degrees of freedom.

2. Modeling the macro-micro manipulator

A macro-micro manipulator is a system which can utilize the normally heavy macro
part for gross positioning purposes, while the micro part is used to perform the end-
effector task. Thus it is natural to split up the n-dimensional vector ¢ of generalized
coordinates in two subvectors defined by

_{Im 1
(%) g

where the joints closest to the base belonging to the macro part are denoted g,, while
the faster micro part joints are denoted g,,. The equation of motion for the system is
written

M(g)g+n(g.9)=7 @

where M(q) is the inertia matrix, n(g, §) is the vector of Coriolis, centrifugal and friction
terms, and the vector of generalized forces is

)
tﬂ

where the subscripts are the same as for the generalized coordinates.

We want to control the manipulator in cartesian space, and choose to augment the
task space with extra coordinates from internal motion as e.g. in Egeland (1988), such
that a well defined square Jacobian can be written

x=JAq)d 4

Yo\ (J11 Ji2\fdm
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where x,, are the end-effector coordinates and x,, are the augmented coordinates.

which 1s the same as
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Decoupling is then achieve as for macro-micro manipulators in Egeland (1987) using

t=M(q); "(Q)[u.—J .41+ n(q,4) ()

which is a modification of the resolved acceleration control scheme (Luh, Walker and
Paul (1980 a)) for nonredundant manipulators. The new control vector is

() "

X,=u, ®)

and the system

is obtained.
It is assumed that the primary task is to track an end-effector reference, while the
secondary task can be described by

Xy =l p ©)

and a reference can be given to this through a redundancy resolution. But, exact
tracking of this reference is normally not of great importance, so one possibility is to use
afiltered reference or lower bandwidth to control this task space direction to get a slow
gross and less energy consuming positioning. Nevertheless, we propose that for the
development of the dynamic controller with resolved acceleration control, it is
advantageous to control selected directions from the linear and angular momentum
instead of controlling satellite motion directly. Thus an alternative secondary task
consists of a sufficient number of elements from the vector dx,,,= X,,0t is defined by

= (1) (10)

where 'P and 'H are the linear and angular momentums. The 6 x 12 Jacobian matrix
J ., is defined by
Xom=d ol (11)

and is calculated in a similar way as the end-effector Jacobian J,, using eqns. (12) and
(14). For the vehicle-manipulator case, the linear momentum is defined as

6
P=3 m'i; (12)
K=o

where I denotes inertial frame, 0 denotes vehicle frame, and frames 1,2,...,6 denote
manipulator frames. rg is the center of mass of the entire system defined as

6
Z m'r,
ro="—— (13)
Y m
k=0

The angular momentum around the center of mass is
6
'H=73 (M, o+ms, x"5,) (14)
k=0

where ‘M, ={R*M, }R is the inertia matrix of body k around its center of mass in frame
I, o, is the angular velocity of body k, and s, =¥, — r is the position of body k relative to
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the centre of mass. M, is the constant inertia matrix of body k in frame k, and R denotes
a rotation matrix from the frame given by the subscript to the frame given by the
superscript. The only external forces acting on the system are T, resulting in the
following equation of motion for the total system:

p
([H) =Tm (15)

The selection of momentum coordinates for use in the resolved acceleration control is
highly dependent of the mechanical structure of the actual manipulator. The best result
will be obtained if the directions are chosen where the momentums are most significant.
Now, if the end-effector velocity x,, is specified and the macro part velocity x,, is found
by a redundancy resolution algorithm, it is possible to find a reference for P or 'H using
(11) by first calculating the joint velocities 4, from

Yee=d11Gm+J 124, (16)
When the secopdary task is given as in egn. (9) the solution
Gu=Jd17 Fee—J 11%y) a7

can be found using Gaussian elimination, provided that the matrix J,, has full rank.
This means that the same singularities as for the micro-manipulator have to be avoided.

3. Coordination of macro- and micro part motion
The macro and micro part must be coordinated so that

e The task is inside the manipulators workspace

e The end-effector tracking is accurate which requires that torque saturation
should be avoided

e Excessive use of limited resources as control energy in general and reaction jet
fuel in particular is avoided for a vehicle-manipulator system.

The workspace problem is solved through kinematics, while actuator efficiency is
achieved through controller design. The main contribution of this paper is on the
control part.

4. Simulations on macro-micro manipulator
4.1. Planar experimental manipulator

A simulation study is performed on the planar manipulator with four degrees of
freedom shown in Fig. 1. The manipulator consists of a translational joint in the base
and three rotational joints. The Denavit-Hartenberg parameters and the link masses
are given in Table 1. The relationship to satellite control should be quite clear,
observing that the first translational joint, the macro part, can be considered as a
satellite moving in a linear space. In the simulations, a 5 kg load was put on the outmost
link.

4.2. Results

The planar manipulator was considered as a macro-micro manipulator with the
first heavy translational joint as the macro part. The primary task was to position and
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Figure 1. Four link planar manipulator.

Joint ] o a d varg Mass
1 0 0 a4 0 a 3lkg
2 0 0 O4m 0 (V) 2kg
3 0 0 O02Zm 0 ] 2kg
4 0 0 O02m 0O 0 1kg

Table 1. Denativ—Hartenberg parameters for planar experimental manipulator.

I— 0.6m -

Yo

Xo

Figure 2. Initial position in the simulations.

orientate the end effector. The start position is shown in Fig. 2, from which a saw-tooth
reference was given in x-direction, while the other end-effector references were held

constant.
The redundancy was resolved so that the end-effector was placed in the middle of its
workspace, which for this particular end-effector reference gives a macro part reference

ql =)C“—0‘6 m.
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067~  300/1 Cypros 3.10/X11

Figure 3. End-effector reference and position trajectory for planar manipulator.
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Figure 4. Macro part reference and position trajectories for planar manipulator with two
different control augmentations.

From eqn. (10) the x-component of the linear momentum is the element which is most
significant and was therefore a natural choice for the secondary task variable. The end-
effector reference and position trajectories are shown in Fig, 3.

Since resolved acceleration control egn. (6) is used, the end-effector tracking is the
same whether we choose to control the position of the macro part directly or the centre
of mass. The macro part, however, will have a slightly different behaviour, and this is
demonstrated in Fig. 4.
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While the macro part motion does not differ so very much in the two cases, the
difference in the control forces is significant. Figure 5 shows that although the end-
effector tracking is the same, the peaks are much lower for the case with nonlinear
decoupling of the linear momentum than for decoupling of macro part motion. This
means that smaller motors may be used, still with the same accuracy. In Fig. 6, the time
integrals of the two forces are shown. This is particularly interesting in satellite control,
where the mass exerted by the reaction jets are proportional to the force, and less use of
rocket fuel will prolong the spacecraft’s working period.

Cypros 3.10/%11

Figure 5. The forces on the macro part.

25—~ 30011 Cypros 3.10/X11
20 -
15
F, mac. control, integrated
10} e —————
— -
51 ]
F, mom. control, integrated

0 | |

1 2 3 4 5 6

time

Figure 6. The time integral of the forces.
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5. Spacecraft with manipulator

A spacecraft-manipulator system is considered as a macro-micro manipulator
system where both the macro- and the micro part have six degrees of freedom. The
6-dimensional vector §,, from eqn. (1) is

("o
qu-(,%) (18)

where 'F, is the position of the centre of mass and ey, is the angular velocity of the
vehicle in inertial coordinates. The time integral of ‘m, has no physical meaning, so a
3 x 3 rotation matrix must be used to describe the orientation of the spacecraft.
However, ¢q is used in the presentation to simplify the notation.

From eqn. (3) the 6-dimensional vector z,, is the generalized forces from reaction
wheels and thrusters in the spacecraft expressed in the I frame, and must be
transformed to the vehicle frame 0 where the forces are applied. z,, is the 6-dimensional
vector of manipulator torques. Equation (2) can be computed using the recursive
Newton—Euler formulation (Luh, Walker and Paul (1980 b)) where the spacecratt is
modeled as one joint with three translations and a second joint with three rotations.

The translational position of the end effector is given by ‘r¢, while the orientation is
given by the 3 x 3 rotation matrix {R from frame 6 to frame I. For differential motion it
is possible to define a 6-dimensional end-effector task vector by éx,, = X6t where dt is

a small time increment and
Ii
1':“=(, "6) (19)
g

The 6 x 12 end-effector Jacobian matrix J,, can be calculated as proposed by
Whitney (1972).

The motion of the spacecraft can be described in terms of the spacecraft position
vector ‘r, and the angular velocity ‘e, This is used in the inverse kinematics. For the
development of the dynamic controller it is, as for the planar manipulator, better to use
the linear momentum /P. Here also the angular momentum 'H can be utilized.

5.1. Control based on feedback linearization

It is possible to achieve decoupling as in eqn. (6) for the 12 degree of freedom system
by augmenting the 6-dimensional end-effector task vector x,, with a 6-dimensional
task vector x, so that x,, and x, constitute the generalized coordinates of the spacecraft-
manipulator system. It is then possible to define a 12x12 Jacobian which is
nonsingular almost everywhere. Then, resolved acceleration control gives

X .=u,, (20)
£,=u, 1)

5.2. Singularities

In the general case, the augmented Jacobian J, may become singular in
configurations where the end-effector has six degrees of freedom. For internal
singularities, J , is singular when the manipulator is singular. The external singularities,
however, will not be the same because of the reaction forces from manipulator to
spacecraft. This is treated in Papadopoulos and Dubowsky (1989).

If a trajectory is commanded through a singularity it is possible to use a damped
least-squares method (Maciejewski and Klein (1985, 1988) and Wampler (1986)) or a
cancellation of the degenerate motion (Chiaverini and Egeland (1990)).




22 J. R. Sagli and O. Egeland

6. Simulation

The performance of the proposed control strategy was investigated through
simulations. A satellite with a manipulator similar to the PUMA type was simulated.
The system had 12 degrees of freedom.

The satellite was modeled as a cube with 2m long edges, and a homogeneously
distributed mass of 200 kg. The load was a point mass of 40kg in the gripper. The
Denavit-Hartenberg parameters for the manipulator and a sketch of the satellite-
manipulator system are shown in Fig. 7. The manipulator inertia was simply point
masses of 5kg for every motor.

C

Y
~—3 >

Denavit-Hartenberg parameters

Joint 0 o a d
1 0 90 0 0
2 20 0 1.0m 1]
i -9 —-90 0 0
4 0 90 0 1-0m
5 0 —-90 0 0
6 0 0 0 05m

Figure 7. Satellite (side view) and manipulator system used in simulation.
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Figure 8. xz-plot of end-effector and satellite position when decoupling of %,, and %, is used.
The end-effector tracks accurately, while the satellite motion is mainly caused by reaction
forces from the manipulator. The slow gross positioning of the satellite is clearly
demonstrated.

The end-effector reference was a stationary ramp in the x-direction,
x,=07071 401t (22)

while in the z-direction the reference was a sum of a ramp and a small-amplitude
sinusoidal component:

32071 +0-5sin (2at) if 0<t <2
2= { 32071 —0-1(t—2)+0-05sin(2nr) if 2<tr<4
30071 +005sin(2nt) if 4<t<6

The references in the remaining coordinates were constant.
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The redundancy resolution produced the reference for the satellite. The attitude
reference for the satellite was equal to the orientation reference to the end-effector. The
y-reference was also identical to the end-effector y-reference, while the x and z-
references for the satellite had constant offsets from the x and z-references of the end-
effector.

x5 =x,—07071m 23)
zi'=z4—32071 m. 24)

The system was simulated with x,=x,,, to achieve energy-efficient control. In this
scheme, the end-effector is supposed to track accurately, while only a slow gross
positioning is used for the satellite. Referring to egns. (20) and (21) respectively, the
end-effector loops had double poles at —20rad/s, while the momentum loops had
double poles at —0-5rad/s.

The end-effector reference was tracked accurately, while fuel was not wasted in the
satellite positioning by tracking the high frequency component of the trajectory. The
results are shown in Fig. 8.

7. Conclusion

A control scheme for coordination of motion in macro-micro manipulator systems
has been presented and tested in simulations. With decoupling of end-effector and total
system momentums it was possible to achieve more efficient control, both less energy
consuming and with smaller actuators. The end-effector tracked accurately, while a
slow gross positioning was used for the macro part.
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