ORIGINAL PAGE IS
OF, POOR QUALITY

Charles C. Nguyen and Farhad J. Pooran
Center for Artificial Intelligence and Robotics (CAIR)

TRAJECTORY CONTROL OF ROBOT MANIPULATORS
WITH CLOSED-KINEMATIC CHAIN MECHANISM

The Cstholic University of America
Washington D.C.

and

] Timothy Premack
NASA/Goddard Space Flight Center (GSFC)
Greenbelt, Maryland

ABSTRACT: This paper considers the problem of cartesian
trajectary contral of a closed-kinematic chain mechaniss robot
manipulator, recently built at CAIR to study the assembly of NASA
bardvare for the future space statian. The study is performed by
bothk computer simulation and experimentation for tracking of
three different paths: a straight line, a sinusoid and & circle.
Linearization and pole placement metbods are employed to design
omtroller gains. Results show that the cantrollers are rabust
and there are good agreements between simulation and
experipentation. They also show excellent tracking quality and
small overshoots.

1. INTRODUCTION

The control problem of robot manipulators can be considered
to consist of two coherent subproblems: trajectory plamning and
trajectory control. Based on the coordinate system used in
planning and controlling the robot hand trajectory, control
schemes can be conveniently divided into two classes: joint
space and cartesian space control schemes. In joint space control
methods, the error actuating signal to the joint actuators is
oomputed based on the error between the desired joint position
and the actual joint position of the manipulator hand. On the
other hand, the cartesian space-oriented methods use the error
between the desired and actual cartesian position of the
manipulator to campute the error actuating signal to the joint
actuators [3) While enjoying the simplicity in trajectory
planning, the joint space-oriented method suffers from the
difficulty in determining link locations of the robot hand
during motion, a task requiring to ensure obstacle avoidance
along the trajectory [3]). Furthermore, joint coordinates are not
suitable as a working coordinate system because the joint axes of
sost manipulators are not orthogonal and they do mot separate
position from orientation [10]). The cartesian space-oriented
approach whose path planning requires intensive computations for
transformations between cartesian and joint coordinates in real
time, has the advantage of assuring a certain degree of accuracy
along the desired path and being more adaptable to the user.

There has been numerous interest in developing cartesian
space-oriented omtrol schemes. Considering that paths are made
wp by straight line segments, connected by smooth transition,
Paul (10] and Taylor (15} proposed schemes that control the
acceleration at the tramsition in order to achieve the desired
cartesian path. Cartesian control of joint compliance
manipulators was studied in [4]. The research in [6] and [17]
shows that cartesian acceleration and force can be controlled
successfully. Recently a closed-kinematic chain mechanism robot
was built at NASA (Goddard Space Flight Center) to study the
robotic assembly of NASA hardware for the future space station.
This paper presents part of the ongoing robotic research at CAIR

for the control of the MASA robot. In particular, we consider the
cartesian trajectory control of a mmall scale, manipulator with 2
degrees of freedom, resembling part
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the controller will then be studied by both simulation and
experiventation for three different trajectories: a straight
line, a sinusoid and a circle. This paper is structured as
follows. First we present the hardwares of the manipulator under
study together with the development of its kinematic and dynamic
equations. Then the linearization about an operating point is
discussed in conjunction with the controller design through the
pole placement method. Finally we report the results of computer
simulation and experimental study and make comparative
evaluations.

2. THE MANIAULATOR MODEL

The main parts of the robot manipulator under study are
presented in Fig. 1. It is a closed-kinematic chain mechanisa
manipulator with two degrees of freedom. Two links of the
manipulator are composed of two ball-screw actuators, driven by
two dc motors and hung below a fixed platform by means of pin
joints. Two linear voltage differential transformers (LVDT) are
mounted along the links to measure their lenghts. The other ends
of the links are joined together by a pin joint on which a
gripper is mounted. The gripper motion is expressed with respect
to a reference x-y cartesian coordinate system attached to the
fixed platform as seen. The cartesian variables x and y are
relatedtothejmntnnablul1uﬂlz the link lemghts by
9):

x=(1,%-1,%+4%)/ (24) (1)

and  y=-[4d%1,2-(1,2-1,3+a%)3)1/3 (2)

where d is the distance between the pin joints banging the
actuators.

The Lagrangian equation of motion of a robot manipulator is
given by:

F=M(1)1+H(1,1)+G(1) (3)

where F is a vector of input forces acting cn the manipulator and
1 is a vector of joint variables. M(1), N(1,1) and G(1) represent
the moment of inertia, the centrifugal and coriolis forces, and
the gravity, respectively. Using Lagrangian approach, we derive

the following equations of motions:

Fl-mlil*[mllm(lz-ll)/(3Q)l.13+61 (4)
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vhere ny is the pass of the moving part of the link, m is the
total mass of the link, and 1 represents the fixed length of the
actuators. Both actuators are assumed to be identical. In the
derivation of the equations of motions the gripper is not
included. . .

The Jacobian relating joint variable velocities 1 and } to
cartesian velocity variables x and y is given by

[ ll/d ‘lz/d
J=
1;d%+1,1%-13) 7 (qa) (12d2+121§-13)/(?g))

The trajectory control scheme employed in this paper is
presented in Fig. 2 where cartesian position feedback is obtained
through the forward kinematic transform [Eqs. (1) and (2)].
Actual velocity is obtained by differentiating the actual
position, which is implemented by the data aquisition software.
The errors of cartesian position and velocity are converted into
corresponding joint variable errors by means of the inverse
Jacobian matrix . The joint variable errors will then serve as
inputs to the PD controllers that in turn produce required forces
for the actuators to track the robot gripper along a desired
trajectory with a desired velocity profile.

3. LINEARTZATION AND CONTROLLER DESIGN

Since the dynamics of the manipulator is highly nonlinear,
linearization about a selected operating point should be employed
in order to design effective PD controllers. According to the
work in [12], the linearization consists of expanding Egs. (4)
and (5) about a selected operating point using Taylor series
expansion, meglecting higher order terms and transforming the
resulting expression into a linear state equation given by:

z = Az + BF (12)
W =Cz (13)
where z=(1; 1, il iz)T (14)
and  W=(1; 1,)7 (15)

The development of A, B, and C can be found in [12]. From
Fig. 2 we can write

F=P (vy-W)+D(v,-W) (16)

vhere P and D are matrices that omntain parameters for the P
controllers and D controllers, respectively and are given by

P-[:'n :J D-[kdl ° an

0 Ky

The vector v, and v, are cammand vectors expressing the desired
joint varisbles wnd welocities, respectively. Substituting (16)
into (12) and employing (13), after scme msnipulation we obtain

1

Z=(1+BDC) "1 (A-BRC) 2+ (1+BDC) “BQv (1)
where ’
P 0
Q= (19)
o D
T
ad velvy v) (20)
From (18) it is obvious that the matrices P and D should be

selected such that the eigenvalues of (I+BDC)(A-BFC) are stable,
vhich can be realized by several available methods of pole
placement and softwares. Particularly the procedures proposed in
[13] is reccsmended. Here we assume that the matrix (I4BIC) is
nonsingular.

4. SOILATION MD EXPERIMENTAL STUDY

In arder to exam the performance of the cartesian control
scheme illustrated in Fig. 2, we conducted both simulation and
experinental study for tracking of three different trajectories:
a straight line, a sinuscdd and a circle. In the simlation
study, the entire control scheme including the manipulator
dynamics was simulated on an IBM/XT using the System Simulation
Language (SYSL). First PD oontroller gains were selected using
the procedures discussed in Sect. 2 to ensure the systea
stability. Then the obtained gains were adjusted for each of the
above three tracking cases until a satisfactory tracking was
achieved. According to the simulation results, the gain
adjustments were within 10% of the cariginal gains obtained from
the linearization and pole placement methods. In the
experimental study, the robot manipulator was interfaced with
the IBM computer through a data acquisition system consisting of
an IBM board, an adapter and a software called Labtech [7]. PD
cantrollers, inverse Jacobian and the forward kinematic transform
were implemented using Labtech. The gains obtained through the
simlation study were applied to the real-time oontrol of the
rabot manipulator. In the following we will present the above
study results and make comparative evaluatioms:

Mmerical Values:

{a) Linearization about the bame position 1 = 83.80 cm,
12 = 85.90 aml:

A=]0 0 1 0
0 0 0 1

.66 17.97 0 0

33.53 48.34 0 0
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.bf 2400_"/-; kp =2600 N/m; 51- 20 N.s/a;

() Controller Gains: 3

52- 20 N.s/n.
(c) Robot Dynamics: » - S9kg;m=4.91kg; d= 73T .

Tracking a straight line:

scquisition systes with faster coaputation cepability and kigher
swpling rate is employed.

{(db) As expected from most industrial and educatiomal
robots, our robot also suffers from some problems in machine
design such as vibration, backlash, nonidentical actustors, and
Joint friction. These problems create tracking errors and can be
remedied by improving the machine design or applying a more
advanced control scheme such as adaptive control.

5. CONCLOSTXN

In this paper we have considered the problem of cartesian
trajectory oontrol of a closed-kinematic chain mechanisa robot

In this study the robot is to track a desired straight line manipulator with two degrees of freedm. Linearization and pole

described by the equation y(t) = —x(t) -~ 42 ca with a desired
wvelocity of 1.7cm/s. Figure 3 presents the simulation and
experimental results for this case. The simulated motion follows
the target path very closely with a maximm deviation of 4mm.
Experimental results shovw that the robot actually follows the
desired path with an excellent tracking quality with some
disturbances at the starting position. After reaching the steady
state, the robot tracks the desired path very closely with a
maximm deviation of Jmm. The similation and actual velocities in
x and y directions are presented in Figures 4 and 5,
respectively. As seen from these figures, both simlation amd
actual velocities lag behind the desired one. The simulation and
actual velocities stay constantly at about 76% and J1% of the
desired one, respectiwely.

Tracking a sinusoid:

The simulation and experimental results for tracking a
sinuscidal trajectory described by the equation y = 2.5sin(2x-50)

placenent methods were employed to design the PD controller
gains. The performance of the control scheme was examined by both
similation and experimentation. Study results showed good
agrecments between simulation and experimentation. They also
showed that appropriate adjustments of controller gains designed
from a linearized model of a robot manipulator enables one to
design effective controllers for this manipulator. Since the
linearized model is only valid in the neighborhood of a selected
operating point, the tracking can be improved if there exists a
scheme to update the controller gains by updating the linearized
model as the manipulator moves along the path. Current active
research at CAIR is focused on the analysis and ixplementation of
an adaptive control scheme for the above robot manipulator.
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in Figure 6. The simulation motion follows the desired trajectory
very closely with a constant deviation of Jmm. Actual motion
shows good tracking quality with some disturbances during the
transient state.

Tracking a circular path:
In this case we study the performance of the robot in

tracking a ar trajectory described by the equation (x-
13.5)%4(y+33) =14 with a desired constant velocity of 1.7cw/s.
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Fig. 2: Cartesian trajectory control

of the robot manipulator
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