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ABSTRACT

The paper introduces a new trajectory tracking algorithm
used for robot manipulators. This algorithm determines the
different joint angles for each set peoint along the desired
trajectory using a set of rules similar to those used in
modern expert systems. These rules are designed according to
the geometrical structure of the arm and the experience of
operation. These rules do not require matrix inversion or
trigonometric function calling as in the classical trajectory
generators used with robot manipulators. The logical
operations are used extensively for deciding the values of
joint angles. A series of computer simulations are used to
clarify the performance of the algorithm.
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(1) INTRODUCTION

Robots are basically simple positional machines. 1In
performing useful tasks, the robot arm must wove its
end-effector (or gripper) from one point in the space to
another point. There are two important problems associated
with the robot wmotion, "path planning® and "trajectory
planning". The goal of the path planner is to find a sequence
of points expressed in task coordinates (usually Cartesian)
which should be traced by the end effector such that no
collision occurs hetween the robot and the other obstacles in
the work-space area. The goal of the trajectory planner is to
find a time sequence of intermediate robot arm configurations
(the angles and displacements of the arm joints) such that the
end-effector follows the desired path provided by the path
planner. Trajectory planning may include the satisfaction of a
set of constraints on its position, velocity, and acceleration
at a number of points along the desired trajectory either in
joint or Cartesian coordinates. The configurations, possibly
together with their first and second time derivatives, are
then shipped off in succession to the servo mechanisms
controlling the actuators that actually wmove the arm. The
space curve traced by the end effector is called the "path" of
the "trajectory".’

This paper addresses the "trajectory planning problem." A
new technique is introduced to generate the trajectory. The
proposed algorithm can be used for the on-line trajectory
generation or (tracking) by making use of the available
measurements provided by the arm sensors. This occurs through
the use of a properly set of rules derived from the experience
of operating the specified robot. The algorithm is suitable
for the robots which have unprecise kinematic model and the
flexible arms which suffers from bending under the different
loads. A computer simulation experiments have been carried out
to test the performance of the proposed algorithm.

(2) LITERATURE REVIEW

There are +two common appreoaches to describing and
planning trajectories, "constraint satisfaction® approaches
and "given paths" approaches. In the first class, the designer
jmplicitly describes the path and trajectory followed by the
arm, by specifying a set of constraints on its joint position,
velocity, and acceleration at a number of configurations along
the desired trajegtory. The trajectory planner chooses a class
of parameterized trajectories that satisfies the constraints.
As an example Mujtaba [1]) compares several different
trajectories, including a cosine, a gquintic, and the sum of a
sine function and a linear trajectory. He restricts attention
to the following constraints: zero initial and final velocity,
and initial and final acceleration that is either zero or of
maximum absolute value. The calculus of variations [2)] and
modern control theory [3], provide a more general approach to
constraint satisfaction, even when the number of constraints
and parameters 1is different. These trajectories can be
exacuted efficiently. The main disadvantage is that the
Cartesian path and the rotation curve followed by the
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Racently, Bejczy et. al. (8| introduceo a goneral
theoretical frame for task space motion planning wnere &tcols
from differential geometry are used. An optimization technigue
[9]1 is used to contrel the Kinematics of a ropbot, evaen if
bending owing to flexibility cf the robot links occurs.

(1) THE ALGORITHM

3.1 Problan Formulation

From the Xinematical point of view, the position I the
end effector is described in Cartesian coordinates by cnowsing
a fixed Fframe O X ¥ 2 assocliated with the robot pase ({see
Fiw, 3.1). This vosition can ke represented by tne voofics P o=
‘o p w ; polinting from the origin of the base trame to the
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displacernents whi+h are the components of the conriguration
vector o = (o g .-+ § 1 (wnare n is the number of deyreoes

of freedom tor tne mnanipulatcr). In general the position of
the grippsar can b2 describad as
Nl £
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solution is not unique. This is the main reasons that the
known methods of inverse kinematics [10] are not used directly
to sclve this problemn.

3.2)The Methodology

Figure 3.2 shows the block diagram of the "Intelligent
Trajectory Generator (ITG)" eystem. The basic idea in the
proposed system is to construct a set of rules in the general
format "IF Antecedent THEN Consegquent!" of "IF Situation THEN
Action", to determine the joint angles regquired to feed the
robot controller to displace the gripper position from its
actual one to the desired one. The antecedent or sjituation is
a logical  expression contains relational and logical
operators. The sget points coordinates along the desired
trajectory and the sensor measurenents are feeded into the
ITG. Sensors may be a set of Light Emitting Diodes (LED’s)
which can be fixed at the gripper, elbow, and the other
important points along the robot body. A vision system is used
to detect the three-dimensional position of these important
points. The <classical position sensors such as "digital
position encoder" which give the joints angles can still be
used without the camera system. In this case the kinematical
model of the arm should be used to calculate the position of
the important points mentioned previously. In general, the
choice of these points are decided by the rules designer
according to his experience of operating the arm.

The value of the antecedent is TRUE or FAISE. The action
is to decrease, increase, or mnaintain the value of certain
joint angle(s). As an example of the rule used in the
intelligent trajectory generator is
IF (xd > xg )} AND (ye< 0) THEN {q1=q1+sj.

where the subscript d means desired coordinate, g means
gripper coordinate and e means elbow coordinate. Here the
angle q, is increased by a certain wvalue (S) if the logical

value of the situation 1is TRUE.

The value of § can be determined in either two ways:

i) A fixed step is used. The desired position is reached after
few iterations of applying the rules. The accuracy of
positioning increases as S5 becomes small but the number of
iterations will be increased and vise versa. When using one
step a head concept in which the joint angles are determined
in one iteration then, if S is very small the arm moves slowly
and it may be unable to follow the desired trajectory. If S is
large the arm moves faster but it may precede or vibrate
around the desired trajectory points. In fact the valua of S
controls the smoothness of the trajectory tracking. The
suitable wvalue of S can be chosen such that a compromise
occurs between the velocity of tracking and its accuracy. It
is easy to recognize that the suitable fixed value of § is
trajectory dependent.

ii) A variable step is used. This step can be chosen to bhe
proportional to a certain defined error. As an exanmple S-f*lxd

- ng, where f is constant proportionality factor (chosen
imperically), and |..| iz the absolute operator. In this case
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the value of the émpirical constant f is less dependent on the
trajectory, instead it is more dcpendent on the geometrical
dimensions of the arm links which are constant for the same
robot. This fact is clarified expzrinentally as will be shown
later.

Another important aspect of using these rules is the
method of scanning them. For each set point along the desired
trajectory there should bc a RULE 0 to applied at first. This
rule examines if the desired set point is inside or outside
the work space area. If this point belohygs to the work space
area the other rules are scinned one by on:, only one rule
will be matched at each time.

3.3) Single Link Mznipulator

Figure 3.3 shows a single link manipulator. The inputs to
the intelligent trajectory generator (ITG) are the desired
coordinate- (xa,yd) and the gripper coordinates (xq,yq). The

output of thc ergine is ths joini angle g. The first thing te
be done by the ITG is to test if the desired location lays
within the work spiace area or not. The robot work space area
is a circle of <«adius egquel tu the a2rm length. The rule
design>r can use his cor~n scnse and experience with arm
opzration to formulate the suitzble rules. As an example, it
is easy to declde that the angle g sgheuld be incremented
(counterclockwise rotation) if the recent configuration is
undar the desired one and q should not be varied if these two
configurations are identical (sce Fig. 3.3). Also, q should be
decreased (clockwisc reotation) if the arm configquration lis
ever the desired one. All the poseible combinations between
the different types of coordinates are studied and the rules
used in determining thez joint angle q are given in Table 1.

TABLE 1

RUIE 0: (work space area constraint)
IF [(xg +y3)~ IF| > W THEN print "out of reach"
RULE 1: IF (|xd- xg] = w) AND (|yd- yg[ i W)

THEN q(t+1)

g(t)

RULE 2: IF {[(xdsxg) ARD y,*0] OR [(xd>xg} RND y430]}
THENM  g{t+l)=g(t) + S
RULE 3: IF {[(xd>ng AND y4z0] OR [(xdsxg) ALD y4501)

THEN  q(t+l)=q(t) - S
where v is a smzll positive number and t is the discrete time.
The value of S may be chosen as a constant positive step. Also
§ can be varying step given as s=f*dx & [, and £ is a

constant proportionality factor chosen by thz designer.
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3.4) Two Links Manipulator

Pigure 3.4 shows two 1links manipulator drawn with two
configurations I and II. Por the trajectory shown and the arm
in configuration I, the deviation in the x-coordinate between
the desired and gripper positions can bhe reduced either by
increasing the joint angle q, or the joint angle q, or both.

To reduce the error in the x coordinate with the arm in
configuration II, the angle q, should be increased and the

angle = should be decreased (which 1is different from the

above case). It is evident that the main difference between
the two arm configurations is that yg in configuration I is

higher than vy, while the inverse situation occurs in

configuration II.

In fact it is recommended to use only the minimum amounts
of angle modifications to satisfy the goal in order to reduce
the amount of work given by the servo mechanism of the
manipulator. Another reason for reducing the number of
modified jolnt angles 1s to reduce the error which can be
accumulated as a result of successlve angle modifications. A
similar analysis can be derived for reducing the deviation in
the y-ceoordinate.

All the different possible conflgurations have been
investigated and Table 2 shows the rules used for modifying
the joint angles suitably. In constructing these rules q, is

used to minimize ®he deviation in x-coordinate, and q, is used

to minimize the error in y-~coordinate. The equality conditions
of both the gripper and desired set points are excluded hence
the error between the corresponding coordinates will be zero
and no updating for the joint angles occurs.

TABLE 2

RULE 0: (work space aSeazcogstraint)
IF ']Ll-L2| < (xg+yg}' < |L2+L1| THEN go to RULE 1

ELSE print "out of reach"
RULE 1: IF [(xg>X ) AND (y4>0)] OR [(xq<x;) AND (y,<0)]

THEN ¢, = q, - filxd-xgl

RULE 2: IF [(xd>xg) AND (yd<0)] OR [(xdcxg) AND {yd>0)]
THEN q, = q, + f*lxd-xgl

RULE 3: IF [(yd>yg) AND (xg>xe)] OR [(ydcyg) AND (xg<xe)]
THEN q, = q, + f*lyd-ygl

RULE 4: IF [(yd>yg} AND (xg(xe)] OR [(yd<yg) AND (xg>xe)]
THEN q, = q, = f*|yg-y,|
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3.5) Three-Links Manipulators

Figure 3.5 shows the three-links manipulator used. Such
structure is familiar in many industrial robots such as PUMA
robot and experimental ones such as HRAS34 hydraulic robot
arm. The suitable rules can be derived directly from the rules
used for the single link and two links manipulators with the
following modifications:

i) The projection of the arm on the horizontal plane OoxoYais

dealed as a single link arm. The angle d, is modified to

reduce either the x or y coordinate using the rules given in
Table 1.

ii) The plane containing the three links can be considered as
the plane containing the two links arm studied previously. The
Tules given in Table 2 can be used now. The X coordinate is
replaced by xg+y; and the y coordinate is replaced by z_.

g9
According to this modification the angle q2i5 used to reduce

the deviation between the quantity xé

+y; and the guantity
x§+y§ and q is used to reduce the deviation in the =z

coordinate.

{4) EAXPERIMENTAL WORK

A serles of computer simulations were performed to test
the availability and performance of the proposed "intelligent
trajectory tracking algeorithm"™. These simulations were
performed using two and three link manipulaters. Only the
position of the end effector is tracked, the orientation of
the gripper is assumed to be c¢onstant ¢through the whole
trajectory. It is assumed that the initial configuration of
each manipulator is fully extended along the vertical
direction.

The performance index used to evaluate the validity of
the algorithm is the Euclidean distance (El)repreaenting the

deviation‘a§tween the desired gripper position and the actual
cne at i set point along the trajectory. The average
deviation along the trajectory E, is defined as

o

L
E_ = (l/'nr_)?: E,
=1

av

where n, is the number of s2t points along the desired

trajectory.

The intelligent trajectory generator is represented by a
set of IF...THEN... statements and the logical operators. The
program is written in Turbo~basic on AT-IBM compatible
personal computer.

Case study 1: Two links manipulator

The actual robot arm 1s replaced by its kinematical
model. This model 1is represented by the following two
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equations:

x = [L, cos(q;+q,) + 1, cos(q,)]

y, = [L, sin(q,+q,) + 1, sin{(q,)]
Alse, the elbow coordinates are given by the following two
equations

Xg = l1 cos q,

Yo = 1, sin q4
The desired trajectory is represented by two arrays x(n),y(n},
where n 1s the number of points along the trajectory and the
i elements of these arrays correspond to the carteslan
coordinates of the 1 trajectory set point. The link lengths
are 100,100 mm.

Experiment 1

The goal of this experiment is to study the effect of
large sudden change between two consecutive set points along
the trajectory. Fig. 4.1 shows a trajectory ABCD of this type.
The value of the, proportionality constant f is chosen to be
0.001. The actual trajectory (derived using the rules in Table
2) is superimposed on the desired one (see Fig. 4.1). There
are 100 set points between A and B, and so between the two
peints ¢ and D. There are no intermediate set points between B
and ¢. Point B is 100 mm away from C.

It is evident from Fig. 4.3 that the large sudden change
does not affect tracking quality. However, it is not
recomnended to use such type of trajectories hence actually
the control angles vary with relatively large steps. This nay
be unrealizable when using most types of dynamic controllers.

Experiment 2

In this experiment a nonlinear trajectory is used. Fig,.
4.2 shows the desired trajectory which is an ellipse with
major axis length of 130 mm and minor axis length of 80 mm.
The center of the ellipse is located at point (20,-30). The
orientation of the major axis is (~-45°). The chosen number of
poeints along the trajectory is 180. They are uniformly
distributed along it with angular displacement of 2° between
each two consecutive points. The actual trajectory generated
using ITG is showr in dotted line in the same figure.

It is clear that the proposed algorithm has the ability
to closely follow nonlinear paths. There is no need for
linearizing such type of paths between certain points as
required by many trajectory generators.

Experiment 3

The interest of this experiment is toc study the effect of
increasing the number of set points on the quality of
tracking. The same path used in experiment 3 is also used
here. The number of set points is varied from 100 to 21000.
Fig. 4.3 shows the variation of the average deviation E.y

versus n . As may be logically expected, E,. is inversely
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proportional to n . However, increasing n, requires additional

memory for storing the desired path set points coordinates,
which may be unsuitable for most microprocessor based systems.
A compromise between these two factors should be made.

Experiment 4

our interest in this simulation is to establish the
dependence of tracking quality and the proportionality gain
facter f£. In other words, what is the optimal wvalue of f such
that +the average deviation E_ is minimum .2? Two elliptic

trajectories are used in this experiment. The first, namely Tl
is that described previocusly, and the second trajectory T2 has
center at (-30, 40) mm, major axis equals 125 mm, minor axis
equals 100 mm, and orientation of -45°. Figure 4.4 shows the
variation of E against f. It is evident that the suitable

range for f is the same for both trajectories. The conclusion
derived is that the optimal range for f is trajectory
independent (at least for the same class of trajectories).
This is because the decision of the intelligent controller
depends on local measurements irrespective of the global shape
of the trajectory. This means that, f is constant for the same
manipulator, therefore, f needs to be calculated only once for
the same robot arm.

Experiment 5

The goal of this simulation is to study the deviation at
each set ©point between the desired and the actual
trajectories. The same trajectory used in experiment 2 is also
used here. Fig. 4.5 shows this variation against the radial
angle for different values of rk-lao, 360, 720. As shown in

this figure, the maximum deviation occurs always around the
same radial angles, namely at angles 0, 180°, 360°. This can
be explained by the nature of the trajectory at these angles
at which the gradient of the path has maximum wvariation.
however, this deviation remains within acceptable limits even
for relatively small values for n,.

Case Study II: Three link manipulator

The actual robot arm is replaced by its kinematical
modal. This model 1s represented by the following three
equations:

xb = [L% cos(q2+q3) + 13 cos(qz)] cos{qﬁ

yq = [L2 cos(q2+q3) + 1J cos(qzj] sln(qJ

zq = (L, sin(q2+q3) + 1: 51n(q2}] +11
Also, the elbow coordinates are given by the following three
equations

xe = 1z cos q, cos q,
yo =1, cos q, sin q,

z, =1, sin q,+ L
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The desired trajectory is represented by three arrays
x(n),y(n),z(n), whertel1 n is the number of peints along the
trajectory and the i elements oquhese arrays correspond to
the cartesian coordinates of the i~ trajectory set point. The
link lengths are 100,100,100 mm.

Experiment 6 Motion along straight line segment

Suppose that the robot end effector is required to travel
along a straight line segment in the task space ({Cartesian
coordinates). The starting point is A(50,30,220) at time t°=

0 sec, and the goal point is (250,200,400) at time tr=10 sec,

The end effector must be at reset at points A and B. This
implies that the velocity g(to)-g(tr)=3. It is also prefered

to have a smooth 1robot motion that implies that the
acceleration and its time derivative (jerk) should be
continucus along the trajectory and such that the acceleration
a{t )=a(t )=0. The parametric equation of the straight line is

given as
x(t)-x_ Y(®) -y, z(t)-z_
= = = A(t)
xf - xo Yl‘ - Yo z[‘ - zo

where A({t) 1s the motion parameter. In order to satisfy the
given constraints about the position, velocity, and the
acceleration, a fifth order polynomial representation of the
line segment AB is selected. This implies that
_ 5 4 a 2
Aty =a .t +ati +at’ +atirat +a
With the condition A(tﬂ)=0 we have a=0. The condition
g(to)=oimplies a1=0, also the condition g(to)=0 implies a_=0.
The polynomial A(t) is reduced to
A(t) = at® + at! + aata
Applying the three conditions A(tr)-l, v(t )=0, and g(tr}=0
give
atP+ati+at?!=1
sTro, T 3 f N
5at +4ath +£3atio0
s e a’r
20 astr+12 a‘tr+6a3t‘_=0
After few maEhematical treatyent, the solut}on becomes

a=~ €/t, , a=-15/t. , a_=10/t]

and the motion parameter A(t) is given as

A(t) = (a/tj)ts- (15/t:)t‘+(10/ti3t3

It should be noticed that v(t) has a very desirable velocity
profile, it reaches maxipum value at tr/z where the

acceleration becomes zero. We also have a(t)>0 for t<tr/2 and
a(t)<0 for t>tr/2'
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For the straight line segment mentioned previocusly, the
trajectory is divided inte 100 points. The intelligent
trajectory generator is used to track the path. The actual
path is found to be very close to the desired one. The average
error of tracking was about .4 mm.

CONCIUSION

The paper introduced an intelligent trajactory tracking
algorithe used for robot manipulators. The rules used to
modify the joint angles depend on the geometrical structure of
the arm and experience of operating it. The algorithm can be
used to track 1linear and nonlinear trajectories. This
algorithm determines the different joint angles for each set
peint in ona iteration (one step ahead). This enables the
algorithm to be used for the on-line applications. The
algorithm does not require matrix inversion or trigonometric
function calling. Instead, logical and relational operations
are used extensively for deciding the values of joint angles.
The arm kinematical model i1s not required 1f optoelectronic
sensor feedback is used to estimate the position of certain
points along the robot body.. Work can be expanded to include
orientation tracking. A similar algorithm is currently
developed to solve the dynamical control problem for the robot
manipulators.
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