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ABSTRACT

This paper includes an experimental study of on-line trajectory planning and trajectory control
for a hydraulic robot. In order to plan a trajectory the necessary precision points that describe
the motion of the end-effector must be specified by the user. However, for real time trajectory
planning and control, all the information about the manipulator and its environment have to be
sensed by computer integrated sensory equipment. Sensory equipment such as encoder,
tachometers, potentiometers and others can provide a limited information about the situation
of a manipulator, but, vision provides an extensive information about its working environment.

In this study, the image of the arbitrarily placed red spots, which represent the precision points
on the path of the manipulator in the Cartesian co-ordinate system are captured by a video
camera. The information obtained from image processing and the original position of the end-
effector are the vital information for trajectory planning. Trajectories are generated in real time
by cubic spline functions and self-tuning adaptive control, which is one of the advanced control
method, is applied to the robot for tracking of example trajectories.

1 INTRODUCTION

The activity of generating motion curves while satisfying the precision points by defining time
sequences of configurations of the end-effector of a manipulator, feasibility checks and
adaptation of the motion before implementation is referred to as motion design or trajectory
planning. As the trajectory is executed, the tip of the end-effector traces a curve and changes
its orientation.

There are two different approaches for trajectory planning: off-line and on-line planning. Off-
line planning is carried out outside the manipulator environment and makes use of extensive
software usually including computer graphics. The developments of trajectories take place
without access to the manipulator itself and without recourse to real time operation [1]. On-
line trajectory planning refers to the determination of the history of a motion by means of on-
board sensory equipment and then the generation and execution of the motion in real time.
That means, for a specific task, the constraints for the trajectory including constraints for
obstacles along the path and constraints for co-ordination with other machines will be
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determined be means of sensory equipment, then the optimum trajectory can be generated and
executed in a real time. Such planning requires highly sensitive sensory equipment, high-speed
computers and artificial intelligence capabilities.

A video camera is one of the vital sensory equipment which will be used for on line robot
control. It produces images of the workspace of a manipulator. Image processing provides a
robotic system with extensive information about its working environment. Location of each
pixel on the screen and color definitions describe not only the external appearance of the
object in view, but also its location and angular orientation as well as all the other objects.
Different objects may be expected to have different colors, therefore the most efficient way to
identify some definite objects in an image is to seek for some definite colors at definite sizes.
Similarly, theinformation which describes the motion of the end effector of a manipulator can
be obtained from image processing. ‘

The motion curves of manipulators are generally produced by time based mathematical
functions, such as polynomial functions, spline functions, cam motions, rational functions and
others. However, polynomial and spline functions have the most suitable forms since they lend
themselves naturally to the solution of the types of problems involving arbitrary constraints
[2]. They give continuous motion curves (i.e. position, velocity and acceleration). They are
explicit functions.of time, have a unique solution and strong sign-regularity. Especially,
polynomial functions are easy to specify boundary conditions for any derivative of the
function, such as velocity and acceleration, however, these functions may be produce
inadequate or unexpected curves for some cases [3].

The control scheme for robotics system is trajectory tracking for whicii some control
techniques are applied to obtain acceptable results from a system. Conventional control
methods, such as computed torque, PD or PID, are effective for some simpie processes at low
speeds. However, there are several cases where precise tracing of a trajectory under diffcrent
payloads require more advanced control tzchnique to ensure stability ot the process. Adaptive
control is one of the important method of advanced control. It can be divided into many
greups, however, two of them can be used for practical applications. These are self tuning
adaptive control and model reference adaptive control. Self tuning adaptive control can be
further divided into two sub-groups as implicit and explicit self tuning adaptive control. The
main idea of adaptive control is based on continuous estimation of the parameters of the
controller choosing a time-series difference equation model which describes the input-output
measurements in the system. Since the system dynamic is assumed unknown, the parameters in
such model can be computed recursively on-line at each sampling instant.

Adaptive control is not a new idea, however, the complexity of its algorithm -was the most
important difficulty for practical and theoretical study for a long time. Kalman [4] has
proposed the first adaptive self tuning algorithm. Astrom and Wittenmark [5] have combined
. the recursive least-squares parameter estimation method with a minimal variance controller to
calculate the parameters of the controller directly. Cegrell and Hedqvist in 1975 and Borisson
and Syding in 1976 successfully applied the first self-tuning regulator [6, 7]. In the mean time,
many other self-tuning adaptive control studies have been reported [8-11]. Nevertheless,
nearly all the applications of self-tuning adaptive control in robotics remain in computer
simulation studies.

3
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2 SYSTEM HARDWARE

The robot has a spherical manipulator. Each joint of the robot is driven by a hydraulic actuator
controlled by electro-hydraulic servo valves and these valves are also controlled by a 25 MHz
PC computer. The supply of hydraulic pressure to the servo valves is provided by 22 kW
hydraulic power unit capable of supplying up to 95 /it / min at 0.12 MP. The main parts of
the robot are:

1) Pulnix Tmc-74 (NTCS) color video camera.
2) Raster Ops video color board 364.

3) Apple Machintosh fxI computer.

4) Hydraulic actuated spherical manipulator.
5) (1/0) interface card.

3 DETERMINATION OF CO-ORDINATES OF PATCHES

It is commonly accepted that a complete description of a point in a color image requires the
specification of three mutually independent parameters [12, 13], that are so called primary
colors (red "R", green "G", and blue "B"). Images can be analyzed by different standard
methods ‘which are Colorimetric [14], Nevatia transformation [15], and NTSC [16] color
systems. In this work NTCS color system is used.

4.1 NTSC Color System

The three tristimulus values red (R), green (G), and blue (B) are transformed into another
set of tristimulus values denoted by Y, I, and Q, which are related to R, G, and B by:

I(HI |f0299 0587 0114T1ﬂI |
| I|=| 0598 -0272 -oszzlG )
LQJ [0211 ~0523 -0312 BJ

The Y component is called the luminance component since it roughly reflects the luminance.
It is primarily responsible for the perception of the brightness of a color image and can be used
to form a black and white image. The I and Q components are called the chrominance
components, and they are primarily responsible for the perception of the hue and saturation of
a pixel. In the NTSC color system, threshold values T' and T" for the hue and saturation can
be arbitrarily defined for a certain color and while searching for it. The centroid of color patch
primitives are used as matching strategies. In order to define the co-ordinates of the color
spots in a short time color discontinuity criterion is used for the image processing.

4. TRAJECTORY PLANNING

The activity of converting the description of a desired task to a trajectory by defining time
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sequences of configurations of the end-effector of a manipulator between start and final
positions is referred to as trajectory planning.

There are many mathematical functions can be used to describe a trajectory, however, cubic
spline function is used for the generation of motion curves in this study. Because, its curves
are more predictable in comparison to curves of polynomial interpolation due to their low
degree.

4.1 Cubic Splines

The generation of interpolation spline curves is a useful and powerful tool in computer-aided
design. Several methods have been developed to control the shape of the cubic interpolation
such as those in [17- 19]

A procedure to generate a series of cubic polynomials that pass through a sct of (1,2...n) data
points and has continuity of slope and curvature is described below. Equatlons for an interval
which lie between two points (£,,y,) and (£,,,y,,,) are:

y=a( -1y +b(t 1) +c(t-1)+d, (i=0,1,2,3...n) ()
Taking the first and second derivative of this equation gives:

y=3a,(r-14) +2b(t-1)+c (3)
y=6a,(1-1)+2b 4

Equating the function to the two data points and substituting 4, for (1 —1,) gives:

Y, =d, (5
Yo = ' b 4, | (©)
y=c | 0
Vo =3ap’ +bh+c, (8)
y,=2h | ' | )
ji, = 6a,)z, +2b | (10)

In order to satisfy the interpolation and provide continuity for the first and second derivatives
at the ends of the interval, it is most convenient to express the coefficients a;,5,,¢, and d, by
means of the given function values y,,y,,, and the unknown second derivatives j, ,J,, at the
two ends of the interval 7, — ¢, , so that:

| .
=—6—};(ynl+yu) (11)
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b==J, | (12)

2

S PR :
q=54xn—x)~gh0mdvn (13)
dn‘ =) . (14)

We can invoke the condition that the slope of the two functions which join at (¢, ,y;) must be
equal. The slope of the functjon for the i interval at the left end is:

YVi=¢ : (15)
In the previous interval from ¢, | to t the slope at its right end will be:
yi=3a_,~h.'+2b_h_ +c (16)

Equating equations (15) and (16) and substituting for a,,5,,c; and d, gives:

. Yin =V Zh,y, +’l,}5,,, }’. _yi—l 2 :s Yi —Jia 2h.ji.,,‘ +h‘-1y-
A —_ =3 c +y h 4+ -1 _ (4] i ] 17
Ji h 6 6h_, .+ .k I, 3 17)

1 1

Simplifying the equation we obtain:

[y -y -
Bodi+ @h 4215, +h,, = g P22 (8)

i-1

Equation 18 applies at each interval point (from i=2 to i=n-1). This gives (n—2)
equations and "#" unknown values of j, . We can get two additional equations for the end
points of the whole curve involving ), and j,. Arbitrary values may be specified but for a
natural spline they should be equal to zero.

5 EXPLICIT SELF-TUNING ADAPTIVE CONTROL

The structure of explicit self-tuning adaptive control loop is shown in Figure 1, where the
parameters of the system model are directly identified.

5.1 System Model

In order to implement the explicit self-tuning adaptive control, a digitized single-input/single-
output (SISO) model is required to represent the input-output measurements of the system.
Under a stochastic measurement environment with uncertainties, such as random disturbances
etc., a linear discrete time-series of an Auto regressive Moving Average Exogenous
(ARMAX) model is used to represent the system under the control as shown below.
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Figurc I Sclf-tuning adaptive controller structure.
- -d -1 al -1
A )y) =B )u()+C(z7 )e(t) (19)

-2

A(z')=l+az "' +a,z 7 +,..,+a, z~

B(z")y=b,+bz"+,.,+b,z7" b, 20

s -
C(z"= 1+c,z"+,....,+c,,‘z”"'
Where 1, ,n, and n,_ is the order of A(z™'), B(z™') and C(z™") polynomials respectively.

%,2 Parameter Estimation

Parameter estimation is the most important part of the self-tuning algorithm. The main idea is
to update continuously the parameters in the digital system model. Several powerful methods
to estimate model parameters have been described in the literature [20-22]. These are least
square method, recursive least square method, instrumental variable, recursive extended least
squares method and U-D factorization method and etc.

The unknown parameters of model in Equation (19) are estimated recursively by on-line U-D
factorization method. When these estimated parameters are replaced with the unknown
parameters the following model equation can be obtain:

A"y =z"BEe u@)+e() ' (20)

The difference equation model with known numerical values for the parameters is next used to
design the controller.
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5.3 Controller Design Based on Minimum of Performance Criterion

The explicit self-tuning adaptive controller is designed so as to make the output of the system
track the desired trajectory by minimizing a performance criterion while the energy associated
with the input is kept at a minimum. These goals are achieved by choosing the following
convenient quadratic function which is the variance of generalized cost function in the position
error and energy of the control input appropriately weighted [11]:

./:I:'{[y(/+1)—y”jA(t+1)]z+luz(1)|2(t)} ¥A))

Where .J refers the performance index, Y (1) is the desired trajectory of the system in

discrete points. A is the weighting factor which can be pre specified as a non negative number.
The weighting factor can be selected to adjust the trade off between the tracking accuracy and

the magnitude of the control signal. E{|Z ¢ )} indicates a conditional expectation operation
when the system outputs with past values y(,j), j < and the past control inputs #( 5, j<t
indicated by ¥ (¢) are given. If the equation e(s) = 0, then the expectation operation is not
needed.

To minimize performance’s index with respect to control input, the expression of y(f+1) is
required in terms of y(j). By estimating model parameters for y(¢ +1), the output can be
written as:

YU+ = =@ y(0)=,....=G, y(I +1=n,) + bu(t)+,...,+b_u(t —n,) +e(t +1) (22)

The last term in Equation (22) is future disturbance that can not be predicted and an estimated
system output can be written as:

Y+ 10y = =G y()-, ..., ~d, y(t +1-n) + bu(t)+, .., +b u(t - n,) (23)

Where y(f+1|r) is a one-step ahead predictor of y(¢+1). Under this consideration, the
y(t+ 1[1) is used instead of y(r + 1) in the performance index.

J=[y+ 10 -y, (4 )] + A0 ) (24)

Substituting Equation (23) into (24) gives
IS ~ 2
J= [—a,y(l)—,...,—é”.y(l+ 1=n,) +bu(t)+,...,+B, u(t —=n,) = y, . (t +1)] +Au* (1) (25)

To minimize the performance index, its derivative with respect to the control signal at time ¢
is set equal to zero. Finally, the admissible control input is obtained from Equation (25) as:

~

u(;):bfi'i‘j[y,,f(/ﬂ)m, Y(O)+,...,+4, y(t+1—n,)—51u(t-1)—,...,—5nbu(t—nb)] (26)
+

0
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6 IMPLEMENTATION

For the experimental study, some color spots are placed arbitrarily in two dimensional vertical
plane in Cartesian co-ordinate system. The image of working plane is first grabbed by a video
camera when the program is executed, as shown in Figure 2. Then, the co-ordinates of these
precision points are determined by image processing. See Figure 3, where "o" and "+"
represent the co-ordinates of the spots obtained from the image processing and direct
measurements respectively. The trajectory is generated on-line using the information obtained
from the image processing and this trajectory is used to control the hydraulic robot.

L.
The results taken from the hydraulic robot are given in Figures 4.a-g. Figures 4a-b show the
input output curves for first and the second joints of the manipulator when the system is
controlled with a conventional control method, whereas Figures 4.c and d are taken when
explicit self tuning control method is used. The variation of parameters for the system model
at the revolute and prismatic joints are given in Figures 4e and f. Finally, the desired trajectory
and the response of the manipulator at the end-effector level are shown in Figure Sg.

Several examples are tested on the robot. It is observed that co-ordinates of the precision
points can be determined approximately %2 error and the images can be analyzed in a
reasonable time (nearly 8 seconds). It is also seen that a robot can be controlled more
efficiently when self tuning adaptive is applied as shown in Figure 4 ¢ and d.
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Figure 2. Positions of the spots in thc image Figure 3. Actual and computed co-ordinates of

taken from the vidco camcra. spots. .
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