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Abstrad: A predictive dgorithm with fine interpolation for the optimization of the path
tradking of vision guded robaic manipulators is presented. The look-aheal trgjedory
information extraded from the image sensor is processed in a way that it can be used in
the sampling rate of the joint control loop. The predictive control law is obtained from
the short-term future trgjedory and the minimization of differences between the state-
variables of ead lineaized roba joint and the crresponding state-variables of an
internal path generator model. Simulations and experimental results for a vision-guided
hydraulic roba are presented. Copyright 7 1998IFAC
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1. INTRODUCTION

In the flexible aitomation robas equipped with
CCD-cameras are increasingy being used due to the
avail ability of effedive visual servoing techniques
(Nelson et al, 1993. An important field where they
are used is, eg., arc-welding (Bauchspiess and
Alfaro, 1997). A gred flexibility is obtained by
eliminating the tedious programming of the robd.
The trgjedory can be on-line catured by a feaure
tradker. In welding, for example, the junction of two
metal parts define a tea fedure that is easily
deteded in a CCD-image. The aitonomously seam
tracking can thus grealy simplify the welding of
complex parts.

A video camera & trgjedory sensor is typicdly very
sow when compared with the rate in which the
drivers are aduated. Thus it is necessary to have a
fine interpolation that generates reference values for
ead joint driver. A shortcut of the use of sensor-

guided robas is that due to their mechanicd inertia
they can read only relatively slowly to changes in the
trgjedory information cgptured by the sensor system.
In this paper it will be shown how the look aheal
information can be used to improve substantially the
tracking predsion. The propaosed agorithm virtualy
eliminates the tradking error by considering the
dynamic model of the roba and the captured future
trgjedory information. Incorporating an interna
trgjedory generator model leals thus to the novel
Following Mode Predictive servo-controller
agorithm (FM P).

2. PREDICTIVE CONTROL

Predictive wntrol gathered wide accetance in the
control community due to excdlent performance
deding with complex, time-varying, non-linea
systems and aso in industry, in sight of many
reported succesdul  industrial  implementations



(Keyser, 1991). A grea spedrum of predictive
algorithms have been proposed (Soeterboek, 1992).
MAC (Model Algorithmic Control), DMC (Dynamic
Matrix Control), EPSAC (Extended Prediction Self-
Adaptive Control), PFC (Predictive Functional
Control), GPC (Generdized Predictive Control),
UPC (Unified Predictive Control) are some of the
most known schemes. They differ essentialy in the
adopted Cost Function.

In the GPC (Clarke et al., 1987, perhaps the most
successul predictive dgorithm, the mst functioniis:
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where r is a weighting fador, N; and N, are
prediction horizons and N, isthe cntrol horizon.

The proposed FMP (Following Model Predictive) is
an extension of previous algorithms by incorporating
the basic ideaof ided following (Wurmthaler, 1994):
minimize the eror between the state variables of the
controlled system and the state variables of an
internal trajedory generator.

3. FOLLOWING MODEL PREDICTIVE
PATH TRACKING

Consider the montrollable and observable scdar n-th
order discrete time linea system described by:

x(k+2D = A x(k) + b, us(k);
y(K) = cex(k),
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where x(K) is the nx1 state vedor at time t=KT (T is
the sampling period), ug(K) is the input and y(K) is the
system output.

Problem formulation: Given a third order plant
described by (1). The reference trgjedory and its
derivatives w(t), Ww(t),w(t) are known from t=
(k+1)T until the horizon t= (k+m)T. The arrent
gstate of the plant is x(k). The position, velocity,
accéeration, correspond to the states of the system in
the cntroll able canonica form. The problem consists
on the cdculation of the ontrol sequence ug(K),
Ug(k+1), ... ugk+m1), such that the following
predictive path tracking Optimization Criteria (or
Cost Function) will be minimized:
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The weighting matrices Q; and R are symmetric
positive defined. The vedor error terms ¢ are:

PositionError: g,(K) = y(k) —w(k)
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The seached control sequence is the vedor ug (k).
Each vedor error term in (2) embraces a prediction
horizon of m samples. The design matrices Q; and R
weight the arresponding error. For diagonal Q; and
R the mst function J reduces to a weighted sum of
guadratic erors that penalizes reference deviations in
eadt state spacevariable (i.e., position, velocity, and
acceeration) over the known m future sampling
times. The coice of the dements in Q; and R
establishes a particular dynamic behavior of a FMP
servo-controll ed system.

The last vedor term [(k), the ntrol variable
displacement, stands in the st function for energy
limitation. It constrains the cntrol signal ug(k) in the
vicinity of the adual set point w(k). It can be
asaumed, without loss of generality, that the gain of
the lineaized scdar system (1) is unitary (in stealy
state ug(k) = w(k)).

The cdculation of the optimal control sequence using
arecaling rorizon leals to (Bauchspiess 1995:

u,(K) = mw(k) + mi(k) + mlw(k) - mIx(k)

where the vedtors m/,,m},,m} can be interpreted as
digital filters of the reference signal and their velocity



and acceeration. m! correspond to a linea state
feadbadk.

4. VISUAL GUIDED ROBOTS

For visual guided robds the reference trgedory is
generated on-line using fedures extraded from the
CCD-image.

This sampling of the reference trgjectory in dobal
coordinates, is an inherent error source that reduces
the tracking performance Sharp edges, that are
described by two converging lines will be rounded. A
significant reduction of this error can be obtained if
the exad anaytic trgjedory is used in the joint
coordinates level. If the trajedory is given in joint
coordinates, we diminate the dnematic couplings of
the trgjedory error, that is typicd when wsing a
global tragjedory description.

To oltain this improvement in the sensor guided
trajedory programming, we propcse to transform
ead measured sensor value in joint coordinates and
to evaluate the analyticd fitting function diredly in
this coordinate system.

K+ k+2

Figure 1 - CCD-Guided trgedory adayuisition
showing moving Vision Field and feaure
extradion.

The model (eg. 1), with n=3, will be used for robdic
manipulators that are lineaized and decoupled by an
underlying ron-linea multivariable joint controller.
The resulting integrator chain that is obtained, is then
transformed in a P-T; system by means of linea state
feedbad. Finally the discrete model (1) is obtained

using a Step Invariant Transformation. That model
will be here, therefore, denominated predictor model,
becaise it alows the prediction of the dynamic
behavior of ead roba joint for a given reference
trgjedory. Consequently the servocontroller will be
designed for such SISO systems.

5. FINEINTEPOLATION USING
POLYNOMIAL COEFHCIENTS

The use of cubic splines is well acceted in robdics
to describe referencetrgjedories|]. In this ®dion the
use of this analyticd describing function in
conjunction with the predictive servo control will be
elucidated. = From the measured sensor values
transformed in joint coordinates fitting polynomias
can be cdculated for ead joint. A predefined amount
of values are ggregated using the least squares
criteria. The trgjedory of ead joint is $ a sequence
of cubic polynomials sgments. Each segment is
described by:

w(t) = a, +a1(t_ti)+a2(t_ti)2 +a3(t_ti)3'

The vadidity segment of the fitting poynomial
comprises sampling point t; =k T to tp: (k+p)T ,
with k < p - m (figure 2). The reference velocity and
accéeration are given by:

W(t) = a:l. +2a2(t _ti) +3aa(t _ti)z
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Figure 2 Incorporation of the time-axis difting in
the polynomial coefficients.

By sampling the aalytic trgjedory in the fine-
interpolation sampling rate T we obtain the following
referencevedors:
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In the predictive control law (eg.) the digital pre-filter
of the reference signal can be given explicitly in
dependence of the fitting polynomia parameters. The
predictive ontrol law will be onsidered at
t=(k+p)T:

uy(k + p) = miw(k + p) + mii(k + p)
+mgW(k + p)—myx(k + p)
where p represents any sampling instant in the

validity segment of the fitting poynomial. So, in
general, ascan easily be seen, for 7 = (p + )T
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describes a "polynomial-coefficient shift operator".
So pdynomial functions whose wefficients are
referenced ariginally to the beginning of the segment
can ealy be shifted. The "polynomial-coefficient
shift operator" can, of course, also be gplied to the
derivated pdynomias. In the redizaion of the
algorithm the matrix P(p) can be very effedively
cdculated in a reaursive manner, becaise from step
to step only the six values, that are dependent on T,

must be updated. After substitution of the reference
vedors by the results of the paynomial evaluation we
obtain
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The result obtained in equation (5) show a dired way
to adequate the sampling rate of the vision system
and that used in the @ntrol loop so that the tradking
error is minimized. The procedure for the optimized
path tradking can thus be summarized as foll ows:

1) Scan image for fedures that represent
trajedory points,

2) Transformed trgjecory points from camera
tojoint coordinates,

3) Interpoate joint points with a spline that
describes the trgjectory for the aurrent frame
(coefficients ag, ay, &, as)

4) Generate the wntrol signal in the joint
control loop that minimizes the trajedory
error using equation (5).

6. SIMULATION RESULTS

The simulation of the FMP servo-control for a
lineaized robat joint described by
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and a typicd trgedory is $own in figure 3. The
reference signal w and the output of the plant y are
amost identicd, the wmntrol signal antecede (predict)
the plant lag dynamics, as e in fig. 2-a. The small
residual error can be seen in fig. 2-b. As expeded, in
the vicinity of reference velocity discontinuities
occurs agreder error.

b) Tracking - Polynom coefficients

o 1 2 > s

d) Tracking Error - Polynom coefficients
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Figure 3 Predictive path-trading using Polynom
Coefficients, Desigh parameters: 0,=2e-3, q,=1e-8, r=1.5e-

3, m=5, p=15, T=6ms.

For smoath trajedories (splines), the tradking error
can be virtualy eliminated by using a control signal
that exadly anticipates the lag of ead roba joint.
Hence in the proposed algorithm for vision guded
robas the trgjedory information extraded from the
image is approximated by splines.

7. EXPERIMENTAL RESULTS

A hydraulic roba with two degrees of freedom
equipped with a very fast CCD-camera was used to
validate the proposed approach. The tradking
trgjedory was printed on paper fixed on a plate
paralel to the working area of the roba, such that
different trgjedories could easily be tested. After
finding a border the control scheme guide the roba
along this border with a pre-establi shed TCP velocity.

The ais control of the roba was implemented on a
DSP32C, 32 kbt floating point digital signal
procesor, with 0.5 ms sampling rate. An exad
lineaization (computed torque) plus a state-space
controller established the dynamics of ead axis.
Another DSP32C with a 16kt fixed-point DSP16

were used to process the image and implement the
predictive servo-control.

Separation o Path-Tracking and Disturbarnce
Rejedion Performance Relative good decoupling
and lineaizaion of ead roba joint can be obtained
by using the computed torque control law (in most
pradicd cases only the threefirst axis are controlled
in this way) . After that a state-space ontroller is
used to establish the dosed-loop d/namics for eadh
joint. This “regulating-dynamics’ is the dynamics
with which disturbances are rejeded. Path-tracking
(servo) dynamics can, however, be much faster. This
can be obtained by separating the regulating and the
servo dynamics. The proposed agorithm for vision
guided robas leals to a feed-forward prefilter,
which is by construction not affeded by disturbances.
Thus, a very fast dynamics can be adopted for the
servo-controller without peril for the stability of the
system.
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Figure 4 - FMP control of CCD guided robat.
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8. CONCLUSION

=% A novel algorithm that minimize the tracing error of
sensor guided robas was presented. An efficient
predictive scheme that evaluates fitting splines
(obtained from the vision sensor) in the @ntrol loop
sampling rate was described. Simulation results for
the polynomia approximation were discussed and
experimental results for a hydraulic robat were
presented.
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Figure 6 Sensor guided tragjecory tracking for atypicd
trajedory.
Sampling period: T=10ms, Velocity: v =40 mnis.

Figure 6 presents measures for atest trgjedory for the
predictive CCD-guided hydraulic roba. In this case
the anguar error is snaller than 0.3 degree



