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A look-ahead trajectory planning algorithm for
spray painting robots with non-spherical wrists

Giulio Trigattit, Paolo Boscaridl Lorenzo Scale Daniele Pillaf, and
Alessandro Gasparefto

Abstract This paper proposes an innovative trajectory planningrélygn aimed
at limiting the speed and accelerations for robots for speagting. The algorithm
can be applied to robots that, due to their kinematic strectlo not offer a closed-
form solution to the inverse kinematic problem. The trajegtplanning problem
is cast for a predefined path, which can be described by aiBesplSuch path is
then described by a set of discrete samples, that are filterachieve end-effector
speed and joint acceleration constraints. The proposetiaddias been applied
to a commercially available painting robot equipped wittoa+spherical wrist. The
experimental results show a reduction of the joint speeztlacation, and a sensible
reduction of the motor efforts.
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1 Introduction

In many robotic tasks, trajectories are usually programiméue end-effector space,
where the task is easier to define. This approach of motiampig has to take into
account the transformation between the operative and the gpaces, which in
general is not linear. When it is necessary to limit accéi@na in order to improve
the quality of the robot tasks and to reduce the vibrationhefrobotic arm, it is
necessary to adopt a method that takes into account thignearity. In fact, due
to the nonlinearity of the robot kinematics, an effectivduetion of accelerations
in the operational space does not necessarily imply a regtuct the accelerations
in joints space as well. For these reasons, in this paper opope a methodol-
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ogy able to consider the relations between end-effectoj@ntispaces in order to
limit the acceleration of joints directly in the joint spalsat capable of creating a
suitable velocity profile in the operational space. Thihtegue allows to obtain
good results in terms of accelerations constraints andh@ae a simple descrip-
tion of the trajectory for control purposes. In the recerdrge a large number of
path planning methods have been developed in the field ofispee acceleration
control for enhancing the performance of high-speed CNChinas in industrial
applications. In particular, several look-ahead speedrobalgorithms based on
linear acceleration profile have been proposed. Examptebe#ound in [1], where
a look-ahead algorithm that considers speed limitationaatheaxis is proposed,
in [2] and [3], where a velocity profile generation method amdoptimal feedrate
model for high-speed machining are described. Furtherntibeclook-ahead strat-
egy has been applied for the interpolation of continuougadiice trajectories in
[4] and [5]. To avoid the limitation of the linear accelematiprofile, several algo-
rithms based on Bezier [6] and Non-Uniform Rational B-Spl{iNURBS) curves
[7, 8] have been proposed. Another example is given in [9gneta method to de-
fine an optimal feedrate method of NURBS interpolator for O&chines tools is
described. However, the methodologies mentioned aboviehvgive good results
on machines with simple kinematics (such as CNC machineshat suitable for
robots, in particular for those with non-closed solutionnvierse kinematics due to
the presence of a non-spherical wrist. In order to addrésgtbblem, it is neces-
sary to develop a more sophisticated method, based on aaeptiization of the
trajectory. A particularly complex case of machines witmlireear kinematics is
given by industrial painting robots [10, 11, 12]: most of¢kdave a non-spherical
wrist in order to avoid wrist singularities during paintitesks. This leads to a com-
plex formulation of the inverse kinematics, which has naselb-form solution. In
this paper, a trajectory planning technique, based on adb@ad strategy, aimed at
limiting the accelerations of joints in robots with non-gpical wrist, is presented.
Unlike CNC machines, where the end-effector accelerasidinéarly related to the
acceleration of joints, the algorithm proposed here allmageate a velocity profile
in the Cartesian space that can limit the accelerationsarjdints space, as well as
the motor torques at the joints.

2 Thelook-ahead algorithm

By assuming a geometric path described by the curvilinesciagau, the method
described in the following defines a sequence of points iretigkeffector space,
such as the joint accelerations result below the imposeitslim

Given a parametric path in the end-effector spaeeB(u), a sequence of points
along the path can be obtained by defining:
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whereT is a suitable constant time interval between two conseeiints and
v¢ is the desired velocity. Once the sequence ofuijhkas been obtained, the end-
effector pose corresponding to anycan be computed. Then, the geometric path
B(u) is executed at constant speedand, through the inverse kinematics map, a
sequence of joint positions corresponding to thecan be obtained. Hence, the
resulting trajectory in the end-effector space is desdriipeequal intervals of space
As=V.T. Knowing the joint position at any time step, the joint aecationd(k) at
thek-th time step can be computed:

o Okt1 — 20k + Ok-1

Ok = T2 (2)

whereqgy, gk 1 andgg_1 are the joint position coordinates at time stéps 1,

kandk — 1, respectively. Knowing the maximum admissible absolatee of the

acceleration for each joinj; ;,, we can determine the time intervl which repre-

sents tlhe minimum time to go frog)_, to g, ; at constant speed for theth joint.
It results:

-i:i _ \/qi(Jrl — 2q|k+ qL,l (3)
qiim
The maximum value of th@'"’s is the used to calculate the tangential velocity
Vi k atk-th time instant as:

Lﬂ_ (4)
max T'

However, the velocity profile thus obtained cannot be usedtliasThe reduced
speed values are computed under the assumption of constanity but, since the
velocity along the path is not constant, it is necessary tdifmthe profile in order to
compensate the effects of acceleration and deceleratimig éthe whole trajectory.
This is done through the look-ahead algorithm describeberfallowing.

The elaboration of all the points of the profile by means of atioal methods
would be computationally very expensive. So, some sigmifipaints are extracted
from the profile and processed, namely, the points correfipgrio local minima
of the velocity of the end-effector, together with otherrmisiadequately sampled
from the trajectory. The need to keep the points with mininwatocity is essential
in order to maintain information on the critical points oéttrajectory. Furthermore,
the local minima of the velocities occur when the path chamtection or the robot
is close to a singular configuration. Starting from the prasly extracted samples of
velocity, the velocity profile is updated, so as to take irtount joint accelerations
limits. Starting from every point corresponding to a locahimum of the velocity,
new velocity values for adjacent points are computed adgegrtb the following
scheme:

Vik = Ve
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1. calculate the time to travel between two consecutivetppirased on the aver-
age speet ;1 and travel timeAty, which are evaluated as:

Vi k+1+ Ve,

- Skr1 — Sk
Vikk+1 = f Aty = L;

Vick+1

(%)

wherev;  ands, are the values of the end-effector velocity and arc lengthef
path at thek-th time instant, respectively.
2. compute the average acceleratiprover the same time intervalty as:

o Ok1— Gk

U= (6)
3. redefine the tangential velocity at tk-th time step as:

G

Qlim

Vi k+1 — Vi k . .
Viktl = ————= + Vi with yaec = max

Yaccl

; (7)

The new velocity at thé+ 1-th instant is reduced by a quantity proportional
to the ratioy,ec between the current joint acceleration at #agh instant and the
corresponding limit acceleration.

4. recalculate the end-effector velocity,; and the joint velocityg, 1 at the
k+ 1-th instant as:

Wt

Vki1 = Vki1,0 G =9 (s 1)Vi1 (8)
wherelJ is the Jacobian matrix of the robot and 1 o is the end-effector velocity
before the motion profile updating operation.

This algorithm is first run rightwards, beginning from thefiminimum point of
the speed profile, by taking into consideration only the dpamps for acceleration
(Fig. 1,left). Once the entire profile has been updated inridjet direction, the
algorithm is then run leftwards, so as to impose the comgtain the deceleration
ramps (Fig. 1,right).

The updated velocity profile guarantees the respect of tbel@ation limits at
the joints but might present irregularities that could méke resulting trajectory
not smooth. In order to reduce these irregularities, a ngpaverage filter with
a centered window is used. The obtained velocity profile findd in the space
domain. It can be converted to the time domain by plotting/élecity as a function
of time. Knowing the distance between two consecutive gaating the path, and
the velocities in correspondence of these points, one caipate the time required
to travel the distance between the samples:

Skt1— &

1 =tk+——"— 9)
Vi k+1
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Fig. 1 Update in the right and left direction
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Thus the velocity profile in the time domain can be lineatiéipolated as:

t—1tx

ter1 — 1t

At this stage, the velocity profile consists of a successioramps: hence, the
acceleration profile is piecewise constant and the jerkiteesabound. In order to
limit the jerk, a moving average filter is applied to the vétp@rofile. This filter
is similar to that used in the previous step, with the onlyedénce that, instead of
centering the buffer of samples at the output sample, inchée the buffer collects
only the backward velocity samples. In short, the filter ia time domain limits the
jerk and smooths the discontinuities left by the filter in §pace domain, as shown
in Fig. 2.

v(t) (Vicr 1 — Vi) + Vk (10)

Fig. 2 Filtering of the motion
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3 Experimental testsand results

To verify the effectiveness of the look-ahead algorithm, @del of the robot has
been developed in Matlab environment. Several trajectdneve been tested, in
order to find the best configuration of the algorithm, by eatihg its effectiveness
in limiting the joint accelerations.

The experimental tests were run on a GR680 robot, a 6 d.odipukator for
painting applications, designed and manufactured by CMAd®0s. The manip-
ulator has a non-spherical wrist. In Fig. 3 the robot usedhaexperimental test
and its non-spherical wrist are shown. The non-sphericiat\was been adopted in
order to avoid the wrist singularities, since in paintinglgations since almost all
trajectories are programmed in the end-effector spacetandlifficult to foresee
when singularities may occur.

Fig. 3 The painting robot
GR680

The trajectory adopted in the experimental tests is made sihgle B-spline
curve, interpolating 17 points. It is 9.16 m long, arrangadawertical plane spaced
2000 mm from the base of the robot. The painting robot movesgalt with a
velocity limit of 1000 m/s and a joint acceleration limit exjio 540 deg. These
limits ensure that the proposed method and the manufastpreprietary methods
lead to trajectories with similar time durations. Fig. 4 wisahe capability of the
method to keep the end-effector velocity below the desieskpevel, a feature that
cannot be ensured by the standard planning method. Moreowader to evaluate
the performance of the proposed methodologies, the matqués at the joints were
measured. The results yielded by the look-ahead algorigwe been compared to
those obtained using the original robot controller. The sneatorque for the first
three axes of the robot, i.e. the one that take the largest edire shown in fig. 5. In
both cases, by adopting the look-ahead method, a noticezdiletion of the motor
torques can be noticed.
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Fig. 4 Velocity profile: orig-
inal and with the look-ahead 1500
algorithm.
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Experimental tests lead to the conclusion that the develtpek-ahead method
can limit the acceleration values at the joints, and allowsetduce the values of
the motor torques at the robot joints. The reduction of theSRMIue of the motor
torque can reach values as high as 30% when compared to theabrnanufatc-
turer’s proprietary method.

4 Conclusion

In this paper, a new algorithm aimed at limiting the acceilers of joints in robots
with non-spherical wrist has been presented. With respeg€NC machines, where
accelerations in the end-effector space are linearly tzde@ with those in the joint
space, robots with non-spherical wrist, characterizedkig@matics not solvable in
closed form, require numerical methods in order to limitjiat accelerations, as
well as to obtain a velocity profile suitable for complex taskich as spray painting.
The proposed trajectory planning is based on the pararatitnizof the end-effector
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path by means of a B-spline curves. A model of the robot has meplemented in
Matlab and used to verify the effectiveness of the methodséweral paths. The
generated trajectories has then been tested on an indlaptag panting robot. The
results of the experimental tests have shown that the #figoallows to improve the
performance with respect to previously used methods, azskpt a good capability
in limiting joint speed and accelerations. A sensible reiducof the motor effort
has been reported as well.
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