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Abstract— Throwing or shooting is a new approach for the
transportation of objects within production systems. Since
Gantry Robots are often applied to load and unload machines, in
a research project a Cartesian Robot was used for capturing
flying objects. A camera system is measuring the object’s
positions during a throw in subsequent periods of time. Based on
these measurements it can predict the capturing point with an
increasing accuracy. So it can direct the robot during a throw to
the capturing point also with an increasing accuracy. In this
paper control methods are proposed which allow in such an
application fast and smooth motions of the robot to the final
capturing point. For the evaluation of the control methods two
scenarios, a simplified and a realistic one, are defined.
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1. INTRODUCTION

Throwing or shooting is a new approach for the
transportation of objects within production systems [1]. Fig. 1
shows our concept for this method. For this we have already
presented in [2] a throwing device and two different types of
capturing devices. For the visual tracking of flying objects
during a throw, different methods are already described in
several other scientific works [3, 4, 5]. The focus in this paper
is laid on the optimized control of the robot for tracking the
capturing device to the final capturing point.

The features of the concept presented in Fig. 1 can be
summarized as follows:

e  Objects are thrown with different shapes and masses up
to 60 g over distances of about 3 m. Since the objects
shall be transported very fast, they shall be thrown with
speeds up to 10 m/s. With that very flat trajectories can
be achieved. The flight-time of the objects on such
trajectories is about 300 ms.

e When throwing objects, which are unsymmetrical and
not absolute identical, their trajectories are depending
on sensitive influences like different conditions during
the acceleration by the throwing device, the influence
of the gravitation and the aerodynamic resistance.
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Fig. 2 shows as an example two trajectories of the
same electrical terminal block. After 3 m they have in
the z-axis a deviation of 120 mm. For other objects it
shall be assumed, that they arrive at the robot in a
capturing area which is 400 mm x 400 mm.
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Fig. 1. Concept for Throwing Objects
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e In production systems gantry-robots are often applied
to load and unload machines. Therefore a Cartesian
robot is used to capture the flying objects. The robot in
Fig. 3 has the following technical data: The working-
area in the y-axis is 1000 mm and in the z-axis 800
mm. The maximum acceleration and the maximum
speed of this axis are a,, = 25 m/s? and vy, = 4 m/s at
a payload of m =5 kg.

In this paper control algorithms are presented, which allow for
this application fast and smooth movements of the Cartesian
robot.

II.  RELATED WORK

The visual tracking of flying objects and the tracking of
NC-axis of robots have already been realized in several
previous research works. In [3, 4, 5, 6, 7, 8] studies are
described, where balls or arrows are captured or batted. A
paper, where the transportation of objects within productions
systems by throwing and capturing was proposed, is not
known.

To get very short transportation times respectively flight
times, the flight-speed was specified as v, = 10 m/s. This is a
high requirement which is met up to now only by few existing
systems. One of them is described by Taku in [6]. In this
project a robot is able to bat flying Styrofoam-balls with
speeds up to v = 8 m/s over distances of 2,5 m. In the opposite
of our Cartesian robot a 5 DOF robot, consisting of revolution
and bending motion alternately, is used. An application were
flying objects are captured by a Cartesian Robot is not known.

According to [6] a main requirement for high-speed motions
of robots is to achieve with the features of the real robot not
only fast but also smooth motions. For the transportation of
objects in production systems with short cycle times, smooth
motions are extra important to preserve the mechanical
components of the robot for a long life time [9].

Fig. 3. Cartesian robot for capturing flying objects

Only few papers deal with optimized algorithms for the
control of the robots in such applications. The control-method
described in [6] is related to robots with rotation axis. In [7]
for a humanoid robot a bell-shaped velocity-profile is
presented. With this proposal “human-like” (smooth) motions
can be achieved, however it is not optimized to fast speeds.

III. BASIC REQUIREMENTS TO THE CARTESIAN ROBOT

In the approach as it is shown in Fig. 1, at the beginning the
robot is positioned in the center point of the capturing area.
After the point of time, when the object is thrown, the robot
must be capable to move the capturing device during the flight
time Aty to each point within the capturing area. This means
that each of the two numerical controlled axis of the Cartesian
robot (NC-axis y and z) must be able to move within Aty a
distance of As,yis = /2 * AScaparea (Fig. 1). Since these distances
are short, the accelerations of the NC-axis are more important
for that, than their maximum speeds. Fig. 4 shows for a NC-
axis the required times At,; over the distances As,s to be
moved at different accelerations. For this it was assumed, that
the axis are accelerated with a constant value a; during the first
half of the distance and that they are decelerated with the same
value during the second half of the distance. The maximum
speeds, which are achieved during the movements, are also
shown in Fig. 4. Fig. 5 shows the s-curves for such a
movement, when the y-axis of the Cartesian robot moves with
an acceleration a = 25 m/s” over a distance of ASayis= 200 mm.
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Fig. 5. S-curves of the y-axis of the Cartesian robot over s = 200 mm
with a =25 m/s? (Scma — command position; s — actual position)



IV. PREDICTION OF THE CAPTURING POINTS

A. General Sequence of the Predictions

During the flight of an object, the positions on its trajectory
are measured by a camera-system in equidistant periods of time
Atpregierr  With  the information of these subsequent
measurements the camera-system predicts the capturing-point
for the robot. At the beginning of such a measurement-series
the predictions are still inaccurate. With the increasing number
of measurements the predictions are becoming more and more
accurate. This is illustrated in Fig. 6 with a simplified example.
At the beginning, the capturing device is at the center point of
the capturing area (CP). It is assumed that the camera system
makes subsequently four predictions for the capturing point
(PCy). At the first prediction (PCy), the accuracy is still low.
Therefore the area of prediction (AoP,) is still big. The area of
prediction is defined as an area, in which the final capturing
point will be expected with a certain statistical probability.
With the consecutive predictions at t,, t; and t4 the accuracy of
the predicted capturing points becomes higher and so the areas
of prediction become smaller. In Fig. 6 the final capturing point
(FC) is assumed in the corner of the capturing area, which is
the worst possible position for the robot.

To avoid in the following descriptions a double
consideration of the y- and the z-axis, it shall be assumed that
the characteristics of the flying objects and the characteristics
of the robot are in the y-direction and in the z-direction
identical. So only a general s-axis has to be considered.

B.  Definition of Fix Scenarios

During the flight the information which the robot receives
from the camera system can be described by the following
features:
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Fig. 6. Simplified example for the prediction of a capturing point by
a camera system.

CP - Center Point of the Capturing Area;

PC; - Predicted Capturing Point at time ti;

AoP - Area of Prediction;

FC - Final Capturing Point

e Period of time in which the robot receives new values
(AtPredict)a

e increase of the accuracy of the subsequently predicted
capturing points and

e irregularity of the positions of the subsequently
predicted capturing points.

For the comparison of different control methods fix
sequences of information from the camera system to the robot
shall be defined. They shall be used to evaluate each method
with the same input data.

For the motion of the robot always its worst case from the
center point (CP) to a final capturing point (FP) in the corner
of the capturing area, shall be considered (Fig. 6).

For the increase of the accuracy of the subsequently
predicted capturing points two cases shall be distinguished:

e Case 1: Linear increase of the prediction accuracy
(simplified situation)

It shall be assumed that the accuracy of the predicted
capturing points increases linear. The side-length of the
areas of prediction (Asa.p) shall become linear smaller
(see example in Fig. 6). After the duration of a time
Atgc the error of the predicted capturing point shall be
Zero.
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e (Case 2: Exponential increase of the prediction accuracy
(realistic situation)

Our experiments have shown that the accuracy of the
predicted capturing points increases with an
exponential function. For that the side-length of the
areas of prediction can be calculated as follows:

O’S'AS apArea
AS 4op =TC;A'(¢—A1FC)2 @)

FC

For the irregularity of the positions of the predicted
capturing points we also want to distinguish two different
cases:

e Case A: Regular approximation to the final capturing

point (simplified situation)

It shall be assumed that the subsequently predicted
capturing-points have a regular approximation to the
corner of the capturing area (see example in Fig. 6).
Therefore the positions of the predicted capturing
points shall be calculated as follows:

SPC,i = 0’5 ’ ASCapArea - 0’5 ) ASAoP,i (3)



e Case B: Irregular approximation to the final capturing
point (realistic situation)

It shall be assumed that the subsequently predicted
capturing points have an irregular approximation to
the corner of the capturing area. Therefore the
following equations shall be used:

Ifiis odd:

SPC,[ = 0’5 ’ ASCapArea - 0’5 ’ ASAOP,[ (4)
Ifiis even:
Spci = 05- ASCnpAr(‘a -05- ASAnP,i +d- (ASAnP,i _ASAnP,iH) (5)

For the evaluation of the control methods finally only the
following two combinations shall be applied:

e Scenario 1A: Simplified sequence (Fig. 7)

The simplest scenario is the combination of the linear
increase of the prediction accuracy (case 1) with a
regular approximation of the predicted capturing points
to the final capturing point (case A). This scenario shall
be used only to explain the control methods. In this
scenario Atp.gict Shall be assumed as 50 ms.

e  Scenario 2B: Realistic sequence (Fig. 7)

For a realistic scenario the exponential increase of the
prediction accuracy (case 2) shall be combined with an
irregular approximation of the predicted capturing points
to the final capturing point (case B). In this scenario
Atpregic: shall be assumed as 25 ms, as it is in the real
system.

V. CONTROL SYSTEM

For the control of the Cartesian robot a commercial
available motion controller SIMOTION P350 is used (Fig. 8).
It runs on a PC with a 2 GHz Pentium processor. The s-curves
of the command positions for the movements (Scmg) are
generated by an interpolator for each NC-axis separately. The

Scenario 1A: Simplified sequence Scenario 2B: Realistic sequence
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Fig. 7. Scenarios for the evaluation of control methods
spc — position of the predicted capturing point
Saop — position of the boundary of the area of prediction

scan time for the position control is 1 ms. The speed control is
implemented in the drive unit and has a scan time of 125 ps.

In the controller to each period of time Atpgict, in Which the
robot receives from the camera system a new prediction for
the capturing point, a new “section of movement” (SoM) for
the robot is allocated. At the beginning of such a SoM each
NC-axis gets a new target-position and independent whether a
NC-axis is just standing, accelerating, moving with a constant
speed or decelerating, the interpolator will lead the NC-axis
from its actual state on new s-curve directly to the new target
position. Therefore it calculates for each axis the command
positions scyg completely new.

VI. CONTROL METHODS

A. Predicted Capturing Points as Target Points

The most simple control method is to use in each SoM the
position of the new predicted capturing point (in Fig. 7: spc =
f(t) ) as the new target-position for the NC-axis. This causes
very unsmooth movements as it can be explained with a simple
example in Fig. 7, Scenario 1A. At time t, the target-position is
spc = 125 mm. At time t, a new predicted capturing point must
be expected between spc = 50 mm and spc = 200 mm. So with
each new predicted capturing point a turn of the moving
direction is possible. Therefore this method shall not be
considered in more detail.

B.  Boundaries of the Areas of Prediction as Target Points

To avoid turns in the moving directions from one SoM to
the next, we propose to use the boundaries of the area of
predictions as target-positions (in Fig. 7: sa.p = f(t)). These
boundaries may be used as target-positions only if the robot
can reach them from outside the area of prediction. With this
demand at the beginning of a new SoM a s-curve is generated
which leads the NC-axis to the boundary of the actual area of
prediction. If during this movement a new prediction is
delivered from the camera system, a new s-curve is generated
for the next SoM.
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Fig. 8. Control system for the Cartesian robot. Every time, when the
SIMOTION receives from the camera system a new prediction for the
capturing-point (1), it starts a new SoM. For such a new SoM 1 it
calculates according to one of the described control algorithms new
values for Asmovei, VEndi Tespectively a;. Based on the actual state of
the NC-axis and these values a new s-curve will be generated (2).
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In Fig. 9 and Fig. 10 the results of this control method are
shown for the scenarios 1A and 2B. Both figures are showing
no simulations but real movements of the y-axis of the
Cartesian robot. In the realistic scenario (Fig. 10) the robot can
move the capturing device within 230 ms to the corner of the
capturing area. This is a good result for capturing objects
according to the specifications in section 1. The disadvantage
of this method however is, that in both scenarios there are a lot
of acceleration- and deceleration-steps, which cause a high
mechanical stress to the robot.

C. Limitation of the Speeds

With a specific limitation of the speed in each SoM it can be
achieved, that one SoM can not have both an acceleration and
also a deceleration step.

At the beginning of a SoM i the distance which a NC-axis
can move (Asi*) consists of a remaining distance from the
previous SOM (ASremainsi-1) and a new distance according to the
previous and the new prediction values :

.
As, = ASRcmain,i—l +(SA0P,1' _SAaP,i—l) (6)

This distance Asi* shall be divided in a distance ASpyoye;
which shall be moved real during the SoM i and in an
eventually needed distance for the deceleration, if sxop i+ Will

become equal to saep
2

* Vv .
As, =Asyy,, +0,5 20 ()
a

max

With Aspovei the following cases must be distinguished:

2
® If ASM()ve,i > vEnd,i—l .AtPred + 0’5 : amax .AtPred 2

the NC-axis can be accelerated with a,, during the
whole SoM i.
o If As
2

ASMove,i < vEnd,i—l 'AtPred + 0’5 : amax 'AtPred 2 the

acceleration in the SoM 1 shall be limited to the
following speed:

> Vg i1’ Aty o and

Move,i

2
VY End i-1
Move,i
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— max
Vo = ®)
End i1
+ AtPred
amax
® If AsMuve N = vEnd Ji—1 ' AZPr ed ° the Speed durlng
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Fig. 9. Movement according scenario 1A with Vi and amax

(Scmd - command position; sa. — actual position; v — speed,;

a — acceleration; sx,p — positions of the boundary of the area of
prediction)
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Fig. 10. Movement according scenario 2B with Vi and amax
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e If As,,,,,=0 the NC-axis shall be decelerated during
the whole SoM 1 with a,,,.

In Fig. 11 and Fig 12 the results of this control method are
shown for the scenarios 1A and 2B. As it can be seen
especially at the profile of the speeds v, this method causes
much smoother movements than the method without specific
limitations of the speeds.
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Fig. 12. Movement according scenario 2B with specific limitations of
the speeds in each SoM

D. Limitation of the Speeds and the Accelerations

A further improvement can be achieved, if not only the
speeds are limited for each SoM but also the accelerations. If a
SoM consists either of an acceleration-step and a constant
speed or a deceleration-step and a constant speed, the
acceleration respectively the deceleration can be distributed to
the whole SoM. Therewith the absolute value of the
acceleration can be defined smaller than a,,, and so the
mechanical stress to the robot can be reduced further.

In both cases the reduced speed Vvgnq; and the reduced
acceleration a; can be calculated with the following equations:

max
max

: 2 11
Viay =(=0,5- Aty + \/(O,S-Al,,“,{,)“ =05V~ DSy ) ) @ ( )

_ Ve ~ VEn,in (12)

' AtPred

So all SoM have either a constant speed or only an
acceleration-step or only a deceleration-step. The result of this
method is shown for scenario 2B in Fig. 13.
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Fig. 13. Movement according scenario 2B with specific limitations of
the speeds and the accelerations in each SoM

VII. CONCLUSION

The proposed control methods were tested with a Cartesian
Robot. For a movement according to scenario 2B the robot
needs with no specific limitations of the speeds and the
accelerations about 230 ms (Fig. 10) and with a reduction of
the speeds and the accelerations about 235 ms (Fig. 12, Fig.
13). So with the proposed algorithms at a very small loss of
time a significant improvement for smooth movements of the
robot axis can be achieved.
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