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Abstract

Assembly tasks in flow assembly lines are usually executed using a robot that is mounted on a linear axis. In this way
the robot is moved in parallel to the conveyor, such that control is almost as with a fixed object. Control without such a
linear axis is more demanding as the conveyor motion has to be overlaid to the task-specific motion of the robot arm. This
requires high path accuracy instead of a high pose accuracy. In addition further kinematical restrictions apply, and a more

difficult fault management has to be considered.

1 Introduction

Final assembly in car manufacturing is predominantly ex-
ecuted in manual flow assembly lines, where a car body is
transported continuously between different assembly sta-
tions. Conveyor stops are prevented since this requires ad-
ditional space and assembly cycles, thus causing dispens-
able costs.

However, robot applications call for stop-assembly-
stations because in contrast to men,

1. Industrial robots are usually stationary.

2. Industrial robots and their control are usually de-
signed to have small pose errors at programmed
points. Path error during motion is not a priority.

3. Usual robot programming expects that the desired
trajectory (the trajectory of the conveyed object) is
accurately known in advance. This cannot be guar-
anteed during motion.

These are the reasons why, so far, robots are mainly used
for those applications that cannot be executed by humans,
as handling of bulky or heavy parts. The conveyed ob-
ject is stopped and fixed by positioning dowels or aligning
pins. In this way, retractable roofs, windshields, or pre-
assembled units as the cockpit are inserted.

Moving line assembly systems can be realized by provid-
ing a linear axis on which the robot is mounted and which
moves in parallel to the conveyor. Then, in the ideal case,
the conveyed object is stationary with respect to the base
of the robot arm. This resolves the first two aspects in the
above list. The robot program remains almost unchanged
with respect to a stop-assembly station.

However, according to [1] the sole tracking of the conveyor
pose is not sufficient for accurate assembly in motion. Sen-

sors are required that detect the exact position and orienta-
tion of the assembly point on the conveyed object. Robot
mounted sensors are suitable for this task. Besides, the
control of the linear axis is challenging, as usual conveyors
do not move with constant speed [2]. In fact, the third item
of the list may be a hurdle for reliable implementation.
Nevertheless, such robotized flow assembly stations have
been successfully implemented. The drawback of this so-
lution is the high cost of such an additional axis. In addi-
tion, modifications of the assembly line are not easy, since
the installation of a linear axis is much more difficult than
moving a stand-alone robot. In fact, a production line with
robots on linear axes is quite inflexible. To the best knowl-
edge of the authors, none of the proposed methods is cur-
rently being utilized in actual production lines.

Figure 1: Typical robot configurations at a conveyor. Up-
per row with linear axis, lower row without linear axis. The

rightmost tool pose of the upper row cannot be reached
without linear axis.

This paper discusses on the omission of the linear axis
when using a robot within moving line assembly systems.
The upper row of Figure 1 visualizes a typical set-up with
linear axis. In this case the posture of the robot arm is
almost unchanged. In contrast, without linear axis (lower
row), the conveyor motion requires the motion of the 6 axes



of the robot arm. A continuous change of the posture is re-
quired. This inhibits slow motion in order to obtain high
accuracy, and a more sophisticated approach for control is
needed. In addition, some poses of the tool center point
(tcp) cannot be realized without the use of a linear axis.
Exceptions with respect to the normal operation have to be
also checked, whether they can be executed or not.

There are two main aspects that determine whether a linear
axis is required or not.

e It has to be ensured that the path accuracy is suffi-
cient for successful assembly.

o The task at hand and the set-up of the robot and con-
veyor have to comply with the robot kinematics.

If both requirements are met, a linear axis can be omitted.

As an example for further discussion a wheel assembly
process is selected. This is a demanding task since toler-
ances between the wheel rim and the wheel hub are small.
Besides, an experimental comparison is possible, since re-
sults using a linear axis are available in [3]. The linear
axis is removed, but the robot and the conveyor remain un-
changed. Figures 2 and 3 show the set-up for both cases.

Figure 2: Experimental set-up at iwb for wheel assembly
using a KUKA robot with a linear axis in parallel to the
conveyor.

Wheel assembly in flow assembly lines has been proposed
by several groups. [4, 5] initially use a camera to per-
ceive the pose of the wheel hub. Since the wheel hub is
not visible when the robot approaches, the authors propa-
gate the pose of the hub using information that is available
from the conveyor. In this way, oscillations of the object
with respect to its suspension are however not included.
[6, 7] do use the camera during motion towards the wheel
hub. Still, visibility is limited by the wheel and the im-
pact cannot be observed by vision. Therefore the authors
use a force-torque sensor. This prevents excessive forces
in the contact phase. [8] selects a camera set-up without
occlusion. This is possible through the central hole that is
present in each wheel rim to house the kingpin of the wheel
hub.

Figure 3: Experimental set-up at iwb for wheel assembly
using a KUKA robot without linear axis.

In addition, [8] proposes a linear axis at the tool of the
robot in order to improve the dynamics of the whole sys-
tem. This yields a “macro-micro manipulator” where the
micro part only has a single axis that is parallel to the con-
veying direction.

Apart from that, in the literature, robot kinematics and dy-
namics are not discussed, because the presented experi-
ments do not exhibit a real conveyor. The use of a linear
axis is only proposed by the authors of the current paper
[3]. In this scenario (Figure 2), the linear axis is located
close to the conveyor, so that the robot can move in par-
allel within a range of about 3.5 m. In this approach all
types of sensor are used: a vision sensor, a force-torque
sensor, and a distance sensor that surveys the position of
the conveyor. In addition, the authors emphasize that the
force-torque sensor embodies passive mechanical compli-
ance that compensates for high frequency disturbances af-
ter contact has been established. Thus the tolerated charac-
teristics of the conveyor are not restricted by the bandwidth
of the control loop.

The paper is organized as follows: Next, in section 2 the
control approach is presented, with an emphasis on posi-
tion control, since this is fundamental when omitting a lin-
ear axis. Then, section 3 discusses the limitations that may
arise from the kinematics of the set-up or from the task it-
self. In addition, a fault management is proposed. Finally
the two set-ups are compared by experiments and the re-
sults are summarized.

2 Ensuring high path accuracy

Since without a linear axis the path accuracy is fundamen-
tal, this section presents an approach that, for moderate
accelerations, reduces path errors to the order of magni-
tude of the values for pose errors guaranteed by the robot
manufacturer.' The method is a special approach for pro-
cessing sensor information with position control. Next, the
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Figure 4: Control architecture that accounts for path errors instead of position errors.

description concentrates on the control aspects. The choice
of sensors and their set-up can be found in [3], where the
control approach has been already used, but not explained
in detail.

2.1 General control approach

Instead of a direct feedback from sensor data to motion
commands, the presented approach distinguishes between
the computation of a desired trajectory and its control. This
is assumed to yield an ideal robot (see Figure 4). Both
components are independent from each other. They com-
municate by a predictive interface that, in each sampling
step, provides desired poses for the current time instant and
the near future (bold face lines in Figure 4). This informa-
tion is sufficient for a position controller that accurately
executes the desired motion. Thus this approach solves the
problem of item 3 in the introduction.

The knowledge of a desired trajectory? enables a feed-
forward controller to minimize future path errors by cur-
rent control outputs. This cannot be accomplished by the
standard robot controller which processes only the desired
pose for the current time-step. The controller is however
required to minimize unforeseen control errors. Typically,
the standard controller implementation of the robot man-
ufacturer is well suited since it guarantees stability within
the whole workspace.

The prerequisite of the separation of desired motion com-
putation from its control is that a sufficient part of the de-
sired trajectory can be provided, e.g. by predicting or ex-
trapolating sensor data. The control performance will be
inferior if used parts of the desired trajectory change due to
unexpected disturbances. However, the experiments show
that only big changes or changes close to the current time
instant really worsen performance, in a significant way. In
the case of such disturbances, all control methods will mal-
function because control limitations appear, or because of
structural oscillations.

2.2 Computation of the desired path

Within this paper the new computation of the desired tra-
jectory is understood as the geometrical modification of a
given, programmed desired trajectory. The velocity profile
is not optimized.

The desired robot pose is computed from sensor data that,
in combination with the current tcp pose, measure the po-
sition of the conveyed object. Strictly speaking, that pose
of the conveyed object is computed, which will be in con-
tact with the tcp. This pose may be model-based predicted
to estimate future poses[9]. Then the desired robot path is
modified in such a way that the pose difference between
the desired robot path x4 and the measured/predicted ob-
ject path x, is identical to the given difference between the
programmed robot path x,. and the nominal object path x,,.
For the sensing of the object pose all sensors are calibrated
to measure position and orientation. The measured deflec-
tions of the force-torque sensor *T are not transformed
to forces and torques but used directly as a pose difference
that may be propagated from the sensor to the tcp by

Ty =Ty "T, - *Ty -°T, (1)

where °T, is the constant homogeneous transformation
matrix® from the sensor to the tcp. T, represents the pose
of the tcp if there is no deflection. In contrast, T, gives the
real pose of the tcp, which in the case of contact is identical
to the object pose T,,.

With a robot mounted, non-contact sensor this object pose
is computed from

T,=T,  -T.'-*T,

a @)
where ¢ T, is the transformation of the contact pose of the
object with respect to the (deflected) sensor. If a camera
is used as sensor, then * T, is computed by vision algo-
rithms.

The desired robot pose T is then
Tq=T,-'T," (€)

where "'T',, is the given transformation between the ref-
erence pose of the tcp and the nominal pose of the object.

I The Cartesian path accuracy of the tcp is limited by the deflection of the force-torque sensor. Thus, only the robot flange can reach the pose accuracy.

This is independent of the arrangement of the robot.

2In reality only a small part of the desired trajectory is required: about twice the space of time that corresponds to the time constant of the feedback

controlled robot, beginning at the current time step.

3 All matrices T are homogeneous transformation matrices that correspond to the pose vectors x with the same indices.



This transformation changes during the approach to the ob-
ject. In the case of contact, it represents the desired forces
and torques.

Strictly speaking, T is not being exclusively computed
from (3). The desired robot trajectory is also smoothed and
a Cartesian controller accounts for end-effector oscillations
that might be present because of the compliant suspension.
More details can be found in [9]. Finally T'; represents the
homogeneous transformation matrix that has to be reached
by the robot. It can be expressed as a Cartesian pose vector
x4 of position and orientation. Its computation is indepen-
dent from the use of a linear axis for the robot.

2.3 Predictive robot position control

The position control of the robot is executed in the axis
space since in the Cartesian space there are substantial cou-
plings between the individual degrees of freedom (dof).
Besides, control in Cartesian space is ambiguous when us-
ing a linear axis. The redundant dof of the inverse kine-
matic transformation is solved depending on the applica-
tion and its progress [9]. Therefore the position control
task is only defined within the axis space.

The position control is a combination of the built-in feed-
back controller that is provided by the robot manufacturer
and of a feed-forward controller. Most industrial robots
feature an real-time interface that allows processing a vec-
tor of axis position commands q.(k) in each time-step
[10, 11]. The task of the feed-forward controller at time-
step k is to map the desired axis trajectories qq(k + i) with
1 =0,---,n to the axis commands q.(k).

qc(k) +ZR (aa(k+1) —qa(k)) @

The matrices R; represent the controller parameters. They
are almost diagonal, with some extra elements that con-
sider strong couplings between individual axes. These are
present among hand axes (4, 5, 6) and between the first arm
axis (1) and the linear axis (7), if the latter is used.

The number n of controller matrices depends on the time
constant of the feedback controlled robot. Since the inter-
nal controller includes a filter, n ~ 20, with sampling steps
of 12 ms. This means that about 240 ms of the desired path
have to be predicted.

Stability of the system is ensured for all choices of R;
since feed-forward control is not critical and the feedback
part is not changed with respect to the original controller.
Unstable behavior may however occur, if the desired poses
are correlated with the robot motion. This may be true
for inappropriate sensor calibration or if the measurements
of T, (k) (robot encoders), * T (k) (force-torque sensor),
and S/To(k) (vision system) are not synchronized. This
requires that the vision system considers its delay.

2.4 Adaptation of the controller parameters

The computation of the controller parameters is done off-
line, yielding time-invariant parameters. The adaptation
includes three steps:

1. First, a coarse model of the dynamics is built.

2. Then, using this model, optimal commands are com-
puted that compensate for control errors of a sample
trajectory.

3. Finally, controller parameters are estimated that
would result in the optimal commands.

The last two steps are repeated iteratively, until the con-
troller converges.

In contrast to the controller parameters, the model may be
rather inaccurate since for the iteration of step 2 it is suffi-
cient to give the sign of the modification from the observed
command q. to the optimal value q}. Therefore a decou-
pled linear model is proposed that is generated after the ex-
ecution of a single test trajectory in which the commands
q. and the resulting actual values q, are recorded. For axis
j the model equation is

+ Zgu ch )

with the parameters g;; of the impulse response function.
Besides a programmed path, the trajectory includes some
stochastic excitation. This allows for a robust identification
of the model parameters g;;.

For step 2,

Gaj (k + 1 = QC] - QCj(k)) 5)

+ Z gi ij " qcy )
is subtracted from (5). For all time steps, since

> g=1 )
i=0

is valid, this yields a matrix equation

G- -Au=e. ()

Au and e are vectors whose elements are the sampled
values of the corresponding signals. For the adaptation
of the controller parameters r;;, ;, that represent the influ-
ence of motion in axis j; to axis jo, the kth element of
Auis Aug = q;, (k) — gcj, (k) and the kth element of e
is ex = qaj, (k) — gaj, (k). The matrix G represents the
model parameters g;;, in each row. This assumes that the
coupling from axis j; to axis jo is governed by the motion
in axis ji, which is modeled by g, .

With N sampling steps within a sample trajectory, the ma-
trix equation is /N x N. It is large enough to render compu-
tation of the Awuy almost impossible. However, the matrix
G only contains n elements in each row (and each col-
umn). This fact can be used and yields a computational
effort O(Nn?) instead of O(N?). The solution gives the



trajectory of the commands ¢, , which are optimal for the
recorded sample trajectory with respect to a least square
error of e.

Then, in the third step of the adaptation, the controller pa-
rameters r;;, j, can be estimated (similar to the identifica-
tion of the model equation (5)) from

Gej (k) = qajy (R)+ D) 7ijiga - (azs (k+1) — qaj, (F)).

j2 =0

©)
Steps 2 and 3 of the adaptation scheme are repeated iter-
atively with recorded data from trajectories with the latest
controller parameters in each case, until the controller pa-
rameters converge. This is assured for linear systems.*
Since the adaptation process uses the measured axis val-
ues that are returned from the robot controller, the result-
ing feed-forward controller will not minimize the absolute
control errors. Instead, only the differences between qq
and q, are minimized. With the approach of sections 2.1
and 2.2 this is not a problem, since the desired poses qg are
computed using the poses T, which are computed from

Qa-

3 Kinematical aspects and fault
management

While section 2 presents a method that ensures a sufficient
path accuracy for all tasks, in this section some prerequi-
sites are discussed, that have to be checked individually for
each application. A linear axis may only be omitted if all
conditions are met.

3.1 Normal operation

In general, an application is suited for moving line assem-
bly without an additional linear axis if the assembly point
can be reached with different positions of the conveyed ob-
ject. Figure 5 gives an example where a linear axis is re-
quired.

LO | ON

Figure 5: Assembly task that can be executed using a lin-
ear axis (left) while without linear axis a collision occurs
(right).

In general, assembly at the outer part of a conveyed object
is not critical, unless the assembly point is partially covered
by the fixture of the object. Thus, e.g. wheel assembly to
a moving car is possible if the wheel hub is not too close

to the frame in which the car body is held (yellow parts in
Figure 3).

In contrast, assembly tasks within the conveyed object will
usually specify a certain robot posture or a range of pos-
tures, which can be achieved only with a linear axis. A typ-
ical example is the assembly of the cockpit module to the
car body. In this application the robot has to pass through
the door opening. For such tasks, in most cases it is advan-
tageous if the robot base is more distant to the conveyor
as it would be when using a linear axis. The angular mo-
tion of the first robot axis, which corresponds to a specified
Cartesian motion at the tool, decreases with increasing the
distance of the robot base. This is demonstrated at the left
hand side of Figure 6. In case of doubt, a kinematic simu-
lation has to be performed to support the decision in favor
of a linear axis.

Mo~ 1m
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Figure 6: Without linear axis a greater distance of the
robot from the conveyor is advantageous (left). This al-
lows retraction from the conveyor in all assembly phases

(right).

Besides, a longer distance between the robot base and the
conveyor is often required to enable the robot to move back
to the initial position. The right hand side of Figure 6
shows that without linear axis the object can only be passed
if the distance is long enough.

3.2 Emergency mode

The usual fault management is to retreat the robot from the
conveyor in the case of unexpected sensor data, in order
not to affect the conveyor motion. The same is desired for
other faults as far as robot motion is still possible. There-
fore a robot with linear axis is typically arranged as in the
upper row of Figure 1, not as in Figure 5. Without using a
linear axis, the demand for an immediate retraction capa-
bility can only be fulfilled taking a sufficient distance be-
tween the robot base and the conveyor, as demonstrated in
the right-hand side of Figure 6. A sophisticated retraction
policy could weaken this requirement, e.g. by a rotation of
the tool as in the rightmost example of Figure 1.

Figure 6 shows that a minimum clearance to the conveyor
is essential not only for kinematically restricted tasks but
also e.g. for wheel assembly. Thus in all cases the dis-
tance between the robot base and the conveyor has to be
larger when a linear axis is omitted. As a consequence,
the workspace at the conveyor is reduced. This limits the

4 Additional parameters for a bias have to be provided if there are significant pose errors that are measurable by the internal axis values.



applicability of the robot since it reduces the possible as-
sembly time in contact to the conveyor.

3.3 Soft constraints

The above described requirements are compulsory if a lin-
ear axis is omitted. There are additional effects however
that may be tolerated but that could also affect perfor-
mance.

The first point is that the accuracy will be inferior because
of the longer distance from the tcp to the robot base. In this
way the same positioning error of the first robot axis pro-
duces larger Cartesian pose errors at the tcp. In addition,
structural oscillations may appear more often.

Another point is that the robot motion might be closer to
singularity. Then higher velocities of the axes 2 and 3, or
4 and 6 are required, which additionally degrades path ac-
curacy.

Besides path accuracy, the programmed paths that are close
to the limits of the workspace further restrict the sensor-
based modifications of the desired path. With respect to
the example of wheel assembly, it is possible that not all
possible orientations of the wheel hub are allowed. For the
experiments in section 4 this has not been a restriction. But
it does inhibit the use of a smaller robot.

4 Experiments

The experiments compare wheel assembly with linear axis
from [3] with test runs that are executed with the same
KUKA KR180 robot after the linear axis has been re-
moved. Because of the consideration in section 3.2, the
stand-alone robot is located 250 mm more distant to the
conveyor. In this way a retraction from the conveyor is al-
ways possible. The base of the stand-alone robot is about
500 mm (height of the linear axis) lower than before. Nev-
ertheless, even for extreme wheel orientations the robot is
within the limits of the workspace and can follow the con-
veyor at its speed of about 0.1 m/s.

Figure 7 demonstrates that, in the conveyed direction (y-
component), the control errors are not affected by the use
of the linear axis. The graph begins with the alignment
of the wheel with respect to the wheel hub, which takes
place during the approach to the wheel hub. After 6 s the
wheel is aligned and at ¢ = 7.3 s the hub is reached and
the screwing begins. In this phase the orientation of the
wheel hub may be completely determined. The screws are
fixed at ¢ = 9.5 s. Then, in the test scenario, contact is held
for some more seconds. Figure 7 shows that the control
error is below 1 mm and therefore within the compliance
of the force-torque sensor of 2 mm. In the contact phase
the control errors further display contact forces that are not
excessive.
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Figure 7: Position control errors in the conveyed direction
when approaching to the conveyor and assembling with
( ) and without ( — ) linear axis.

Figure 8 demonstrates that the control errors with respect
to the distance (z-component) are not smaller, even though
this component is not directly affected by the conveyor or a
linear axis. This suggests that the control errors of moving
line assembly are not inferior to those of an assembly to an
immobile object.
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Figure 8: Position control errors in the distance when ap-
proaching to the conveyor and assembling with ( ) and

without ( — ) linear axis.

The increased error after ¢ = 6 s is due to deceleration,
which causes overshooting because of the compliant sus-
pension of the end-effector. This is not being sufficiently
compensated by the controller for the end-effector pose.
Therefore the revision of this controller will be one of the
next steps for improving performance.

Figures 9 and 10 show the corresponding tests when, as
a disturbance, the conveyor is stopped at ¢ = 5 s and
restarted again at ¢ = 9 s. They demonstrate that, using
model based filtering [9], the control errors are more than
two orders of magnitude less than the robot motion which
is displayed in Figure 11. This is independently of a lin-
ear axis. That figure shows the approaching phase to the
conveyor as well as the retraction. The conveyor motion is
also recorded.
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Figure 9: Position control errors in the conveyed direction
when approaching to the conveyor and assembling with
( ) and without (| — ) linear axis, this time with a
stop of the conveyor according to Figure 11.
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Figure 10: Position control errors in the distance when
approaching to the conveyor and assembling with ( )

and without ( — ) linear axis, this time with a stop of the
conveyor according to Figure 11.
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Figure 11: Motion of the robot for Figures 9 and 10.

Experiments without the proposed feed-forward controller
cannot be shown for comparison since the control errors

exceed their tolerable range.
Video clips on the reported experiments and other tests can
be found at http://www.robotic.dlr.de/212/ .

5 Conclusion

The paper discusses some control aspects for robotized
moving line assembly and demonstrates wheel assembly
to a conveyed car. It proves that flow assembly can do
without a linear axis, if

e the position controller allows accurate control with
minimum spatial or temporal trajectory error,

e the application is not critical with respect to colli-
sions with the robot arm,

o the robot base is located sufficiently distant from the
conveyor.

It is worth noting that wheel assembly is executed with
similar reliability with both set-ups.
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