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Abstract

Rack-and-pinion drives are the preferred option in the machine tool sector when long ranges of motion and high loads are
involved. However, their shortcomings particularly include deficiencies in the achievable positioning and path accuracy. The
backlash as one of the main issues is well described in the literature and numerous solutions to reduce its negative effects
exist. In contrast, there is a lack of literature regarding the scientific and systematic analysis of the transmission errors in
rack-and-pinion drives. In this paper, the displacements originating in the drive train of a system with industrial components
are measured under different operating conditions. The observed transmission errors are thoroughly analyzed in no-load
operation and their sources are discussed. Subsequent investigations show significant load-dependent alterations of the
transmission errors and direction-dependent characteristics, the causes of which are explained. It is shown, that transmis-
sion errors negatively affect the path accuracy of position controlled drives, which is amplified by excitation of the machine

structure in certain operating conditions. To address this issue, different error compensation concepts are presented.
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1 Introduction

Modern manufacturing equipment is expected to deliver
high production quality coupled with high dynamic per-
formance. Both properties are largely determined by the
installed drive systems. In addition to the achievable feed
forces, they also define the accuracy and the static and
dynamic rigidity. Rack-and-pinion drives (RPDs) are the
preferred choice for applications with long travel distances
and high loads [1]. The stiffness of these drive systems is
independent of the travel distance and since only stationary
rack elements are added to increase the axis length, whereas
the inertia moved by the drive remains unchanged, arbitrar-
ily long travels can be realized without inhibiting the dynam-
ics [2]. This high scalability in combination with economical
implementation make RPDs particularly suitable for heavy
machinery [3]. Nevertheless, they also have some specific
downsides. Of particular relevance for machine tools is the
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inferior positioning and path accuracy compared to other
drive types [2]. A major issue limiting the positioning accu-
racy is backlash, which has a negative effect on both static
and dynamic performance. However, the literature offers
various approaches to eliminate its negative effects to a great
extent by utilizing mechanical [3] or electrical [4] preload or
designated model-based control strategies [5], that can also
factor in elasticity [6].

In consequence, other sources of error become more
apparent. One issue that mainly influences the dynamic
accuracy and causes deviations during trajectory tracking
is the transmission error (TE) of RPDs. TEs are defined as
the deviations of position and velocity that occur between
the input and output of gearings [7]. In the case of RPDs,
such errors are present both in the meshing of the rack and
pinion and in other gearing in the drive train. The result are
periodic position differences between the drive motor and
the table that can lead to vibration excitation and unsatis-
factory surface finish of the workpieces. TEs are compre-
hensively described for gearwheel pairings [8], including
vibration research [9], their minimization through design
improvements [10] and implications for planetary gears [11].
For rack-and-pinion gearings literature regarding simula-
tive studies utilizing FEM tools [12] as well as analytical
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Fig. 1 Architecture of the rack-and-pinion test bench

models [13] exist. In addition, studies concerning automo-
tive steering systems [14] and variable compression com-
bustion engines [15] are available. However, in the context
of position-controlled feed drives with RPD, there is hardly
any literature to date that provides experimental data con-
cerning the impact of TEs on the path accuracy and vibra-
tion excitation of the drive mechanics. As a consequence,
approaches for their compensation are uncommon. This
paper is intended to contribute to adress this gap.
Therefore in Sect. 2 a setup with industrial components
for experimental investigation is presented. Section 3 ana-
lyzes the TEs of this RPD in detail under different operating
conditions. Following this, the effects on the path accuracy
of the controlled drive are examined in Sect. 4, involving
the elaboration of potential excitations of the machine struc-
ture induced by the drive train in Sect. 4.1. Subsequently
concepts to compensate for the deviations from a control
engineering perspective are presented in Sect. 5.

2 Experimental setup

To investigate the transmission uniformity of RPDs, an
exemplary system that is comparable to common industrial
implementations is used as a test bench. Figure 1 outlines the
schematic structure of such a system with RPD and Fig. 2
shows a picture of the corresponding test bench utilized in
this paper.

The servomotor actuates the pinion through a high-
precision two-stage planetary gearbox. The linear motion
is subsequently provided through the meshing of pinion
and rack. To enhance smoothness of movement, gearing
with a helix with an incline f of 19.5283° is used. The
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Fig.2 Picture of the utilized test bench

Table 1 List of the components used in the test bench

Component Manufacturer Factory number
Synchronous motor Siemens 1FT708

Motor encoder Siemens AM24DQI
Planetary gearbox Wittenstein RP040S

Pinion Wittenstein RMT400

Rack Wittenstein ZST400

Linear direct drive Siemens 1FN3300
Guide rails Schneeberger AMSABS3
Control unit Siemens CU320-2-DP

Table 2 Relevant parameters of the RPD and other test bench com-
ponents

Parameter Symbol Value Unit
Helix angle g 19.5283 °
Pressure angle a, 20 °

Pitch diameter d, 84.882 mm
Pinion teeth z 20 -
Gearbox ratio ipg 16 -

Table mass my 420 kg
Position control gain K, 70.8 1/s
Velocity control gain K, 6.65 Nms/rad
Velocity control T, 2.26 ms

Time constant

drive is guided by two guide rails and the mass m; of the
table with the drive system is 420 kg. The components
used are listed in Table 1 and relevant parameters can be
taken from Table 2.

A specific feature of the test bench is a linear direct drive
(LDD) mounted in the center of the table in parallel to
the feed drive. This allows to apply forces to the RPD and
thereby simulate loads.
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The central control unit is a Siemens CU320-2 with
corresponding inverters for motor and LDD. The position
control of the drive is done by a cascade control. Figure 3
illustrates such a configuration, as it is used in the setup
under consideration. The structure consists of three inter-
connected control loops [16]. While the innermost current
control loop has negligible influence on the system charac-
teristics, the velocity and position control loops are decisive
for the properties of the drive [17]. The velocity controller
regulates the rotational velocity of the drive motor 6, via the
desired motor torque 7. The position controller, obtaining
the target position x,, provides the desired table velocity v,.
In case of an indirect position control the control loop is
closed through feedback of the motor position x,,. While this
configuration has the benefit of reduced cost due to the lack
of need for additional measuring systems, the missing feed-
back of the table position means that the position control can
only react inadequately to disturbances affecting the table,
such as friction and process forces. In the area of machine
tools with high demands on positioning accuracy, a linear
measuring system is therefore commonly added to allow for
a direct position control of the table position x; [2]. In the
setup under consideration, an absolute position measuring
system integrated in the guide rails is used. For improved
trajectory tracking the position controller is supplemented
with a velocity feed-forward controller [16]. The control-
lers are parameterized for the experiments according to the
common setting rules used in the machine tool sector. The
velocity controller with the proportional gain K, and the
time constant 7, is set according to the principle of the sym-
metrical optimum and is computed at 8 kHz. The position
controller operates at 1 kHz and the gain K, is chosen in such
a way that an overshoot-free positioning is achieved (ape-
riodic loop, damping ratio { = 1) [17]. The corresponding
parameters are listed in Table 2.

velocity
feed-forward

3 Experimental investigation
of the transmission errors

In general gearing theory TEs denote the deviations between
the position of the driving gear and that of the driven one [7].
For RPDs as a whole this definition is expanded accordingly.
The rotary motion of the motor encoder 6,, is converted into
the corresponding linear position x,,

X —eM'dp 1
M= ()

with the help of the gearbox transmission ratio ip; and the
pitch diameter of the pinion d,,. The difference between the
linear position derived from the motor encoder x,, and the
measured table position x; is referred to as the TE

TE = xy, — xp 2)

of the RPD in the following. The TE is initialized as zero at
the beginning of the measurement window.

3.1 No-load transmission error

The TE of the system is firstly measured quasi-statically
in no-load operation. Therefore, the table is moved with a
velocity of 5 mm/s. In this way, dynamic effects can be
excluded to solely observe the geometric deviations in the
drive train. The table only has to overcome the friction that
occurs in the system, which in this case is about 500 N. The
measurement is carried out in both directions of travel.
Figure 4 shows the TE curves acquired. Basic character-
istica are equally observed for both curves, which are com-
posed of different independent sources of error. These indi-
vidual effects have differing impact and are superimposed,
thereby reinforcing or balancing each other out. Therefore,
the specific composition of the cumulative error is highly
individual and differs for each installation. Thus, the follow-
ing discussion focuses on the quantification of the separate
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Fig. 3 Structure of a cascade control architecture for a feed drive based on [16]
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Fig.4 No-load transmission error in both directions of movement

error components to evaluate their impact. For this purpose,
different sources of error were measured and their influ-
ence on the TE was analyzed. The difference between the
drive and the table is firstly subject to a drift. With constant
motion of the motor, the table deviates from the correspond-
ing ideal path. One reason for this, is the distance between
the individual teeth of the rack being subject to manufac-
turing inaccuracies. During motion, these inaccuracies add
up and result in a drift between the rotational movement of
the pinion and the linear table movement. For the examined
example, the accumulated pitch error over the measuring
range amounts for up to 23 pm in positive direction and 44
pm in negative direction and thus contributes significantly
to the position drift. Additional deviations are caused by
tolerances in the alignment between racks and guide rails.
Specifically, center distance and vertical alignment are sub-
ject to variation. For the system under consideration, the
variation in center distance A d was acquired by measuring
the horizontal displacement of the racks perpendicular to
the direction of movement. The observed deviation ranges
up to 47 pm. Based on the gearing geometry, the resulting
path deviation TE, through shifting of the contact point is
estimated to 18 pm by

tan(a,,)

47 cos(h)

d, 3)

using the pressure angle a, analog to the calculation of
the radial gearing force [18]. The vertical alignment 4 A,
acquired by measuring the vertical displacement of the
racks perpendicular to direction of movement, deviates up
to 110 pm, resulting in path deviations TE, of up to 39 pm,
as given by

TE, ~ tan(f) - Ah. 4)
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The cause here likewise is the displacement of the contact
point. Besides these deviations within the drive train, the
measurement of the table position itself is also subject to
inaccuracies. Tolerances in the alignment of the scale, pitch
errors of the table measuring system as well as temperature
variations can lead to deviations in the measurement of the
distance travelled [19]. Due to the table measuring system
being integrated in the guide rail, only the misalignment
between it and the rack is a concern. While potentially rel-
evant for long travel distances, over a distance of 2000 mm
even a significant parallelism error of 2 mm only leads to
a position deviation of 1 pm [19]. This source of error can
therefore be neglected when referring to the magnitude of
the observed drift. The accuracy of the measuring system
itself is given by the manufacturer with +5 pm per 1000 mm
of travel for a temperature range of 0 — 70 ° C [20]. In sum-
mary, it can be stated that pitch errors of the rack, toler-
ances in the center distance and vertical alignment contrib-
ute to the total TE to a similar extent. The accuracy of the
linear measuring system, albeit not negligible, is of minor
significance. While pitch errors and measurement accuracy
are predetermined through manufacturing, special atten-
tion should be paid to the alignment of the racks in order to
minimize drift, especially when using an indirect position
control. If the pitch errors of the individual rack elements are
known, it is possible to arrange them in an order that keeps
the total pitch error minimal.

Superimposed on the drift is a distinctly recognizable
low-frequency oscillation in both runs. Its amplitude ranges
from 20 to 40 pm and the period of 266.66 mm corresponds
to one complete revolution of the pinion as per d, - . The
measurement results therefore suggest, that the errors are
attributable to deviations in the rotary motion of the pin-
ion respectively the gearbox output. An examination of the
planetary gearbox revealed a periodic angular error of 11 m°®
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between input and output shaft over one full revolution of the
pinion in both directions of motion. Coupled with the pitch
diameter dp, this results in a deviation of 8.1 pm in terms of
the linear motion. In addition, alignment and manufactur-
ing tolerances affect the rotational motion of the pinion and
thus contribute to the TE. In the case under consideration,
the pinion is welded onto the gear shaft and exhibits a radial
runout of 12 ym, measured on the tooth tip at half the gear
width. Complementary to this, the axial runout deviation,
measured on the underside at the pitch circle, totals 25 pm.
To estimate the corresponding effect on the TE, the vertical
displacement caused by the axial runout is substituted into
Eq. (4), resulting in a deviation of up to 9 pm. It is subse-
quently evident that both, the gearing in the gearbox and the
runout characteristics of the pinion, have significant effects
on the TE of the drive. It is therefore advisable to use high-
quality gearboxes and to ensure that attention is paid to the
alignment of the pinion on the output shaft. The established
runout measurement in one plane should be supplemented
by a second measurement in another plane in order to cover
the rotational properties more precise.

In addition to the low-frequent periodic error, there is
another, higher-frequency one superimposed. Its amplitude
is in the single-digit pm range and its period corresponds to
the meshing frequency of the rack and pinion, which, cor-
responding to the number of teeth z, is higher by a factor of
20 than that of the pinion revolutions. This error component
can therefore be attributed to deviations of the tooth flank
geometry from the ideal involute shape. One reason for such
deviations are unavoidable tolerances in the manufacturing
process of the gearing components. The typical magnitude of
these tolerances corresponds with the observed errors [21].
However, there are also specifically intended modifications
of the tooth flank shape [22]. Such tooth flank modifica-
tions are primarily used to reduce stress peaks under load
and consequently improve the load capacity. The gearing
thus is designated for a specific load condition. The tooth
flanks that deviate from the ideal shape in the load-free state
then deform in such a way that optimal load distribution and

motion uniformity are achieved under nominal load [12].
This effect can be observed for the meshing of the RPD
under investigation, which becomes clear in Sect. 3.2. For
operating conditions with loads differing from the optimized
range, this results in an added TE for tooth meshing, which
typically falls within the range of the deviations observed in
the example [23].

While the error components just discussed are directly
evident from the TE graphs, there are several others. While
their effect on the TE of the system is negligible in terms of
the resulting position deviations, they nevertheless repre-
sent an excitation of the system, especially when they occur
periodically. For further investigation, the recorded TEs are
transformed into the frequency domain. Figure 5 shows the
resulting diagram.

The x-axis is not scaled by the frequency f in Hz, but
has been normalized to full pinion revolutions » using the
velocity v according to

7-d,

n=f- &)

ot
In this way, the error spectrum is detached from the veloc-
ity and the individual components can be assigned to their
sources. Thus, the distinct peak at the value 1 corresponds
with the full pinion revolutions and the the one at factor 20
correlates with the number of teeth z. Moreover, for both
directions of travel, peaks appear at factors 4.27 and 6.67.
The odd multiples of the pinion revolutions indicate that the
causes are to be found in the translational movement of the
drive. The corresponding conversion using the pitch circle
of the pinion as in Eq. (1) results in a period of 62.5 mm
and 40 mm, which corresponds to the bore spacing of the
rack and the guide rails, respectively. Due to the punctual
mounting of the components, their stiffness fluctuates, lead-
ing to varying degrees of deformation and thus positional
oscillations [13].

In terms of further rotational deviations besides the
expected harmonics, there is one distinct high-frequency

Fig.5 Frequency spectrum of 2
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Fig.6 TE of the RPD under varying loads

peak at factor 108. This excitation correlates with the num-
ber of teeth of the hollow ring of the output stage of the
planetary gearbox. Furthermore, the influence of the motor
is also evident, although only in the positive direction of
travel. The revolutions of the motor respectively the gearbox
input shaft appear at a factor of 16, which corresponds to
the total transmission ratio of the gearbox i. The explana-
tion for the strongly direction-dependent appearance will
be discussed later. First, the effects of varying loads on the
TEs are examined.

3.2 Investigations under load

The approach to the investigations under load largely com-
plies with the prior measurements. The only difference are
constant forces applied by the LDD contrary to the direction
of travel. The results are presented in Fig. 6.

The diagrams show the resulting TEs in load-free con-
dition and with 1000 N, 2000 N and 3000 N counterforce
on top of the friction. It becomes apparent that there is a
constant offset between the individual curves, which cor-
responds to the static deformation of the mechanical system
under the constant load. The corresponding average stiff-
ness for the observed range of forces is 48.5 N/pm in posi-
tive and 64.1 N/pm in negative direction of movement. In
addition, there is a considerable alteration of the TEs with
increasing load, particularly in the negative direction of
movement. While the basic shape including drift and low-
frequency oscillation remains unchanged, the amplitude of
the errors with tooth meshing frequency decreases signifi-
cantly. This is due to the deformations of the tooth flanks
in conjunction with the profile modifications described in
Sect. 3.1. The geometric deviations in the load-free state
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converge to the ideal involute shape under load and the uni-
formity of motion improves.

A relevant consideration at this point is, that counter-
force on the gearing does not inevitably arise from external
sources. As mentioned in Sect. 1, in practical implementa-
tions two drives are typically preloaded against each other to
minimize backlash. In terms of the individual drives the ori-
gin of the counterforce is irrelevant and a constant preload
results in an additional force offset to the load. However, the
extent to which the TEs of the individual drives interfere
with each other is subject of future research.

While a substantial decrease in the amplitude can be
observed for the negative direction of travel, the differ-
ence is more subtle for the positive direction. This and
other noticeable direction-dependent characteristics are a
specific property of RPDs [2]. The reason for this is to
be sought in the meshing of the rack and the pinion. As
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mentioned before, most gears are designed with helical
teeth to achieve smoother motion and higher contact ratio.
Such helical toothing leads to considerable axial forces
along the gearbox shaft. For the present helix angle f, a
tangential load F,,, of 3000 N according to

Fax = Fluad : tan(ﬁ) (6)

leads to an axial force F,, of 1064 N acting on bearings and
supports. In order to be capable of withstanding these forces,
the output shaft of the gearbox is commonly carried by angu-
lar contact bearings. Figure 7 illustrates such an assembly
by the example of a back to back arrangement of tapered
roller bearings.

It is evident that the complementary inclinations of the
bearing planes lead to a differing distribution of forces
depending on the direction of the axial force. As a conse-
quence, the resulting tangential and axial forces are largely
absorbed by one of the two bearings in each case, depend-
ing on the direction of travel. The mounting arrangement
of the bearings results in different leverage and hence dif-
fering stiffness and tilting rigidity. In conjunction with the
inevitable hysteresis and potential backlash of the bearing, a
direction-dependent vertical shift of the pinion occurs [24].
The resulting change of the contact conditions of the gearing
produces the observed discrepancies between the two direc-
tions of travel of the feed drive [25].

The phenomenon just described does not only apply to the
rack and pinion, but can also be transferred to the gearbox,
which utilizes helical gearing as well. Thus, the direction-
dependent occurrence of the motor revolutions observed in
the frequency spectrum in Fig. 5 can also be traced back to
changed contact conditions. As the preceding considerations
indicate, the heavily direction-dependent characteristics of
RPDs are intrinsically linked to the design and functional
principle of such drives. However, constructive efforts can
be made to reduce consequences for the accuracy. Stiffer
or preloaded bearings can decrease the resulting displace-
ments. In addition, consideration should be made regarding
the direction-dependent behavior of the drive, when defining
the helix angle. For high accuracy, the resulting axial forces
should be kept as low as feasible.

4 Impact on the position controlled drive

The aim for the following measurements is to investigate
to what extent the TEs can be compensated by the position
controller. For this purpose, several load-free measurements
were carried out in negative direction of motion. Among
the individual runs the constant velocity is varied in fixed
steps from a reference v, of 180 mm/s. Since the friction is

velocity dependent, it totals about 1150 N for v, and alters
by + 250 N for the maximum resp. minimum velocity dis-
played. While consequently a load change is encountered, it
is of negligible magnitude compared to the forces necessary
to alter the transmission characteristics of the drive as dis-
played in Fig. 6. The control error between target trajectory
and measured table position is observed in Fig. 8. The posi-
tion range has been reduced for a more detailed illustration.

While the drift is not observable, the periodic position
errors described above are represented in the control error.
It is evident that the position controller is incapable of thor-
oughly compensating for the TEs.

However, a velocity dependency becomes apparent in
this context. The amplitude of the high-frequency deviations
with tooth meshing frequency increases with increasing
velocity. In addition, the low-frequency oscillations per pin-
ion revolution are suppressed for low velocities, but are pre-
sent in the control error for higher velocities. While the indi-
vidual error components in Fig. 5 are normalized by Eq. (1),
the fundamental frequencies of the TEs scale proportionally
to the drive velocity. As a result, the derivatives of the posi-
tion errors also increase. Since these velocity errors can only
be registered by the position measuring system of the table,
they are not part of the highly dynamic velocity control loop.
Thus, instead of an immediate suppression of the occurring
velocity deviations, only the subsequent position errors are
registered and compensated. The resulting time delay is the
cause of the unsatisfactory suppression of the TEs.

4.1 Excitation of natural frequencies

The measurement run for the velocity of 0.75v,,, in Fig. 8
reveals an unexpected response. A significant high-fre-
quency oscillation dominates the control error. The veloc-
ity dependent occurrence suggests the excitation of a natural
frequency of the system. To verify this, the position errors
for several velocities are transformed into the frequency
domain, as shown in Fig. 9.

This diagram illustrates how the error components of
the TE shift in relation to the velocity, the corresponding
dominant peaks move along the frequency axis propor-
tionally. In the proximity of 50 Hz, however, excitations
appear for all measurement runs. This fixed frequency cor-
relates with the first mechanical eigenfrequency of 53 Hz
as shown in the frequency response of the mechanical sys-
tem in Fig. 10. The distinct oscillations for the considered
velocity v=0.75v,,,=135 mm/s in Fig. 8 are due to this
eigenfrequency as it is evident by the dominant peak in
Fig. 9. To investigate the correlation with the TEs, Eq. (5)
is inverted. Thus, the error components identified in Fig. 5
can be assigned to the corresponding frequencies for the
specified velocity. For the factor n=108 of the gearing
within the output stage of the gearbox, this frequency

@ Springer



460 Production Engineering (2022) 16:453-463
Fig.8 Control error of the 51 [ [ [ ] I I ]
position controlled table for dif- ' ! 0.50 v
ferent velocities 0 ) ref m”
. EPTITTTT
-5 I ! 1 1 1 ]
X ‘ ‘ I ‘ 1 [
HM\ AR i ‘ IR L 0.75Vre s h””
,E, H“\“H \HM I ‘\U‘ H“U“‘H\ “‘ \ “ I “ H H“‘ IR R
= —5 | ‘ H
5 5
» . | 1.00 VUre f \[H
3 INTUELMA
g -5 I x I x x VW | x
3 T : T T T I T T
5 : |
© . ! | 1250 ||
y i wJ W"VWV
s [ 1 I 1 w V 1 ]
] T I
5 ! : ! 1 }
0 : : 1.50 Ve f M
, n } V‘W Ty
-5 1 I 1 W V ]
600 800 1,000 1,200 1,400
Position [mm)]
n-v 108 135 mm/s coincide and interfere with natural frequencies of the system
f= r-d, 84882 mm =54.7Hz (1) in certain cases. However, the affected states of operation

coincides with the mechanical eigenfrequency. The two
excitations subsequently reinforce each other and cause the
observed position oscillations.

It is evident that the periodically occurring parts of the
TE cannot only result in respective position deviations. Due
to the varying frequency determined by the velocity, they
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can be identified and avoided, if the natural frequency of the
system is known. The dominant TE components can be iden-
tified through transformation into the frequency domain as
in Fig. 5 and the corresponding frequencies can be derived
for all drive velocities utilizing Eq. (5). The velocity ranges
in which one of these falls within the scope of a natural
frequency should be avoided in operation. In addition, this
issue should be taken into account during the design phase.
In particular, the use of multi-stage gearboxes multiplies
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the number of excitations induced in the system and should
therefore be carefully considered.

5 Error compensation

In the previous sections, it became apparent that the TEs
have a significant impact on the accuracy of RPDs. How-
ever, the knowledge gained can be used to compensate for
the deviations by adaptation of the control scheme. For this
purpose, the TEs of the individual system are systematically
recorded. As shown in the previous sections, the TE depends
on the position and load. The acquisition of the error curve
in the load-free state can be carried out during commis-
sioning, whereas the defined loads required to observe the
load-dependent error curves cannot be realized without spe-
cial measurement setups. Instead, the data can be acquired
during operation. For this purpose, the position difference
between the motor and the table is recorded analog to Fig. 6,
while the load is determined using the motor torque.

The data then is processed to allow the compensator to
retrieve the appropriate TE in real-time based on the posi-
tion and load. In addition, it must be taken into account
that the position changes continuously through the table
motion, while the load in most cases changes erratically.
The method used therefore has to interpolate between
the discrete load states. Various approaches exist for this
purpose. One option is to store the TEs in the form of a
two-dimensional look-up-table (LUT) across position and
load. While this method is straightforward to implement,
the processing time as well as the requirement to define
the interpolation strategy are disadvantageous. Further-
more, additional signal processing is required to recognize
redundant states and process the corresponding measured

TE values, e.g. by averaging, and to convert the data into a
tabular form. Regression algorithms developed in the field
of machine learning can automate these steps and offer
further advantages. Regression trees, for instance, struc-
ture the data sets in an offline optimization to minimize
processing time during operation. The optimization auto-
matically clusters the data of redundant states and can be
executed in a deterministic manner, so that this approach
represents a more advanced alternative to LUTs. It is also
feasible to represent the data using neural networks, which
can improve the inter- and extrapolation for unknown load
states through their capability of abstraction.

In addition to the acquisition of the TE data, the inte-
gration of a compensator into the drive control represents
a further challenge. The approach presented in the fol-
lowing is applicable for all data processing concepts just
described. The insufficient compensation of the TEs by
the position control is caused by the transmission ratio
assumed to be ideal for the conversion between the linear
position and rotational velocity controller. Utilizing the
TE data, it is possible to provide an adaptation to the real
environment instead. Based on Eq. 1 and Eq. 2, the real
transmission ratio igpp,

. Oy Xy 2ipg
igpp(Xr, F) = . = 4
T T P
Xr+ dTEgT’F) ipG
dt P
dTE(x,, F 21
—(1+ (7, F) 2l
dxp d,

can be calculated using the position x; and a constant load
F. It is evident, that iyp, correlates with the TE derived
with respect to the table position. The momentary transmis-
sion ratio calculated in this manner is then used within the
closed-loop control, as shown in Fig. 11, thereby compensat-
ing for the TEs.

6 Conclusion

In this paper, investigations of the transmission errors of rack-
and-pinion drives are conducted. This is carried out using a
test bench that is equivalent to common implementations in
the machine tool sector. Through examination of the position
errors occurring in the drive train of rack-and-pinion drives
in load-free operation, it is shown that the table position is
subject to a significant drift as well as periodic errors with
the frequency of the pinion revolutions and the meshing of
the teeth. The effect of the individual error sources on the
transmission error is discussed and quantified. Investigations
in the frequency domain reveal further error components that
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are assigned to their mechanical sources. Thus, in addition
to rack and pinion, other components of the drive train, such
as the gearbox and the guide rails, also have an effect on the
transmission behaviour.

Based on the investigations of these basic characteristics,
changes of the transmission errors under load are examined.
The application of defined counterforces leads to deformations
of the tooth flanks, resulting in an alteration of the transmis-
sion error. The highly direction-dependent characteristics of
rack-and-pinion drives are particularly noticeable in this con-
text. The load distribution of the helical gearing in conjunction
with the construction of the drive system is identified as the
central cause of this.

Experiments with a direct position control demonstrate that
the transmission errors cause significant trajectory tracking
errors even at moderate velocities. This problem intensifies
with increasing velocity and the error magnitudes continue to
increase. It also emerges that, in addition to the obvious posi-
tion errors, the excitation of the machine structure caused by
periodic errors is likewise a concern.

Based on the analysis of the transmission errors, potential
compensation schemes using direct position measurement are
discussed.

Current research is concerned with the experimental valida-
tion and comparison of the outlined compensation concepts.
In addition, the findings obtained for a single drive will be
validated with electrically preloaded drives.
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