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Abstract: To increase productivity and efficiency of industrial machine tools, one important aspect is the dynamic behavior of
their feed drives. At the Institute for Control Engineering of Machine Tools and Manufacturing Units (ISW) of the University of
Stuttgart, various approaches, based on constructive methods, control engineering or additional actuators were examined,

which can influence the dynamic behavior in a positive way. In this paper, exemplary solutions are presented with their benefits
and drawbacks to provide an overview on the currently ongoing research work. For validation and illustration of the different
principles, simulative and experimental results are presented.
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INTRODUCTION AND MOTIVATION

Feed drives in machine tools are needed to perform a
relative movement between workpiece and tool as
defined in a NC program. Nowadays, electromechanical
servo drives are typically used for this purpose, which
are configured either as direct drive or used with
additional mechanical gear elements such as ball screw
drives (see [1] as an overview).

Primary goals of dimensioning and control of feed drives
are on the one hand the exact tracing of a given target
contour with low latency. On the other hand, static and
dynamic disturbances, for example process forces, shall
be optimally compensated. The dynamic behavior not
only influences machining accuracy and manufacturing
time, it also has an impact on wear and damages of
machine and tool.

For the feed drive system, which consists of mechanical,
drive and control components these targets lead to two
basic properties: high accuracy and good dynamic
behavior, guaranteed under all predictable operating
states. In the following text, an overview of different
cross-domain approaches is given, which target on
improvements in the dynamic behavior of feed drives. So
they can help to expand the area of application or
enhance the performance of machine tools.

The presented technologies for improved dynamical
behavior can be subdivided into three main categories
which are shown in Table 1. The following chapters
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show examples currently under research with their
advantages and drawbacks, marked as advantageous
(+), neutral (o) or unfavorable (-).
Table 1 - Comparison of different approaches
for improved dynamics
Constructio Control- Actuator-
n-based based based
Effort/costs - + 0
Robustness + 0 +
Upgrade
capability
System

Complexity
CONSTRUCTION-BASED APPROACHES

Construction-based approaches to achieve optimal
dynamical behavior can be seen as the classical method.
Here, the increased stiffness of all components which are
involved in the feed motion is essential. However, a
simple oversizing of those components is
counterproductive regarding requirements like mass,
material and cost reduction. For that reason, two
detailed solutions are presented which offer significant
improvement potential with moderate expenses.
Constant-level preload force in ball screw drives
Ball screw drives are one typical kind of components in
machine tools to provide linear motion. Circulating
rolling elements between a threaded spindle and nut
transfer forces under rolling friction which leads to an
efficient transmission from rotary to linear motion.
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Typically preloaded double nuts are used to achieve a
high stiffness and avoid backlash.

To provide the needed stiffness and guarantee the
rolling contact under all operating conditions, it is
important to choose an adequate preload. Simultaneous,
the preload shall be chosen as small as possible to
reduce friction induced heat generation and component
wear. Furthermore, the reduction of the preload force
over the lifetime of a ball screw drive due to wear has to
be compensated by an initial oversizing.

To cope with these restrictions and achieve an optimal
sized preload force over the lifetime, a novel adjustment
mechanism is currently under research. It uses a spring-
loaded, self-retaining adjustment wedge between both
involved nuts as shown in Figure 1. The increased
distance between the nuts result in a higher preload
force without the need of an external active actuator.
Because of the self-retention of the adjustment element,
the preload force is only adapted as far as the preload is
too small for a reliable operation.

As a result, the ball screw drive autonomously keeps an
adequate preload force and ensures a constant stiffness
and load capacity over the whole life cycle.

Basic state Adjusted state |

MNut 1 Mut 2
— — o "
- —‘i — ) 7 o
I | I| | )

Figure 1 - Function principle of the self-adjusting
ball screw double nut

Compliant bearing arrangement in feed drives

The first natural frequency of a feed drive is typically an
axial vibration in feed direction and determined by the
mechanical construction. This parameter limits the
achievable control parameters of the drive so it is
preferable to have the first natural frequency at a rather
high value with moderate amplitude exaltation.

One construction-based method to deal with this
limitation and increase the drive dynamics is an axial
compliant bearing arrangement for the ball screw
spindle which is enhanced by a strong axial damping
element as specified in [2]. With an adequate sizing of
the spring stiffness relative to the damping coefficient,
the first natural frequency can be shifted significantly to
a higher level while simultaneously reducing its
amplitude. Figure 2 shows an appropriate frequency
response of such a feed drive. The behavior of a typical
conventional design with fixed bearing and its visible
resonance exaltation is depicted in red. Shown in blue is
a feed drive with compliant bearing and reduced
exaltation as well as in green with optimal bearing and
damping which results in a nearly flat amplitude curve.
Based on this behavior, the amplification factor ky of the

position controller can be increased significantly,
resulting in enhanced bandwidth of the feed drive.
Crucial for an effective application is certainly a damper
with a sufficient high damping coefficient and also a high
bandwidth. This aspectis currently a technical limitation
of the method.

—— with fixed bearing

—— with coempliant bearing
with compliant bearing and

10| damper
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Figure 2 - Simulation-based comparison for a conventional
feed drive (red) and optimal sized compliance and damping

(green) [2]
CONTROL-BASED APPROACHES

In the field of the control theory, extended structures of
the classical cascade control promise an improved
dynamic behavior especially for high-dynamic drives.
One important factor here is the availability of a linear
position sensor on the output side which enables drive-
based vibration damping. With the use of novel highly
performant controller platforms, the parallel
computation of individual system models, the feed-back
of additional state variables (like acceleration) for the
compensation of non-linear behavior or generally
minimizing dead time become practicable. In the
following section, two exemplary methods to increase
the bandwidth are shown, which are currently under
research.

Velocity control for minor gear ratio

To achieve high rapid traverse velocities in feed drives,
increasingly smaller gear ratios are chosen in
combination with low-inertia, high-dynamic motors.
This however also reduces the ratio between the motor
and the table related moment of inertia, resulting in a
challenge for optimizing the parameters of the controller
cascade.

One possible solution is to extend the controller cascade
as shown in [3] and depicted in Figure 3. Here, a weakly
parameterized rotation speed controller (which is
closed with the actual motor speed) is strongly damping
the mechanics in the area of the first natural frequency.
An additional linear velocity control loop (shown in red),
based on a table-mounted position sensor compensates
the damping and raises the phase response in the critical
area. As a result, the amplification factor ky of the
position controller can be increased by a factor of two
depending on the inertia ratio while maintaining
comparable stability and robustne
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Figure 3 - Extended control loop
for high dynamic drives [3]
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Figure 4 - Comparison of frequency response
(conventional to novel method) [3]

Figure 4 shows the corresponding frequency responses
for mechanics (black) and set input for a conventional
cascade controller (blue) and the novel, extended
cascade (red). The plots are compared between
simulation (left) and measurement (right). The higher
bandwidth of the novel method and the correspondence
between simulation and measurement is clearly visible.
Increased current control bandwidth by sliding
mode control

Typically, the bandwidth of the current control with its
small electrical time constant is much higher compared
to the behavior of the mechanical components, so the
current control is not limiting the overall performance of
a feed drive. However, there are applications where a
high dynamic torque control is demanded, for example
to compensate high frequency process forces. One
possible controller variant, which increases the
bandwidth of the current control is the direct sliding
mode current control as presented in [4].

The essential characteristic of this method is a
modulation technique that minimizes switching
processes in the power electronics which reduce
bandwidth and energy efficiency. Figure 5 shows a
measured comparison between a conventional current
controller (red) and a direct sliding mode controller

(blue), where the increased bandwidth can be seen from
the frequency response.

Important aspects in realizing this controller are an
adequate platform for high frequent computations and a
current measurement system with sufficient bandwidth.

Amplitude
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Figure 5 - Comparison of current control bandwidth for
conventional (PI/PWM) method and direct sliding mode
control (SMC) [4]

ACTUATOR-BASED APPROACHES

Actuator-based approaches for improved dynamic
behavior typically request the installation of additional
components which can be retrofitted. As a result, they
provide new degrees of freedom due to their direct
physical influence on the dynamic behavior of the
mechanics. One challenge remains the implementation
of the needed control logic, especially in commercial
drive systems without open interfaces.

Semi-active damping

One exemplary application of an actuator-based
approach is the semi-active damping of feed drives as
shown in [5]. An additional mechanical friction-based
damping actuator is used to reduce the amplitude
exaltation at the first natural frequency by directed
brake intervention. Subsequently, the choice of the
controller parameter is less limited by the mechanics
and the overall behavior can be improved.

The damping actuator is triggered in dependence of the
difference between motor and linear velocity, so that the
damping force is applied only when the table of the feed
drive is overshooting. Figure 6 shows the needed
extension of the controller cascade for this concept.

Mechanics
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Figure 6 - Extended drive controller with semi-active
damping [5]
The provided friction force, which acts between the
linear bearing and the table, withdraws vibration energy
from the feed drive. Due to the appropriate and short

Velocity feedback

Position feedback
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activation of only a few milliseconds, the normal
operation is not influenced by the damping force.

Figure 7 shows the effect of the semi-active damping for
a position setpoint and a disturbance force step. It is
remarkable, that the setpoint step can tracked with
significant less deviation and also position errors due to
external forces are reduced. As a result, the amplification
factor ky of the position controller can be increased.
This approach creates some extra effort regarding
mechanics, control and energy consumption, but the
increased drive bandwidth overweigh this drawback.
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Figure 7 - Improvement potential for position and
disturbance step [5]

Adaptive friction in glide bearings
The absolute value of the mechanical friction occurring
in linear guides and bearings of a feed drive can also be
seen as a damping effect that influences the choice of the
maximum controller parameters. Nevertheless, the
relationship between this friction force and the speed is
non-linear and typically described by a Stribeck curve.
Moreover, the excessive amount of static friction at low
speeds leads to positioning errors.
At the ISW, a novel concept for glide bearing was
developed, which uses a piezoactuator to induce
ultrasonic vibrations on the contact areas as described
in [6]. Depending on the chosen amplitude and
frequency of the superimposed vibration, the friction
characteristics can be linearized over the complete
velocity range. This also improves the positioning
accuracy in the field of precision manufacturing
processes. By a variation of the ultrasonic vibration, also
the damping in the guiding system can be adapted for
different operating conditions.
For the implementation of this approach, novel guiding
elements are needed which include the piezoactuators.
Furthermore, it is necessary to integrate logic and power
electronics in the machine if the friction coefficient shall
be adapted appropriate to individual process phases.
CONCLUSION AND OUTLOOK
In the previous chapters, different approaches to
improve the dynamical behavior of feed drives were
presented with their characteristics. They can also be
differentiated regarding the needed effort for their

implementation, requiring additional hardware or
specialized control structures. Construction and
actuator-based methods are beneficial regarding
robustness, because they are less prone to parameter
errors.
Another important criteria regarding the use of such
techniques is the availability of adequate open and
performant platforms for the implementation of the
algorithms. The conducted research has especially
identified FPGA-based platforms like [7] as beneficial for
such implementations.
Substantial scope of further research projects is
currently the transfer of the presented concepts on
rotary axis like they are often used in the context of
industrial robots. Here, new processes and industrial
applications can be exploited with the better dynamic
behavior.
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