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DESIGN APPROACH FOR HIGH-DYNAMIC PLANAR MOTION SYSTEMS
BASED ON THE PRINCIPLE OF KINEMATICALLY COUPLED
FORCE COMPENSATION

Machine tools’ feed dynamics are usually limited in order to reduce excitation of machine structure oscillations.
Consequently, the potential increase in productivity provided by direct drives, e.g. linear motors, cannot be
exploited. The novel approach of the Kinematically Coupled Force Compensation (KCFC) applies a redundant
axis configuration combined with the principle of force compensation and thus achieves an increase in feed
dynamics while drive reaction forces cancel out each other in the machine base. In this paper, the principle
of KCFC is introduced briefly. Subsequently, the basics for the realisation of a highly dynamic KCFC motion
system with planar motion are derived and discussed. In order to achieve highest acceleration (> 100 m/s?) and
jerk (> 100000 m/s*), a mechatronic system with specially designed components for the mechanical, electrical and
control system is required. Thus, the design approach presented in this paper applies lightweight slides,
a decoupled guide frame and voice coil motors operated at high frequencies for the pulse width modulation and
control loops.

1. INTRODUCTION

This paper presents a novel design approach for highly dynamic planar motion systems,
enabling increased feed dynamics under preservation of motion quality. The applied principle
of Kinematically Coupled Force Compensation (KCFC) is presented, assigned into the state
of the art and the basics for the realisation of a 2D-KCFC motion system are derived.

The generation of freely programmable, precise and at the same time dynamic motions,
provides the basis for a large number of machining processes and enables their effective use.
The further development of the process-executing motion systems is motivated by the trend
towards individualisation, which is synonymous with smaller batch sizes and simultaneously
high or even increasing productivity requirements. Considering the motion systems, this leads
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to increasingly powerful drives (e.g. use of linear direct drives, also as parallel drives [1]),
which are installed in machine structures with highest possible damping and controlled by
means of optimised control algorithms [2, 3]. With the drive technology available today,
especially with linear direct drives, it is possible to achieve accelerations up to 50 m/s? [4].
This means that the current generation of machines makes the best possible use of the given
acceleration capacity of the drives. In contrast, the possible change in acceleration —the jerk —
is typically limited by the machine control in order to reduce the vibrational excitation
of the machine structure to a tolerable level. This is necessary because a high jerk value
corresponds to a high force rise rate, which in the frequency domain causes a broadband
excitation of the machine’s base frame. As shown on the analogy model of the single mass
oscillator in Fig. 1a, the excited oscillation is transmitted via the kinematic chain to the tool
centre point (TCP) and imprinted there as contour or surface deviation in the workpiece. In
practice, values in the range of some 100 m/s® for machines with electromechanical drives via
ball screw and values in the range of 1000 m/s* for machines with linear direct drives [5] are
set for the jerk limitation. Depending on the linear motor type and the moving mass of the
slide, the technically possible jerk values are in the range of 10000 m/s* to 100000 m/s3.
A high jerk is particularly important for trajectories with frequent changes of direction. This
Is the case, for example, with the machining of free-form surfaces, which require smallest
motion segments.
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Fig. 1. a) Analogy model for the representation of the dominant eigenmode of a machine frame according to [6];
b) Schematic diagram of the Kinematically Coupled Force Compensation (KCFC) according to [7, 8]

In order to exploit the dynamic potential of direct drives, various approaches for
the modification of machine structures and drive systems have been developed and
investigated. Some of these methods, such as force decoupling (also known as jerk
decoupling), force compensation and redundant axis configurations, are compared in [6].
Force compensation uses a counterforce acting on the underlying machine structure
synchronously to the motion of the actual feed drive by means of a compensation drive.
If the compensation drive is now included in the kinematic chain to the TCP, the KCFC is
obtained (Fig. 1b). In KCFC the relative motion at the TCP is distributed to both slides ma
and mg, taking into account the mass ratio Km, whereby the drive reaction forces Fa and Fg
cancel out each other under ideal conditions. In this redundant axis configuration the motions
of the slides add up at the TCP according to Xtcp = Xa + Xs [7].

The KCFC has already been implemented in a test bed with uniaxial motion (1D-KCFC)
and its functionality has been demonstrated [8]. Alternative control structures with
superimposed position or superimposed position and velocity control (cf. [7] and [8]) have
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also successfully been tested. The superimposed position and velocity control is particularly
promising, since it enables direct control of the relative position measured between the slides
near to the TCP (see xrel in Fig. 1b). A further control loop ensures that a defined position is
maintained relative to the frame (xa or xg in Fig. 1b).

As shown in [7], the KCFC can be implemented in a variety of kinematic configurations.
Fig. 2a shows a linear arrangement on the example of a surface grinding process. In this case
the force flow of the drive reaction forces takes place via the frame as a tension-compression
force. In the configuration with planar motion in the X- and Y-direction shown in Fig. 2b,
dynamic torque is generated because of the forces applied in two different Z-planes. This may
cause structural excitation and should be considered. A cross guide is used as guiding system
to enable planar motion. Fig. 2c shows an example of a KCFC kinematic system with a rotary-
linear motion. Force transmission of the rotary motion takes place as torque and the force
transmission of the linear motion as tension-compression force.

a) linear arrangeme b) planar arrangement c) rotary-linear arr.
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Fig. 2. Exemplary kinematics for the KCFC with direct force transmission into the frame according to [7]

In order to realise the KCFC in more than two degrees of freedom (d.o.f.), the force flow
must be directed through the moving elements, e.g. the slides, which means that the advantage
of direct force transmission into the frame assembly is lost. However, many motion-guided
machining, handling and measurement processes require highly dynamic planar motion.
The motion in normal direction (usually Z-axis) is subordinate in terms of productivity.
Therefore, this paper focuses on the design of planar motion systems according to the KCFC
principle (2D-KCFC) on the example of a test bed for the experimental investigation of the
method. In the following chapter, highly dynamic planar motion systems and relevant
processes are presented exemplarily.

Subsequently, in the third chapter, the requirements for the 2D-KCFC motion system
are defined and possible kinematic concepts are discussed. The fourth chapter is dedicated to
the design of the machine structure, while the fifth chapter deals with the design of the drive
system. Finally, the sixth chapter summarises the findings obtained and gives an outlook on
future simulation-based analysis of the 2D-KCFC motion system.

2. HIGHLY DYNAMIC MOTION SYSTEMS AND PROCESSES

In this Chapter, the state of the art in the field of redundant and highly dynamic motion
systems is presented and typical applications and processes are described exemplarily.
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Fig. 3. Highly dynamic planar motion systems according to [9-11]

The TriPlanar is a 6 d.o.f. parallel kinematic system, which is driven at the base points
of the struts by three air-bearing planar stepper motors [9]. Fig. 3a shows an arrangement
of two cooperating TriPlanar kinematics, offering a large working area relative to the base
area and a maximum inclination angle of each platform up to 30°. The Production Cube
Module shown in Fig. 3b, developed within the Priority Program No. 1476 “Small Machine
Tools for small Workpieces” of the German Research Foundation, is also a redundant
kinematic system. It has been designed in order to achieve a favourable ratio of machine
volume to workspace volume, considering small workpieces [10].

The compensation of the drive reaction forces has not been taken into account,
especially since the drive forces are indirectly applied to the slides via motion links. In
contrast, the planar motion system developed by IBM (Fig. 3c) enables the highest feed
dynamics of the three systems in Fig. 3 (max. acceleration amax = 1343 m/s? with a moving
mass m = 42 g according to [11]). This is achieved by means of voice coil motors whose coils
are embedded in the slide plate. The configuration in Fig. 3.c has a second, identical slide
plate with identical motors for compensation of drive reaction forces (force compensation).
However, the system does not make use of the relative motion between the slides.

a) milling [415,6] V;=ng* f,e n, b) pick and place [12] c) wire bonding [13]
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Fig. 4. Processes with highly dynamic motion according to [4-6, 12-14]

In general, there is a large number of possible applications for motion systems based on
the KCFC principle. Fig. 4 shows three typical highly dynamic motion-guided processes with
small workspace. The milling of workpieces (< 100 mm) with small tools (diwor < 6 mm),
shown in Fig. 4a, has the lowest feed rates v+. On milling machines, the maximum feed rate
Vmax IS typically only used for rapid traverse, e.g. for tool change. However, milling processes
involve the greatest variety and complexity of trajectories. Similar dynamic requirements can
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be found in the assembly of electronic components (pick and place of surface mounted devices
— SMD - according to Fig. 4b. In contrast to milling, mostly simple point-to-point motions
are carried out with maximum feed dynamics. The highest dynamic requirements can be
found in the field of semiconductor processing (wire bonding in Fig. 4c). In this process,
semiconductor components are electrically contacted with thin wires (e.g. gold wires) to the
terminals of their housing or to a printed circuit board (PCB). In accordance with the small
dimensions of the components, the requirements for the repeat accuracy of positioning Apos
are extremely high, especially considering the extraordinary feed dynamics applied.

3. REQUIREMENTS AND CONCEPTS FOR THE 2D-KCFC MOTION SYSTEM

In this Chapter, the requirements for the 2D-KCFC motion system to be developed are
concretised and possible drive configurations are roughly designed and evaluated.
The definition of requirements is based on highly dynamic processes according to Fig. 4. For
the effective utilisation of the KCFC exclusively for motions with the highest dynamic
requirements, further machining stations for subordinate processes, such as loading and
unloading or calibration of the workpiece, are to be provided. The feed dynamics
of the relative motion at the TCP should be at least Vmax_tcp = 2 m/S, @amax_tcp = 100 m/s? and
Jjmax_Tcp = 100000 m/s? in a square working area of Xmax = Ymax = 80 mm. Process forces are
assumed to be negligible. A mass ratio of Kn =1 and thus the distribution of the relative
motion to the slides in a ratio close to 1:1 is supposed. Since the experimental investigation
of 2D-KCFC focuses on the generation of motion in X- and Y-direction, substitute masses
of mz.axis = 5 kg are assumed instead of a real Z-axis carrying workpiece or tool respectively.
Consequently, stacking of the X- and Y-axes, e.g. as a cross table, should be avoided, as this
would lead to additional flexibility in the force flow. This requirement results in a favourable
design of the slides as plates, comparable with the designs in Fig. 2b and Fig. 3c. The slide
plates are to be designed as lightweight structures, whereby according to [15], the driving
force should be applied in the centre of gravity (COG) of the moving assembly in order to
reduce the excitation of tilting vibrations. A maximum mass of ma = mg = 5 kg is estimated
for the slide assembly (without workpiece holder or Z-axis). A planar guide system, preferably
based on profile rail guides, should be selected as guide system (see cross guides in Fig. 2Db).
Compact optical or magnetic linear scales with resolutions in the sub-pum range are to be used
as measuring systems. In addition and for the superimposed position and velocity control (see
[7, 8]), a planar measuring system (optical cross grid measuring device) should be applied to
directly measure the relative position between the two slide plates as close as possible to
the TCP. Voice coil motors are used for the drive system for the X- and Y-direction, as these
allow high feed dynamics at a low axis stroke of approx. 40 mm and do not stress the slide
plates with magnetic attraction forces. In order to achieve a high motor force constant Kwot,
the magnets are arranged in a U-shaped magnet yoke. In this yoke, four permanent magnets
lie opposite to each other in the air gap (see Fig. 8). The magnets are larger than the motor
coils, to ensure a homogeneous magnetic field in the entire travel range. Due to the low
inductivities of the coils, high frequencies for pulse width modulation (PWM), well above
the typical value of 16 kHz, should be used to keep the current ripple low.
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Under the given objectives of highest possible dynamic stiffness (high eigenfrequencies)
and lowest masses, three drive configurations for the 2D-KCFC were defined and the resulting
design for the slide plates was derived. Fig. 5 sketches the slide plates including the motor
coils and guiding system as well as the arrangement of the cross grid measuring device. For
reasons of clarity, the Z-axis units and the second, lower slide plate are not depicted.

frame for <
z-axis

slide with 2 large drives 1 large and 2 small drives slide with 4 small drives

Fig. 5. Design concepts for the 2D-KCFC motion system

The design shown in Fig. 5a with two large drives is based on the concept introduced in
Fig. 2b. It enables the application of the motor forces approximately in the centre of gravity
(COG) of the slide plate and allows very good accessibility to the TCP. In order to achieve
this, however, a small distance between the guides ar.i and a large overhang of the COG must
be accepted. In addition, with this design it is difficult to approach further processing stations
in the X-direction. The design shown in Fig. 5b has one large and two small drives. It offers
very good accessibility to further processing stations in the Y-direction and enables a large
distance between the guides ari due to the arrangement of the cross grid next to the Z-axis
unit. The space requirement for the large coil also results in a wide overhang of the slide in
the negative X-direction. The design shown in Fig. 5¢c overcomes the disadvantages
of concepts a) and b) by a symmetrical arrangement of four small drives and the arrangement
of the cross grid in front of the Z-axis unit. This results in a smaller distance between
the guides ari and, moreover, in the lowest mass of the slide plate in comparison with
the other designs. However, it must be ensured that the Z-axis or workpiece respectively do
not collide with the measuring head or the grid plate of the cross grid measuring device.
The variant according to Fig. 5c is selected for further development of the test bed. The test
bed shall integrate the control cabinet and an enclosure. It should be transportable with
a maximum footprint of 1200 mm x 800 mm and a weight of less than 1000 kg.

4. DESIGN AND ANALYSIS OF THE STRUCTURAL COMPONENTS

A welding bench with dimensions of 1200 x 800 mm was chosen as machine base for
the 2D-KCFC test bed shown in Fig. 6a. The base frame made of mild steel, which carries
the secondary parts (magnet yokes) of the voice coil motors, is located on this table.
The secondary parts can be firmly bolted to the base frame via solid spacers (Fig. 6a) or
flexibly connected to the frame via leaf springs (Fig. 6¢) or rubber spacers (Fig. 6d). This
additional decoupling can be applied in order to reduce the excitation of tilting vibrations,
caused by the application of forces in two different Z-planes (torque excitation).
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The guiding system is based on a cross guide consisting of miniature profile rail guides.
Linear scales for position measurement are arranged next to these rails. The cross guide
realises the stiffness in Z-direction only, while the stiffness in X- and Y-direction is generated
by the position control loops. In order to be able to decouple the accuracy relevant guide
system from the base frame, it is mounted on a separate guide frame made of mild steel.
The guide frame is fixed with compliant connecting elements. By using rubber springs as
connecting elements the guide frame can be decoupled from the base frame and thus from
force flow in the X- and Y-direction. This also reduces the transmission of vibrations induced
at the magnets. For reasons of clarity, the drag chains, switch cabinet and enclosure are not
depicted in Fig. 6.

2D-KCFC test bed a) magnet yokes
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Fig. 6. 2D-KCFC test bed: a) overview of the components, b) detail of the slides, c), d) mechanical decoupling
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The frame structure is designed to provide a total of three processing stations (suggested
in Fig. 6a as 1% to 3™ processing station). The KCFC processing station is situated in
the middle and can be approached by two lower slide plates alternately. The two outer stations
are initially used for manual loading and unloading of workpieces or tools and will later be
supplemented by simple machining stations. The slide plates form the core component
of the motion system. They have to be lightweight and rigid as well as electrically non-
conductive. An electrical conductor such as aluminium or even carbon fibre reinforces plastic
(CFRP) would cause an undesirable decelerating or damping effect as well as additional
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heating as a result of the eddy currents induced during motion within the magnet yokes.
Therefore, a glass-fibre reinforced plastic (GRP) of type FR4 was chosen for the construction
of the slide plates.

For the lightweight design of the slides, a topology optimisation was carried out.
The total mass was minimised with the aim of maximum static stiffness and highest possible
natural frequencies. The material properties of FR4 were homogenised for this purpose.
The geometry thus obtained was then reproduced as a ribbed slide plate with the FR4 plate
thicknesses available on the market, whereby a mass of approximately 4.8 kg was achieved
for the slide plate with coils (see Fig. 6b). The Z-axis units are initially assumed to have
an equivalent mass of 5 kg. In Fig. 6b the arrangement of the planar measuring system is
shown.

A simulative modal analysis was performed using ANSYS Workbench Software to
evaluate the mechanical structure of the 2D-KCFC motion system. Fig. 7a shows the meshed
components. The welding bench was elastically supported at its four feet and the stiffness
of the supports was adjusted by means of an experimental modal analysis of the table without
superstructures. The resulting stiffness of the linear guides in the Z-direction was assumed to
be 35 N/um each.

FE-mesh
Cy jinar gite = 35 N/pm
Cz.y. rubber_spring = 13 N/mm
Cx rupper spring = 67 N/mm

test bed’s mode and
decoupling of the
guide frame at 32.3 Hz
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Fig. 7. FE modelling and modal analyses of the KCFC test bed

The parameterisation of the six rubber springs for the mounting of the guide frame in
the base frame (see Fig. 6a and Fig. 7a) is based on metal-rubber elements from the supplier
Madler GmbH. The decoupling effect which can be achieved by application of six rubber
springs becomes clear in Fig. 7b by means of the first translatory eigenmode (Y-direction)
of the guide frame mounted in the base frame. This arrangement behaves like a mechanical
low-pass filter. Higher-frequency excitations from the base frame or the drive system are
attenuated before they are transmitted to the guide frame (see also eigenmode at 32.3 Hz in
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Fig. 7c¢). In addition, by decoupling the secondary parts from the base frame, the structural
excitation resulting from torque excitation can be reduced. Fig. 7f shows the relevant
eigenmode of the decoupling arrangement with leaf springs (see also Fig. 6c¢). Fig. 7g depicts
the corresponding eigenmode of the decoupling arrangement with rubber spacers (see also
Fig. 6d).

With the dimensions selected for the leaf springs (thickness 2 mm) and the shape and
material selected for the rubber spacers, the corresponding natural frequencies are relatively
high, which leads to the expectation of a low decoupling effect. The final dimensioning
of the torque decoupling should be carried out considering reliable, experimentally validated
damping values.

Fig. 7d shows the first eigenmode of the slides at approximately 94 Hz. This mode is
dominated by the masses of the motor coils. The first eigenmode of the guide frame (see
Fig. 7e) is approximately 300 Hz. Overall, the developed machine structure with its modular
design offers a wide range of possible configurations for experimental investigation,
especially considering the mechanical decoupling of accuracy relevant components.

5. DESIGN OF THE DRIVE SYSTEM

The drive system is essential for the generation of highly dynamic feed motions.
In order to enable a compact and rigid design and to adjust the motor force constant and
the force rise rate, voice coil motors are developed in-house. These determine the feed
dynamics of the motion system via their force constant kmot and the coil inductance Lcoil in
interaction with the moving mass of the slides ma and ms.

a) magnetic circuit

c) section
IR 1 round
wire

magnet
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rect.
wire

= flat wire/
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Xg_)Y = Wmagnet = 60 mm { l aoﬁcoil = 80 mm h Wcoi/ = 20 mm Xg_)Y

Fig. 8. Magnetic circuit and coil specifications of voice coil drive system
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The motors are based on a coil in the magnetic field of permanent magnets (see Fig. 8),
whereby the maximum travel distance results from the width of the coil wei and
the magnet width Wmagnet. In addition, the magnets are longer (in X-direction in Fig. 8a) than
the coil dimension ao _coil, SO that the coils can also be moved 40 mm in this direction without
leaving the magnetic field. In this arrangement, only two of the four coil sections generate a
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feed force (2-Y2Fcoil in Fig. 8b), while the forces acting in the other two coil sections stress
the coil on shear (4-Y4Fci in Fig. 8b). The simple design depicted in Fig. 8 was chosen
because it promises high feed dynamics with moderate manufacturing effort and, in addition
enables the slides to be moved out of the U-shaped secondary parts in Y-direction in order to
approach the other processing stations (see Fig. 6a).

For the design of the drive system, the magnetic field in the air gap must be known. For
this, the magnetic circuit is abstracted according to Fig. 8a with magnetic equivalent resistors
Rm_i. The field in the air gap Bair_gap is determined using Eq. (1) to (3), which have been derived
from [16]. The magnetic resistance of the ferromagnetic circle Rm_iron and the stray field
of the magnets are neglected. The most important design parameters are thus the height
of the air gap tair gap, the magnet thickness tmagnet and the remanence flux density Br_magnet
of the magnet material. Neodymium magnets with a thickness of tmagnet =10 mm in
the magnetisation N45 (Br magnet = 1.35 T and urel magnet = 1.05) are considered. For the air
gap, a value of tair gap = 12 mm was chosen for design reasons (thickness of the slide plate
10 mm). This results in an air gap field of Bair gap = 0.83 T, derived from Eq. (3).

Y tmagnet (1)

¢ m_magnet ¢ m_air gap eq_magnet ¢R_magnet Ho-Hmagnet-Amagnet

l

considering: R, = A = Amagnet = Aair gap aNd ¢ = B - A leads to:

Ho Urel'A
B- ( Y tmagnet + tair_gap ) — B ] Y tmagnet (2)
— PR_magnet
Ho'HUrel_.magnet  Ho'Hrel_air gap -mag Ho’Urel_magnet

Considering frel airgap = 1 aNd X tmagnet = 2 * tmagnet EQ. (2) leads to the equation
of proportion for the magnetic field in the air gap:

_ _ BR_magnet'(Z'tmagnet/llmagnet)
B = Bair_gap - (3)

(2'tmagnet/ﬂmagnet"'tair_gap)

With the air gap field and the effective conductor length (2 lcoil_avg'Neoit, S€€ Fig. 8b for
lcoil_avg) in the magnetic field, the motor force constant kmot can be calculated according to (4):
1

kmot = 5 lcoil_avg * Neoit Bair_gap . (4)

Considering Fig. 8c the coil winding can be carried out in three basic winding variants.

The winding with round wire has the lowest filling factor. The winding variants with

rectangular or flat wire (foil winding) offer a more compact and, e.g. by baking of self bonding

wire, mechanically more stable winding. Using Eq. (5) to (9) the winding variants can be

compared with regard to the achievable feed dynamics. The voltage Uprwwm applied to the coil

in interaction with the inductance Lcoi is decisive for the achievable force rise rate and thus

the maximum jerk jmax according to (8). Considering (9), the frequency of the pulse width

modulation fpwm determines the value of the current ripple Aicil, which is present in the coil
when il IS Set to zero, i.e. at 50 % duty cycle of the PWM.

2:a¢oil”

—In2.414 - aeon ) + (0.914 + 0.2235 ‘el eat)| - (5

Qcoil

Leonn = 8acoi - Ncoilz | [(ln

tcoil™Weoil
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from [17] with: acoil, teoil, Weoil IN CM; Leoit IN NH; agoy = %-Fai—m » Weoil = w
Umax = ot ©)
ot
Amax = (mslidefx::;)llr/nvi);rkpiece) (7)
e = P e ?
Aigoy = T ®)

2-Leoil’ frwMm

Table 1 compares the three winding types shown in Fig. 8c with respect to their dynamic
potential, assuming almost identical conductor cross-sections.

Table 1. Comparison of different winding types (Vmax, amax, jmax for a slide ma g = 10 kg with two coils; Upwm = 100 V)

Parameter Round wire Rect. wire Flat wire
dimensions with/w.o. insulation in mm 0.684 /0.60 2:0.2/1.94-0.14 8-0.055 / 8-0.035
number of windings and sect. in mm? 354 /0.282 400/0.272 363 /0.280
Lcoit in mH and Reoil in Q 95/48 12.2/5.6 10.1/4.9
force constant kmot in N/A 32.7 (100 %) 36.9 (113 %) 33.5 (103 %)
max. speed Vmax in m/s 3.06 (100 %) 2.71 (89 %) 2.99 (98 %)
max. acceleration amax in m/s? 65.3 (100 %) 73.8 (113 %) 67.0 (103 %)
max. jerk jmax in m/s? 68435 (100 %) 60367 (89 %) 66473 (97 %)
Aigoil at 16 / 100 kHz PWM in A 0.327/0.052 0.256 /0.041 0.310/0.050

It turns out, that the winding with rectangular wire and foil winding enable a higher
motor force constant kmot due to their higher filling factor. However, similar dynamic values
are achieved as with the winding with round wire. In summary, all the winding variants listed
in Table 1 satisfy the required feed dynamics when the superposition of motion at the TCP is
considered (Km =~ 1).

According to the high PWM frequency to be selected and the high feed dynamics,
a fast control system shall be realised. For this purpose, servo amplifiers, e.g. those of the
Triamec Motion AG, offering 100 kHz PWM frequency as well as a cascade control in which
position, speed and current control loops are sampled at 100 kHz [18] should be used.

6. SUMMARY AND OUTLOOK

This paper presents the design approach for high-dynamic planar motion systems based
on the principle of Kinematically Coupled Force Compensation (KCFC). Starting from a short
introduction considering the fundamental conflict between productivity and workpiece
quality, approaches to increase feed dynamics while maintaining motion accuracy including
KCFC are presented. Applications similar to the concept of KCFC are introduced and
processes with highly dynamic motion requirements are presented exemplarily. Subsequently,
the specifications for a 2D-KCFC motion system are defined and three possible drive
configurations are developed and compared. It was found that an arrangement with four small
drives has the lowest moving mass and also allows a favourable support distance araii between
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the linear guides. This concept was designed in detail and equipped with mechanical
decoupling elements for the accuracy relevant guide frame. In addition, two designs for
the reduction of torque excitation — an elastic connection of the motor secondary parts via leaf
springs or rubber spacers — were developed. With a simulative modal analysis of the entire
motion system, the decoupling effect of the elastic suspension of the guide frame and
the secondary parts (magnets) was demonstrated, whereby for the rubber spacers there is still
a need for optimisation with regard to the lowest possible natural frequency.

For the design of each of the four identical voice coil motors of the slide assemblies,
the magnetic circuit was first abstracted and the magnetic flux density in the air gap was
obtained. Based on this the motor force constant as well as the characteristic dynamic values
of the drives could be determined. Three different winding variants comprising round wire,
rectangular wire and foil winding were compared. The winding using rectangular wire and
foil winding proved to be superior, especially as they offer a higher mechanical stability than
the winding with round wire due to the flat mechanical contact between the conductors.
The required feed dynamics can be provided by all three dimensioned windings, taking into
account the distribution of motion at a ratio of approx. 1:1. Thus, the 2D-KCFC motion system
designed in this paper enables precise motion at highest feed dynamics (Vmax tcp > 2 m/s,
amax_tcp > 100 m/s?, jmax_Tcp > 100000 m/s*). For further mechatronic system design, a point
mass model is currently being implemented in MATLAB/Simulink. As shown in Fig. 9, this
model comprises the physical domains of mechanics, electrics and thermal transfer as well as
the test bed’s control system, enabling the evaluation of the interaction of all components.

control system mechanical system electrical circuit thermal circuit g
NC program x [DEEA
:X . . thfcoil-air Rthfslide-air
v e oil . oo P!'.'_egi!.:...!.cgf!i:Rw" )

coill

KCFC control :’ o

R R

H ° . 3 th_coil-slide
[ | i : \_’

y G e e e e e e 2 S e P —_L_Cth_con __I__Cth_snde

Fig. 9. Scheme of multi-domain simulation model with the physical domains mechanics, electrics and thermal transfer

coil

Beside the implementation of the point mass model, the design of the mechanical
components (e.g. by consideration of the anisotropic stiffness of the materials of the slide
plates) and the voice coil motors (e.g. by FE analysis of the magnetic circuit) will be
improved. Finally, the multi-domain point mass model will be extended to a Multibody-
Simulation (MBS) model comprising elastic bodies. This will enable simulation-based
analyses and extrapolation of data obtained in experiments using the real 2D-KCFC motion
system.
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