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Modern high performance cutting processes force high demands on new machine tool con-
cepts with enhanced mechanical stability and better dynamic behavior. In the development of
innovative machine tool concepts the main focus is still set on the design of mechanical struc-
tures with parallel kinematics. The new machining center “X-Cut” consists of a double scissor
kinematic structure with a degree of parallelism of two, incorporating four drives for the XY-
plane movement. Thus, the arrangement of four interlinked axes leads to an over-determined
kinematic structure. Due to the complex behavior of the kinematic structure a new method in
NC-controller design and parameterization is needed, including enhanced compensation and
preloading algorithms.
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1. INTRODUCTION

For more than 15 years, machine tools based on parallel kinematics have
become more important in manufacturing and handling applications. In fact,
the machine tool industry has great expectations in the development of this
type of machine structure; especially with respect to criteria such as stiffness,
acceleration, accuracy, and the advantage of realizing similar assembly parts.
Regarding the number of similar mechanical components that have to be as-
sembled, a remarkable effect on the economic efficiency in building up machine
tools has been anticipated. Experience resulting from the practical application
of parallel kinematics settled because the development of various machine tools
fell short of expectations due to disadvantages coming along with the non-linear
behaviour of the mechanical structure in the overall workspace envelope. Many
prototypes of machine tool concepts offer static stiffness in one preferred axis
of more than 100 N/um. The values of stiffness in the axes perpendicular to
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the orientation of the struts drop down to very low levels of rarely more than
10 N/pm [1, 2].

High performance cutting processes puts a high demand on the concept of
new machine tools with improved mechanical stability and better dynamic be-
haviour. As a result of this, the main focus is set on the design of machine tool
structures with parallel kinematics. The first types of machine tools based on
parallel kinematics were built with a degree of parallelism of one, e.g. Quickstep
and Quickstep Neon [3]. This implies that there are as many drives in the ma-
chine as there are degrees-of-freedom offered for the tool and the Tool Centre
Point (TCP) respectively [2].

In order to overcome restrictions in mechanics due to non-linear behaviour, a
new approach has been found with a highly parallel design representing a kine-
matic structure offering a degree of parallelism of two, called “X-Cut” [4, 5]. The
main kinematic structure offers two degrees of freedom of motion, and hence it
allows in-plane movements. This kind of movement can already be performed
by a scissor-type of kinematic structure, e.g. the DynaM, as presented in [6]. In
order to get preloads into all kinematic transmission elements the scissor kine-
matic has to be doubled, thus the “V”-shape of the structure design becomes
an “X”-shape, and gives the name to the invention. Due to the over-determined
kinematic structure, it is possible to influence the preloading of all kinematic
transmission elements during machining and feed motion. Furthermore, the ba-
sic stiffness of the entire structure can be improved. Applying a preload also
affects the structure’s damping characteristics whereby vibrations, which are
introduced into the structure by reaction forces of acceleration and deceleration
due to positioning motion of the main spindle as well as time variant processing
forces, fade away much faster [4].

As a main focus of research, this innovative machine tool concept affords a
new type of control algorithm because, in addition to the standard NC-controlled
motion, it is necessary to integrate in the NC-control a strategy and control-
functionality to handle and optimize the pretensioning forces. Hence, adaptive
compensation methods have to be implemented with respect to motion and
processing demands [7-11].

2. HARDWARE

The following figure illustrates the machine tool concept “X-Cut”, with a 2D-
overdetermined kinematic structure highlighted in the colour red. The third de-
gree of motion is allocated in the work-piece slide. The control unit and the drives
were provided by the Austrian control system vendor, Bernecker & Rainer [5].

To realize a minimum CPU cycle time of 800 us, an APC 620 is used with a
PP480 CNC panel in terminal mode as a HMI. The positioning of servo drives is
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Fic. 1. Machine tool concept X-Cut.

controlled by five ACOPOSmulti and a 30 kW spindle by an ACOPOS. These
servo motor controllers have a cyclic bus time of 400 us. In addition to the
internal absolute encoder of the drives, each axis has a Heidenhain glass linear
scale mounted at the carriage to gain increased position accuracy [12].

3. SOFTWARE

The machine tool NC-control is based on the Generic Motion Control soft-
ware of Bernecker & Rainer. The system is configured with a virtual Cartesian
coordinate system which is coupled with the real axis by an inverse transfor-
mation. The real TCP position is calculated by the virtual axis using a direct
transformation of the physical axis. Regarding the software structure in this
way, all positioning movements are defined by the Cartesian axes system and
the physical axes follow the set points. The motion path itself is generated by the
positioning requests directly to the virtual axes or by the NC kernel “ARNC0”

i
ACOPOSmulti
Auis Task H

messyaou indirect position spoed curreniiiorque
HEC-Karmel (ARNCH) transformation controller controller controlier _'{ Bitve

position request
direct

F1G. 2. Indirect and direct transformation.
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which interprets G-code based on DIN 66025 from a NC-file or the input of the
MDI. In any case, the position request is updated every 800 us [12].

The ACOPOSmulti works with a three-layer controller architecture. In ad-
dition to the main positioning Pl-controller, a secondary speed-controller and
a third torque controller is subordinated. Each controller can be adjusted sepa-
rately by the proportional band, the integral time and an offset, which can be
altered at runtime with the active axis control.

3.1. Direct transformation

The direct transformation calculates the X-, Y-, and Z-position of the TCP
in the workspace envelope using the real axis position. This is necessary for the
control task to interpret position requests in an accurate way and send the real
position to the HMI and the ARNCO. In fact, only the X- and the Y-positions
have to be calculated, whereas the virtual Z-axis is defined by the position
measure of the axis ()5 in the physical system.

For the calculation of the TCP-position, only the positions of two axes are
necessary. Thus in the first version of implementation, axes one and two were
used (see Fig. 3). To get a more symmetric situation an arrangement of op-

Parameter:

b guide distance
a;  carriage height
I link length

a;  axis deviation

axis:
X X axis
y yaxis

g,  movement axis
yi  movement angle

FiG. 3. Machine tool structure of X-Cut and kinematic parameters.
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posing axes
the position
nate system

has been used in a second version by taking axes one and three in
control loop. The following equations represent the direct coordi-
transformation, where C7 and Cy are calculated as two constants

representing the geometrical dimensions as described in Fig. 3.

C1 = b+ ¢ sin(a1) — ag cos(a1) — az cos(as) + g3 sin(as),

Cy = q1 cos(aq) + aj sin(aq) — asz sin(asz) — g3 cos(as),

([ = arcsin i - l% +C1+ 0 — arctan(c’z)
211\/C12+CQ2 Cy ’
b

T=—3-a sin(aq) + aj cos(aq) + 1y sin(8 + aq),

y = q1 cos(aq) + ag sin(ay) — I3 cos(S + ai),

Z = (5.

3.2. Indirect transformation

An indirect transformation is used to calculate the positional set-points of
the real axes Q1-Q5 based on the X-, Y-, and Z-positions. The indirect trans-

formation is

very important to realize a closed loop position control in the NC-

controller. The following equations describe the determination for each axis.

Axis Q1:
with
R=z+

b . :
r=—5-a sin(aq) + ag cos(aq) + Iy sin(y1),

y = q cos(aq) + ay sin(aq) — Iy cos(71),

b
5~ cos(aq),

S =y —arsin(ay),

q1 = Scos(ay) — Rsin(aq) + \/(S cos(a) — Rsin(o))? + (I3 — R? — 52).

Axis Q2:

b . :
T=—3 + g2 sin(ag) + ag cos(ag) + I sin(7y2),

y = —qa cos(az) + azsin(ag) + I cos(y2),
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with
b
R=z+ 5~ a2 cos(ag),

S =y —azsin(ar),

g2 = —S cos(ag) + Rsin(ag) + \/(S cos(ag) — Rsin(ag))® + (12 — R2 — §2).

Axis Q3:
b
T=35 + g3 sin(as) — a3 cos(asz) — Iz sin(vys3),
y = g3 cos(as) + agsin(as) — I3 cos(7y3),
with

b
R=—z+ 5 a3 cos(as),

S =y — agsin(as),

43 = S cos(az) — Rsin(as) + /(S cos(az) — Rsin(az))® + (13 — B> — $2).
Axis QQ4:
T=5-q sin(ay) — aq cos(ay) — Iy sin(7yy),
y = —qq cos(ay) + agsin(ay) + Iy cos(vq),
with

b
R=—x+ 5~ a4 cos(ay),

S =y —assin(o),

@1 = —Scos(aq) + Rsin(ay) + \/(S cos(ay) — Rsin(ay))? + (12 — R? — §2).

The indirect transformation of the Z-axis is realized in a serial arrangement
concerning the design of mechanical structure. Hence, the transformation can
be calculated easily, and is equal to the position measure on the physical axis.

Axis Q5b:

g5 = 2.
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3.3. Parameter identification

To enhance the accuracy of the transformation, the real geometrical dimen-
sions of the machine tool structure where determined by comparison of theoret-
ically calculated and actually given position of the TCP by the use of redundant
measurement devices. To minimize complexity, the carriage height is set to the
theoretical value of the construction. Thereby the parameters: link length, guide
distance and movement angle were determined, as well as the deviation in the
X-axis of the not parameterised system.

4. CONTROLLER STRATEGIES

Regarding the concepts of position controller, two types of controller strate-
gies can be distinguished.

4.1. Control system with four position controlled axes

In this arrangement four axes of the parallel kinematics structure are in a
positioning control loop, called 4P-controller, as illustrated in Fig. 4. This type
of strategy imposes a higher demand on the machine calibration because even a
small position inaccuracy leads to high forces in the structure and in the drives.
Due to an inaccuracy in the determination of real geometry, deviations between
the real and the ideal kinematics arise. Thus, no power reserve exists for move-
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F1G. 4. Control strategy using four position controlling loops in the kinematics structure.
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ment in the case of imprecise compensation. By high speed movements especially,
even minor inaccuracies in the mechanical system generate huge torques in the
drives and lead to overcharge of the drives.

An advantage is that all drives indicate the positioning movement and there-
fore the maximum torque of all drives can be used for the acceleration. Addi-
tionally the indicated forces of the cutting process are carried by all axes which
enhance the machine stiffness behaviour.

4.2. Control system with two position and two force controlled axes

A second type of control strategy is based on the use of two axes, which are
in position control loops, and two other axes, which are driven by a force control
loop (see Fig. 5). Thus, the positioning of the TCP is done by two of the four
axes and the other two axes tense the kinematic with a predefined force. The
advantage of this system is focussing on the effect that geometrical inaccuracies
are widely eliminated in the influence on the closed loop motion control.

ACOPOSmulti 01 Tl
q Let position — speed é lorgque _I Drive Q1
.................... ~ . oAt -
qi_real
| ACOPOSMUNi Q2 T2
["posiiion Torque
v “l CB# coniroller "C»' '[mnlmue« controller P2
: e indirect E rFe compensation Fa7 |
Axes Control -w"z 5 table (01.05) [ar 18
(1) T
ACOPOSmulti Q3 T8
a3 | position spead lorque
L Q *| controlier [~ controlier [~ contralier g 0
| S+ static, dynamic
S~ compensation T
=+ 1|03 reat
1| Lel  lag-eror ACOPOSmuRli 04
g3l—=] transfer i
posunon ; i torque | =
T3 r.onlrnllar \_{(‘MIO"H controlles + Drive Q4
q_real| |g3_roal
wyiz rasd . | a4_real |
direct = t '
transformation = ACOPOSmUlti Q5 Tas
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FiG. 5. Control strategy using two position controlling and two force controlling loops.

On the other hand, the force driven struts are not able to carry unknown
external process forces, which lead to higher positioning inaccuracies as shown
by the 4P controller strategy. Furthermore, the preloading forces had to be
adjusted with respect to the movement, which generates higher demands on the
control unit.
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5. COMPENSATION

To fulfil today’s machining demands on positioning accuracies different com-
pensation algorithms are implemented in the machine control.

5.1. Axis inaccuracies

In order to implement compensation functionality in the NC-controller the
deviations of the real positioning motions to the reference values has been mea-
sured. Every 50 mm in square of the XY -working plane the deviations of the
axes position in comparison to the calculated positions were measured by a me-
chanical 3D-measuring device. Based on these correction values a linear planar
interpolation depending on the X- and Y-position is calculated for each axis
and charged to the calculated position values (see Fig. 6).

-

L

deviation

7 f(Xie1.¥je1)

Fic. 6. Compensation of position inaccuracies.

The planar linear interpolation can be calculated in two steps.
fxi,y5) with discrete Lo — Tn, Yo — Un.

Linear interpolation:

f(z,y) = fij + M(l‘ — ),
Tit1l — T

fit1,j+1 — fij+1 (@
Tiy1 — T

f@,yj+1) = fij+1+ — ;).
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Linear interpolation in the X- and Y-axes:

Foy) = flayy) + TEI T @w)
Yj+1 — Yj

5.2. Static and dynamic compensation

The compensation is based on Newton’s axioms. To minimize the computing
time the masses of each slide and the rods are modelled as rigid bodies with the
masses represented by the centre of gravity and mass of inertia. Furthermore,
the axis deviation angle of geometric specification is set to zero.

To solve over-determination, the rod system is divided into two substruc-
tures. One system is built up of links Q1 and ()2, and the other of links @3 and
Q4. The systems are connected by a definable horizontal force. Thus, the forces
in the carriages are set to values that the system on the right side presses with
a defined horizontal force against the system on the left side. In a second step,
gravity, acceleration, and friction forces are added. Based on these results the
spindle torque of the NC-drives is calculated. The following figure illustrates the

force system.
‘ Frs
y by

= | -—
Fii | | A
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‘___j Jq d2yq/di? E ‘
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h 1 l 1
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q1 l i ma (d2ysa/dt*+g) ok}
m; (d2ysi/dt+g) FeL : X
e e i - { - - - - m i m e -
b2 %
qzv !
: J4 dZyde
’ : ‘—
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Fr2 | f : ma (d2ysa/dt*+g) | Fra

i .

F1a. 7. Parameters for calculation of static and dynamic compensation.
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Calculation of the sum of torques in TCP concerning rod Q1:

Jigr —madsi(lh — ls1) cos(p1) — ma(fs1 — g)(l — ls1) sin(p1)
+ Frilysin(e1) + Fnili cos(p1) =0,

Ci1 = Jip1 —madsi(l — ls1) cos(pr) — mi(s1 — g)(l1 — Ls1) sin(p1),
1 sin(p1)

Ci——— )
! l1 cos(p1) Tl cos(p1)

Calculation of the sum of torques in TCP concerning rod (2:

Fyi = —

Joga — maisa(la — lsa) cos(pa) + ma(ijs2 — g)(la — Ls2) sin(p2)
— Fpolysin(pa) + Fala cos(p2) = 0,

C2 = Japa — maisa(lz — lsa) cos(p2) + ma(iis2 — g)(l2 — ls2) sin(yp2),
1 sin(¢2)

—+ F .

I cos(p2) e cos(p2)

Force addition of rod Q1 and Q2:

Fno = —C>

Fpr, +miZs1 + maZse — Fy1 — Fno = 0,

T1

sin(1) > cos(2)

Fry = <FPL + myds1 + maise + Ch :
cos(p1) ) sin(p2)

l1 cos(p1)
1

Co——.
Iy sin(¢2)
Force addition in the Y-direction of rods Q1 and Q2:

mi1 (s — g) + ma(ijs2 —g) — Fr1 — Fra =0,

tan(p1)
tan(p2)

Fry <1 + ) =m(¥Ys1 — g) + ma(js2 — g)

1 cos(p2) 1
- + Co— =0.
Iy cos(cpl)> sin(¢2) I sin(g2)

— (FPL + miZg1 + meZge + Cy
Resulting force in the slide system of rod @3:

J3p3 —m3is3(ls — ls3) cos(ps) — ma(iis3 — g)(I3 — ls3) sin(ps3)
—+ FT3l3 Sin(ng) + FN3l3 COS((,Og) = 0,
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Cs = J3¢z + m3igs(ls — ls3) cos(p3) — m3(iiss — g) (I3 — ls3) sin(s),

c 1 sin(ps3)
Clycos(ps) P cos(iea)’
Resulting force in the slide system of rod 4

Fn3 = —

Japa 4 maZsa(ls — lsa) cos(pa) +ma(Ysa — g)(la — lsa) sin(pa)
— Frylysin(pa) + Fnala cos(ps) =0,

Cy = JyPa + maZga(la — lsa) cos(pa) +m3(fsa — g)(la — lga) sin(ea),

1 sin(p4)
l4 cos(p4) ™ cos(py)’
Force addition in the X-direction of rods @3 and Q4:

Fny=—C4

Fy —m3Tg3 — myisy — Fng — Fyg = 0,

. . 1 sin cos
Fry = <Fv — mg3ig3z — myiss + C3 T3 (¢3)> - (p4)
I3 cos(p3) cos(ps) ) sin(ep4)
1
4.
l4sin(py)

Force addition in the Y-direction of rods @3 and Q4:

m3(liss — g) + ma(ijsa —g) — Frs — Fra =0,

. ; .
Frs (1 + an(tpg)) =m3 (3'/'53 -9+ 258 ) +my <?JS4 -9+ o >
tan(¢4) tan(y4) tan(py)
Fy Cs Cy

~ tan(ps)  lzcos(ps)tan(ps)  lasin(ps)’

Consideration of the friction in the carriage:
Fri = Fyipy - sign(g;).
Consideration of the inertial force of the carriage:
Foi = meidi-
Calculation of the torque at the drives:

h;

T; = (Fri + Fri + Fu;) m



CONTROLLER CONCEPT FOR A HIGHLY PARALLEL MACHINE TOOL 327

5.8. Lag error transfer

To indicate at the force controlled axis a position control, the lag error of
the position controlled axis is transferred to the force controlled axis; thus in-
accuracies in the geometry are eliminated. As shown in the following figure
the transferred lag error can be considered as an input of a P-controller for an
additional torque to the axis.

Tls?

Qs Q2_theo
direct i - indirect i
G _| transformation Y | transformation | G4 o

Qz_theo_real |
direct indirect

: X/ ;
Qs Y transformation Y | transformation | 9¢_theo_real

Y

\J

Qi_agorror —t—gm O

Fi1a. 8. Lag error transfer.

As a main disadvantage of this method can be observed that the calculation
task act as a dead time element with the cyclic time between the input and the
calculated output.

6. RESULTS OF EXPERIMENTS

The tests on the real machine were performed by realizing a circular path
around the X- and Y-origin with a diameter of 300 mm. The focus of the
investigation was to enhance the dynamics of the machine tool (see Fig. 9).

F1G. 9. Test program on the prototype machine.
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6.1. Test of control strategy with lag error transfer

In performing tests, in order to investigate the lag error transfer, the axes Q1
and @2 were position controlled and the axes )3 and (4 force controlled. The
preloading torque was calculated by static compensation as well as the lag error
transfer. The constant Ko is the proportional gain with a dimension of Nm/pm.

As presented in Fig. 10 the axis Q1 oscillates at the extended position of axes
Q1 and Q2. The lag error transfer prevents this oscillation but causes higher
torques on the other drives. Therefore this kind of additional torque eliminates
the drive reserves for higher acceleration and movement speed. It is not possible
to realize a feed rate of 60 m/min.

torque of the drives with 10 m/min track speed

torque [Nm]

0 200 400 600 800 1000 1200
path [mm)]

|— Kv=0 (axis Q1) — Kv=0 (axis Q3) — Kv=1/20 (axis Q1) — Kv=1/20 (axis Q3) |

F1G. 10. Torque of the drives with lag error transfer.

6.2. Control Strategy with static and dynamic compensation

To minimize the extended position of the position controlled axis, the axis
Q2 was replaced by axis Q3. Hence it was possible to increase the speed up
to 45 m/min.

Figures 11 and 12 show the results of torque measurement of drive Q1 and
the measured lag error in the XY-plane. At higher path speed the torques and
the lag error increase, whereas the oscillation of the values decreases.



lag error [pm]
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torque axis Q1
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Fic. 11. Torque values measured on axis Q1 with different feeding rate.
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F1G. 12. Measurement results of lag error in the XY -plane with different feeding rate.
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6.3. Control strategy comparison

In these tests different strategies focussed on the control implementation
of a single axis have been investigated; though as a first step, the 4P-control
concept was changed to a 3P1F-control concept. It can be demonstrated that
this change in control strategy provides a reduction of the overcharge in the
drives due to inaccuracies of the structure.

In Fig. 13 and Fig. 14 it is illustrated that the control concept using three
position controlled axes cause at the feed rate of 20 m/min the highest values
of measured torques and lag errors.

Torque axis Q1 with track speed of 20 m/min

P1 P2

50

P3 P4 P1

30
20

torque [Nm]
o o

-
o

-20
-30

-40

0 05 1 1.5 2 25 3 3.5 4 45 5
——no compensation — static compensation
-Lag ErrorTrans Kv=1/250 —— 3 Position Control

F1G. 13. Measured torque of axis Q1 with different strategies.

XY Plane with a track speed of 20 m/min

Lag Error [pm]

time [s]

——no compensation —— static compensation
——Lag ErrorTrans Kv=1/250 ——3 Position Control

F1a. 14. Measured lag error in the XY-plane with different strategies.
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7. CONCLUSIONS

The development of a machine tool with a highly parallel kinematics struc-
ture comes along with the need of new concepts for compensation of geometrical
as well as static and dynamic deviations. Different strategies for compensation
and their influence on the position control behavior were investigated. In general
the charge of each drive can be reduced by the predefined torques, and thereby
higher feed rates and acceleration are possible. Applying a controller strategy
using two drives with position control and two drives with force control, oscil-
lations are generated around the extended positions of the driven axes. This
effect could be eliminated by a switch of the position dependent axes from one
side-pair of struts to the other. The requirement of this change is dependent
on the X- and Y-position of the TCP and on which pair of axes is closer to
the point of singularity. Using a control strategy with four position controlled
axes, nearly oscillation-free motion is possible. The generated drive torques come
along with higher values to compensate the restraining forces in the structure.
With enhanced predefined torque algorithms it will be possible to distribute the
charge uniformly to all axes and increase the maximum feed rate, acceleration,
and accuracy.
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