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INTRODUCTION
Machine tools have to reach very high levels
in accuracy and speed. The detailed analysis
and systematization of machine tool dynamics
with respect to these properties is ongoing re-
search topic as these properties are prerequi-
sites to achieve dynamic path-accuracy. For the
distinction of the sources causing dynamic, es-
pecially acceleration dependent, errors several
works ([1], [2] and [3]) have been carried out,
which are stating a systematic and repeatable
behaviour of dynamic displacements in models
and measurements. These conclusions suggest
the modelling and the compensation of errors
due to machine dynamics. Probable solutions
are on-line simulation of machine [4] and state
control [5]. These methods permit the complete
control of dynamic components, including p.e.
damping and friction, but have due to parameter-
uncertainty high requirements on approaching
feasible settings to ensure robustness.
Based on the stated systematics of dynamic dis-
placements, especially on acceleration level, this
paper presents a method to describe these sys-
tematics. With this method, the measured dis-
placements can directly be correlated to current
acceleration. To avoid the influence of errors on
position and velocity levels and errors due to ex-
citation (jerk), a suitable measurement motion is
proposed.

MEASUREMENT METHOD
The evaluation procedure consists of measuring
circular movements of the tool center point (TCP)
and comparing these movements with internal
measurement values. Due to this combination the
cross-talk and the in-talk parameters, which are
elucidated in the following sections, of a machine
tool can be derived. The measurement motions
are circular movements the three main planes in
the machine coordinate system, carried out by the
interpolated movements of the linear axes of the
machine tool.
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FIGURE 1. Schematic of the inertial tilt effects
on the TCP displacements. The drive force Fz

causes the in-talk EZZ (above) and cross-talk
EXZ (beyond).

Measurement motion
Especially the two states, acceleration and jerk,
have to be considered in detail. The accelera-
tion and the offset between the center of grav-
ity and drive force input position causes a mo-
mentum on the acting machine tool structure [6].
The momentum leads to tilt motions, as inertial
in-talk and cross-talk (figure 1), which are defined
in equations (1) and (2):

EZZ =
Fz∆zF∆xTCP∑

i

kX,i∆z2k,i +
∑

j

kA,j

(1)

EXZ =
Fz∆zF∆zTCP∑

i

kX,i∆z2k,i +
∑

j

kA,j

(2)



Assuming linear stiffness, the magnitude of the
cross-talk can be linearly correlated to the accel-
eration. The jerk defines the time span for the
development of the reachable acceleration [3],
which can easily be seen by the approximation of
the drive force Fz ≈ m · z̈ and its insertion in the
equations (1) and (2). The time span of this dy-
namic input leads to the excitation of the machine.
To distinguish the cause of dynamic effects due to
jerk and acceleration, circular motions provides
low frequencies of excitation. As an example, the
circular motion with radius of 2mm with and ac-
celeration 5m/s2 yields 9Hz for the excitation of
an axis.

External measurements
The external measurement of the circular motions
denote relative displacements between TCP and
work piece point (WPP). As measurement device,
the R-Test is used providing simultaneous spa-
cial displacement values combined with moderate
programming and set-up effort required.

R-Test device
The R-Test [7] is a measurement set-up , where
the TCP is represented by a precision sphere and
the WPP by three orthogonal incremental probes
with flat probing tips, see figure 2. The mea-
surement uncertainty of the R-Test measurement
setup is U(k = 2) = 2.8µm for a measurement
range of 2mm. After calibration on the machine
tool the probe values can directly be transformed
in machine coordinate system. The measurement
range is ±3mm.

FIGURE 2. The R-Test set-up

Internal measurements
In addition to the TCP-displacements obtained
from the R-Test measurements the correspond-
ing values at the internal measurement systems

are used. The use of close-loop position mea-
surement is a prerequisite for the approach out-
lined here. The difference between the values ob-
tained at the direct measurement systems of the
axes and the external measurement describe the
structural error, which can not be seen by the con-
trol system of the machine and can not be com-
pensated or influenced by the control loop of the
machine tool.

EVALUATION METHOD
The evaluation of measured circular motions ex-
emplary in the ZX-Plane is explained next. The
set points (zset, xset) and the set acceleration
(z̈set, ẍset) of circular motion are given by:

zset = r cos(ωt) ⇒ z̈set = −rω2 cos(ωt) (3)

xset = r sin(ωt) ⇒ ẍset = −rω2 sin(ωt) (4)

with nominal radius r and angular velocity ω.
The position and the acceleration are in phase.
The internal and external measured circular mo-
tions can get normalized with the measured co-
ordinates and multiplied with nominal radius r to
get the nominal circle as stated in equations (3)
and (4). So, the allocation between set points
and measured values is ensured. Furthermore
the actual accelerations at the measured posi-
tions, based on the internal measurement, are
obtained. Assuming small displacements, which
is given with required accuracy in micrometers of
stiff machine tools with large axis strokes, the ac-
tual points (zactual, xactual) are stated as:

zactual = zset + EZZ̈z̈set + EZẌẍset (5)

xactual = xset + EXẌẍset + EXZ̈z̈set (6)

with position errors EZZ̈,EXẌ in axis-direction
(in-talk) and EXZ̈,EZẌ orthogonal to axis-
direction (cross-talk) presented in following sec-
tions, are assumed to be linearly to the accelera-
tions. The effects of cross- and in-talk have to be
separated. Firstly the cross-talk is analysed. this
leads to corrected values without cross-talk influ-
ences which are then further processed to obtain
the in-talk parameters.

Cross-talk
The cross-talk values EZẌ,EXZ̈ are calculated
out of the planar inclination of the two other cir-
cular motions in XY and YZ-plane using ”least
square plane fitting”. With the obtained planar
fitting parameters c and d, the acceleration cor-
related inertial cross-talk errors yields:

EZẌ =
c

ẍmax

(7)



EXZ̈ =
d

z̈max

(8)

Figure 3 illustrates the effect of EXZ̈.
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FIGURE 3. View on ZX-Plane of internal and ex-
ternal measurement of circular YZ-Motion, above:
amax = 0.5m/s2, below: amax = 4.5m/s2.

In-talk
The in-talk values EZZ̈ and EXẌ obtained with
”least square ellipse fit”. The cross-talk values
are evaluated in the previous section, hence the
equations (5) and (6) are modified to:

zactual′ = zactual − EZẌẍset (9)

xactual′ = xactual − EXZ̈z̈set (10)

and evaluated with ”even ellipse fitting”.

The resulting semi-minor axis value b and semi-
major axes value a are given in machine axis di-
rection. The in-talk values are obtained by

EZZ̈ =
r − a

z̈max

(11)

EXẌ =
r − b

ẍmax

(12)

with the nominal radius r and the maximal
reached accelerations z̈max and ẍmax.

RESULTS
Figure 4 shows the fitting of the measurements.
The assumption of (5) and (6) is visible and dis-
tinct for higher accelerations, where the dynamic
displacements are higher in amplitude. Displace-
ments due inertial cross-talk and in-talk are pro-
portional to acceleration. In the next section, eval-
uation results over different parameter settings
are presented and discussed for illustration.
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FIGURE 4. Magnified external and internal mea-
surements and fitted ellipses in reference to the
set circle (r = 2mm) , above: amax = 0.5m/s2,
below: amax = 4.5m/s2.

EXAMPLE RESULTS FOR A MACHINE TOOL
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FIGURE 5. Evaluated cross-talk values with
trend curve for different parameter settings over
acceleration.

To discuss the influence of different parameter
settings, the circular motions have been evalu-
ated with different jerk, acceleration and veloc-
ity. The clockwise and counter-clockwise direc-
tion of the circles in the three main planes leads
to further parameters. Figure 5 shows exemplary
cross-talk values dependent on the maximally
reached accelerations of the measurements. The
evaluated values show mainly acceleration de-
pendency. Static and geometric effects like com-
ponent errors influence the evaluation of the pa-
rameters for low acceleration. The resulting pro-
portionality parameters show higher dispersion,
as seen in figure 6. Tables 1 and 2 show the re-
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FIGURE 6. Evaluation of Z-Axis with different
dynamic settings, direction and planes. Lower
dispersion with higher acceleration. Upper/lower
bound indicate the dispersion for ±0.5µm/m/s2

when using the mean value as reference.

sults of the linear axis of a machine tool at two po-
sitions of the workspace. The position of the TCP
changes the offset to the guide way and hence
the stiffness, which is noticeable in the resulting
cross-talk parameter EXZ̈.

TABLE 1. Resulting in-talk (diagonal) and cross-
talk values [µm/m/s2] for a machine tool at top of
the workspace.

Ẍ Ÿ Z̈
EX -1.53 -0.11 0.97
EY -0.16 -3.20 0.10
EZ 0.18 0.18 -1.60

CONCLUSION
The evaluation of the acceleration correlated in-
talk and cross-talk errors and their repeatability
with higher acceleration concludes the systematic
behaviour due to the acceleration state of a ma-
chine tool. The difference between external and
internal measurements can be correlated with ac-
celeration. In addition, the evaluation method pre-
sented here describes an axis-calibration method
on quasi-static acceleration level due to low fre-
quent excitation of the measurement motion. The
position-dependency of the evaluation has to be
considered as the stiffness of the machine struc-

TABLE 2. Resulting in-talk (diagonal) and cross-
talk values [µm/m/s2] for a machine tool in the
center of the workspace.

Ẍ Ÿ Z̈
EX -1.34 0.22 1.42
EY 0.22 -3.94 0.14
EZ 0.43 0.19 -1.70

ture changes due to variations of offsets over
longer movements. The obtained values are also
proposed to be used as feed forward parameters
on acceleration level in suitable servo controls.
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