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Abstract

Robot machining processes with high material removal rates lack of high path accuracy mainly due to the low stiffness of
industrial robots. The low stiffness leads to process forces caused deviations of the tool center point (TCP) from the planned
position of more than 1 mm in industrial applications. To enhance the path accuracy a novel hybrid compliance compensa-
tion is developed. It combines a force sensor and model based online compensation with forces of an offline simulation to
instantly react to predictable high force changes e.g. at a milling cutter exit from the work piece. The method is applied to a
KUKA KR 300 robot. A compliance model based on a forward kinematic with virtual joints is implemented on an external
controller. Cartesian or axis specific compensation values are calculated and transferred to the robot via a control circuit. A
compliance measurement method is developed and a force torque sensor is mounted to the flange of the robot. The system
is validated in with Cartesian and axis specific compensation values as well as with and without pilot control.

Keywords Robot-machining - Compliance compensation - Hybrid online/offline compensation - Compliance measurement

1 Introduction and state of the art

For decades, industrial robots have been an integral and
steadily growing part of industrial production chains. In the
period from 2014 to 2018 sales of industrial robots have
nearly doubled [13]. In addition to tasks in the fields of
material handling and welding, applications that require
high robot accuracy, in the range of a few tenths of a mm,
are becoming established. These include tasks in the area of
quality assurance, as well as machining of large components.
The main reasons for the use of robots are the low invest-
ment costs for a large work area that can be expanded with
little effort and the flexibility to combine several end effec-
tors and processes. The low path accuracy and both static
and dynamic stiffness of industrial robots, especially under
changing process forces, are challenging for the machining
process. External forces can lead to deviations of the TCP
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from the planned position of more than 1 mm with a heavy-
duty robot in industrial applications [19].

To increase the positional and path accuracy during
machining with industrial robots, efforts to improve the
construction of the robot, path planning methods and pro-
cess parallel control strategies can be made. Concepts to
increase the position accuracy of serial robots by changes in
construction include the reduction of axes [1], hybrid drives
with additional torque motors [6] and optimized structural
parts [4]. The modifications lead to specialized machines
with reduced fields of application and higher costs. In con-
sequence they are not widely used. In the field of path plan-
ning, very comprehensive solutions have been developed
which are knowledge-based and therefore do not require any
additional sensors during operation. Process force models
are coupled with multi-body-models of robots to predict
compliance [3, 14, 16] or backlash [5] caused path devia-
tions and compensate or reduce them. They can be com-
bined with model-based workpiece placing and process
parameter optimization [18]. Therefore, the use of offline
compensation methods is very cost-effective, except for the
costs incurred for the development or procurement of the
software. The disadvantage, however, is that only previously
modelled effects are considered. Wear on gears or the tool
as well as unforeseeable changes in the workpiece geometry

@ Springer


http://orcid.org/0000-0002-7820-8544
http://crossmark.crossref.org/dialog/?doi=10.1007/s11740-020-00976-7&domain=pdf

426

Production Engineering (2020) 14:425-433

or material properties cannot be compensated. In contrast
process-parallel methods rely on sensor signals and com-
pensate deviations directly or model-based. One possibil-
ity is the monitoring and correction of the TCP position,
which is realized by very cost-intensive position measuring
technology, e.g. laser trackers [8, 12, 15]. Second encoder
systems, which measure the axis position on the load side in
addition to the motor side system, can be used to compensate
torsional compliance and gear backlash [7, 9]. However, it
is not possible to measure and compensate the compliance
of the structural elements and end effectors or tilting in the
joints with the system. A promising approach is offered by
model-based compensation methods, which feature a com-
pliance model and use a force sensor signal as input [17,
21]. The main back draw of this concept is the unavoidable
delay of the robot processing correction signals which leads
to minor quality when the process force changes abruptly,
e.g. at a cutter exit from the workpiece.

The combination of path planning and process parallel
methods represent a promising, but so far not validated,
approach [11] to avoid significant differences between pre-
dicted and actual machining forces as well as high reaction
times of the robot.

2 Compliance compensation concept

The proposed hybrid compliance compensation concept
aims on closing this gap. It is mainly a parallel system
(online compensation), needing almost no user input or
robot program adaption and features an optional path plan-
ning input (offline compensation) for higher quality needs.

2.1 Compliance model

The compliance model is based on a real-time capable model
including a forward transformation T with 5 parameters
introduced in [20].

T =Tg(a)  Tr(a) - Tr(b) - Tr(d) - Tr(0) (D

It models the rotational and tilting compliance of the 6 robot
axes as well as the compliance of the linked arm (3) and
the arm (5). Figure 1 shows the 14 coordinate systems of
the robot referencing to the base coordinate system (0). The
model is modified by adding virtual joints at the end effec-
tor to take into account the compliance of the force/torque
sensor (9), the spindle and its holder (10) as well as the tool
(13). The accurate orientation of the tool is calculated by an
Euler rotation from coordinate system (11) to (12).

The position 7, of the TCP (14) regarding the base system
(0) of the rigid body robot is calculated by
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Fig. 1 Coordinate systems of the robot model
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with i = 0. In order to take into account the compliance
of the axes and other elements each forward transforma-
tion T; is extended by an additional homogeneous trans-
formation with rotational matrix R using a z—y’—x"-Euler
transformation.

0
A R 0
Ti = Tl 0 (3)
0001
with
c(Be@) s@)s(Be(@) — (@) -
R;k = C(ﬁ[)sg’[) s(@)s(Bs(7,) +AC(0A‘,')C(JA’[)
=s(f) s@)e(h) @
= c@)S(Be(r) + s(a)s(7)
- c(@)s(B)s @) = s@)e()
c(@)c(py)

and c(...) = cos(...);s(...) = sin(...)

The rotation describes the deformation of a virtual joint
due to a measured process force at the TCP. The load must
be transformed into the coordinate system of the particular
joint G. For this purpose, the transformation from joint G;
to the TCP is calculated via Eq. 2. The rotational compo-
nent R; is used to transform the force into the joint coor-
dinate system.

Fi=R; - Frep Q)

The cross product of the connection vector r; between the
joint and TCP and the force provides the torque M acting
on the joint.
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M. T, F,
MBi = ryi X F)’i (6)
M 4, r, F -,

The angles of elastic deformation of the virtual joints
required in R} can be determined with knowledge of the
stiffness parameters k by

M. . Mg M,

i ~ i

a; ;= k_B,»’ Vi= E 7

l= kC"

Finally, the deviated position of the TCP by can be calcu-
lated with i=0.

14 A =

G.TCP# H 4 R; 7

t T = T = i i
1 i+1 [O 1] (8)

The displacement of the TCP, which is relevant for com-
pensation, can be determined by comparison with the rigid
body approach.

Ar=7-75 ©)

2.2 Compliance control circuit

For online compensation the process forces are measured at
the robot flange with a strain gauge force-torque sensor from
ATI. After processing them with a low-pass and a moving
average filter to get the quasi-static part, the measurement
data is forwarded to the real time compliance calculation
module to determine the current displacement of the end
effector. The calculations are performed on a TwinCAT 3
controller which communicates with the KR C4 controller
of the robot (KUKA KR 300 R 2500 Quantec Ultra) via
UDP and the robot-sensor-interface (RSI) in a 4 ms cycle
to receive the current axis data A1-A6 and send correction
signals. Figure 2 shows the control circut concept. The deter-
mined correction values are further processed, see Sect. 2.4
and then either send directly to the robot controller (/\ X g
...) or previously converted into axis values via an inverse
kinematic. Axis values have the advantage that control terms
of the PID controller implemented in the RSI can be indi-
vidualized for each axis instead of Cartesian direction. Via
the controller the correction values lead to a compensated
path of the robot arm.
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Fig.2 Control circut concept

2.3 Pilot control

In order to improve the dynamic behavior of the compli-
ance compensation in the event of abrupt force changes
(e.g. milling cutter exit) which shifts the end effector by
several tenths of a millimeter, a force pilot-control, intro-
duced in Ref. [2], is used.

Therefore, the motion commands stored in the robot
program are combined with roughly estimated cutting
forces prior to the machining process (offline). They are
read out during the robot program run and are transmit-
ted to the TwinCat 3 controller. In the case of small and
medium differences between the estimated and the meas-
ured force signal, the measured signal is trusted, because
it is assumed that it deviates less from the true value.
Increasing milling forces, due to milling cutter wear or
material changes, can thus be taken into account. As soon
as the differences exceed an adjustable threshold value
of currently 150 N, a change of direction or exit of the
milling cutter is assumed and the signal is linearly super-
imposed to the estimated force signal within 80 ms (see
Fig. 3).

Hereby the reaction time resulting from the force signal
processing and smoothing as well as the robot mechanics
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Fig.3 Sample force signals i
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can be significantly reduced from approx. 100—150 ms
to a maximum of +12 ms, the cycle time of the robot
controller.

2.4 Orthogonal projection

To reduce the axis movements needed to compensate the
deviation as well as to prevent oscillations in feed direction
v the correction signal 7 is projected in the normal plane of
the feed via orthogonal projection

L Few
iy ST (10)
v, eV,
with
— v
Vp = = a1
[V,

Figure 4 shows the vector of feed direction v (blue), the
original correction vector 7 (green) as well as the projected
correction vector 7, (red) after signal processing.

2.5 Compliance measurement

To identify the stiffness parameters of the compliance model
a measurement system is developed. The setup is used to
measure the torsional and tilting stiffness of the axis, the
linked arm and the arm. The procedure is based on observ-
able cubes which are fixed on the robot structure and can
be measured accurately. The observation of two subsequent
cubes in the loaded and unloaded state allows the determi-
nation of individual stiffness parameters. Figure 5 shows
the structure of the compliance measurement system. A test
load is applied to the tool center point (TCP) located in the
center of a cube attached to the flange of the robot. The
test force or moment is applied by a cable pull system and
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determined by an ATT Omega 160 force-torque sensor, also
attached to the flange. A steel cable attached to the TCP is
routed over a frame so that a weight attached to the end of
the cable together with a variable cable tensioner applies a
defined force. Alternatively, to measure some axes, €.g. axis
6, a moment is applied via a bar attached to the cube and two
steel cables. The cubes (edge length 100 mm) mounted to
the structure change their position depending on the defor-
mation of the robot. Therefore, the relative displacements
and rotations of the measuring cubes are determined with
laser triangulation sensors. The sensors that measure the
cubes are mounted on a movable frame next to the robot
and record the movement of the cubes in the world coordi-
nate system. Two measurement cubes are placed on each the
linked arm and the arm of the robot to determine the bend-
ing and torsional compliance of these structural elements.
To determine the relative displacement and as a result the
torsional and tilting compliance of the axes, the deviations
of the measurement cubes in front of and behind an axis are
measured. Due to the small dimensions only one cube is
attached to each of the robot elements of the central hand.
The bending and torsional compliance of these structural
elements are indirectly considered in the axes in front of and
behind the element. The positions of the cubes on the robot
structure are determined by a laser tracker.

Figure 6 shows the simplified (2D) representation of a
robot joint G in the unloaded state (u) and the loaded state
(1. In the loaded state, both the orientation of the joint coor-
dinate system as an ideal rigid joint without deformation (1)
as well as am elastic joint (1*) are shown.

The transformation matrix %Ci'T is determined, which
represents the difference between the two coordinate systems
after the load with those before the load. From this, the stift-
ness values are calculated with knowledge of the acting load.
The stiffness values are listed in Table 1.

Robot element Cube

Robot element

/ \\\//l“\
_ [ \l\
TG \//4,\‘
N V2 N Z¢ S
AN \/
N \
N
AN
\ 7
N

Fig.6 Simplified illustration of a robot joint before and after a load
is applied
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Table 1 Determined stiffness parameters
(virtual-) joint/KOS Stiffness in Nmm/rad

ke kg k4

171 1.2 x 100 1.2 x 100 7.5 % 10°
2/2 6.1 x10° 6.1 x 10° 5.4x10°
3/4 6.2 x 10° 6.2 x 10° 43 x10°
4/6 3.0 x 10° 3.0x 10° 9.0 x 108
517 2.5x 107 2.5 % 10° 8.0x 108
6/8 6.7 x 108 6.7x 108 49x 108
Linked arm/3 1.2 x 1010 3.8 x 10° 1.0 x 100
Arm/5 6.1 x 10° 1.3 x 100 3.0x 10°
Sensor/9 3.3x10° 3.3x10° 5.2 % 10°
Spindle and holder/10 1.9x 108 6.7 x 107 9.1 x 107
Tool/13 9.9 x 10%° 9.9 x 10%° 9.9 x 10%

The measured values determined for axis 6 represent
cumulative values of the sensor and axis 6, which are already
divided into individual components in the table shown. The
stiffness of the end effector was determined while disassem-
beled from the robot, while the tool can be modeled as stiff,
due to the large diameter and short protruding length.

2.6 Process force measurement

The process force is measured with a 6-dof strain gauge
based ATT Omega 160 sensor mounted between the flange
of the robot and the spindle holder. The measured signals
do not directly provide the force acting on the TCP. Instead,
they are subject to offsets and refer to the sensor coordinate
system S, so that further signal processing is necessary. In a
first step a sensor internal offset as well as the weight force
of the end effector are determined. Figure 7 depicts the three
orientations (O1-03) needed to identify the parameters of
a physical model.

The weight force F; is calculated from measurement O1
and O2 while the calculation of the sensor internal offset of
the force F'; and torque Mg; as well as the center of gravity
coordinates r; include all measurements.

0
Fg = 0 (12)
SFo1. = Fon.

s SFOl,x - \/EFG,Z
Fo =|5Fo, - V2E,, (3)
FOl,z
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e (14)

N \/E(SM ,Z_SM )
Sre = |Sro. + e (15)
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In the second step of the offset compensation an approxima-
tion function is calculated with the aim of compensating the
remaining force offset, for example from forces caused by
the hose pack. Therefore measured values from 27 orienta-
tions are recorded in a lookup table. Euler angles are not
suitable as input variables for an approximation function for
the remaining offset, since small changes in orientation at
quadrant transitions result in sign changes, for example from
— 180° to 180°. This cannot be represented adequately with
an approximation polynomial. An alternative description of
the orientation is possible using quaternions, which continu-
ously describe angular positions in space. The conversion
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of Euler angles into quaternions is realized by the following
formula [10].

sin(a)sin(2 p)sin(y)+ -
sin(—a)sin(—ﬂ)sin(i7)+
sin(sa)sin(; p)sin(zy)+ -
sin(aa)sin(zﬂ)sin(zy)+
- cos(a)cos(%f)cos(Ly) o
. cos(ia)cos(iﬂ)cos(iy)
. cos(ia)COS(-ﬂ)COS(%Y)

. cos(Ea)cos(zﬂ)cos(zy)

As an approximation function, a second degree polynomial
is used as shown in formula 17. F,,, represents the approxi-
mated force and g, to g, represent the entries of the quater-

nion q.

2
Fop =a1 + ayq, + a3q, + a4q3 + asq, + agq;
2 2 2
+ a;q; + agqs + agqy +a109,9, +a119:93 17
+ 4129194 + 4139293 + Q149294 + A15G394

Input variables of the compliance model are the forces acting
on the TCP. Therefore a transformation of the loads acting
on the sensor is necessary. Figure 8 shows the coordinate
systems involved in the calculation and selected transfor-
mations. These can either be read out from the controller
(B TCP FTCPT), constructionally determined (F5T) or deter-
mined from the other transformations.

At first the force on the sensor corrected by the offset
SF Sy 18 Calculated in the sensor coordinate system.

°Fy, = Fy ="k - F—°Fg =°F,, (18)

In contrast to torque the forces are equal at sensor and TCP.
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® FTCP komp = i Fskamp ( 1 9)

Finally, the forces are transformed into the TCP coordinate
system in order to obtain the required input variables for the
compliance model.

e, =" R Fres,, (20)

komp

3 Results and discussion
3.1 Compliance model validation

To validate the compliance model, displacements cal-
culated with the compliance model are compared with
the displacement of the robots TCP measured by a Leica
Lasertracer 901B. For this purpose, a load of 750 N is
applied to the robot with mounted end effector in the three
axes of the base coordinate system one after the other. The
examinations are carried out at 4 positions in the working
area in 5 poses each. Figure 9 shows the results of the
validation. Measurements pose 1-20 represent a load in
positive x-direction of the base coordinate system, 21-40
in positive y-direction and 41-60 in negative z-direction.
The measurements are sorted in ascending order of posi-
tion and orientation starting with orientation 0, followed
by B + 30° and B —30° as well as C + 30° and C —30°.

Ser ¢ Measurement
55| ¢ + Simulation
k3 {'" o
» ’4" 1
o | ?
2k IENPRS S 1 i R i
g ¢ . !
=) t N o e ri .
S 1s5F 3 e T §
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Fig.9 Measured and calculated eucleadian norm of the deviation at
position 1: x = 2084 mm, y = -97 mm, z = 1524 mm; position 2: x =
1091 mm, y = 454 mm, z = 1884 mm; position 3: x = 1337 mm, y =
— 538 mm, z = 1098 mm; position 4: x = 1595 mm, y = — 18 mm, z
= 1099 mm

The simulation values correspond well with the measured
values both qualitatively and quantitatively. On average
the calculated deviation is 6% or 0.11 mm lower than
the measured deviation with a maximum difference of
0.44 mm. This leads to the assumption, that the model is
accurate enough for compliance compensation purpose.

3.2 Cartesian compensation

The developed compliance compensation is validated
on a test workpiece made of aluminium AW2017 with
grooves, ramps and a circular pocket. For this purpose,
the test workpiece is machined in different settings. The
varied options include axis-specific and Cartesian compen-
sation as well as with and without force pilot control. The
machining forces while machining with a 16 mm three-
edged end mill and a feed rate of 25 mm/s at 13,000 rpm
reach up to 546 N and lead to a maximal deviation of
1.4 mm. Figure 10 shows a comparison of the nominal
work piece created by an material removal simulation
and the actual workpiece scanned with a structured light
scanner Breuckmann optcTOP-HE 1080 in uncompensated
machining.

The deviations are reduced significantly in compen-
sated machining and Cartesian compensation values leav-
ing a maximal deviation of 0.7 mm at the cutter exit ( see
Fig. 11).

The pilot contol reduces the error at the cutter entrance
and exit well, leaving a maximum error of 0.3 mm. The
effect is shown in Fig. 12. The error could be the result
of compliance model inaccuracy and the absolute robot
path accuracy.

Fig. 10 Comparison of nominal and actual workpiece in uncompen-
sated machining
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Fig. 11 Comparison of nominal and actual workpiece in machining
with cartesian compensation

Fig. 12 Comparison of nominal and actual workpiece in machining
with cartesian compensation with pilot control

3.3 Axis specific compensation model

Axis specific compensation (see Fig. 13) leads to similar
results as Cartesian compensation. Noticeable is a reduced
compensation quality of the depth of groves in particu-
lar when the compensation value is in opposite direction
to the movement of the axis. The compensation achieved
equals the sent correction values while the compensation
in Cartesian coordinates is higher. The assumption is that
Cartesian compensation leads to control internal axis spe-
cific values which include a backlash compensation while
direct axis specific values lack of this feature and are sent
to the drive controllers without changes.

@ Springer

Fig. 13 Comparison of nominal and actual workpiece in machining
with axis specific compensation

4 Summary and future work

A hybrid compliance compensation method is developed.
It can reduce process force caused errors of path accuracy
in robot based machining by 78% and more. The method
combines a force sensor and model based online compen-
sation with forces of an offline simulation to instantly react
to predictable high force changes e.g. at a milling cutter
exit from the work piece. Thus, the negative effects of
milling cutter exits on compensation quality can be signifi-
cantly reduced. The stiffness values of a KUKA KR 300
robot are identified with a developed measurement system
and the compliance compensation method is applied to
the robot. For this purpose a compliance model based on
a forward kinematic with virtual joints is implemented on
an external controller. The external controller communi-
cates with the robot controller and sends correction signals
based on latest process force and axis values. The Carte-
sian compensation leads to higher path accuracy while
controller parameters for the axis specific compensation
are easier to identify.

Future work includes research on the reasons for poorer
path accuracy of axis specific compensation as well as an
enhanced robot model.
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