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ABSTRACT

In machine-tools, geometrical defects are unavoidable. They can greatly affect the dimensional
accuracy of the final workpiece if not corrected. Software compensation strategies are less expensive
than mechanical adjustments and they provide great improvement in volumetric accuracy. In this
study, different compensation methods are compared in a 3-axis milling applications: Numerical
Controller (NC) internal compensation tables, modification of the programmed tool-path (G-code)
and modification of position feedback signals. The latter is the main purpose of this work, because it
shows great potential and is not linked to one particular type of NC. It communicates with a custom
software application that processes the position data and generates corrected signals according to a
geometric model based on the rigid body assumption. The NC is then induced to perform volumetric
error correction based on its default programming. The compensation methods are compared based
on their ability to bring out or correct imposed geometric errors. The highlighted solution shows
performances comparable to the G-code modification by correcting more than 96% of the imposed
geometric errors without affecting the numerical chain from the program generation to its execution
on the machine. It is also independent of the NC or the motors control cards.

1. Introduction

The dimensional accuracy of a machined part can be
influenced by numerous factors. On the one hand, the
machining strategy, workpiece clamping, cutting parameters
and tool wear play a key role in the final result. On the other
hand, the machine-tool itself and its environment represent
other significant error sources by introducing a deviation of
the tool in the workpiece coordinate system in relation to
the CAM instructions. In their review articles, Gao et al. [1]
and Schwenke et al. [2] classify these machine-related error
sources into geometric inaccuracies, thermally-, static load-
and dynamically-induced errors. According to Ramesh [3]
and Andolfatto [4], quasi-static errors are mainly responsible
for the volumetric error in the machine workspace, account-
ing for 70-90% of the total machining inaccuracy. The more
axes the machine has, the more complex the modelling,
identification and compensation of these errors are. They can
be identified through direct methods such as the use of a laser
interferometer like Ibaraki in [5], or indirect methods such as
ball-bar measurements [6], the use of calibrated artefacts like
in the SAMBA methodology proposed by Alami Mchichi
and Mayer [7], or the machining of test pieces [8]. Finally,
once the machine behaviour and performance is described by
an identified model, software compensation strategies can be
implemented [9].

This research work emphasizes on geometric error soft-
ware compensation methodologies in machine-tools. The
aim of software compensation is to correct the positioning
of the tool after evaluating the volumetric error at each
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point of the tool-path. Several methods are possible. The re-
computation of the tool-path via a geometric error model and
the modification of NC code accordingly is straightforward.
It does not require specific hardware and is often used by
researchers to validate a machine modelling or a compen-
sation algorithm, which are complex for 5-axis machines
[10-12]. However, it is not the best industrial strategy
because each program is linked to a part and a machine;
the program is referenced to a specific origin point within
each machine workspace. Furthermore, the G-code becomes
less understandable for the machine operator. Some other
compensation methods rely on the Numerical Controller
(NC) and run in real-time. For instance, compensation tables
can be filled with axis motion and link errors and these data
are directly considered in the position control loop, although
some NC have a limited number of compensation points
and cannot perform effective multi-axis error compensation.
Otherwise, when the NC is customizable enough, compen-
sation algorithms can be implemented with the use of look-
up tables. This is, for instance, the work of Esmaeili et al.
[13] on a Siemens 840-D, or Lu et al. when they verify their
identification and compensation of dominant errors via an
open CNC system [14].

The last compensation method is the interception and
modification of position feedback signals, which has the
key advantage of being independent from the NC and the
machining program. This method has been exposed by
Ni [15] via the injection or removal of encoder pulses
in the feedback of servo loops. Navya et al. propose in
[16] an electronic circuit architecture allowing the insertion
or subtraction of pulses in a TTL encoder signal. In the
previous century, Donmez [17] presented The Real-Time
Error Corrector, which is also based on the principle of
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Error compensation through position feedback modification

modifying the number of pulses and presented results of
thermal error compensation on the two axes of a turn. The
compensation was calculated every 20 ms. In the same vein,
they mention modifying the NC following error register,
which would allow the axes to be positioned with a slight
offset [18]. The encoder signal modification has also been
tested by Postlethwaite et al. [19] on a 5-axis machine
using specific encoder interface cards. On the other hand,
Gurauskis et al. compensate for the thermal expansion of
linear encoders via the correction of the measuring system
output [20]. They program an FPGA to receive, recognize,
compensate and generate the absolute position value in less
than 26 ps. FPGAs represent the most recent and fastest
solution for modifying encoder signals today [20, 21].

The aim of this study is to propose a detailed solution for
the feedback loop signal modification on a 3-axis machine-
tool first, before comparing different software-based com-
pensation methods in a machining application. Their per-
formances are analysed through the acquisition of compen-
sated and uncompensated axis trajectory data, but also in
machining applications, via the control of the main func-
tional surfaces on a Coordinate Measuring Machine (CMM).
The report begins with the introduction of basic geometric
elements for a good understanding of the work carried out
(section 2). Afterwards, the proposed compensation solution
is explained in details (section 3). Subsequently, the ma-
chining of two types of parts is presented (section 4). The
first workpiece was machined for the comparison of three
compensation strategies. To do so, 3 motion errors were
imposed along the X-axis of the machine-tool (section 5).
Finally, the last machining experiment assessed the ability
of the position signal modification solution to compensate
the impact of a 21-geometric error model, imposed by a
modified NC program (section 6).

2. Basic theory in geometric error
compensation of a three-axis machine-tool

Forward and inverse geometric models of a 3-axis ma-
chine tool are accessible when the machine is seen as a robot
with rigid bodies only. On the one hand, the positioning
of the tool relative to the part is a 6-components vector
P = [x y z i j k] with (x y z) the coordinates of the tool
center point (TCP), and (i j k) the tool orientation vector
decomposition along the workpiece frame axes, which is
supposed to stay constant because no rotational movement is
involved. On the other hand, the 3 prismatic joint coordinates
are given as Q = [X Y Z] in the machine coordinate system
(example in Figure 1). Ideal and non-ideal kinematics are
analytically obtained via the use of Homogeneous Transfor-
mation Matrices (HTMs). The structure of the machine is
shown in Figure 1. The workbench is supported by X-axis.
On the tool-chain, the spindle is supported by Z-axis and
Y-axis sequentially.

2.1. Geometric errors

As defined in the ISO 230-1:2012 standard [22], a pris-
matic joint counts six position-dependent errors, also called
motion errors. For instance, for the X-axis, these errors are:

e Ey y(X), the horizontal straightness error
o E,(X), the vertical straightness error
e Eyy(X), the linear positioning error

o Ev(X),i € {A, B, C},theroll, pitch and yaw errors
respectively (for an horizontal axis)

The impact of linear geometric errors is exclusively un-
wanted translation of the TCP whereas angular errors induce
a small deviation of the tool vector. Therefore, the TCP
is also slightly moved because of a lever-arm effect. This
tool-tip error cannot be fully compensated in a machine-tool
without rotary axis. In addition, there are three squareness
errors between the 3 axes that can be caused by an inaccu-
rate assembly of the machine-tool. These are the position-
independent geometric errors. Their impact is depicted in
Figure 1. Consequently, the total amount of geometric errors
for the studied machine is equal to 21, among which, 3 only
are constants.

Z A,Tg,%"l

|

Y |
ﬁi’ Ecoy

|

|

Figure 1: Kinematic structure of a 3-axis machine-tool, mod-
elling the impact of three squareness errors (X being the
reference axis)

In this study, no identification of the machine-tool’s
geometric errors was made. The proposed approach consists
of imposing these errors. Their numerical values were cho-
sen according to the literature [23]. Afterwards, they were
generated by the compensation strategies instead of being
corrected, as it is traditionally done. Therefore, the geomet-
ric accuracy of compensated machined parts is not closer to
the CAD, but is the evidence of an artificial volumetric error.

FG:

Page 2 of 13



Error compensation through position feedback modification

2.2. Volumetric error

Four geometric models are required to perform mod-
elling and correction of the impact of the previously intro-
duced geometric errors :

o Ideal forward model: P, .1 = Fi(Quominal)-

o Ideal inverse model: Q,ominal = £i Prominal)-

e Non-ideal forward model: P, .1 = F,,;(Qactual)
o Non-ideal inverse model: Q,.iyat = Li(Pactual)

The first two on the list are direct with the use of HTMs
for prismatic joints. They are nominal models, I; is the one
implemented in the NC and the post-processor. Whereas
the last two require more calculation with the introduction
of error matrices [24]. They are supposed to represent the
tool-tip deviation in the workpiece coordinate system. No
further details are given on how these analytical models are
obtained. However, the methodology of Ding et al. [25] to
suppress high order terms in non-ideal geometric models
was applied.

The volumetric error is a 6-component vector, depicted
in Figure 2, and expressed in the workpiece reference frame
as:

E, =P, uu—Puomina = [6x 8y 6z &i 8j k| (1)

It cannot precisely be measured in the machine workspace,
especially during machining operations. This is why the
geometric error model of the machine-tool needs to be
identified in advance (or assumed, as in this work), before
applying compensation methods.

2.3. Software compensation

The principle of software compensation strategies is to
modify the commanded position for any point of the tool-
path. Indeed, as explained in Figure 2, the actual tool-tip
is deviated from its desired positioning by the volumetric
error vector. An assumption for small movements allows a
linearisation of the error around the point at stake, and a
new commanded position is generated for the tool with an
anticipation of the estimated deviation. During the machin-
ing, the geometric errors (and other types of errors) change
the tool direction from the programmed compensated tool-
path, closer to its initially desired positioning. As explained
in the introduction 1, there are several ways of modifying
the tool-path of command. In this study, three strategies are
compared.

2.3.1. Modified G-code

A simple way to correct an estimated volumetric error
is to generate a new machining program. To do so, the
nominal tool-path is discretised in smaller linear paths. This
can introduce approximation errors and charges the program
with multiple small displacements. Depending on the NC
parameters, it can also lead to slowdowns. For each point of

Before compensation

57 ok
E 5 Z ? w

P nominal
w
Ow

Y

5y

Compensated position of command

@ P ominal

Actual compensated position
with residual error

P comp

Figure 2: Example of a volumetric error definition and com-
pensation

the trajectory P, ina1- the nominal joints coordinates are es-
timated via the ideal inverse kinematics model (Equation 2).

Qnominal =1 i (Pnominal) (2)

The new commanded position P, is calculated as in
Equation 3 and is then written in a modified G-code. As a
reminder, it has been chosen to represent the volumetric error
and not to compensate it. This is why P, is only the result
of the non-ideal forward geometric model. Otherwise, the
volumetric error would have been removed to P in. (and

not added, as it is here).

Pcomp = F,;/(Qnominal) 3)

2.3.2. Look-up tables

Another possibility is to fill the linear axis compensation
tables of the NC with the imposed geometric errors. Indeed,
the machine builder provides a certain number of tables
that can be linked to a compensation file for each axis.
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Figure 3: Cascade control loops of the iTNC530, for linear axes, with the addition of a feedback signal modification block. The

usual configuration is shown in black (inspired by [26]) [27]

Their input is taken into account by the NC in the position
control loop and multi-axis geometric error compensation
can occur. These tables are limited in the number of points,
therefore the minimum step between to correction points is
restricted. This prevents the compensation of sophisticated
error functions, such as sudden jerks.

3. Real-time software compensation solution

In this article, the proposed compensation system is the
interception and modification of position feedback signals
in the machine-tool. The aim is to programmatically assist
the NC in generating tool positions that are closer to the
desired values, by anticipating the volumetric error deviation
in position feedback signals. This software mechanism is
outlined in the following section.

3.1. Virtual encoder principle

The linear encoders mounted in the machine-tool used
for experiments are Heidenhain DIADUR LS486C. The
position information is obtained through the counting of in-
dividual increments from any set point of origin. Moreover,
an additional track bears distance-coded reference marks.
The distance between two marks is unique and provides the
absolute reference. This distance is read by the NC during
the homing procedure, but also each time the axis crossed
these marks during any movement. In the axis control loop
of Figure 3, the linear position is estimated once by the
motor rotary encoder but the value used in the position
control loop is measured by a linear encoder closest to the
linear guide-way. In the blue dashed-lined box of Figure 3,
the compensation system estimates positions of the axes
reading the linear encoder’s signals. This information is
"instantly” (i.e. at the basic task frequency of 100 kHz)
regenerated for the NC. Moreover, a virtual displacement
can be gradually added to this position feedback which
simulates an axis movement whereas it is not caused by
motor rotation. The output of this blue box is the virtual
encoder position, and it is the one read by the NC. The
position difference between the virtual encoder’s data and
the actual axis position estimated by the velocity control

loop represents a positioning error that the NC compensates
by moving its corresponding axes.

The virtual encoder principle [27] is depicted in Figure 4
and can be summarised as follows:

1. In the nominal configuration, the virtual encoder is
read by the NC and its value matches the desired joint
coordinate X, ina. Set by the NC as the nominal
position.

2. A gradual displacement is induced on the virtual
encoder whereas the actual position X remains the
same. The NC compares the commanded position
X nominal to the virtual encoder value X, and measures
a positioning error AX.

3. The NC signals for a linear displacement to compen-
sate for the previously estimated positioning error.
Therefore, the tool is shifted by AX in workspace
compared to the nominal configuration. The NC as-
sumes that the actual axis position is X = X minal
whileitis X = X .0+ AX.

3.2. Compensation algorithm

In an error compensation application, the virtual dis-
placement magnitude is the result of geometric calcula-
tions. However, compared to the strategies exposed in sub-
section 2.3, the proposed solution is totally independent
from the NC and has no link with the machining program.
Therefore, because the inputs of the system are the joints
coordinates, geometric calculations must be done. The flow
chart of Figure 5 can be read as follows :

1. Actual positions (X, Y, Z) of the three axes are esti-
mated through the interpretation of sine and reference
tracks of the linear encoders.

2. The volumetric error is estimated in the machine co-
ordinate system (and not in the workpiece coordinate
system, from which the program has no information)
via the ideal and non-ideal forward geometric models.
It is then multiplied by +1 whether the user wants
to generate or to correct the error in the workspace
(this is, once again, very specific to this study, because
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Figure 4: Virtual linear encoder principle: a virtual displace-
ment of the linear encoder induces a real shift of the tool in
the workspace (w coordinate system) with no change of the
axis position command [27]

people usually want to correct the error). Afterwards,
as long as no re-orientation of the tool-tip is per-
formed, there is no need to translate the volumetric
error from the workpiece to the machine coordinates
system, meaning that 6x = AX, 6y = AY and
0z =AZ.

3. In case the calculated volumetric error is too big,
security blocks saturate the magnitude and rate of
change of the virtual displacements sent. This makes
the solution safe and robust [27].

4. Error compensation values are added to the copy of
the input axis positions, virtual encoders outputs are
thus generated.

The real-time software has two different tasks running
simultaneously. The basic task, with the highest priority,
has a frequency of 100 kHz while the time allowed for
the computation of the volumetric error is 6 times longer
(17 kHz). The fundamental task ensures the continuity of
signals between linear encoders and NC. The signal delay
between the encoder’s signals acquisition, interpretation,
and regeneration is one basic task’s period long (i.e. 10 ps). If
the axes translate at 10 mmin~", this delay would represent
a following error of 1.7 um. This delay is mostly negligible
for the presented purpose, as long as the compensation
solution is only used for finishing application during which
no machining axis would move that fast.

X Y A
[(———
1L Aar 1 Aar 1 am

Sine signals interpretation and software homing procedure

X y [z

Virtual displacement computation
(Fu(x,Y,2)) (B(X,Y,2))
Pactual

Prominal

AX |AY |AZ

[Displacement and slew rate saturations @]

AX LAY*JAZ*

Re +l F

[Sine signals and reference marks regeneration}

xl vl zl

Figure 5: Flowchart of the implemented real-time solution

3.3. Hardware architecture

The proposed real-time compensation software runs on a
dSPACEO real-time platform, also called Scalexio LabBox.
It is equipped with a DS6001 processor board, DS6121
Multi I/O and DS6221 A/D acquisition boards and the
analog signal regeneration is performed by a DS6241 D/A
board. These boards have integrated and pre-programmed
FPGAs for sine analogue signal reading and generation. The
software structure is coded within MATLAB Simulink©
and signal conditioning is done with ConfigurationDesk®©.
Any signal or software’s variable can be monitored using the
real-time interface running on a computer connected to the
LabBox. This allows, for instance, the measurement of the
actual encoder’s positioning as a function of time.

For more details on the behaviour of the NC to the
modification of its position feedback, please refer to [27],
in which security blocks implemented to guarantee stability
and robustness of the solution are presented.

4. Comparison method of software-based
compensation solutions

The performances of the tool positioning correction of
this real-time solution were then compared to two other
compensation strategies. To do so, the strategies were used
as error generation systems instead of error compensation
ones, with the main advantage being getting rid of the
machine-tool geometric errors estimation’s uncertainty.
The results of two compensation experiments are presented
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in this article. Motion errors were imposed along the X-
axis (section 5) before machining a part that required all
3 linear axes. Hence, this corresponded to a 21-component
error model (section 6).

The machining experiments were conducted on a 5-axis
machine tool (GFMS HSM600U) with a [w C’ B> Xb'Y
Z(C1)t] architecture. The associated NC was a Heidenhain
iTNC530 (Figure 3). Only 4 out of 5 axes were needed.
Indeed, the machine was used like a 3 linear axis one in the
cutting programs, and the rotational movement of the table
(C) was only involved to rotate the part, via a workpiece
coordinate system reorientation. This allowed the machining
of the compared workpieces all to be done in the same area
of the machine’s workspace. The rotation of the table was not
supposed to have any impact on the behaviour of the other
axes. Moreover, the compensation tables of linear axes were
all disabled, except for the machining of one side of the first
presented workpiece, when the performances of these look-
up tables were investigated.

The error generation was only involved in the semi-
finishing (0.2 mm) and finishing (0.1 mm) operations.
Cutting depths were low enough to minimise cutting forces
and avoid tool deflection and workpiece distortion. Feature
parts were thus roughly prepared a day before. The spindle
and axes were warmed-up for at least 10 hours, with a view to
avoid thermal expansion of components during machining.
For the same purpose, the material of the part was chosen
to be a 42CrMo4 steel. The used tool was a carbide solid-
end mill, with a 8 mm diameter and 4 teeth (MPMHYV from
Mitsubishi Materials). It was mounted on a BIG KAISER
collet chuck to guarantee a good concentricity (1 um). The
cutting speed was set to 120 m min~!, with a feed per tooth
of 0.073 mm.

The performances of the compensation strategies were
evaluated using measurements of the axes trajectories before
and during the machining. These data were acquired via
the real-time proposed software, which was always activated
even if no virtual displacements were added to feedback
signals (meaning that the compensation part of the program
was switched off). Furthermore, workpieces were measured
with a high accurate CMM (DEA Global Performance). The
test workpieces stayed mounted on the palette for the CMM
measurements so as to avoid distortion.

5. Position-dependent geometric errors
imposed along X axis

In this first experiment, 3 linear motion errors were
simulated along the X axis and the compensation strategies
were evaluated in their ability to bring these errors out.

5.1. Geometric errors introduced

As shown in Figure 6, the two error functions chosen
have a considerable amplitudes compared to what could
naturally be measured along the X-axis. The straightness

one is particularly out of the ordinary, and ensures a better
identification afterwards.

Linear positioning error (Exy)
T T

50

o
S

Imposed error (um)

. . . .
-750 -700 -650 -600 -550 -500
X-axis position (mm)

200 Stralg'htness error '(va or Ez) i

o
153

o
S

., Imposed error (um)
o

)
=3
S

. . . . .
-700 -650 -600 -550 -500
X-axis position (mm)

5
o
8

Figure 6: Error functions implemented in the compensation
methods

5.2. Workpiece machining strategy

The workpiece geometry (Figure 7) was inspired from
the test piece suggested by Pezeshki et al. in [28] for their
error identification of a 3-axis machine-tool. The presented
part was machined in four steps, because each side cor-
respond with a compensation strategy. For one program
(meaning, for one side):

e The slotting of little notches provides proof of the
accuracy of positioning along the X-axis (referenced
as a in Figure 7).

o The flank milling of a vertical plan brings the horizon-
tal straightness error out (referenced as b in Figure 7).
The Y-axis moves while it is supposed to stay constant
in the nominal NC program.

e The end milling of an horizontal plan brings the verti-
cal straightness error out (referenced as ¢ in Figure 7).
The Z-axis moves while it is supposed to stay constant
in the nominal NC program.

As described in Figure 7, the error generation was done
differently on each side of the test piece:

1. The first side was machined with the nominal pro-
gram. This is where machine-tool’s defects can be
observed, as well as the tool’s bending and other
machining side-effects. The origin of the workpiece
reference frame was set in the center of the square, and
the Z,, axis was supposed to be align with the axis of
the rotary table C. A simple change of origin allowed
the rotation of the part and the machining of the
second side. This machined side serves as the nominal
reference, even if it is affected by the unidentified
geometric errors of the machine-tool. These geomet-
ric errors, along with thermal errors, are considered
repeatable within the machine workspace. Therefore
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1. Reference
- Machined with the nominal G-code
- Includes the tool and machine-tool defects

2. Compensation table
- Machined with the nominal G-code
- The X-axis compensation table is activated

3. Position feedback modification

- Machined with the nominal G-code

- The proposed compensation solution is
activated

4. Modified program
- Machined with the modified G-code

Figure 7: Machining sequence of the test piece

the four sides of the workpiece are affected in the same
way, allowing differential measurement with this side
to be performed.

2. For this side, the same program as side n°l was
launched. However, and for this time only, a compen-
sation table filled with the errors depicted in Figure 6
was activated.

3. This side was machined with the same program as
sides n°1 and n°2. It is necessary to keep in mind
that the interception and regeneration of feedback
signals was plugged on during all the machining of
the part. Indeed, the joint coordinates Q were recorded
for strategy comparison purpose. The modification of
position feedback was activated for the machining of
this side only.

4. The last side was machined with a modified G-code
in which the accuracy and straightness errors were
artificially introduced.

5.3. Results and discussions

The finished part is displayed in Figure 8.

The planar and notch geometries were measured on
a CMM and the results are superimposed in graphs of
Figure 9, Figure 10 and Figure 11. The aim of these
graphs is to estimate how much the simulated error has
been followed along the X-axis. On each figure, the first
diagram shows a spatial representation of the Y-, Z- or X-
machining trajectory (coloured lines), added to the probed
points (coloured error bars, corresponding to +2¢, ¢ being
the standard deviation) and the imposed error (in black).
The second graph displays the difference between the actual
trajectory and the commanded geometric error, it can be
seen as the following error. In the same graph, the difference
between the surface measurement (workpiece geometry)
and the commanded geometric error is plotted with error
bars. This curve corresponds to the geometric impact of the
following error. A last graph is plotted as a zoom, to focus on
and compare the performances of the feedback modification

CMM touch probe

Figure 8: Finished test part during CMM measurement

solution to the modified G-code method.

For each measured point of the last three sides, the
coordinates of the corresponding point of the nominal side
were subtracted. The goal of this operation was to remove
machining side-effects that would presumably be constant
during the machining of the four sides. The CMM mea-
surements were repeated 4 times. Simultaneously, the (X,
Y, Z) joint coordinates were measured only once during
the machining operations. A back-cutting phenomenon is

Horizontal straightness: axis trajectories and probed points in XY plan
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Geometric impact of the following error
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Geometric impact of the following error (zoom)
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Traj. with compensation table

— — —Nominal traj. —F— Points of compensation table side
Modified program traj. —L— Points of feedback modification side
Traj. with feedback modification —F— Points of modified program side

Figure 9: Horizontal straightness results

easily noticeable on the horizontal plan, in the picture of
Figure 8 as well as in the probed point cloud of Figure 10.
This makes the comparison between Z-axis trajectory and
probed points more difficult. Nevertheless, the same trends
as in Figure 9 are apparent: a significant following error for
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Vertical straightness: axis trajectories and probed points in XZ plan
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Figure 10: Vertical straightness results

the compensation table and similar performances for the 2
others. The following conclusions can be drawn:

e The use of a modified G-code for error generation
performed undeniably well with maximum following
error of 2 um for imposed error ranging from —150
to +150 pm, meaning that more than 98% of the error
was generated.

e In the same way, modifying the position feedback
provided great results, by bringing out 96% of the
imposed error (especially in the Y-direction, graph 9).

e The compensation table results were unsatisfactory.
Indeed, the sine blue wave visible in Figure 9 and
Figure 10 demonstrates a delay in the compensation
consideration, leading to following errors up to 20 pum.
No information were found about where the look-up
tables are taken into account in the position control
loop for the iTNC530 (Figure 3). Further tests were
conducted and showed that the response time of the
axis compensation is constant, regardless the axis
feed-rate. Therefore, it seems that these tables were
not considered by the velocity feed-forward block.
They are consequently not programmed for sophisti-
cated error function compensation.

Finally, for the positioning of the notches along the
X-axis, no difference has been observed between the 3
compensation strategies. Gaps between the imposed error
(in black in graph 11) and the actual error (coloured points)
are lower that 2 um, which is close to the CMM measurement
uncertainty (1.5 um). It means that all the compensation
methods are equivalent for this type of error. Indeed, the
machined plans are perpendicular to the X-axis direction so
the Y linear axis had enough time to stabilise itself at the
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Figure 11: Linear positioning error results

right position during the machining of the notch.

The results of this first experiment show that the pro-
posed solution can perform as well as the program modi-
fication while remaining independent from the NC and the
program. Furthermore, since the program modification can
precisely generate the virtual volumetric error (98%), it is
chosen as a solution for virtual volumetric error generation
in the following experiment.

6. Position-dependent and -independent
geometric errors imposed in a 3-axis
machine-tool

The previous experiment allowed the assessment of X-,
Y- and Z-axis error correction performances locally. The aim
of the second experiment is to simulate a global error com-
pensation scheme, with a 21 geometric errors modelling.
The ability of the program modification solution to bring
out an error has been highlighted in the previous experiment.
Therefore, itis used to create a virtual volumetric error in this
section. The compensation table method was set aside, while
the two other strategies were used simultaneously. Indeed,
three parts were machined: one with a nominal program,
one with a modified program, and one with the modified
program and the position feedback modification activated
so as to machine a piece with the same geometry as the first
nominal one.

The geometry of the part was directly inspired from
the one referenced as "M1" in the standard ISO 10791-
7:2020 [29], designed for assessing the accuracy of a 3-axis
machine-tool.

6.1. Geometric errors introduced

The order of magnitude of the chosen errors is lower
than those of subsection 5.1. The error functions are or-
der 2 or 3 polynomials [23], as shown in Figure 12. The
position-independent errors are given in Table 1. Despite
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Table 1
Numerical values of the introduced squareness errors

Position-independent errors Value (umm™!)

Ecoy 50
E, 40
Epoz 20

the small values of the errors along each axis, their impact
in the workspace is still significant given that the resultant
volumetric error can reach 150 um.
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Figure 12: Example of position-dependent errors imposed
along the Z-axis

6.2. Results and discussions
The workpieces are presented in Figure 13.

Figure 13: In-situ picture of the machined parts

6.2.1. Tool-path

The joint coordinates measured during machining are
compared in Figure 14 and Figure 15. It is obvious that
the TCP trajectory was modified by the artificial volumetric
error (in red), and that the compensation with position
feedback modification (in purple) was effective as long as

it is very close to the nominal tool-path (in black). The
distance between each point of the compensated and nominal
trajectories (error of contour vector) has been evaluated and
is plotted for each directions in space in the same figures .

Tool-path measured during machining
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Figure 14: Comparison of some TCP trajectories

Tens of microns have been introduced and compensated
for along the 3 axes of the machine. The compensation was
100% effective in the X- and Y-directions because the dif-
ference vectors are equal to zero. However, a difference of 5
um remains in the Z-axis direction between the nominal and
the compensated tool-paths. This is only due to machining
conditions because the same comparison has been done be-
fore cutting and no such observation was made. In Figure 16,
the purple dashed curve is coincident with the black dashed
circle, meaning that, in air machining conditions, the pro-
posed compensation solution worked perfectly. However, the
continuous curves were measured in machining conditions.
The vertical shifts measured before and during machining
(between the dashed and continuous curves) are different:
AZyom # AZyoq # AZ,py,- 1t means that the machining
conditions (cutting forces, tool wear) were not strictly similar
between each experiment. For instance, the elasticity of the
Z-axis of the used machine is important. For the future,
cutting force measurements will be added to ensure a better
understanding of the phenomenon.
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Tool-path measured during machining
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Figure 16: Tool-paths comparison before and during machining

6.2.2. CMM measurements

In the Z-axis direction, the results are analysed through
the comparison of the tool-path measurement and CMM
probed points in the Figure 17. The least-square plans are
plotted in dashed lines. The orientation parameters of these
plans are given in Table 2. It is noticeable that the distorted
(i.e. modified) red plan has been well corrected to a better

Table 2
Numerical values of the defects of the measured surfaces and
their corresponding least square (LS) plans

Nominal Modified Compensated

Flatness (um) 2.8 7 5.4
LS plan rotation around X (°) 0.0002 0.017  0.0003
LS plan rotation around y (°) 0.00017 0.011  0.0003

oriented (i.e. compensated) one. The differences between the
measured flatness are not big enough to draw any conclu-
sions, compared to the rotation angles that are significantly
lower for the nominal and compensated plans, in the machine
coordinate system.
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Figure 17: Comparison of the TCP trajectories during the plan
end milling and the resulting surfaces and corresponding least
square plans
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In the following Figure 18 and Figure 19, the point
clouds measured with the CMM are compared to a STL file
extracted from the CAD model. They were spatially reset
via an Iterative Closest Point algorithm (ICP). This allows,
for instance, the removal of the translation component of the
volumetric error and to look at the geometry distortion of the
part only. The measurements were made 6 times each. The
standard deviation error bars o are plotted as it is (i.e. with
no student factor). They are not all displayed, for readability
purposes. Quiver plots of Figure 18 provides information
about the geometrical accuracy of the machined part in the
XY plan. Figure 19 shows the superposition of the previous
plots and allows the assessment of the similarities between
the nominal and the compensated workpieces, compared to
the one machined with a modified G-code.

The following observations can be made:

e The part machined with the nominal G-code does not
perfectly match with the CAD STL file. This could
be explained by the defects of the machine, such as a
damaged ball screw for the Y-axis for example.

FG:

Page 10 of 13



Error compensation through position feedback modification

_Part distortion in relation to the CAD model HM
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Figure 18: Comparison of the parts geometry in the XY-plan
and distortion quantification

e The part machined with the modified program (in the
middle of Figures 18 and inred in 19) shows important
distortion (up to 86 um), as expected.

e Figure 19, being the superposition of the items of
Figure 18, proves once again that the nominal and the
compensated parts are alike (but both still different
than the nominal STL). The purple and black lines are
well superimposed.

7. Conclusion and perspectives

A geometric error compensation method is presented
on the position feedback loop of a CNC machine-tool, in
a 3-axis machine-tool. The virtual encoder principle allows
small variations of the linear axes position without notifying
the NC. With regard to the geometric errors, the position
dependent and independent errors of the axes were modelled

Difference between STL and CMM is multiplied x100
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Modified program part
Corrected part

Nominal part

Figure 19: Superposition of the parts geometries in the XY-
plan. Differences between STL and CMM are multiplied by 100

and three compensation strategies (NC look-up table, G-
code modification, position feedback modification) were
tested on their ability to bring out the artificial volumetric
error in the first machining experiment. The proposed real-
time compensation solution showed promising results. It has
been compared to the two other geometric error correction
strategies and behaves like the program modification one, by
bringing more than 96% of the error out, while remaining
independent from the NC and the machining program. It
has thus been used like a compensation strategy in a second
experiment, in which a virtual volumetric error was added
by means of a modified program and imposed geometric
error functions. The signal modification solution managed
to compensate most of the introduced error, with maximum
residuals of 5 um in the vertical direction, and residuals
lower than 1 um in the XY plane, according to the study
of axis trajectories.

The fact that compensation tables are not taken into ac-
count in feed-forward control loops makes this conventional
solution dependent on axis feed-rate. Therefore, its ability
to bring out a virtual volumetric error was lower than the
other two compensation strategies in the first machining
experiment. For instance, the geometric impact of this
following error reached 20 um. This solution was therefore
set aside in the second experiment.

The next step of this research work is the evaluation
of the compensation solution’s performances in a 5-axis
machining application. Moreover, the complexity of the
model used for joint compensation calculations could be in-
creased. Indeed, cutting forces or temperature are parameters
that change in real-time and could have an impact on the
workpiece’s final geometry. They could be added as inputs
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to the compensation model. For instance, a pre-identified
structural deformation model due to thermal effects could
be integrated into the proposed solution, along with appro-
priate temperature measurements. This would enhance the
effectiveness of the correction while eliminating the need to
generate multiple machining programs based on workshop
temperature.
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