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Abstract

In the common machining process of free-form surfaces, CAM software generates approximated tool
paths because of the input tool path format of the industrial CNC. Then, marks on finished surfaces may
appear due to non smooth feedrate planning during interpolation.

The Direct Trajectory Interpolation on the Surface (DTIS) method allows managing the tool path geometry
and the kinematical parameters to achieve higher productivity and a better surface quality.

Machining experiments carried out with an Open CNC on a 5-axis high speed milling machine show the
benefits of the proposed method compare to the classical strategies available with an industrial CNC.
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1 INTRODUCTION

3 and 5-axis High Speed Milling machines are often used
to generate free-form surfaces for mold and die,
aeronautical or biomedical industries. However, 3 and 5-
axis machining strategies encounter the same problems
concerning the linear discretization of the tool path which
reduces the performance of the machining process. Indeed,
the linear interpolation (G1) is the most commonly used
format to describe the tool paths in current industrial CNCs.
However, the G1 discretization brings several major
drawbacks:

e Chordal deviations between the ideal tool path and the
discretized one in CAM software by the use of a
machining tolerance,

e ‘Orange skin effect’ or facets may appear on the
machined surface,

e Huge amount of data required to describe a simple
parametric curve,

e Reduction of the feedrate because of the block
processing time of the CNC,

e Tangency discontinuities between the segments, which
limits the maximum reachable feedrate.

In the literature, several propositions have been made to
improve the manufacturing process of free-form surfaces.
Three approaches can be distinguished: tool path
smoothing, native polynomial interpolation and direct
interpolation on the surface.

CNC tool path smoothing techniques have been presented
in the literature to round the discontinuities created by the
linear interpolation. A cubic B-Spline is used in [Pateloup

2010] to round 3-axis G' or in [Beudaert 2013] to round 3
and 5-axis discontinuities whereas a quartic polynomial
curve is proposed in [Erkorkmaz 2006]. CNC builders also
developed efficient algorithms for corner rounding
[Yutkowitz 2005] or online spline interpolation with
compressor functions to smooth the entire tool path
[Siemens 2009][Otsuki 2004]. These methods combined
with look ahead strategies reduce the effects of the G1
discontinuities but their performances are limited by the
real-time constraint. Furthermore, a CNC tolerance is
required which induces again geometrical deviations
between the tool path and the surface to be machined.

Advanced CAM and CNC systems such as Catia v5 and
Siemens 840D can allow a native B-Spline interpolation.
The NC code sent to the numerical controller contains the
mathematical expression of the B-Spline curves
representing the tool path. Algorithms to generate native
cubic B-Spline tool path in 3 and 5-axis to improve the
surface quality while reducing the amount of data are
proposed in [Lartigue 2001][Langeron 2004][Chen 2013].
The native B-Spline interpolation is the best solution
currently available to get a smooth tool path with high
productivity and improved surface finish.

No matter which previously cited strategy is used, the CAM
tool path sent to the CNC is an approximation of the exact
tool path. The result is that the CAM tool path is oscillating
around the exact tool path, which reduces the smoothness
and induces geometrical errors (Fig.1).

Thus, the third option is to use the exact tool path geometry
instead of an approximation. This option should obviously
be preferred but as the NC code interpreted by industrial
CNCs is really limited in terms of geometrical entities, this
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proposition cannot be implemented on current industrial
machines [Lartigue 2004]. The work carried out around the
Step-NC standard [ISO14649-10] intends to enhance the
communication possibilities between CAM and CNC.
However, for the moment Step-NC compliant CNC exist
only in laboratories [Rauch 2012] so the new tool path
description proposed in this paper is linked to the
development of an Open CNC.

Exact interpolation on the surface has been proposed first
in [Koren 1995]. A new G code instruction is proposed to
define the surface to be machined and a real-time
interpolator computes the axis setpoints based on this exact
geometry. This work is extended in [Lin 2000], however in
both articles a second order Taylor expansion is used to
obtain a constant feedrate. These articles emphasize the
geometrical benefits of the surface interpolation but the
machining time reduction is not demonstrated.

Experimental validations of surface interpolation are carried
out on 3-axis machines in [Tsai 2003], [Cheng 2006],
[Omirou2005], but the physical constraints of high speed
machining are not considered, especially the physical
limitations on velocity, acceleration and jerk of the axes
which limit the actual feedrate [Beudaert 2012].

Recently, an in-house controller has been proposed for 5-
axis surface machining [Liang 2013]. Instead of defining
new G code instruction such as in [Koren 1995], [Lin2000],
[Omirou2005], the Step-NC standard is used to define the
tool path. This work is really promising but as in all the
previously published papers, the kinematical limitations on
the axes are not considered.

To prove the benefits carried out by the exact surface
interpolation compare to G1 discretization, it is important to
include kinematical constraints in the feedrate interpolation.
Moreover, the experimental validation requires a high
speed milling machine equipped with an Open CNC to
overcome the limitations caused by the NC code format.

The approach described in this paper brings two new
contributions. First, the DTIS (Direct Trajectory Interpolation
on the Surface) method computes the trajectory exactly on
the surface while considering kinematical constraints
(velocity, acceleration and jerk) of each axis. Second, a 5-
axis high speed milling machine equipped with an Open
CNC and a Siemens 840D CNC allows to compare the new
strategy with the best standards available with an industrial
CNC. Thus, a fair comparison can be made concerning
machining time reduction and surface quality
improvements.

2 DIRECT TRAJECTORY INTERPOLATION ON
THE SURFACE

The DTIS method aims at computing axis set points, which
are exactly on the surface that is machined, thus avoiding
the geometrical errors classically introduced by the CAM
approximations. First, the exact definition of the tool path is
given as well as the method to compute it. Then, the
trajectory interpolation with kinematical constraints is
performed.

machining tolerance

exact

native B-Spline
interpolati

exa‘cbt

tool path

Fig. 1: Linear (G1) and native B-Spline interpolation

2.1 Definition of the tool path

As it has been said in the introduction, the NC code, which
is currently used, does not allow defining a tool path based
on a mathematical expression. With the Step-NC format
designed to replace the old G code, the tool path format is
not limited anymore and it will be possible to define the tool
path using high level information.

The free-form surface is expressed as a B-Spline surface
using the Step format. The Step-NC ISO14649-11 standard
[ISO14649-11] already contains the entities to define the
machining strategies as well as the tool parameters. With
the proposed DTIS method, the tool path is defined by the
following high level entities:

o the surface S(u,v) to be machined,
¢ the machining strategy:
o uv_strategy,
o plane_cl_strategy,
o plane_cc_strategy,
o leading_line_strategy,
e the tool orientation,
¢ the cutting tool geometrical and technical parameters.

Using the high level definition of the tool path, the exact
position of the CL point can be computed as well as the tool
orientation. The general implicit problem for tool path
computation can be written as follows:

= Exact position of the CC points on the surface S(u,v)
= Compliance with the machining strategy

It is now possible to declare the exact geometry of the
trajectory according to the machining strategy. Within the
context of high speed machining, it is important to compute
a feedrate profile along the tool path while considering the
kinematical constraints of the axes. The computation of the
geometry as well as of the feedrate will now be performed
in a unified algorithm.
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2.2 DTIS principle

Each drive has its own kinematical limits in terms of velocity,
acceleration and jerk. The role of the feedrate interpolator
is to create the motion law respecting all the kinematical
constraints along the tool path and especially the axis jerk.
The axis jerk often limits the actual feedrate and it is an
important parameter to avoid excessive vibrations in high
speed machining.

This section will show how the DTIS method can merge, in
a unique scheme, tool path computation and feedrate
interpolation. The feedrate interpolation is based on the
Velocity Profile Optimization algorithm (VPOp) previously
developed [Beudaert 2012].

The DTIS method is composed of three main loops (Fig.2)

1. Computation of next cutter location with maximal
feedrate under kinematical constraints:

o The main loop (in blue) is the trajectory
interpolation: it consists in computing new tool
positioning from previous ones while verifying
kinematical constraints.

2. Local feedrate reduction to respect axes kinematical
constraints:

o When axis kinematical constraints are not satisfied
by the initial tool positioning, the second loop (in
orange) modify the local feedrate by estimating an
admissible domain along the trajectory.

3. Backward modification of previous cutter location with
maximum deceleration until respect of kinematical
constraints:

o The third loop (in purple) deals with situations
where no admissible solution can be found (empty
interval). Typically, on portion of tool paths with
high curvature, it's necessary to reduce feedrate
before entering the curve. If the feedrate is too
high at the entrance of a high curvature area, a
backward scan is performed to find the point from
which it is necessary to decelerate.

The main contribution of the proposed DTIS method is to
use the exact tool path definition and to respect the
kinematical constraints.

2.3 Tool path interpolation

The tool path interpolation is performed directly into the
parametric space of the surface to cancel errors from tool
positioning. Moreover with DTIS method, since there is no
more association of linear or polynomial format, all
computed setpoints are by definition exactly on the surface
without chord error.

To solve the implicit problem of tool path computation with
"plane_cl_strategy”, a Newton-Raphson method is
illustrated in Fig. 3. Starting from the point (u,v) of the
machined surface, the first guest (uo,vo) is computed
assuming an evolution with maximum productivity (distance
4s). Then, the errors €7 and £2 are minimized to compute
the next point (u*,v*) on the tool path according to the
machining strategy.

As the machined surface is usually really smooth, the first
guess is really close to the exact value, only one or two
iterations can be necessary to set the tool positioning with
an error under 0.001 pm. Such a threshold is negligible for
high speed machining applications. Thus with this iterative
method, the tool path can be computed exactly on the
surface.

Indice selection: j

previous tool positionnings tangential kinematical constraints

on the tool path
(Uv,0) (u,v,) (uv) v A‘*"fmﬁ‘“m

Constraints intersection: feedrate profile

icai i - 1 1

admissible domain n®1: toolpath feedrate s, €[5 |, s ]
i ity =gl

maximum productivity: S =S,

CAD le

s

machining strategy

Newton Raphson reffinement

S S bk
new tool positionning estimation: u eV e
axes

kinematical inverse
constraints kinematical
CAD transformation

Constraints verification
axes constraints

Constraints intersection- axes constraints

admissible domain n°2: axes constraints s €[s? 57 ]
1 min m

Constraints intersection: A2}
’ domain n®1 N domain n°2

=}

Dichotomy
Modify previous indices backward

Fig. 2: DTIS principle

Fig. 3: Exact tool path computation
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2.4 Kinematical constraints from the tool path

The interpolation of the tool path is based on the estimation
of the feedrate profile. Indeed, from the previous tool
positionings (uj-2,vj-2), (uj-1,v-1), (U;,v;) and their positions on
the trajectory (sj-2, si-1, Sj) the feedrate profile is defined with
the tangential kinematical constraints Vfmax, A®max, J®"max,.

Considering that maximal and minimal constraints are
symmetrical and the fixed temporal step size 4t of the
interpolator cycle time, it is possible to determine the
admissible domain of the tool path for si1. Hence, the
corresponding spatial step (4s) on the trajectory is used
during the interpolation stage to set the new tool positioning
(u*v*) with 4s = sj+1-si. To maximize the efficiency of
machining and the productivity, the farthest point is chosen
by default (sj+1=5"max).

2.5 Kinematical constraints from the machine tool

axes

Once the interpolation stage is performed, kinematical
solicitations on each axis resulting from the previous tool
positionings are compared to the axis constraints.
Kinematical solicitations are evaluated exactly since tool
positionings are previously evaluated using the CAD model
and the inverse kinematical transformation of the machine
tool are known. One can find more details on the equations
of kinematical characteristics in [Beudaert 2012].

If constraints are satisfied, the current tool positioning is
validated and the algorithm goes to next iteration. If not, the
first stage is to locally modify the current tool positioning to
respect axis constraints (orange loop on Fig.2). On the first
tool positioning, axis constraints are used to evaluate the
admissible domain ([$?min, S?max]). This domain can then be
intersected with the domain n°1 to find a new tool position
sj+1 and continue the main loop by the Newton-Raphson
refinement.

Sometimes, when feedrate needs to be decreased, the
intersection of admissible domains n°1 and n°2 is empty.
Hence, within the purple loop, previous tool positionings are
modified. An iterative backward research allows to find a
minimal sequence of setpoints to decelerate and reach the
admissible kinematical level to respect constraints. To do
so, the lower bound of the admissible domains intersection
is selected: criterium of maximum feedrate increase is
switched to maximum feedrate decrease. This method goes
then backward to modify previous computed points until tool
positioning of index j is solved. The efficiency of the iterative
research can be notably improved by using a dichotomy
principle and look ahead anticipation [Beudaert 2012].

3 APPLICATION
3.1 PREMIUM-OpenCNC

As it has been said in the introduction, the exact surface
interpolation cannot be performed using an industrial CNC.
Thus, it is necessary to develop an Open CNC in order to
overcome the limitations of the NC code and to control
directly the movements of the machine.

The PREMIUM-OpenCNC (Fig.4) has been developed to
control the motion of a 5-axis Mikron UCP710 high speed
milling machine originally equipped with the Siemens 840D
CNC. To reduce the development efforts, the Siemens
840D is not totally disconnected. Indeed, the Siemens CNC
is still used for auxiliary tasks (cooling system, safety, PLC
behavior...) and to control the spindle. However, it does not
have any connection with the displacement axes, which are
completely controlled by the PREMIUM-OpenCNC. An

interesting advantage of the hybrid solution used is that the
same machine can be controlled with a Siemens 840D CNC
and with an Open CNC, hence fair comparisons can be
made to demonstrate the benefits of the Direct Trajectory
Interpolation on the Surface.

PREMIUM-OpenCNC
Matlab - Simulink - dSSPACE

industrial
Siemens 840D CNC
Fig. 4: 5-axis high speed milling machine with the
PREMIUM-OpenCNC and the Siemens 840D CNC

3.2 Test case

The DTIS method is applied on a 5-axis tool path (Fig.5).
An aluminum workpiece is machined with a bull nose cutter
with 5 different strategies (Tab.1). The programmed
feedrate Vf is 3m/min. For each strategy, the tilt angle is
fixed at 10 deg with no yaw angle, which produces a 5-axis
tool path with a simultaneous movement of Y, Z and A axes
along one path. As the surface is ruled in the X direction,
one pass in the YZ plane is repeated with a step over
distance of 2 mm to machine the surface. The tool path lays
in a plane, so it is easier to measure and to represent the
effect of the tool path format on the feedrate.

Tab. 1: Machining strategies

NC

Strategy CNC bick Time (s)
G1 10uym 840D 59 14.4
G1 1pym 840D 189 12.2
B-Spline 10um 840D 85 8
B-Spline 1um 840D 226 9
DTIS OpenCNC - 3
tool path

machined surface

feed direction

~ 50
E
E
N 301 <~ . ‘ . _normal
0 20 40 60 80
Y(mm)

Fig. 5: 5-axis tool path with 10 deg tilt angle

e The first two strategies use the most popular format
which is the linear interpolation (G1) with two different
CAM tolerances, 10 ym and 1 pym respectively. In Tab.1,
the number of NC blocks used to describe one pass is
collected as well as the machining time. With a higher
CAM tolerance, the amount of data is reduced but it is
important to notice that the machining time is increased.
There is no direct connection between the machining
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time and the number of blocks, depending on the angles
between the segments the feedrate variation is
changing as pointed out in [Beudaert2012].

e The strategies 3 and 4 use the native B-Spline format
generated with Catia V5 CAM software and interpreted
directly by the Siemens 840D CNC. Here also two
different CAM tolerances are tested. A tolerance of
10 pm is standard for general purpose curve
interpolation, with 1 um the chord error is really small for
precise finishing operations. This native B-Spline
interpolation is the best solution industrially available for
free-form surface machining. Indeed, a continuous B-
Spline tool path is created by the CAM software so the
CNC does not have to run complex smoothing
algorithms in real-time. As the tool path geometry is
smoother than with a G1 tool path smoothed by the
CNC, the machining time is reduced.

e The last portion of the workpiece is machined with the
newly developed DTIS method. For this surface, the
DTIS algorithm performs both tool positionings and
feedrate interpolation in a synchronous manner with the
PREMIUM-OpenCNC. As there is no discretization of
the tool path, the number of blocks is meaningless for
this strategy because cutter locations are computed
during the interpolation on a portion of the trajectory.
The machining time is reduced by more than twice
compare to the best industrial solution, i.e. the native B-
Spline interpolation and by more than four times
compare to the commonly used G1 format. This
machining time reduction is explained by the better tool
path smoothness obtained with the direct interpolation
on the surface. The reason for this difference of
smoothness between the DTIS tool path and the B-
Spline tool path is quite clear. As the B-Spline tool paths
are approximated, they are oscillating around the
theoretical curve which is the smoothest tool path.

The measured feedrates are presented in Fig.6. For the G1
10 um strategy, it is clear that the feedrate have strong
oscillations along the path. The discontinuities at the end of
each NC block induce feedrate slowdowns. With the
second strategy G1 1 pym, the discontinuities are reduced
so as the feedrate variations. For the B-Spline strategies,
the tool path is smoother so the feedrate profile is also
smoother. However, the programmed feedrate of 3m/min is
never reached with the industrial strategies. The DTIS
strategy allows to significantly increase the feedrate and
even to reach the programmed feedrate at the end of the
tool path. At the beginning, the programmed feedrate
cannot be reached because of the acceleration and jerk
limitations of the A axis which is highly excited.

=== G110uym — =G11ym
B-Spline 10um ——B-Spline 1{um —DTIS
V§

"
'}
"
1
1 |

feedrate (m/min)

Fig. 6: Measured feedrate as a function of time
for the 5 strategies

The feedrate profiles presented in the previous figure are
plotted on top of the tool path geometry in Fig.7. As it is a
5-axis tool path, the analysis of the feedrate reduction is
difficult because it is not directly linked to the curvature of
the tool path. However, for the first strategy, the feedrate
oscillations correspond to the programmed position and
orientation of the G1 NC blocks. Around Y=20mm, there is
a long segment where the feedrate is higher but this
important variation of feedrate is harmful for the surface
finish. On the second graph for G1 1 ym, one can see that
the feedrate is not linked to the NC block density. With
native B-Spline strategies, the feedrate is everywhere
higher than with the G1 strategies. However, low feedrate
in dark blue is still present all along the tool path. Finally,
with the DTIS method the feedrate is quite high all along the
tool path without sharp oscillation. A feedrate reduction
appear just before Y=20mm because of a rapid movement
of the A axis caused by the rapid change of tool orientation.
Fig.7 shows that the feedrate is changing all along the tool
path and sharp feedrate variations may leave marks on the
machined surface.

4 SUMMARY

The application presented in this paper clearly shows the
benefits of the Direct Trajectory Interpolation on the Surface
in terms of productivity. Thanks to the experimental
validation on a 5-axis high speed machine and the
comparison between the industrial strategies and the
proposed method, it has been demonstrated that the
machining time can be divided by a factor between 2 and 4
compared with G1 and native B-Spline interpolations. As it
is demonstrated in this paper, the amelioration of the data
exchange between CAD/CAM and CNC will open new ways
to optimize the manufacturing process.
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