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Abstract: Open-architecture CNC technological equipment asedunowadays both for industrial and
educational purposes. Using a modular structure anBC-based CNC controller, these devices allow
the users to develop and test new control and madlistrategies, to train in the field of CNC
programming and CAD/CAM techniques, while keephregdosts as low as possible, in comparison with
the industrial, closed architecture, CNC machinelso However, the modular, reconfigurable, struetur
and consequently the modular assembly method, caitlesome drawbacks, most of them related the
accuracy of the system. Also, PC-based open anthite controllers lacks some important features
linked with 4&5-axis indexed machining and 4&5-axientinuous machining, which normally are
present in industrial CNC controllers. Among thésatures, the ability to use local coordinate syste
and the ability of using tool center point managetrere the most important, and their absence makes
the use of CNC machines with PC-based open ar¢hieedor multi-axis machining quite difficult. This
paper present the implementation of a 5-axis maddMC machining center, built in a modular way and
using LinuxCNC as PC-based CNC controller. Somehaast for improving the accuracy of the
equipment and strategies to overcome the diffiesiitelated to 4&5 axis machining are presented

Key words. CNC open architecture, modular structure, 4&5-axigchining, contouring accuracy,
kinematic model

1. INTRODUCTION using the software solution provided as open source
fsoftware kernel LinuxCNC [7]. Linux CNC is a highly
configurable software solution, based upon reaétim
Linux operating system, which allow the users tddou
(l;ontrol modular CNC equipment by integrating stuuakt

CNC machine-tools are nowadays the backbone o
machining processes throughout all industries. &/hil
most of them are manufactured by specialized comepan
in a closed architecture manner, some researches a

reported in the literature regarding open archiert modules, servo-systems, tools andfor tool changing
solutions. systems. After building the CNC system, LinuxCN@ ca

The CNC controller, seen mostly as a softwarePe easily used as a PC-based CNC controller. BbiG C

environment which controls al the machine functigns Machine-tools and robots were successfully develope
considered as the core of the open architectureoapp ~ USing LinuxCNC [8, 9].
[1]. The most important requirements for an open However, from a practical point of view, building a
architecture CNC system are modularity, CNC machine-tool in a modular, reconfigurable way,
reconfigurability and maintainability, according fa]. may be subject to some accuracy related problefss, A
The development of a software kernel which could bewhen multi-axis machining comes into attention, PC-
used as the software core for an open CNC controllebased CNC controllers, such as LinuxCNC are not
was presented in [3]. Other approaches of devedppin always as good as their industrial, closed-architec
open architecture CNC systems are reported in fid] a CNC controllers.
[5]. Open architecture controllers are also usederwh
intelligent functions are added to the machine,tsath
as auto-diagnosis modules or cutting tool monitptyy 2. THE MODULAR 5-AXISCNC MACHINE-
means of multi-sensor fusion [6]. TOOL

Other approaches were oriented to develop open

architecture CNC machine-tools and industrial retmt A 5-axis modular CNC machine-tool was developed

and has been subject of this research programnitie

" Corresponding author: Victoriei 10, 550024 Sibiu, idea Was to provide an eXpe_r'mema.I testbed foxi§-a
Tel.: +40-(269) 21.60.62/1453; machining and control strategies, which can be atsml
Fax: +40-(269) 21.27.16 for teaching activities. The overall view of thechine is

E-mail addressesadu.breaz@ulbsibiu.r¢R.E. Breaz), . . . . .
gabriel.racz@ulbsibiu.rdS.G..Racz)melania.tera@ulbsibiu.ro presented in Fig. &, while Fig. 1b shows the rotational

(M. Tera),mihai.crenganis@ulbsibiu.rM. Crengani) axes (swivel axig\ and rotary axi<).



54 R.E. Breaz, S.G. Racz, M. Tenad M. Crengang / Proceedings in Manufacturing Systems, ¥al.Is:. 2, 2017 / 5358

Fig. 1. The 5-axis modular machineel: a — overall view;
b — rotational axes.

The machine was designed and built by Ger
Numeric, a specialized company from sov, Romania,
which have also implementedhe P(-based open
architecture LinuxCNC controller on The mechanical
structure of themachine was assemb from custom-
built modules manufactured by General Nume
company, which were combined with ISEL guiding
transmission systems.

It is here noticeable the fact that the machine
prototype, designed specifically for the needthe final
customer, "Lucian BlagaJniversity of Sibiu

The main design requirements for this machine \

» modular structure (it can be used either-axis or as
5-axis CNC machine);

» PCbased open architecture controller (LinuxCh

» open workspace witlthe strokes on X and Y ax
much bigger with the stroke on Z axis (router ty

e three translational axes (X, Y and Z) and 1
rotational axes (A and C);

» all feed drives, on all five axes are realized lase-
loop motion control systems, using dservomotors
as actuation devices and rotational encoder:
feedback devices.

The machine is also equipped with an automatic
measuring system. The tool has to be changed mgn
there is neither automatic tool changer, nor toatjazine
available.

The main kinematic chain uses an a.c. 1.5 KW I
asynchronous motor, controlled by a voltage/freguye
inverter, whch can rotate the tool up to 000 rev/min.

The machine table is made fromecial aluminum
profiles with Tslots, which facilitate the rid and easy
fixture of large workpieces.
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Fig. 2. Thecontrol interface for LinuxCN.

For small workpieces, the machine is also fittethy
a manuallydriven vice. Also, the rotary axis C is fitt
with a universal clamping system with three -
centering jaws (Fig. b), which can be used either fo-
axis machining of cylindrical workpieces or fo-axis
machining.

LinuxCNC, v. 2.6 under Debian Linx is used as PC-
based open architecture CNC controller. The interfaf
the CNC controller, available by means of a P(
presented in Fig. 2.

3. IMPROVING THE CONTOURING
ACCURACY

In order to test the contouring accuracy of t-axis
machine tool, aRenishaw Q+-10 ballbar system was
used. The experimental layout for running the coritm
accuracy in dryrun regime is presented in Fi¢,a andb.

The results of the tests (before and after unfgldire
corrections) are presented in Fic,a and b. while a
synthesis of the results (before and after) areguted ir
Table 1.

Fig. 3. Running the contouring accuracy tea — overall view;
b —the ballbar devic.
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Machine: Quick check
Instrument: QC10 ballbar

From Table 1, it can be noticed that the main erilce
upon the circularity error is due to the mechanicedrs.

The test can identify the contribution of the
mismatched control parameters of the servosysteams f
each axis X andY), but their contribution is negligible,
according to Table 1.

The most important contribution is due the squasgne
error, which indicates the fact that the aXesndY are not
perfectly perpendicular to each other [10]. Theosdc
biggest influence is due to the lateral playxoandY axes,
which may be caused by looseness in the guideways.

AR . . . .
[CLEFENNN , Taken into consideration that all the above-memrtibn
e ] . . . .
Rm\\\ 2 errors are influenced by mechanical misalignmettts,
(O] corrections actions were targeted accordingly. The
Fit 2 50.0 pm/div

Machine: Quick check
Instrument: QC10 ballbar

builder of the machine has equipped it with cajidmsl
of adjusting these mechanical errors.

To adjust the angle betweex and Y axes, eight
adjusting screws were provided on each side of the
machine Fig 5. The position of these screws can be
slightly adjusted by moving them along their holes
(which are shaped as slots), allowing the user adify
the above-mentioned angle. The degree of control of
these movements is small, but after a trial andrerr
process, the test results have shown the valuss mbed
in Table 1 under "Test 2" column.

The results after corrections have shown that the
squareness error was reduced (2760 um/m before,

NN . .
[ ron: R 2760 um/m after), while the lateral play was piaadty
[SIEEENN eliminated (on both axes). The contribution of the
: s squareness error in the overall error balance has

b

Fig. 4. Test resulta — before}p — after corrections.

increased, but that can be explained by the fattrttost

of the other errors have been reduced or eliminated
Finally, the overall circularity error was redudedm

396.6 um to 310.6 um, a decrease of about 22 %n Fro

Fig. 4 it can be also noticed the fact that thellasions

of the system during the movements has been reduced

Table 1
Contouring accuracy -Tests results (even this fact can be quantified only in a quélia
T 1 T2 (visual) way). The results of the corrections have
Output demonstrated two facts:
(before) (after) .
e the control system was configurated and tuned
Value [%] Value [%] properly in the building phase of the machine, and
Squarene: | 276(um/m | 32% | 261<pm/m | 62% there are no errors in values of controllers’ gaims
Lateral play | »144.Epm 10% ) ) influence the contouring accuracy;
X <-21.5pm » the contouring accuracy is influenced only by
Lateral play | A23.6 pn ) mechanical misalignments, which are acceptable for
Y ¥128.2 um 10% - - such system. However, given the proper tools (the
ballbar systems) and the adjusting systems, these
BacklashX >-62.4um 7% > 16 um 4% errors can be kept under control, even the comesti
<8.4um <14um must be made by means of a trial and error process.
A18.7pumw
BacklashY - - v18 um 4%
Reversal »-32.9 um » 255 um
spikesX <«24.7 um % <425.2 uym 6%
Stral%htnes ) ) 24.2 um 3%
Circularity Circularity
396.6 pm 310.7 pm

The symbol9», «, A, ¥ from Table 1 are used for
depicting the direction of motion on ax®sandY. The
percentages within Table 1 indicates the contrilouif
each output to the overall balance of the circtylamiror.

. T,

Fig. 5. System for adjusting the angle betweeandY axes.
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n .

Fig. 6. Test part for 3-axis machining:—3D model;
b — machined part.

4. 3-AXISMACHINING

To demonstrate the capabilities of machining
contours, a test part was machined (Fig.&db). The
machining involved driving the tool on complex
trajectories onXY plane. The machining could be
considered a 2B one, but movements of-axis also
occur, during the engage phase (involving simubiase
movements onX, Y and Z) and consequently, the
machining could be considered a 3-axis one.

5. 5-AXISMACHINING

For 5 axis machining, which involves movements on
both translational and rotational axes, the co@tgis on
X, Y andZ are the coordinates of the tooling point (tip of
the tool) related to the workpiece coordinate syste
(G54), while the rotary coordinate8, (C) are related to
the machine coordinate system (G53). For diffef@C
controllers, there are different methods for updatihe

tooling point and the position of the woorkpiece |, Fig 7¢ the machine configuration after 5 axis

coordinate system after moving the rotational axesqsitioning with local coordinate system enabled is
Modern CNC controllers, such as Sinumerik 840 D andpresented/( = 90 and C = 155). The origin of the

Heidenhain TNC 530 have the so called "Tool Cemercoordinate system (G54) is again in the middle haf t

Point Management (TCPM)" mode available, while o 06 of the workpiece, the tooling pointgsia at

LinuxCNC is able to work only in the "3 axis mode". ; ; ;
the tool tip. The generated toolpath will be indegent
For the "3 axis mode", the position of the workgiec on the Wofkpiece%etup / tool Ien%th.

coordinate system (G54) and the position of theirigo It is here noticeable the fact that the situation

point is Inot updﬁteg agter challlngigghthe p;;i_tion ofpresented in Fig. @,s not available with the Linux CNC
rotational axes - the CNC controller behaves &sidws 001

nothing about the machine kinematiesas a regular 3 Because LinuxCNC controller only allows the "3 axis
axis controller. In the TCPM mode, the CNC con#oll mode" for 5-axis machining, to machine parts on the

can use local coordinate systems (using the PLANEn,chine, a geometric and kinematic model of the
function at TNC and the ROT function at Sinumegaky machine is needed [11]. Normally, commercially

updates the position of the workpiece zero and the,qjaple CAM software packages can simulate the

position of the tool tip regarding to the actualrkmece-  tential collisions between the tool and the patile,

tool orientation. _ o on the machine, CNC controllers, in TCPM mode can
The situation is explained detail in Figasb, andc.  gjgna the potential collisions between the moviragts

In Fig. 7a, the initial machine configuratioA(=0° C = of the machine (slides and turntables). For machine

0°) is presented. The origin of the workpiece codaatén  whose CNC controllers does not know anything about

system (G54, noted with 2) is in the middle of tigper  the machine kinematics (only the "3 axis mode" fein

face of the workpiece and the tooling point (nowdth  available), the potential collisions between thechilae

1) is at the tool tip. In figure B, the machine gjides and turntable can be detected and remowvexdgdu

configuration after 5 axis positioning without ugi®  simulation, but only if a 3D geometric and kinerati

local coordinate system is presentel £ 90 and  model of the machine is available.

C = 155). The workpiece and the tool are moved, but the In Fig. 8, the 3D geometric and kinematic model of

origin of the workpiece coordinate system (G54) #ivel  the 5-axis CNC machine-tool is presented. The model

tooling point still stay the same. The generateglp@th ~ was build using the 3D models of the structural oies

will depend on the workpiece setup and the todjtlen of the machine.

Fig. 7. 5 axis positioninga —initial stateb — positioning in "3
axis mode"c — positioning in "TCPM mode".
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Fig. 8. The 3D geometric and kinematic model of the maghin

Some of the modules were modeled by the authors,
while some of them were taken from the manufacturer

website (for ISEL modules), as .igs files.

After modeling the assembly of the machine,
kinematic dependencies were defined (for exampie, t
Y-axis module carries th¥ and Z-axis modules, so the

movement ofY-axis implies also the movement of bath

andZ axes). Finally, the strokes were defined on aflsax

(linear and circular) and the model was made alvkla

the CAM software package used for generating the NC

codes for machining.

From Fig. 8 it can be noticed that the height & th
machine was reduced, because it did not influence

trajectories of the moving parts of the machine.

To test the 5-axis machining capabilities of theCCN
machine-tool, the test part presented in Fig. 9 was
machined. The machining process involves two phases

* a 90 rotation ofA axes and a 155otation ofC axes
for positioning the part (5-axis positioning);

Fig. 10. Cylindrical test part machining:— simulation;
b — machiningg — machining result.

The material chosen for the part was polyamide PAS,
to lower the risks linked with tool-workpiece csibns.

* a 4-axis simultaneous machining phase (withThe NC code was generated in a commercially availab

simultaneous movements of Y, Z andB axes) for
machining the cylindrical pocket.

software package, but settings were made to poseps
it according to "3 axis mode", which is the onlyeon

Simultangous 5-axis continuous milling was _nqt allowed by LinuxCAN controller. Special care shoblel
tested at this stage. The tool used for the machini taken, because the default mode for 4&5 axes manghin

process was a cylindrical mill of 6 mm in diametére
cutting speed was limited to 40 m/min and the fatter
200 mm/min. The cutting depth for each pass dutiirg
4-axis simultaneous machining was 1 mm.

Fig. 9. The test part for 5-axis machining (pocket on a
cylinder).

in CAM software packages is the TCPM one. Post-
processing the NC-code with the TCPM mode enable
will lead, in this case, to an erroneous code podsible,

to collisions both between the tool and workpiecel a
between the moving parts of the machine.

6. CONCLUSIONS

The paper presents a research program which aimed
to develop and implement an open architecture nawdul
5-axis CNC machine-tool. The machine-tool is inthd
to be use for both research and teaching activities

In the initial stage of the program, the design
requirements were established and agreed between
"Lucian Blaga" University of Sibiu and General Nuige
company, which finally built the machine-tool.

A PC-based open architecture CNC controller,
LinuxCNC, was chosen, due to its availability agmp
source, its performance and due to its real-timeuxi
based kernel. The implementation of of LinuxCNC on
the machine-tool was also made by General Numeric.
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