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Abstract

The paper presents the development of a mechatronic hybrid model for Geiss
five-axis CNC machine tool using MultiBodpystem (MBS) approach. The
motion control systems comprising electrical and mechanédements are
analyzed and modeled’he 3D assembly of the machine tool is built in
SolidWorks and exported into SimMechanics whiaterfacs seamlessly with
SimPowerSystems, SimDriveline, aBimulink packagesCNC machine tools

are mechatronic systems incorporating-tingarities so the proposed multibody
mechatronic model (which considers the coupling of elastic mechanical
structures witlthe control systems) represents accurately the dynamic behaviour
of the actual machine by using only one simulation environment

1 I ntroduction

A number of papers have considered existing methods for modeliidg
simulating the dynamic behavior of CNCmachine tool feed drives [1-4].
Traditional methods for modelling and simulation@fC machine tool feed
drives have used lumpgzhrameter models with loadertia reflected to the
motor [5-6]. To overcomehe differences between simulated axgerimental
results a modular approach has been applied to the modelling of CNC machine
tool feed drivesn [7-1]] and then in 12], a hybrid model of a CNC machine
tool feed drive with distributed load, explicit daing coefficients, backlash
and frictionwas developed

ComputerAided Engineering (CAE) siulation is a method which uses
computer softwargackages for the design and analysis of various machines
andassembes It employs variougpproachesuchasFinite Element Analysis
(FEA), MultiBody-System(MBS), or a combination of bothAlthough FEA
and MBS are important part of thdechanical CA (MCAE) family, they are
essentially different in their respective aims and modus opef@Bdiaims at
an approximation of the actual behavior of the mechanical structureeof th
machine tool by assembling discrete and simple elements through nbdes
MBS simulationhas been developed to overcome the drawbacks of the FEA
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and is suited foanalyzinglarge rotations and other highly nonlinear motion of
full mechanical systeni4d3-16]

CNC machhe tools are mechatronic systems. Therefar@chatronic
modelling, which considers the coupling of elastic medarstructure with
the control system, isf great importance and recently has become an advanced
tool in machine tool industry. Bthatronic simulation can be achieved either by
coupling a mechanic simulation system and control engineering software or by
using only one simulation environmefior a complete mechatronic simulation
[17-19]. Mechatronic models for CNC machine tools based on MBS
simulation approach result the research of machining dynamics from a new
dimension. More precisely, a MBS model takes into account flexible machine
structual components, feed drive dynamics, guideways, axis controllers and
the motion trajectory generation of the NC contfélrthermore, the MBS
enhances the field of examining interactions that occur between machine tool
components and the motion dynamicpmrties obtaned with regard to elapsed
time [20]. The methods for modelling and simulation of CNC machine tool
feed drives hve been continuously improving due to C@chine tools of
increasing accuracy are needed when higher tolerances and smootwassurf
are required.

A number of techniques have been developed in modelling and simulation of
CNC machine tools feed drives under vourting conditionsthereforejn this
paper,a multibody mechatronitybrid modelin SIMULINK environmentto
replicatethe dynamic behaviour of the actual machimeler cutting and nen
cutting conditionss presentedThe system under investigation is the GEISS
five-axis CNC machine toogéxisting at the University of Huddersfieldhe
system dynamicsis visualizel by the automatically generated three
dimensional animatioprovided by SimMechanic$n section 2, thesystemis
introducedand in section 3henovel multibody mechatroniaybrid modelfor
the studiedsystemis developedThe simulated results are shown in section 4.
Conclusionsand suggestions for further work are giveséttion5.

2 GEISSfive-axis CNC machine tool

The fiveaxis CNC machine tool existing at the University afddersfield (see
Figure 1) kas two direcdriven rotary axesR and C) and three balscrew
driven translation axesX( Y,andZ). The controller SEMENS SINUMERIK
840D slis linked withthe SINAMICS S120 drive system and complemented
by the SIMATIC S7300 automation systenkach feed drive axis otains a
threephase Permanent Magnet Synchronous Motor (PMSM) apart from the
gantry drivethat hasadopted the split (duahotor) axis feature, and thus it
includestwo separate PMSMs for theaxis (Y-axis Master and 2-axis Slave)

The rotary motion of the motor is converted into linear motion of the nut using
the baltscrew assembly driven by the belt drive system. An elastic coupling
links the motor to the belt drive. The batirew is supported by a set of rolling
elements mountedetween the screw and nut in order to decrease the friction
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and backlash.In the case of rotational axebhgtrotary encodemattached to the
motor is used both for rotor speed and rotor angle. In the case of translation
axes, the rotary encoder is usmuy for rotor speed. fie feed drive receives
feedback signals produced by the linear enc@aeunted on the slide) which
directly measures the actuaithogonal trimminghead positionand bythe
attachedotary encodewhich provideghe rotor speed.

@ (b)

Figure 1 Five-axis CNC machine todh) picture(b) configuration

3 Development of the novel multibody mechatronic
model for the GEISS five-axis CNC machinetool

The 3D (three dimensionalassembly model for théive-axis CNC machine

tool (see kgure 2)is built in SolidWorks The advanced mateare used to
define the maximum travel for each translation axis. The SimMechanic#slink i
SolidWorks softwarés used to export the 3D assembly model of the machine
tool. The export procedure (SimMechanics link) generates one XML file
(which contains the structure of the assendoty the parameters that define
each pajtand a set of STL filegwhich provide the visualization and specify
the 3D surface geometry of each CABrf). The STL files are not required to
generate the model, but they are required for the visualization of CAD
assembly.SimMechanics uses the structure and parameters to automatically
generate a new SimMechanics first or second generation model during CA
import.

SimMechanics first generation is used for models which require variable
gravity and certain complex constraints. First generation is also used to
measure reaction or constraint forces. SimMechanics second generation is
nearly used for all tier cases. Theoatrol systemdor the multibody system
aredesignedn SIMULINK. The internal visualization tools of SimMechanics
can display and animate simplified representations of -fireension
mechanical systems, before and during simulation in M®E Handle
Graphics window and Virtual world rendered in a virtual reality viewée
development of models to other simulation environments inclufisfgvare
in-theLoop (SIL) systems is also supported by-c@de generationwith
Simulink Coder as shown [21].
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Figure2. SolidWorksmodel(a) SimMechanicsnodel(b).

Once the export procedurie completed, the 3D assembly model of the

machine tool

is

imported

into SimMechanic3he novel

nmultibody

mechatronic(see Figure 3) contains thiwe feed drive modelsleveloped in
SIMULINK andcoupled withthe SimMechanics model.
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The ‘Machine Environment block defines the mechanicakimulation
environment for the machinéo which the block is coratted; gravity,
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dimensionality, analysis mode, constraint solver type, tolerarinesyikation,

and visualizationA machine is considered as a complete, connected diagram
of SimMechanics locks topologically distinct from other complete
SimMechanics blockdiagrams.It is responsible forthe simulaion of the
machine the interpretation ofmechanical constrainteind thelinearization of
simulation This block also determines whether and iowlisplay the machine

in visualization The ‘rootground’ block (ground block)which is required in a
SimMechanics model to be valid, represents an immobile ground point at rest
in the absolute inertia world reference frame. As a result, its connedtiom

joint prevents one side of that joint from moving. Exactly graundblock is
connected to & achineEnvironment’block in each machine of the modél.

‘weld block represents joint withzeroDegrees of FreedofDoF). Thus the

two bodies, whictare connected to either side of this block, are locked rigidly
to one another, with no possible relative motiBn, he ‘rootground’ block

refers to‘RootPart’ body block (bodyof infinite mas$ that acts both as a
reference frame at rest for a whole machine and as a fixed base for attaching
machine componentsuchas théantry _axis1’ body blockin this casgsee
Figure 3)

A ‘prismatic’ block represers one translational DoF along aegjfied axis
between two bodies, whila ‘revoluie’ block represerg one rotational DoF
about a spefied axis between two bodieA.prismatic anda revolute joint are
SimMechanics primitive jointandinclude both sensor and actuator poAs.
‘joint actuatot block actuats a joint primitive with generalized force/torque
(force for translational motion along a prismatic joint primitia&nd brque for
rotational motion about a revolute joiptimitive) or linear/angular position,
velocity, and acceleration moh signals (translational motion for a prismatic
joint primitive, in relation tolinear position, velocity, and acceleratiamd
rotational motion for a revolute joint primitivén relation toangular position,
velocity, and acceleratignThe generalize: force or the motion is defined by a
Simulink input signal. Motion input signals must be bundled into onelsjgaa
shown in Figure 3)

The blocks included in the blocK-axis modeélare presented in Figudeand
the blocks for other SIMULINK models are explained 21][ The technical
details of the practical elements are included in the dialogue boxes of the
various block so the model reflects the dynamic behaviour of the practical
machine.SimMechanics daenot recognize the advanced maissdto limit
the maximum travel of translation axes in SolidWorkiserefore'saturation
blocks are alded to limit the input signadf joint actuator to the upper and
lower saturation value§he rotor anglefor theB andC axesareused asnput
signalsfor the‘joint actuatof block, while the translation motion (through the
ideal translational motion sensor)used as amput for the'saturatiori blocks
in the models for the translation axes, (Y,and Z). Sztendé et al. in [21]
presents the development and implemeotatf aSIL platform allowing the
reattime simulation of the hybrid model of the feed drive from the gantry axis
of the CNC machine tool
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Figure4. Detalils for the blockX-axismodel.
4 Simulation results

Figure 5(a) presents he simulated sinegesponse oZ-axis feed drivefor a
constantload torqueof 4 N m The linear positioning error foZ-axis (see

Figure 5 b)is the difference between the position demand and the simulated

position of theorthogonal trimmindhead
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= =
5 51
B i,
’ ”n | 7 3 0 [ 7 3
time/s time/s
(@) (b)

Figure 5 Simulated resultfor Z-axis feed drive (constant load torqua)
simulated position and b) positioning etror

Figure 6 (a)depict the simulated sineesponse ofZ-axis feed drivefor a
variable load torques(N m for time € (0, 1) ;-5 N m for time € (1, 2) ;5N m
for time € (2, 3) s). The linear positioning error faf-axis in this case is
presented in Figure ®).
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Figure 6.Simulated results for-axis feed drive (variable load torque); a)
simulated position and b) positioning error.

=

Figure7(a)illustratesthe simulatedresponse oX-axis feed driveo trapezoidal
input for a constantoad torqueof 6 N m The linear positining error forx-
axis in this case ishownin Figure 7 (b).

£ 400

S~

N

200

-

|

positioning error/um

simulated position/|

==
~Na
-
=}
=)
=
X
~Na
m
=5}
=

4
time/s time/s

(a) (b)
Figure 7 Simulated results faX-axis feed drive (constant load torque); a)
simulated position and b) positioning error.

Figure 8(a) portrayshe simulatedresponse oK-axis feed driveto trapezoidal
inputfor a variable load torque3(N m for timee (0,4) s; -8 N m for time € (4,

8) s;8 N m for time € (8, 10) s). The linear positioning error fofaxis in this
case iglepictedn Figure 8 (b).
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Figure8. Simulated results faX-axis feed drive (variable load torque); a)
simulated position and b) positioning error.
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Figure 9(a) illustrateghe simulatedramp response ofy-axis (Master) feed
drive for a constant load torqué 7 N m The linear positioning error for-
axis in this case igortrayedn Figure9 (b).
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Figure 9 Simulated results for-axis feed drive (constant load torque); a)
simulated position and b) positioniegror.

Figure 10(a) presenthésimulatedrampresponse of-axis (Maste) feed drive
for a variable load torqug N m for time € (0,2) S;-4 Nm for time € (2, 4)S;5
N m for time € (4, 5) s) Thelinear positioning error fol-axis in this case is
presented in Figure 10 (b).
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Figure 10 Simulated results for-axis feed drive (variable load torque); a)
simulated position and b) positioning error.

The values of the positioning errors are in the order of microns which
correspond to the measured data from the actual machine so the proposed
model is validated. Alsdt is important to notethe variable load torque
generates small disturbances in #firaulatedposition butthe signals stabilize

very quicklyafterwards so the system is stable.
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5 Conclusions and further work

The paper presents the development of a mechatronic hybrid model for five
axis CNC machine tool using/IBS simulation approachThe model is
implemented irSIMULINK using the technical details of the practical machine
components so the simulated results represent the machine dynamic behavior
Also the £ed drives modelare tested for variable load torquesich occur in

the atting processesThe 3D assembly of the CNC machine taslbuilt in
SolidWorks andimported into SimMechanics using the SimMechanics link
software. So the fiveaxis SIMULINK model simulates the motion of
translational and rotational axes through a seamlasgration of the3D
assemblycreatedn SolidWorkswith SimMechanicsaandSIMULINK  blocks.

The fiveaxis CNC machine tools moddled element by element for
achieving a realistic mod#hat represents the actual dynamicantdchine tool
feed drives.The combination of MATLABSIMULINK/SimMechanics and
SolidWorks software packagés proved as a fast and efficient solution for
developing a multibody mechatronic hybrid model for the -fixes CNC
machine tool. SimMechanics toolbox allows to define th@odies through
the dialog box (including the mass of the body and moment of inertial tensor,
the coordinates for the center of gravity (CG) of the hotynfortunately it
does not recognize the advanced matesl thereforesaturation blocks are
addedto limit the input signal of joint actuator to the upper and lower
saturdion values. Also SimMechanics first generations proved more
appropriate for modelling the studied system.

The cetailed CAD model for the GEISS machine in SolidWorks and
develpment of MBS simulation approach in SimMechaniceuld provide
useful information aboutthe interactions that occur betwedhe machine
components and tivedynamic proprties obtaned with regard to elapsed time.
The developedmodel can be included iSIL implementation using dSPACE
reaktime system[21]. To sum up,this novel model containing blocks from
SimPowerSystems, SimDriveline, and SimMechanics fsllffie main purpose
of this work and contributes to modern machine tool industry making possible
the performance evaluation of machine tools and the production of even more
accurate productsith lower costs and time, simultaneously.
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