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SIMULATION TESTING OF THE MACHINE TOOL EQUIPPED WITH
THE ACTIVE FEED DRIVE

The vibration of a machine tool is mainly causedhsy dynamic acceleration of a motion axis andheyforces
that act on it. All the disturbance forces are d¢raitted to the machine tool frame through the d¢imetor) and
its regulation loop and they excite its vibratiofitus the achievable dynamics and machining quasity
negatively influenced. There are several possislihow to suppress the excited vibrations inclydie recently
introduced “motor on motor” technique which is bé&s the serial connection of two linear motorsisTgaper
presents new simulation results performed on theulsiion model of a real machine tool. The maximal
achievable tuning of the regulation loop parametdrshe motion axis equipped with the “motor on o1dt
technigue was confronted with the conventional fdgde setting. The “motor on motor” feed drive peoties
were also tested in the virtual machining operatitode where the real measured cutting force wag. ugee
sensitivity analysis of the reaction force and thieldle mass movement of the “motor on motor” feewel
solution to the predicted cutting force introdudedthe feed drive control has been investigatece friddle
mass is represented by the shared part of bothrlimetors which absorbs the high frequency patti@feaction
force by its movement.

1. INTRODUCTION

The common machine tool feed drive design is eqdppith the hard mounted static
part of the actuator. In the case of linear mdtersecondary part of the feed drive motor is
directly connected with the machine frame. Suclutem leads to high values of reaction
forces in broad frequency spectrum generated bycdmerol system with high parameter
setting. The power strokes are transmitted dirdctlihe machine bed during the operation
and the wide spectrum of natural frequencies amtezk This is connected with the
amplification of the vibrations. The oscillation die machine bed and the motion axis
consequently deteriorates the achievable machipregision and the dynamic properties
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of the motion axis and the whole machine tool. Mbe active feed drive was developed to
avoid the excitation of the machine tool frame &ndescribed in [3]. The feed drive design
is based on the serial connection of two linearamsobn a single motion axis where the
second linear motor transforms the frequency specti@and the amplitude of the reaction
force. The principle scheme of this design is shamwirig. 1. This conception is called

“Motor on motor”.
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Fig. 1. Motor on motor conception

The real construction of the feed drive equippethwvie “Motor on motor” design
could be as shown in Fig. 2. There is the mechauiesign of the motion axis with the
movable middle mass for the compensation of highuency part of the reaction forces.
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Maotor F2 secondary part Middlemass

=T

’ ’ Motor F1 secondary part
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Fig. 2. Construction design of the motion axis pged with the Motor on motor conception

The paper mainly deals with the advanced simulatiesults achieved on the
mathematical model of the experimental milling centM-2. The mathematical model
of the machine tool LM-2 with the “Motor on motadésign is already described in [2]. The
maximal tuning of the motion axis parameters compdo the feed drive common design
and the influence of the cutting force on “Motor motor” regulation are the main topics
of this paper. The real cutting forces were expentally measured and involved in the
machine tool mathematical model with the aim ofdretimulation results.
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2. MACHINE TOOL SIMULATION

As mentioned in the previous section the paper sdedth simulation of the
mathematical model of the experimental milling certM-2 (Fig. 3) equipped with “Motor
on motor” feed drive design in the Z axis [2].

Fig. 3. Experimental milling centre LM-2

The dynamic behavior of the machine tool with “Motm motor” feed drive is based
on the FEM analysis and is described by the equélipin the state-space form [1].
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In the equation (1% is the vector of modal coordinatesis the state vectoy, is the
output velocity and displacement vectab, is the modal matrix,Q2 is the diagonal
eigenfrequency matrix is the diagonal matrix of modal damping ratio ¢ioegnts andf is
the vector of loading forces.

The regulation scheme of the machine tool Z-axishiswn in the Fig. 4. It consists
of three parts where the first one representsnanoan cascade regulation loop of the main
motion axis. The other two parts deal with the oantf the pre-computed reaction force
and with the absolutization. The control of the-poenputed reaction force transforms the
reaction force using the proposed motion of thedheidnass. The algorithm for obtaining
the pre-computed reaction force, which is basedhenknowledge of NC code and the
mathematical model of the machine tool, is desdripe[4]. The absolutization is a control
of the suitable position of the middle mass in ¥i@nity of its zero position. This paper
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deals with the maximal possible tuning of the motaxis in comparison with the common
feed drive design. The used tuning parametershareelocity loop gain |, and the position
loop gain K in Fig. 4.

|Common cascade regulation loop l

1
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state-space model
i

-computed reaction force I

Predpoctena reakceni sila
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Fig. 4. LM-2 machine tool Z-axis regulation loop

The velocity loop tuning was performed as the §tsfp. The sensitivity analysis of the
velocity loop frequency pass-band to the velocdgp gain K, was done with the aim
of obtaining the maximal | setting. The Bode diagram of the velocity loop tfoe various
Kpv settings is shown in the Fig. 5. The velocity Idmgmuency pass-band with the common
feed drive design is restricted due to the excstiedctural shapes around the frequency 200
Hz and achieves the value 40 Hz. The corresporghing of the velocity loop g is 60 000
Ns/m. This value of the Kis also set on the real machine tool. If the acteexl drive with
the “Motor on motor” design is activated, the stunal shapes around frequency 200 Hz are
not excited anymore and the,Kand the velocity loop pass-band can be improvéw: T
relevant value of the K is 200 000 Ns/m in this case, because the veltmiy frequency
pass-band does not rise more than 90 Hz for thieehilf,,. Conversely the higher value
of the K,, amplifies a noise in the regulation loop.

The tuning of the position loop gain is based oa thonitoring of the regulation
deviation at the demanded position ramp. The valuthe position loop gain Kcan be
raised thanks to the previous velocity loop tunatgch is allowed by the “Motor on motor”
design. The common feed drive position loop gajrcé&n be set up to 50 1/s. The position
loop gain K, of the feed drive with the “Motor on motor” desigan be increased up to 140
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1/s, it means more than two times higher thaneéncthbmmon design. The comparison of the
regulation deviation is shown in the Fig. 6. Thergase of the Kleads to the decrease
of the regulation loop deviation which is connectath the better response of the motion
axis to the demanded trajectory. The regulationiadiewm of the position loop can be

decreased nearly three times.
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Fig. 6. Regulation deviation by the velocity st€pri/min
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Another aspect of the position loop tuning is theréase of the dynamical stiffness.
The dynamical stiffness is the resistivity of treed drive to the disturbance force. The
position displacement of the motion axis by théuwtlzance force 1000 N is shown in Fig. 7.
The displacement of the common feed drive is 110gnohthe displacement of the “Motor
on motor” design is only 20 um. It means that tlyeasnical stiffness of the feed drive is
increased from 9 N/um to 50 N/um, i.e. more thaa fimes.
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Fig. 7. Motion axis displacement by the disturbafocee step with amplitude 1000 N
3. CUTTING FORCE ANALYSIS

The analysis of the influence of the cutting fotcethe feed drive regulation is
described in this section. It is done by the siroia The real measured cutting force on the
LM-2 machine tool is employed in the simulation.cBaese the prediction of the cutting
force can improve the regulation of the “Motor ootor” feed drive, the predicted cutting
force is exploited in the regulation. This papeesimot use the proper prediction of the
cutting force but as the predicted cutting force #xact measured force with a disturbance
is used instead. The result is a sensitivity amalyd the regulation behaviour to the
prediction quality of the cutting force. The propeediction of the cutting force can be used
e.g. from [5].

The experimental scheme of the cutting force measent is shown in the Fig. 8. The
test machining was in the X direction of the maehionol coordinate system with the
constant position of Y and Z axes. The tool was 2R@32B20C-SAP11D with a cutting
inserts APKX 1103PDER-M, 8040 with a TiN surfacgdaand a tool holder Diebold HSK
63-F[20. The work piece was made from steel CSN 120&@9hardness 190 HB. It was
the climb milling without cooling. The parametefgive milling are presented in the Tab. 1.
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Fig. 8. Scheme of the experiment with the cuttimgé measurement on the LM-2 machine tool

Tab. 1. Work condition of the test milling

Parameter Mark Unit Value
Cutting speed v [m.min’] 210
Cutting depth | [mm] 2
Cutting width a [mm] 16
Feed per tooth i [mm] 0.15
Number of teeth iz [-] 3
Diameter of milling cutter W) [mm] 20
Rate of feed Y, [mm.min] 1504
Spindle rpm n [ot.mif]] 3342

The measured cutting force by a dynamometer is showhe Fig. 9. The biggest force
is in the X and Y axes, the force in the Z axis hdswer amplitude but it is also important.
The simulation model of the “Motor on motor” feedve in the Z axis is used.

The simulation test was performed in the Z axidéirat. The motion axis was in the
position loop with the zero demanded translatidme Theasured cutting force acting on the
ram at the point of the tooltip in the simulatiowael and the influence to the reaction force
and to the middle mass displacement was monitoB®tause of the middle mass
displacement minimization the pre-computed cutimge was added to the pre-computed
reaction force that is described in [4]. The fin@hction force is now computed not only
from the acceleration force based on NC code aisadysl the absolutization action but also
from the predicted cutting force. A part of the ukgion scheme with the pre-computed
cutting force application is shown in Fig. 10.
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Fig. 10. Reaction force computation block diagram

The predicted cutting force was filtered, as wsltize pre-computed action force from
the NC code, before the sum with the other parth®feaction force is carried out because
of the reason of removing high frequencies. It wssd i’ order non-causal low-pass filter
with cut-off frequency 2 Hz. The high frequencytpairthe cutting force is compensated by
the middle mass movement.
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Fig. 11. Measured cutting force in the Z-axis Fig. 12. Action force and reaction force by
and its filtration with disturbance er cutting force prediction with disturbar

The measured cutting force in the Z-axis and iteafion with the disturbance error is
shown in the Fig. 11. The disturbance error israpk reduction of the force amplitude
where “prediction 100%” means that its knowledgedisal. The result of the action and
reaction force simulation during the milling proses shown in the Fig. 12. The main acting
force, that holds the motion axis in the constasiton, is depicted by the blue line. The
reaction force without the cutting force predictimndepicted by the red line. The other
colors show reaction force with cutting force potidin in the different accuracy.

The displacement of the motion axis is shown inRige 13 by the blue line. It should
be zero. The other colors show displacement of rthédle mass with cutting force
prediction with the different accuracy. The valuk the reaction force is very little
dependent on the accuracy of the cutting forceigtied. On the contrary to the reaction
force the middle mass movement of the “Motor onarioteed drive is strongly dependent
on cutting force prediction accuracy.
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Fig. 13. Motion axis and middle mass displacemgrauiting force prediction with disturbance
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Another simulation testing with the bigger millilgad was performed for the better
analysis of the cutting force prediction. Thera isimplification in the model, where the all
milling parameters of the X axis were applied te @ axis including the cutting force
amplitude. The Z axis simulation model is equippeth the “Motor on motor” feed drive
design. Such an experimental scheme with demanagtigm ramp is shown in the Fig. 14.
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Fig. 14. Idea experiment scheme with higher load axis and its position ramp

The comparison between the real and the predidtedefi cutting force is shown in
the Fig. 15. The filtration is the same type likethe previous simulation tests. The result
of the action and reaction force simulation by thiding process with the higher load is
shown in the Fig. 16. The main acting force, whiobves the motion axis along the
demanded position ramp, is depicted by the blue. lirhe other colors show the reaction
force with the cutting force prediction with thdfdrent accuracy. The behavior is similar to
the previous simulation test but has higher andit caused by the higher load. Moreover
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there are force peaks at the beginning and theoktite simulation. They are caused by the
acceleration and deceleration of the motion axisesponding to the demanded position
ramp. Nevertheless the reaction force shape is traothan the main feed drive force in all

cases thereby danger of the excitation of the ahfuequencies is reduced. The accuracy
of the cutting force prediction has not essentifllence to the reaction force smoothness
of the “Motor on motor”.

As in the case with the lower cutting load, the sment of the middle mass is
strongly dependent on the correct cutting forcediste®n. The displacement of the motion
axis and the middle mass with the cutting forceljgteon by the different accuracy is shown
in the Fig. 17.
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Fig. 17. Motion axis and middle mass displacemegrauiting force prediction with disturbance

4. CONCLUSION

Based on the results described in this paper, ¢leactive feed drive with “Motor on
motor” design is able to improve the motion axisa@yics. The simulation experiments
were performed on the mathematical model of theeexgental milling centre LM-2. The
gain of the velocity loop [ was increased more than 3x and the gain of thetiguosoop
K, was increased more than 2x. It is also connectiddtire lower position regulation loop
and the better dynamical stiffness (5x).

The influence of the cutting force to the “Moton motor” regulation was also
investigated in this paper. The prediction of theting force can improve the regulation
quality in terms of the lower middle mass displaeatn But the reaction force smoothness,
which is important for the resistivity to the natlishapes excitation, is not so strongly
dependent to the correct cutting force prediction.
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