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|. Introduction

A revolutionary concegpt in the desgn of machine tools diminated the lead screw to
increese the speed of the machine tool, as wdl as accuracy and rigidity. The lead
screw, as a maching's main source of inertia limits speed, o it has been replaced with a
liner motor and mation control servo that uses a laser as feedback. The result is a
mechine tool that is very fag when peforming operaions such as moving between
cuts, tool retraction and tool changes. The machine tool's path accuracy and sdtling
time is improved, because of the bendfits the laser provides for the machineés servo
control sysem. The speed, power, and rigidity of the sysem makes both high metd
remova rate and high pat accuracy possble a the same time.  In addition, the high
accderdtion and decderdion rates provided by this drive sysem make improved tool
life & high feed rae possble because a congant chip load on the cutting todl is
maintained a dl times

1. High Veoaty Manufacturing

Sating in 1985, Ingersoll Milling Machine Company, in conjunction with Ford Moator
Company, began the devdopment of a radicadly new machine tool technology which
utilized high thrust liner mators to drive the machings linear axis. These liner motors
replace the bal screws, bal nuts, gear boxes, servo motors, encoders, and end bearings
traditiondly used in a machine tool axis drive sysem. Magnetic force done is used to
drive the machine axis and hold them in pogtion. The objective of this development
was to produce a machine which wold be severd times more productive than
conventiond machining centers with superior accuracy and  rdiability.  Ultimatey,
flexible sysems of these machines would be used to replace trander lines for mid-to-
high volume production gpplications.

The result of this effot was the devdopmet of meachines with the following
characteridics

Accderdtion and decderation rate which are 10 - 15 times higher then conventiond
mechining centers (1-1.5 g).

Repid traverse and feed rates that are 3 - 4 times higher than conventiond
meachining centers (3,000 IPM, 76 mymin).

A vey diff, gable machine platform cgpable of supporting new spindle technology

dso deveoped by Ingesoll - high speed, high power, hydrodynamic bearing
motorized spindles.

In order to achieve these reaults, every area of machine design needed to be rethought.
A rigid machine dructure with a fird order resonant  frequency three times higher than
a conventiond structure was required, but the dructure had to weigh less than hdf that
of a conventiond ded or iron dructure.  Very high podtion and veocity loop gans
were required for the machings control system in order to maintan high path accuracy
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a high accderation and feed rates. A photo of the Ingersoll high Vedocty Machining
Center is shown in Fg. 1. Ingersoll experimented with three differet kinds of axis
feadback systems and conduded that only one had dl the cgpabilities needed for this
demanding application - laser encoder feedback.
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Fg. 1 Ingersoll High Speed Milling Center
1. Laser Doppler Displacement Technology

As described in Ref. 1, the LDDM™ s based on the principles of radar, the Doppler
effect and opticd heterodyne. Bascdly a target or retroreflector is illuminated by a
lasr beam. The laser beam reflected by the retroreflector is frequency shifted by the
moation of the retroreflector and the phase of the reflected laser beam is proportiond to
the pogtion of the retroreflector. Thet is

e f
X_§>(N+E) oy

Where X is the podtion of the retroreflector, ¢ is the gpeed of light, f is the laser
frequency, N is the number of 2p ‘sand f is the phase angle. For atypicd output, N is
expresed as quadraure square waves and f is expressed as andog dgnd. The
maximum speed for the phase detection is 8 MHz which corresponds to 2.5 mv/s (96 ips)
and the resolution per pulse is 0.63 micrometer (0.000012 inch). An LDDM™ |aser
encoder isshown in Fg. 2.
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Fig.2 LDSLaser Hed

Briefly, a laser beam is directed to a retroreflector. The retroreflector will reflect the
lasr beam back pardld to the output beam, and its pogdtion will he determined by the
Doppler Shift. There are a number of advantages to working with a laser beam for
precise postioning. The inherent accuracy of usng a laser beam from a Sabilized laser
as the messurement ruler is achieved with no periodic re-cdibration. The measurement
is noncontact diminding mechanicd linkages with the dage One important
advantage is the freedom to locate the point of measurement close to the measured
object. The retroreflector can be mounted closdy in line with the locaion to be
measured reducing or diminging the Abbé offsst, (Ref. 2) or increasing the tightness of
the sarvo control. LDDM™ requires very little maintenance. There are no moving parts
ubject to wear. All machine mounted parts are of rugged desgn that insures long life.
The laser tube is smdl and rugged it can withsdand 8 g of force and its laser beam never
needs re-cdibration. When repairs are required, the modular design of the LDDM™
dlowsfor rgpid replacement of the defective module, thus minimizing down-time.

IV. Application of Laser Feedback to the High Vdocity Module

A. Primary Drivers

1. Cagpable of high resolution feedback a high data rates The ability of sysem to
provide 0.000012" postiond resolution a veocities of 50"/second was a benefit of
this design.

2. Rgection of vibration in two of three planes reduced the effect of dructurd
resonances. A linear motor (Ref. 3) machine must close the velocity feedback loop
through the postion feedback system since no rotaing encoder or techometer is
avaldble This introduces the machine dructure into the velocity loop. In order to
achieve high savo diffress and high accderdtion and decderdtion rates, high
velodty loop gains are required. The lasr sysems rgection of resonance in two
planes makes it possble to have high vdodty loop gans without exdting the
meachine sructure. A block diagram of the servo control isshownin Fg. 3.
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3. Immune to dectric noise or inteference. Linear se'vo motors do not contain
dectricdl noise or inteference as wdl as rotay motors The immunity of the laser
feedback system to the dectricd noise cregted by a liner motor drive sysem
contributed to a dean feedback signd and stable machine control system.
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FIG. 3 BLOCK DIAGRAM OF A DIRECT DRIVE
AND LASER FEEDBACK SYSTEM

B. Secondary Benefits

1. Compensation for temperaiure rdaed growth in the meachine dructure. When

properly applied, a laser feedback system can provide compensation for thermd
growth in a machine dructure because of its low coefficient of expanson compared
with other scde desdgns (Ref. 4). The lasxr coefficient of expandon of 056
patsmillion is goproximatdy one-eight the coeffident for glass scdes and one
eleventh the coefficient of ded scdes As a reault, the laser sysem is cgpable of
maintaining axis podtion despite growth of the machine sructure,

Ease of inddlation and cdibration. No precison machined surfaces are required to
mount the lasar scde sygem. No time-consuming dignment and cdibration process
is required. Wiring is required only for the laser head itsdlf. The laser retroreflector
is a passve device If the laser head is mounted to an adjusment mechanism, the
dignment procedure condds of reading a beam drength sgnd off a tes point on
the lasr controller card and adjusting the laser podtion to maximize the beam
srength Sgna. No additiond cdlibration or dignment isrequired.

V. Concluson
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While it would have been possble for High Vedodty Machines to achieve thar
productivity and qudity objectives usng more conventiond lineer scdes, our testing
shows that the use of a lasxr feedback sysem materidly improved machine diffness
and accuracy due to the bendfits this sysem offers the machinés servo control system.
The High Veodty Machines combingtion of direct axis drive sysem and high control
gans for the podtion and veocty loops results in improved dynamic diffness
accderation/decdleration, and path accuracy. The use of laser feedback systems
improved the savo sydem peformance and thus the overdl levd of meachine

performance and accuracy.
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Fgure Captions:

1. Photo of the Ingersoll High Veocity Machining Center
2. Photo of the LDDM ™ |aser encoder
3. Block diagram of the servo control loop
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