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Introduction

Machine tool feed drives control the positions and velocities
of machine tool slides or axes in accordance with commands
generated by CNC interpolators. and represent the lowest level
of motion control hierarchy in machine tools. The requirements
on feed drive performance include:

(i} Control over a wide range of speeds. Rapid traverse .

speeds in machining centers may be tens of m/min.

whereas machining speeds in some precisicn machin-

ing applications may be a few mm/min.

Precise control of position, the desired accuracy of

position control varying with the application. Precision

ot position control during machining affects accuracy

of part dimensional control. The desired accuracy may

be of the order of a few microns in normal machining

operations or in the submicron range in precision ma-

chining operations.

Ability to withstand machining loads while main-

taining accuracy of position control.

Rapid response of drive system to command inputs

from the machine tool CNC system.

(v) Precise coordination of the control of multiple axes of
the machine tool in contouring operations.

(ii)

(i)
(iv)

These requirements are best met by closed loop control of
feed drives based upon real-time sensing of actuator position
and velocity.

Demands on feed drive performance have become more strin-
gent as machining technology has evolved to meet the require-
ments of a broader range of applications. The use of high spindle
speeds for high speed machining has, for instance, necessitated
high feed rates to maintain tool loading unchanged and realize
productivity improvements. Precision machining applications
such as diamond turning have similarly tightened positioning
accuracy requirements on feed drives. Feed drive performance
improvements have occurred as a resuit of progress in drive
actuation and sensing, and drive control.

The state of the art of machine feed drive control Is summa-
rized here, with special emphasis on developments over the last
decade and a half. Characteristic features of feed drive hardware
are described first, along with the resulting dynamic models to
be used in controller design. Feed drnive control problems and
their classification based on the requirements are discussed next.
Recent control approaches and the feed drive control system
performance achieved experimentally using these approaches
are described next, together with discussion of relevant feed
drive mechanical design features where appropriate. Finally,
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research trends and future areas of research are addressed
briefly.

Feed Drive Hardware and Dynamic Models

Feed drive performance assessment and dynamic modeling
must begin with censideration of the hardware including drive
actuators and associated electronics, power transmission devices
and mechanical support structures, and sensors providing infor-
mation for drive contrel. Electrical actuaticn is predominantly
used currently in machine tool feed drives. Rotary brushed or
brushless DC motors, and rotary synchronous or asynchronous
AC motors are used in conjunction with rotary-to-linear power
transmission elements. Linear DC or AC motors gliminate the
need for the linear power transmission elemems (Slocum,
19923, While brushed DC motors retain a cost advantage over
the other motors because of simpler associated electronics, they
are subject to brush wear and require higher maintenance. Fur-
thermore, brush friction in such motors is nonlinear and can
limit ¢ontrol loop performance.

Power amplifiers for DC motors range from high-bandwidth
continuous transistorized amplifiers and PWM amplifiers to
lower-bandwidth thyristor amplifiers, depending on power
level. AC synchronous and asynchroncus motors are powered
by AC line power, but rely upon sophisticated electronic control
of inverters to achieve versatility of control of the cuments in
the individual stator phases, including control of frequency and
amplitude. Smoothness of generated torque is an important per-
formance measure for all the motor types and requires specific
design features and electrical power control to minimize torgue
ripple { Bollinger et al., 1982; Slocum, 1992).

Linear power transmission elements are used in feed drives
both to convert rotary actuaior moticn and (o achieve a speed
reduction. Ballscrew-nut transmission elements are most com-
monly used, and are capable of submicron-level motion repeat-
ability. Backlash in such a transmission is reduced by preloading
the nut, at the expense of increasing friction at the nut and
lowering drive efficiency. The total axial stiffness in a ball-
screw-nut transmission depends on the individual stiffnesses of
the nut, leadscrew, bearings, and bearing supports, a stiffness
range of 100- 1,000 Newtons/micron and a feed drive resonant
frequency range of 20-90 Hz being typical for medium duty
machining centers { Gross, 1983; Weck, 1984}, Traction drives
are sometimes used in feed drives for high precision machines
as they avoid backlash and friction problems. However, they
have lower stiffness and lower mechanical advantage, which in
turn limits drive force capability. Linear motors climinate the
need for linear power transmission elements and are not limited
therefore by transmission inertia, resonance, backlash, and fric-
tion.

Feed drives involving high force levels, high bandwidths,
and/or high accuracy have frequently employed other forms of
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actuation. Servovalve-controlled lnear hydraulic actuators have
been used to achieve stroke lengths in the mm range, high force
levels and positioning resolution. along with stiffness due to
flutd compressibility of upto 30 N/nanometer { Kanai et al.,
1990}, Piezoelectric actuation is feasible for stroke lengths of
a few microns or tens of microns while retaining high actuator
stiffness. Piezoelectric actuation has been vsed in diamond turn-
ing machines and conventional machine tools for correction of
ertor motion due 1o spindle eccentricity ( Patterson and Magrab,
1983} and other systematic machining errors ( Kouno, 1984,
in both cases the objective being fast and accurate positicning,

Feed drive performance is also affected by the friction charac-
teristics of the bearings used to support elements of the drive
{Slocum, 1992} Friction in feed drives limits achievable per-
formance, though the specific mechanisms which are significant.
and the resulting performance limitations, may vary from one
machining application to another. A general model of sliding
friction between lubricated surtaces is described by Armstrong-
Helouvry et al. (1994), the time-independent aspects of the
general medel being shown in Fig, | as curve A and indicating
the nonlinear nature of friction in sliding contact bearings. Fric-
tion in rolling contact bearings is modeled by curve B, the level
of the static friction depending on the level of the preload.
tHydrostatic bearings have little static [Tiction, and are character-
ized by the friction characteristic, curve C.

Because af differences in the frictional and damping charac-
teristics of actuators, power transmission components, and bear-
ings. overall frictional characteristics for different feed drives
could differ significantly. Moreover, the regions of the friction
curves of importance vary with the application, the low velocity

tegion bewng Of importance ror dismond tuming operaoons,
for instance, and the low and high velocity regions being of
importance for high-speed contouring operations involving axis
motion reversals.

The sensing options chosen for feed drive control affect
achievable performance. Feedback control of position requires
on-ling sensing of feed drive position, cither at the actuator or
at the slide. The use of velocity feedback in addition to position
feedback enables a greater variety of control ubjectives to be
met, enhancement of damping being one example. Feedback of
actuator angular position or velocity introduces a resonance/
antiresonance pair inside the control leop in the presence of
rransmission resonance. Transmission related sources of posi-
tion error would then be outside the control loop. Feedback of
slide position brings these sources of error withtn the control
toop.

Linear models of teed drive dvnamics ure usetul for controller
design, the appropriate level of model complexity depending
on the application. The simplest model, and the one most otten
used, results from assuming electrical actuation, a fast current
loop, and an intinitely satf transmission. In this case. the DC
motor feed drive model in Fig. 2 reduces to

X. K, ]
— i) = — il
it sits 4+ 1)

where the gain K, and the time constant . are defined appropri-
ately. Such a model may also be used to represent the dvnamic
behavior of a teed drive with a closed velocity loop. =, in this
case representing the time constant of the closed velocity loop,
More complex dynamic models for foed drives may be more
appropriate in many instances, inclusion of transmission reso-
nance and neniinear friction, and power amplificr nonlinearities
being examples of such refinements.

Discrete-time models of teed drive dynamics may be obtained
in a number of ways. They may be determined analytically trom
the discrete-time eguivalents of continuous-time models. For
example,

{ .l

F——'«'—:_.v;} 2

relates samples of the slide position x, and the control input «,
T being the sampling time, and it is assumed that a zero-order
hold is used to generate values of « between xampling instants.
Alternatively, discrete-time models may be determined empiri-
cally. In such a case, 1 represents an appropriate input vanable.
For example, Kulkamni and Srinivasan ( 1984 ) identified third-
order discrete-time models for the velocity loop of a teed drive

Nomenclature
A, 8". B” = polynomials in 7' G, = closed-loop feed drive transter s = laplace variabie
&, = motor damping coefficient function T = sampling interval

B, = slide damping coefficient Gy = feedforward transfer function Ty, = motor friction torgue
E, = contour error orthogonal to i, = motor armature current T, = load torque on motor shaft
commanded trajectory J = motor moment of inertia 7., = motor torgue
E, = tracking error component Kg = motor back emf constant u = control input
nearly orthogonal to con- K, = current feedback gain V' = contouring speed
tour error K7 = motor torque constant x, = slide position
E.. £ = xand y components of po- K, = axis loop gain z = z transform variable
siion error K, = gain parameter B 8, = motor angular position and ve-
€, = MotoT armature voltage L, = moter armmature inductance locity
g, = motor back emf M = slide mass w = angular frequency
¢, = radial error N = transmission ratio; 27 /pitch for w, = undamped natyral trequency
F. = cutting force opposed to di- hallscrew, unity for direct drive T. = axis time constant ’
rection of slide motion R = commanded trajectory radius
Fr. = slide triction force R, = motor armature resistance
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Fig. 2 Feed drive dynamic model and process interaction-brushed DC motor

with a brushed DC motor powered by a thyrstor amplifier.
Tung and Tomizuka (1993 ) identified discrete-time models of
order varying from five to seven for the closed position loop of
a feed diive with an AC motor, and achieved a good frequency
response match up to 100 Hz. Inclusion of a closed loop in the
identified model is also one way of including nonlinzar ctfects
such as amplifier nonlinearities and noniinear friction compo-
nents, as the closed loop linearizes to some extent nonlinear
relationships within the loop.

Drive Control Problems and Classification

Feed drive control problems may be classified in a number
of ways, depending on their requirements. Point-to-point control
is relevant for rapid traverse operations between cuts and re-
quires that the drive move rapidly to its final location with
a short settling time, the actual trajectory being of secondary
importance. Continuous-path contrel i3 relevant during machin-
ing, the actual drive trajectory and its closeness to the desired
trajectory being of primary importance. The resulting control
problem is either one of iracking the reference input or of regu-
lating the drive position in the presence of disturbances such as
cutting forces. Continuous-path control problems are the more
challenging drive control problems, point-to-point control prob-
lems being addressed satisfactorily by simple control ap-
proaches.

Continuous-path contrel may be further classified as single
axis control and contouring (or multiaxial) control. Single-axis
tracking control problems in normal machining have been moti-
vated by applications such as high speed machining of alumi-
num alloys and high-speed finishing of dies and molds, involy-
ing feed rates of over 10 m/min. and non-circular turning of
nonaxisymmetric workpieces. Effective feed drive control in
the former class of applications requires higher bandwidth of
the closed position loop for accurate tracking of a wider variety
of reference inputs. Non-circular tuming applications involve
rapid actuation in the cutting direction, the desired motion being
repetitive with a period equal to the period of rotation of the
spindle. In both of these applications, feed drive positioning
accuracy must be maintained in the presence of normal cutting
loads. :

Singie-axis wacking control in precision machining applica-
tons requires higher positioning accuracics and consequently
* consideration of effects not critical in normal machining appli-
cations. The rgjection of disturbances such as motor torque
ripple, tachogenerator ripple. and disturbances from bearings,
by the control loop becomes significant in precision machining
applications {Donaldson and Maddux. 1984 ). The solution re-
quires, in addition to appropriate [eed drive mechanical design,
a high position control loop bandwidth for etfective disturbance
rejection. Consideration of friction also becomes mote critical
in feed drives for diamond turning machines, because of the
small displacements and velocities involved. The underlying
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friction mechanisms in ballscrew drives are different, for exam-
ple. depending on whether the slide displacement ampiitudes
are a few tens of nanometers or a few hundreds of nanometers,
and call for different control actions (Ro and Hubbell, 1993},
Some precision machining applications also require positioning
accuracics of a few nanometers and control loop bandwidths in
the tens of Hz. The stiffness requirement of the control loop o
machining forces varies with the machining appiication, a static
stiffness range of 0.1-1 N/nm being acceptable in diamond
turning involving low forces (Kouno, 1984), and a static stitf-
ness of more than 10 N/nm being desired in precision grinding
of brittle matenials ( Kanai et al., 1990},

In contourng control applications, the objective is 1o coordi-
nate the motion of multiple feed drives so that the contour error,
defined in Fig. 3 for biaxial motion, is minimized. The contour
error is the error component E, which leads to part dimensional
error, the tracking errer £, being nearly corthogonal to it and
contributing litile to part dimensicnal error. The contour error
for a specified trajectory increases more than linearly as a fune-
tion of contouring speed if the control algorithm were to remain
unchanged, and becomes significant in high speed machining
applications involving contouring feedrates of a few m/min and
higher.

The transmission between the primary actuator and the shide
also affects the nature of the feed drive control problem signifi-
cantly. Feed drives including gears or ballscrews for speed re-
duction have high values of the transmission ratio ¥ (Fig. 2).
Consequently. the feed drive control loop is effectively decou-
pled from the machining process/structural dynamics leop or
chatter loop, because of the low values of the coupling terms
1/N. In effect, the stiffness of the servocontrolled drive as seen

Desired
contour

y - axis

Commanded
tool position

-
/ X - axis

Actual tool position

Fig.3 Contouring motion and errcr definitions (circular contour is spe-
cial case, E, = &,)
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Fig. 4 General feed drive controller structure

by the chatter loop is high enough for us effect on the chatter
loop dynamics to be neglected, Also, the feed drive controller
design need not consider interaction with the chatier loop. In
fact. siide dynamic effects would also be of secondary impor-
tance for feed drive control in such cases, unless transmission
resonance is significant,

The transmission ratio ¥V would be lower for feed drives using
ballscrews with larger pitch. In the limiting case of feed drives
using direct linear actuation, the actuator motion itsetf would
be linear and & would equal unity. The advantages of using
direct drives stem from the absence of power transmission ele-
ments and include lower drive inertia, higher acceleration capa-
bility, elimination of transmission resonance, and transmission-
related backlash and frictional effects {Pritschow and Philipp.
1990). However, the chatter loop and the feed drive control
loop interact significantly, as is evident from the higher value
of the coupling terms 1/¥ for lower values of M. Stabilization
of the chatter loop then becomes an important control objective
for direct feed drives in addition to positioning requirements
(Alter and Tsao, 1994h),

Developments and Results in Feed Drive Control

Figure 4 represcnts a relatively general form of the feed
drive controller structure for single-axis applications involving
tracking control. Analog as well as digital impiementations of
the controller are cemmon, as are hybrid implementations in-
voiving analog inner control loops and digital outer control
loops. Other variations of the structure are also used, for exam-
ple. controllers employing state estimation and feedback.

The simpler tracking control problems in normal machining
applications involve cascade compensator design in the position
and velocity loops, the compensators being versions of PID
compensators ot lead/lag compensators {Gross, 1983). Design
criteria include achieving satisfactory closed position loop band-
width, steady state accuracy, and/or rejection of disturbances
such 28 cutting forces. Digital implementation of the compensa-
tors requires consideration of the cffects of sampling as well.

Relatively simple controller designs have also proven to be
effective in precision machining applications, provided the feed
drive mechanical design is appropriate. For example, a high
order lead compensator within the velocity loop was used by
Donaldson and Maddux (1984 1o achieve a velociiy loop band-
width of 161 Hz tor a feed drive on a precision machining
research lathe, a good dynamic model of the feed drive includ-
ing transmission resonance being needed for effective compen-
sator design. The choice of a traction drive with an approptiate
roller radius lowered the rotational drive speeds significantly,
reducing the frequency of the tachogenerator ripple in the actua-
tor velocity measurements to a value where the control loop
could reject the disturbance effectively. A hydrostatic bearing
was chosen for the same application to reduce static friction
and increase damping in the feed drive. Piezoelectric actuation
tor the correction of systematic errors in a diamond tuming
machine was able to achieve an accuracy of 10 nm, a range of
a few microns. a closed loop bandwidth of 50 Hz, and a static
stiffness of 300 N/micron, using simple control aigorithms
{Kouno. 1984). Closed loop control of position was effective
in linearizing actuator hysteresis. Kanai et al. (1990) have de-
scribed the design of a special hydraulic actuator for the fesd
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drive on a precision grinding machine for brittle materials, with
a resolution of one nanometer, stroke of 20 mm. closed loop
bandwidth of 80 Hz, and a static stiffness ot over 50 N/nm. A
hybrid hydrostatic/sliding contact bearing was also used to ob-
tain adequate rejection of the high frequency components of
the machining force.

Controller design refinements are capable of improving the
performance of feed drives in precision machining operations,
Ro and Hubbell { 1993 ) used mode!l reference adaptive control
to improve the performance of a DC motor-ballscrew slide for
displacement amplitudes ranging from a few nanometers 0 a
few microns, the machining application of interest being dia-
mond turning. Because of the differences in the friction mecha-
nisins in the ballserew near the two displacement limits, two
forms of the controller were necessary to obtain consistent per-
formance over the full range of motion.

Feedforward compensaton has been effective in improving
the closed position loop bandwidth of feed drives, when imple-
mented digitally { Tomizuka, 1989 ). Feedforward compensator
design in this case involves approximate inversion of the asymp-
totically stable closed loop transfer function G. by G,,. G, i3
typicaily given by
P | - =1
Gz == 5 (", LB S

ACZT)

i3

where d is the number of sample delays, the zeros of the polyno-
mial B~ are either outside the unit circle in the complex z-plane
or within the unit circle but on or close to the negative real
axis, and the zeros of the polynomial 87 are all within the unit
circle. Cancellation of the zeros of 87 would give nise to unsta-
ble poles of Gy, or poles which would result in a very osciilatory
response of the feedforward compensator, both of which are
undesirable.

Tomizuka {1989) and others have proposed a number of
alternative forms of G,, using frequency domain criteria. The
resulting Gy, is noncansal and requires preview of the reference
input, which 1s not a problem since future vafues of the desired
trajectory are known from the interpolation algorithm. The
feedforward compensator increases the overall bandwidth of
GG, by employing high compensator gains at high frequencies
and, in most cases, also achieves an overall zero phase charac-
teristic. The high compensator gains at high frequencies may,
however, result in saturation problems for some trajectory com-
mands. Furthermore, unmodeled etfects such as cutting torces
degrade the effectiveness of feedforward compensation ( Koren
and Lo, 19927, Using such a feedforward compensation scheme
and an experirnentally identified model of G,, Tung and Tomi-
zuka { 1993 ) improved the 3-db bandwidth ot the feed drive on
a medium-duty machining center with an AC motor-ballscrew
transmission, from just over 10 Hz to about 40 Hz, The position
loop in this case was closed arcund the motorshaft position,
leaving the transmission resonance outside the loop. Feedfor-
ward compensation can also be designed so as 1o optmize a
measure of time domain tracking performance subject to con-
straints on the reference trajectory and preview length { Alter
and Tsao, 1993}, The latter approach can aveid the sararation
problems referred to earlier,

Model-based compensation for nonlinear friction is effective
in improving tracking performance at low feed drive velocities
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and during reversals in high-speed motion. Tung et al. (1993}
have used a noaparametric model of drive friction versus motor
velocity to estimale drive friction as a function of commanded
" dnve velocity. Stiction errors in the medium duty machining
center referred to above, during direction reversals, were re-

¥ . Juced from about 10 microns to 3 microns.

Since noncircuiar machining involves a periodic reference
input, the period cotresponding to that of spindle rotation and
hence known, a special form of the cascade compensator is
used in the control of such operations, the resulting control
being referred to as repetitive control. The compensator in this
case has very high gains localized at the discrete frequencies
in the periodic reference input, and consequently results in very
low values of the error al these frequency components. The
localization of the high gains at the discrete frequencies of
interest allows stable loop operatien at higher gain magnitudes
and lower errors than would have been the case if the high gains
were distributed more evenly over the frequency spectrum. Tsao
and Tomizuka (1994 ) have implemented repetitive control on a
hydraulic actuator for noncircular machining, and have achieved
positioning error in the steady state of less than five microns
for a sinusvidal commanded motion of amplitude 1.25 mm and
frequency 20 Hz.

Contouring accuracy is an important performance measure
of multi-axial feed drives, and tends to degrade markedly as
conteuring speeds increase. Poo et al, (1972) studied contouring
accuracies for biaxial feed drives assuming the simplified model
forms of Eq. (1) for each drive, though the parameters them-
selves could be different for the two drives. Their conclusions
were that the feed drive controller parameters for cach axis
should be tuned to maich the closed loop frequency responses
for the two axes as closely as possible. Assuming dominant
second order dynamic response of the closed loop systems, a
damping ratio of 0.707 minimizes the steady state radial error
e, for circutar contours. In practice, the radial error for such
contours varies approximately as the square of the ratio w/w.,,
w, being the closed loop undamped natural frequency. w is the
angular contouring frequency of the commanded motion and is
equal to V/R, where V is the contouring speed and R is the
trajectory radius. The radial error achieved by just such an
adjustment of the axis feedback controllers on a medium-duty
machining center, for a circle of radius 10 mm traversed at 7.5
m/min (angular contouring frequency of 2 Hz), was about 110
microns in the absence of machining {Tung and Temizuka,
1993), The corresponding axis closed loop 3-dB bandwidth was
a little over 10 Hz. The closed loop bandwidth was subsequently
increased to about 40 Hz, and the radial error reduced to less
than 10 microns, with the use of feedforward compensation
based on an experimentally identified model of the closed loop
feed drive dynamics.

An altemative approach to contouring accuracy improvement
( Koren, 1980; Kulkami and Srinivasan, 1989; Chiu and Tomi-
zuka, 1995} directs more control effort toward reduction of the
contour erTor £, rather than the orthogonal component E, (Fig.
31). since only the former results in part geometry error. Since
the contour error component £, depends on both the axis errors
E, and E,, the control action coupies the responses of the axes,
and hence these controllers are referred to as cross-coupled
controllers. Figure 5 shows a general representation of a cross-
coupled controller for a biaxial system. In its simplest form.
the additional control action introduced by the cross-coupled
controller depends only on the contour error £, { Koren, 1980).
Inclusion of the contour error in a quadratic index of perfor-
mance to be optimized by controller design resalts in the addi-
tional control action depending on the individual axis velocities
as well as the contour error { Kulkamni and Srinivasan, 1989).
Because of the time-varying relationship between the centour
error and the individual axis errors for curved contours, all
cross-coupled controllers are time-varying controllers when im-
ptemented for curved contours. Chiu and Tomizuka (1995)
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have reported on the performance of a cross-coupled controtier
designed using a task-based coordinate frame approach and
applied to a medium duty machining center. The radial error
for a circular contour of radius 1) mm traversed at a contouring
speed of 6 m/min, ( resulting in 2n angular contouring frequency
of about 1.5 Hz ) was kept below about 7 microns in the absence
of machining forces. The error component in the tangential
direction was allowed to be higher, about 45 microns. as it was
less critical. The performance of these conirellers has also been
shown experimentally to be less sensitive Lo feed drive mode!
accuracy and knowledge of cutting loads and frictional forces
than are controllers which depend only on feedforward control
action { Koren and Lo, 1992}.

The higher positioning performance achievable using direct
drive motors is indicated by the results reported by Pritschow
and Philipp (1990 for 2 linear asynchronous motor with a 2000
N force capacity and slide mass of 350 kg. A position loop
bandwidth of over 130 Hz was reported along with a minimum
dynamic stiffness of about 200 N/micron, using discrete-time
implementations of proportional and proportional-integral con-
trollers in the position and velocity loops, respectively. The
higher positioning performance would translate to improved
machining accuracy if the servo dynamic stiffness is high
encugh to ensure stability of the specific machining process
being performed. Alter and Tsao ( 1994b ) have evalualed ana-
tytically the stability of machining processes which employ
actively controlled linear motor feed drives, and have also ex-
perimentally investigated the effect of static and dynamic servo
stiffness on machining accuracy and stability. They have also
demonstrated that servo controller refinements are capable of
improving achievable dynamic stiffness and hence stability of
the machining process { 1994¢).

Future Areas of Research and Research Trends

An important research issue of current interest in the control
of direct drives for machining is the simultaneous enhancement
of the dynamic servo stiffness of such drives for improved
chatter stability, along with improvement of posilioning accu-
racy. Robust controller design techniques are good candidates
because of the need to accommodate changes in the process
behavior with feed and depth of cut, tool geometry, and work-
piece materials, as well as change in slide inertia due Lo work-
piece changes ( Alter and Tsao, 1994¢). Controlier reflnements
may also be expected to result in further feed drive performance
improvements in those precision machining applications which
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have relied primanly on feed drive mechanical design enbance-
ments in the past.

Two-stage actuation involves the cascading of a fast, high-
resolution microactuater with a lower bandwidth macreactuater,
and has been evaluated for a variety of applications ranging
from noncircular turning of engine piston profiles, diamond
turning of nonrotationally symmetric surfaces requiring high
range-to-resolution ratios of up te 10°:1. and high-speed
multaxial contouring. The development of advanced control
algorithms which partition the control effort between the macro
and microactuators optimally for the application of interest is
another tesearch issue of current interest.

Development of novel machine tool architectures is also
likely to resuit in new demands on feed drive performance.
Recently, six degree-of-freedom machine tools based on paral-
lel-link kinematic structures have become commercially avail-
able and seek to achieve high maneuverability, high feedrates,
and high positioning accuracy, Feed drive control for such ma-
chines poses important challenges because of the inherent dy-
namic coupling between the axes and nontinear dynamic effects,
these aspects becoming more significant at higher speeds of
cperation.
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