MANUFACTURING PERSPECTIVE

Adaptive Control
Systems for Machining

YORAM KOREN

Dept of Mechanical Engineering and Applied Mechanics,

The University of Michigan, Ann Arbor, Ml 48109

This paper summarizes the major research efforts in the area of adapiive control for machining
processes in the last 25 years. The objeclive of these adaptive control systems is to improve the
production rate or the part guality by real-time setting of the optimal machining variables. In
conventional CNC systems the machining variables are prescribed by part programmers, and
therefore, their vatues depend on the experience and process-knowledge of these programmers.
By contrast, the adaptive control system adjusts the variables in real time, based upon
measurements of other process variables. Therefore, improvements in the performance of the
overall system can be achieved by using adaptive contlrol methods.
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INTRODUCTION

uring the past two decades the number of comput-

erized numerical controlled (CNC)} systems has

grown tremendously in almost every field of manu-

facturing. A common drawback of these systems is
that their machining control variables, such as speeds or feed-
rates, are prescribed by a part programmer and consequently
depend on his or her experience and knowledge. In order to
reduce the chance of a tool failure, the part programmer must
consider the most adverse conditions (which in practice will
seldom occur), and select conservative values for the machin-
ing variables. This practice consequently slows down the sys-
tem’s production {1].

The availability of a dedicated computer in the control
system and the need for higher productivity has greatly accel-
erated the development of adaptive control (AC) systems for
metal cutting [2]. These systems are based on real-time con-
trol of the cutting variables with reference to measurements of
the machining process state-variables. The adaptive control is
basically a feedback system that treats the CNC as an internal
unit (see Fig. 1), and in which the machining variables auto-
matically adapt themselves to the actual conditions of the ma-
chining process.

AC systems for machine tools can be classified into three
categories [3, 4]: (1) adaptive control with optimization
(ACO), (2) adaptive control with constraints (ACC}, and (3)
geometric adaptive control (GAC). ACO refers to systems in
which a given performance index (usually an economic func-
tion) is extremized subject to process and system constrainis.
With ACC, the machining variables are maximized within a
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Fig. 1. Adaptive control system for machine tool.

prescribed region bounded by process and system constraints,
such as maximum force or power. ACC systems, however,
do not use a performance index and their operating point is
always on the constraints. In GACs the part quality is main-
tained in real time by compensating for the deflection and
wear of cutting tools. By their definitions ACC systems usu-
ally applied in rough cutting and GAC systems in finish oper-
ations. In all systems an adaptation strategy is used to vary
the machining variables in real time as cutting progresses.

Note that while this type of system is termed adaptive in
the manufacturing literature, it is not an adaptive system in
the sense defined in the control literature }5-8].
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Although there has been considerable research on the de-
velopment of ACO systems, few, if any, of these systems are
used in practice [9]. The major problem with such systems
has been the lack of suitable sensors which can reliably mea-
sure on-line the necessary process variables {¢.g., tool wear)
in a production environment. Most commercial AC metal-cut-
ting systems which are used in industry today are of the ACC
and GAC types, and seldom involve the control of more than
one machining variable,

The objective of most ACC systems is improvement in
productivity, which is achieved by increasing the metal re-
moval rate (MRR) during rough cutting operations. Several
studies have been published [3, 10-13] which present the
productivity increase achieved with ACC system as compared
to conventional machining. The increases in productivity
range from approximately 20 to 80 percent and clearly depend
on the material being machined and the complexity of the part
to be produced. The AC systemns show the most marked ad-
vantages in situations where there are wide variations in the
depth of cut during machining.

The objective of GAC is to achieve (1) the required di-
mensional accuracy and (2) a consistency of surface finish of
machined parts [14]. Both the dimensional accuracy and the
surface finish are affected by the flank wear and the crater
wear of the tools which deteriorate during cutting. These vari-
ables cannot be measured in real time; meither can they be
accurately predicted from off-line tool testing. Therefore, the
GAC approach usually taken is that the tool is assumed to be
worn out when the above criteria, (1) or (2), are no longer at
acceptable values. This method has been found to correlate
well in practice with actual tool deterioration [15].

Saving of time is achieved when applying AC systems in
the programming stage. Since the machining variables, such
as speeds and feedrates, are adjusted automatically by the sys-
tem, the part programmer does not have to spend time and ef-
fort calculating their optimal values. Again, this time savings
becomes significant in complex parts where wide variations in
depth of cut must be accommodated. Other savings are asso-
ciated with reduced tool wear [16] and the control of chatter
[17-19].

ADAPATIVE CONTROL WITH OPTIMIZATION

The most-known research for ACO systems for milling (turn-
ing is a similar problem) was conducted at Bendix during the
years 1962 through 1964 under the technical supervision of
the U.S. Air Force [20]. The block diagram of the Bendix
system is shown in Fig. 2. The sytem consists of a milling
machine, NC controller, sensors unit, and adaptive controller.
The sensors measure the cutting torque, tool temperature, and
machine vibration. These measurements are used by the adap-
tive controller to obtain the optimal feedrate and spindle
speed values as will be explained later.

The adaptive controller contains a data reduction subsys-
tem (DRS) fed by the sensor measurements as well as by the
calculated feedrate and spindle speed and a set of constraints.
The DRS produces two signals: a metal removal rate (MMR)
and a tool wear rate (TWR). The MRR is the product of the
milling width (w), the depth of cut (a), and the milling feed-
rate (V) in inches per minute:

MRR = waV
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Fig. 2. ACO System for a milling machine.

The MRRK is used in the calculation of the TWR value:

dar
TWR = K| (MRR) + K,0 +K3;
1

where 8 is the tool iemperature, d7/dt is the time rate of
change of the cutting torque, and K, K,, and X, are constants
which depend on the tool and workpiece material.

The TWR and MRR signals are fed into a performance
computer which calculates the performance index & as fol-
lows:

cost of machine and operator per unit time

cost of tool and regrind per change

tool changing time

terminal allowable width of the tool’s flank wear
= adjustable parameter (0 < B < 1) which deter-

mines the type of performance index (PI):

If B = 1 the PI is the reciprocal cost per unit.

If B = O the Pl is the production rate.

If 0 < B < 1 the PI takes into account both the

cost per part and the production rate.

The calculated index ¢ is fed into an optimization com-
puter unit which contains the strategy according to which the
optimization is performed. The objective of this unit is to
continually maintain the value of ¢ at the highest possible
value without causing any constraint violations. Examples of
constraints are maximum and minimum spindle speed, maxi-
mum torque, maximum feed, maximum temperature, and
maximum vibration amplitude.

Although considerable efforts were expended in the Ben-
dix project, it was not commercially accepted. The main
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problem is that this, and other similar ACO systems for mili-
ing and turning, require on-line measurement of tool wear
[21-25]. So far there have been no industrially acceptable
methods developed for the direct measurement of tool wear.
Indirect measurement assumes that tool wear is proportional
to other measurable variables such as cutting forces and tem-
peratures. The drawback of using these indirect measurements
is that variations in their values can be caused by process
variations other than tool wear, such as workpiece hardness or
cutting conditions, thus making it difficult to identify the tool
wear effect from the effect of the other parameter variations
on the measurements. The Bendix researchers estimated the
tool wear rate according to Eq. (2). However, since the con-
stants K,, K,, and K; in Eq. (2) depend on the tool and work-
piece material, to use the Bendix system the user needs to
perform off-line experiments to determine the values of these
constants for every combination of tool and workpiece mate-
rial. The time and effort needed for these experiments may
override the economic benefits of the AC system.

The lack of a reliable tool wear sensor is the main obsta-
cle in developing industrial ACO systems for milling, drilling,
and turning [26]. Although a few technigoes were developed
to measure the flank wear on turning tools in laboratories
[27]—these methods cannot be utilized on the production
floor. The problem in milling and drilling is even more diffi-
cult because of the complex geometry of milling cutters and
twist drills {28]. Experimental ACO systems, however, have
been implemented in grinding [29], in which a power or a
force sensor can provide information about the wear of the
grinding wheel.

ADAPTIVE CONTROL WITH CONSTRAINTS

We have seen that considerable research and development are
required before ACO systems become practical for industrial
use. Actually all the AC systems for rough turning and mill-
ing used in production today are of the ACC type and seldom
involve control of more than one machining variable [30-31].
Unlike ACO, ACC systems do not utilize a performance in-
dex and are based on maximizing a machining variable (e.g.,
feedrate) subject to process and machine constraints (e.g., al-
lowable cutting force on the tool, or maximum power of the
machine}.

The objective of most ACC types of systems is to in-
crease the MRR during rough cutting operations. This is
achieved by maximizing one or more machining variables
within a prescribed region bounded by process and system
constraints [3, 32—-34]. One useful approach, for example, is
to maximize the machining feedrate while maintaining a con-
stant load on the cutter, despite variations in width and depth
of cut {35-38]. This is illustrated in Fig. 3 for a slab milling
operation. In a normal CNC system, the feedrate is pro-
grammed to accommodate the largest width and depth in a
particular cut, and this small feedrate is maintained along the
entire cut. As a result the machining rate is reduced. By con-
trast, with the ACC system, the maximum allowable load
(e.g., cutting force) on the cutter is programmed. As a result,
when the width or depth of cut are small the feedrate is high;
when either the width or depth of cut (or both) are increased,
the feedrate is automatically reduced, and consequently the al-
lowable load on the cutter is not exceeded. The result is, the
average feed with ACC is much larger than its programmed
counterpart, Likewise, when the tool moves through air gaps
in the workpiece, the feedrate reaches its maximum allowable

Fig. 3. The feedrate command in conventional and adaptive
controlled CNC machine.

value. Operating at the maximum allowable feedrate, maxi-
mizes the MRR (See Eq. 1). The ACC system guarantees
maximum productivity while minimizing the probability of
cutting tool breakage.

Commercial AC systems are available for end milling.
An end milling cutter may break in bending or in torsion or a
tooth may break away. An appropriate ACC system must
therefore continuously check the radial cutting force and the
cutting torque on the cutter, and vary the feedrate so as to
keep both these variables below the permissible limit [39].

The most commonly used constraints in ACC systems are
the cutting force, the machining power, and the cutting torque
[27, 40]. The operating parameters are usually the feedrate
velocity V (in millimeters per minute or inches per minute)
and the spindle speed N (in revolutions per minute); both can
be easily manipulated under computer control. The machining
feed f is defined by the ratio

f=V/pN 4

where p is the number of teeth in the cutter in the milling op-
eration; in turning and drilling p = 1 is substituted in Eq. (4).

The main cutting force F is proportional to the depth of
cut @ and the feed:

F = K.af* &)

where K, is the specific cutting force, and u is a parameter in
the range 0.6 < u < 1. Both X, and # depend on the work-
piece and tool material. The cutting torque T is proportional
to the force and the workpiece diameter in turning and the
tool diameter in milling and drilling. The machining power P
is proportional to the torque and the spindle speeds.

A typical computerized ACC system, which applies the
concepts introduced in this section, is described for turning on
a CNC lathe with a constant cutting force constraint [36]. The
ACC system shown in Fig. 4, is basically a feedback loop
where the feed adapts itself to the actual cutting force and
varies according to changes in work conditions as cutting pro-
ceeds. The CNC computer executes the original control pro-
gram and an additional AC routine, which is linked to the
feedrate routine contained in the control program. The AC
loop functions in a sampled-data mode. The actual main cut-
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Fig. 4. Basic structure of ACC system.

ting force F is sampled every 7 seconds (typically 7= 0.1%),
then converted to a digital signal #_ and sent to the com-
puter. The actual force representation F, is immediately com-
pared in the computer with a predetermined allowable refer-
cnce force F,. The difference between F, and F,, which is the
force error E (E = F, — F.) is used as the input to the AC
controller. The latter sends a correction signal to the feedrate
routine, which, in turn, produces the feedrate command sig-
nal. A positive etror increases the feedrate and consequently
increases the actual force, thereby decreasing the error E, and
vice versa.

In order to eliminate completely the force error, the con-
troller output command ¥/ should be proportional to the time
integral of the force error W. The simplest structure for such
an integral strategy can be writien

W) = W@ — 1) + TE®) (6)
and then the command signal U from the controller is
UG = K.W() N

Equations (6) and (7) can be combined to give a more effi-
cient form for programming:

Uiy =Uli — 1)+ K. E(D) (8)

where K., the controller gain, is proportional to the sampling
period T, i.e., K. = TK[. The resulting computer feedrate
command V, to the servoloops at the ith sampling (or to the
interpolator in a multiaxial mode) is given by

V(i) = K, UG) 9

where K is a constant associated with the feedrate routine.
The initial feedrate value K U, may be preselected so as to
avoid tool breakage when the tool initially impacts the work-
piece at the start of the cutting process. As long as there is an
error, the command U varies the machine feedrate in a direc-
tion to correct this error. At the steady state, however, the er-
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ror in the force is zero, causing the condition U({) = U(i — 1),
which means that the feedrate command is constant, maintain-
ing the actual force equal to the required one.

This integral strategy has been implemented on a high-
power CNC lathe [41]. A typical result for K, = 0.5 is shown
in Fig. 5. The feed before engagement was selected as 0.5
mm/r. At the start of cutting, the feed is automatically re-
duced to approximately 0.25 mm/r. The depth of cut is in-
creased by increments of 2 mm, and cach time, after a small
transient, the force reaches the preselected reference value of
F, = 1500 N, and the corresponding feed is decreased.

The selection of the gain K, is critical to the operation of
the AC system. It is known from control theory that the lower
the gain K, the greater the tendency for stability. Although a
small gain causes a sluggish response, the steady-state error
always becomes zero.

SELF-TUNING AC SYSTEMS

Proper selection of the controller gain K, in ACC systems is
very critical if wide variations in width or depth of cut, feed,
and spindle speed are permitted in the system [13, 42]. The
reason is that in AC systems, the machining process itself is
part of the control loop as is shown in Fig. 1. Therefore,
variations in the process directly affect the control parameters
of the loop, and consequently the AC system might become
unstable,

The Stability Problem

The results of a turning experiment demonstrating the stability
problem is given in Fig. 6. In this experiment the controller
gain is X, = 0.6 and the sampling period is 7 = 0.1 5. At the
start of the cut the feed is automatically reduced and adapts
itself to the programmed increase in the depth of cut. Note
that the load force on the tool remains constant. However, the

Fig. §. Typical response of an ACC system.




Fig. 6. Instability in ACC system.

system is stable as long as the depth of cut does not exceed 6
mm. At 6 mm, the system becomes unstable with oscillations
of approximately 2 Hz. Furthermore, when running the sys-
tem with different spindle speeds and constant depth of cut,
the same phenomenon occurs. With a slower spindle speed,
the system becomes unstable [36].

Instability in ACC systems has not been a familiar phe-
nomenon to people on the shop floor in the 1980s, because
most of them have not utilized AC systems in production.
Users of AC production systems encountered this instability
condition rather infrequently in practice, since their part pro-
grammers were experienced enough to avoid large changes in
depth of cut and/or spindle speed. This, however, means that
the production rate is decreased and that the objective of the
ACC system is not fully achieved. Nevertheless, designers of
ACC systems had experienced these instabilities and reported
on them [43-44].

The reason for this type of instability prompts a more de-
tailed study of the AC loop. First, the open-loop gain, which
is the dominant parameter in determining system stability,
must be calculated, as shown below.

The relationship between the actual feedrate, or longitudi-
nal axis velocity, V, and the command V; is given at steady
state by

V=KV, (1o

where K, is the gain of the CNC servosystem. The cutting
force F is a function of the feed (f) and the depth of cut (a)
and can be approximated by Eq. (5), which can be written as
follows:

F=(Kaf""f (11

10

The cutting force F is measured by a force sensor, then
converted to a digital word F.. The conversion factor between
F. and F, including the sensor electronics, is K,:

Fo=KF (1z)

A steady-state block diagram representation of the whole sys-
tem is shown in Fig. 7. Combining Eq. (4) with p = 1 and
Egs. (7) through (12) yields

F.= KW (13)

where K, the AC open-loop gain, is defined by

K = KK KKK, [ﬂ Fad (14)

and has the dimensions of s '.

Since the depth of cut and the spindle speed are con-
tained in K, an increase of the first, or a decrease of the lat-
ter, can cause instability conditions, as seen in Fig. 6. One
might think that a possible solution is the selection of a very
small gain K| in Eq. (14) to decrease the open-loop gain un-
der its stability limit even at the largest allowable depth of cut
and a minimum permissible spindle speed. The result of this
approach as demonstrated in [3] shows that if the chip load is
too big, the recovery time from the initial impact is too long
and the tool insert breaks.

We see that the selection of K, is critical to the perfor-
mance of the AC system. If K, is too large, the entire CNC-
AC system may become unstable. When X is too small, the
transient behavior is very sluggish and, as a result, the tool
insert may break at medium to large depths of cut. This calls
for a different approach to AC system design. The system
should operate with a variable-gain K, which adapts itself to
the cutting parameters. This involves an estimation in real
time of the gain of the cutting process, and a subsequent self-
tune of the AC controller gain (X,) to the changing conditions
of the cutting process.

The Estimator Algorithm

The cutting process estimator should measure in real time the
quantity K (a/N)f*~' which affects the open-loop gain in Eq.
(14). However, since a direct estimation of this quantity re-
quires additional sensors and output channels to the computer,
it is worthwhile to estimate the value of a process gain K,
which contains the required quantity and is defined by

K, = K,KK.K, (i) o (15)

By definition, at steady state K, is given by
K,=F/U (16)

Since the values of both F, and U are available within the
computer, the process gain can be calculated. Subsequently,
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the controller gain K, (where K, = TK]) could be adjusted in
real time according to the equation

K. = TK/K, an

where K is the desired open-loop gain.

Direct implementation of the algorithm based upon Eqgs.
(16) and (17) is not realistic because F, is a noisy measure-
ment and the resultant X, will follow the noise signal rather
than optimizing the process. Therefore, techniques used in es-
timation theory should be applied. One such technique is
shown in Fig. 8. The estimated model block contains an esti-
mated gain K,,, which is multiplied by the input I/ to generate
an estimated force F,. In general, K, = K,, and an error E,,
is generated:

E,=F.—F,=F.— UK, (18)
Since at steady state F. = UK, the model estimation error is
E,= UK, - K,). (19)

The estimated model gain K, should be automatically ad-
Jjusted to reduce this error. The simplest adjustment policy
which guarantees a zero error is to apply an integration algo-
rithm:

K,, = CfE,dr. 20)

With this algorithm, when the error F, is zero, K, is a con-
stant which satisfies K, = K,,. In the computer program this
estimator algorithm is given by the following equations:

Fo(i + 1) = F ) — UWDHK, () 2n
K+ 1) =K+ KE,(i+1). (22)

The specific value of K, depends on the amount of noise in
the measured force. In the presence of high-level noise, the
estimator gain must be small in order to smooth the noise and
estimate the process parameter K, with good precision. This,
however, causes the disadvantage of slower convergence to
the steady-state value of X,,,.

Variable-Gain Algorithm

The objective of the variable-gain adaptive control algorithm
is to maintain a constant open-loop gain despite variations in
the cutting parameters [3, 45]. By combining Egs. (14) and

(15) the open-loop gain is defined by

K = KK, (23)
and substitution of the estimated value K, for K, yields
K=KK,=KK,/T. (24)

The constant open-loop gain can be obtained by adjusting the
controller gain K, according to variations of K. As in the
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case of the estimation algorithm, direct division is avoided
and smoothing is achieved by using the following integration

policy:

E(i+ 1)=TK - KADK,(i) (25)
Ki+1)y=K@ +KE(G+ D 26)

Again, the integration algorithm in Eq. (26) guarantees that
E. = 0 at the steady state, which means that the desired over-
all gain can be achieved.

We see that the solution to the original problem is in the
form of a supplementary adaptation loop. In the main loop
the machining feed is adapted to maintain a constant load on
the cutting tool, and in the supplementary loop the controller
gain is adapted, or self-tuned, to maintain a constant loop
gain despite variations in the cutting condition.

A set of experiments was performed to compare the per-
formance of a conventional AC system with the variable-gain
AC system [46]. In these experiments the controller gain in
the conventional AC was K. = 0.6, the sampling period T =
0.1 s, and the integration constants in the variable-gain AC
system were set to K, = K, = 1/4. The objective of the ex-
periment shown in Fig. 9 was to remedy the unstable condi-
tions obtained in Fig. 6 for the conventional AC system. In
Fig. 6, it can be scen that the conventional AC system be-
came unstable for a depth of cut of 6 mm. By contrast, as is
seen in Fig. 9, the variable-gain AC system was always sta-
ble. The value of K, was automatically reduced from 1.5 to
0.33 with the progressive increase in the depth of cut.

The self-tuned AC system provides a solation to the sta-
bility problem which arises in conventional ACC systems
when wide variations in width or depth of cut are needed.

11




Fig. 9. Response of a variable-gain ACC system to a varied
depth of cut.

The solution does not require any additional hardware, and all
the modifications to the AC controller are implemented by
software.

GEOMETRIC ADAPTIVE CONTROL

Geometric adaptive control systems (GAC) are typically used
in finish machining operations, where the objective is to
achieve a desired surface quality and/or accurate part dimen-
sions despite tool wear or tool deflection. Most of the practi-
cal GAC systems are available for turning, but research is
conducted also for miiling [47] and grinding. From the point
of view of surface finish, turning should be accomplished at
as high a cutting speed as possible [48]. Therefore, in most
GAC systems the cutting speed is constant and the machining
feed is manipulated to achieve the desired surface quality.
The dimensional precision in turning is usually achieved by
measuring the part diameter at various points after the ma-
chining, and compensating for inaccuracies by adding an off-
set distance to the cross-axis position-command on a lathe.

12
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The tool geometry has a significant role upon the theoret-
ical surface finish of the machined parts. Two equations are
used in the literature [48]. For a tool without nose radius the
maximum amplitude of surface roughness, &, is given by

h = f [(cot,, + cotk,) 27

where k.. the tool cutting edge angle, has a typical value of
75°. and k., the tool minor cutting edge angle, has a typical
value of 15°. For a tool with a large nose radius r a good ap-
proximation of the surface roughness amplitude is

h=f/8r (28)

As the tool wears, its nose geometry slightly changes,
which, in turn, causes a change in the surface finish. From
our experiences, the surface finish is usually improved during
the first 10 to 20% of the tool life, then it stays at an alimost
steady level with a slight deterioration, and toward the end of
the tool life it deteriorates very fast. '

In a GAC system the surface roughness is measured on-
line, either in-process or immediately at the end of the ma-
chining operations with the aid of a profilometer. The latter
method fits turning on a lathe that typically has short machin-
ing time per part. For the purpose of GAC, Egs. (27) and
(28) may be combined to a model

h=cf+ e:f. 29

The coefficients ¢, and ¢, depend on the variations in the ma-
terial and the change in tool wear and might be identified by
using time-varying least-squares algorithms [49]. These esti-
mated coefficients are subsequently used by the AC algorithm
to determine the feed required to achieve a specific surface
finish.

Alternatively, time series methodology might be applied
for the identification process. Fig. 10 shows some results
achieved by this method in turning [50]. The required surface
finish is R, = 1.5 pm (60 pinch), where R, 1s the center-line
average. The required finish is achieved with a new tool at f
= 0.23 mm/rev (0.009 ipr) as shown in Fig. 10a. Without
AC, the CNC system always uses the same feed and the re-
sultant surface finish deteriorates to Ry = 3 pum with a worn
tool (Fig. 10b). For the same worn tool, the GAC system au-
tomatically reduces the feed to 0.15 mm/rev (0.006 ipr), a
value which maintains the required surface finish (Fig. 10¢).

Figure 11 shows the surface finish and the adaptation of
the feed (plotted versus workpiece number) on the same GAC
system. The experiment was conducted on SAE 4140 steel
with a carbide tool with r = 0.032", cutting speed of 180
m/min (550 sfm), depth of cut 0.75 mm (0.03"), and an
initial feed of 0.18 mm/rev (0.007 ipr). The surface finish is
measured after the machining of a workpiece has been com-
pleted. As seen in the figure, the desired surface finish (60
pinch) is achieved after 10 parts, and then enters to a steady-
state region in which the feed is held essentially constant. The
too} actually failed in this experiment after 47 parts (the feed
rapidly raised in the failure region).

The second criterion used in GAC systems is the dimen-
sional accuracy of the produced part. In turning, the external
diameters of the part increase as the tool wears., The reason is
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Fig. 10. Plots of surface roughness profile.

that the flank wear W at the tool nose reduces the effective
tool length.

The principle of a GAC turning system that compensates
for tool wear is simple. When the cut is completed, the sys-
tem measures the external diameter of the part, and activates
autornatically the tool offset feature of the CNC system to
compensate for the dimersional error. If the cycle time per
part is short, the next part will be produced at the desired di-
mension.

GAC is also used in milling operations with end-miller
cutters. Because of the cutting forces that operate at their end,
these cutters deflect and consequently cause dimensional er-
rors. Figure 12 [44] shows the bending-moment components
in the feed direction and support direction (Mp, and Mjyg,),
that are generated at the point where the tool is clamped by
the cutter-deflection force, F. The end of the milling cutter
is deflected by an amount 8, in the feed direction and &, in
the support direction.

In the GAC system the machining operation is controlled
in such a way that the maximum permitted cutter deflection
8, and the given limit for the accuracy of the part 85, 9,
are not exceeded. The control is performed using the bending
moments Mg, My, and Mj, as reference values with the feed-
rate as the control variable. A drawback of the system is that
the function & = f(F,) must be determined experimentally in
each case for the particular tool/chuck/machine combination.
Therefore, this system is used only in research laboratories
and not in production lines.

LIMITATIONS OF AC SYSTEMS

In spite of their economic advantages AC systems are not
spread out in industry. A major reason for this situation is the
unavailability of suitable sensors that have a reliable operation
in a manufacturing environment [51-53]. The lack of a tool
wear sensor is the major obstacle to the employment of ACO
systems. Force and torque sensors for ACC systems are diffi-
cult to install. Cooperation with machine tool builders might
facilitate the usage of sensors for AC systems {54]. For exam-
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ple, the tool-holder of a machine tool might be designed in
such a way that a cutting force sensor could be easily in-
stalled. Or the spindle bearing might be designed to accom-
modate torque measurements. In GAC systems the bottle neck
is the cost of the optical measuring devices and their inability
to operate in a machining environment with chips and coolant
fluids. The reliability of all these sensors is very important,
since failure almost always leads to a machine damage.

The type of control variable employed might be another
reason for the low penetration of AC systems. We have seen
above that in most AC systems the machining feed is the nat-
ural control variable. It increases with the cutting depth de-
creases and vice versa. Decreasing the feed with increasing
cutting depth, however, results in an unsuitable area of the
chip section and might make the chip breakage impossible. A
similar situation occurs with very small depth and large feed.
Furthermore, in both cases the cutting tool is overloaded in a
manner that might cause a high wear rate or breakage of the
cutting edge [55]. To avoid these situations researchers have
tried to design feed-limited ACC systems in which the depth
of cut becomes the control variable when the feed limit is
reached {55]. These AC systems, denoted as Automatic Cut
Distribution (ACD) systems, must include real-time computa-
tion of the tool path. The economic advantage of these ACD
systems is questionable because of the unpredictable tool path
that might require very long machining time.

For operation of ACC systems, nominal values (e.g.,
forces) must be preset according to the properties of the tool
and workpiece material, the performance of the machine, and
the technology of the cutting process. For retrieving these
nominal values, the corresponding data of the machine and of
the workpiece material must be stored in the ACC computer
or the CAD system, so that the nominal values can be com-
puted from these data. This computing strategy has yet to be
developed.

Another problem is the interface of an AC system with
CNC units. As yet, manufacturers have not standardized inter-
faces. One might distinguish between implementing an AC
system as a background processor supplementary to a CNC
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Fig. 12. Deflection of the end miller during machining.

CONCLUSIONS

The principal developments over the past 25 years in adaptive
control of machining processes have been described. While
AC systems offer a tremendous potential for improving metal
removal rates, there are still some major theoretical and prac-
tical problems which must be solved before wide-spread in-
dustrial use can be expected. Progress in areas such as devel-
opment of reliable sensors, machine tool design based on
requirements of AC systems, and development of stable adap-
tive control strategies are required. These projects are under-
way in several research laboratories in Canada [57], in Japan
[58], in Italy [59], and the USA at The University of Michi-
gan—Ann Arbor [60], Texas A & M [61-62], University of
California—Berkeley [63], Carnegie-Mellon University [64]
and University of Southern California [65]. We hope that
with these developments more AC systems will be utilized in
the production plants. MR
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