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Summary:

A frequent problem encountered during machining with Adaptive Control Constraint (ACC) systems

is deterioration of system stability, which is caused by changes in the process parameters such as depth-

of-cut or spindle speed.

In order to solve the stability problem, the process parameters have to be
estimated on-line and immediately used by the ACC control program.
puter algorithm is presented for on-line estimation of the process parameters. in turning.

In the present paper, a simple com-
By applying

the proposed method, variations in the process are compensated by subsequent changes in the AC loop gain

in order to maintain the stability of the whole system.

The method has been demonstrated on a high-

power CNC lathe using a small microcomputer as the AC controller in which both the ACC program and the

software estimator were stored.

Introduction

Adaptive Control Constraint (ACC) systems for milling
and turning are today beyond the R & D stage. The
main idea in these systems is to increase the produc-
tivity of a machine tool system by applying the
highest feedrates that are compatable with a maximum
allowable cutting force or spindle torque. Since the
ACC system uses the CNC computer [1], the investment
in hardware is minimal; only a sensor and its asso-
ciated analog-to-digital converter (ADC) are required.

The main research efforts in ACC systems have been de-
voted to the problem of chatter elimination [2,3] and
to the determination of the programmed constraints,
such as cutting power [4] or force [5]. The present
paper is concerned with a different aspect of ACC,
namely, the stability of the control system. The ACC
system, as is shown in Fig. 1 for turning, is basic-
ally a feedback loop where the feed f adapts itself to
the actual cutting force F. However, it should be
noted that in this system, the cutting process itself
is part of the control loop. Therefore, variations

in the process directly affect the parameters of the
control loop and can cause the ACC system to become
unstable.

It has been theoretically and experimentally demon-
strated that either an increase in the depth-of-cut,
a, or a decrease in the spindle speed, n, in turning
can cause instability of the entire CNC-ACC system
[6]. These two parameters are both contained in the
open-loop gain of the ACC. Increasing this gain be-
yond a certain limit causes oscillations at low fre-
quency (~2 Hz). This gain K can be expressed by the
equation:
K = K K
(o]

tha/n (1)

where KC is the controller gain which can be modified

in the computer;

K, is the gain of the CNC hardware system,
which is fixed by the CNC manufacturer and
the force sensory system;

K_ is the specific cutting force which depends

on the workpiece and tool material as well

as on the feed itself, and is defined by the
ratio F/(fa).

It has also been shown [6] that selecting a very small
Ke in Eg. [1] in order to decrease the loopn gain and
thus avoid oscillations at large depths-of-cut leads
to other problems. When K is too small, the trans-
ient behavior is very sluggish, yielding long recov-
ery times from initial impacts at medium depths-of-
cut, and as a result, the tool insert may break.
This brought us to the conclusion that an ACC system
which allows wide variations in the depth-of-cut and
spindle speed should operate with a constant open-
loop gain K. This can be accomplished by adding a
software "process estimator" to approximate the
quantity (Kg a/n) in real-time. If the value of
(Rgsa/n) is increased, the controller gain Xg is de-
creased, and vice-versa, in order to maintain a con-
stant open-loop gain.

The Xstimator Algorithm

A simplified block diagram respesentation of the
CNC/ACC system is shown in Fig. 2. The transfer-
function Gj(s) represents the hardware servo loop of
the CNC which provides an axial feedrate given here
in mm/sec. The computer output U is proportional to
the required feedrate. The gain H represents the

force sensor electronics and the ADC gain, and con-
sequently its output F, is proportional to the actual
force Fo. Since a direct estimation of the guantity
(Kga/n) requires additional sensors and input chan-
nels to the computer, it is worthwhile to estimate the
value of (KpKga/n). At steady-state the latter is
given by

K (2)

KlKSa/n = PC/U B

s
Since both F, and U are available within the computer,
the process gain K, can be readily derived. Subse-
quently, the controller gain K, could be adjusted
according to the equation:

K, = K/Kp (3)

where K is a given constant equal to the desired
open-loop gain.

The process estimator and the controller gain adjust-
ment should function in real-time and be programmed

on the CNC computer, which is typically a simple micro-
computer. Therefore, it is recommended that these
subroutines be written in assembly language using only
basic instructions such as "add", "subtract", "com-
page", etc. Unfortunately, implementation of the al-
gorithm based upon egs. (2) and (3) requires a direct
division, which is a very complicated and slow opera-
tion in assembly lanauage.

A block diagram of an alternative approach which
avoids direct division is shown in Fig. 3. The "es-
timated model" block contains an estimated gain Km
which is miltiplied by the input U. Since in general
Km # Kp, an error Ep is generated

m c e c m

Since at steady-state F. = UKp, the model estimation
error is

Em = U(Kp - Km) (5)

The estimated model Ky should be automatically ad-
justed to reduce this error. The simplest adjustment
policy is to apply a proportional algorithm

K, = CE (6)

where C is a small constant. However, this approach
cannot be implemented here since it assumes that an
estimation error always exists. If the difference
between the values of Ky and Kp becomes small, the
product CEp vanishes and Ky cannot be adjusted to ob-
tain the desired condition Kp = K. On the other
hand, if C is selected too big, Xy does not converge.
To remedy this problem, an integration algorithm is
proposed:

K, = cfE at (7
With this policy when the error is zero, Ky is a con-
stant which satisfies = K,. The estimator algorithm

is given by the following eguations:

Em(i + 1) = Fc(i) = Ud) K (1) (8)

Km(i + 1) = Km(i) +Cy Em(i + 1) (9)

which can be readilv immlementead in aceamhls Tanamaca




me constant (] Nhas been selected to be 1/4, wnicn
simplifies the multiplication in Eg. (9) to two
"shift" operations. Another advantage of this al-
gorithm is the smoothing effect achieved by the in-
tegration in Eg. (9).

A typical experimental output of the estimator is
shown in Fig. 4. 1In this experiment, the depth-of-cut
was increased step-wise from 2 to 4 and then to 6 mm.
The AC loop automatically reduces the machining feed
to maintain a constant required force. The estimated
model gain K reaches a steady-state value after a
short transient period. Note that the value of Kp
does not increase proportionally with the depth-of-cut,
but also depends on the value of the ‘feed f, as can be
seen from the following equation:

X.K a K, F X, K' af0'7 .
R BER meuSs . N SR e T . KE e
m p n nf n f0.3

where k is a constant for a certain spindle speed.
Similar tests have been performed for changes in
spindle speed. The expected value of the gain of the
cutting process has always been obtained.

Variable Gain Algorithm

The adaptive control loop should maintain a constant
open-loop gain K, given by

K = K K (11)
Cc m

where the estimated gain Ky has been substituted for
Xp in Eg. (3). The constant gain can be obtained by
agjusting the controller gain K¢ according to vari-
ations of Kp. As in the case of the estimation al-
gorithm, direct division is avoided by using the
following integration policy:

E (i + 1) =K - K _(i)K_(i) (12)
c C m

Kc(i + 1) = Kc(i) + C2Ec(i + 1) (13)

Again, the integration algorithm in Eg. (13)
gquarantees that E_ = 0 at the steady-state, which
means that the deSired gain can be achieved.

A set of experiments were performed to compare the
conventional ACC system with the proposed variable-
gain ACC system. The experimental system consisted of
a 70 HP lathe controlled by an 8-bit microcomputer.
In these experiments, the controller gain in the con-
ventional ACC was X¢c = 0.5 and the sampling period

T = 0.1 sec. The integration constants in the pro-
posed system are set to C1 = C» = 1/4. The ACC open-
loop gain has an upper limit obtained from stability
considerations which, in our expermental system, was

K = 1.33 sec™l. nan "optimal" X should be about one-
half of this limiting value. However, in order to
demonstrate the performance of the proposed system,
an open-loop gain of 1.25 sec-l, which is very close
to the stability limit, was selected. Some results
obtained are presented in Figs. 5-7. 1In Fig. 5a,

it can be seen that the conventional ACC system be-
came unstable for a depth-of-cut of 6 mm. By con-
trast, the proposed system was always stable. As is
seen in Fig. 5b, the value of K¢ was automatically
reduced from 1.5 to 0.52 and then to 0.33 with the
progressive increase in the depth-of-cut from 2 to 4
and then to 6 mm.

In Fig. 6, the depth-of-cut was increased linearly
and the conventional system (Fig. 6a) became unstable
at a certain depth-of-cut. With the proposed system,
however, the controller gain was varied according to
the model estimated value of Ky. System stability
was maintained throughout the entire machining range
up to 8 mm depth-of-cut.

In the final experiment, the spindle speed was changed
from 500 rpm to 300 rpm, as seen in Fig. 7. Again the
conventional ACC (Fig. 7a) became unstable, while the
proposed system (Fig. 7b) adapted itself automatically
to the speed change and the system remained stable.

Conclusions

In ACC systems for machining, the cutting process
itself is contained in the adaptive control loop.
Therefore, drastic variations in the process para-
meters affect the AC loop-gain and can cause insta-
bility of the control system.

A method is proposed for modifying the controller gain
according to the process variations in order to main-
tain a constant open-loop gain to maintain stability.
The system actually contains two adaptive control
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loops: the conventional loop which adapts the machin-
ing feed, and an additional one which adapts the con-
troller gain. The need for this type of structure
for ACC systems has also been recommended by the
American Machine Tool Task Force [7]. The commercial
adaptive control system MACXX-C of Macotech Corpor-
ation also contains an automatic gain control system
[8]. However, the operation of this system is not
based on any sophisticated algorithm, but simply
"decreases the control loop gain at the onset of any
feedrate oscillation" [8].

The proposed algorithms for process estimation and
automatic gain variation contain two constants C; and
Cp. Improper choice of these constants can lead to
instability of the whole system. The next logical
step should be to find a method for optimal selection
of C; and Cy as well as the selection of the sampling
period T.
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Fig. 7 b. Proposed system response to change in
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