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Abstract 

Adaptive control as applied to machine tool 
systems refers to control of the operating 
parameters based on measurement of the pro- 
cess characteristics. Even the simplest adaptive 
control system with feedrate control based on 
cutting force measurements, is quite complex. 
The adaptive control loop is of a sampled-data 
nature with a nonlinear variable gain which 
depends on the operating parameters them- 
selves. Experiments have shown that an operat- 
ing computer numerical control/adaptive control 
system can become unstable due to changes in 
depth-of-cut or spindle speed. 

The purpose of the present paper is to 
demonstrate a new design method for machine 
tool adaptive control systems. The proposed 
method is based on simultaneous estimation of 
process parameters and control of the cutting 
process. The parameter estimation is based on 
available measurements of the cutting force. 
The estimator is used to modify the adaptive 
control controller gain in real-time in order to 
achieve an effective and stable system. 

Keywords: A daptive Control, Variable Gain 
Controllers, Numerical Control, Machine Tools, 
Computerized Systems. 

In the past decade the number of computerized 
numerical control (CNC) systems has grown tre- 
mendously in almost every field of manufacturing. 

A common drawback of most of these systems is 
that their operating parameters such as speeds or 
feedrates are prescribed either by a part programmer 
and consequently depends on his experience and 
knowledge ~ or by a relatively static database. In 
order to preserve the tool even under the most 
adverse conditions (which in reality will seldom 
occur), the part programmer prefers to select con- 
servative values for the operating parameters which 
consequently slow down the system's production. 

The availability of a dedicated computer in the 
control system and the need for higher productivity, 
has greatly accelerated the development of adaptive 
control (AC) systems that are based on automatic 
control of the operating parameters, using measure- 
ments of the. machining process characteristics. 
Adaptive control systems for machine tools can be 
classified into two categories: (1) adaptive control 
optimization (ACO), and (2) adaptive control con- 
straints (ACC). Adaptive control optimization refers 
to systems in which a given index of performance 
(usually an economic function) is extremized subject 
to constraints. With adaptive control constraints, 
the machining parameters are maximized such that 
the system always operates on a specified constraint. 
The constraint will normally arise because of the 
physics of  the process, the performance of the 
machine tool, the control system, etc. 

Although there has been considerable research 
on the development of ACO systems 2-6 hardly any 
of these systems are used in practice. The major 
problems with such systems have been difficulties in 
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defining realistic indexes of performance and the 
lack of suitable sensors which can reliably measure 
the necessary parameters on-line in a product ion 
environment.  

Practically all the AC systems which are used 
in product ion today 7-~2 are of the ACC type and 
seldom involve the control  of more than one 
operating parameter)  3 Similarly, the main objective 
of the ACC system in the present paper is to increase 
the productivity of a machine tool in rough cutting 
by applying the highest feedrates compatible with a 
max imum allowable cutting force. What is novel in 
the present force-constrained AC system is the use 
of bilevel adaptive control,  whereby the gain of the 
control  loop, as well as the feed, is also adapted to 
the cutting process. It is demonstrated that this 
approach provides more stable operation, especially 
when wide variations in the machining parameters 
are encountered. 

Adaptive Control Loop 
The AC system shown in Figure 1 is basically a 

force feedback loop where the feed,f, adapts itself to 
the actual cutting force F, and varies according to 
changes in work conditions as cutting proceeds. The 
AC loop functions in a sampled-data mode. The 
actual cutting force component  is sampled every T 
seconds (typically T= 0.1 seconds) and converted to 
a digital signal Fr which is immediately compared in 
the computer  with a predetermined allowable refer- 
ence force F,. The difference between the F, and F~ is 
the force error: 

E(i) = F,(i) - Fc(i) 

where: 
the index (i) indicates the i th sampling. 

The error E is used as the input to the AC 
controller which sends a correction signal to the 
feedrate routine contained in the CNC control  
program. A positive difference increases the pro- 
grammed feedrate and consequently increases the 
actual force, thereby decreasing the error E, and vice 
versa. 

In order to completely eliminate the force 
error, the controller output  command U should be 
proport ional  t6 the time integral of the force error. 
The simplest structure for such an integral policy 
can be written: 

W(i) = W(i- 1) + TE(i) (1) 
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Figure 1 
Adaptive Control System for a Lathe 

and then: 

U (i) = K ~ W (i) (2) 

Eqs. (1) and (2) can be combined into a more 
efficient form for programming: 

U(/) = U (/-1) + KcE(i) (3) 

where: 
Kc is a constant (Kc - TK" denoted as the 
controller gain. 

As long as there is an error, the command U 
varies the machine feedrate so as to correct this 
error. At the steady state, however, the error in the 
force is zero, causing the condition U(i) = U(i-1), 
which means that the feedrate command is constant, 
maintaining the actual force equal to the reference 
one. 

The selection of the gain K~ is critical to the 
operation of the AC system. For type 0 and type I 
systems, it is known from control theory that the 
lower the gain Kr the greater the tendency for 
stability. Although a small gain causes a sluggish 
response, the steady state error with a mechanically 
stable system always becomes zero. 

The Stability Problem 
Th ema in  research efforts in ACC systems have 

been devo ted  to the p rob lem of  e l imina t ing  
chatter t4''s and to the determination of the pro- 
grammed constraints, such as cutting power, ~6 or 
force) 7't8 Experimental work has demonstrated 
that a proper selection of the controller gain Kc is 
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very critical if wide variations in depth-of-cut ,  feed, 
and spindle speed are permit ted in the system, t9'2~ 
The reason is that  in the AC system, as is shown in 
Figure 1, the cutt ing process itself is part  of the 
control  loop.. Therefore,  variations in the process 
directly affect the control  parameters  of the loop, 
and consequent ly  the AC system might  become 
unstable. 

Experimental  results demonst ra t ing  this stabil- 
ity problem are shown in Figures 2 and 3. For  these 
exper iments ,  the control ler  gain was K~ = 0.5 and the 
sampl ing  period T= 0.1 second.  As seen in Figure2, 
the feed before engagement  was selected at 0.5 
m m / r e v .  At  the s tar t  of  cu t t i ng ,  the feed is 
immediate ly  reduced to approximate ly  0.4 mm/ rev .  
The  depth-of-cut  is increased by increments  of 2 
mm,  and the system is stable as long as the depth-of-  
cut does not exceed 4 mm.  
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Figure 2 
R e s p o n s e  to  C h a n g e s  in D e p t h - o f - C u t  in a 

C o n v e n t i o n a l  A d a p t i v e  C o n t r o l  S ) s t e m  

However,  at 6 mm,  the system becomes un- 
stable with oscillations o fapp rox ima te !y  2 Hz. This 
is the natural  frequency of the servo loop and is not  
caused by chatter.  Fur thermore ,  when running the 
system with different spindle speeds and constant  
depth-of-cut ,  the same p h e n o m e n o n  occurred. With 
a slower spindle speed, the system became unstable 
as shown in Figure 3. 
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Figure 3 
R e s p o n s e  to  C h a n g e s  in Sp ind le  S p e e d  in  a 

C o n v e n t i o n a l  A d a p t i v e  C o n t r o l  S ) s t e m  

Instability in tile A'C systems is not a familiar 
p h e n o m e n o n  to people on the shop floor, since most  
of them do not use AC systems in product ion .  Users 
of AC produc t ion  systems encounter  this unstable 
condi t ion  rather  infrequently in practice, since their 
part  p rogrammers  are experienced enough to avoid 
large changes in depth-of-cut  a n d / o r  spindle speed. 
This, however,  means that  the productivi ty rate is 
decreased and the objective of  the AC system is not 
fully achieved. The  experimental  evidence presented 
here shows that  this type of  instability does occur, 
which p rompted  a more  detailed s tudy of the AC 
loop. 

It is known  from control  theory that the open- 
loop gain is the dominan t  parameter  which deter- 
mined system stability. 

The relationship between the actual feedrate or 
longitudinal  axis velocity V/, and the c o m m a n d  U, is 
given at steady state by: 

V/= g ,  U (4) 

where: 
K, is the gain of the CNC servo system. 
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The machining feed,f ,  is given by: 

f =  (60in) Vy (5) 

where: 
n is the spindle speed in rpm. 

The cutting force Fis  a function of the feed and 
the depth-of-cut (a) and can be approximated by: 

F= Ks af"  = (KsafP-')f (6) 

where: 
Ks is the specific cutting force and p is a 
constant (p<l), both depending on the 
workpiece and tool materials. 

The average value o fp  in our experiments was 
0.7 (workpiece material: 1045 steel, and a carbide 
tool). 

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

Fc = KeF (7) 

Combining Eqs. (2) and (4) thru (6) yields: 

where: 

F < = K W  

K, the open-loop gain, is defined by: 

K = 60K~KnKeKs ( a / n ) f  ~l  (8) 

It is known from control theory that most 
systems have an upper allowable limit to their open- 
loop gain. This limit is prescribed by the dynamics 
of the system and the sampling period T, and if 
exceeded,  the system becomes unstable.  2~ An 
acceptable gain is usually regarded as about one- 
half of this value. If K is much smaller, the transient 
response is very slow. 

Since the depth-of-cut and the spindle speed 
are contained in K, an increase of the first, or a 
decrease of the latter, can cause unstable conditions 
as seen in Figures 2 and 3. One might think that a 
possible solution would be to select a very small K~ 
to decrease the open-loop gain below its stability 
limit even at the largest allowable depth-of-cut and a 
minimum permissible spindle speed. 

The result of this approach is demonstrated in 
Figure 4 for K~ " 0.0625. At a depth-of-cut of 2 mm, 
the transient behavior is very slow and the steady 
state force reaches the preselected reference value of 
F, = 1500 N only after a relatively long time. 

However, if the chip load is too big (a = 4 mm), the 
recovery time from the initial impact is too long and 
the tool insert breaks. 
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Figure 4 
Tool Breakage Due to Controller Low Gain 

It can be seen that the selection of Kc is critical 
to the performance of the AC system. If K< is too 
large, the entire C N C / A C  system can become 
unstable. When Kc 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 the AC system 
design. The system should operate with a variable 
gain K~ which adapts itself to the cutting parameters. 

The necessity for this type of approach has 
been mentioned in another work 2~ and has been 
explicitly stated by Stute 2~ in the report of the 
A m e r i c a n  M a c h i n e  Too l  Task  Force .  Also,  
Mathias  ~2 states that  Macotech Corpora t ion ' s  
commercial MACXX-C system has a simple var iable  
control gain algorithm which "decreases the control 
loop gain at the onset of any feedrate oscillation" to 
avoid AC control loop instability, but he does not 
propose a systematic method to adjust the gain. 

The remainder of this paper describes a struc- 
tured approach to the solution of this problem, 
which involves an estimation in real-time of the 
"gain" of the cutting process, and a subsequent 
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adaptation of the AC controller gain (K r to the 
changing conditions of the cutting process. 

The Est imator  A lgor i thm 
The cutting process estimator should measure 

the quantity Ks (a /n) f  p-~ which affects the open- 
loop gain in Eq. (8). However, since a direct 
estimation of this quantity requires additional sen- 
sors and output channels to the computer, it is 
worthwhile to estimate the value of a process gain 
Kp which contains the required quantity and is 
defined by: 

Kp = 60K,,KeKs(a/n)f p-I (9) 

At steady state, Kp is given by: 

Kp : Fc/ U (10) 

Since the values of both Fr and Uare available 
within the computer, Kp be readily calculated. 
Subsequently, the controller gain K~ can be adjusted 
in real-time according to the equation: 

tG = K/ Kp (11) 

in order to maintain the desired open-loop gain K. 
The subroutines which perform the process 

estimation and the controller gain adjustment 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", 
"compare", etc. Unfortunately, implementation of 
the algorithm based upon Eqs. (10) and (11) requires 
a direct division, which has two drawbacks: (1) a 
division is a slow operation in assembly language if 
hardware mathematics is not available, and (2) since 
the measurement F~ contains noise, the estimated 
gain Kp will follow the noise level, and consequently 
the controller gain Kc will also adapt itself to the 
noise variations. 

A block diagram of an alternative approach 
which avoids direct division is shown in Figure 5. 
The "estimated model" block contains an estimated 
gain Km which is multiplied by the input U to 
generate an estimated force Fe. In general, K,~ r Kp, 
so an error Em is generated: 

E,, = Fe - Fe = Fc - U Km (12) 

Since at steady state F~ = UKp, the model estimation 
error is: 

C O M P U T E R  

Fe_ + 

Figure 5 
Process Estimation Scheme of the Adaptive Control System 

E,n : U(Kp - Km) ( l  3) 

The estimated model K,n should be automatically 
adjusted to reduce this error. The simplest adjust- 
ment policy which guarantees a zero error is to 
apply an integration algorithm: 

Km = C, f Emdt (14) 

With this algorithm when the error Em is zero, Km is 
a constant which satisfies Km= Kp. In the program, 
this estimator algorithm is given by the following 
equations: 

Em(i + 1): Fc(0- U(i) Kin(i) (15) 
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Figure 6 
Estimator Response for Step Changes in Depth-of-Cut 01 = 500 rpm) 
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Km(i + 1) - K,,(i) + CtE,,(i + 1) (16) 

These equations can be readily implemented in 
assembly language. The constant C~ has been 
selected to be 1/4, which simplifies the multiplication 
in Eq. (16) to two "shift" operations. Another 
advantage of this algorithm is the smoothing effect 
achieved by the integration in Eq. (16). 

A typical experimental output of the estimator 
is shown in Figure 6. In this experiment, the depth- 
of-cut was increased step wise from 2 to 4 mm, and 
then to 6 mm. The AC loop automatically reduces 
the machining feed to maintain a constant required 
force. 

The estimated model gain, Kin, reaches a steady 
state value after a short transient period. Note that 
the value of Km does not increase proportionally 
with the depth-of-cut but also depends on the value 
of the feed f ,  as can be seen from Eq. (9). Similar 
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Figure 7 
Estimator Response for Step Changes in Spindle Speed 

tests have been performed for changes in spindle 
speed and a typical result with a = 3 mm is shown in 
Figure 7. 

The speed was increased in 100 rpm steps and 
the feedrate V/was subsequently increased by the 
system in order to maintain a constant cutting force. 
The estimated gain Km, which is approximated by 
Eq. (9), follows the changes in the rpm. The 
experiments verify that the expected value of the 
cutting process gain can always be obtained�9 

Variable Gain Algorithm 
The objective of the proposed adaptive control 

loop is to maintain a constant open-loop gain 
despite variations in the cutting parameters. By 
combining Eqs. (8) and (9) the open-loop gai-A is 
defined by: 

K = KcKv (17) 

and substitution of the estimated value Km for Kp 
yields: 

K =  gcKm (18) 

The constant open-loop gain can be obtained by 
adjusting the controller gain Kc according to varia- 
tions of Km. As in the case of the estimation 
algorithm, direct division is avoided by using the 
following integration policy: 

Ec(i + 1) = K - K~(i)Km(i) (19) 

K~(i + 1) - K~(i) + C2E~(i + 1) (20) 

Again, the integration algorithm in Eq. (20) 
guarantees that E~ = 0 at the steady state, which 
means that the desired gain can be achieved. 

A set of experiments were performed to com- 
pare the conventional AC with the proposed variable 
gain AC system�9 The experimental system consisted 
of a 70 hp lathe controlled by an 8-bit micro- 
computer. In these experiments, the controller gain 
in the conventional AC was K+ = 0.5, the sampling 
period T= 0. I seconds, and the integration constants 
in the proposed system were set to Ci = (?2 = 1/4. 

The AC open-loop gain has an upper limit 
obtained from stability considerations, which in our 
experimental system was K = 1.33 see. -~. An 
"optimal" K 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. -t, which is very close to the 
stability limit, was selected�9 
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The objective of the first two experiments 
which are shown in Figures 8 and 9, was to remedy 
the unstable conditions obtained in Figures 2 and 3 
for the conventional AC system. In Figure 2, it can 
be seen that the conventional AC system became 
unstable for a depth-of-cut of 6 mm. By contrast, it 
can be seen in Figure 8, that the proposed system 
was always stable. 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 
mm, and then to 6 mm. 
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Figure 8 
Response to Changes in Depth-of-Cut in a 

Proposed Adaptive Control System 

Likewise, in Figure 3 the conventional AC 
became unstable with the decrease of spindle speed 
from 500 to 300 rpm. By contrast, the proposed 
system (Figure 9) adapted itself automatically to the 

speed change and the system remained stable, by an 
automatic reduction in the gain Kr The oscillations 
at the transient periods can be eliminated by reducing 
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Response to Changes in Spindle Speed in a 

Proposed Adaptive Control System 

the open-loop gain to a lower value, e.g., K -  0.65. 

Another set of  experiments to compare the two 
systems was performed with constant cutting 
parameters which cause unstable initial conditions. 
Figure I0 shows unstable conditions obtained with 
a conventional AC at 500 rpm and a controller gain 
set to Kc = 1.25. 

By contrast, the proposed variable gain AC 
system (Figure 11) automatically reduced the gain 
to Kc = 0.78 in order to meet the stability require- 
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ment, while the systems maintained the required 
force value by varying the machining feed. 

Concluding Remarks 
In adaptive control constraints systems for 

machining, the cutting process itself is contained in 
the adaptive control loop. Therefore, drastic varia- 
tions in the process parameters affect the AC loop 
gain and can cause instability of the control system. 

A method is proposed for modifying the 
controller gain according to the process variations 
in order to maintain stability of the entire system. 
The system actually contains two adaptive control 
loops: (1) the conventional loop which adapts the 
machining feed, and (2) the model-reference loop 
which adapts the controller gain to obtain the open- 
loop gain reference value. The proposed solution 
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does not require any additional hardware and only 
modifications to the AC controller software are 
needed. 
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