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This th;sis_dea1s.w1th an adaptive controi constraint
system for enq milling with constant force. The.cdntro1 criterion
is to hold the-force abtiﬁg 6n the cutter at a value safely below
the force whith.wou1d break the cutter. This criterion is applic-
able to finish milling pf bomp1ex shapes, typica11y‘of die ca-
vfﬁies. The controi1ed”variab1e is the coﬁmand'feed rate.

Two other constraints were cqns{dered foé the'adEﬁtive
coﬁtfoT system, namely: chatter and overload of the cutting
edge.' ‘ ' ‘ |

4. The work presented in this thesis was based on a‘Bbmef
made Computer Numerical Contro] (CNC) and Adaptive Control
(A/C) System consisting of-an NC ;etrofitted No. 4 vertical
milling machine and an HP 2100A minicomputer. .

. | The operatiﬁg cba?acteristits of this system were
exgmined both expefimggfal]y and'by digital computer simu-

lation. The analytical analysis of the A/C system concen-
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trated on its behayiour as a seryomechanism, i.e. mainly with

respect to the sﬁeed of its response to step inputs and to its

stability. In th1s ana]ys1s both the Lap]ace transform approach

as we]l as a numerical simulation (State'Space approach) were

-used.

+

In order to'impqove the systET’response to collision

or step'changes-in cutting loads caused by abrupt changes in

< a X
work surface contact area, special action gtrategies are pre-

sented. These strategies are af?&WéEﬁgb-operate for a limited

time during impact before the system switches back to a slower

_acting (Tower gain) atrategy' This leads to 1mproved reaq;1on

time wh11st ma1nta1n1ng system stab111ty . Vs
The A/C experiments were conducted using two different

(4

types of dynamometers for the on-line measure?ent of cutting
for'cer.lb Twé diffe;ent workpiece materiais wefé used: Al. Alloy
(95 QHN) and steel AISI 1020 (155 BHN). - High Speed Steel

end mills were used in all experiments.

An experimenta1'inyestigation of the chatter constraint

was also carried out as well as -a review of the basic features

‘of the phenomenon of cutting edge overload.

r

It is shown that the flexibility of the end m1]11ng
cutters is benef1c1a1 in attenuating the overload in a sudden
transient situation and it is also beneficial in attenuating

chatter. These benefits are obtained for a certain range of

diameters and lengths of cutters. Within this range constraints

on feed rate for edge overload must be considered and outside

~ —
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CHAPTER 1 -
INTRODUCT 10N
~ .
" ' ‘ fhe use of a digital computer for on-line control of

a machine tool shows promise of leading to a new era in manu-
facturing techniques. The largest single benefit of a digital
computer is itS. ability to do, simuitaneousiy, a number of

r '

unrelated tasks. _ 3
Beyond Numerical Control (NC), there aregtwo areas
of possible improvement in machining. The.first %nvo]ves
decreasing the non-machining time by improving loading, un-
1oad{ng; scheduling and shop routing. The second involves
decreasing the actual machining time. It is'in :his second
area that Adaptive Control (A/C) lies.
' Adaptive Control is a logical extension from'ﬁ% in
the further automation of metalwbrking,machinery. Under
'adaptive control, the cutting process is continuously monitored
.by observing ceitain important process variables. The A/C
controller, gsing these process varfables as inbut,fa]ters
selected control variables.to improve the cutting process.
In metal cutting, the term “improvement of the cutting process"”
medns either increasing the metal removal raté (MRR), or
‘ degreasing the unit cost. |
/*£3 The 1qterconneétion of an adaptive control system with
(‘ a numerically controlled milling machine, used as an illus-

trative example, is showg in figure 1.1. Two feedback 1loops

L4
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are closed around the machining process, the primary feed- - '
back from the machine tool to the numerical control system,
the secondary or the adaptive loop is closed around the

entire process. .

_\\ .
Since the field of adaptive control has witnessed

many very complex and cumbersome systems, there remains a
need for simple yet efficient A/C systems.

' This thesit deals with{an adapt%ve control constraint
system for end milling where the control criterion is to hold
jthe force acting on the éhtter at a value safely below the
force which would break the cutter. The controlled variable
is the command feed rate. - . y

It is aésuped that this criterion is applicable to
finish milling of complex shapes, typically of dte cavities
where‘small_didmeter mills are used to remove irregular
"chunks" of materiaT left behind by the larger roughing
cutter in those parts of the cavity where this larger cutter
coild not enter.. The purpose-of the\idaptive Control is then
to let the small cutter move-with a rather rapid feed in
those parts of the job where the 16ad is small and to slow
down when the load increases. , .

| Other constraints cﬁdered were chatter and over-
load of/;he cutting edge. |

In the present work an attempt is made to analyze
the A/C system from the point of view of its behaviour as a

servomechanism, i.e. mainly with respect to the speed of its
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response to step inputs and to its stability. Special atten-
tion 15 dev@ked to the behaviour of the system during oi-
work 1mpact under rapid traversge con;\h1ons In this aﬁa]ysis
both the Laplace transform apptroach as well as a numeriéal
simulation (state-space approdch) are used. '
| In an attempt to improve the systeﬁ response to
coll¥sion or step changgs in cutting Ioads-caused by abrupt
changes {h work surface contact érea, special actidn strategies
are presented. These strategies are allowed to operate for a
11m1ted time during impact before the systém switches back to
a slower acting (lower gain) strategy. This leads to improved
reactign time whilst maintaining system stability.

The operating characteristics of the A/C system were
examined experimentaldy. The A/C experiments were conducted
using two d1fferent dynamometers for the on-line measurement
of cutting force. Two different workpiece materials were used
in these experimgpts) Al. ATloy (95 BHN) and steel AISI 1020
(155 BHN). High speed steel end mills were used in all ex-
periments. , ‘

A:study of the p?enomenon of chatter in end milling
was carried out with the ain of including chatter as a constraint

in the A/C system. This study

{ncluded the investigation of
the dynamics of the machine tool as well as the necessary
cutting tests. A review of the basic featufes of the pheno-
menon of cutting edge overload is also presented in this

thesis.
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It is shown that the flexibility of the end milling
cutters is beneficial in attenuating the overload in a sudden
transient situd?ion and it is also beneficial in attenuating
chatter. These benefits arng obtained f;r a certain range of
diameters and lengths of cutters. Within this range constraints

on feed rate for edge overload must be considered and outside

P

of this range the chatter constraint has to be included.
The work_Ryesented in this thesis was based on a
homemade CNC, A/C system consisting of an NC retrofitted No.d

vertical milling machine and an HP 2100A minicomputer.

TS
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¢ . CHAPTER 2
_ 'LITERATURE. SURVEY

The American Standards Association {ljﬁefines an
adaptive contré]'system as "a control system within which
auﬁomatic means are used to change the system parameters in a
way 1ﬁtended to improve the pefformance of the control system”
and a parametef as "a cdn;ro11ab1e or vﬁriab]e characteristic
of a sys;ém, temporafi]y regarded as a constant, the respec-
tive values of which serve to distinguish the various specific
stafes of a syst m" . | .

- It has peen stated (%} that the main factors pushing
fof'the deve1p6;;ﬁt of adapfi?e control (A/C) systems in chip-
removing‘mach'i? tqois are: '

1. A A ite need for employing higher metal cutting -

better utilization of,new'NC machine tools.
2. . A keen.awarenéss of the tooi and scrap costs due to
excessive tool wear. _ _ ‘
3. ) An increasing use ;f hard-to-machine aerospace alloys
requiring ﬁore control on tool wear rates.
4, The coptinuous introduction of new tool grades as well
| as work materials leading to the absblute necessity of
. using the'automatic approach in order to qptimize
machjniné conditaons.
5. The necessity of automqtic too1-changing_before pro-

duction parts are lost, due to excessive tool wear

-



' 4
or catastroph1c tool fa11ure

~Adaptive Control systems are classified accord1ng
to the1r obgect1ve, structure and operating modes into Adap-
tive Contro] Optimization (ACO) and Adapt1ve Control Constra1nt

{ACC) as shown in figure 2.1 & } A further subd1v1s1on

Sy s
Ay

exists into technological and geometr1ca] A/C.

) ACO systems for -the machining process usualfy'vaey '
one or more of the cutting parameters - speed, feed or depth
-0f cut - in order to satisfy.a predetermined performance
criterion. This criterion will usually be‘either minimem

"machining eost;gmaximum productivity, or acceptable qua1ity
of the wbrkpidﬁe. ‘The acceptable quality to which a machine
adapts itself could be assessed by either surface finish or
d1mens1ona1 tolerances.
In ACC systems on the othen hand, the performgnce‘
index is not directly evaluated, but one or more of the cutting
”‘conditions.(etg; feed rate) are maximized within the prescribed
Timies of "the constraints such as maximum.force, torque, or
horsepewer. |

- Both in adaptive control optimization and adaptive

control gonstraint, in order to control the cutting conditions
at ea instant of time (simultaneously sen%ing), it is neces-
sary to solve sensing problems measuring on-line one or more of
the .process variables. Thfs signal is the input to the AC

system which is set according to a criterion using constraints

U- .
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or optimization.

Process variables investigated by many researchers
include tool wear, cutting forces, spindle tofque, spindie
horsepower consumption, spindle deflection, temperature at the

tool-work piece interface, table vibrations, spindle vibrations,

-motor current, and motor temperature. If cost is taken to

represent, the process as it is the case in most ACO systems,
then the problem becomes ane of measuring the tool wear on
Tine. A simple analysis of the machining cost will reveal

that it is composed of two elements. One is dependent on the

- time it takes to machine a part and hence, the metal removal

rate, MRR. The other represents the part of the tool's cost
consumed during the operation, which in turn will depend on the
tool wear réte, TWR. Since the MRR is directly eva]uafed from
the knéwn cutting conditions, (from the N/C controller), the
prob1ém becomes one of sensing .the tool wear on-line.

Figure 2.2 shows the principal classification of tool
wear sensors {S}y Since tool wear affects the behaviour of the
machine tool-workpiece system, the tJ;T Wear sensor can detéct

the signal fﬁom different parts of the system; directly from

the tool or from the workpiece or finaliy from the process (mach-

ine), continuously or intermittently.. The tobl wear sensing

setup is based on direct or indirect measurement methods. 1In .

the first case the sensor evaluates the volumetric loss from
the tool due to wear, while in the second case equations are

established describing the correlations between tool wear and
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other parameters easier to measure. The measuring proFedure
can be optical, electric, mechanical, acoustic, pneumatic,
inductive or capacitive.‘ The method of operation can be with
or wit?out contact. 1In the following a survey of the different
methods of sensing tool wear, reported in the 1iterqture will
be presenteﬁ:

I) Direct Measurement Methods:

. L
As stated previously, in these methods the sensor measures

‘the tool geometry detecting the volumetric loss of the tool

(land wear, crater wear or both %ogether). These methods

are generalily very difficult kin some cases impossible) to

use on-line especially when there is a continuous contact
between the tool and the workpiece, e.g. turning. The sensing
setup using the direct méthod includes the following types:
Optical sensors (e.g. light reflection, T.V. camera), elec-
trical resistance sensors, radicactive sensors, and pneumat1c
sensors, Qptical and Electro-Optical methods analyse the

image of the i11uminated wear zone when the cutting tool is not

continuously in contact with the workpiece (e.g. milling). As

an example of these methods, the optical- -electronic sensor

(¢} basically focuLes a magnified image of the wear land on an
optical slit preceeding the cathode of a photo-multiplier.
Therefore, when the land is present, a s1gna1 is obtained
from the photo- mu1t1p11er and, as “the cutter rotates, the
signal has a duration dependent on the amount of wear present

and on the cutting speed of the tool tip. This signal is
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measured by using it to gate a train of high frequency pulses .
to a digital counter. A schematic of the Optical-electronic
sensor is shown in figure 2.3. Electrical resistance sensors
are generally based on the constriction electrical resistance
princi le which can.detect flank wear of turning tools. In
reference {7}, the system described depends upon measuring the
reduction in electrical resistance through the tool work
dﬁnction which occurs as the tool wear and its contact are

with the work increases. Radioactive Sensors {%,%,10) are

used to measure the volumetric overall Toss of the tool. The
cutting tool is activated with neutfons or charged particles,
which during cutting leave on the chip a small quantity of
activated material. The abraded radioactive wear particles

are transported by a continuous flow of o0il to the measuring
head whefe the activiiy is detected and then recorded with

the appropriate set up. The intensity of the radioactivity

in the ch1ps is correlated to the vo]ume of tool materia] that
adheres to ‘the chips and hence to total wear. Pneumat1c sensors
have been used for on-line measurement of wheel wear in

grinding {11}. It is generally accepted however, that the use
of direct measurement methods is at best impractical, especial-
ly on the workshop floor. Accord{ng1y, many studies have
been'made, exploring possibilities of measuring othér para-
meters, closely correlated with tool Qear.

I1) Indirect Measurement Methods:

+ The proposed parameters reported in the literature are:
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1. Cutting forces and/or torque
Vibrations and sonic analysis (noise)
Roughness of machined surfaces

. Workpiece dimensions change ~
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. Distance between tool post and the workpiece

6. Temperature and thermoelectric effects
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The research work for determining tpe correlation between

12 13
cutting forces and tool wear started some years ago 25,04

' by considering that cufting forces are rather easy to measure

on-line. Since machinability of workpiece material affects
to a large extent the wéar rate of the tooi, measuring the
wear rate continuously through the measurement of‘cut;ing
forces can give a proper input signal for adaptive control.
Particularly, it is possible to defiﬁe a correilation between
one of the components of the resultant cutting force F and'
the Qidth of the flank wear land VB{IR}. Figure 2.4 shows an e
example of the relation between cutting force and tool wear.
Dynamometers .are used for measuring the cutting forces (or
torque). They can measure different components of the cutting
force and can be fixed to the tool holder (e.g. in the case
of a lathe) or rotated with the spindle {15;. Some sjstems
measure the deflection of the cutter {16}. The def]ection'
calibration is made by applying known forces at different
points on the tool mounted dn the spindle of the machine and
the deflection at the tool Plus the deflection at the spindle
are recorded. The traﬁsducers for detecting spindle dis-

17
placement can be induction, non-contatting types-{ }. Also,
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magnétic transducers have been proposed'for measurement of
-forces and tor%ues .
. . . A
", A correlation between the vibrations of a machine tool
- . ‘L
(particularly lathes) and tool wear has been reported by
{19’20}

several researchers adt has been stated in reference

S q19 :
- that the vibration of a tool in turning and in stable
conditions is produced by the friction of the flank face

21
f=5 measured

of the tool on the workpiece. Martin, et al.
the vibrations in the direction of the main cutting force of

a lathe tool during conventional cutting as a fu?ction of

the cutting and wear pa:ameters. The varigbles Eonsidered
were:-cutting speed V, feed rate S, land wear qf the tool VB.
In the range of the tests performed, the power of the acceler-
ation signal determined by spectral analysis was found to be

a linear function of the cutting speed and of the tool wear.
The signal increased in the ratio 1:10 between the new too)

and thé worn tool. ngure 2.5 shows that the power spectral
density P, proportional to the real power versus SY (volume

of material removed in the unit of time), varies with different
values of wear land. The power P versus tool wear for dif-
ferent cutting conditions is shown in figure 2.6.

Grinding wheel wear was also measured using vibration
signals {22}. The measurement of tool wear by sonic vibration
has also been studied {19’23}. By dividing the vibration
signal in two components, high and low frequency, it has been

I

reported that the ratio between these two components can pro-
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vide a measure of tool wear. The high frequency component,
due to the rubbing of the flank against the workpiece increases
in ampiitude as tool wear develops.

Olsen {

¢y has studied thq~prob1em of detecting surface
roughness as a parameter to keep constantly under control in
AC machine tools. Spurgeon and Slater (2%} have shownlthe
influence of a worn tool on surface roughness. Murray {28y
measured on-line the surface.rougﬁness in grinding, using a
laser beam.

Some researchers (27,28} have attempted to detect changes
in the workpiece dimensions (depth of cut)-as the cutting tool
wears during the cutting operation. The diameter of the
rotating workpiece (e.g. turiing) can be measured in process
with contacting or non-contacting devices (electrical, pneumatic,
etc.}, and especially in grindfng, this technique is simple to
apply. Tool wear is then directly related to the dimensional
change in the workpiece - the depth of cut variation corres-
ponding "to the land wear of the tool in turning.

Electric feeler micrometers, ultrasonic methods, and
pneumatic gaugé; have been suggested to determine on-line the
distance between the tool post and the workpiece {29330}' The
idea is that during the cutting operation, as the tool wears,
the distance between the tool post and the workpiece decreases.

For several years, attempts have been made to measure

{31’32’33’314}

temperature of the tool tip and to use the signal

as an adaptive control parameter. The methods used to measure
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cutting temperature are based:- a) on the tool workpiece thermo-
?couple, b) on remote or imbedded thermocouple, c) on infrared
system. There are some difficulties in the application of these
methods at the shop floor, mostly because of calibration and
sensitivity to the ‘composition of the tool and workpiece

materials. .
Pigneer work in the field of ACO was done by Centner and i

35 '
Ide1soﬁp 2 In their paper, an adaptive milling machine

controller to maximize operating profits is described. An

index of performance (P) was proposed in reference 3%} for
milling machine applications:
P = M RR (2.1)
Ky +{Kit + K2B) TUWR .
Wo
where MRR = Metal - removal rate in.symin.
‘TWR = Tooi-Wear rate, in./min."‘
Hol = Maximum allowable t061 wear, in.
K;- = Direct labour plus overhead rate, dol1§rs/min.
K, = Cost per grind + initial tool tost, dollars

maximum number of regrinds
+ = Tool change down time, min.
B = Constant: 0 B <1 ‘
The chosen value of B determines the relative
emphasis upon production rate and total cost. When B =1,
. . cost is emphasized, where as B = 0 emphasizes production rate.

Intermediate values provide a compromise between the two ex-

tremes. . A development of P as. given by equation (2.1) is pro-~
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vided in reference {35}, as well as an argument justifying its
maximization at each instant.of time by controlling milling
rate (MRﬁ) as a desirable outcome of adaptive action. 1In the
study program reported, the method of steepest ascent and the
incremental adjustment_method were compared and it was found_
that steepest ascent provides superior performance in this:
part1cu1ar app11cat\on ’ '

A further realization of ACO systems was the
Cincinnati Acramizer System {(37,3%) in which an analog computer
optimizes feed rate and spindie speed conditions for the
maximum chip per tooth compatible with the constraints and

simultaneously tries to maintain a constant rate of tool wear
]

in order to accomplish the economic tool 1ife required. Porter

{39}_

and Summers investigatéd the problems re]atéd to the

selection of an appropriate control strategy as far as -conver-

gence and stability. were concerned. The performance of some
. - s .

-eleven strategies, working each on three metal cutting models,

were simulated on a digital computer. Takeyama, et al. Pin};
based on an extensive set of experiments, suggested a perforé-
ance index suited to the on- 11ne opt1mizing control of a machine
tool. The optimization is ;Ehieved by measuring the derivative
of cutfing force,.which is' proportional to,the tool wear rate, -
and by computing the pgrformance index ;aking important con- |
straints into consideration: G}e constraints suggested by the
authors are cutting force,.power and surface roughness.

IS . '
Frost-Smith tH argues that- to get maximum benefit from op-

L

N

S
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- gap elimination is of importance in gaining added productivity.

of in-process measurement of tool wear:

21

timizing the cutting pracess it is necessary to study the
overall workshop process from machine schedd]ing to cutter
wear control and thus to consider the possibility of on-1ine
control in\fhe widest sense. Bedini, et a].'{qz’hg’Qh }
described a test installation for a.research on adaptive con-
trol of metal cutting ﬁrocess for milling operations. A time-
shared IBM-1800 computer operates as adaptfve controller on a
nhmerfca11y controlled machining center. Simulation studies
were reported in this paper in_order to gxamine the performance
of the éhosen optimization algorithm and to test the conver-

gence and stabijity of the control loop. The authors explained

that/ for the common optimization criteria (e.g. minimum cost,

maxihum production), neglecting tool cost, the optimum working
cond{tions correspond to the maximum feed rate compatibie with

imum available power. The authors also realized that

Whenever the controller senses a bending signaTIIbwer than
a prefixed value, it=sefs the maximum feed rate for the air
gaps and a spindle speed which allows the lowest feed per
tooth. As the cutter again encounters metal, the controller

immediately reduces the feed rate to a safe value imposing

at the same time a spindle-spéed corresponding to the minimum

feed per tqoth.

‘ 115
Yamazaki, et al. { }-carr1ed out an optimizing con-

trol test in end milling. They have suggested three methods

[
.
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1. Indirect measurement by using cutting forces
2. Indirect measurement through cutting sound
3. Direct measurement by light reflection.

On the other hand, in order to identify the relation-
ship between tool wear and net cutting time, an expanded
tool life equation model involving cutting conditions, tool
- Q \

wear and net cutting time has been suggested, it is for con-

staht width of cut:
-4.90 v 0.56 d 0.25 £ 0.06 T 0.?6 ------- (2.2)

for V

‘ VB = e

where Vg = width of flank wear (mm)

V = cutting speed (m/min.)

f = feed/tooth (mm/tooth)

d = depth of cut (mm)

T = net cutting time (min;)

Furthermore, because of intermittence in the milling
process, the authors indicate that-the tool ﬁ@ar may be more
adversely affected by the impact'dn the tool bit than by -
continuous cutting such as turning. Accordingly chipping of the
cutting edge caused by impact becomes a broblem.

Prior to this occuring, it is necessary to identify
the safety zone for cutting speed and feed, where catastrophic
fatlure such as chipping rarely happens. An adaptive control
algorithm was also suggested and simu]atea in order to verify
the feasibility df‘t%%s approach.

45 .
Selim and Moisan { }proposed a method for verifying
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~ the validity of the selected performance index in ACQ with a

view to meeting certain requirements.

{

L6
Fujita et al. } described an ACQ, system for an

NC Lathe using a minicomputer. In this system\a highly sen-

sitive micrometer is used as collision detector\and the control

@s carried out by signals from it.
A more general approach to the problem of adaptive
control of metal cutting machine tools would/ require considering

together. Very little
w7
ik ﬁ }

the geometrical and technological problep

has been done in this direction. Pekle gave a systematic

survey of the basic concepts of the gebketrica] adaptive control

GGAC), which must be integrated into the “utomated manufacturing

systems for maintaining the stability of theMoutput quality at

the required level. Peklenik's concept of a manufacturing
system is illustrated in figure 2.7. The mafufacturing process
represents the process to be controlled by peans of variation

of various parameters affecting its transfet functions. The

inputs are defined as foilows:- geometry of fhe component to be

\
manufactured; the physical propfrtiewm of the/material and the

shape of the tool, as we al p¥operties of the
cutting tool material. The outpht parameters are:- the material
removed; the surface generated considering the shape, dimensions
and surface, as well as the accuracy of these parameters, various
disturbances such as displacements, force temperatures, etc.

| The machine tool represents the feed-back of the

manufacturing system and basically consists of three different
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Al

systems:- the positioning, kinematics and power system. Through
the kinematic system'the component enters repeatedly inte the
process. The summation point £ embraced all the input parameters
provided by the machine_too], the part and the tool character-
istics. The gebmetrica1 adaptive control system is primarily
aesigned for maintaining the stability of the dimensional
accuracy, for improving the shape accuracy and surface roughness,
as well as for adaption of the geometrical position of the tool
relative to the generated surface in order to improve the effic-
iency of a manufacturing system and preven? a catastrophic

event of tool damage. The assessment of the input geometry

takes place "on-line" by Qarioug measuring systems representing
one of the basic units of adapt;ve confrols. The second unit is

the'compensatjon system for controlling the tool position accord-

. -
ing to geometrical requirements of the output. /
48 '
Jona . indicated that in order to make geometrical

adaptive control feasible an adequate reference sysfem and an
adequate transducer must be found. He suggested that there is

no general sd]ugion to this problem and that each type of machine
tool must Be analysed separately. For the caselof a late, the
author concluded in his paper that a transducer attached to the
tool-post could indicate any periodic deviation from the

correct form due to relative motion between tool-post and
-workpiece, and measure deviations due to other causes (topT Wear,

'irregu]arifﬁes of the cutting process, etc.).

1Surface roughness should always be measured along the
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direction which gives the maximum roughness value. When the
surface texture shows a definite lay, the maximum reading is
obtained with measurements along a direction perpendicular to

the surface lay. Experimental results are given for low-speed

tracing of reference turned surface using the "Fotonic Sensor",

which is defined as an optical proximity detector that utilizes

fiber optics to guage the distance between probe and any ,

.

reflecting surface through the intensity of reflected Tight.

.The author suggested that the same transducer could be used

for monitoring roughness (high-frequency component), waviness
(Tow-frequency component) and overall dimension variations, such
as would, for instance be caused by tool nose wear {very slow
variation, d.c. componentﬁ. Band-pass filters could be used

for this purpose. These signals couid naturally be used to

_ control the machine tool's settings.

For a Tathe also, Spur and Pritschow ("% described a
geometrical adaptive controller which adjuéts the depth of cut
and therefore,‘modifies the tool path. It would appear however,
that many difficulties could arise in extending this approach to
a -three-dimensional m1111ng process.

An a1ternative'approach to ACO systems is often re-
ported as "AC operating per constraints" because the performance
index is not direét]y evaluéted butf the controller acts on the
inputs in order that some process;- ;}1ab1es attain prefixeﬁ con-
straints. These preset constraints could be:-

1. Maximum spindle speed

2. Minimum spindle speed
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Maximum force
Maximum chip load
‘Maximum torque
Maximum feed-rate
Maximum vibration
Minimum chip load

Maximum power

v e N Y U B W

Early realizations of such AC constraints systems could
be foundlin references 3%& 50, 51 and 52. Ledergerber {531 des-
cribed an ACC system foyr turning operations. The sensend
variables were the torque\and the cutting force. The controlled
variables were the cutting speed and feed. Based on a set of
experiments o% machining forged blanks, the author reported 30%
s#vings in pcpgramming time. |

inkford 5" u§ed an IBM-1800 minicomputer to control
a milling machine in adaptive mode. 1In this system, adaptive
control o% the cutting process is based on control of the feed
rate of the cutfing tool. The feed rate is repeatedly changed
in real time in response to varying conditions at the point where
the tool chts metal. Feed rate modification was based primarily
on measurement of force of deflection on the tcol. ,Jhe tool is
moved at high fged ratgs in air gaps. Air gaps were sensed
either by the absence of electr%ca1 contact between the tool and
part or by the change in deflection force, déﬁending on the
algorithm in use.” When contact between the tool and part is

sense%, the feed rate is reduced drastically to prevent tool
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breakage and marring of the part. In his(paper, the author
reported that based on experimental results, the machining
time was cut by one-third.

A similar system is reported in references 55 and 56.
The authdr in these papers pointed out the importance of ob-
taining experimentally the-practica1 constraints for adaptive
contro]‘of feed rate, and most important obtaining the relation-
ship of cutter deflection with respect to the changes of depth
of cut, width of cut, feed rate, spindle speed, physical
properties of the material being cut, tool wear and other re-
lated environment parameters. ' |

Beadle and Bollinger S described a test instal-
lation, designed and constructed in order to investigate
various techniques for adaptively controlling the cutting progess,
and pointed odt the future prospectiveness offered by the
modern systems of direct and computerized numerical control.

{57} - L.
used an HP 2100A minicomputer

Tlusty, et al.
as an adaptive controller for a retrofitteq vertical milling
machine. The purpose of the adaptive control in this system is
to.keep the force acting on end milling cutters tin die sinking
operations constant, and at.a value safely below the one which
would break the cutter. The controlled Jariﬁﬁﬁg is the feed
rate. .

Stute and Goet:z (5%} expiainea that one of the

problems encountéred in the use of adaptive control constraint

systems for milling machines, is the possible large variation
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of the gain of the contro]fed process which depends 6nlthe
machining conditions. For examp]e,'according tc the variations
in width or depth of cut, the ratio of cutfing force to feed
rate widely changes, and so does the gain of the open loop
transfer functién of the system. If thiere is a controlied

- process in which the gain changes, theg the behaviour of the
con;ro] may become worse because the parameters of the con-
troller are consfant. If the gain of the controiled process
becomes too large, the stability and therefore, the safety of
machining will be in danger. The authors therefore, suggested
that with the aid of é dynamic model parrallel to the controlled
process, the variable gain can be determined and compensated
by changing the control signal. |

A second problem is reported in ACC systems for .
milling which uses the cutting farce as the senﬁed Qariab]e
and the feed rate as the tontro]]ed var{able. This problem is
the time lag of the feed rate'responge to an actual cutting
force variation {;9}. Tpis time lag is due to the interval
between the action of individual cutter tEefh and may cause
instability in the adaptive control loop.

Gﬁeseke 560} described an adaptive control constraint
and autdmatic cut distribution system for turning operations.
The system regulates cutting power according to a pre-deter-
mined value and permits automatic distribution of the cutting

volume in individual cuts, using a special cuttimdedistribution

plan. The NC program only contains féchno1ogica1 data and

S
TN



the description of the finishedeart contour, so that the shape
and size of the rough part need not be known. These can therefore,
vary as they occur, without unnecessary idle travel. The
control system consists of an analogue part for power control
~and a digital part for the automatic cut distribution. The
functions of the digital part are handled to a large extent,
by the minicompu s which is already available in the computer
numerical contrd;f:CNC) system. The author explained that
cutting power control can be carried out either directly, that
is with a power sensor and a power controller, or indirectiy |
with a cutting speed and cutting force cohtro]]er and the
appropriate sensors. .The advantage with the indirect method
is that in addition to the performance regulation or supervision
over the whole turning radius range, a defined cutting spged
can be pre-determined and a defined cutting force can be ad-
hered to, so that apaft from machine supervision & tool super-
vision is also possible. A Proportional Integral (P-1) con-
troller was suggested in planning the cutting %orce controliler.
It was explained in the reference also that the control a&g]i-
fication must be made probortional to the workpiece revolutions
per-minﬁte and the integration constant proportional to the
square of the workpiece revolution per minute. Finally a
program saving of 75% was reported using this £echn3que.

The application of diéita] adaptive control can
provide, at relatively low expense, a control circuit behaviour

which is suited to the particular requirements of turning
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611.
operations L }. By switching over the contreller parameter%

with relation to work sequence, serious control deyif;ﬁbns,
eSpecid]iy ove}shoot, can be corrected quickly. The optimum
¢circuit behaviour can be obtained in the whole spindle speed
range, by quasi-continuous adjustment of the controller para-
meters to the changed path parameters {(changes in spindle
speed).

The f1exibi1ity of digital adaptive control permits
a simpiified adaptation to different paths and reduces the
outlay in integrating the controller into the system of control
and machine.

Adaptive Control for milling with strategies for
avoiding chatter vibrations and for automatic distributions
was reported in references {3,u}. The measured spindle torque
serves as én input quantity for the adaptive control unit,
which maintains the machine ‘load at a constant value. The
setting parameter is the feed rate; .Thé torque sjgna] is also
used to recognize the entry into and the exit from the work-
piece by the milling cutter, as well as to recognize super-
imposed self-excited and forced vibrations. When suéh instabil-
ities arise, the spindle revolution réte or the depth of cut act
as setting &alQ%s ip a control strategy for automatic cut dis-
tribution. ,

It was shoyn in these. two references that the frequencies
of self-excited vibr&tions vary according to the dynamic

characteristics of the machine in the approximate range of
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15 Hz. to 500 Hz. The frequencies of forced yibrations, however,
seldom reach.vaiues higher than 100 Hz. for milling machines.
The differentiation between forced and self-excited yibrations
is therefore possible by selection of the frequency components.
From the whole signal spectrum obtained from the pickup, the
frequency rande of forced vibrations is selected. This may be
performed by a narrow band-pass filter. 1In doing 50, it is
assumed that the frequencies of forced vibrations, i.e.
frequencies of tooth impacts of the cutter in the case of mill-
ing are known. The frequency of the self-excited (chatter)
vibrations can only appear in the fesidua] band-rejection
specfrum (see figure 2.8).

2}

6
Brecker and Shum ‘ pointed out that the success-

ful application of in-process adaptive con;}ol depends on the
characteristics of the machine tool to which the control is
applied as well as the characteristics of the control itself,
TRe resporise time of thé controf has.to match the response
characteristics of the machine tool. The high-gain control
‘required to react.t% too]_work collision and to control small
cuts can lead to Opérational instabilities. Tool-work -col-
'11sibn detection systems based on power, force, and vibgation
are discussed in this reference as is variable gain contro].‘
Experimental data are presented to show the importance of
reﬁucing tool impact; a significant reduction in flank wear
in climb milling occurs when the tool is eased into the

work.
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An air gap sensing system i{s described which pgrmits
controlled tool-work impact. This sensing~system is particu-
larly of interest since most adaptive control constraint
systems used in practice switch off AC for penetration of walls
~and for approach of cornersjand\program 510? feed fate‘ -
fsa’su’ﬁs}. The air-gap sensor described in reference {52}
detects changes in magngtic flux as the tool approéches,the. ' ”,
work. As shown in figure 2.9, an excitation coil, 1, is
mounted on the machine spindle housing and a search coil, 2,

is mounted below it close to the tool. The magnetic flyx

changes as the distance between tool and workpiece vari s.

A mutual” inductance bridgé is. used to sense thé change.
the air éap is smailer than a preéet value, say 1/8 inch
(3 mm.), the feed is phanged to an allowable impact feed rate.
“As a result, pre-positioning can be done at répid traverse
feed rate with a conéequent reduction in air Eutting time. -
One of the necessary requifements for successful

operation of the adaptive control is thé availability of
reliable and accurate reiationships between the machining
conditions and machining response as well 55 constraints.

Very 11ttfe data has been published about practical »alues

66
**3 used

for the constraints in AC syStems. Tipnis, et al.
the results of a set of statistically planned experiments to
develop mathematical models of the machining response in terms
of end mill cutter wear, tool 1ife, cutting forces, surface
finish, etc. Figure 2.10 shows the cutter breakage foéces VS,

axial depth of cut for 1 inch (25.4 mm.) dia., 2 inch (50.8 mm.)

r
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flute length end milling cﬁtter. This graph, however, does not
distinguish between tool and shank breakages. It might be
more practical to separate tooth breakage and relate it to a

maximum feed per tooth.

i



CHAPTER 3

GENERAL DESCRIPTION OF THE CNC/AC SYSTEM

3.1 General

The CNC concept means to have a mini-computer for
on-1line control of a machine tool. The block diagram of the
system is shown in figure 3.1. It inc1udes‘five major com-
ponents:
1. The milling machine itself which is a 2% axis NC retrofit
of a conventional. vertical knee type mi]1i:3_ machine (No.4)
model ZBROJOVKA - FA4V. |
2. A Hewlett Packard mini-computer model 2100A with 16 bit

*

word and 32K of core memory which otherwise is a part of a ‘
Fourier Aﬁalyzer,Systeé.
3. Agpdata conversion system.
4, A time Base Generator (TBG).
5. A controller which contains 3 control circuits for the 3
“axes of motion of the milling machine.
The milling machine 1is equipﬁed with:Dc servomotors
as feed drives, resolvers as positional feedback elements and
DC técho—generators as velocity fegdback devices. The spindle
is driven by a three phase motor and its speed is not controlied
by the CNC system. |
A special sensor for on-line measurements of the radial
R
two perpendicular components "Fx“ and "FY" are seﬁged. The

cutting force is used. 1In order to determine the force "Fp"

A

38
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senson outputs are fed through an Analog-To-Digital PEBEeSSdE%(’

(ADP) to the computer. The computer handles two programs: NC -

and adaptive control (A/C} programs. The interrupt.system of

the computer takes care of the simultaneous ruﬁning o% both

programs. The A/C program accepts the sensor outputs and uses

them to calculate a féed-rate correction whicﬁ is suppiied to the

NC program. The corrections are provided éontinuousTy through-

out the cutting process in order to maintain maximum feed-rate

compatible with‘the limitations imposed by the constraints.

Normally the computer carries out the A/C .program, and when-

ever an interrupt_oécurs, the JSB instruction {JSB = Jump to

Subroutine) causes the computer to transfer its cﬁntro] to

the NC pro‘iﬁm. This instruction also automatically saves the ‘-\?

return addréss for a later return to the A/C program, thus ‘

when _the NC program is terminated the computer continues to per- E

jg;iﬁ:FE\A/C program from the point at which it was interrupted. :
The computer is equipped with three types of lines:

Interrﬁpt'input line, Digital output ]1ne, Digital'input Tine.

The digital output lines are used for transferring data from

the‘computer through the controller to the machine drives. |

For each machine axis two lines are required: one for the sign

“and the other for command pulses. Each pulse will cause a

motion of 0.0001 inch/{0.0025 mm). This unit is the system
resolution and will be denoted henceforth as the basic length '
unit (BLU).

The data for the AYC program has to be updated by
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continuous information about the cutting process. The measured

variables "Fx" and "F " are converted to a binary form by

Y
Analog-To-Digital Converters (ADC) and transferred to the computer
via the digital inbut lines. The two ADC's are inc]uded‘in the
ADP. ‘ -

‘The TBG controls the timing of the system. It pro-
vides the fo]]oﬁing functions:
1. Supplying clock pulses of 2.5 MHZ frequency to the control.
loops. _
2. Providing interrupt pulses to the computer. Each interrupt

pulse starts the NC program running. the frequency-of the

interrupt pu]ses“%stablishes the maximum feed-rate which can be

. ¥
-achieved . This is calculated by using the following formula:

FRM = IPF. x BLU X 60 ==-cec-mccacoe--------(3.1}
where FRM is maximum feed-rate (in contouring) in ipm.

IPF :’Interrupt pulses frequencie§ in pps.

The IPF is iimited by the ngpber of instructions in
the NC program, and by the instructi&h execution time. In our
own system IPF = 5000 pps'and fg;refore, FRM = 30 ipm (750 mm/
min.).

3. Producing two sine-waves, 90 degrees phasé-shifted, which
are fea as reference signals to the stators of the resolvers.
The frequency of these signals is 2.5 KHZ. In order to syn-
chronize the system, a 2.5 MHZ pulse-generator is used as the

source for all these signals.

The controller contains a control circuit for each axis-
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of-motion. The circuit transforms the train of pulses from the
computer command line into a Phase-modu]ated command signal
and compares it with the phase-modulated feedback signal. The
result is the velocity command, which is fed via an ahplification
unit.to the feed motor.
Tke positional control is perfbrmed by éhe position loop and
software counters, which are contained in the'NC program. The
counters are loaded with the require incremental distance at
the beginning of a segment. Eagh axis-of-motion is provided
with a counter. Ea:H time a comm;nd puise is sent out by the
computer, the contents of the appropriate counter are reduced
by the one unit. The phase-coﬁparators in the control circuits
are never in saturation, thus accomplishing the positional.
control.
3.2 The CNC/AC_Engware System
3.2.1 Position Cgntrol

Position‘éontrol in the.system is carried out in a
closed-loop mode with synchro resolvers as feedback devices.
A block diagram of the posi&igy’?ﬁhtrq] Toop in which tﬁe
resolver is used as sensing device is shown in figure 3.2;
This block diagram i; identical for all three axes of the milling

machine.

In the software interpolator in the mini-computer
the simulated Digital Differential Analyzers send command
puises to each controlled axis of the table. Each pulise causes

an advance of one BLU along the appropriate axis-of-motion.
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This means .that the frequency of the command pulses is pro-

portional to the velocity of the table in the corresponding
direction.

Positional control is effected by position counters.
Each axis-of-motion is provided with a counter to which the
required incremental distance is fed from the perforated tape.

The reference counter divides the clock frequency,

N
ﬁEmitted by the pulse generator (2.5 MHZ), by a factor of 1000

and provides {by digital techn1ques) two square-wave signals
in exact quadrature, characterized as the reference signals.
The latter are converted by low-pass filters into sine-wave
signals, which are used as excgiation vo]tagés'V] and V2 for
the resolver stator windings. It is:- |

V](t) = V_ sin Not

Vz(t)’ =

|
-
(]
o
W
=
o+

]

)

]

1

I

]

]

]

t

1

1

[}

]

]

1

1

1

L]

[}

]

1

1
—~
[ 73]
™
o
—

The output of the resolver is the rotor signal,
which is a function of the rotating angle and is obtained by
inductive coupling between Stator and rotor. The rotor output
voltage, Vo’ consists of two components: . "Cf

Vo(t) = n(V{t) cos & + Vy(t) sin g} =emmmmomnn- (3.3) -
where n is a constant dependent on the kotor)stator_turns
ratia. Substituting V](t) and Vz(t) as above, we have:

Vo(t) =nv, (sin W, t cos ¢+cos W, -t sin $) --- (3.4)
or, denoting n Va =V o
VGLE) =V ST (Mt ¢) memeememeioemanooas --- (3.5)

where wo = ano and fo is the reference voltage frequency.
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The phase angle ¢ depends on the angular position of the rotor
axis,‘ The rotor output voltage is fed through a wave shaping
circuit (SchTitt Trigger) to a phase comparator or discrimin-
ator, where it is compared with a command signal. -  The phase
difference between the command and feedback signals is converted
into a DC voltage, passed through a single polé low pass filter,
amplified and used to drive the moto;. '

The command signal is produced by a command counter
which consists of two fixed decfma] counters and a programmable
~division-factor counter (PDC). The PDC is fed by the command
pulses {the CP dinput), a.clock {typical frequency 2.5 MHZ),
and a logic signal cailed the "sign" which indicates the re-
quired direction of motion. The PDC converts the command
pulses into a phase-modulated signal. Each command pulse
causes a phase shift of 0.001 cycle (0.36 degree) with respect
to the reference sigha]. The phase shift is forward or back-
ward (i.e., leading or laggging) deﬁending on the sign logic
level. _Iﬁg‘division factor, N, of the PDC also varies in
accordance with the logic level at its CP and S (sign) inputs,

as shown in table 3,1,

cP s- - N

0 0 5
*

0 1 -
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* »'denotes a no-count condition

¢

Table 3.1: PDC Division Factor
So Iﬁng as the CP input is at the "1" level, the PDC acts
as a decimal counter and its input clock frequency (2.5 MHZ)
is dividsﬁ by 10. Therefore, so long ﬁs the resolver is at
rest, the feedback and command signals have the same frequency
(2.5 KHZ)} and are exactly in phase; as a result, the velocity
command signal (Vc) is zero and the motor also remains at stand-
still. .

In the case CP = 1, a single cycle of the command signal
is emitted by the cdhﬁand counter for every 1000 clock pulses.
Assume now that S = 1 and CP = 0 for an interval covering a
single clock pulse (400 nsec when a 2.5 MHZ clock is used).
Accarding to Table 3.1. for S = 1, the clock pulse sent in this
1ntervai is not counted (N = ‘=), so that 1001 clock pulses are
required to effect one cycle of_fhe command signal. This means
that the falling eﬂge of the command signal lags by 1/1000 of a
cycle compared with its previous stafe.

To illustrate a lead case, assume that CP = 0 for an inter-

L]
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val of 10 clock pulses (i.e., 4000 nsec), and that S =0). In
this interval the PDC sends only 2 pulses (since N = §); for
the following 980 pulses the PDC emits 984pu15es (since CP is
reset to 1). Altogether the PDC sends 100 pulses for .990

- clock quﬁéS; In other words, 990 clock pulses are required
to effect one cyclie of the command signal, which means that
the command signal leads by 10/1000 of é cycle. The CP input
is fed by negatide pulses of 400 nanosecoﬁds width, each of
which caused advénce along the appropriate axis-of-motion by
one BLU, i.e., 0.0001 inch. At S = 0 these pulses make the
command signal lead the reference signal in phase and the
motor rotates iq(a certain direction, similarly, at § = ]

the motor rotates in the opposite direction. When staquti11
is required, the CP input is at the "1" Tevel and the.EDC
divides by 10.

When the command pulses are sent through the CP~input,
the average division factor of the PDC varies aécording to their
frequency. The duration of each negative pulse is T = 1/f,

f being the clock frequency (i.e., 2.5 MHZ). The Highest
possible frequency of the command pulseg is /2. If n pulses
are sent in the interval.to the CP input, the average frequency

of the command pulses is n/t pps.<«We denote the fatio of the

‘two frequencies by p: /‘\\

= ﬂ{c—t S et (3.6)

Since the npulses are negative, the CP 1nbut is at the "g"

level in the interval:



nT p pt e (3.7) _
during which the'PDC count depends on the S input level. The
interval in which the CP input is at the "1" level is :

t - T = t(H-p) ----------------------- (3.8).
during which the PDC operates as a decimal counter. The
average output frequency from tﬁe PDC (while the motor ro-
tates) is obtained from table 3.]'and equations (3.7) and
(3.8). For S=l, the frequency is:

_1_{3;0 x {1 - p) t+0xpty-= 3[‘_0 (1-p) --(3.9)
For S =0) the frequency is:

1 £ x (1-p)t + £ x pty = £ (1 + p)omen(3.10)
T 1o PETE RPN T P

The command Eounter comprises two additional dehﬁﬁa]-counters
which divide the PDC output by a fa?tor of 100. Therefoqf,
..the range of the command signal frequency fc’ which is the
output of the command pounter, may be:

{UD'U (1-p) = f_ = %‘0‘0‘ (1 +p) =mcmmmemen (3.11)

Introducing‘fhe definitions: .

fr =f f°‘= pf} )
fﬁ being the reference frequency and fo tf 1/1000 of the
frequency of the command pulses entering the PDC, équatioh :
(3.11)'Becomes:

fr - fo < fr +

where the range of the factor p is ogpsl/2.

—_ -
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\

3.2.2 Velocity Contro]

In order to 1mprové the performance of the control
an additional feedback loop, which uses a DC tacho generator
as the feedback device, is added. The velocity command signal
VC and the tacho output are summgd to generate an error signal.‘
The error signal is fed to a stabilizing netwqu which is showﬁ
in figure 3.3.

The output of this network is amplifieé and applied
to the armature of the DC motor. The Servo Drive Unit contains ’
an amplifier and a stabilizing network for each axis of motion.
The staﬁilizing'network_éonéists of an operational amplifier
and R-C netwo#k. ) |

The Servo Drive Unit is basically a-veiocity controller
which controls the DC motors by a switching technique known as
Pu]se'width Modulation {PWM). To do this the Servo Controls
the width of ph]ses applied to the motor circuit, at a raté of
2000 pulse per second (pps). The-armature current produced is
refated .to the average puls;hyidth. Thus, varying the pulse
width effettiveiy‘var{es the applied motor vo]iage over a EOn-
tinuous range. _ *
3.2.3 . A/C Hardware(ﬂ .

The block ﬂqagram of*the A/C hardware system is shown .
in figure 3.4. Two perpendicular components "Fx" and “Fy" of the

radial cutting force “F_" were measured using two.different

R
dynamometers. The details of the design, static, and dynamic

characteristics of the dynamometers used in the A/C system are

L4

e ——————— - R
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L

-given in appendices I and II.

The sensor outputs are fed to an amplification unit
with adjustable gain. The amplification unit consists of two
6perationa1 amplifiers (Fig. 3.5) and has an output range of
0 to +.10 wolts. This is the voltage range acceptable by the :
A/D converters (ADC)‘used in the system.

| The outputs of the amplifie%s are connected to an

Analog-to-Digital Processor (ADP). The ADP contains ‘the
following circuits:

two identical 10-bit ADC's, a digital scanner, a code generator

and a status generator.

The data conversion begins, simultaneously in the two
ADC's, on the trailing edgé of a conversion command pulse. The
Tatter pulse is generated by the Data Reading Routine (DRR) 0%
the A/C program. The dat& conversion time is 20 microseconds.
At a.completibn of a conversion, the “status"-output of the
appropriate ADC sends a signal to the status generator.
JTheoretically the two sign51s are teceived simultaneously, but
in practice a time differénce might exist. Therefore, when the

second status signal is redeived, the status generator produces

- a pulse which is sent to set the flag of the DRR I/0 Channel

(lTocated on the interface board of the computer). The set of
the flag informs the DRR that the entire conversion has béen
accomplished ahdrthat the input data is available.

The input to the A/C program is a 13-bit ward consisting
of 10-bits of data plus a 3-bit code which is generated by the

code generator and identifies the ADC channel. 1In each cycle of
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the DRR only one of the ADC outputs is fed into the computer.
Each of the two ADC has its own code. The conversion command
pulse is also fed into the code generatotﬁand is used for
changing the code. The digital scanner picks up only one of
the ADC outputs, combines it with the appropriate code and
sends the 13-bit word to tﬁe computer. Thus, e Agc outputs
are selectedrsuccessive]y by the digital scanner.

In the DRR the data of each ADC is identified by
means of its code. TheJDRR runs in a closed loop during a
period of approximately 2.0 milliseconds, and then the pro-
gram is switchgd into the A/C policy routine. This means
that the latter will use the last data read from the conver-
ters. ' I
3.3 The CNC/AC Software System '

. The software was developed in a modular form, so as
to enable the operation of some programs independently of.the
rest of the software syétem, or without the use of all the
perepheral devices. These software routines may be divided
into three separate groups:

a) Control routines;' 
bj N/C data service toutines;
c) A/C auxi1i§ry routinesf
Superﬁisiné-a]] of these routines is a command
routine which allows the user to access any of these routines

easily from the teletype.

[~]
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3.3.1 Control Routines

Control of the milling machine is done #& a fore-

ground-background mode; thg/bompyter contindously Toops in the

\
A/C program until an interrupt occurs ciéiikg-ﬁ transfer of
control to the CNC routine which executes the N/C data program,
Interrupts occur at regular intervals, caused'ﬁy an extgrna]
clock. The routines in fhis graup, therefore, are:-

1) CNC routine - its purpose is to duplicate the operation

of a conventional N/C con ;oller. A preliminary version of
this routine was discussed in detail in References 57} and
(57} ' ' |

2) A/C routine - this program is used to control the feed

rate in\the adaptive contrel application.

3.3.1.1 The KC Program

The'genera1 structure of the NC program is shown in
figure 3.6. In-this program one can distinguish between the

“frame“ which enables the cooperation between the NC and the

A/C programs, and the major part which contains six subroutines:

- Point-to-Point. (PTP), Feed, Interpolator, Transient, Output and

Position. The NC program includes an additional routine
denotéd as the Initiator Routine. The main function of the
Initiator Routine is the loading of a new data block to the
memory ]ocations which the NC program is using. The “frame"
includes the fo]]owfng:.

1. When the interfupt occurs, the contents of the arithmetic-

¢ - .
unit registers are stored in the computer memory. This stored
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data is required for the continuation of the A/C program.

- 2. After executing the majo} part of the prdgram, the stored

“vyalues are returned and then,

3. ' The flag of the interrupt puises channel is cleared and

4, Control is returned to the point of interruption in the

A/C program. B ' &\
The principles of the six subroutines in the Con-

tinuator routine are as follows:- A

prP. :

In a point-to-point operation the axes move in the highest

feedrate. An interrupt pulse activates the PTP routine, and

* then henceforth, it starts to run in a closed loop supplying

command p@]ses, the frequency of which depends on the cycle

time of this Ibop. The rapid traverse is 158 inch/min; per
ékis.. A subtraction of the abpropriate counter by one unit
is carried out for each command pulse.

FEED

The Feed routine generates interpolation command in a rate

‘dependent on the feed-word in the data bleck. The maximum

rate of interpolation commands is equal to the frequency of the
interrupt pulses, i.e., 5000 per second. This is compatible
with a feed rate of 30 ipm according to equation 3.1,

INTERPQLATOR

Three types of interpolation are available: Tinear and two
circular interpolations {clockwise and counter-clockwise).

The principle of each interpolator ié a simulation of two
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Digital Differential Analyzers (DDA) integrators. The simulated
registers of the DDA's are loaded by the Initiator Routine. For
every interpo]afidn command which is produced by thé Feed routgne,
a single cycle of the DDA is simulated.

TRANSIENT -

This routine is activated upon detection of a transient condition
by the A/C program. A full explanation of the function’ of this
routine is given in Chapter‘S. |

QUTPUT |

If as the result of a DDA cycle, an overflow pulse is generated

either in one or two axes, this routine sends a command pulse

to the controller.

POSITION

For every command pulse the position counter of the appropriate
axis is decremented by one unit. A zero position check of both
counters is petforﬁed. When the machining of the current Seg-
ment has terminated {i.e. when both counters are zero), the
prograﬁ Jumps to the Initiator Routine, in order to load a new

block and process its data.

A detailed discussion of the operation of the DDA's is given in

68 :
Reference | }, and therefore will not be repeated here. A

complete listing of the NC program is given in Appendix III.
3.3.1.2 The A/C Program - / )

The flow chart of the A/C program is shown in figure
3.7. This program consists of three routines: Data Reading

Routine (DRR), Error Calculator Routine (ECR) and Feed-rate

o 7
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Calculator (FRC). The DRR receives the input from thé Analog-
To-Digital Processor and stores it in the appropriate memory
locations. With the completion of this stage an output pulse
CP is sent and simuitaneously the flag in fhe I/0 channel is
cleared. Tﬁe conversion time is 20 p sec, énd therefore a new
data will be available, approximately 11 computer instructions
after the output pulse. At that time the Analog-To-Digital
Processor will send a pulse to set the flag of the:I/O channel | ;
and a new cycle of the DRR will start.

Approximately every 2 m sec the program is switched ' i
from the DRR to the ECR. The time measurement is done indirectly
by'count%ng the computer instructions which are executed and
behrinb in mind that execution time of each instruction is 2
u sec.. Each time a group of instructions, either in the NC or
in the A/C program, is performed, a software counter (TC) is
incremented by the appropriate number. Whenever the counter
exceeds the value of 1000, which is equi#a]ent to 2 m sec, a
new feed-rate calculation takes place.

The ECR starts with the.calculation of the radial
cutting force FR from the two forcg signals, Fx and FY’ which
are 90 degrees phase-shifted. The cqtting force F is.then stored
and the control is switched to the peak holding routine. This
routine operates by recognizing only increases in sampled force
values over a period cor}esponding to the tooth period. The
The.édvantage of using the peak holding routine will be shown

in Chapter 4., The error calculator routine then tests for ‘%
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transient condition. This condition is identified by the absence !
of force signal for a period corfesponding to one cutter
" revolution or the sudden increase (by a factor of 2) in the
sampled force values. .

Accordingly, in cases of tool-work impact under rapid
traverse conditions or sudden increases in the cutting force
due to, for examp]e;/gfétep increase ip the axial depth of'but, ?
contrb] is switched to a transient routine. The strategiés -
used in this routine will be explained in details in Chapter 5.
therwise, the ECR calculates a'%orce error "ef" by comparing
the actual sampled cutting force with a predetermined "nominal”
value "Fnom". The value of "Fnom" is calculated before the
start of the work and set as constant to the computer.

Based on e A/C strategy described in ChapteF 4,
.the fRerﬁinne ca]cu]étes the new. feed-rate. fhe obtained

e g Sy,
feed-ratéd is &hecked to see.whether it exceeds &he extreme

-

limits. If it does, the limit which wasexceeded will be used

as -the new feed-rate. The new feed-rate i§ stored and the

computeé control 1s_tran§ferred to the Data Reading Routine to
receive a new input. |
3.3.2 NC Data Service Routines

These routiﬁésﬁmanipu]ate the NC data program so as
to exploit the 1nﬂerent capabi{ities of the CNC system.
1) READ Routine: This rdutine enables the computer to read f

an NC data tape via the high speed tape readef.

2) PRINT AND PUNCH Routine: This routine enables the user
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to obtain a listing of the N/C data program on the teletype or a
paper tape of the NC data program from the high speed punch.
3} DATA EDITOR Routine: This routine is used to correct and
edit the NC data stored in the computer.

4)  DATA DIAGNOSTIC Routine: This routine is helpful in de-

buggihg NC data prbgrams.

5)  CUTTER COMPENSATION Routine: This roytine performs a cutter

. radius compensation algbrithm on a stored NC data program
according to input parametﬁrs-entered via the teletype. The
use and description of the NC data service routines was discuks-
ed in détaiT in referen {?9}.- ' |
3.3.3 . A/C Auxiliary Routines

These routines service only the adaptive control
function. | .
1) INITIALIZATION Routine: This routine calculates a nominai
force (fc? use in the A/C routfne)according~to requested inputs.
2) TRANSDUCER CALIBRATION Routine: This routine prints out
values of the two channels of the ;daptive controller. -It is
useful 1in trangducer calibration.
3) DATA COLLECTION Routine: This routine stores and prints
the value of the radiﬁ] cutting-force "FR“ a§ calculated by the

A/C rouE}ne at each sampling interval.

b "5
L
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CHAPTER 4 g

ANALYSIS OF TRANSIENTS IN THE ADAPTIVE coytﬁpL'
SERVOMECHANISM '

~

)

4.1 Introduction : o N

-

This chapter deals with the A/C system’ from the'peint
of v1ew of its behaviour-as a servomechan1sm, i. e., mainly w1th
respect to the ‘speed of its response to step inputs and from the
point of view of stability. _

0f all the poss1b1e appl1cgt1ons of Ad%pt1ve Control
in mach1n1ng the one concerning the die s1nk1ng 1& perhaps
the most obvious and st?31ght forward. It is a ratural exten-

s 6% of the long estab11shed pract}ce in copy milling machines

"

‘where feed-rate used to be controlled from a sensor of the load

on the cutter. o L

The reasons for this application of Adaptive Cohtrol

.“are,'on one side, the prectieally unpredictable and usually

large variation of the Toad on theicutter, and dn'the other side,
_the vu1nerab111ty of the usually Tong and s]eqder end m1111ng '
cutters used in die work. - L '

Let- us consider an e]ementary example in fig. 4.1 of
a rectangu1ar cavity with a. s]oping bottom. -Its rough machiné
-ing starts w1th driIiing a flat bottomed hole in position 1.

A cutter with a comparat1ve1y Iarge diameter is used first

start1ng from this hole, moving to po1nt 2, point 3, point 4, - .

etc, Theﬁtut Aa represents high load by m1111ng width d and 3

"~ depth RA' The reset move b from point 2 to point 3 goes in

Nt .

- . . “ l. . ) .I ’ . 63
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lesser depth hB and still full diameter width. The section ¢
from pointl3 to poiﬁt 4 regresents milling width e which is
less than d/2. Cuts B, C, D, E follow with width e and de-
creasing depth of cut. After this operation stock f is left
to be removed by a smaller diameter cutter in the corners and
by a ball ended cﬁtter on the steps qf the sloped bottom. It
is obvious that Toads on these cﬁtters will vary again con-
siderably. 1In actual practical cases of dies the situation is
usda]ly much more complicated than in this simple example which,
however, illustrates well the point concerned.

Without Adaptive Control a safe, very low feed-rate
has to be set. With Adaptive Control varying the feed;rate 50

as to keep the load on the cutter at its full capacity large

‘savings of finishing time are achievable.

Thus, consideration is limited to the-rather simple,
constraint type A/C system with feed variation for constant
cutting force. Such a systeﬁ is, however, so ﬁar-the only type
of an A/C system uséh succesﬁfully in practice and seriously
considered for wider use in milling {63’6“}.
| | In such a system the‘maximum chaflenge is -- could we
pfogrém rapid traverse and let the cutter hit the part and
expect the system té slow down fast-enough s0 as'not to exceed

the set maximum force. The systems presently used in practice

switch off A/C for penetration of walis and for approach of

_ corners and program slow feed ‘rate. Another interesting question

is -- if the systems response is made very fast, how will it



B i TV
i

66

deal with periodic variation of the cutting force. This chapter

§s an attempt to give some answers to these questfons and
systematically investigate the dynamics of the.A/C.system with-
its three feed-back loops - velocity, position, force.

The work was based on a homemade CNC, A/C system
consisting of an NC retrofitted No. 4 vertical miiling machine

and an HP 2100A mini-computer, which otherwise is a part of

‘a Fourier Analyzer System. The equipment is shown in the

photograph Fig. 4.2 and it was described inclusive the soft-
ware of CNC and A/C in Chapter 3.

In the present analysis the NC servomechanism is
briefly summarized. [Its parameters and behavjour have been
experimentally established in all necessary detail {70}. The
analysis of the A/C system was carried ouf by simulation on a
CDC 6400 comﬁuter using a model for the velocity and positional
loops matched to the experimenta] reality and, of course, the
NC cont#e1 aed A/C algorithm being in software anyway, were
simulated truly. The crucial part is the transfer function
between the motion of the table and the cutting force which
is very complicated and depepds on many parameters. This trans-
fer function was studied in reference {59}, and some of the re-
sults obtained are used in this chapter. -

4.2 The Numerical Control Servoﬁechanism

The Numerical Control fNC) servomechanism, per one

axis, is_illdstreted in the block diagram in fig. 4.3. The

output from the mini-computer which represents the commanded

—

4
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position‘x com is converted from the series of pulse§ into phase-
modulated 2500 Hz in the hardwired positional discriminator
Dp, where also the positional feed-back signal fronm fhe synchro-
resolver is subtracted_and Fhe positional error ep established.
After amplification Kp it becomes the speed 'command which
enters into the velocity discriminator Dv represented by an
operational amplifier which acts simultaneously as a correcting
network. Its low frequency gain is 220 and its high frequency “
gain is 3.25. In this amplifier the velocity feed-back signal
coming from the Tachogenerato} is subtracted after multipli-
cation by a factor R1/R4. Varying the ratio of R2/R4 is the
most practical means of changing.the high frequency gafn in-thé
velocity loop. '

The servomotor 1; represented as a first order system
with a time constant tm = 0.032 sec. This representation was

found adequate as the time constant due to the inductance of the

armature is much smaller than the above. mentioned one which

results from the inertia mass of the rotor. The motor drives

the table through transmissions fnc]dding recirculating ball

Screw and nut. The transmission ratios to the tab]e/as well as

to the tacho and the synchro, which are driven from the Jead

screw are indicated in the block diagram.

The dead zone in the system which is due to the

flexibility of the mounting of the lead screw and of the nut

. and to friction in table gﬁidgways is negligible. The only

explicit non 1inearit*}in the system is the current limitation



-
in the servomotor. With the given characteristics of the

servomotor and the dynamics of the systém, this limitation does
not activate for velocity step inputs beiow 480 mm/min. {71}.
Thus, it does not'apply practically through the range‘of working
feeds at all and becomes active only for step {nputs of rapid
traverse.

This servomechanism has been 1nvestigaféd both
theoretically and experimentally and both these approaches
have then been matched and a rather accurate mathematical

model of the servo was obtained. 1Its parameters were adjusted

so that the presently used gains are -- the open position loop

gain = table velocity/positional error = 0.95 mm/min/um; the

open velocity loop gain = 950 y/y. Maximum acceleration ob-

tainable on the table is 478 mm/sec2 = 28.6 m/min/sec.
.These parameters.are well comparabla to typical NC

servomechan{gms of contehporary machine tod]é.

In order to be better able to appreciate the per-: f
formance of the Adaptive Control system which is built around
this Nﬁ servo, some of the basic characteristics of the NC
servo'alone will be presented here. A detailed d?;cussion of
thesé characteristics has been given by the author in a
previous thesis {70}.

Fig. 4.4 shows a record of the step input reSpoﬁse
of the closed velocity loop alone (Positional feed-back

disconnected). Lline a 55 the voltage input to the velocity

discriminatq\, Line b is the current analog showing current

'//X' L e W@
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limitation and Line Q is the tacho output showing the actual
velocity. The time cdnsfant of the response is about 20 ms.
this is a case of a rather large velocity command -- 580 mm/min.
For“smaller step 1nputs where the current 11m1t does not apply
and with a subsequent increase of high frequency velocity gain
a time constant of about 12 ms. was obtained. However, in
any case; the speed of the response is mainly limited by the
correcting network. In fig. 4.5 the calculated (solid line)
and experimentally estab]ished (broken Tine)} transfer function
of the open position Toop is shown.. The mea;urement was
carried out using a digital Fourier Analyzer. The graph;shows
that the system is safely stable. The response of the closed

position']oop to a step input measured as the tacho voltage

responding to a positional vamp (velocity step of 100 mm/min. )

command generated by the NC Control system is shown in fig. 4.6.,

The response time is about 25 ms. Cases a) and b) differ

in the velocity feed-back gain and show consequently different

degree of damping. | | ' |

4.3 The Adaptive Control Loop -
As mentioned in the introduction this is a rather

simple Adaptive Control (A/C) approach_ih which the purpose

is to vary the table velocity so as to keep the cuttfng force

constant. The A/C loop is added around the existing NC servo.

The corresponding'b]eck‘diagram is shown in figure 4:7. 1In the

‘software interpolator in the mini-computer the simulated

digital differential analyzers generate the X and Y positional

\1

(
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commands fromathe data of the commanded resulting velocity

Vcdm as well as-the ratio \__rx/vy of the component velocities,
The table is driven in the two coordinates by two servomec-
hanisms such as described in figure 4.3 and it moves the work-
piece W with resulting velocity v.. The cutting~force FR isle
functioh of velocity v and is measured by the dynamometer d
attached to the spindie. The design of.the rotary dynamometer ’
is described as_well as its interface with the mini-computer

in appendix I. The force signal is compared with the nominal
force Fnom which is the desired value at which the servo shou]d:
maintain the cutting force. The\result:of the comparison is
the relative force errof ec. According to the establjshed
vaiue of er 3 desired change of velocity is expressed -as ac-

4

celeration a = ¢(ef).- By integrating this acceleration the -

value of commanded velocity Vcom fis obtained” as frequency -of the
control pulses CP for the Digital Differential Analyzers in the
software interooiator which act as integrators_and produce_J
positionai commands Xcom', Ycom. |

In order to investigate the characteristics of the
A/ systef. it is fully satisfactory_ to consider motion in each

coordinate separate]y as if, e.g., a motion along x-axis only

were commanded It is'as well to consider the - positional

command just as a f¥nal limit of the motion and- rea]ize that now

the actual jnput to the servo is the desired cutting force'Fnom.

Consequently,hthe block diegram of figure~4.7 méyﬁbe.reconiigured
as shonn in figure:4.8 where the upper part shows the A/C Toop

4

- '_ /
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and the lower part shows the details“of the NC b]ock.
At the input of the system there is now the force
discriminator which gives the relative force error
&f = Fnom - Fact.
AFnom

The NC block ‘is shown in detail in the lower part
of the diagram. The notations are as in figure 4.3. The
positional error after amplification kp becomes the speed .

which after comparison with Nact gives

i i n
fcommand signal Neom

the velocity error e," The output of the correcting network
is fhePcommaﬁa vq]tage e of the servomotor. The current in
the armature of the motor is i . -
4.4 C]assjcal Analysis of Simplified A/C System
Full analysis of the A/C system will be presented

further on and it will be carried out numerically in the time
domain using state;space approach. However, in a - preliminary /
way a linearized version‘%f the system will briefly be discussed
first using the Laplace transforh épproach.

/ In this simplified way no current Timitation in the

servomotor is considered and the acceleration function is simply

a = Kie. % 7 Kac From = Fact cmmommmamcoooaaao (4.1)
F

nom

' + As regards to the relationship betwia:’gﬁgying force
o 59

and velocity it is important to refer to ==} ere it was ex-

plained,that there is an inherent time dePay between velocity

change and force change. To illustrate this point, assume e.g.
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that.tﬁe table velocity increases suddently while a tooth of

the Eut;er is cutting. The cutter will not sense this velocity
change fully until the reset tooth arrives in the cut, and the
chip thickness being the travel executed in the meantime. In-
c1ud1ng th1s delay in the transfer function F/v while neg]ect1ng
the per1od1c character of the cutting force, it may be written:

F(t)

Cv(t-1) =------ R L (4.2) ¢

¥

or

cv(s) e ™ aeene- SR, N (4.3)

F(s)

n

where s is the Laplace operator and T is the time period. between
Q/f*tﬁ%“%uttér teeth and the proportionality constant depends on
the material of the workpjece.and is itself, proportional to the
axii] depth of cut b and appfoxjmate]y proportional to the radial
depth of cut 2. -
. C = Kba (N/mm/seC) =-==--c-cccenmemmm e mm o (4.4)
Assuming first © = 0, and K, = 1150 (V/mm), the correcting net-
“work gains Ky (low freq.) = 220, K, (high freq.} = 2.2, servomotor
gaief K, =-3.5 (rev/sec/V), tachogenerator gain K= 1.28
(V/rev/sec), the transfer function of the A/C loop open at the

force feedback is: -

G(s) = F, ¢(s) = 1070 C K, (s + 45)" ) |
From(s) Foom > S{s + 23) 1sZ + 725 + 2560)--(4.5)

it is impdrtant to notice that the gain in the A/C foop
is variable and, according to equations (4.4) and (4. 5) it in- .
creases in proportion to the radial and axial depths of cut and

1t decreases in proportion fo the increage of F i.e., v

nom?



e

practically it decreases with the strength (diameter) of the - .

O

‘cutter.

»

. For illustration of stabj1jty maféins and of the
effects on them of the delay t in fhe‘putting force,.]et'us
assume a case; cufter\dfameter d = 20 mm, 4 teeth, cutting
speed Ve © 32 m/min, corresponding épindle speed N = 500 rev/
min, time period per tooth t = 0.030 gec; for feed per }ooth
f, = 9;1 mm, radial depth of cut.a = d = 20mm (sJotfing), axial
depth of cut b = 10mm, we may estimate the cutting fqrce F =
4200N. At these conditions the feed rate is v = ft/r = 3.33_
mm/sec (200 mm/min) which gives the constant K in equation
(4.4): K = 6.3(N/mm2/mm/sec), and C = 1260 (N/mm/sec). For _
safety of the teeth of the cutter we shall have to assume that
the cutter might be runnin§ at as low an axial depth of cut

as b = 2 mm, which would then for the same force lead to a

-

feed per'tooth ft = 0.5 mm and we shall take on top of this a

factor 1.25 and assume a target force Fnom = 5250 N.

Assuming fur{her the gain in the acceleration transfer function
equation (4.1) as Kac = 1, the corresponding Bode plof of
equation 4.5 is obtained as shown in figure 4.9, where the
phase curve 1) applies to ;he case with no delay between
velocity change énd cutting-force change. 1In this case on the
magnitude curve a gain margin yab = 372 is found. For values
of the acceleration constant higher than this the system be-

comes unstable. Practically, because the maximum possible value

of the force error is e = 1, this is also the maximum acceleration
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- [

‘beyond which the system becomes unstable. fntroducing_time

delays ©-= 30 ms .*and t = 60 ms . phase curves 2) and ?) are

obtained. It is obvious that the term e ~ Jrw

L 4
function equation 4.3 has magnitude 1, therefore the magnitude

in transfer y
curve in figure 4.9 is not affected by the introduction of these
delays. It may be seen that the delay t has strong inf1uen&e

on stability. The gain margins for Timit of stépi1ity are

summarized in table 4.7.

Table 4.1
t{msec) Kac;. (mm/sec?) ,flim(Hz)
im
0o _ 372 4.2
AN
30 180 ‘ " 1.8
60 . 98 o 1.5

4.5 Attempts at Dgtimizing the A/C System
The-actua1‘system differs in’several respects from the
one ana1y?ed in the preceding section.  Because -of that and .
also because we are interested in the response of the s&stem
in the time domain all the fol]oﬁing ana1y§15 was carried out
by the state-space method, i.e., by simulating the system on a
computer by using simple - relationships inciuding first order.
dif%erentia1 equatibns between the stafe variables of the
system and computing their variations in small time increments
T. The state.variables are indicated in the block diagram
figure 4.8 psing a sequence of subscripts on tﬁe letter x.
Let- the initial distance input .to the NC loop be N
. : | .
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A B
labelled as x,. The positional error after amplification KP
becomes the speed.command signal Noomr 1t ISt
ncom = Xg = KP(X‘H - X]]‘)'--"' ------- :--“"----1--—-;-*-(4.6).

. Where xj; is the fesoTver'éutput, the g;in in the D/A con-
ve}ter {s usually set'aé 7.0 V/mm. 'The—input to the correcting
network xg is defined as: h [

| Xg = Xs = X1g-Kp.RI/RE =mmmmmmsmcmcomoonaes i (8.7).
Where KT i's the gain of the tacho s;ated by the mandfacturer
as 1.24 volt/rev/sec, and x;4 is the output‘cf the servo motor

in rev/sec, R1 and R4 are defined in figure 3.3. The operation

of the correcting network is next represented by the following

i . L
- equations: -
X7 R2 + 272 Xg ==mccmmmnaonae s mmmm e ———— (4.8)
o _
and . . )
X6 2y, + Xpgecromcomm—mmememmmssmemmmmmmmm oo aoooes (4.9)
, 7 =
RT 3 ‘

‘where x; is an intermediate state space variable used in the

<

Iétate ﬁpace description of the network and xg is the“output of

_the correcting network (see figure 3.3).. For the servomotor,

.'there is the basic equation expressed by the transfer function

in figure 4.3: - .
K Xg = T X1p  Xyg ===--=-=--emecmcescacmoooooooo- (4.10)

A .
and the-armature current xgis expressed by the equation:

T N TN I — S (8.11)

where'Rm is the armature resistance and Ke is the co-efficient

>
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for induced voltage. In thé computation xo is never permitted
to exceed the permissible 1imit value.

Taking into-account the transmission ratio in the

mechanical drive, the resolver output-x;; is obtained from the

eipression:‘ - T
Y11 = X1g =dmmmeoCRemeooemmmccemcoecoooooan- (a.12)
.10
Further it dis: -~ i
Xz = X1 = Xpg =-me-eemmm--mmm-mmmeeeoooososesoooooe (4.13)
'Inom_
and
Xy € X3 m=-Rmcmmm et s (4.14)
where x;.= ec, X3 = Fnom’ X135 = Fact; X3 = a.

. . e
Using Buler's method, the integration of the above equations

were evaluated as follows:
x(t) = 1lim x(t + at) - x(t) = x{t + T) - x(t) (4.15)
st + 0 st T .

for a small increment of time at = T.

The most important relationship for the simulation

of the whole process is the transfer function between the

motien of the table as input and the cutting force as output

which in the preceding section was expressed by equation 4.2.

59 - -
Here it is .necessary to refer to 27} whétg a detailed

éna]ysis‘was presented of cutting forces in end milling. For
the "analysis of the A/C system, three cases based on this

reference are selected, It is_necessary to point out that the
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S
force vériation,'taking the usua]~case of a cutter with helical
teeth, depends strongly on the ratio of the radial to axial
depth of -cut a/b a@ of course on the numEer lof teeth of the
cutter. - {he three cases to be considered will all represent
s]otti‘ng, ,i‘e., the radial d'epth of cut 1s equal to the
diameter %f the cutter which we take again d= 20 mm; thus
it is a = 20 mm. S | ﬁiﬂh
In figure 4.10, t\qe cutting force variation in
slotting is shown. The axial depth of éut 1s-b =d = 20 mm.
Graph ‘a) represents the case of a cutter with 2 teeth,‘graph'
b) of a cutter with 4 teeth. In the latter case the force
is practically constant and it is 1.11 times higher fE;; the
péak force in the former case in which the force ;ou1d’be
approxtmated by |
F = A(T + Sin W t) =-mmmeemmemccccmeceemccmmcconcen (4.16)
whére w = 2uN 2, yhere N is the spindle sgeed in rev/sec and
z is the number of teeth. ' ) ‘
Although we shall be considering variation of the
depth of cut we shaill for simﬁ]icity keep the‘forms of force
variation as indicated. ' ) ' s
An importanf.feature is the transient occurring when '
thé cutt;} starts penetrating a wall. Figure~4—11 shows tﬁat
thé_peaks of the pe}iodic force increase rather fast and reach
the final méximum mostly at penetrations‘p much sma][qf tha;

the radijus r of the cutter. How fast this increase i;, de-

pends on the ratio of the axial depth of cut to the radial
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“depth of cut b/a; in this case this“isdidentica1 with b/d. 1In

case a) this-ratio is b = 0.8 d while in case b) this rapie is

b = 3.4 d. §lfn theTcase a) the peaks of the force reach their

final maximum value almost immediately after the first contact

of -the cutter with the wall; in the case b) the maximum isenot

reached until penefration p = 0.7 r.
Combining these various features we choose the fol-

lowing tht;e cases for investigations:-
. -
A) Periodic component of the force is zero (as in figure

4.10 b).  With sudden cﬁanges in depth of cut b,-the cutting -

force increases immediately (as in\;igure 4.11 a) exﬁapt for |

the delay caused by the: intermitten} action of cutter teeth,

o~
as it waﬂ exp1a1ned in. re]at1on to equation 4.2.

For this case our 1nvestigation‘wi11 concentrate on the
maximum possible speedaof the response of the system to a step
change,jn the Jepfh of cut b and on the question of stability.
B) " Force is periodic a§j1n figure 4.10 a) and in-equation
4.16 it increases as steeply with a step change in d;pth of cut
as in the previous case. S

| The problem of the response of the system to the periodic
wariation of the force will be discussed.

C)e Force is periodic as in case B, however,-if {ncreases
gradually with penetration of a wall as in gigure 4.11 b).

The transient behaviour df the-system when penef?ating‘
a ri1l (meeting a side of the workp1ece) will Re discussed.

“ -

It is further necessary to point out that the system reads



the actqa]rforce in finite iﬁtervais which are assuﬁed

'Ats = 10 ms.  Thus we deal with a sampled data system and
Qariqp1es X13 (acthal force), x, (force.error), x; (commaﬁzed
”acce]eration)l qu(positionalicommand) change in steps every
Ats =.10 ms . However, during every Ats tghy all-;emain'cen-
. stant. .

Case A

) {
Similarly as in section 4.4, cutter diameter 20 mm

-~

.As assumed with.N = 500'rev/MWn,’§ teeth, tooth period T‘f 0.030
Eec,_radia] depth of cut a = 20 mm., Norminal force “is set et
Foom = 4100 N, which e.qg. for'gn'axia1 depth of cut b = 10 mm
corresponds to feed per teoth.f := 0.1 Jmm, i. e v = 3.33 mm/sec.

Cutt1ng force formu]a 4 2 is not used here because
it represented a simplification of‘reality especially as ragards
the déTay between ve1oc1ty V and force F, Now31t will be
'accepted T ' 6( _ :
F = 205 ab (x13(t) = X1, (t = 1)} -mmmecaon- SR (4.17)
. The magnitude of the force Te\issumed-proportionat

1

to axial and radial depth of cut {the latter being constant in

the present cese) end to the actua1qfe;g)per tooth as expressed ¢
by table travel x act S X11 during the last tooth period. In

this way the de]ay between table motion and cutt1ng force is
included because: the force depends both on the present p051t1on
-of the table and on that part by a tooth period. A case is
simulated where the tabfépstart§ from zere ve]oc%ty and goes

through a cut with a depth b = 2.5 mm for an actual travel

{ -
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)

length x;; = 10 mm (firsF phase). There the7&epth of cut
suddenly increases to be = iO mm'(second phase). According
to equation (4.17T=tﬁe éteady state in the first part yith
b = 2.5 mm should be: ,

F_ = 4100 = 205 N/nm* 20 mm * 20 mm * 2.5 mm * f,

ft = 0.4 mm, v = 13.333 mm/sec. v

This value of v exceeds the rapid traverse velocity

which is set at 12.7 mm/sec. Thps, in the, first phase the'sys-
tem will settle at this velocity and at a corrgspohding‘force
of 3900N. In the se;ond phase, at b = 10 mm the system should
stabilize at v = 3.33? mm/sec and F = Foom = 4100N.

First, for the acceleration in the A/C 1oo0p the

formula is accepted: )
< - 2
a = Kac' L with Kac = 200 mm/sec ’ )

The resulting vefocity gfimotion‘and force are shoﬁn in fiqure
4.12 a) and b} respectively. In the first phaé; the velocity
stabjliies correctly at v = 12:7 mm/sec and the force at

F = 3900N. At the moment of meeting the step in the depth of
cut the force increases §ud&en]y to 15,600N. The system stéfts

to react rather fast and the force drops in 0.11 sec to Fnom:*

However, in this phase, the 'system is unstable. The difference

in stab%]ity of the two phaSeS is understood when we remember

- that according: to equation (4.17) the gain in the A/C loop is

proportional to depth of .cut b and thus, it is four times higher

'1n the second phase than in* the first phase. With these results,

it was decided to introduce a rat:\EErm in the acceleration
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formula: ‘
a =K, e+ B deg/dt mmmemmmmccmmmme e e (4.18)
Various values of the constant B were tried and for
B = ].6 mm/sec2 the best result was obtained as it is shown
in figure 4.13 which shows the variation of Fact-for-otherwise
the same case as ¥n figure 4.12 b}. At the point where‘depth
of cut suddenly increases from b = 2.5 mm to'b = 10 mm, there
is the same sudden increase of force to Fact = 4 Fnom which is
subsequqntly regulated down to Fnom = 4100N in about 110 msec.
However, after that tﬁe process remafhs stable.

- Next, a longer timE'ihtervaI is assumed between
individual cutter teeth 1 = 01060 s, as e.g. it would be
proéuced by s]oang down spiydle speed to N = 250 rev/min.
This results {B half the stéady state velocityin both phases
than in the preceding cases and, therefore, the rapiih;raverse

force

.

~
settles on F = 4100N and velocity on v = 6.66 mm/52i>)
epth of

Consequently, at the point of the sudjfn intreasé f

limitation does not séf in the first phase in which

cut the force shoots out to 16,400N ag 'shown in 'figure 4.14.
!

However, the longer delay t in the transfer function equation
(4.17) makes the system more susceptible to instability. There-

fore, the acceleration gain constants had to be decreased to

2 2
*Kac = 50 mg/sec and B = 1.5 mm/sec . Still, some overshoot
- remains at the beginning of phase two.
. N
Case B

A11 the conditions are the Qame as in the case A,
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except that cutter with 2 teeth only is assumed and thus with
spihdle speéd H = 500 rev/min the time_interVa] between cutter
teeth is r=0.0§05 and correspondingly also table velocities are
hglf of those in case A for the same feed per tooth ft. The

force is perjodically variable as in gigure 4.10 a) and as in

PO

formula(4.16) which in an-analogous way to equation (4.17)
becomes: >
F =93 ab (1 + Sin 105 t) {x;;(t) - x;;(t - )} ---(4.19)
Because of the value of =

of acceleration gain co-efficients are now used as in figure

4.14,

0.060s, the same values

.The result is shown in figu;é 4.15. The system
ﬁerceives mainly-the average of the perio?ica]ly variable
force. Therefore, in the first phase force is established
with peaks of 6550N as shown in graph a), while the velocity
reaches correspondingly high va1ue.of 11.77 mm/sec as shown in
graph b). In the seﬁond phase the peaks of the force reach
in average 8200N which is the double of Fnom. The velocity of
the system reproduces'the periodic viriation of thg force to
still a rather small extenf. | -

In order to emphasize the influence of the peaks of
the force on the A/C Toop and de-emphasize the readings of the
Tow values of the periodic varigtion of the force the acceler-
ation.gain is decreased to Kac = 10 mm/sec2 while the deceler-

ating gain is left unchanged:
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2 2
50 mm/sec , B = 1.5 mm/sec

It

ac

L.
< . ~:~
Fact Fnom, 1.e. ev >0, K

Fgct g Fnom, j.e. ec <0, K

2 ‘ 2
ac 10 mm/sec , B 1.5 mm/sec
The result of this change is shown in figure 4.16. The peaks

of the force stabilize now at 5108N and the peak at the point®
of 1ncrease 0 the dpth of cut reaches 19976N. This is an

" improvement to be paid for by the much 1onger time of increase

=
of velocity and force at the beginning. -

N
In this case the cutter has again 2 teeth and the

‘time interval between them is 1 = 0.060s as in case B. However,

this time we assume gradual penetration as in figure 4.11 b),
Also, in the first phase there is no cutting at all and the

system develops rapid traverse ‘'velocity v = 12.7 mm/sec with

which it meets the side of the workpiece and enters into depth

“of cut b = 10 mm. Acceleration constants are used the same as

in the last preced1ng case of figure 4 16.
The def1nit10n of the cutt1ng force 15 now ,

F=0.372rqba £X020t) = X330t = 1)} mcmcemceees (4.20)
where parameters r and q are defined in figure 4.717. The
values of r far penetration P> 7.5 mm represent the game
variation of the force as f1;ure 4.10 a) with a samptling
interval 4y = 10 msec and a period + = 60 ms while for pene-
trations P <'7.5 mm in the various ranges the teeth are out of
cut for various periods of time. The parameter q is discretized

as function of penetration according to figure 4.11 b). For

P> 7.5 formula (4.20) will give the same force variation as

", \



98

- oe
40443 82404 8AL3LSOd JdOg “UY 4aMOT Ing *da3s e ss04dy BupAoy SJU|LSueRL| 30404
- - L

098 . :
0€ 0] 00

0z
‘wou,, | d_ bg: ‘ :\_S_:: _ ao.og

3 TRV -W R

| (00001)
o _ - _ 1 ¢léc

, : (000SH)
) ‘ <] movm

(N .
sq|

FIGURE 4.16



p<05Smm

e

p<30mm

1 [

e

p<lS5mm

__1_J__[—p>15mn1

1

20+
10F .

005

Q t(s)

Parameters

25

5 plmm)

99

r and q For Force Formula For Penetrating a Wall

FIGURE 4.17



B T p———————————— L LTRSS

100

formuja,(4.19). The solution of this case of penetrating a wall
js shown in figure 4.18.- The force reaches a maximum of-15190N
and after about 0.280s: it stabilizes with peak values of about
5000N. ~ _ —
"Summarizing cases A, B, C: '
In case A with non periodic\torce it was possibie to bring
dqwn the sudden overload to the desired level in about 100 ms.
In steady state the force was kept to F h = 4100N In both
cases A and B where instant penetration was assumed it was
impossib1e to avoid the force reaching the peak corresponding
to the velocity before the cottact with the wall and to the
depth of the wall (in the discussed cases a peak of four times
the steady state force level)}. 1In case C with gradual penet-
ration, this ratio of maximum peak to steady state was. about
3. For periodic forces the use of acceleration ga;; 5 times
lower thaq/decelerat1ng gain lead to the peaks of force ex-

ceed1ng F only by about 25%. A more eff1c1ent technique

nom
in this respect is achieved by incorporating ito the A/C
algorithm a peak holding routine. The routine operates by
recognizing only increases.in sampled force values over a
per1od correspondlng to the tooth period. In this way the
system atta1ns a steady state with the peak tooth forces cor-

responding to F as shown in figure 4.19.

nom

\
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CHAPTER 5

EXPERIMENTAL RESULTS

-

5.1 Introduction L _
The use of the\tutting force as the control parameter

and~the contouring Velocity'as the controlied variable in NC
- contouring operations leads to a rather simple form of adaptive
control system, which, despite its simplicity, offers signifi-
cant potential savings in machining time. Of special impor-
tance is ‘the finishing time in die sinking which w{th-bon-
-ventional NC is rather Ibng due to the consérvative feed rate§
that have.fo‘be programmed to avoid cutter overload when the
tool encounters the irregular profi]e‘left by ‘the large dia-
meter roughing tools. To predict the roughed contour by
computation is possible, but calls for extremely large storage
and lengthy computétion.- The alternative of in-process feed
rate se]ecfion by adaptive control on the other hand, has
found practical app]icatioﬁ. The most severe test to which
the.system can be subjecfed is that of c011ision’w1th the work
surface. at rapid‘traverSE. Under these circumstances the
.cutting force rises vef% quickly and the feed drive must Se
capable of decéIerating to a safe speed befdre the force at-
tains a dangerous level. : . |

_ The results of the preliminary simulation studies
presented in Chapter E-demonstrated clearly that an A/C strategy
based upon equations (4.1) and (4.13)‘resu1ts in a system

103
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~ response yhich although adggyate_to cope with seyeral practical
conditions is totally incapable of preventing excessive cuttiﬁg
%orces during rapid changes in depth of cut. Simp]y‘intfeasing.
the A/C feedback gain K,. leads to instability in the A/C
Toop. On the other hand, it is equally clear frdm the resuL}g-f
of ear]ier~stﬁ?ies£of ;he NC lToop (see e.g. figure 4.6) that_n
the potential response of this system is not being fu1]y ex-
ploited by the A/C system.

6.2 Transient Cutting Forces in End Milling
To understand the transiemt behaviour of the A/C

system it is necessary Lo appreciate the transient nature of

the cutting prbcess immediately after too]-wprk impact. For
, t?e purpose of simulating the.cuttiﬁg force in transient con-
L dition, it is necessary to consider the motign of two sub-

' .. sequent teeth (in-case of a two flute end mill) on cycloids
composed of the‘t§b1e mption "x(t)" and the tool rotary motion
u."In this section, the cutting force is expressed as thé sum
of partial forces AFi each of them acting on a small part
ab. of the total|axial length b of the helix of the cutting

edge. As shown jin figure 5.1, starting with the leading point’
P of the edge, /the individual parts Abi ére lagging behind
each other by an angle of rotation of the"gutter ¢ where:

¢ = BD.TAN A/ T mem oo (5.1)

and X is the helix angle.

In order to take into account the motion of two sub-

' sequent~teeth on cycloids (see figure 5.2), it is at any given

i A
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moment

@ = WL+ ¥ - g e (5.2)
where,
& P

w = 180° and t s the tooth period
T

t is the time interval from the moment of first contact of the
Circle diameter of the cutter with the wali.

¥ is the initial angle of the tooth position-as shown in figure
5.2.

-1 is thé subscript of the Section ab concerned.

The total number of these sactions (and of the partial forces

AFi) is IB = b/ab.

Considering thus, a two flute end mill, the distance "DISTA™"

by which a tooth has penetrated the workpiece at time t is:

DISTA = xy;(t) -r +r cOS (r - a) ----- BT T T PSP (5.3)
‘Let Term = [COS (a) |
" Then ;
DISTA § x11(t) - r {1 - TERM) il (5.4)

Finally, the chil thickness "CHIP" is defined ds:

where K 1s a pr port1onal1ty constant depend1ng on the work-
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piece material.
The total radial force, at any instant is the sum of all partial

forces acting on all IB parts'of the edge, it is:

Figure 5.3 shows the computed results of radial force for a
two flute end mill penetrating a wall at 750 mm/min (30 in/min)
with a depth of cut of 5.33 mm (0.210 inch) and a helix angle
of 30°. The tooth force is calculated using equations 5.7

and 5.8, where K is assumed 690 N/mm2(1 X 105 1b/in2). Figure
5.4 ghoﬁs the computed radial force for the same conditioﬁs
used in the case presented in figure 5.3 except for a different
vaiue of the angle ¥. It is interesting to notice the effect
of the angle ¥ on the mfghitude of the first force peak.

Figure 5.5 illustrates the geometry and resu]ting radial force
for a 4 flute end mill with zero helix angle. Initia1iy, chip
thickness and therefore, force rise rapidly upon entry, then
harmonically change, followed by a rapid decrease upon tooth
exit. For the & flute end mill shown in figure 5.5 the first
tqoth can yield maximum'force-jn 4,1 milliseconﬁs fat zero
helix angle) at a -feedrate of ?SO‘mm/min. Overlapping of
adjacent teeth suBsequent]y leads to a constant cutting force.
The finite helix angle will 6f course, extend the tooth‘éontapt
times depicted in figure 5.5. For example, the initial too%h
contact period will become 14 milliseconds for a 30° helix

cutter at a depth of cut of 6.35 mm (0.25 inch).
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These values are calculated assuming that a tooth has
just missed contact with the work when the cutter envelope meets
the work surface and therefore, a complete tooth period corres-
ponding to 90? rotation is required before the first contacting
tooth attains its maximum force. *

Figure 5.6 shows the computed results of radial fbrce
for a four flute end mill penetrating a wall at 750 mm/min with
a depth of cut of 6.5 mm(0.26 inch) and a helix angle of 30°.
The constant K isAassumed 1330N/mm2 (2 x 105 16/1in).

It is observed that the first tooth does not attain
maximum force due to the effect of the helix angle, But the
maximum Toad is carried by the second tooth 12.5 milliseconds
later. Overlappfng occurs after one revolution and a rather
smooth cutting load is encountered after 3 revolutions.

| In Qigw of these analytical findings, it was de-
,Cided to conduct non-adaptive impact tests to determfne the
transient forces under these conditions. These tests were
conducted using the rotary dynamometer described in appendix
I, which is attached to the spindle of the milling machine.
Sample resu]@s are shown in figures 5.7, 5.8 and 5.9. Re-
ferring to figure 5.9, it is seen that after the feedrate
has accelerated to rapid traverse rate, impact occurs. The
force bu11dup'1s rather slow, particulgr]y during the first
100 milliseconds. The result of this experiment is therefore,
contrary to the one obtained from simulation studies and pre-

sented in figure 5.6 for the case of 4 - flute end mill. This
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result naturally throws .doubt upon the dynamometer force
measurements and raises the question -- is the dynamometer
perceiving the true transient cutting force?

| In an attempt to answer this question dynamic tests .
were conddcted on «&he spind]é system both with and without -
the dynamometer. Figure I.3 inrAppendix I shows the resulting
real receptance values indicating resonant frequencies of
480 Hz (without dynamometer) and 340 Hz (with dynamometer}.
Since the fundamental tooth frequency in the experiment was
40 Hz, 1ittle attenuation is expected in the dynamometer re-
sponse. There will be some attenuation of the harmonic con-
tent of the force signal, but this is not expected to be
significant enough to explain the discrepancies between simu-
lated and experimental force behaviour. C]eariyrwé must look
e15ewhere for the explanation.
5.3 Effect of Spindle Stiffness on Traﬁsient Cutting Force

It is generally accepted that the tool and its

clamping to the spindle represent one of thé most-important
sources of flexibility in a vertical knee type milling machine.
While the workpiece has usuaily a small mass compared to that
of the table and knee and is rigidly fixed to the table so
that it does not influence much the vibratory system of the
machine, the change of the tool and its clamping strongly
influencés the propefties of the‘systeg:
{72}

According to Tlusty , in a knee type vertical

milling machine, the static analysis would show the following
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important sprinés: the spindle and fts mounting, the attachment
of the cutter to the spindle, the-toréion of tﬁe upper part

of the upright, the knee and its connection with the upright.
The dynamic analysis will not find other "weak 1inks"1 It

will, howe#er, place in order the significance 6f the ones
resulting from the static analysis, ;howing that it is the
stiffress of the spindle wifh its mounting and of the attachment
of the\sytter to the spindle, which is responsibie for the
degree of stability, that the twist of the upper part of the

upright is of secondary importance and the knee and its con-

&

nection with the upright has prac;ica]Ty no effect.

The direct static stiffness of the sp?nd]e was
measured at the end of a 19.05 mm (0.;5 inch) dia. of a steel
bar used to simulate the end mill. The arrangement .used for the
meaSuremént is shown in figure 5.10. The resu]t-of these
measurements indicated that.the spindle systemfﬁas a static
stiffness of approxihate]y 5800 Nj;m(33000 1b/Tn) when a 38.1 mm
(1.5 inch) long steel bar was used.

The spindle flexibility will obviously.limit the

initial tooth penetration, thereby, reducing the transient

chip thickness and theréfofe the force. The mechanics of chip
formation under these conditions has-been'eprained in reference
"2} where the transient_chip thickness was shown to be dependent
upon the ratio of cutting stiffne{E}tp machine stiffness. The
higher this ratio the slower will be the force buildup.

To explain the phenomenan and to attempt to quantify

i -
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its effect, consider a case in which a tooth penetrates the
workpiéce in a harmonic fashion leading to a force fluctuation
given by: l

F = FI STN WE | cmmmmmmmcmcmma e e R (5.9)
and w-= 27N z, where } is the spindie speed in rev/sec and
z  is the number Jf—teeth. ?

| Subsequently, a second tooth cuts over the surface
Teft by the.first tooth leading to a further harmonic variation
in force. Thé resulting force would be given by the solid line
in figure 5.17 and expressed by equation 5.9 if no tool-work
deflection oécurred.

-

In -fact, the finite flexibility between tool and work-

piece reduces the chip thickness and with it the resulting force.

Subsequent teeth are thus attémpting to remove a thicker chip

than the nominal feedrate demands.

. ‘ ‘.ﬁ
~Yow let us quantify the effect of tool-work beflection,

During the first todth pass the tool will 'deflect an amount

. given by F{[Sin wt|, where.KS'is the stiffness of spindle.

S

If the original force F is related to the chip thickness by

‘equations 5.7 and 5.8, therefore in general:

-

F = K.b.h, Y
he = Chip Thickness

the cutting stiffness is defined as

Ko = GF = Kub mm e s oot (5.10)
CHH;. |

The actual chip thickness removed during pass 1 will thergfore be

Cd
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h = h_ - cutter deflection
C) c
= h, - Fl ------memerrmmc e (5.11)
Kg |
but the force F1 corresponding to the chip thickness hc is given
by: _
F1 = K¢ hcl'""f ------------------------------------ (5.12)
Therefore:-
hcl = h. - K¢ Doy =-===----------se-smmem—s————eoo (5.132
Ke )
or h = hc where p = °C ¢
C E
S
and thus
F1 = F | Sin wt]|----c--mmcmemmmmccmmccee e (5.14)
+ u

Ve u (1 +u) .

Generally the force equation becomes

n '
Fp= FlSinwt] (& () P"hy (5.16)
.

T+ q
P =" pass number ' !

Figure 5.11 shows the force buildup for values of u of 1 and

0.5. The force increases gradua11y5#rom its initial value of

F|Sin wt] in a geometrfb sequence to a final value of FISin wti.
1 4oy : |

For the cutting tests with Al. Alloy the cutting stiffness is

estimated to be KC = 1380.b N/mmz. Thus, at a depth of cut of
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6.6 mm (0.26 inzz)f/the éutting stiffness is 9100 N/mm (52000

1b/in). Using e spindle static stiffness of 5800 N/mm

" yields:,
u 1.58
It is obvious from the foregoing that this effect:
(/- will therefore, be highly significant and cannot be neglected
in further simuliation studies. The case of penetration wifhout
adaptive control is shown in figure 5.12, with » = 1.58 for
the 4 flute end mill. The corresponding case with a rigid spindle
was shown in figure 5.6. The rigid system attains maximum;
force 33 milliseconds after initial tooth contact. The
flexible system has only attained 53% of its maximum force
ih this time and does not develop the maximum until 250 milli-
seconds. ‘Tﬁe efiect of spindle flexibility is clearly demon-
strated and this result compares much more favourably with the’
experimental result presented in figure 5.9.
5.4 Adaptive Control Algorithm "A" .

| The results of the simulation studies presented in
Chapter 4 demoﬁﬁtrated that an A/C strategy based upon eQuatidns
4.1 and 4.18 results in a system response that is incapable ,of
preventing excessive cutting forces during rapid changes in
depth of cut. To take advantage of thk maximuﬁ response of
the NC system without causing instability in the A/C.]oop, calls
for a two level A/C strategy. During transient cutting demands
such as a step'ih.d:pth of cut, the A/C feedback will therefore,

call for a very rapid deceleration which will be allowed to per-

v

N
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sist only for a limited time before the A/C system automatically
switches to the siow acting or limited acceleration condition.
Re-entry to the.special action strategy will occur only if the-

sampled peak force exceeds F by a given amount,

nom
The-A/C strategy is as follows:-

» .

a)  For Facy < 10 1b (45N)

Vcom #-vmax = 30 in/min (750 mm/min) -------ce----- (5.17)
by For F ., > 10 1b ‘

Veom = +03 in/min (7.5 mm/min) «---c--oommomoemonmmn (5.18)

c) Condition {(b) held for 100 milliseconds after which Vcom

is controlled by the equation:
Vegn = § (K, ©f + B dec/dt} dtecmmommoommommmnnann (5.19)
To demonstrate the behaviour of such a syftem further
simulation results have been obtained for the rather severe
condition in which tocl-work impact occurs af'maximum rapid
traverse of 30 in/min (750 mm/min).
5.5 Simulation Results Using Algorithm "A"

o Simulated results Have been cobtained using the
special action algorithm expressed by equatfons (5.17) to
(5.19) with the fast action correction held for 100 m111iseconds
after its onset at a sampled force Ievel J; F > 10 1b. The
case considered first is the 4 f]ute end mill undpf the fol-
lowing conditions:- NA= 600 RPM,‘Cutter Diameter = 19.05 mm
(0.75 in), cutting stiffness is 9100N /mm (52000 1b/in),

Fnom = 1340N (300 1bs.) and cutting force bepahiour as given
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by equations (5.7) and (5.8). The tool-work impact velocity
is set to 750mm/min (30 in/min). With the new algorithm, and

assuming first a rigid spindle,the force and corresponding feed-

rate are shown in figures 5.13 and 5.14. After impact the
force tries to build up to 2800N (625 1bs.), however the fast
acting A/C system jmmediately reacts reduc{ng the actual feed
rate very quickly. Figure 5.14 shows that the feedrate re-
duces to its steady state value of 365 mm/min (14.1 in/min)
in approximately 45 milliseconds. During the same period, it
is seen that the actual force increases to 2240N (502 1bs.),
albéit only on a single tooth. The force undershoots the
value of F and then rises slowly under the control of the

nom
slow acting algorithm of equation (5.19) to Fnom‘

The simulation of the four flute end miil Was re-
peated taking into, consideration the spindle flexibility and
using v = 1.58. The results are shown in figures (5.15) and -
(5.16). Comparison of these r?sults with fiqures (5.]3) and
(5.14) show quite clearly that although the feedra%e response
remains substantialiy unchanged the transient forces now ex-

nom

simulation of a two flute end mill penetrating a wall at

ceed F by only 2 - 3%. Figures (5.17) to (5.20) show the

rapid traverse. In this case the wa]] was assumed to have the
same radius of curvature as the cutter envelope. The cutting
conditions used are the same as in the case of the four qute
end mill presented in figures (5.13) to (5. 16).

The feedrate response shown in figure (5.17). shows

4
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the demand for reduced feedrate being obeyed initially rather
rapidly under control of the fast algorithm and later more

slowiy as determined by the slow algorithm. The responsé for

the fTex{bTE spindle is shown in figure (5.18). It exhibits
slightly redﬁﬁgd damping but otherwise remains substantially

the same as for the rigid tool. The force transients for Eﬁq?‘ '

-

rigid and flexible spindle simulation are shown in figures~©y. f ﬁ
) >

In the former case the peak forces attain a value %

w—-\
(5.19) and (5.20) respectively.

of 3 times Fnom whilst the latter case yields only a 25% in-

crease above Fno " The value .of u used in the above simulation

n
is not unreﬁ]istjc, it is based upon the mea;ured spindle
stiffness of 5800 N/mm (33000 1b/in$ which is not particularly
low when oWe considers that the cantilever stiffness of an
end mill of diameter 19.05 mm (0.75 inch) and-Tength 76.2 mml
(3 inch) would be Jess than‘9100 N/ mm (52060 1b/in).
5.6 Experimental Results Using A/C Algorithm "A"

With the aim of experimenta11y'verify1ng the perI
formance of the A/C strategy (A/C Algorithm "A"), experimental .
results have been obtained under thelimpact conditions des-
cribed in the previous section. Test cfts under éifferent
conditions and using the‘rotary dynamometer described in appendix
I were’scheduled:
(a} Straight canstant depth and width prqfi1in§
(b) Variable depth a;d width profiling to simulate typical

variations on cutter load.
—
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<
(¢) Profiling in presence of air gaps.

19.05 mm (0.75. inch) dia. high s steel end mills
were used with two and four teeth. quﬁﬂifferent workpiece
materials were tested:

i)  Al. Alloy (95 BHN)
ii) Steel AISI 1020 (155 BHN)

¢

w

The first set of tests'QQS carried out with the

aim of verifying the ability of the system to reach and main-
¥ .

o
—

tain the prefixed constraint. '
Figure (5.21) shows the'experimenta1 response of the
A/C system for tﬁp different levels o% Foom when slotting (full
immersion) Al. Alloy (95 BHN). Figure (5.22) shows the ex:
perimental response .when slotting with a deeper cut (highgr

value of axial depth of cut). In these figures it is seen that

- the controlled variable (feedrate) adjusts itself in such a way

that the sensor:signal js maintained at a constant level. Hfw-
ever, qum corresponds to the mean value of thelcutting force.
The fluctuations of the force correspond to the individual
teeth bf the Eutter.

In order to control the peaks of the cutting force,
a peak holding routine (seehsection 4.5 - Cﬁapter 4) was added
to the A/C algorithm. The effect of controlling the peaks d%
the cutting force is showqhin fiéures 5.23 and 5.24. Figure
5.23(a).sﬁows the expérimgntal response obtained when s]otti;;
Al. Alloy with a two‘flute end mill, in the case in which the -

'peak hoiding facilify was supgresséd._ With ‘peak holding

-
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(figure 5.23 ,b) the feedrate is reduced such that Fnom cor-
respond§ to the peak forces. Figure 5.24 shows the response
in the case of a four flute end mill. Figure 5.24(2) is the
case with the peak Ho]ding facility suppressed.

Figures 5.25 and 5.26 show the expérimenta] response
of the A/C system when s}otting AISI 1020 at various values
of the axial depth of cut. For all the experimental results
presented so far, the feedrate reduces from rapid to its re-
qui?ed steady state value in less than 50 milliseconds. The
force traces indicate some cutter Tun out.

Experimental reiyjts were also obtained when s1ott€ﬁg
Al. Alloy witﬁ a long series end mill (76.2 mm flute length)

at two different levels of axial depth of cut. These results

_are shown in figure 5.27.

d

Figures 5.28, 5.29, and 5.30 show the experimental
response of the A/C system in cases of typical variations on
cutter load encountered in profi]ing. Figure 5.28 shows the
case of variable axial depfh of cut, figure 5.29 shows the
case of variable rédia] width of cut and finally figure 5.30
shows the case of slotting in E:jzence of an air gap. In these

figures, it can be seen that thg feedrate varies in accordance

with the changing cutting cond{tiqps in such a way fhat the

resulting cutting forée ié maintained at a constant level.
ii)The experimental results obtained with the rotary

dynamométer compare more favourably with the results obtained

from the simulation studies when including the effect of the
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cutter f]exibi]ity: The finite flexibility between tool and
workpiece reduces the chip thickness and therefore, the resu]f
ting force. .

In order to expgrimental]y verify the effect of the
flexibility between tool and workpiece on the transient force
peak during adaptive control, a table dynomometer (described
in appendix II)} was next used. The dynamomgter has a naturé]
frequency of 1100Hz and therefore, has excellent dynamic
characteristﬁcs. The shift from the rotary to the table
dynamometer results in a different value of static stiffness
“KS“. In fact using the arrangement shown in figure 5.10
(without the rotary dynambmeter).results in value of KS =
32515N/mm (185000 1b/in) for a 38.1 mm (1.5 inch) overhangs
This of course, means a féster force build dp in transients.
The tab}g'dynamometer is also simpler in its dgsign and re-
quired less frequent calibration than the rotary one. Sample
results obtained using the table dynamometer are shown in

fiqures 5.31 and 5.32.

Vi

Figure 5.3} shows the experimental Fesponse of the
A/C system, using the table dynamometer, when slotting AISI -
1020 at two different levels of Fnom with a 19.05 gm (0.75

inch) dia.”- 2 flute HSS end mill. Trace a) shows the .results

-~

obtained for Fnom = 660N (150 1bs). The system stabilizes at

75 mm/min (3 in/min) feedrate. I is also seen that while

the first tooth attains only 615N (140 1bs) due to the flexi-
bility of the cutter and the effect of the helix angle, the

o

.




146

walsAs 3/y jo asuodsay Eu:ue_.;waxm

W Gz = q ‘ULW/W YETSE = A “LLIW PU3 SSH @3NnLd g - .m.E uw G0°6L.°1eLaazey .v_._o_x 020l ISIV

Y

rd

ﬁ 0
v J.._.._\ v 1A
Lm SL°D
% i (g
/A T UL/
1nd3ng —» 585 {0 [* _
oyse]
0
/|
LM\ v v Wou uoo
UTW7H[SZ°0
{ Y
/ ¥
1nding UHL/W [ £Z070 At\

. oyoey

FIGURE 5.31

LR



147

second tooth attains approximately 320 1bs. For Fnom = 1320N

(300 lbs), the corresponding result is shown in figure 5.31 b).
The steady state feedrate in this case is 152.5 mm/min ( ;1 in/min). o
This experiment was next repeated using a 19.05 mm
dia. - 4 flute HSS end mill agﬁ the results are shown in
figure 5.32. 1In trace a) the system stabilizes at 105 mm/min
(4.2-in/min), while in Trace b) it stabilizes at 245.25 mm/min
{9.81 in/min). o
5.7 Effect of Spindle Stiffness "KS", CuttinéIStiffness "KC", .
§ and F_ on the Dynamic Behaviour of the A/C system ’ ?
5.7.1 Effect of K"
In order to study the effect of the tool Spind1e
flexibility on the A/C system behaviour, the state- Space

techn1que was first~-used. The conditions used are: - }

From = 1320N 2

K o= 25.4 mm/:ec - | : {
B = 1.0 mm/sec \ ' ’ v ‘
kg = 1380 b N/mn” Ydp . . o
b =6.5mm : o |
N = 600 rev/min ' R (
r ='§.52 mm

Considering first the case of a two teeth end mill, the
simulated A/C response to the cond1t1ons described in sect1on
5.4, for two different values of KS is shown in f1gures 5.33 and
2-34. Assuming first K¢ = 7030 N/mm (40000 1b/in), the force

‘~response Is shown in figure 5.33. It is seen that the response

=

Ut S
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becomes more oscillatory when decreasing the value of K. to

S
2285N/mm (1300 1b/in) as shown in fig. 5.34. The results of
the case of a 4-flute end mill (with otherwise the same con-
ditions as in figures 5.33 and 5.34) are shown in figures
5.35 and 5.36. The same phepomena-can be observed how%xsr,
to a lesser degree,

The classical linear control theory (root locus
analysis) is next used to better understand the ;}fect of
"KS” on the dynamic behaviour of the A/C system.

Referring to figure 4.3, the closed loop transfer

fuhction of the NC servomechanism could be written as:

. . ‘ »
Y(s) - g308.424 s SeC” mmmmmcmeeeo- (5.20)
X(s) Ts + 273127 (s + 14.970) '

[}
Including the effect of "KS"’ and the cutting stiffness “Kc",

the A/C Loop is added around the NC servo and it is shown in
%igure 5.37, where: - ‘ ) .o
d is the cutter def]ect1on in mm.
K'C will have the units N/mm/sec »
The open looep transfer function of the A/C system Hs:

Fact( ) = 6398.424 x B x K

g - (s + Kac/B)
Foom(s) M nom s(s + Kg) (s + 14.970) (s + 427.414)
| --(5.21)

Expression (5.21) ‘shows that for a constant gain in the NC
loop, the overall gain in_the system is directly proportional to
"Ks", the damping factor "B", and inversely propdrtional to the

nominal force “Fnom"'v The transient behaviour of the system will

IE

U U
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dependson the ration K¢ .
KT

C.

- 2
Let Kac = 25.4 mm/sec R

2
B = 1.0 mm/sec
Fnom = 1320N X
Kc = 1380 b N/mm
b =6.5 mm

Also, assuming a 4 teeth end mill rotating at 600 rev/min,

then K'. = 8970 = 224.25 N/mm/sec.

X
Substituting first with KS = 7030 N/mm in equation {5.21) yields:
Foep(s) = 38305 s + 25.0
F sT s{s + 14.970) (s + 30.936) (s + 42/7.414)

nom
The root locus of the above system is shown in figure 5.38.
The transient behaviour is hainly governed by two complex and
conjugate roots (- 7.864 I j 2.2481). This results in a
damping factor ¢ = 0.96 i.e. the system will exhibit no sig-

nificant oscillations in the time domain.

Substituting with K = 2285 N/mm in equation (5.21) results in:

Foo(s) = 10816 h (s + 25.0)
From©) $Ts ¥ 9.753) (5 + 14.970) (5 + 427.474)

The root locus plot of this particular case is shown in figure
5.39. The damping factor for this case is ¢ = 0.64. According-

ly, the following conclusions can be reached after examining

the effect of varying "Ks“ on the dynamic behaviour of tﬁj///,f’“

i
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system:

1. Decreasing the spindle stiffness }KS" results in decreasing
the overall gain in thg systém, however, the amount of damping
decfeases too mainly by shifting the pole - KS (see expression

: _ KTE

5.21) closer to the imaginary axis which results in increasing
the .amount of oscillations in the system transient behaviour.
2. This decrease in the amount of damping will be even more

pronounced in the case of a two teeth eng mill, since in this

case KS will be smailer i.e. closer to the imaginary axis.

K¢
5.7.2 "Effect of the'Cutting Stiffness K"
Consider two different cases: ~
i) Kc = 3465 N/mm |
B NN,
ii) K. = 13860 N/mm ! | / ' ¢

and assuming 4-teeth end mill rbtating at 600 r‘"’min, then:
i) K'c = 86.625 N/mm/sec
ii) K'e = 3%;.5 N/mm/sec °

Considering that K. = 7030 N/mm

S
Fnom = 1320‘N ) ,
' 2
Kic = 25.4 mmPsec & B = 1.0 mm/sec

Then, the coFresponding open lcop transfer functions are:

s1) Fyoels) = 34,305 (s + 25.0)
5T sTs T 149707 {s + B80.438) (s + 427.477)
nom Ll

e



e

159

1) Fooels) = 34 305 (s + 25.0) ‘
2c ST + 1A 9707 (s + 20 T08) (s + 437 .4T4T

nom‘ S

The corresponding root locus plots for equations (5.24) énd.
(5.25) are shown in figqures (5.40) and (5.41) respectively.
For the first case shown in figure (5.40)}, the system is
ciearly overdamped since a]l‘the roots 1ie on the real axis.
However, we should expect a slow response due to ;he proximity
of the ffrst root {- 1.806) to the imaginary axis. Increasing
K'C to 346.5 N/mm/sec results in the root locus plot shown in
figure (5.41). Two complex aﬁ‘\conjugéte roots, (- 6.509 :
will mainly govern the transijent béhaviour of tHe s&stem ré-
sulting in a damping factor ¢ = 0.67. '
Accordingly, the fo]iowing conclusions can be reached:
1. Small values of K‘c results in s]éw system response and
overdamping. Py '
2. At high va]ues of K'c, the amount of dampiﬁg decreases-
and the system behaviour becomes oscillatory.
5.7.3  Effect of the Nominal Force "F "

Consider the case where: i
Kg = 7030 N/mm; K'( = 224.25°N/mm/sec
K

2 -2
= 25.4 mm/sec ; B = 1.0 mm/sec

. and Fnom takes fﬁo different values:
i) Fnom = 3960 N -
i) Fnom,= 660 N

The cofresponding open loop transfer functions are:

 j 7.026)

KRS



Qe "]

0t 7

or 1

0§

waqsAS 3/y PIZ{JeaUL. 3Y3 SO J0[d SNOOT 200y

[4
\“l].lu& o -
q .
J , . N,
. . L
I | | I oo I | i I
£ 3 D -~ o w ﬂm = I <D
o o o S .) 8 o =] = o . ©
] | | [N m* _ I ) ] ] ——— L x—-
N
' . o
- ‘ o
‘ ! - | |
F /,. . SOEVE =
(pLy’ (zb + $) (bep-0g ¢ 5) (046 WL + 5)S
) - (0°62 + ) X = ﬁwvzu
»
. -

S .\l..l‘.l.ll.l...l..l.tlnl"}\ ) 3

. FIGURE 5.40



161

?» - _ wa3sAS 9/y pazi4eaul 8y} J0 30ld SNO0T jooy
. 0§77
ov..n. . : - < , ~
0™ .
02— f . / ,
. o . . . T . - _
oL~ fv__‘ to ! _ _ ! | _ | Loy L L .
Tz 8 ¥ 858 ¢ g8 a2 .8 8 8 s 8 8 S
m_xm 1 o 1 N | 1 1 i 1 1 1 el 1 —_—— 1 ..x-
. Y= '
feau | M
1
01
0z 4 .
0€ o
»
o | T . SRR .
_ _ - : ~ SOEYE = X
0s - ! e . (p1p'£2p + 5) (801°02 + S) (0L6°61.+ SIS
Ao 52 + 5Y =3 = Amvzu

. _.,._.t . 8 . .. ) "

e ——————— e ———

" FIGURE 5-.41




162

1) Fo(s) = 11436.642 s + 25.0 S
L siS + . S + S 4+ N
Enom(s) )
-  iemeees (5.26)
i) F_o(s) = 68619.854 (s + 25.0)
S {5 * T4.970)(5 + 30.9367(5 * 42747147

nom

It is seen that decreasing Fnom increases the gain in the .
system and acéording1y decreases the damping as shown‘in the
corresﬁonding‘root locus plot in figure 5.38.
5.8 Adaptivé Control Algorithm "B"
A second strategy is presented in this seétion to

_ cope with the collision situation discussed previously. The
A/C strateqgy is as follows:
a) For F,.¢ < 10 1bs (45N) equation (5.17) applies.
b) For Fact > 10 1bs (an event wﬂich occurs at time
. t = Tsec, say) |
| Voo = 0:0

Xeom = 0.?
fdr T ; ts T + 0.040 sec.
'C) .Cond1t10n (b) held for 40 m1l11seconds after wh1ch V
is controlled by equat1on (5. 19)

d) for (T + 0. 040)Sec < t ¢ (T + 0.140)Sec.
| The gain "GNC“.in the NC 1oqp s reduced to Gy./3.
- 3) At t-a T + 05140-sec. the gain in.the NC loop is Gye
| }Thé:condition Veom = 0.0 is achieved by a special’

‘electronic circuit interfaced with the NC controller. “This

=~
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circuit is described in Appendix V. This circuit is also
used to reduce the gain in the NC loop to f/3 its“original
value for a period of 100 mj]]iseconds. |

The condition X_ . = 0.0 is achieved by modifying
the NC program in such a way that at time t = T, the flow
of pulses from the computer to the NC contro]]er is 1nterrup—

ted for a period of 40 milliseconds (see figure 3.6).

5.9 Exper1menta1‘Resu1ts Using A/C Algorithm "B"

With the special action algorithm presented in
section 5.8, it was possible to stop the rapid feed rather
fast. In figure 5.42, records are reproduced ehowing the force

and table velocity in such a transient and using the table

dynamometer. Figure 5.42 a) shows the results obtained -when

slotting AISI 1020 with a 19.05 mm dia. - 4 flute HSS end mil].
The axial depth of cut in this experiment was 2 mm. It is
seen'that a complete stop is achieved in about 20 msec, then
the tab]e acceierates slowly again to a feedrate which corres-

ponds to the nominal force F - In this case even the f1rst

tooth did not produce a force h1gher than F om and, after the

initial stop it took about 0.5 sec to stabilize cutting at the
nominal force. The fluctuat1ons of the force correspond to the
individual teeth of the cutter,

‘In figure 5.42 b) the experimental A/C'response is
shown for the case of slotting AISI 1020 at an axial depth of
cut of 2.54 mm. The system stabi]izes at 250 mm/min steady

state feedrate. In both cases presented in figure 5.42 a)

¢
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and b) the interval between the individual teeth.wﬁs 25 milli-
seconds. .

Thus, it is obvious that the table can be stopped
between the first and second tooth engagemeﬁt. It may be con--

cluded that the flexibility.of.the cutter makes it possible to

" approach the workpiece wall with rapid traverse. Thi§ will be

illustrated in more detail in the following section,
5.10 Analysis of the Effect of Cutter Flexibility on the
Force Peak in Adaptive Control Tests
It was shown so Far that in an adaptive control

system for end milling where the control criterion is to hold

‘the force acting on the cutter at a value safely below the

force which would break the cutter, the critical situation
is that of a transient and it is typified by the case of the
cutter moviné fast, with a "rapid feed" fr and entering the
wall of the workpiece.

If as shown in figure 5.43 a) the cutter arrives
at the wall in such én angular position that the tooth just
slightly contacts the wall, this force signal can, be used to
slow down so as to prevent the next tooth to be overloaded by
the very large chip thickness equal to the feed per tooth ftr
dgrived from rapid feed'ftr = fr ’ whe;e N is the spindle

" ' N x z

&
bt

speed and z is the number of teeth of the cutter. 1If, on-tﬁe
contrary, the first tooth just misses the cut as shown in b)

then by the time the next tooth arrives to cut,'the cutter has
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The Transient of Cutter Entering a Wall

FIGURE )5.43' .
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already progressed too far and even if tﬁ% feed was stopped
immediately the tooth would be overloaded. Thanks to the
flexibility of the spindle and of the cutter the situation b)
actually does not arise as.shown. The cutter deflects by the
amount y and the actual chip thickness is smaller by this
amount. While it is the cytting force FC which may break the
cufter, it is its normal éompbnent Fn which causes the-deflection

Tlusty 7 invest%gated the essential features of the
effect. In his analysis, the author assumed that there is only
one tooth cutting and that the forces are proportional'to chip
th1ckness h and to the axial depth of cut b.

_ The worse case corresponds to the largest value of b.
Such value bmax d@y be corre]ated to the dimensions of the
cutter mainly froﬁ_the point of view of chatter and this will be
discussed in the next chabter. Thus, )

Fc = Kg b s Fn,= 0.3 Feoommmmmmomom oo ; ------- (5.29)
Where for milling steel a value of Kc = 2000 N/mm and the ratio
0;3 may be taken as typical. It is: |

hee fe -y .y = F kg ) v
where K, is the stiffness on the tool. If we denote the ratio
of ihe.cutfing stiffnes; to tool stiffness

W= Ke

ke | |
we may write' '
he= fy - 0.3 F, Ky = f, - 0.3 K¢ h b/Ky

A
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ho® £u/(1 + 0.3bp) m=cmsemmmcmom e comnnes (5.30)

In the denominator of equation (5.30) the second term will

usually be much larger than 1.0. Therefore, (5.30) can be
simplified as

ho= fu Ke/0.3 b Kp mmmmmm oo (5.31)

and, using equation (5.29), it is:
Fe = ft K1':/0.3_ ------------------------------------ (5.32)

He will now set this FC equal to the maximum force FC max

which would cause a stress o safe below the strength of the

cutter

. 3
FC max = n d

32 L
¥ . 2
where ag = 15C0 N/mm .

Assuming further that the spindle is absolutely rigid

and donsidering the flexibility of the cutter alone (which leaves

us on the safe side), and adding a factor of 1.5 for the

flexibility in the collet the stiffness on the tool is:

N
Kt = md B e e e ee (5.34)
3 -
1.5 x 64 L

Combining equations 5.32, 5.33, 5.34, an expression is obtained
for the maximum rapid feed per tooth f.  at which the first

force peak will just only reacﬁ the maximum pérmissible force

Fc max.

2
ftr = 0.9 g L , where L is the cutter length
E d

PN
1

2
and for E = 30 x 10 b/ir ,



=

This rapid feed may be very large. For i11ustration the values

of ftr and also of the rapid table velocity fr (mm/min), assuming

cutting speed V = 40 m/min and 2 teeth for d = 6.25 and 12.5 mm
and 4 teeth for d = 18.75‘and 25 mm, are given in table 5.1 for

selected sizes of tools.

ftr(mm) : fr(mm/min)

1/d  6.25 12.5 18.75 25 6.25 12.5 18.75 25

50 2.6 1.3 0.9 0.6 10400 2600 2320 1300
75 5.8 2.9 1.9 1.4 23400 5860 5200 2920°
108 10.2 5.1 3.4 2.6 41700 10400 9200 5200

T4y -
Table 5.1}



CHAPTER 6

CONSTRAINTS IN ADAPTIVE CONTROL WITH FLEXIBLE END MILLS
6.1 Introductian

Finish end milling with rather flexible:cutters may
substantially be speeded up by using an adaptive control system .
controlling the cutting force, while the setting parameter
is the feed rate. The control criterion is t6 hold the force
acting on the cutter at a value safely below the force_which "~
would break the cutter. The flexibility of the cutter is
beneficial in attenuating fhe overload in a sudden transient.
solution. The force signal is used to recognize the entry
into and the exit from the workpiece by the milling cutter.

In addition to the force constraint discussed prev-
iously, two other constraints, to be taken inﬁo account, wij]
be discussed in this chapter, namely: chatter énd overload of
the cutting edge. |

During machining of metals, diffe:ent kinds of
vibrations will occur in the machine tool structure. These
vibrations will lead to mare or less periodical deviations in
the cutting geometry.- @mcng other things, such as the noise
and the increasing tool wear, the vibrations result in a wavy
surface of the wonkpiece gpd in this way the quality of the
product is impaired. - N

From‘eir nature, two major kinds of vibrations are
distingutshed, viz., forced v1brat1ons and vibrations induced

by the cutting process itself {-é}.

170




171

Forced vibrations can be caused by external ex-
citation, e.g. externa]'distu;;;;;‘;érces in the machine foun-
dation; by machine components, e.g. inbalances and tooth
impacts in the drive or in the gear train of the machine.
Forced vibration is rather easy to contro1; since it can be
preventgd by eliminating tgp disturbance {75}.

Vibrations caused by the cutting process can be -~
distinguished into free vibrations and those which are self-
induced {76}. "free-type“ vibrations generé]]y are of miﬁor
importance, because tﬁey will be damped in a very short period
of time. This type of vibration can be caused by the shearing
procdss, the instability of the built-up edge and the inhomogen-
eous nature of the wbrkpiece-materia1. |

As distinct from the vibrations‘mentioﬁed before,
self-induced vibrations are caused by a dynamic force, generated
by the vibration itself, which becomes extremé?y violent.
Characteristic for this type of vibration is that the fre-
quencies are always apbroximate]y équal to the natural fre-
quencies of the machine tool structure. Commonlj known as
“self-excited chatter“,‘particuiarly this type of vibration,
which is of a very complex nature, should be avoided.

Chatter in end milling has a rather .special character.
}n'this chapter an attempt is made to investigate some of its
basic‘fegtures with~particular emphasis on end milling cutters
with high flexibility. | '

There are two basic‘forms of edge'overload. One is
P L]
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purely mechanical aﬁd most often it occurs as the breakage
of the tipeof a tooth under heavy feed. The other is more
of a thermal nature and_it results from a high product of
speed and feed and it occurs as rapid wear of a softened
edge material. Very 1ittle data has been published about
either of these phenomena. In this chapter, however, a re-
view of the basic features of these phenomena will be pre-
sented.
6.2 The Chatter Constraint
. ~ According to Tlusty {77}, in dealing with chatter
problems from the practical point of view, three main aspects
— ‘

are distinquished as it is diagrammatically indicated in '3:h
Figure 6.1.
' The machine tool structure S représents a three
dimentional multi-degree-of-freedom system carrying the tools
at one point and the workpiece at the opposite point. The ;
rtools T may be a sing]e one (turning, boring, etc.) or multipie
(miiling, broaching, etc.). Vibration Y of the system S in-
fluences the cutting process C producing forces F acting on the
structure and exciting vibrations Y? thus c1osihg the loop.

The most powerful sources of self-excitation, those .
of "regeneration” and of "mode coupling" ate associited with

the structural dynamics of the machine tool and the feedback '

. 78 - :
_between subsequent cuts { }. ~The existence of negative
damping in the cutting process is another_aspect of chatter

7 . : .
,{ QQ, and is considered by some researchers as a necessary con-- -

- -~
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Structure, Tool, Cutting Process in the Closed Loop of Chatter
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. . . ) " {.80}. ' .
d1i1en for chatter to occur . _ . .

The regeneration mechanism is based on the fact that
the vibrating teo1 T, Teaves an undulated surface with am-
plitude Yo (see figure 6;1).. s surface is being cut by the -
following tooth T, of the milling cutter, which again ]eaves an
uneu1ated surface behind, with amp11tude Y The 1imit of
stability is therefore IYI [Yo].

The three aspects of structure, cutt1ng procese and
tool act d1fferent1y and have different practIca] s1gn1f1cance
a) Assuming a single tool case and a s1ng]e-f0rmu]a for the
cutting force: ' ' S

Fo= br (Y yo) —ommnoo. S AW (6.1)
Where (Y - Yo) is the variation in the undeforméd chip thick--
ness, b is the chip.width and r is the cutting stiftness
(qo-efficient‘of proportiona]ity) and js assumed to be a real
number. The force.varies iq\phese with chip thickness variation
and ‘'no damping {either posittve or negative) arises in the

-
.

chip formation process.

: ' 7
In such a case the Timit width of chip is {,2}:
by. = - | T e _------;fi-xm»aL;.zf
SERRL Zr R (6T .

. e min , | /

Where Rq (G)min'ﬂs the magnitude of the minimum of the real

- part of the transfer function of the structure, oriented with
respect to the d1rect1on of the cutting force and to the;
direction of the normal to the cut surface.

b} Reﬁeneret1on pf v1brat1on can be d1sturbed and stability

« ‘ -/
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of machiniﬁg 1ncreasgd by various kinds of special designs
" of multﬁ-pbint cutting tools o8y specifically, ﬁi1ling
cutters. '
c) It is generally accepted that damping.is generated in
the cutting process which can'réthér strongly affect chatter
773 The ﬁnowIedge o% this damping force is most significantl
for-a proper choice of cutting data. . This is particularly
valid for NC machining where the knowledge of the limits im-
posed by chatter on the choice of speeds and feeds for a given
machine tool and a given tool is very'importént in order to
obtain stable machining with maximum output. |
There is another reason for studying the effects of ‘
cutting data on chatter and that is tﬁ make it possiBTe to
interpret results of exciter tests of machine tools expressed
in transfer functions,'so as to translate them into the co}-
.respondinﬁ.metai remova1-rates. ' \
6.2.1 Measurement of Dynamic Data by Excitation Tests
_ Exciter tesgs were cqfried out in order to measuré
thé tran§fer function at the.end of a mandrel representing the
tool. Other measurements were carried oht on the chuck, the
quill, and the head of the milling machine. Most of tiese
tests were done with a relatjve vibration pick-up (capacitance
type) between the dummy tool end and the.table pf the machine.
Some’ of these tests were done using a velocjty pick-up.
Excjtation was by hammer bloﬁs. For .each test,. an average of

. , »
10 medsurements was. obtained and the resulting real and

£ C .
-
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imagiﬁary parts of the receptance were plotted using the
Fourier Analyzer. In order to improve the results obtained ‘
from these tests, the mandrel was bre]oaded_with approximately
30 kg in all of the measurements.

In the first set of these tests, a 63.5 mm(2.5 inch)

. diameter steel bar was placed in the collet with an ovérhang of

38.1 mi(1.5 inch) to simulate a shell end mill. Figure 6.2

shows plots of the real ;nd imaginary parts of the réceptanqe

(in the frequency domain) generatéd by hitting_the end of the K
sfmu]atgd tool in the longitddirnal, X-dirgttions with a force

transducer and measuring the vibration at that point with a

(/rﬁﬁjfzzpacitive probe.. The frequency range covered was 0 to 2500 Hz,

Main modés-are.70, 225, 490, 740, and 790 Hz. In figure 6.3
the transfér function is rebroduced, measured similarly as fn
figure 6.3, but if traverse Y-direction. Main modes appear‘to
be at 160, 450, and 485 Hz. |

A second set of shock excitatioé tests were per-
deu(d using a 19 mm (0. 75 inch) diameter steel bar placed in
the collet with an overhanﬁ of 38.1 mm (1.5 1n£h) to simulate
an énd mifT. The measurements shown in fidures 6.4, 6.5 and
6.6 were taken in X-direction.

?igure_6u4 shows pIgts of the real and imaginary ﬁarts

oflthe receptance generated by hitting on the chuck with a force

‘transducer-and measurirg the vibration at that point with a .

capacitive probe. Main-modes are 275 and 650 Hz.

Figure 6.5 shows the results ained when the ex-

~ - . v
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citatton and the vibration are measured at the quill of the

Lmilling machine. Again, main modes are 275 and 650 Hz.

-

Stmllar measurements were performed in Y d1rect10n
In figure 6 6 the result1ng transfer funct1on is obtained by
hitting on the chuck and- measur1ng the v1brat1on at that point
using a ve]oc1ty pickup,

Finally, figure 6.7 shows the transfer function ob-
ta1ned by hitting on the chuck and measuring the resu]ting

v1brat10n at the end of the mandre] using a velocity pickup.

6.2.2 Cutting Tests_

Cutting tests were carried out by end milling 1020
stee] and Al g9 Alloy with several types of end milling cutters.
In these tests, it was decided to use the cutting force signal

produced during mach1n1ng to detect chatter v1brat1ons ‘For

this reason, a special dynamometric table waS'designed and

constructed in order to withstand the very high cutting forces
. L

- produced duri@g_chatter tests. Using this dynamometer, the

cutting force was monitored during cﬁttin§ by means of four
piezo—eltctric transducers (typet PCB 218A )

two in each of X and Y directions. These trahsducers are

very rigid and consequéntly Aave a2 high natural frequency,

( 68 KHz.). For each of the four force components, a pro-.
portional chérge signal is produced in the'measuring'eTement
The charge signals produced by the two piezo-electric trans-
ducers in X direction were summed and fed to a charge amp11fier

where the resulting charge signa] 1s gonverted into voltage

L)



$.182

ZH

BT LT Tl

1]

uer3ouny mew:mgh paJanseay
14

0521 0001 iy 005 082 0

] ,_ o 1y

FIGURE 6.6

0°0

. —{ 0°s
o | (b
o N/S/W




-

183

P O L /]

ZH |-

- R i T Tl
: " UDL3IoUNS JDSURM] paUNSeal
3
V 0S/1L 00S1L 0521 . 0001 *omm 00§ 062 0
, _ _ _ _
| | | n 1

FIGURE 6.7

— 0°S
(,-ou)
N/S/u




KT A T s T e T S A VR € T v, e

s B |
which was-recorded by meehs of an ultra violet (U.V.) recorder.
A similar arrangement was provided for the “transducers in Y -
axis. During cutting, vibration was aiso simudtaneously
measured at the lower end of the head stock using a Vibration

pickup. The workpiece to be m@gh1ned was c1amped on. top of the

«,A&namometer The dynamic¢ characteristics of the dynamometer

are showm in figures 6.9 and 6.10, measured in ‘X and Y directiong
respectively. s
In figure 6.9, the Fransger function o{;the dyna-
mometer is measured in X directien using the shock excitation.
technique. Trece a) shows a constant magnitude up to 750 Hz;

-
while traces b) amd c) show the corresponding real and imaginary

parts of the transfer function. {;ii;e 6.10 shows the results

of the measurement performed in Yirgction. Trace a} in this
figure shows a constant magnitude up to 850 Hz.
In the cuyting tests presented in this section, the

cutting-con?ntions eed, cutting speed; tool Qeometry, materia]

of the workﬁiece and radial width of cut) were kept constant

during each experiment wh11e the -axial depth of cot’ was in- U

-’

creased in increments unt11 chatter occurred, Records repro-

‘duced in figgre. 6. 1 represent chatter vibration measured

when down milling with feed in X d1rect1on, and using a 63.5 mm
(2.5 1nch) diameter high speed steel shell end mill, In this
case, the cutting force F and the normal to the cut surface
have directions as indicated in the 1eft,down corner of the

figure: , These directions will engage modes with direction Y

4

'}
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(with a directional factor of about 0.75), i.e. those.modes
measured in the exciter tests. In figufe 6.12, .trace a) rep-
resents the force signal in X direction while trace b) is

the vibration sigqa1 recorded using a velocity pickup and
measured at the lower end of the'head stock., The brevailing
frequency as shown in trace a) is 85 Hz. The conditions of
the cut were as given in figure 6.11. Infigure 6.12, the
reQu]ts dbtaingd correspond to down milling in X direction
using a 63.5 mm (2.5 inch) diameter carbide shell end mill.
The cuttihg speed used in this experiment is higher-than the
one used in the previous cutting test ﬁbecause of the use of

a cargide cutter) and the chatter frequency as seen in trace
b) of figure.6.12 was 650 Hz.

Cutting tests were next carrigd out using a 25.4mm

{1 inch) diameter high speed steel end mill. Figure 6.13
shbws the results obtained when slotting Al. Alloy. The
figure corresponds ta a case of stable machining. Trace a)

is the vibration signal while ttgces‘b).andc) are the force
signals in Y and X directions respectively. Figure 6.14 shows
the chatter vibration§ obtained when increasing the axial ‘
depth of cut to 21.6 wm (0.850 inch). Trace a) represents

the measured vibrations, th]e trace b) fs the force signal

in X directioﬁ. The prevailed frequency as shown in trace b)
is 650 Hz. This experiment waslfepeated with thg same cutting :
conditions, but using a tool with'101.6 mm (4 inch) overhang,

and the results obtaimned are shown in figure 6.15. It is seen
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that the use of the more f1exible tool results in stable
-machining when compared with the case presented in figure

6.14.

$E:16 shows.the case of unstable machining

when slotting steel 1020 in X direction at 20.3 mm (0.800 inch)

Figure

axial depth of ¢ t; The cutting gpeed ysed was 47.1 m/min
. (157 ft/min} and thedchatter frequency'obt;ined, as shown in
trace-a); was 100 Hz. Figure 6.17.shows the Ease of slotting
in Y direction with otherwise the same cutting'condffﬁons as
in the case presented in figure 6.16. Trace b) in f{EUre 6.17
shows again a prevailing frequency of'approximatefy 100 Hz.
6.2.3 Discussion of the Results of the Cutting Tests
The results-of the cutting tests showed that chatter
does not oécur_at-the natural freqﬁencies qf the flexible
tools {e.g. 25.4 mm dia., 38.1 mm long) which are rather high,
i.e. above 1000 or even 2000 Hz. ft occurs at freqLencies
ﬂf_around 600 Hz, these belonging ta a spindle mode which is
usually much stiffer than that of the tool. This is explained
By the fact, at the‘cuttfng speed corresponding to high speed
steel cutters, V = 35 m/min, the chatter mark wave length aty
1800 Hz. (Say) would be W = (35 x 1000)/(60 x 1800) = 0.32 mm.
With such a short length, the regéneration of waviness is
attenuated because the flank of the tool rub; on the slopes
of the waves and this gives rise to daﬁping in the cuttfng

process. )

The situation is depicted, in a simplified wé}, in

e

C

L
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figure‘6.18. The spindle-tool sygtem exhibits two modes,
A and B, as shown in figure‘6.18 a). The lower mode, with a
natural frequency of 650 Hz. is characterized by the bending
of the spindle and displacemants in the bearings. The higher
mode at, Says 1800 Hz. is Tiinly due to the vibration of the
tool. The real parts of the corresponding transfer functions
are given in figure 6.18 b), where the mode A is stiffer than
mﬁde B. The resulting transfer func ion(gs indicated by the
broken 1ine is in the lower frequencS fange strongly shifted
upwards due to the high static flexibility pf mode B. Con-
ﬁeqﬁently the minimum M,, close to 650 Hz. gs very "stiffe.
EQen.so, and with the minimum ﬂb, close to 1800 Hz. beingJ
much more "flexible", thatter occurs at 650 Hz,, however; i}
is not very energetﬁc. —
Referring to figures 6.14 and 6.15, it is seen that
chatter.is attenuated by the effect of the more flexible tool
(101.6 mm overhang). Then, there are-phenomena outside of the
range of these typical ones. On one side there\are more rigid
tools: shorter, with larger diaméters. With these there is
little attenuat%on of the sp{ndTe mode énd energetic chatter
occurs at “reasonable" depths of cut. On the other side, there'
afe very Tong and flexible tools which have low natural frequen-
cies. For instance, a tool d = 6.25 mm, 1 = 75 mm wpuld have

f = 550 Hz. and a tool d = 12.5 mm, 1 = 100 mm would have fﬁ\

f = 630 Hz. At these frequencies the damping in the cutting

process is dow and these tools chatter at very low depths of cut. .
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Main Modes of Spindle and Tool

FIGURE 6.18
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Also, in the cases where very high cutting speeds are used
(e.g. for milling A1, ), the wave 1ength increases and chatter
occurs due to the regenerat1on .of waviness.

Accordingly, in the m1ﬂd1e range of Pﬁgh Speed Steel
cutters being considered here for milling steel, suc ‘that they
are rather flexible but still have natural frequenci&é over
1000 Hz, that is from d = 6.25 mm, 1 =-50 mm to d = 18.75 mm,
1 =75mm, to d = 25 mm,™ = 75 mm , chatter is not a serious
phen&wenon, and the flex1b1]1ty of the cutter actually helps.
Outside of th1§ range, chatter. becomes a constraint to bg Jn;
cluded in the A/C strategy. However, more research is needed
to develop the data necessary for the definition of this con-
straint for the various applications.

6.3 Overload of the Cutting Edge

' There 5re two basic forms of edge overload. One is
bure]y mechanical and most often it occurs as the breakage of
the tip of a tooth under heavy feed. The other is more of a
thermal nature and it results from a high product of speed ﬁnd
feed and it occurs as rapid wear of a softened edge material.

Chipping of the edge and breakage are both phenomena
of brittle %racture and differ mainly by their magnitude and
they are related to the phenomenon of cracks. Breakage and
chipping as brittile fraEEures develop from macrocracés‘which
result from intér]inking of microcracks originating in points
wﬁerg the tensile stress exceeds the tensile stfength.

83
According to Tlusty { }, brittle fracture is as-
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sociated with tensile stresses. These, in a tool, may be due

. to two basically different causes:

"a) The load by the cutting force

b) The thermal Toad.

"Very little data has been published about the
phenomenon ;f cutter bréakage. A paper in/this area (58}
has been recently published, however, it iS not certain whether
;ufficient data has been genergted. The graph given;in_{SG}
and reproduced in figure 2.10, gives cutE??preakage forces

versus axial depth of cut for a certain 'ig of cutter, while

it'does-not distingulish between tooth and shank breakage. In
this papéf,,the authors explained that for HSS end mills, and
at low axial depths of cut, because the load is not shared by
multiple teeth,'tog;h breakage occufs. At high axial depths
because of fhe increased bending moment, shank breékage occurs.

It would be more practical, however, to separate tooth breakage

34
‘and relate it to a maximum feed per tooth AR

"It is therefore, necessary to limit feed rates once
the tool is cutting even with a very small depth of cut. While
at larger depths of cut, the.feed rate is limited by the A/C
control reacting to a 1afgg force signal, it is necessary to
impose a feed rate constraint irtespective1y of forcé (for Tow
depths of cut); |

As mentioned previously, the 'second form of edge
overload is more of a thermal.nature and it occurs as rapid

wear of a softened edge material.
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Yelﬁow]ey {es’jéb 1nve5tigaled the effgct of thermal
cycling on tool 1ife in{peripherai milling. Hé concluded thgt
the range of thermal strain and the number of3cycies.of
plastic strain have considerable influence on the toofh 1ifg
obtained. Figure 6.19, reproduced from reference {és}, shows{
the relationship between tooth 1ife and range of thermal strain.’
' Tlusty °'} and vashishta (°°) _producéd experimental |
results showing the effect of speeé aqd feed on tool wear in _
peripheral mi]linngf low carbon steel. Some of these results

« are shown in figures 6.20 and 6.21, for the case of HSS cutter
in interrupted cuttin;. Figure 6.20 shows the re1ationsh1b
between the maximum width of flank wear VBmax veréus time and

rfigure 6.21 shows the plot of the£average width of flank wear
and VB, ~versus time. The effect o% decreasing the feed on
tooJl wear can easily be seen in these figures.

Accordjng}y, a feed'constraint related to thg
cutting spéed used énd to ‘the workpiece mdteriad has to be
imposed so as/§6'prevent overheating of the edge;

: ‘The author feels that considerabie experimental
and theoretical work is still needed to develop the data

necessary for the definition of these qonstiaints for the

various applications.
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Work Material EN28
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CHAPTER 7

¢ SUMMARY AND CONCLUSIONS

In this_thesi§ the operatiﬁg' havacteristics of an
adaptive controT‘ﬁonstrainé systemffortiaérmi11ing with con-
stant force are examined both_expe%imentgﬁli\iiq by digital
computer simulation. The controlled gtiéb1e i; command
feed rate. _-Special attention is devoted to the behaviour
of the system-dﬁring tool-work im;act undér rapid traverse
conditions.

Two other constraints were coﬁsidered for the adap-
tive control system, namely: <chatter and overload of the
cutting edge. )

| Accordingly, an e&peﬁimenta] investigation of the
phenomenon of chatter in end miiling was carried out, as well
as a'review of the basic features‘of the phenomenon of cutting

edge overload.

In this chapter, the main conclusions of this re-

) !
search are presented:

'ﬁ." Finish end milling with rather flexible cutters may sub-

- stantially be speeded up by using an adaptive control system

where the control criterion is to hold the force acting on the

cutter at a value safely below the force which would break the

‘cutter, This criterion is applicable to finish milling of

complex shapes, typically of die cavities.

Since adaptive control leads to high feed rates when

" 205
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cutting air, the high impact loads can damage the tool if a
controlled impact system is not used.

2. The flexibility of the cutters is .beneficial in attenu-
afing the overload in a sudden transient situation and it is
also beneficial in attenuating chatter. These benefits are
obtained for a certain range of diameters and lengths of cutters.
Within this range constraints on fééd rate for edge overload
must be éonsidered and outside of this ranje the chatter con-
straint has to be included.

3. The t061—work deflection which occurs subsequent to col-
ision, 1imits the rate of increase of the transient.cutting
forces and thereby allows the A/C system to respond before the
forces reach a dangerous level.

4. Tha high-gain control reéquired to react to tool-work
collision can lead to operational instabi]ities.. To take ad-
vantage of the maximum response of the NC system without \
.causing.instability in the A/C loop calls fbr a two level A/C
strategy. During transient cutting demands such as a step in
depth of cut the A/C feedback will therefore, trigger a special
action A/C a]gorithm resulting in a very rapid deceleration,
which will bé\Eijgwed to persist only for a limited time before
the A/C system automatically switches to the slow acting or
 limited acceleration condition. In this work, two.A/C strategies
were implemented: A/C a1gorithms “A" and "B".

5. The results of adaptive control experiments conducted

using algorithm "B", (see for example figures 42(a) and42(b ),
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showed that it is possible to stop the rapid feed rather fast

(in about 20 msec) in transient conditions. In these experi-

ments even the first tooth did not produce a force higher

than the desired force Fnom‘

6. The anaiytica] analysis of the behaviour of the A/C

system as a servomechanism using both the classical linear

' control theory and the numerical simulation (state-space

technique) indicated that the system can become unstable

~ with high gains in the A/C loop. This gain itself is variable

since it i; proportional to the radfal and axial depth of cut

a and b and inversely proportional to the desiﬁéduforce-Fno -
The time-delay due to the fact that ve1oc1£y changes are

not felt in thé interval between cutter teeth '(equation 4,

and 4. ), has a strong effect on stability. With longer 1

lower gains in the A/C algorithm have to be used. The use of

a rate feedback, equation 4.18, has the effect of dampfng and

it stabilizes the Tloop.

7. In the A/C experiments reported in this thesis, it was

found that the variable gain in the system was not a very

serious aspect because, in fact, it means ﬁhat when running

‘ )'theA

into heavier loads and using smaller cutters (1ower Fnom

response is faster than when relieving into lesser cuts.

However, further work need not be limited to the particular
A/C algorithms discussed in.Chapter Five. An arrangementr?gfm\\aJ}
possib]e_in which by using both the force signal and the‘tacﬁo-

generator signal, the gain may be kept almost constant. Ac-

-

. -

[
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cordingly, rather than commanding an acceleration or deceleration
for instance, the commanded feed rate may be based directly
upon the actual feed rate by using the output of the tacho-
generator as an input to the computer, .

8. Chatter in end milling has a rather special c;aracter.
Based on the results of an experimental investigation limited
to cutters with high flexibility and made froﬁ high speed
steel (this meéns that cutting speed is about 40 m/min), the
main features may be summarized as follows:

a) Typically, the more flexible mode of the tool does not
generate chatter because it'has a high natural freduency for .
which the damping in the cutting process is very high.

b) Chatter arises at the lower frequency of the spindle

mode, however it %s attenuated by the effect of the flexible

tool.

¢) The middle range of High Speed Steel cutters being con-
sidered here for milling steel, such that they are rather
flexible, but have natural frequencies over 1000 Hz, that is
from d = 6.25 mm, 1 = 50 mm to d = 18.75 mm, 1 = 75 mm to

d =25 mm, 1 = 75 mm, chatter is-not a serious phenomenon,

and the flexibility of the cutter actually.helps. Outside of
this range chatter becomes a constraint to be included in the
A/C strategy. . v «
9. It is necessary to limit feed rate once the tool is

cutting even with a very small depth of cut. While at larger

‘ot
depths e cut the feed rate is limited by the A/C control

R
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reacting to a large fotge signal, it is necessary to impose a
feed rate constraint irrespectively of force (for low depths
of‘cut] in order to prevent tooth breakage.

Simiiar]y a feed constraint related to the cutting Speed
used and to the’ workpiece material has to be 'imposed so as to

prevent overheating of the édge.

£
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APPENDIX I
THE A/C ROTARY DYNAMOMETER

The Adaptive Control Rotary Dynamoﬁeter is basically
an instrumented tool holder which is bolted directly to the
spindle of the milling maChine. The milding cutter is place in
a collet which is then drawn into the dynamometer, thereby
securing the cutter. The structure of the A/C dynamometer is
shown in figure I-1.

The design of this dynamometer was discussed in
details in reference {67]. Structurally, the dynamometer
consists of two planes; the upper plane A contains a flexure
Plate which is radially rigid so as to withstand radial cutting
forces, yet flexible in torsion about the cutter'éxis and in
angular tilt in a plane perpendicular to this axis. The radial
stiffness is obtai;;d by four relatively thick §pokes which
are the only connection between the inner bolt circle (connected
to the tool holder) and the outer bolt circle (attached to the
spindle). While the spokesrare thick in a diréction parallel
to the cutter axis, they afé&quite thin at their extremities-
in the plane of the flexure ﬁigté; this is responsible for the
torsional flexibility of thejf{exure plate. The angular
fFlexibility {s achieved byrtwo slots parallel to plane A which
are visible in figure I-1. They create a simple universal

joint between plane A and the cutter axis. The flexure plate

was machined from A-2 tool steel and subsequently hardened.



Flexure Plate

N Housing

Spindle
7

Spindle Plate
SN\ Y

///j Force Measuring Elements
/) P

/
/,

I
[

J|C

\\ AN

Y

MMM

%

L

IR\

%

=

Colliet
Holder

FIGURE I-1

Collet

Cut-Away View of A/C Dynamometer

223



/ 224

The tool holder was also manufactured from hardened A-2 topl
steel. The housing, made of aluminum, connects the outer rim
of the f1eiure plate with outer rim of the baseplate in plane B.
It also serves as a protective cover over the strain gauges
within. |

"The measurement of force occurs in plane B. The
tool hoqur is bolted to the inner ring of the base plate. The
tool is therefore, connected to'the spindle od1y through the
spokes of the flexure plate and the spokes of the baseplate
which have been instrumented with sixteen strain gauges. The
strain gauges used were MICRO-MEASUREMENTS Ltd. type
EA-13-250BG-120. The bond used was M-Bond AE-10. The base
phase was milled from 7075-T6 aluminum. The Base plate, con-
sisting of four spokes joining the inner and outer bolf circles,
has been designed to withstand radiai cutting forces of 5000 1b,
and torqués of 400 in-1b.

The base plate houses two sehaﬁate strain gauge
bridges for force measurement containing éight gauges each.
The two force bridges measure forces Fy and Fy in two perpen-
dicular directions in plane B. Gauges on oppoﬁite sides of a
spoke were placed in opposite ends of the force bridge so as
to minimize the effect of torque in the bridge.

‘ Voltage is supplied to the bridges by a 10 volt D.C.

power supply located in the Analog to Digital Processor. The
strain gauges in the dynamometer were connected to a se;;es of

eight slip rings mounted on a nylon shaft supported by two
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ball bearings, at the‘tOpAof the spindle. To minimize con-
tact resistance and 1mproye the signal to noise ratio, silver
s1ip rings were chosen to mate with silver-graphite brushes
(two brushes per ring). Connection between the slip ring shaft
and the spindle was affected by a below S coupling so as to
tolerate some shaft misalignment.

Figure TI-2 shows the circuit diagram of the potentio-
meters located in the ADP for balancing the two bridges and for
adjusting the gain used in amplifying the force signal.

The dynamic¢ characteristics of the dynamometer were
analyzed using thg method of shock excitation with a Fourier
Analyzer. |

Figure I-3 shows a plot of the real part of the
recéptance (fn the frequency domain) generated by hitting'the
end of a simulated tool (a 16 mm diameter steel bar was ptaced
in the collet with an overhang of 76 mm to simulate an end miil)
with a force transducer and measuring the vibration at that point
with a caﬁacitive prgbe. The figure indicates resonant fre-

quencies of 480 Hz. (without dynamometer) and 340 Hz. (with

dynamometeri.

The sensitivity of the dynamometer is indicated by the
calibration curves iQFluded in figures I-4 and I-5. The figures
show the relation between‘the applied force and the digitized
computer inpuf for each channel. The slspe of‘the curves may be
increased by increasing the amplifier gain. Tﬁe 10-bit A/D
converters operate on I volts, and thus, their output range

A\

e
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is T 511 units. The amplifier gain was set so as to saturate

the A/D converters only-at a force of 1500 _l1&. on each of F,
and Fy. Thjs'corresponds‘ to the noted_'&otentiometer settings

of 1.5 for F_ and 1.0 for F
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APPENDIX I1I

THE A/C TABLE DYNAMOMETER
The A/C table dynamomete; is a high qua]i#y 3 com-
ponent dynamometer designed to decompose a force acting in
any direction into three components perpendicular to one
another. 1In A/C applications, however, only the twa perpen-
dicular components.-in the plane of the milling machine table

are used. The table dynamometer itself is fixed to the table

" of the milling machine while the workpiece is fixé&\i? top

of the dynamometer.
The basic circuit of the measuring installation is
. .
illustrated in figure II-1. The load-sensitive elements are

piezo~-electric force transducers, in the form of thick washers.

.The three load cells were’ connected in pgralfe]. The trans-

ducers signatls (Fx and Fy) were féd to two chargé amp]ifiérs,
whereby the electrostatic charge generated by the quartz was
converted into a proportional voltage. A D.C. off-set was
used to adjust the input voltage to the Ana]og-fb-Digital
Converters located in the ADP uﬁit.

The‘dynamometer can withstand cutting forces of
680 kg for each component Fx and Fy. The sensitivity of the
dynamometer is indicated by the ca]ibration curves included

jn figures II-2 and II-3. The figures-show the relation

between the applied force and the digitized computer input

for each channel (Fx and Fy).
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PAGE 9082 »21

NUM.

CONTR

2081 ASMB,A,B,L
@083 @EgE2 ORG 2B
P0Ba GOB11 TTY EQU 11B
@365 02014 TBG '~ EQU 14B
0686 G8082 124203 JMP 3,1
8¢07 @2083 9az1ad OCT 100
@0@8»  ESTABLISH INTERRUPT LINKAGE
#909= N/C GONTROLDER ONLY.
2019 00C10 ORG 188
G011\ 00018 106718 CLC 18B.
0c12 \gee11 106711 CLC 11B
8013 /60612 106712 CLC 12B
@ @8213 186713 CLC 13B
@315 00G14a 314632 JSB CONTN
@04s 08015 186715 CLC 158
@217 ©0916 186716 CLC 16B
2218 02617 186717 CLC 178
@315 2028 106720 CLC 2@B
2020 ©0021 106721 CLG 21B
2021 20022 106722 CLC 22B
2022 @9923 186723 CLC 23B
0023 @o@24 196724 CLC 24B
2024 20025 106725 CLC 25B

. 0625 @0109 ORG 1808
2626 ¢G120 182168 STF @
0227 80101 012185 JSB INIT
2e28 ¢8102 183714 STC TBG.G
2029 ©G103 124104 JMP ACP,1I
8039 00104 BB2024 ACP -° OCT ‘2024
QaE31= ’ .
@032% INITIATOR ROUTINE.
2233 ‘ .
@034. 05185 208602 INIT NOP

8035 Q0186 @240 cLa -

. @836 ©8187 071244 STA SIGN

' @837 @B118 861257 LDA M70
2638 94111 871243 STA CONT
2039 @B112 061327 LDA SI
0048 Be113 871314 STA HI
8841 @A113 871315 STA H2
8042 26115 861321 LDA La
6043 00116 871312 STA VI
@044 GBI17 BT1313" STA V2

. 8@aS»  SEND M~CODE OUT TO MILLING MACHINE.
6246 00128 061245 LDA M
@047 80121 003000 cMA
G048 8G122 081727 ALF. ALF
P84S 80123 182613 0TA 13B
CUs@ @88124 183713 STC 13B,C
@851 @08125 861245 LDA M
2852 88126 851324 CPA M6
@653 B0127 182806 HLT 6B
@8Sa @8138 251323 CPA M3d
@855 @8131. 814572 JSB BEGIN
@056 ©0132 PQ3BEE GO  NOP
@857 20133 161267 LDA AN,I
8058 @813a 162601 OTA 1B

ROUTINE- CNG/F
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0359
0060
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062
gBe3
Co64a
Q865
o866
121 1.
coe8
2969

6070

€71
6p72
6073
0874
2875
276
8717
2278
gea79
ae8a
2381
pgg2
B8B83
adg8a
0e8s
go86
ge87T
aess
o889
eg90
ga91
-ggse2
8293
9994
2895
2996
ae9T
Bao8
2299
U100
gig1
glg2

6163,

alaa
2185
2186
g197
Q188
0189
g11o

- Bi11

8112
8113
2114
B115

#8135
g4a136
2137
26140
égelal
Be142
03143
eplaa
ga1as
@al1a6
09147
gai1s@
gatsl
Baise
g0153

‘@g@154

90155
aglse6
pB157
eol160
pa1s61

pe162
Ba163
gelea
BR1I65
val66
gal167
ea170

ga171

gal72
PB173
pal174
80175
pal17e
8o177
9200

gazat

o282

062083

20284
20285
8206
oo2a7

28218

ge211

go212
o213
gaz2la
gez21s
v8216
GB21K
oo229
gga21

gaazz2
ga223
go224
pe225

161270
871255
651335
924156
851324
871311
8513085
271311
251386

871311

861311
#51304
g24172
#51385
@24381
251366
624411
161277
233084
67134l
161265
851348
624167
161265
171265
624171
86134l
171265
824531
861332
8713687
861333

871319

16latl
poz2e20
683084
2093634
#71253
161271
Bo3684
8820829
g24227
661243
811268,
871243
161272
aaz2a2a0
233204
223604
B71254
161272
223924
gazo20
024235
861243
g11261
B71243

CONTROL ROUTINE=-

Ga

YES

S17

Al

Al

LDA AG-1

STA G
GCPA FOUR

‘JMP G4

CPA GI7
STA PLaAN
CPA G18
STA PLAN
CPA GI19
STa PLAN
LDA PLAN
CPA G117
JMP Si7
CPA G118
JMP S18
CPA GI19
JMP S19
LDA AF.,l
CMAL INA
STA AFF
LDA F,l
CPA ZEROD
JMP YES
LPA F,1
STA F,l
JMP *+3

“LDA AFF

S5TA Fal

‘JMP MTE9

LDA ONE
STA GP!
LA TWO
STA 0OP2
LDA AX»1
S55A

CMA, INA
CMA.INA
STA Cl

LDA AX,I

CMA» INA
58A
JMP A2

LbAa CONT

AND SX
STA GONT

LDA AY,1 |

§$sa

CMAs INA
CMA-INA
STA C2
LDbA AY.,1

- CMAL INA

SSA

JMP A4
LDA CONT
AND SY

- STA CONT

CNG/F

238



PAGE 080084 #21

gaz226

Bl16
‘B11 Bo227
811 aa23a
8119 @p231
91286 @232
@121 @233
9122 29234
6123 @@23s
Bi24 88235
@125 8e237
8126 Q@240
8127 @824l
P128 pG242
8129 pE243
" B138 ©8244
@131 08245
B132 pe246
6133 68247
8134 @B258
8135 @p2sl
9136 pO252
8137 g¢@2s53
9138 Q@254
@139 @0255
8140 B6256
@lal @@2s7
2142 @0260
6143 0GG261
Blaa @p262
@145 96263
. Blae pe264
2147 80265
@148 29266
2149 20267
2159 " 29270
Pls1 g@g271
@152 @B272
B153 @g273
gls54 @@274
@155 @a27s
BlS6 08276
‘@157 @@277
@158 gga33e
8159 @aaal
a162¢ oe382.
8161 @e3e3
8162 928304
@163 8@38s
gl164a 00306
9165 08367
9166 22310
67 @831l
168 @ga12

aa3ls
PE316

B24232

861332
B71244

24212

B613g2
841244
871244
861255
651383
g24531
851333
824253
851334
B24257
261253
ag3g04
71247
g61254
QB394
871251
824517
go2430

251244 .

824272
824263
202400
851244
624263
@24272
861333
871255
161274
871247
161275
B71251
824517
061334
@71255
161274
B71251
161275
871247
824517
861332
@71387
861335
871318
161271
602020
923004
@83g8a
871253
161271
283004
802020
824337
861243

A2

AJ

A4

5171

5172

S173

5272

5273

S18

BO

NUM. CONTROL ROUTINE- CNC/F

JMP A3
LDA ONE
STA SIGN
JMP Al
LDA INCR
ADA SIGN
STA SI1GN
LDa G
CPA 2
JMP M789
CPA TWO
JMP S172

. CPA THREE

JMP S173
LDA CI
CMA, INA
S5TA Y
LDA C2
CMA-INA

. 5TA Y2

JMP F789
CLA

CPA S1GN
JMP S273
JMP S278
CLa .
CPA SIGN
JMP s272
JMP S273
LDba TWO
STA G
LDA Al,l
STA Y
LDa Ad,1]
5TA Y2
JMP F7869
LDA THREE
STA G
LEA Al»l
STA Y2
Lba AJs ]
STA Y

JMP F789

LDA ONE
STA OP1
LDA FOUR
STA 0OP2

-LDA AX,I

SSA l
CMA» INA
CMAL INA

S5Ta Gl
LDPA AX,1

CMAL INA

.5SA

JMP B2
LbA CONT



a229

PAGE 2005
g173 0317
8174 ©0320
2175 00321
8176 88322
@177 @8323
3178 28324
8179  o©0325
8188 22326
2181 9327
8182 @633@
¢183 @331
@184 @332
2185 08333
2186 @0334
@187 g9335
2188 90336
2189 @6337
2150 00310
4191 @834}
2192 @@342
8193 28343
4194 @08344
.9195 080345
0196 @346
2197 ee3a7
2198 @@3s50
2199 @@3si
0290 Q@352
028! Ba3s3
9292 @g354
B203 ©GB355
8204 G8356
6205 @G8357
6206 22360
e287 20361
2208 (0362
@209 018363
2216 88364
g211 ©gr365
8212 @0366
0213 ©3367
6214 68370

- @215 28371

@216 @372
2217 88373
0218 @0374
6219 Be37s

- @228 ©88376
@221 8377
9222 22400
9223 PB4d1
0224 Qa2
@225 Po4ag3
B226 #Bada
p227 @oags
@228 ppageé

28407

’

f0! NUM. CONTROL ROUTINE- GNC/F

211268
@71243
161273
2620208
203004
283004
871254
161273
223084
832020
@24345
241243
261243
211262
0712243
024342
@61332
@71244
824321
@613@2
841244
871244
261255
851303
@24531
251333
224363
651334
824367
861253
203684
871247
861254
203284
@71251
224517
882408
851244
@24402
824373
062400
851244
624373
824402
861333
871255
161274
871247
161276
@712514
624517
261334
871255
161274
871251
161276

R

871247

Bl

B2
B3

B4

5181

5182

5183

s282

5283

AND SX
STA CONT -
LDA AZ,1 .
SSA

CMA, INA
CMA,INA
STA C2
LDA AZ,I
CMA,INA
ssa

JMP B4 -
ADA CONT"
LDA CONT
AND SZ

STA CONT
JMP B3

LDA ONE
STA SIGN
JMP Bl .
LDA INCR
ADA SIGN
STA SIGN
LDA G

CPA Z

JMP M789
CPA TWO
JMP $182
CPA THREE
JMP 5183
LDA Cl
CMa, INA

‘STA Y

LDA €2
CHMAL INA
STA Y2
JMP F789
CLA

CPA SIGN
JMP 5283
JMP 5282

‘CLA

CPA SIGN
JMP 5282
JMP 5283
LDA TWO
STA G
LDA Al,l
STA Y
LDA AK,1
STA Y2
JHMP F789
LDA THREE
STA G

- LDA Al,l

STa Y2

LDA AK.,1
STA Y

- 240



PAGE 0006 #21

0230
g231
B232
9233

234

2235
8236
8237
8238

9239

82406
- @241
az242
8243
B244
8245
246
6247
B248
0249
8250
8251
@252
6253
@254
@255
8256
8257
a258

0259

2260
g261
0262
3263
@264
0265
B266
0267
p268
@269
p279
- 8271
@272
0213
5ok
8275
@275

@277

. 8278
8279
2282
@281
2282
2233
ez284
9285
@286

60410
geall
eoal2
80413
aa414
goa15
60416

86417

28420
gaazl
o422
28423
Bo424
03425
20426
geaz7
290430
@431l
ae432
98433
20434
08435
68436
08437
Ga4840
83441
gga42
@0443
a2aa4
80445
00446
80447
20450
20451
ggas52
29453
A2454
88455
ggass6
8457 .
gaa6cd
62461
62462
62463
geas4
00465
08466
00467
23478
82471
2ga72
20473
3474
g3475
2a476
80a77
gesoa

a24517
P61333
871387
B61335
@71310
161272
222620

ge3eg4

823084
@71253
161272
283804
oR2828
824446
261243
Bli26t
871243
161273
082028
283284
@a3084
671254
161273
283324
202020
g24454
861243
@11262
871243
324451
g61332

271244

924431
gs1382
Bal1244
a71244
861255
@51383
924531
951333
p244q72
651334
B24476
61253
003034
671247
861254
233384
@71251
B24517
0224020
251244
224511
824582
624040
PS51244
824582

A

S19

ce

Cll!

cel
c3

C4

5191

s192

5193

NUM. CONTROL ROUTINE- CNC/F

JMP F789
LDA TWO

- STA OP1

LDA FOUR
STA 0OP2

LDA AY,l

SSA

- CMAas INA

CMA, INA
STA C)

CMAL INA
55a
JMP Ca
LDA CONT
AND SZ
STA CONT
JMP C3
LDA ONE
STA SIGHN
JMP Cl1
LDA INCR /
ADA S51GN .
STA SIGHN
LDA G
CPA Z-
JHP M789
CPA TWO

"JMP S192

CPA THREE
JMP S193
LDA Cl
CMAL INA
STA Y

LDA C2

. CMALINA

STA Y2
JMP F789
CLA

CPA SIGN
JMP 5293
JMP 5292
CLA

CPA SIGN
JMP 5292

24



PAGE ©£0®7 ¢81 . NUM. CONTROL ROUTINE- CNC/F

@287
0288
2289
@290
9291
8292
2293
6294
8295
8296
0297
8298
0299 .
8380
g3l
g3s2
2303
@304
8385
8386
@397
2368
8329 -
2310
6311
@312+
2313

. 8314
@315
8316

- B317
6318
2319

8320

8321

8322

2323

2324

8325

8326
8327
@328
8329
8330
@331~
2332
©333
8334
#6335
2336
@337
6338
8339
8340
2341
68342

02581
ggse2
205083
00504
02585

-0B8506

82507
20518
eest1
29512
80513
28514
0B515
80516
ee5i7
80520
@@s521
8@s22
009523
88524
@e525,
2526
8527
2538
ges531
InT
08532
88533
80534
28535
28536
28537
00548

T 90541

28542
#0543
99544
83545
88546
88547
00550

+@0551

gps5s52
08553
08554
@a555
08556
88557
BA5608
88561

gpsea:

88563

00564

PB565
PBS66
89567
vB570

P24511
861333

B71255.

161275
e712a7

161276
g71251
@245
261334
B71255

161275

071251,

161276
871247
161277
871342
161265
251340
824527
161265
171265
824531
861342
‘171265
161390

ERPRETM=

#51336
241302
871245
161381
23884
271331
161265
eat 1o
271256
6011080
241256
286408
10843
2a1331
871326
835267
835270
835271

835272

835273
235274
835275
835276
835277
935388
835391
2@2490
171264
871246
871250
p71252

$292.

5293

AY

F789

YESS

M789
S AS

. JMP
‘LDA
STA
LDA
STA
LDA
STA
JHP
LDA

. STa

LDA
‘STA
LDA
STA
'LDA
STA
LDA
CPA
JMP
LDA
STA
JMP
LDA
STA
‘LDA
M=4.
CPA
ADA

STA®

LpAa

5293
TVO
c ‘
Ad,l
Y
AK, 1,
Y2
F789
THREE
G
Adsl
Y2
AK, 1
Y

AF,1
AFFF
Fol
ZERO
YESS
Fol
Fo»1
%*+3
AFFF
F»1 t
AM,1

FIVE
INCR
M :
PATH, 1

CMA, INA

‘STA
LDA
ARS
S5TA
ARS
ADA
CLB
D1V

-STA

15

. §:74

15Z
15z
1Sz
| §:74
152
182

I15Z
) §:74
CLA
STA
5TA
5TA
5TA

LIM
Fol

TEMP
TEMP
LIM
m -

AN

AG

AX
AY

"AZ

Al
AJ
AK

182
Al
PATH

'

K1
R-
R2
R3

242

&=



PAGE 8008 #8! NUM. CONTROL ROUTINE~ GNG/F

@343
8344
@345
@346
8347
@348
2349
8358
8351
@352
8353
8354
@355
2356
8357

© 9358

8359
@350
8361

8362

8363
g364a
B365
B366
@367
2368
8369
8370
0371
garz
8373
9374
8375
8376
@37 7*
2378x=
8379
2380
@381
Bag2
2383
8384

g9385 .

@386
@387

' 9388

8389
2398
8391
2392
9393
8394
8395
2396
8397
@398
2399

ge571

JRE-INITIALIZE ALL
BEGIN

gasT2
20573
36574
@9575
88576
23977
30600
20601
80682
60683
88684
BR6BS
PB686
PB6a7
go610
gost)
o612
20613
go614
66615
80616
80617
Bo620

. 00621

gosad
ge623
90624
80625
88626
88627
60630
88631

-

124105

2opPBo
261266
871267
B41263
BT1270
Pal1262
71271
B41263
gT1272
841263
71273
041263
871274

pa1263

871275
641263
871276
041263 _
871277
241263
271308
641263
871381
222480
371245
268572
841312
602821
824631
102830
@24132
124572

ED

-

r

g .

JMP INIT,)

VARIABLES. °

NOP

LDA BAG -
STA AN
ADA MEA
STA AG -
ADA MEA
STA AX
ADA MEA
STA AY
ADA MEA
STA AZ
ADA MEA
STA Al
ADA MEA
STA AJ
ADA MEA
STA AH
ADA MEA
STA AF
ADA MEA
STA AM
ADA MEA
STA PATH
CLA

-STA M

LDA BEGIN
ADA. V1
SSALRSS
JMP ED

HLT 3@8B
JMP GO

JMP BEGIN.I

CONTINUATOR ROUTINE.

@8632
8@633

‘80634

89635
98636
08637
@640
go64t
@642
28643
80644
Pa64s
88646
20647 .
€9650
20651

20652 .024766 .

Peodoad
8712440
075242
a22400
1e22081
861237
oR2158a
pr1240
106714
861243
g112s7
271243
61255
851383
224654
851335

20653 e25¢d1

@065
20655

ad(53
23

GONTN. NOP

PTP

STA SAvVA
STB SAVB
CLa

S0¢

LDA .2
ERA

STA SAVED

" _CLC 14B
DA CONT

AND M7Q
STA CONT
LDA G
CPA Z
JMP PTP
CPA FOUR
JMP DWEL
JMP FEED
Lba C1

" CcPA Z

- e

[IFTERSaES



PAGE €009 #2! NUM. CONTROL. ROUTINE- CNG/F

adaeoe
2401

8432 -

g483
Qaay
g485s
8496
2407
2408
3409
2410
2411
g412
2al3
B4ata
gals
Bals
g4a17
g418
2419
gaz29
gaz1
gaz22
Z423
B424
0425
24248
2427
va2g
9429
8438
3431
8432
2433
2434
36
8437
8438
a439
8440
@541
2442
. 2443
daa4q
2445
a4a46
aaaT
2448
leaa9
8450
a45}
gas52
#8453
BQSA
8455
gg56

BA6SS
e6es7
v2660
80661
p2662
Pas563
BRa664
22665
00666
82667
Pe670
2e67t
2672
08673

674
@0675
20676
8o677
007409
28791
va7raz

Re7T83.

80724
AB785
637086
ee7a7
ag71a
20711
gar12
8713
@a71a
@a715
28716
ee717
60729

ge721"

garaz
08723
80724
ega7r2s
Ba726
eara7
B8a730
82731
gae732
e6a733
223734
Q8735
BE736
ge737
gaTag
22741
Ba742
28743
03744
BB745

00746

824706
841321 »
g92021
82471y
B35253

861387 <\

241243
B71243 .-

g6l2s YPTP .

B8513a
B24676
641321
gozo21
24745
935254 .
861310
241243 0OP
803000
182613
183713
861243
911257
871243
824654

951284 COMP

825
2246

835318 XA,

824732
861327
P71314
261312
gs51322
224727
@35312
835253 LX
eeuBbg

861307

ga1243
871243
@24732
861325 XB
@71314
624721

@61254 SLW
251383 .

825205
241321
82921
024745
035254
651310
241243
871243
925205
835315 YA
g2s5285 -

JMP GCOMP
ADA LA
55A,RSS
JMP XA
152 ci
LDA. OP1
ADA CONT
STA CONT
LDA C2
CPA 2
JMP QP
ADA LA
SSA»RSS
JMP YA
ISZ c2.
LDA OP2
ADA CONT
CMA .
O0TA 13B

STC 13B.C

LDA CGONT
AND M70
STA CONT

-JMP PTP

CPa Cc2
JMP IN
JMP YPTP
15Z HI
JMP SLW
LDa SI
STA H!1 -
LDA V1
CPA LB
JMPYXB
152 V1
ISZ C1}
NOP

LDA OP!
ADa coOnT

. STA CONT

JMP SLW
LDA DM
STA H1
JMP LX
LDA C2°
CPA Z
JMP OT
ADA LA
SSAsRSS
JMP YA
IsZ c2
LDA OP2
ADA CONT
STA CONT

- JMP OT

I5Z H2
JMP OT

" 204



245

PAGE @0i3- #61 NUM. CONTROL ROUTINE~ CNC/F ~
9457 @0747 861327 LDA SI : - e
2458 ©@7T50 @T1315 STA H2 . : .
" @459 PETS1 861313 LDA V2
g463 @O752 051322 CPA LB
Basl @B753 B24763 .,  JMP YB
@462 Q0754 835313 - 152 v2
@463 QG755 B3S5254 LY 152 c2
BA6a (O7S56 GBBBOR NOP
Ga6S 0GOB757 661310 LDA OP2
2466 QGO768 B4al12a3 ATDA CONT
6467 BB761 871243 STA CONT.
@468 POT62 825285 JMP 0T ! . ‘
2469 @0763 B61325 YB LDA DM ) ..
- a7@ @G764 B7131S STA H2 ‘ .
. 8471 @B765 824755 JMP LY ‘ T
0472 @0B766 935252 DWEL 1SZ R3 .
gaT3 ©BOa767 P61258 LDA R3
. 8a7a 98773 351336 CPA FIVE
Bars ge@771 624773 JMP *+2 .
ga7s- @O772 B2522) JMP OUT/
8477 Q@O773 002400 cLa .
9478 28774 171264 STA Ksl
ga7y 90775 871252 STa R3
6486 @O0776 135265 1SZ Fol
8481 (8777 625221 JMP OUT
P4a82 PlPBE 625220 JMP IN
0483 @106} 661252 FEED LDA R3
8484 @1862 141265 ADA F,l
@485 @1863 @71252 STA R3
Q486 G100a 941320 - ADA MAX
0487 910685 202028 ssa
g488 @1006 025221 JMP OUT - J
2489 @1007 B71252 STA R3 ’
0453 B1210 @61255 LDA G
‘8491 @1011 @51327 CPA NINE .
9492 21012 925814 JMP DCEL 'e
8493 @1i013 025825 JMP SLCT
ga94 @1614 0624aP8 DCEL CLA
9495 @181S 171264 . STA K.l
8496 @1016 161265 LDA F.I - g
‘9497 01017 041336 ADA FM
ga98 pB1229. Ap2a2d SSA
6499 01021 025825 JMP ‘SLCT .
0508 ©1022 161265 LDA F.l :
#5801 21023 941326 ADA DN
8582 WV1P24 171265 - STA Fal
0503 O10925 861255 SLCT LDA G .
gsga @1826 €51332 CPA ONE
0505 1927 625834 JHP LINE :
0506 G1P39 851333 CPA TWQ i
0597 ©1631 ©25873 JMP CIRC2 z
6568 @1032 651334 CPA THREE ;
@589 91@33 625137 * JMP CIRC32
#5180 21034 962488 LINE CLA :
8511 21835 851253 CPA C1
8512 @1a36 225853 JMP DDAZ2
Ps513 01037 261246 LDA R .



e e

- PAGE @011 w»g@1l

g514
@si1s
BS16
8517
@518
g519
6520
@521
as22
8523

" @524

0525
8526
as27
8528
@a529
as53e
8531
8532
2533
8534
0535
@536
8537
8538
8539
0548
@541
2542
@543
@544
B545
2546

8547

2548
0549
8559
@551

. 8552

@553
@554
@555
@556
@557
@558
@559
@560
@561
@562

" 9563

8564
P565
8566

. BS67

2568
8569
8570

5

21048
#1041
g1a42
#1843
61044
21045
21846
1047
61858
gl1a51
p1as2a
g1e853

81854

21e55
a1856
81857
gl1660
a1e6l
B1962
gi1g63
21264
#1865

Bless
a1e67

61873
81871

81072

g1873
B1074
ara7Ts

21876

21877
Bl1l1coo
g1lo1
Bliee
pl11a3
81104
g11985
d1106

31187

aii1e
g1i11}
gl1ii12
61113
gli14

. 81115

pillé
g1117
21120
gi1121
Billee
a1123
21124
g112s
a1126
1127

21138

241247
a71246
A4t 331
gozoza
825053
871246
261387
g412a3
871243
235253
200020
82489
g51254
pasze2
661250
g41251
B71250
P41331
ge2029
pasz2o2
8712508
#861243
841310
871243
835254

BJ06a0.
a25282

82400

B51254

@25114

261246

aar247

71246 -
241331

oe2020
p25114
@71246
@61319
841243
71243
@35254
0092000
235251
08080
8324069
A51253
g25282
861250

ga1251.

871250
241331
382820
325282
871258
961243
841387
871243

ADA
STA
ADA
55A
JHMP

NUM. CONTROL ROUTINE~-.CNC/F

Y
R
LIM

DDAZ

STA R

LDA
ADA
STA
152
NOP
DDA2 . CLA

CPA._

JMpP
LDA
ADA
STA
ADA
SSA
" JMP
STA
LDA
‘ADA
STA
1

CIRC2 C
" CPA
JMP
LDA
ADA
STA
ADA
SSA
JMP
STA
LDA
ADA
STA
ISZ
NOP
182
NOP
BDDA2 CLA
CcPA
JMP
LDbA
ADA
STA
ADA

55A

JMP
5TA
LDA
ADA
STA

oP1
CONT
CONT’
ci

c2
CHECK
R2
Ye
R2

LiM

CHECK
R2

"GONT

oP2
CONT
c2

CHECK

c2
BDDA2
R

Y

R .
LIM
BDDA2
R

oP2

CONT
CONT

G2

Y2

c1
CHECK
R2

Y2

R2
Lin

CHECK
R2
GONT
oP1
CONT

246
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PAGE 0812 léT\”ﬁUH- CONTROL ROUTINE-~ CNC/F

@571
gs7e
@573
86574
B575
B576
@577
9578
B579
A58
@581
o582
8583
a584
@585
B586
8587
8588
@589
2590
8591

- B592

'9593
6594
8595
8596
@597
8598
8599
@688
26a1
2682
2603
@604
2685
8606
@667
2608
2609
@618
2611
@612
. 8613
2614
@615

B616

8617
2618
2619
6620
8621
2622
8623
#624°
@625.
8626
- B62T

81131
Bl132
1133
P1134
1135
P1136
e1137
21149
@114l

Pl1142

B1143
81144
81145
@1146
g1147
81150
@1151
@l152
@1153
81154
g1155
21186
21157
81160
B1161
81162
21163
g1164
81165
G1166
21167
31178
81171
61172
21173
G117
@i175
g1176
@1177
31200
g1291
81202
91203
@1204
a128s
81206
21207
a1219
81211
g1212
61213
e1214
@215
81216
g1217
212250

835253
aeppoBe
261247

841362

71247
p25292
282400
951253
#2516¢
61246
BA1247
871246
241331
eaa262a
825168

871246,

661307
841243
971243
#35253
080000
235251
032200
gB24980
@51254
ga25202
0612506
41251
8712598
g41331
pe2e29
g25282
71258
B61243
gal1310
871243
935254
2000363
261247
241302
871247
161263
9413156
171264
161343
#S1344
925214
861243
883000
182613

193713

292029
g61253
241254
251383
a14195

CIRC3

1sZ
NOP
LDA
ADA
STA
JMP
CLA
CPA
JMP

LDA

ADA
STA
ADA
5$5a

" JMP

CDDA2

CHEGK

oT

1N

5Ta
LpAa
ADA
STA
Is5Z
NOP
152
NOP
CcLAa
CPA
JMp
LDA
ADA
STA
ADA
S5A
JMP
STA
LDA
ADA
STa
15Z
NOP

LDA

ADA
STA
LDA
ADA
STAa
LDA
cPA
JMP
LDAa
CMA
oTA
STC
NOP
LDA
ADA
CPA
J5B

RETURN TO MAIN OR A/C

ct
Y
INCR

Y
CHECK

Cl
CDDA2
R

Y

R
LIM

CDDA2
R

arl1

CONT
GONT
c1 -

Ya

ca
CHECK
R2
Y2
R2
LIM

CHECK
R2
CONT
or2
CONT
c2

Y
INCR
Y

K,1
KN1
Kol
FLAG,1
TEN
*x+5
CONT

138
138,C

cl
c2

A
IN1IT

ROUTINE.

{!
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PAGE QBIS #01 NUM. -CONTROL ROUTINE- CNC/F

2628
9
P630
g6e3l
g632
A633
2634
2635
2636
24637
2638
#8639 °
649
2641
geaz=
p643*
a644%
2645
a646
g64a7
2648
p649
0658
g6s!
8652
8653
g654
2655
2656
2657
2658
B659
2660
2661
2662
0663
g664
8665
0666
2667
0668
8569
p6e7@
B671
Be72
g673
B6TYH
B6e7s
pe76
677
@678
2679
26803
@681
ge82
8683
@684

@1221
gl1222
#1223
G122
g1225
61226
31227
21230
@1231
@1232
81233
@1234
@1235
Z1236

81237
@1240
g1241
B1242
21243
B1244
B1245
91246
B1247
61258
G1251
B1252
81253
a1254
81255
81256
#1257
01260
B1261
Bl1262
61263
21264
@1265
81266
81267
81270
a1271
@i1272
@1273
B1274
81275

g1276.

81277
01300
@1301
21302
21383
91394

o130
a13e

161264
41317
171264
B6l240
800040
13101
092020
ga2208
200818
192101
gel24al
gesz242
163714
125632

0EgEa2
41515150 %]%)

2838600 .

000608
280070
202860
Go8B3D
GO0360
620006
0000800
G200as
¢000800
380636
300300
600008
022008
2008742
200060
6008 58
0092308
306400
020009
aaaaga
230000
230220
6304083
631268
231400
332000
832488
¢33808
6334208
634808
@32400
03500208
177777,
B00033
800821
000922
088323

cuT LDA

K,I

KNZ - &
K>l

SAVEO

SAVA
SAVB
TBEG»C
CONTN.,1

78

7a

60

5@ . -
ag

498
20009
20094
382092
30200
32489
31960
31420
32660
324080
33208 -
334009
Jagpeg
34400
3sgaa

¢l

17 ,
18 ~

19

ADA

STA

LDA"

GLE

~ CLO

SSA

CME

SLA

STO

LDA

LDB

STC

JMP

.2 - DEC
SAVEO NOP
SAVA NOP
SAVB NOP '
CONT OCT
SIGN NOP
M NOP
R NOP
Y NOP
R2 NOP .
Y2 NOP
R3 NOP
¢l NOP
c2 NOP
G NOP
TEMP NOP
M78  OCT
sX ocT
SY ocCT
sz, OCT
MEA  OCT
K 0GT
F ocT
BAG  OCT
‘AN 0CT
AG ocT
AX oCT
AY 0CT
AZ ocT
Al ocT
AJ  ~OCT
AKX 0CT
AF oCT
aM ocT
PATH 0OCT
INCR DEC
z NOP
G17 DEC
G18 DEG
G19 DEC



PAGE‘E&%A #31 NUM. CONTROL ROUTINE~ CNG/F

*# NQ ER

685 ©81387
9686 @1310
687 @1311
G688 61312
6689 21313
@690 01314
#8691 @1315
8692 81316
8693 21317
9694 @132@
9695 91321
8696 @1322
9697 ©1323
9698 1324
0699 @132s
2780 21326

. 8781 61327
8732 @1338
8763 ©1331
8704 01332
8785 @1333
9766 ©1334
8787 B1335
8768 B1336
8769 21337
8718 ©1348
8711 @134l
8712 @1342
8713 " 61343
8714 B134a4
8715 .

pegeal

.PPB2a2

e0ee21
176838
176830
177776
177776
6eo841
0B8R 4LS
172110
081756
177634
2008236
2208a6
177766
177742

177776

177730
154360
8000d1
208502
000083
028304
2008365
280311
2pe20d
200808
goe3ee
@140406
aoeai2

RORS?

QP!
oP2
PLAN
vi
va
H1
H2
KN}
Knz
MAX
LA

LB

M3@
M6

- BM

DN

SI

FM
LInM
ONE
TWO
THREE
FOUR
FIVE
NINE

* ZERO

AFF
AFFF
FLAG
TEN

-

-~

. DEC
DEC
DEC
DEC
DEC
DEC
DEC
DEC
DEG
DEC
DEC
DEG

DEC

DEC
DEC
DEC
DEC
DEC
DEC
DEC
DEC
DEC

DEC’

DEC
DEC
DEC
NOP
NOP
ocCT
DEC
END

1

2

17
-1060
~-1909
-2

-2

33

37
-30680
+1080
-1008
39

~-10
-30

-48
-16009

NV LW -

14840

r

249
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PAGE 0002 #81 ADAPTIVE CONTHOL PROGRAM #A/C=19/VERSION] *

8aa@1 ASMBsAsB.L

8083 02024 ORG 2824B

0084 ©Bealz "ADC  EOQU 12B ' :
8055 02024 062400 CLA : , . f&
9336 02825 172464 STA TIME,I . :
0087 02026 l@2112 STF ADGC : '
2208 (A20827 026842 JMP INPUT

0o09* LOOPING FOR THE PERIOD OF DELAY

82186 02836 0G2409 WAIT CLA . .
081! 02831 g72520 STA COUNT .

ge12 @2632 162464 LDA TIME,I

6013 B2633 042584 ADA DELAY

8814 22034 BB2EP2) SSA.RSS .
0015 02835 026042 JMP INPUT )

6316 020836 162464 LDA TIME.I

8817 82837 942473 ADA TIME1L

8818 02048 172464 STA TIME.I

@19 B284al 2260306 JMP WAIT

-092@+« BEGIN READING A TO D convsarsn

8021 02642 202488 INPUT CLA

ge22 . 92343 CO3006G cHA ‘

8823 QP2Bax 102612 0TA ADC

ep24 @2045 192712 STC ADC

po2Ss Q020846 1@2312 SF5 ADC

2@26 @2047 @26346 JHP *-1

0627 @2058 162512 Ll1A ADC

0028 02851 166712 CLC ADC

9029 _P2052 @72523 STA TEMP!

8839 22853 912472 AND CODE

8031 02854 872524 STA TEMP2

gB32 ©20655 066524 LDB TEMP2 .

2033 02856 262523 LDA TEMP1 . ~ : : -
9838 ©2857 812471 ‘ AND SORCE -

8035 02668 ¢52467 CPA CHANI

0836 020861 676521 "STB F1

0837 02062 652478 CPA CHAN2

g@38 @2063 676522 STB F2

0839 @2864 032a00Q CLA

0g48 022865 182612 0TA ADC

PO4l @2066 183712 STC ADC.C

Aga2 620867 106712 CLC ADC

o433 02878 062520 LDA COUNT

PRas ©2871 852477 CPA THREE

BA4S 02072 626181 JMP ABSOL

8046 02073 £36520 15Z GOUNT

2847 ©2074 062514 LDA NEGTN

GOA8 02875 072517 STA SLOW

gR4A9 B2076 636517 15Z SLaW

g0s@ 02877 226076 JUP *=1

6851 02108 0626042 JMP INPUT

B@52+ TAKE THE ABSOLUTE VALUE OF INPUTS

8853 02181 862521 ABSOL LDA Fi

0054 G212 816423 JSB ABS

8655 021a3 67252} STA Fi

@856 G2184 962522 LDA F2

8057 02105 816423 J5B ABS <

0858 d2186 872522 _STA F2




. ' 252

'PAGE 2293 #81 ADPAPTIVE CONTROL PROGRAM #A/C-19/VERSION!

@B59» SORT F1 AND F2 IN PREPARADION FOR SQUARE ROOQGT

g187 @2161 0862572
B1d8 92162 872573

B109 #2163 062521

LDA
5TA
__LDA

go68 ©2107- B62521 SORT LDA FI. .
g6l @2110 863804 © CMAsINA
gP62 @2111 gaz2s522 ADA F2
BB63 @2118 862821 SSAsRSS .
2064 @2113 826181 JMP SORTZ2
‘66865 ©2114 862521 SORT! LDA F! HERE F1»F2
666 @2115 872526 STA P
go67? 82116 862522 LDA F2
98668 92117 672527 STA Q
2869 T@212p @26125 JMP ROOT 1 ‘
BB70 ©2121 862521 SORT2 LDA Fl HERE Fl<F2
e71 @2122 @72527 STA @ :
- @872 ©82123 862522 LDA F2
6873 ©2124 872526 STA P :
@074*% GALCULATE SQUARE ROOT OF Fl*#®2 + F2%%2
@675 92125 62527 . ROOT LDA @
2676 B2126 100200 MPY Q
@z2i27 pPBas27 :
2077 821306 16840806 DIV P
82131 882526
P78 ©2132 001108 ARS
8379 @2133 672530 STA Y
go80 02134 100200 MPY Y
§2135 802530
e@81 82136 162480 DIV P
32137 AB2526
2882 ©2140, 001108 ARS
ee83 9214l 872531 STA Z
2g84 2142 102209 MPY Y
"B2143 P@2530
2885 @2144 1804008 D1V P
82145 602526
P86 B2146 BA2526 ADA P
2887 #2147 B42530 ADA Y
2988 @2158 @72525S . STA RR
8689 @2151 862531 Lba Z .o
g85¢ 982152 803004 CHMA» INA
@291 @2153 @a2525 ADA RR
292 g2154 872534 STA FORCE
289 3 _ .
BB94% FORCE=P+Q#%2/2%P«Qux4/BxPxx3+Q%x6/ 1 6%Pw%5
229 5 ' C
@B896» DATA COLLECTIOM ROUTINE
a9 7% :
@398 @2155 QOPOOS NOP
8899 P2156 962534 LDA FORCE
@188 82157 172552 STA ARRAY.I
9181 Q22160 836552 1SZ ARRAY _ :
G132~ o
@183* PEAK STORAGE ROUTINE . ///””——
g184» . .
@1o5= - :
Fi106=

X6 . -
XT ' :
Xg




PAGE 2804 #81 ADAPTIVE CONTROL PROGRAM lA/C-!Q/UERSfON!

o110,
2111

. 8112

8113
alia
al1s
glle6
a117
o118
gl1e
@128
gl21=
Bi122x%
Balﬁ*
%]

a1z2s

8126

B127
gre2g™
g129
Q138
2131
8132
Q133
B13a
2135
8136
8137
@138
§139

.erag

gial
araz
2143
Blaa
plas
2146
8147
P1a8
8149
@152
g1s1
gls2
2153
6154
@iss
8156
2157
2158
ers9
glge
8181
gi62
2163
2l64
6165
B166

82164 872572

#2165
22166
82167

- 82178

g2171
g2172
82173
22174
82175
82176

062570
272571
Be2s567
p72570
062566
272567
262565
872566
0862534
872565

862565
803084
@42566
802021

'@62566

@72574
062574
803004
842567
Bo2621
226221
862574
872574
826223
B62567
872574
#62574
0e3vos
942578
p@202]
226233
662574

‘#72574

026235
962570

872574

262574
293084
842571
P@2g21
@26245
862574
872574
826247
862571
872574
262574
863684

Baasve_“;h"

Rl

R2

R3

R4

RS

.Rﬁ

R7

R8 -

‘STA X6
LbA X4
STA X5
LDA X3
STA Xa
LDA X2
STA X3
LDA XI
S5TA X2
LDA FORCE
STA X1

'y LDA X1

CHMA. INA
ADA X2
SSA,RSS
JMP R}
Lba X1
S5Ta S
JMP R2
Lba X2
STA S
LDA S
CHMA,INA
ADA X3
55A, 855
AP R3
™pa s
8TA S
JMP Ra
LDA X3
S5TAa S
Lpa S
‘CMA, INA
ADA X4
S58A.RSS
JMP RS
LDa S
5Ta s
JMP Ré&
LDA X3
STA S
LDA §
CMA,INA
ADA X5
SSA,RSS
JMP R7
LDbA S
STa &
JMP R8
LDA X5
5Ta s
LDA S
CMA,INA

253

ADA X6

| ICHPY VU PSPPI



PAGE 20885 #01 ADAPTIVE CONTROL PROGRAM #A/C-19/VERSIONI

2167
8168
2169
2170
2171
172
2173
8174
@17s
8176
8177
2178
8179
2180
2181
@182
2183
2184
@185
d186=
B187*
3188
8189
erog
2191
gi92
@193
g19a
‘8195
0196*
2197=
2198x=
gI99*
e200*
@ca 1%
0282
8293
2234
8285
6236
0287
2298
2289
B210
B211
g212
a213
214
8215
g216
9217
@218
3219
8229
g221
@222

~B23i2

g22s52
062253
22254
g22s55
62256
B2257
g2269
82261
B2262
82263,
B2264
82265
B2266
82267
g227@
62271
g2272
82273
22274

ga2p21
826257
862574
372574
026261
362572 R9
872574
862574
003264
842573
gaze2)
gae6271
862574
872574
026273
262573
‘372574
862574
872534

R1D

RiY

Rl2

92275
82276
82277
823a0
gaaal
g2362
22383
22384

@62555
B52475.
626324
d62543
172564
862475
g72555
0000600

AIR-GAP DETECTOR

82305 962534

82386 842545
B2337 002020

B2318 826317 4
@2311 862543 :
272512
262558
852543
326336
126463
B62551
252543
826323
826336
g62512
342475
872512
g62512
842547. .
832828
126463

Soat

92313
22314
@2315
22316
82317
@#232¢
2321
82322
82323
92324
82325
g2326
#2327
82339
g23al

CHEK1

' CHEX2

S55A.RSS

JMP
LDa
5Ta
JMP
LDA

STA

‘LDA

ADA

LDA
5TA

JMP-

LDA
STa
LDAa
S5TA

LDA
CPa
JMP
LbA
STA
LDA
S5Ta

NOP

LDA
ADA
SSA
JMP
LDA
STA
LDA
CPA
JMP
JMP
LDA
CPa
JMP
JMP
Lba
ADA
STAa
LDA
ADA
SSA
JMP

- A M oamdEaaem . - ;¥

R9
S

S
Rl
X6
S

s

"CMA» INA

X7

SSA,RSS . . T
JMP .

Ri1
s

5
Rl2
X7
s
5
FORCE

TTT
ONE
*+5
ZERO
FLAG.I
ONE
TTT

FORCE
FSET a

CHEK] ™
ZERD
DEX
CRN
ZERO
CHEK3
POLCY.!
STEP
ZERO
CHEK2
CHEK3
DEX
ONE '
DEX
DEX
NETFV

POLCY, 1

i—".&#“‘“""‘""’"‘bf"



PAGE 0866 #01 ADAPTIVE GCONTROL PROGﬁi:\jA/C-I9/VERSlONI

@224 82333
8225 @2334 262543

p72512

@226 ©2335 @72559

B227*
g228% TRANS
g229»
B230*
8231 @2a3e6

IENT SCHEME

862542 CHEK3

P232 @2337 B52543

8233 082340
9234 82341
@235 @2342
P236 82343
0237 02344
6238 @2345
6239 02346

g26342

926353

262544 CHEKa
Ba3P04
142466
ga2e2o0
126463

0248 ©2347 962534

9241 02358
@242 p2351
@243 02352
B244 82353

242545
202920
126463
@62586 CHEKS

8245 82354 172466

9246» SWITGC

B247=
Jggﬂki‘\ )
249 @2355
@258 @2356
2251 92357
2252 * 92360
8253 82361
9254 ©2362
‘@255 @2363
8256 @2364
@257 82365
2258 ©2366
@259 '@2367
2268 0231790
8261 @237!
2262 @2372
@263 02373
@264 02374
@265 02375
8266 ©82376
BR67 ©2377
9268 p2age
6269 @240@1
2270*
927 1>
ge7ox
2273
B274 02482
8275 02403

@276 G2404
a277 ‘a2495
@278 22486
8279 ©@24@7

0288 92418

H OFF

862475
872568
816433
283008 .
862542
842475
872542
862542 .
642553
562028

826

862543
B72542
862543
872551
B6247S
672550 ' .
126463 _
362475 CHEK6
872551

826428

5TA

" 'LDA

STA

LDA
CPA
JMP
JMP
LDA
CHMA,

" ADA

55A
JMP
LDA
ADA
55A
JMP
LDA
STa

LDA
STA
JSB
NOP
Lba
ADA
STA
LDA
ADA
55A
JMP
LDA
STA
LDa
STA,

" LDA

STA
JMP
LA
STA
JMP

4 255

DEX
ZERO
CRN

KOUNT
ZERQ
CHEKA
CHEKS
FE
INA
FEED) I

POLCY.1

FORGE £

FSET

1 ] ‘.
POLCY,1

FDMIN

FEED.1

ONE
LLO . : .
OFF f

KOUNT
OME
KOUNT <
KOUNT : i
NTWS: . .- T

P

CHEK6 : , E
ZERO : !
KOUNT
ZERO
STEP
ONE
CEN
POLCY,1
ONE
STEP '
RETRN o : "

TRIS ROUTINE ENSURES THAT. 3@<FEED<3000

862532 NEWFD
142466
172466
842587
ee202a’
@26416
242510

LDA
ADA
5Ta
ADA
55a
JMP

ADA

DELFD
FEED»1
FEED,1
FMIN

MIN

B rotmete
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PAGE Q€Q7 #61 ADAPTIVE GONTROL PROGRAM lA/ﬁ-lé/UE&SIONI

B2s1
8282
9283
g284
8285
8286
B287
2288
0289
82906
B29 1%
p252#
j6293*
p294
8295
8296
6297
- 3298
8299

© 9300

B301

B302%
3303*
B384*
B305»
20306
2307+
0308=
B309*
8318=
B311»>
g312

2313

8315
8316
8317
2318
%319
8320
8321
8322
323
v 3324
8325
B326
2327
6328
0329
3330=
P331*
.B332=
8333

. 93%%x

8335
8336
8337,

@2411 002020

02412 826420

B2413 962505 MAX
@2414 172466

B2415 026420

P24l6 962506 MNMIN
2417 172466

62423 902400 RETRN
92421 172464

82422 226030

S5A
JHMP
LDA
5TA
JMP
LDA
5TA
CLa
S5TA
JMP

THIS ROUTINE PLAGES THE

WORD IN THE M.S.B. AND TAKES {HE ABS. VALUE
. NOP ’

g2423 0062080 ABS
82424 100048
#2425 109046
224256 101020
82427 181826
02430 60202

82431 0630084
22432 126423

LSL
LSL
ASR
ASR
S5A

RETRN
FDMAX
FEED.1

"RETRN

FEMIN
FEED.1

TIME,1' CLEAR THE COUNTER
WAIT

SIGN BIT OF THE 18-BIT iNPUT(
16 .
6

16

6

CMALINA °

JMP

ABS,1 .

SUBROUTINE OFF SWITCHES OFF THE ANALOG SWITCH
SUBROUTINE ON SWITCHES ON THE ANALOG SWITCH

SUBROUTINE SLOW DECREASES THE GAIN IN THE
CORREC. NETWORK BY A FACTOR OF FQUR '

-

#2433 200086 OFF

" 82434 0024080
8314

62435 066400
62436 66562
82437 186616
82440 062556
82441 172564 .
@2442 126433

82443 000000 ON
82444 002400
02445 006420
@2446 866563
22437 106616
92450 662543

B2451 172564

82452 126443

62453 000998 SLV
82454 802400

82455 266400

CLA

- CLB

LDB
OTB
LDA
5Ta
JMP

NOP

" NOP

CWSEN
ASYNC
TEN
FLAG,I
OFF.1

CLA ~

CLB
LDB
0TB
LDA
STA
JMP

NOP
CLa

CLB -

CWREC <
ASYNC

ZERO

FLAG.,1

ON,I
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B2456

266557

'
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' 9338 ) LDB CUSLW —="
@339 @2457 186616 GTB ASYNGC
9340 ©2468 862543 LDA ZERQ
@341 ©2461 172564 STA FLAGSI
@342 02462 126453 JMP SLV,I .
7 B343% '
8344 02463 6@2608 POLCY OCT 26008 .
@345 Q2464 20800 TIME 0CT 28020
8346 32465 828661 FOPT - OCT 20081
@337 92466 0200664 FEED 0CT 2806234
8348 ©2467 010908 CHAN1 OCT (18800 .
@349 ©247@¢ 020808 ° CHANZ OCT/ 28000
~ $358 ©@2471 878008 SORCE 0CT 70000
@351 92472 681777 CODE 0CT 81777
" 8352 92473 9@E212 TIMEl DEC 19
. #8353 @24T4 9@372 TIMEZ2 DEC 250 '
@354 @2475.600081 ONE  DEC | \
@355 02476 B0@G82 TWO  DEC 2- '1;
9356 02477 9PQEV03 ‘THREE DEC 3 )
9357 @2500 @é@isa HUN  DEC 100 o
8358 @251 @P@84s8 THIRT.DEC 32 .
@359 82582 609917 FIFTN DEC 15
0366 2503 6@@@34 TWENS DEC 28
@361 82584 176838 -DELAY DEC -1000
@362 . 'P2505 905678 FDMAX DEC 3009
@363 ©2586. 066636 FDMIN DEC 38 -
364 @2S87 177742 ~FMIN DEC -30
2365 925108 172146 FMAX DEC -2970 e
@366 B82511 176688 NL1IM, DEC -640
@367 02512 000PE8 DEX’ NOP @
2368 @2513 881260 PLIM DEC 640
. @369 02514 177766 NEGTN DEC' -14
@837¢ ©2515 @B20146 HUNTO DEC 182
@371 02516 872468 BIG DEC 30000
. 8372 ©2517 90GAAE SLOW NOP
v, 9373 02520 008088 CQUNT NOP
. #9374 - @2521 0009098 F1 ° NOP
@375 82522 G00Q@3 F2  NOP
.0376 ©2523 000808 TEMP1 NOP
9377 ©2524 60003G TEMP2 NOP
@378 82525 ¢8EEeee RR - NOP
' @379 ©2526-000080 P NOP -
' 0388 02527 086000 4 . NOP
@381 02530 0800EC Y NOP .
@382 @2531 8eeeed Z ~ NOP
) @383 @2532 @6@0G@ DELFD NOP .
2384 ©2533 980096 ERROR NOP
@365 ©2534 82080G FORCE NOP -
@386 ©2535 98063E FACTR NOP
_ @387 02536 0480908 ACC  NOP
8388 - 82537 ©0@E20 EPREV NOP
,) @389 #2540 Q8B00A B DEC A ,
. @398 @264l 9@082¢ DAMP NOP :
. 8391 Q2542 380800 KOUNT NOP
¢392 '@2543 0OGOEE ZERQ. NOP ,
_ '0393 @2544 885656 FE DEC 2998 . &
. @94 @%545 177766 FSET DEC =187 ' -
N N . b . ' A _

L

I
LY
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2395 @2546 @@@831 ‘TVTS DEC 25
8396 @2547 177735 WETFV DEC -35
@397 ©2550 PPIPB8 CRN  NOP
@398 @2551.002086 STEP NOP.

) @359 » L '

© 9408 02552 P4BBO0 ARRAY OCT 40080

@ad1 92553 177747 NTWS DEC -257
@492 a'g 54

0¢8055 FORTS DEC 45
0ap 3% : ‘ _
@484 2555 @00 TTT ° NOP - :

P45 @2556 POGA12. TEN' DEC 18 .
gage6 oveels : ASYNC EQU 168 .
G437 Q2557 186318 CWSLW OCT 140010 ' :
0488 Q2560 008068 LLO NOP, ‘
. 8499 @2561 00066 DLY NOP b
B41g 02562 168210 CWSEN OCT 16018
Ball ©2563 142318 . CVREC 0CT 148010
R @412 @2564 614040 FLAG OCT 14849
’ B413 92565 0@2e6@ X1° . NOP
' B414 ©2566 208000 X2 NOP
Gals @2567 0068006 X3 NOP
G416 Q2573 GOBIGE X4 NOP ‘
B417 ©2571 008006 XS NOP "
8418 02572 0090008 X6 NQOP - :

9419 @2573 000802 X7 NOP
0420, @2574 00008@6 S ' NOP
B4a21 02680 @ : ORG 2600B
SWITCH ON '
862568 - LDA LLO
852475 . GPA ONE
; 026604 ' JMP =#2
L . 826613 JMP ST2 | -
b - o980 = . NOP N
Lo #62561 LDA DLY
; 842475 . ADA ONE
’ @72561 STA DLY
352554 .. CPA FORTS
826613 . JMP ST2
026620 ‘ JMP ST1 -
@#16443 ST2  JSB ON :
£62543 ' - LDA ZERO S
872561 STA DLY
672568 ~ STA LLO
L p26621 . JMP *+2
@16453 STl JSB SLV
20000 NOP
Baaax - ‘ - : AN
- @445% CALCULATE FORCE ERROR :
Bas6 P2622 862534 " LDA FORCE
B447 @2623 803804 - ' * CMALINA .
0448 ©2624 142465 * ADA FOPT,I
G249 02625' 190208 - 'MPY THIRT
@2626 AADEAL

B U}

[

| e e

0 - T ‘

i ﬁ 40 4 ;_-:.g‘l___‘,__._;mup‘..‘ et



PAGE 0010 s01

. 8451
2452
2453
0454

#8455

d4a56

@4s7
2453
8459
0460
gas1
6462

8463
2464

ga65

9466 .

9467
8468
2469
2478
@a71

ga72

8473
9474
847s
9476
8a77
8478
2479
8489
‘8481

. @482

2483
3484

. B48s
" -P4B86

- Bas87
2488

8489 -

2490
8491
€492
8493
8494
9495
2496

. 6497

8498

22530
82631
82632
92633
22634
#2635
82636
22637
02648
82641
82642
82643
82644
82645
22646
82647
32650
82651
p2652
. 82653
g2654
32655
g2656
92657
22660
22661
82662
32663
82664
B2665
02666
62667
82670
92671
22672
82673
92674
92675
82676
92677
82706
@2791
827g2
#2703
02704
82705,
82796
, 82767
6271a
#2711
#2712
g2713
82714
82718

182465
@72533
842511
Qoza2]
026677
862533
100269
@a247s
B7253s5
162464
183101
242474
006400
180400

8o258e

100200
PB2535
100409
082583
162241
v26782
B72536
262537

863084

042533
122208
802540
100400
602560
872541
A62533

ee2g2e -

B15712
g62541
842536
g72532
662533

872537

826402
862513
872533
#26635
B62533.
092020

226787 °

862516
926673
862516
6a3204
826673

862536
872536
126712

** NO ERORSs

ESMAL

-LDA TIME,1

N
[}

STA ERROR
ADA NLIM
SSALRSS
JMP EBIG
LDA ERROR
MPY ONE

STA FACTR

CLO

-ADA TIME2
cLB :
DIV HUN

MPY FACTR

DIV TWENS

- 50C

El

EBIG
DLMAX
PMAX
NMAX

NEG

" JMP NEG,I

JMP DLMAX
STA ACC
LDA EPREV
CMa, INA
ADA ERRO
MPY B -

DIV HUN

STA DamMp
LDA ERROR
SSA

JSB NEG
LDA DAMP
ADA ACC
STA DELFD

- LDA ERROR

STA EPREV
JMP NEWFD

LDA PLIM ERROR>§49
STA ERROR ERROR=640

JMP ESMAL
LDA ERROR
ssa

JMP NMAX
LDA BIG -
JMP El
LDA BIg
CMA, INA

JAP E1

NOP

LDA ACGC .

STA ACC

.END

’

ADAPTIVE CONTROL PROGRAM #A/C~-19/VERSION]
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APPENDIX V

HARDWARE LOGIC FOR A/C ALGORITHM."B"
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APPENDIX V

’

-

HARDWARE LOGIC FOR A/C ALGORITHM "B"

This appeﬁdix describes thew hardware logic used to
implement the A/C algorithm "B". Referring tolfigure 3.2 in
Chapter 3 of this thesis, it was shown that in the position
control loop, the phase difference between the command and
feedback signals is converted into a DC'voltage and passed
through a single pole low pass filter before being amplified
and used to drive the motor. Figure V-1 shows the circuit
diagram of the low pass filter. Two analog switches "S;*
and "S," were added to the‘fi1ter circuit. + The first switch
“Sl"_is used to interrupt the velocity cdmmand to the velocity
loop during transient conditions for a period of 40 mitli-
séconds. "S," is used to reduce the gain in the NC 106p to
1/3 its original value for a period of 100 milliseconds.

This reduction in the NC gain is necessary\to pre-
vent a ser{ous overshoot in the system regpohse.(table veldcity)
when nu]]ifying'the_condition “com = 0.0, The operation of
both switches is contro11ed by the A/C algorithm redident in the

minicomputer. _The circuit diagram of the analog switches is.

‘shown in figure V-2.

During steady state milling, the switch "S," is in the

"ON" condition and the gain in the low pass filter is approxi-
mately unity. As discussed in Chapter 3, the A/C program

switches control to a transient routine in the case of tool-

‘f-i >

Dee e

T
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work co11isibn under rapid traﬁ%rsa or milling across a step in\

the axial depth of cut. This transient condition is recognized&’\\\\
from the sampled values of the cutting force. The transient A
‘routine sends a pulse through I/0 channel 16 to the flip flop
| "F-F" shown in figure V-2, which in turn fswitches off" §;.

This routine simu1tanéous1y, and through a common memory

location with the NC program causes the latter to stop the

flow of command pulses to the NC controller (see figure 3.6).

The transient routine in the A/C program also, as mentioned,

cohtrols'the duratfonnof the condition Vcom = 0.0. This is

he numbar of computer instruction executed
(each instruction takes\apout 2 msec). .

After a period of 40 milliseconds, the transient
routine sends a secqnd pulse, which through the flip flop
"switches on" Qi and in the same time “"switches off" S,
thereby reducihg the gain in the filter (and accordingly the
NC Loop) to 1/3 its original value. i ‘

A third pulse is sent to revert the gain to its-
original value. The circuit shown in figure V-2 was added

to the_contro] boards in the NC controller,

R

A ey i e =
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