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Abstract

An experimental die sinking machine has been built as a retrofit of a vertical
milling machine controlled from an HP 2100A minicomputer. The project of NC
and AC far die sinking cansists of the development of a cutting farce and
torque transducer of an investigation into strength limits of end milling
cutters and of development of the NC and AC software. The solutions are dis-

cussed and programs described.

Of all the possible spplications of
Adaptive Control in machining the one con-
cerning the die sinking is perhaps the most
obviocus and straightforward. It is a natural
extension of the long established practice in
copy milling machines where feed-rate used to
be cantrolled from a sensor of the load on the
cutter,

The reasons for this application of
Adaptive Cantrol are, on one side, the practi-
cally unpredictable and usually large variation
of the load an the cutter, and on the other
side, the vulnerability of the usually long
and slender end milling cutters used in die work.

Let us cansider an elementary example
in Fig. 1 of a rectangular cavity with a
sloping bottam. Its rough machining starts
with drilling a flat bottommed hole in pesition
1. A cutter with a camaratively large diameter
is used first starting from this hole, moving

to Pt 2, Pt 3, Pt 4, etc. The cut Aa represents '

great locad by milling width d and depth hA'
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The next move b from Pt 2 to Pt 3 gees in
luserdepmhsunstulmmauwudm.
The section C from Pt 3 to Pt 4 represents

than in this sigple exasple which however
1llustrates well the point concermned.

A project is carried cut in the McMaster
Metal Cutting laboratory in developing an AC
system in addition to a minicomputer NC caontrol
of an experimental vertical milling machine.
The project consists of three parts: the
development of the AC transducer, the deter-
mination of st limits of end milling
cutters and the develooment of the AC and NC
software.
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The end milling cutter may break in
bending or in twist or its tooth may break away.
Thus, we have to continucusly check the radial
cutting farce F_ and the cutting tarque T on
the cutter and =~ vary the feed-rate so as to
keep both these variables below tne permissible
limits. For maximum productivity we should use
the maximun feed-rate which satisfies this
condition. The transducer for measuring Fr and
T must be sensitive ard rigid at the same = time.
Several altermative designs of the transducer are
being cansidered. One of them is indicated in
Fig. 2. The transducer is built as a tool hold=-
ing body to the spindle flange. The collet is
clamped in a sleeve which is connected to the
outer and II. The connection

e}

§

tarsional flexibility.
in plane 3 by means of driving arms attached to

a radially flcating ring. This design was
optimized for radial and tarsional stiffness with
reguired sensitivity constraints.

The problem of the strength limits of
each milling cutters is caxmplicated in its part
of tooth breaking which requires three-dimensional
stress analysis carried cut using finite element

deal with brittle fracture. This part of the
project is still in the initial stage only.

General Description

in Fig. 3. carponen
a milling machine, a mini-computer (H.P. 2100A),
a data conversion system, a Time Base Generator
(TBC) and a Controller which contains 3 control
circuits for the 3 axes-of-motion of the milling

machine.

The milling machine is equipped with DC
servomotars as feed drives, resolvers as position-
al feedback elements and DC tachogeneratars as
velocity feedback devices. A special sensor for

. an~-line measurements of the spindle torque, T,

and of the.cutting force, F, is attached to the
spindle. In order to determine the force, two
perpendicular cutting forces, F amd Pv, are sensed.
The sensor outputs are fed an Analog-to~
Digital Processor (ADP) to the carputer. The
camputer handles two programs: NC and adaptive
control (AC) programs. The interrupt system of the
camputer takes care of the simultanecus running of
both programs. The AC program accepts the sensor
outputs and uses them to calculate a feed-rate
carrection which is supplied to the NC program.
The carrections are provided cantinuocusly through-
ocut the cutting process in order to maintain
maximm feed-rate campatible with the limitations
imposed by the strength of the cutter.

the camputer carries out the AC program, and when-
ever an interrupt occurs, the JSB instruction
(JSBaJump to Subroutine) causes the computer to
transfer its control to the NC program. This in-
struction also autamatically saves the retum-
address for a later retwmn to the AC program, thus
when the NC program is terminated the camputer
contirues to perform the AC program {rum the paint
at which it was interrupted.

The camputer is equipped with three types
of linss: Interrupt irput line, Digital cutput
line, Digital input line.

The digital cutput lines are used for
transferring data from the camputer through the
Controller to the machine drives. For each
machine axis two lines are reguired: e for the
sign and the other for commend pulses. Each pulse
will cause a motion of 0.0001 inch. This unit is
the system resolution and will be denoted hence-
forth as the Basic Length Unit (BLU).

The cata for the AC program has to be
updated by a contimuous information about the
cutting process. The measured varisbles T, F
and F_ are converted to a binary rmbymgg-to-
Digitd) Converters (ADC) and transferred to the
camputer via the digital input lines,

The three ADC's are included in the ADP,
which contains also a Digital scanner. The ADC
cutputs are selected successively by the Digital
Scanner. The data conversion begins simultanecusly
in the three ADC's, on the trailing edge of a
conversion command pulse (CP). The latter is gen-
erated by the Data Reading Routine (DRR), which is
a part of the AC program. At the camletion of a
conversion (conversion-time is 20 u sec) the ADP
produces a pulse, which is sent to set the flag of _
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Fig. 3. Block diagram o’



DRR 1/0 channel. The set of the flag'informs the
DRR that the input data i1s available. The Digital
Scanner picks up only ane of the ADC outputs at a
time and sends it to the camputer.

The TBG controls the timing of the
systers. It provides the follosing functions:

1. Supplying clock pulses of 2.5 MHz frequency
to the control loops.

2. Providing interrupt pulses to the camputer.
Each interrupt pulse starts the NC program
rumning. The frequency of the interrupt
pulses establishes the maximum feed-rate
which can be achieved. This is calculated
by using the following formula:

FRM = IPF x BLU x 60 : (1)
where FRM is maximum feed-rate (in contouring
in ipm.

IPF - of mten'upt pulses frequencies in

PpPs

'DnIPPiaMndtedbthMorm-
structions in the NC program, and by the in-
struction execution time. In ocur system
IPF=5000 pps and therefore FRM = 30 ipm.

3. Producing two sine-waves, S50 degrees phase-
shifted, which are fed as reference signals to
the statars of the resolvers. The f{requency
of these signals is 2.5 KHz.

In order to synchronize the system, a 2.5 Miz

pulse-generator is used as the source for all

these signals.

The Controller contains a cantrol
circuit for each axis-of-motion. The circuit
transforms the train of pulses from the computer
camnand line into a phase-modulated cammand
signal and campares it with the phase-modulated
feedback signal. The result is the velocity
cammand, which is fed via an amplification unit
to the feed motar.

The positional control is performed by
the position loop and software counters, which
are contained in the NC program. The counters
are loaded with the required incremental distance
at the begiming of a segrent. Each axis-of=-
motion is provided with a counter. Each time a
camand pulse is sent out by the computer, the
contents of the appropriate counter are reduced
by one unit. The phase-camparatars in the control
circuits are never in saturation, thus accomplish-
ing the positional centrol.

‘The NC

The general structure of the NC program
is shown in Fig. 4. In this program ane can dis-
tinguish between the "frame" which enables the
cooperation between the NC and the AC programs,
and the major part which contains five sub-
routines: PIP, Feed, Interpolator, Output and
Position. The NC program uses an additicnal
routine denoted as the Initiator Routine. The
main function of the Initiator Routine is the
loading of a new data block to the memory
locations which the NC program is using. The
"frame" includes the following:

1. When the interrupt occurs, the contents of the
arithretic-unit registers are stored in the
computer memory. This stored data is required
for the continuation of the AC program.

© 2. After executing the major part of the program,
the stared values are returned and then,

3. The flag of the interrupt-pulses channel is
cleared and

4. Control is returmed to the point of interrup-
tion in the AC program.

The principles of the five sub-routines

in the major part of the Continuator Routine are
as follows:

P'n’ In a point-to-point (PTP) operation the axes
rove in the highest feedrate. An interrupt pulse
activates the PTP routine, and then henceforth it
starts to run in a closed loop supplying cammand
pulses, the frequency of which depends on the cycle
time of this loop. In our case the locp contains
19 instructions. Since the execution time of each
instruction is 2u sec, the frequency of the command
pulses is: 6Q x 10°/38 = 158 x 10° pulses/min,
which means a rapid traverse of 158 ipm per axis.
A subtraction of the appropriate counter by one
unit is carried out for each command pulse. An
automatic deceleration is accomplished when a
counter is almost zero. The PIP deceleration is
carried cut in three steps, and it is a part of
the PIP routine. As lang as the deceleration is
not actuated the PIP routine continues to supply
the high freguency pulses. Once this deceleration
is actuated, the program retwmns to the interrupted
cantrol mode. When both counters are reaching zero
the program jumps to the Initiatar Routine.
FEED The Feed routine generates interpolation
cammands in a rate dependent cn the feed-word (f)
in the data block. The maximm rate of inter-
polation cammands is equal to the frequency of
the interrupt pulses, i.e., 5000 per second. This
is campatible with a feedrate of 30 ipm. If the
data block contains a deceleration command, the
feedrate decreases to 20 percent of
the programmed feedrate in that block.
INTERPCLATOR Thres types of interpolation are
availadble: linear and two circular inter-
polations, The principle of each interpolatar is
a simulation of two DDA integratars. The
simulated registers of the DDA's are loaded by
the Initiator Routine. For every interpolation
command which is produced by the Feed routine, a
single cycle of the DDA is simulated.
QUTPUT If as the result of a DDA cycle an over—
Tlos pulse is generated either in cne or two axes,
this routine sends a command pulse to the
Cantroller.
POSITIGN For every command pulse the position
Counter of the appropriate axis is decremented by
ane unit. A zero position check of both counters
is performed. When both counters are zero,
(which means that the machining of the current
segment has terminated), the program Jjumps to the
Initiator Routine, in arder to load a new block
and process its data.
The Interpolator”

e interpolator, which is a part of the
NC program, similates a hardware interpolator and
a feed-rate control based on DDA integrators.
The main clock which controls the hardware inter-
polator is replaced by the source of the interrupt

pulses,

Fig. S shows the flow—charts of the
feed-rate calculataor (a), the linear interpolator
(b) and the circular one (c). Simpler DDA's,
without incrementation of the y registers, are
used in the simulation of the linear interpolater
and the feed calculatar, while full software
DDA's are used for the circular interpolator.

The feed-rate mmber { is fed to y.. For linear
mimuwimpaﬂu ad y along X and Y-axes,
the registers y, and y, are fed by the mmbers x
mdympecuvi 1y . Iﬁcircularmuontm )
initial values of i=R cos ot and j=R sin wt are
fed to the registers 1 ard y.,, respectively.

Denoting the of the interrupt
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pulses by W_, the output frequency of the feed-
calculator Os W f/q_. In linear motion the out-
put xreqtmcies°v V_ of the  cammand pulses
to the X and Y-ax®s respdctively are:

= (wor/qo) x/q Vy = (Hof/qo) y/q (2)
In circular motions x and y in Eg. (2) are
replaced by 1 and j, respectively. Obviously
the feed-rate along the cutting path is for
linear motion

V= (Uor/q ) L/ (3)

where L = + y°. In circular interpolation
the arc radius R replaces the distance L in Eg.
(3), where R = vi* + j°,

Notice that q and represent in a
hardware DDA the maximum (rbed) content of the
registers of the interpolator and the Feed
Calculator respectively. Since it might happen
that the numbers in the y, registers are small
compared with the .value o}q the hardware inter-
polator must use a high frequency clock .Ho

(in the range df MHz) in arder to cbtain —the
required feed-rate. However, it is impossible
to use such a high frequency for the interrupt
pulses and that leads to other definitions of q.
The software interpolator uses a variable q
rather than a fixed ane. The value of q is
calculated at the beginning of each segment.

Far ilimeax- motion: q = L, for circular motion:
q =K.

* By using these definitions Eg. (3) is reduced to

V=W /g, (%)
Since W_ is a constant, the term f/q_ represents
themt?obetuemthamqmredreed- te and the
maximm allowable one. But as this ratio is
equal to V/W_, the frequency W_ is the maximm
allowable feSd-rate measured i pps. Far
maximm feed-rate of 30 ipm and a BLU of 0.0001
inch W_ it is 5 KHz. Such a frequency allows
time {ftervals of 200 u sec far the execution
of the NC program. In fact the maximm execution
time of the latter is 170 u sec, which always
permits enough time for the execution of the AC
program. Another advantage of this interpolator
is in calculating the feed-rate number f. By
choosing the value of as 3000, any feed-rate
until 30 ipm (with a lution of 0,01 ipm) is
programred directly in ipm by using the formula:
£ = 100 x FR where FR is the required feed-rate.
AC Program '

The AC program consists of three routines:
DRR, Error calculator routine (ECR) and Feed-rate
calculator (FRC) as is shown in Fig. 6. The DRR
receives the input from the ADP and stores it in
the appropriate memory locations. With the
campletion of this stage an output pulse CP is
sent and simultanecusly the flag in the 10
channel is cleared. Since the conversion time is
20 usec, a new data will be available, approx-
imately 1l camputer instructions afver the cutput
pulse. At that time the ADP will send a pulse
to set the flag of the 1/0 channel and a new cycle
of the DRR will start.

Approximately every 10 msec the program
is switched fram the DRR to the ECR. The time
measurement is done indirectly by counting the
camputer instructions which are executed and bear-
ing in mind that execution time of each in-
struction is 2 usec. Each time a group of in-
structions, either in the NC or in the AC program,
is performed - a software counter (TC) is in=-
cremented by the appropriate numer. Whenever
the counter exceeds the valye of 5000, which is

equivalent to 10 msec, a new feed-rate
calculation takes place. The number 10 msec was
arrived at by assuming that the maxirum spindle
speed which would be used (for steel machining) is
600 rpm and at least 10 samples of measurements
would be required per revolution of the spindle.
The ECR starts with the calculating of the
cutting force F from the two force signals, F_ and
F,, vhich are 90 degrees phase-shifted. This"
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Fig. 6 . The AC Program .



permits the calculation of the force and torque
errars, E, and Et respectively, which are defined
as follows.

Er=1-F/F° Et-l-‘l‘/To (5)
F_and To are the cptimal values of the force and
the tarque, respectively, and in fact these values
are clcse to the maximum permissible values
(around 90 percent). The maximum values depend
on the tool geometry and material, as well as on
the available torque of the motors that drive the
milling machine. The optimal values are cal-
culated before the start of the work and are set
as canstants to the camputer.

The smaller positive or greater
negative of the two errors is the critical error
E which is taken as the basis for the new feed-
rate calculation. The error E is checked to see
whether it is positive or negative. Two separate
strategies are used, depending on the sign of E.

For positive E the feed-rate will have
to be increased. For large positive errors the
carrection-steps of the feed-rate should be
large, while only small feed-rate changes are
required for small positive errors. A parabolic
strategy given by the following equation was
chosen to be used in the described system.

o -rme‘ : (6)

f is the time-derivative of the feed-rate, f is
the maximum acceleration which can be accamlish-
ed by the existing feed drives in response to a
velocity step input. t‘m was measured as 750 ipm/
sec. Approximately the same value was found also
for the deceleration. .

A negative value of E means that the
optimal value of the measured variable has been
already exceeded and therefore an urgent correc-
tive action (immediate reduction) of the feed-
rate is reguired. The strategy chosen here is
glven by. the equation

£ =1 x (WE)?* ° (n

which is again a parabolic curve. We assume that
the absolute value of the negative error is
always less than 0.1. The full strategy curve is
illustrated in Fig. 7. The strategy calculates
the time-derivative of the feed-rate, which is
then multiplied by the time-interval At, where
At = 10 msec, to obtain the carrection=step of
the feed-rate. The latter is added to the
previous feed-rate in order to get the new feed-
rate . )
t'(tﬂ:) = l‘t +f x At (8)

The new feed-rate is obtained by substituting
either Eq. (6), or Eq. (7), into Eq. (8). It is
worthwhile to camment that in fact the
acceleration f is equal to zero for the values of
E in the immediate neighbourhood of E=Q., This is
due to the fact that discrete functions are
naturally used in the computer rather than con-
tinuously varying functions. This creates a
natural dead zone when crossing the point E=0
and cansequently stabilizes the system. The ob-
tained feed-rate is checked to see whether it
exceeds the extreme limits. If it does, the
limit which was exceeded will be used as the new
feed-rate. The new feed-rate is stored and the
computer contreol is transferred to the Data
Reading Routine to receive a new imput.
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Fig. 7. The change of feed-rate.
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