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This study is concerned with the dynamic behavior and
adaptive control® of the turning of eccentric workpieces. The
practical application is rough turning )of forgings or castings
which1may have considerable wvariations in initial shape and
size. ‘

A simple ngt detailed analysis on the dynamics of
rotating eccentric\workpiece is first presented.

QA~ micro-processor based adaptive control systiw
retrofitted to a numerical control lathe is then described and
investigated., Adaptive control implies that some of the main
cutting variables (e.g. cutting force) are measured in real
time anq the appropriate controlled parametersl(e.g. feedrate¥”
are mﬁdified in an on-line basis. A mathematical model of the
adaptive control system is developed for the study of the
performance of various adaptive control algorithms.
Particularly, a noﬁ—lineag pe ak-value memory algorithm

[ ‘ B
especially suitable for eccentric workpieces is investigated

along with standard proportional-plus-integral cgﬁtrol.
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La dynamique et le contrdle adaptable du tournage de

piéces montées eccentriquement sont 'le sujet de la présente

!
etude. Les résultats s'appliquent au dégrossissement de piecés

L

de forge ou de coulée dont les dimensions’ différent souvent

P

largement de celles du morceau fini. <1

.

Une analyse de la dynamique d'une telle piéce conduit a

une équation matricielle du mouvement et des forces impliquées.

Un systéme de tour & contrdle numérique adaptable par
mic;:o—processeur constitue la source de données expérimentales.
éontrﬁle adaptable signifie que' «certaines variables du
processus de tournage (e.g. force radiale) sont mesuréas et les
par ameétres de contralé appropriés (e.g. vitesse d'avaice) sont
modifiés selon les valeurs o'btenues.o ~

Un modéle mathématique du systéme de contrdle adaptable a
éteé développe afin d'étudier le rendement des divers
algorithmes de controdle possibles. En particulier, un

.
algorithme non-lineaire a rappel de valeur de pointe,
spécialement adapté aux piéces eccentriques est étudié en

conjonction avec le contrdle proportionnel-plus-intégral

standard. %
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CHAPTER 1

INTRODUCTION

1.1 GENERAL ASPECTS OF NUMERICAL CONTROL MACHINIﬁG AND

ADAPTIVE CONTROL SYSTEMS

o

Present day metal-working manﬁfacturing systems can be
divided into two main categories; namely, ma ss production §nd
batch production. Mass production accounts for only 25% of the
total metal work in North America. Its automatic production

lines such as those applied in automotive industry are

w

efficient but give relatively 1little flebeility in design

2

changes andlmanufactu{}ng procedures. The remaining 75% is
produced via batch production and 50% of it is made in batches

izes of less than fifty [1]. Theyefore, there will be a
significant impact on the national eanomy if th; efficiency of

batch production can be increased.

The main drawbacks of present batch production systems
\
are long lead time, low response to design changes, high

manufacturing cost, poor, control in processing and’ machining

-

time, long tooling time, and low tolerances. Hence, the three

most critical factors 1in batch production are flexibility,

*

adaptability, and efficiency. a
The implementation of numerical control (NC) machines has
§



improved the above deficiencies considerably in some respects.
Ho&ever, there are at least two important factors which limit
the éull utilization of NC machines. The first one is the
dynamic behaviour of the whole system during the machining
process, whereas the second factor 1is the effort required in

programming of the parts.

Every physical system experiences _vibration to a certain

degree while it is operating. In a turning operation, the
dynamic behavior is' a self-excited vibration between the tool
and workpiece. During a steady operatién, if an external
disturbance intervenes, the tool may move relative to the
workpiece. This relative motion produces a force between the
téol and workpiece. ’This force in- turn may produce an
osc1llat1on between thew If the dynamic system is unstable,
the oscillation will bélld up to a large magnitude which is
very undesirable. External disturbances come 1in many forms
such as variation in depth-of-cut, non-homogeneity of
workpiece, backlash in feed mechanisms, and interaction of
g

machine components.

14

The other limiting factor is that, since an NC machine

-

follows exactly the programmed instructions, it is basicall¥ an
open loop system. Because it has no capability of detecting and
adjusting itself according to the cutting conditions, for
safety reasons, a programmer may tend to be conservative in

programming. As a result, inefficiency takes place. On the



other hand, 1if the programmer lacks practical experience, he
may pfbgram the parts with improper commands which may cause

serious damage to the machine structure.

s

In .view of/ these two problems, there is considerable
interest in the so-called adaptive control of NC machine tools.
Generally speaking, in the metal cutting field, an adaptive
control system is wa system which, in real time, monitors some
significant variables of the cutting operation and adjusts the
controllable parameters to modify the cutting conditions in
‘'some desirable fashion. The process variables which may be
monitored are the cutting force, cutting torque, or cutting
power, whereas the commanded correcting variables may be the
feedrate,‘cutting speed, or depth-of-cut.

Adaptive control systems, depending on their philosophy
of operatiop, can be divided into two broad categories; namely,
Adaptive Control Constraint (ACQC) and Adaptive Control
Optimization (ACO) systems. In ACC gystem, the - cutting
parameters are, controlled in such a way that the cutting
process variables are maintained within certain constraints or
limits. In ACO system, the output parameters are controlled in
order to optimize some performance criteria related to
variables such as manufacturing time, cost, tool life and etc.
In general, an ACO system is more cobmplex than an ACC system
mainly because the optimization criterion is usually relatively

complex, especially when several controlled parameters are



_taken into account. In fact, the practical value of ACO systems

is questionable and currently most practical adaptive control

schemes are of the ACC type. This thesis will also 1limit itself

to the investigation of ACC system.

1.2 REVIEW AND EVALUATION OF THE LITERATURE

“~

1.2.1 Dynamic Behavior of Turning

Extensive research on the dynamic behavior of_ turning has
been carried out for years. Many theories have been developed
independently. Attention is paid to two of them, one by Tobias
and Fishwick [2] and the other by Tlusty and Polacek [3].
Tlusty and Polacek coqsiéered the problem as a forced vibration
between the machine structure and workpéece, whereas Tobias and
Fishwick considered it as a problem of dynamic stability.‘khe

"essential difference between these approaches lies in the
different 1initial assumptions and not in their theoretical
approaches,

Most researchers follow the above investigators' concept
of an incremental cutting force. Typically,‘their works end up
with developing, comparing, or refining the machinability and
stability charts for vagiéus machines [(4,5,6,7].

Bhat and Sankar [8]  used the classical method of

analysis, that 1is, they modelled the turning process by.

considering the workpiece as a Bernouli-Euler beam in contact

with a travelling tool.iAn equation of motion was derived by

A——
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them. Instead of solving the exaet solution, they concentrated
on predicting the deflection of the beam at the mo&ing tool
location. Their main ‘result das a graph showing the
relationéhip between the normalized mean displacement of
workpiece and tool location. Although their work was not on the
eccentric turning, ig}gives this work a guideline of how to

approach the analysis of such a dynamic process.

It would appear that very little research has been done

12

on the dfnamics of eccentric turning. Doi and Kato [9] did an
experiment set up in such a way that'a fixed tool cut a chip

with sinusoidal variation in thickness. Although because of the

complexity involved, one may assume a fixed tool position in

one's analysis, their work is not directly applicable because
their objective was to find the phase lags between the maximun
depth-of-cut and force. Fine [10] investigated off-centre
turning as well, but his prime‘ concern was the resulting
surface finigh rather than the dynamic behavior, Hence
knowledge, both analytical and experimental, on the turning of

an eccentrically mounted workpiecé with a continuously fed tool

is not extensive,

1.2.2 Digital Adaptive Control Systems

Studies on the adaptive control of metal cutting have
generally been undertaken in three main areas. The first one is

to investigate the general features of ACC and ACO systems



applied to machine tools such as lathes, milling, grikding, and
drilling machines. The emphasis has been particularly on the
micro-computer adaptive control system, for examples Weck,
Stute, and Lee's works [11,12,13]. Special attention is paid to
Weck's studies because " his paper describes in detail the
-general features of a micro—compuﬁér adaptive control system

,implemented on an NC lathe. The experiﬁental se t-up employed. in

this project 1is very similar to that described in his paper.

Unfortunately, Weck did not qpmpare the performance of any
conErol algorithms.

The second area undertaken is to develop mathematical
models and ' control algorithms for different applications such
as optimization of process or time, and control of time lag‘and
multi-variables sys%em [14,15,16,17] . Although one of ® the
objeétives of this _work _is to evaluate the performance of
control algorithms, these available references are so
mathematically and theoretically orientated that they are often
good only for their own specific problems for which they are
developed. Their practical wvalue is very limited for this
research. ‘

The third area that has been undertaken on adaptive
control of metal cutting, 1s examining the performance of
different .control algorithms for wvarious cutting conditions
sugh: as eccentric cutting [18,19]. A valuable reference is Weck

4
and Schafer's work in which they outlined the general features

A



of proportional, integral, aﬁd proporFional—plus—integral
contngllers with a special., section on the peak-value memory
used .in eccentric turning [20] . However, their work did not
compare the performance of theJ peak-value memory working along

with other common controllers. So one of the objectives of this

research is to examine this neglected aspect.

1.3 OBJECTIVES OF THE THESIS R

From a practical point of view, this research is related
to the problem of rough turning of-a workpiece from a forging
or casting. Bec;use castings and forgings often havé varying
amounts of excessive material and a poor degree of roundness
.when they are initially turned on a }athe, the depth-of—-cut may
vary with time. In some cases when there is 1little excessive
stock the tool may not even contact the work;iece during the
first few passes. If the raw workpiece is out-of-round then the
depth-of~cut will wvary peripdical}y at the same frequency as
the spindle speed; i.e., revolution per minute (RPM).

There are two main objectives in this thesis, The first
'one is to get an insight into the dynamic behavior of an
eccentrically mounted workpiece on a lathe as it is being cut
by a travelling tool. To model such a phenomenon, a perfectly
round workpié&e is eccentrically mounted on the <chuck of a

lathe. The dynamic behavior is then investigated. The analysis

is performed using the classical method that is by considering



d
the workpiece as a Bernouli-Euler beam and using the

variational principle to derive the equations of motion,
Expressions for the natural frequencies of such a system are
found because they are the prime concern in a dyq?mic system.
The second objective is to examine and compare the merits
of different ;daptive control algorithms applied to different
turning conditions for an NC lathe. The experiment is focused
particularly on the _practical desirability of a particular
peak-value memory scheme working along with conventional
proportional or proportional-plus—integral control., The control
algo;ithms are investigated by observing the transient
behavior, overshooting, settling time, and steady-state errors

when cutting both normal round and eccentric workpieces.

1.4) OUTLINE OF THE THESIS

The dynamic analysis of a rotating eccentrically mounted
beam on a lathe is presented in Chapter 2. Two equations of
motion describing the free vibration of the beam are determined
first, then expre;sions for the natural frequencies are found.
Following a seEtion on the determination of the cuttirdg forces,
tﬁe forced vibration (i.e., the -real turning operation) bf the
beam is analyzed and discussed.

In Chapter 3, the experimental micro-computer adaptive

control system is described. The functions and features of each

component are explained in detail. Following the description of



the hardware, a section on the software aspects of the control
system is presented. Particularly, the function of peak-value
memory is introduced and explained. The chapter is concluded
fipally with a flow—chart of the micro-computer program used in
the experiment.

The derivation of a mathematical model for the
experimental closed-loop adaptive control system 1is presented
in Chapter 4. The mathematical model 1is then used for
analyzing the stability for selected cutting conditions.
Nyquist plot and digital simulation are employed 1in the
prediction of stability. The chapter is concluded with a brief
discussion and comment on the method of modelling'and the
accuracy of stability analysis.

Chapter 5 1is a discussion of the experimental results.
It comments in detail on the performance of experimental
cont;ollers for both eccentrichand non—-eccentric turning.

In chapter 6, conclusions and recommendations for future

research work are presented.

Fo N EE
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CHAPTER 2
ANALYSIS OF THE DYNAMIC BEHAVIOUR

OF AN ECCENTRIC TURNING OPERATION

The purpose of this analysis is to obtain an insight into
the dynamic behavior of eccentric turning. There are three main
sections in this chapter. The first one, Section 2.1, 1is an
analysis of the free wvibration of an eccentrically rotating
beam. It is followed by Section 2.2 showing the determination
of cutting forces. The third section, Section 2.3, considers

the vibration of the rotating beam, taking into account the
&

impressed forces from the cutting tool. The chapter is finally

concluded with a discussion on the analysis.

2.1 VIBRATION QF AN ECCENTRICALLY MOUNTED WORKPIECE

2.1.1 Coordinate System

Fig. 2.1 shows the coordinate system used in the

analysis.
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FIG 21a SIDE VIEW FIG 24b END VIEW

FIG 21 COORDINATE SYSTEM

bl

The origin of the coordinate system 1is located at the
chuck jaw face at the centr; of rotation. The X-axis 1is the
axi's of rotation. The Z~axis is in the wvertical direction and
the Y-axis is the horizontal axis. The workpiece is assumed to
be a perfect cylinder with its center-line parallel to the
lathe axis of rotation but offset a distance Ay and Az in the
horizont&i and verticai directions as shown in Fig. 2.1.b . The
angular velocity is designated as w which 1is counterclockwise
from the end view. In terms of the angular velocity, w, amount
of eccentricity, d, and time, Ay and Az can be expressed as:
dy=d*cos(wt); Az=d*sin(wt). Note particularly that X, Y, Z are

reference axes and are fixed in space.

-
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2.1:2 Free Vibration ('i.e., No Contact with the Cutting Tool)

To derive the equatior{s of motion, Hamilton's Principle
is used:

éf't‘f (T-V)dt = 0 : ' (2.1.1)
where T 1is the kinetic energy and V is the potential energy.
To find the expression for T in Eg.(2.1l.1), one must consider
the dynamic deflections of the beam as it is vibrating.

Fig. 2.2 shows a cross-sectional view of the workpiece
with the yorkpiece deflected. The instanttaneous centre (' has
deflected a horizontal distance y and a vertical distance z
from the neutral positionCi The horizontal and vertical
di stances from any point A to the centre C' on the

cross-section are denoted as y' and.z' in the figure.

i

Deflected Workpiece

~ __ - o
( Position of Workpiece Wi th No Vibration

FIG 22 END~-VIEW OF THE BEAM WITH VIBRATION
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C

The velocity of any point (A) on the workpiece with

\

A

respect to the origin can be written as:

VA/o = VA/c' + vc'/o (2.1.2)

As shown 1in Appendix A, Eg.(2.1.2) can be rewritten in

terms of the variables denoted in Fig. 2.2 as:

’

Va/0

Squaring Eg.(2.1.3), the expression for kinetic energy

(T), neglecting the effects of precession, becomes:

a
= 1 2
T—Z_/(;VA/Odm

L
%f [?2+c»2(Az+'z)2 + wz(y'2+z'2) - 2uw(Az¥Z)y
0

+ 22 + uuz(Ay+y)2 + 2w (Ay+y) z]dm

. .
= BB [7Pr0? bav2)? - 2uazea)y + 22+ w2 (ayey) 2
0 .

2 |

. 1
+ Zw(Ayl+y)z]dx oI (2.1.4)

By neglecting the static potential, only the bendinge
moment accounts for the potential energy (V) of. the beam [21]

which can be expressed as:

e, 422 £, 2.2 7
v = 751(-%) dx + EEI(——%) dx (2.1.5)
0 ax 0 ox ' )

= (y~-uw(bz+z) - wZ')§ + (2+w(Ay+y) + wy')k (2.1.3) -

[RRNRTIN BN

S et e e .

o
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'
Taking the variation of T (6T) and V (§V) for Egs.(2.1l.4)

and (2.1.5) separately, one gets:

? .
ST = %? [2y8y + 2w2A262 + 2w262 - 2wA2dy - 2wzdy
0

o 2 .
- 2wydz + 228z + 2u2Ay6y + 2w ydy + 2wldydz

+ 2wz + 2wzdy] dx (2.1.6)
14 2 2 L 2 2
3 9 3%2z.,9 2
5V =/ EI—%@(———}’)dx +/ E:I——Zﬂ § (—)dx (2.1.7)
0 ax ax 0 ox X

t2
Applying Hamilton's Principle: &5 (T-V) dt = 0, one gets
t
the following relationship (refer to Appendix B for

‘intermediate steps):

t t L
2 2 12 ) 5
8 (T-v)dt = pA[———%éy + wd sin wt 8§z + wzsz
t 0 ax

"2
+ wzd cos wt S8y + wzly - wydz - 3~%dz
3t

+ m2d cos wt 6y + mzydy + mzd sin wt &6z

4
. . EI 3 z. EI o .
- wyédz + widy - oA ;;102 - oA g;%oy]dx
2 L 3 L 2 £
EI 3%z ,3z, 1 57z EI 9 20 py s
- 22 228D ]+ = 58z - 2= 2 X 52|
PA ax X9 PA 5x 0 oA ax2 IX
3. . Z
+ %3—%6“ ae (2.1.8)
PA 3x 0‘

1 Factoring Eq.(2.1.8) for 8y and 6z and, since they are

WA
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arbi tary, so by setting the coefficients of &y and 6z to be

zero, equations of motion are obtained:

2 4

3 EI o .

_—%+b—§ z—wzz+2wy~2w2dsinwt=o

ot oxX

82 EI 84 2 (2-1.9)
LA A Ay y-2wé—2w2dcoswt= 0

2 pA 4

at ax

EI 3%z EI 33z EI 32 E 3

The four terms; — — ; — —— H ———}’~;-I—E—X~Aare

pA ix? pA ax3 pA 9x2  pA ax3
determined by the boundary conditions which are those of a .

clamped-free beam in our case.

To solve ii:q.(z.l.9) , infinite series solutions are
assumed of the forms zZ(x,t) = Z cp (x)A (t) and
yix,t) = E ¢ (x)B (£) in which the ¢n()r<1) are clamped-free
be am modesrj l“

SUbstitutingu the assumed solutions, and applying the
Galerkin method of multiplying another comparison function (¢k)//
into Eq.(2.1.9) gives: (

¥

Z 2 £
@ N 2 @
nélj(; q)kq)nAndx * DA n= lj; ¢)k¢n Andx - nélj; ¢k¢ A dx
| w ¢ ) 2
+ nél ) ¢>k¢ B dx = 2w”d sin wt ) ¢kdx

(2.1.10)

L w [t 9w 2
[ee] ve d _
ngljc; d b Bpdx ¥ pA n=lf0 q)kq’n B Xx-ow él-{O 00, B dx

L 2 L
lf oy I A dx = 2w d cos wt ¢kdx
0 0

|
18

n

i -
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Because the various comparison functions are orthogonal
to each other, the above expressions can be simplified by using

the Kronecker delta; i.e., 6kn which is defined to be equal to

1 if and only if k=n, and 1is equal to zero otherwise. Also it

can be shown that:

) rXe e ax . a i) e e ax =54 s
1 X, = 9 an 11 X = 2 .
0 k¢n kn °¢kn Bn kn

L
Denoting /[ @‘kgx = hk , Eq.(2.1.10) , hence, becomes:
0

A’\ ‘
[o) . EI 4 2 « oo A
n&12%%n T oA B 108, 8y
= 2wzd sin wt }l
b (2.1.11)
o . . EI oo _ 2 o _
WL ¢ B GLiemeae - i B - ow Bk
= 2w2d cos wt /lk /
Eq.(2..1.11) can be further simplified as:
1’.2& + 0A\+ U 4 2)A + 0B, + 2wlB,_ + OB )
A k kK k k k
= (Zw d sin wt) /zk
b (2.1.12)
LB, + OB +1?_(EI 4w)B + 0A, — 2wEA  + 0A '
k k pA k k k k
= (Zw d cos _ wt) /zk J
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Letting £ (t) = (2w?d sin wt)h , g (t) = (2m2d'cos wt)h ,
k k k k

and Kk= (E% B;-wz)l , Eq.(2.1.12) can be written in a matrix
p -

form as:
207 [A 0 2wl][A K 0 £(t
02 B, -2ul 0 B, 0 K | (B, 9, (t)

By the reduced order method, it can be shown (see

Appendix C) that the natural frequencies of Eq.(Z.IJlB) are:

1/2
} (2.1.14)

—%(—(Kk+ 2w2) + 2w u)2+1(

) k

Theréfore, if the rotational frequency w of fk(t) or _gk(t)
equals to one of the natural frequencies governed by
Eg.(2.1.14), resonance will take place. In order to know the
exact rotational frequencies at which resonance takes place, a
graph of a versus w should have been plotted. When the
intersection .points of the graph between the curves of
Eq.{(2.1.14) and & = w are projected on the w axis, they give
the resonant rotational frequencies. Since the main concern of
this work 1is to understand the actual turning process rather
than free vibration of the beam, this graph is therefore of:

limited use.
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2.2 DE TERMINATION OF THE CUTTING FORCES IN TURNING

The purpose of this sectiop is to develop analytical
expressions for the‘cutting forces which <can be added to the
previously developed equations of motion. Orthogonal rather
tﬁan oblique cutting is assumed in the analysis because of its
simple nature 1in that the force components can be decomposed
independently. Fig. 2.3 shows the three- force components 1in

orthogonal cutting. !

P1—=mMain Cutting Force
P, ~ Feed Force
P3;— Lateral Force

P — Resultant Force

FIG 2-3 FORCE COMPONENTS IN ORTHOGONAL TURNING

»

ST -

| oo
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E

Merchant [22] has analyzed the cutting forces. He derived
two equations to predict P, and P, based on his thin shear
model. These expressions are rather complicated equations
relating the tool rake angle, un-deformed chip thickness, shear
stress anglé, and friction angle. Due to their complexity, they
have very little practical value for our forced vibration
analysis. A simple relationship between the. force,
depth-of-cut, -and feedrate is more desirable.

Koenigsberger and Kaczmarek [23,24] both have showed that
the feed force (Pz) is always the smallest among the three

components. Therefore, as a first-order of approximation, the

effects of Pz are neglected in our forced vibration analysis.
Through experimentation, they both concluded that the radial
force (P, ) can be approximated to be from 0.3 to 0.6, depending

on the material of workpiece, of the main cutting force (P,)

q

[23,24].

Koenigsberger further collected and plotted the empirical
results of the main cutting force (P1)’ depth-of-cut (a), and

feedrate (s) for a variety of materials on a log-log graph

2
paper as shpwn in Fig. 2.4 . This plots the main cutting force

(Pz) as a function of the product of depth-of-cut and feedrate

{a.s).
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2000
T,

1000

800
700
600
506,

$00

300
T 200

'
60 i
/ 504 |
40 i
0 A
A Flry
. oS M ot
S S SO0 DDOVS w oy m X vl
3 S |83 I:2W8 S 8 ]88
(S N Qo Ood o o oS O oa
as — wd
1 Alloy steel up to 115 tons/in? V Cast iron 200-250 Brinell.

I1 Alloy steel up to 64 tons/in2 VI Cast 1ron up to 200 Brinell

111 Carbon steel up to 38 tons/in? VII Brass 80-120 Brinell
1V Cast steel and carbon steel up to 32 tons/in®. VIH Aluminium alloy

FIG 224 EMPIRICAL RELATIONSHIPS BETWEEN P, AND (a.s) FOR TURNING

OF DIFFERENT MATERIALS FOUND BY F. Koenigsberger

For example, line VIII 1is the result for aluminum. ﬁy
taking two points on the graph, Al (P1=300,a.s=0.0035) , and A,
(P,=80,a.5=0.0006) the relationship of the cutting force,
feedrate, and depth-of-cut is found. The intermediate

procedures are shown in Appendix D. The final result is:

0.75 .
P1 = 20786*(a.s) 1b £ (2.2.1)
If one assumes p, = 0.6*P1, according to Koenigsberger
and. Kaczmarek, P; becomes:
: 0.75
P3 = 12471%*(a.s) l1bf (2.2.2)

L} o 4
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Since the workpiece is eccentriéally mounted, the
depth—-of-cut (a) B@comes a time-varying function. In Appendix E
it 1is shown ;hat the depth-of - cut has the form
a = d* (ﬂlcos (wt)-1) +b+y where d is the amount of eccentricity, b
is the desired depth-of-cut, and y 1is the workpiece lateral
displacement due to vibraton. Substituting the expression into

Egs.{(2.2.1) and (2.2.2), the exg“essions for the cutting forces

in an eccentric turning operation of aluminum parts are:

o7 5

>% (d(cos wt-1) +b+y) =7

12471%” 7% % (d(cos wt-1) +b+y)°°7° 1bE  (2.2.4)

lbf (2.2.3)

o
"

20786*s’

g
o

1

Notice that the variable 'y' is raised to the. power of

0.75

i3

in above equations. Thig factor will complicate the
equations of motiQQn to the; “extent that they cannot be solved by
any analytical way. The reason is that this factor destroys the
unity power of the wvariable y in different terms in- the
equationsrof motion. As a result, another expression with the
ciepth-of-cut raised to the power of unity is preferable.

Kaczmar ek [24] reported the following empirical -

co-relation for cutting of carbon steel using a carbide tool:

0.75
P1= 191*a*s kg (2.2.5)

L .
The units for the main cutting‘fr force in Eq.(2.2.5) 1is kg

whereas those for depth-of-¢ut and feedrate are mm and mm/rev
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respectively. It is noticed that for a fixed depth-of-cut,
Eq.(2.2.1) «can be expressed as Eq.(2.2.5) multiplied by a
fraction. The procedures for obtaining this fraction are shown
in Appendix F in which three constants ¢torresponding to values
of 0.03", 0.06", and 0.09" are evaluated. The three fractions
are 0.413, 0.347, and 0.314 respectively. In the experiments an
intermediate depth-of-cut of 0.06" is selected. Hence, the main

cutting force for an aluminum workpiece can be expressed as:

<,
0,75 0.75
" (191) (0.347)a*s - kg or Pl = 66.277*%a*s kg. To conyvert

<

the unit of this equaton to Newtons (N), it is further

multiplied by the factor 9.81. Thus,

0.75
Pl = 650.18%*a*s , N  (2.2.6)
Again -assuming P, = O.G*Pl , this yields:

-

0.75 '
P3 = 390.1l*a*s N (2.2.7)

Substi tuting the expression for depth-of-cut from
.

Appendix E, the final forms for P, and P, are:

650.18%(d (cos wt-1) +bty)*s’ ™~ : N (2.2.8)

390.11%(d (COS wt-1) +bty)*s’ "> N (2.2.9)

~

P

P

Note that in these equations the displacement vy occurs

+

with a power of unity.

-

't\



2.3 FORCED VIBRATION ANALYSIS
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Eq.(2.1.9) 1s the equation of motion for a free beam. To

analyze the forced vibration, the external forcing terms are

put on the right hand side of the equation,
external forces acting on the beam come from
into consideration the directions of forces
coordinate system as defined in Section 2.1.1,

motion for forced vibration are:

In turning, the
the tool. Taking
and sign of the

the equations of

¢
2 4 )
) ETI 3 2 .
—~% + EX-——%'— w oz + 2wy - 2u2d sin wt
ot Ix 0.75
_650.18 _0- - Cw
= _—EX—~5 (d({cos wt-1)+b+v) §(x xo)
2 4 (2.3.1)
d EI 3 2 . 2
——% + EK'"_%'— Wy - 2wz - 2w d cos wt
ot oX
_390.11_.0.75
= —755——5 (d(cos wt-l)+b+y)6(x—xo)
/
Re—arranging Eg.(2.3.1) yields:
\
2 4
3 g + E% i_% - wzz + 2wy = 2u2d sin wt
ot PA 3x 0.75
650.18 .
+ oA S (d(cos wt-1)+b+y) 8 (x xo)
5 4 5 (2.3.2)
3y BL 3y 20 | auz = 20°d cos wt
2 oA 4
at X
, 320.11 co'75(d(cos wt=1)+b+y) 3 (x-x )
DA be) y ‘ ‘o
/
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Since the «cutting force 1is a point force, in above
equations, Egs.(2.3.1) and (2.3.2), the forcing terms are
multiplied by the Dirac delta function, § (x=%, ), which has the
property that fimf(x)d(x-xo) = f(xo). Furthermore, to keep the
dimensions consistent on both sides of the equation, the
forcing terms are divided by the density and cross-sectional
area of the workpiece as well,

Re-arranging the variable term; of the above equation,

»

one obtains:

2 4 0.75
3z _ EI 3°z _ 2 . ,650.18 _
— + o 7 wez + 2wy (__EX__ S )yd(x xo)
at 9x
0.75
= 2w2d sin wt + éé%jlg S 2 (d(cos mt—l)+b)56<-xo)
(2.3.3)
32 g1 a4 2 . 390.11 0-7°
+ Y - w'y —'2wz - (———X—— S )yd(x-xo)
ot P 9X P
. 0.75 :
= 2w2d cos wt + iggzli S (d (cos wt-l)+b)6@<—xo)

To solve Eqg.(2.3.3), it 1is again assumed that the

solutions can be expressed as infinite series of the forms

n=1 I
$ (x) is an admissible function of a clam?ed—free be am.

z(x,t) = § ¢ (x)A (t) and y(x,t) = [ ¢ (x)B (t), where
n=1 n n n

n
Subs tituting the solutions and multiplying Eqg.(2.3.3) by

another comparison function, ¢k, it becomes:
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ya

[oe) ‘e EI
néljo- ¢k¢nAndx +

Z)T\-nl

£ £
(4) 2
[ ¢k¢ Andx - v nzl/ ¢k¢ Andx

2
® . 650.18
+ 2(9n£l_/(; cbk¢>andx (

0 n
0.75 =
oA ) S nél/ ¢k¢ B <5( O)dx
t 2
= 2w d sin wt +
0

0.75
VG—S-%A—]& S [d(cos wt-1)+b]$6 (x-xo)}
§a
% . EI
nél/(; ¢k¢n5ndx * pA n=l

(e 28 [t
'/0‘ ¢k¢ Bndx T n-?l'/o‘ 4>kaandx
£ w© J4
390.11, 0.75 § /
2w Zl_/; ¢>k¢) A dx (T) ) n=1 0 ¢k¢)n<5 (x—xo)dx
¢ 2
2w d cos wt +
0

390.11 50-75
pA

(2. 3.4)

(d(cos wt-1)+b]d (x-x ) ¢kdx

2

I.fet <fz>

20 d sin wt+650.18%*

(d (cos wt-1) +b)§ (x~x )
<Fy >= 2w d cos wt+390.1l*50
By integration, Eg

(d(cos wt-1)+b)d (x~x )
.(2.3.4) becomes:

® : 2. ®
) - ¥ B
anléknAn M B en 1 knA w-t éléknAn * 2w£ 16k
2 ' L
650.18 _0.75 = - = <F i/r ¢, dx
- (s )“;1./0 08,8 (x-x ) B dx = Fp> [ 4y
' ' (2.3.5)
® 5 4 EL g4 B - w2 f s & 2wl .5 A
Elékn n 0A n=l kn e n=1"k n‘’n
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650.18 i . .
= — = ",s%75 ang S5 =329—££*s°-75
Eq.(2.3.5) can be further simplified as:

14

Denoting S

\

+

® e E—I_ 4 (=Y _ 2 © .
EnéléknAn pA Bntn—z—léknAn v anlsknAn * 2wzngldkngn

. £
- S nzl¢k(xo)¢n(xo)Bn B <F2i/; ¢kdx

1
(2. 3.6)
? o _}::—I- 4 00 _ 2 . _ & .
£n=16kan * pA annglékan @ Knéldknsn 2wﬂngléknp‘n
- £
- 52 £l¢k(xo)¢n(xo)Bn = <Fyi/; ¢kdx

+Eq.(2.3.6) is the most compact and general equation of

motion describing the eccentric turning process. In the

equation, the functions ¢npq)' and ¢¢xo) depend on the
position of the tool. Hence, for further evaluation of the
eéuation, one has to specify X,r the location of tool, and the
number of terms to be used in the infinite series.

For exampie, let x;, be 2, the total lengtp .of the beam,
which corresponds to the start-up motion. It i's shown in
Appendix G that¢n(x=2)= 2*(—lfbH . Therefore, for X=X =%,

Eq.(2.3.6) can be written as:
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® EI 4, _ 2, ® :
Lhzdkn®n * pA BnﬂnéléknAn w CnélaknAn M 2wzn—g-ldkan
'
n+k+2
- 45y L D) Ba T <FZ>A by dx
EI 4 2, (2.3.7)
L6 EL ) - ) - ) A
Enélokngn * oA ﬁnﬁngldkan v Zn=16kan 2wen=lékn n
s
n+k+2
- ~ = d
which can be further expanded to a matrix form as follows:
! 4
’ N ™ \
‘ 2
1 A EI .4 A w A
JROlH jEs o |[n] [Feo](n]
. : + . . -2 " .
O ]ls) 1O = O
n pA Bn An m2 An
11_<:> By i —i —i ool | By <F, /%, dx
+ 2wl .. : -4s, —l L1 : = :
. - r
(:) 1 ] Bn ] B, <FZ>JQndx
[
(2. 3.8)

. )
LOJE] 24 O[] [.0|[!
l.' _l pA Bl' ',l 2 :l
. . +£ ‘. . -p (LJ. .
LB O B4 s O
n w n

B
PA n n
SO I

} 21 - “ e B <F >/ ;
2wl O : -45-, -1 1 -1 ... :l = Y JQldY

1 ; “ 1 -1 1 . :

A PN

9 - .
n N <F>/6 dx




solutions of the general form: [A]{q}+[B]{q}+(c]{q} =

Eqg.(2.3.8) ca»n be assembled to become:

28

| ' C
A .
Ol 1O o)
' A . .
. | A
_{{Z____ 4 ,n r + _____ l____.z_w_f 4 .n < +
|- ?l 2wl | Q 'Bl
' : " | :
o* ok
B | .
'Of-_ . L -2wl _ \BnJ
5 I . -
- 2 | _ ’ S r ) 3
) O | 4Sl 4Sl . . Al <Fz>f¢lax
|
EI 4 2
- -— 4 _ " .
\p_ABz.w )& : 51 . 45, Ay
. I , . . )
E. | . . -
1,4 2 | ..
oaB, e I ’ ) IR
——————————— —t———__-_—_—___———_ < >=+ ’
— v
EIA [ ¢
o 1G5 ) Ls, s, Bl [F,/9<
|
| EI 4 2 ..
| - 4.82 (EXBZ—N.)L_4SZ B,
| . .
! ' o
I L 2
EI 4__ 2 B <F >j' dx
| (AR, 448, R 9
I ] )
[
The above equation has both homogeneous and particular

{Q}
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(A N f<F >f¢ dx\
where .l z 1
AN »
{(q) - ) Bn | {0} - ) <Fz>f¢ndx | <
.l <Fy>f¢ldx
B .
. n) \<Fy>f¢ndxj

Two terms of the infinite series (i.e., k=1,2 and n=1,2)
are used to demonstrate how to evaluate the equation. The above

@atrix equation becomes:

2000 A 0 0 2u 0 A

1 1
0200 62 0 0 -0 2w éﬁ +
004£0 By -2 0 0 O By
Looo¢e||B, 0 -26L00 0 | (B, .
[ E1,4 2 _ 1 ¢ Al ) (<F >[¢. dx )
EI, 4 2 _ A <F >[¢._ dx
0 (Ex8)-w)L 48, 4s, 5 24
v BT 4 5 4 } = 4 > (2 . 3. 9)
0 0 (FA‘sl—w ) 6-452 432 Bl <Fy>f¢ldx
EI.4 2
L 0 0 482 (EMZ &) 8-452 N 9 B2 ) \<Fy>'/ ;’2d‘ J l

Exact solutions for Eq.(2.3.9) are still difficult to
find. However, since the eigenvalues are of particular
interest in a dynamic system, instead of evaluating the total

solution for Eq.(2.3.9), only tng eigenvalues are determined.

)
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Moreover, a «close look at Eq.(2.3.9) indicates that once the
physical dimensions of the workpiece 1is selected, the
eigenvalues will become a function of the angular velocity and
feedrate. Appendix H shows the change of eigenvalues with
respect to three different angular velocities and four
different feedrates.

A computer program is employed in the computation.
Specifically, the IMSL subroutine, EIGZF, 1is used to save
progranming effort. In the program, the length and 8iameter of
the workpiece are set to be 8" and 3" respectively, which are
equal to the physical dimensions of the experimental specimen.
All propetties of aluminum are obtained fram the reference by
Shigley [25]. From the appendix, the results are further

collected in the following table for reference.
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SPINDLE SPEED (RPM)

FEEDRATE ( IPR)

EIGENVALUES

69

0.000

0.005

0.015

0.030

+0.247%1078+0.830*L 0%
+0.272*%1076£0,520*105

+0.373*%1074+0.830*104
£0.111*107%+£0.520%105

+0.883*1075%+0.830*10%
£+0.146*%10°3+t0.520*105

+0.143*1073+0.830*104
+0.212%10°4+£0.520*105

[N

180

0.000

0.005

0.015

0.030

+0.329*1078x0.832*104
10.339*18”5i0.520*105

$£0.373*%1074£0.832*104
£+0.911*104+0.,520%105

+0.849*%1074+0.832*%1 04
+0.,309*1073£0.520*105

+Q.143*%10-3£0.832*1 04
+0,491*%1073+0.520%105

1800

G.000

0.005

0.015

0.030

0.311*%10°8+0.848*104
0.2

+
+ 89*10-6+0.522*%105
+0,373*1074+0.848*104
£0.117*104++0.522*105

£0.849*1074£0.848*104
£0,149*10°4£0.522*10%

#0.143*10°3+0.848*1L 04
+0.164*107%+0.522*105

¢

TABLE 2-1. COLLECTIVE RESULTS FROM APPENDIX H
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2.4 RESULTS AND DISCUSSIONS

In Section 2.1.2, the equation of the free vibration of
the beam (i.e., E§.(2.1.9)) has a form resembling to that
developed by Bhat and Sankar [8]. This similarity suggests that
the derivation of the equations of motion for_ the eccentric
turning is correct.

However, the difference between them is two-fold. In this
work, both the lateral and vertical motions of the workpiece
are considered. This is why Eg.(2.1.9) actually consists of two
equations describing the motions in~the horizontal and vertical
directions respectively. 1In Bhat and Sankar's work, only the
vertical deflection is considered. On the other hand, there are
coupling terms with opposite signs in Eq.(2.1.9). 'These
coupling terms come from the eccentricity imposed on the
problem.

Attention is next/ drawn to the Dirac delta function,
8§ (x~xg), in Eq.(2.3.1). Although the equation is claimed to be
the equation of motion for eccentric turning, it is only an
approximation- of the ©problem since the delta function is a
stationary f;nction valid only for the tool at one particular
location. In Egality, a constant velocity function, such as
G(x—;t), where s represents the feedrate, should be used.
However, such a function will complicate the equation of motion
to the extent that further analytical apalysis of the equation

will be extremely difficult. To compensate for such deficiency,
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the delta function without a constant velocity is wused in the
analysis, which seems reasonable as long as the feedrate is
confined to a low value.

Another approximation in Eq.(2.3.1) 1is the moment of
inertia, I, which 1is assumed to be a constant. Strictly
speaking, it should vary with time as chips are continuously
being formed during the process. Again the analysis would be
exceedingly difficult and 1is not attempted in this work.
Furthermore, since the only scope of the analysis is to have a
conspectus about the dynamics of eccentric turning, such an
assumption is good enough for this purpose.

The first observation with respect to the results from
Appendix H and Tabele 2.1 is that for each specific feedrate,
the eight corresponding eigenvalues are actually two complex
conjugates pairs. The complex conjugate pairs have almost the
same corresponding imaginary values for all feedrates.
Obviously, the difféerence comes from the changes 1in feedrate.
In spite of the significant change of feedrate, the difference
is small for the imaginary wvalues. Therefore, the analysis
shows that the feedrate has 1little effect on the natural
frequencies of an eccentric turning process. However, the real
parts of the eigenvalues are 1larger for a higher feedrate.
This implies that a higher degree of instability 1is obtained
for a higher feedrate, which is physically true, If the

feedrate is zero, which corresponds to a non-cutting situation,

e
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the real pg?t\ of the eigenvalue is so small (in the order of
10-5 ) that it is believed to come from the round-off error in
the computation.

The second observation with respect to the appendix is
the existence of both the imaginary andvthe real parts for all
the eigenvalues. Since the solution is assumed to be in the
form of eAt, a positive real part of the eigenvalue implies
that the system solution will build up to a large amplitude.
Hence, from a matﬁematical point of view, the analysis shows
the eccentric turning is an unstable process.

The final observation of the appendix reveals that alil
the real parts of the eigenvalues are relatively much smaller
than their - corresponding imaginary parts. Actually, the real
parts are usually 108 times smaller th3n the imaginary parts.
Thus the degree of instability is .actually very small and as
noted fram above, it may be due only to computatioﬁal rouhd—off
error. '

It is important to note that the analysis has neglected
the inherent structural 5&mpi;g. Should it have been taken into

(AR+AI—c)t

consideration, a solution of the form e ;, where AR ’

AI are the real and imaginary parts of A and c¢ is the
structural damping factor, would have been assumed. Since the
structural damping is neglected, it seems safe /tq assume that

the actual process will be stable for low feedrates.

Table 2.1 indicates that the natural frequency changes

W
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- noticeably with the change of angular velocity. Hencé, the

analysis shows that the RPM has a greater effect on the natq;al

fregquency of the system than the feedrate.

To sum up the above discussion, it is concluded that ﬁpr

a low feedrate, the experimental eccentric turning oﬁeration is

1

a stable process regardless of the presence of a small positive
real part in the eigenvalue.

Of’course, the analysis performed and consequently the
results obtainei are still quite crude due to the numerous
assumptions and approximations that have bé;n made to obtain a
manage able model. Also, only a small number of feedr&tes and
angular velocity have been used in the calculations and
therefore the reéults of this analysis sﬁouiﬁ be used with

caution. . «
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CHAPTER 3
THE EXPERIMENTAL MICRO-COMPUTER ADAPTIVE CONTROL SYSTEM

'

This chapter is divided 1into three main sections. The
first section describes th basic structure of a micro-computer
adaptive control (AC) system while the last two outline the
hardware and software of the experimental set-up employed in

this project.

3.1 BASIC STRUCTURE OF A MICRO-COMPUTER ADAPTIVE -CONTROL

(AC) SYSTEM

The Dbasic functigzL_gf\an AC system is to maintain a
prescribed relationship between the Jutput and the reference
input by comparing them and using their differgpce as a means
of control. When an AC unit is used in a machining process, its
main purpose is to maintain the cutting conditions within
certain desired limits in order to satisfy samne criteria such
as safety, reéuctlon of time or cost, tool life and etc.

Since micro-computer technology has developed very
rapidly in recent years, micro-computers are a logical tool to
use to construct an AC system. When a micro-computer adaptive

control is retrofitted to an NC machine tool, the resulting

system can be separated into two basic parts, as shown in

s - e % AL
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Fig. 3.1 . One part consists of the NC servo and the physical

prozzess. The other part is the micro-computer control unit.

MICRO - COMPUTER AC UNIT | PHYSICAL OPERATION
+ | RPM {CUTTING SPEED)
CONTROL
NOMINAL MICRO COMPUTER PANEL FEEDRATE (1PR )
VALUES -CONTROL OF -
ALGORITHM MACHINING
CENTRE DEPTH OF
I cuT
’ \ 4
MACHINING
CENTRE-CUTTING
PROCESS
CUTTING
FORCE
MEASURED
VALUES CUTTING TORQUE
l CUTTING POWER

FIG 31 GENERAL FEATURES OF A DIGITAL ADAPTIVE SYSTEM

The basic function of the micro-computer unit 1is to
moni tor key process variables such as cutting force, cutting
torque, or <cutting power, and to adjust & the available
controllable parameters such as cutting speed, feedrate, or

depth-of~-cut. Its basic components consists of an amplifier, an

Lo=2o0 aur Sl
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analog-to-digi tal (A/D) converter, a micro-processor, and a

digital-to-analog (D/A) converter.

3.2 THE HARDWARE STRUCTURE OF THE EXPERIMENTAL AC SYSTEM

This section describes the features and functions of each
hardwar e ,component in the experimental AC system. The existing

AC system was designed and built by Leung [26].

3.2.1 The NC Lathe Employed in the Project

The NC machine employed in this project is a LeBlond Tape
Turn Regal Lathe with General Electric (GE) 550L control unit.
It is capable of contour turning of parts. It has a 19" swing
over the bed and carriage wings ahd 12" swing over the cross
slide.'

The NC lathe is equipped with a 10 horsepower motor and
has twelve spindle speed selections from 45 to 1800 RPM, The
spindle speed must be set manually but can be indicated by
tape. When spindle speed 1is being changed, there is a short
period of 1idle time when the gears are switched from one to
another. Its feedrate ranges from 0.1 to 100 IPR and typical
accuracy is * 0.001" on diameter and # 0.002"™ on length. N

The prodram can be entered through one 1inch wide, eight
channel punched tape, or b%‘ direct programming through the
control ©panel. The tape reader accepts both EIA and ASCII

tapes. Manual <control through power differential resolvers is
/

Vi)
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also available.

The control panel has been modified slightly by the
addition of a simple switch to allow the feedrate override
function to be controlled either by the standard potentiometer
or by means of an external voltage source. The permissible
external voltage range 1is 0.0 to+5.0 volts corresponding
linearly to an actual feedrate 1n the range 0 to 100 % of the
progr ammed feedrate. Currently this is the only feature
gfqvided by the NC «control to change the cutting conditions
during normal real-time operation. Fig. 3.2 1is a view of the

lathe without the AC unit.

FIG 32 A PICTURE OF THE LEBLOND LATHE
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3.2.2 The General Features and Functions of, the Components of

the Micro—computer AC System

In this project, direct measurement of the main cutting
force is used as the process—determining value. The cutting
forceurather than the cutting torque is used because it is easy
to implement. The principle reason for not choosing cutting
power as the variable to be monitored is that, though it is
very easy to measure, it has a fairly slow dynamic response to
changing cutting conditions due to the rotary inertia of the
lwthe.

A schematic diagraﬁ of the experimental set-up 1is shown

in Fig. 3.3 . Observation of the figure shows that it has a

similar structure to that shown in Fig. 3.1 .

MICRO COMPUTER FEEDRATE PYSICAL PROCESS
OVERIDE
?YQDAPTIVE CONTROL UNI'T SWITCH
DIAL R GE
85 550L
D/AC
CONTROL ALGORITHM A WORKPIECE
DESIRED CUTTNG FORCE Y NC LATHE /
NOMINAL VALUE FEEDRATE e
CONTROL ] <]
— MOTOROL A
— 6800 ]__j
000 O DYNAMOMETER
Joooo MICRO - I—
COMPUTER -
TELETYPE , v
4 MN o AD d
CONTROL < 7002 * 521 <
ALGORITHM

A/DC AMPLIFIER

FIG 33 SCHEMATIC DIAGRAM OF THE EXPERIMENTAL SET UP

>
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Fig. 3.4 is a picture of the actual hardware used. 1In

this picture, the oscilloscope is used to record the transient
behaviour of the «cutting force and the computer controlled

feedrate override signal.

FIG 34 A PICTURE OF THE ENTIRE EXPERIMENTAL SET UP

The experimental micro-computer AC unit consists of six
components; namely, the dynamometer, the amplifier, the A/D
converter, the micro-computer, the D/A converter, and the
teletype. The function of the dynamometer is to convert a force
signal to a voltage. The voltage output is linegkly
proportional to the force. The employed dynamometer uses

multiple strain gauges and is capable of measuring three
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orthogonal forces independently at the same time. It is
mounted on the tool holder of the NC lathe. It is built by
COOK, SMITH, & ASSOCIATES CORPORATION.

The continubus signal from the dynamometer is amplified
by the amplifier, The amplifier used in this project is Model
AD521 from ANALOG DEVICES, Its maximum output voltage 1is
restricted to 10 volts and it can be operated at gains from 0.1
to 1000 with the addition of two external resistors. For this
experiment, the configuration of the amplifier is set to be a
gain of 1000. For high accuragg, the amplifier has gain and
offset trims to adjust the gain and eliminate the input offset
voltage.

The conversion from an analog to digital signal is
carried out by a MN7002 integrated circuit (IC}) chip from MICRO
NETWORKS CORPORATION. It can be operdted by either l6-channels
single—-ended or 8—chaﬁnels true differential. For this
experiment, the differential input configuration is selected to
give a better noige immunity. The analog voltage range is +10
volts and the digital output is 12 bits. The MN7002 data
acquisition system is very flexible. It can be operated from
the internal 1MHz ciock, or a user supplied clock signal. 1In
the set—-up, an external clock triggering device is used.

The computing and decision mak ing device in the
experimental AC system is a MOTOROLLA 6800 micro-computer., It

is an 8-bits processor supported by a crystal clock oscillator,

N
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data bus buffer, read only memory (ROM), and random access
memory (RAM). It is equipped with peripheral address lines and
a bi-directional 8-bits data bus through which the computer
communicates with the outside. The memory of the computer can
also be increased by inserting additional memory boards. On the
memory board MPA2 two TM2516JDL wultraviolet light erasable
programmable read only memories (EPROM) chips are added to
store the floating point arithmetic package developed by
Zsambor-Murray [27] (McGill University).

' The conversion of the digital signal from the computer to
an analoé signal 1is carried out by a D/A C 85 series IC chip
from MICRO NETWORKS CORPORATION. It is this signal which is
applied to the NC 1lathe to adjust the controlled parameter;
i.e., feedrate, 1in the AC system., The chip is a 12-bits D/A
converter and provides different output ranges by connecting
the pips in different configugations. The selected output range
is =-5.0 to +5.0 volts in this experiment. The converter
guar antees t1/2 LSB (least significant bit) linearity on the
full operating temperature. External offset and gain adjustment
are provided as well to adjust for positive full scale voltage.

The micro-computer program or any command to the computer
is input through a teletype. The teletype is actually a serial
peripheral éevice and the computer is a parallel one. The data
to be transmitted between them is carried out by an

asynchronous communications interface adapter (ACIA) which is a
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serial to parallel converter.

Fur ther detail functions and circuitry of each device are

described by Leung [26].

Fig. 3.5 1is a general view of the micro-computer AC

sys tem with the covers removed from the various components.

FIG 3-5 A PICTURE OF THE HARDWARE COMPONENTS

3.3 THE SOFTWARE STRUCTURE OF THE CONTROL ALGORITHM

Since one of the aims of this work is to develop an
efficient and flexible control algorithm, this section outlines
the peculiarities of the micro-computer control algorithm
enpioyed in this project. It consists of four sub-sections. The
first one points out the distinctive features in the program

and the second one _describes in detail the function of
\ .



45

/

"pe ak-value memory". The third one illustrates the way of
manipulating data in order to accomplish the proportional (P)
and integral (I) actions. In the last section, the flow-chart

of the micro-computer program is presented.

3.3.1 General Features of the Control Algorithm

The control algorithm is written in Assembler language.
However, the mathematical computation is carried out by means
of the floating point package developed by Zsombor-Murray [27].
The use of floating point operations permits one to change the
values of the control algorithm parameters freely without
worrying about the manipulation ef the bits 1inside the
computer. It also simplifies the programming procedures and
effort to a great extent. The package is stored in 2K bytes of
EPROM in the computer unit. The main drawback of using floating
point operations, however, is that it slows down the execution
rate of the control algorithm considerably.

The program is designed to allow the user both to select
the mode of control and to specify the parameter wvalues with
ease. It is set up in such a way that the computer will request
and obtain information sequentially through the teletype. For
debugging and testing purposes, the measured cutting force
input value can be printed optionally. However, because the
teletype is very slow (i.e:, 110 band), this feature cannot be

.
used in real-time operation.

-
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3.3.2 Functions and Features of the Peak-Value Memory

As stated in the introduction, one of the underlying
assumptions behind this research was that adaptive <control
systems are particularly useful during rough turning of
forgings or castings. In this context, very frequently the
actual depth-of-cut, and therefore the cutting force, may vary
periodically with the spindle rotation. In the design of the
control algorithm, particular attention was directed toward
this situation.

The problem obviously 1is: 1if one designs a highly
responsive feedrate adaptive control action based on cutting
force, it is conceivable that for an out-of-round workpiece (in
cases where the spindle 1is turning relatively slowly) the
adaptive control action might increase the feedrate
substantially during that portion of the spindle rotation
period when the depth-of-cut (and therefore the cutting force)
is small; consequently during the next portion when the
depth-of-cut is larger, the tool may have moved far enough such
lhat the actual chip thickness may also be large resulting in a
very large cutting force. Furthermore, éven'when the spindle is
turning rapidly so that the adaptive feedrate changes do ng}
have enough time to occur substantially during a fraction of a
spindle revolution, it is 1likely that the feedrate would be

determined essentially by the average cutting force, and that

the peak cutting force could be teo large.



To cope with this problem, a feature termed "peak-value
memory” (PVM) has been designed. The aim of the PVM is toumake
the control action be based on the peak value of the cutting
force measured during a revolution period.

Conceptually, the most straightforward and accurate way
of implementing such a feature in the control algorithm
(assuming that the algorithm knew how many measurements
occurred in one revolution) would be to keep a running record
of the measurements for one spindle revolution and to select
always the largest value. This method, however, was not used
because it was felt it would be too time-consuming
computationally.

The method implemented is an approximaton to the above
exact method and is essentially a non-linear 1ow7pa§s filter
which responds instantaneously to an increasing gignal but very
slowly to a decreasing signal. The low-pass filtering action to
a decreasing signal s achieved by decaying the current value

|
by same factor (F) somewhat less than one, The aim ;s to have

the response to a hegative step decay by a factor of about 0.8
during one spindle revolution. /2/
The flow~-chart of the PVM feature 1is shown 1in the

following fi@ure in which C(t) represents a continuous signal

which, after sampléd, becomes C(n). C;- in this figure

represents the logical output from the function of PVM,
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FIG 3 6 SCHEMATIC DIAGRAM OF THE PEAK VALUE MEMORY

[

Therefore, the overall effect of the PVM action i§ to
modify the apparent rate at which the <cutting force decreases
whén the actual measur ed force decreases rapidly.
Consequently, in eccentric cutting when the actual cutting
force is wvarying in a cyclic manner, the PVM output responds
exactly to  the peak v;lue of the periodic cutting force, but
generates an appér'ent cutting force which 1is an approximate
exponential -decay of‘ the peak value between peaks. The ultimate
effect in turning an eccentric workpiece will be to prevent the
fegarate from increasing rapidly in response to a rapidly
decreasing cutting force. | |

Schematically, for a pure sinusoidal signal, the PVM will

generate a modified signal with less difference between the

- extreme values as shown in Fig. 3.7 .

» x
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It is obvious that the amount of difference between t,he

modified extreme values in Fig. 3.7 depends on the rate of

decay. Since the micro-computer AC system'digitizes a signal,
the desired rate of decay per revolution, F, has to be modified

¢

to work on a periodic basis. The rate of decay per seuy}ple, F',

of decay per revolution, F,

becomes a function of the rate

sampl ing periéd, Tc ’ and spiridle revolution period, Tr .

Their relationship is:

‘ 1/(T_/T C
pro= gt/ (Tr/T) (3.3.1)

- .

\

-\
In order to be ,programmed

.Eq.(3.3.1) has to be modified to an expression with simple

in  Assembler 'n, lan'éuage,

, K ’
]
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mathematical operations. The first two terms of the
corresponding series expansion 1is used to approximate the

4

equation. The approximation is:
F' = 1-(1-F)/T_/T (3.3.2)
r’'c

Since the time for one revolution 1is equaf to 60 /RPM,
Eq.(3.3.2) can be written as;

L,

F' = l—(l—F)/(6O/RPM)/TC (3.3.3)

T ———

TR ——y
Eq.(3.3.3) 1is the relationship used in the micro-
computer program (see Appendix I) to provide to the computer

the periodic decaying instruction.

3,3,3 Modelling of the Proportional (P} and Integral (I)

Action

Though the comparison andg\jniéulation of the data are
accomplished by the PVM in the program, the actual controlling
action 1is implemented by a proportional-plus—-integral (PI)
controller. To understand and interpret the resultant outpuﬁ
signals, one has to model the P and I action in the control

algorithm. The model is in the following mathematical form:

Vout = Vnom + Kint./hRROR + KEEQiEEBOR (3. 3.4)

T
TTT—— .
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3

output voltage of micro-computer

where Vout

Vnom = nominal voltage of micro-computer
Kint = integral gain
Kpro = proportional gain .

Depending on whether or not PVM is wused, ERROR in the
above equation has two different florms. It is equal to the
difference between the nominal force and the data when there is
no peak-value memory action. On the other hand, it becomes the
difference between the nominal force and the PVM modified
output when peak-value memory action is desired. )

Because of the discrete nature of a micro;computer
system, the integration cannot be performed in a continuous
mode. Hence, it‘is carried out as a summation of the error

signal. Therefore, the actual PI control action is:

Vout = Vnom + Kint*INT + Kpro*ERROR (3.3.5)

where INT = Jof the error signals. -

In the program, the integral action is further modified.
If Vout exceeds 5.0 volts or is less than 0.0:volt, instead of-
further accumulation to the errors, the integral action is
suspanded and the old INT value is used until 0.0<Vout<5.0
This feature is commonly implemented in analog PI controllers

and is used to prevent the occurrence of reset windup.

1

g
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3.3.4 Flow-Chart of the Control Algorithm

A complete flow-chart of the micro-computer control
2

algorithm is ©presented in Fig. 3.8 to illustrate some of the
points described in previous sections, and to help
understandiné the 1listings of the micro-computer program. The
listings of the M-6800 Assembler language program is collected

in Appendix I.
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CHAPTER ¢4

MATHEMATICAL MODELLING OF THE EXPERIMENTAL AC SYSTEM

In this chapter, a mathematical model is derived for the
experimental closed-loop system desc%ibed in previous chapter.
This mathematical model is used to analyze and predict both the
d§%amic behavior and .the stability 1limits of the AC system.
Also it is used to perform a simulation of the adaptive system.

This chapter has two main sections. The first section,
Section 4.1, shows in detail the derivation of the closed-loop
system model. 1In Sectin 4.2 the stability of the closed-loop
systemais analyzed. Finally, the chapter is concluded with a
brief discussion and comment on both the modelling and

stability analysis.

4.1 MODELLING OF THE CLOSED-LOOP AC SYSTEM

Since a micro-computer AC system can be divided into two
main parts, the modelling of the overall closed-loop system can
be accomplisheé by separate modelling of these two parts and
then combining them together. Hence, this section has two
sub—-sections. The first one is the modelling of the NC servo
and the turning process. The second one presents a model of the

micro-computer unit and the overall combined system.
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4.1.1 Determination and Evaluation of the Open-Loop Transfer
.

Function (TF) of the NC servo and the Turning process

Although a conventional NC machine tool wusually has
clpsed-loop position servos, the operation is open-loop in the
sense that the cutting path and feedrate are pre-programmed and
will be executed regardless of what cutting action 1is taking
place. '%he aim in this section 1s to review the transfer
function relating commanded feedrate (at the NC control unit
feedrate overgide)‘to§ the main cutting force generated at the
cutting tool. Physically the situation considered is that of
turning a cylinder with a constant depth-of-cut while varying
the feedrate override command. The dynamics of the machine tool

compliance is assumed to be negligible. Schematically, the

problem is shown in Fig. 4.1 .

COMMANDED

FEEDRATE mmmmmm—eepp| NC SERVO &

———
TURNING PROCESS CUTTING FORCE

INPUT QUTPUT

FIG 41 SCHEMATIC DIAGRAM OF THE OPEN LOOP TF OF TURNING
T

Modelling of the turning Operation is based on an
elementary understanding of the physical process. Physically
" one can easily visualize that the commanded feedrate, through

the NC servo is firstly converted to an actual tool velocity
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and position as a function of time, which in turn determines
the chip thickness. MﬁYtiplﬁcation of the chip thickness and
the depth-of-cut gives rise to the cutting force on the
assumption that the «cutting force is proportional to the chip
cross—-sectional area. Hence, the process can be broken down

into four steps as shown in Fig. 4.2 .

DEPTH
— cur
INPUT l OUTPUT
ToOL TOoOL CHIP MAIN
COMMANDED VELQCITY PSETTTS THICKNESS CUTTING
-—_———_"
FEEDRATE ——p| Gy —%—-> G, Ge Ge | ~Forc?
NC SERVO INTEGRATOR  CHIP-FORMATION FORCE=-GENERATION

FIG 42 SCHEMATIC BLOCK DIAGRAM OF THE TURNING OPERATION

The mathematical -expression for the transfer functions of
each separate block in Fig. 4.2 will now be discussed.

Leung [26] showed that, to a good accuracy, the NC servo
can be approximated as a second-order system. Leung did actual
experimental tests on the NC serwag%§ing a frequency analyzer

and obtained the followihg fo:mz for the NC servo :
W

&
G = Xg , Where K is the servo gain, and T,, T.  are
N (1+T,s) (1+T,s) - 9 1 2

the time constants of the machine,.

Integration of tool velocity yields the tool position.

Hence, GI is an integrator with a transfer function of 1/s.
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The un-deformed chip thickness for orthogonal cutting is
determined by the difference in tool positions during one
workpiece revolution. Therefore, GC consists of a unity term
minus a time delay function with a time delay equal to one
workpiece revolution (Tr); GC = l—eTr .

Multiplication of the instantaneous chip thickness by the
depth-of-cut yields the un-deformed chip cross-sectional area.
As mentioned 1in Chapter 2, the exact expression relating the
cutting force to the <chip cross-sectional area 1is quite
complicated. For simplicity, it is assumed that the cutting
force is linearly related to the un-deformed chip
cross-sectional area by a factor known as the specific cutting
energy of the workpiece material (Kd); i.e., the energy
required® to remove a unit volume of metal. Obviously, the
factor is a function of the workpiece material.

Gathering the above expressions into Fig., 4.2 vyields

Fig. 4.3 . Note that the depth-of-cut, a, in general will vary

with time and appears in the model as a gain term.

INPUT - I OUTPUT
TOOL -~ TOOL CHIP ' CUTTING
K VELOCITY 4| POSITION THICKNESS FORCE
FEEDRATE g - < > 1—e-ST' > Ky >
(1+78)(1- T2 8)
NC SERVO INTEGRATOR CHIP FORCE
FORMATION GENERATION

FIG 4-3 OPEN LOOP TF OF THE NC TURNING PROCESS
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4.1.2 Determination and Evaluation of the Closed—iooP Transfer

Function (TF) of the Micro-Computer AC System

Once the system is augmented to be adaptive, the overall
system becomes closed-loop because the function of the adaptive
control is to adjust the commanded feedrate based on real-time
measurements of the cutting force. The aim of this section is
to develop expressions for the adaptive control’ sys tem
components and then to combine these with the previous model to
get the overall closed-loop model, ‘

Since the computer digitizes the input force, does some
calculations, and gives a step—wiée constant output signal,
there exists a time delay and a zero-order hold (20H) function.
The time lag comes from the computation time, Tc, between the
input and output by the computer. The ZOH is the mathematical
expression for holding the generated output constant for a
sampling period (Tc) of time. Their corresponding expressions

are e € and 1-e7S7¢ . Moreover, the computer calculate§ the

S
output according to a control algorithm, GM. It is the
flexibility available by wusing different control algorithms
that makes the sof tware system advantageous. (
The transfer function of the dynamometer and amplifier
luﬁped together were modelled as a first-order time system
orginally, but experiments showed that the time constant. for a

rigidly mounted dynamometer is extremely small {26]. Thus,

this transfer function can be modelled as a pure proportional
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gain with a valye of Kf.
Hence the transfer function of the adaptive unit 1is as

shown in Fig. 4.4,

- s

INPUT ' OUTPUT
CUTTING p| sSTe ;STe VELOCITY
el — ! 1-€ T
FORCE N e Gm "l—s— SIGNAL
_FORCE COMPUTATION  CONTROL ZOH
TRANSDUCER DELAY ALGORITHM

FIG 44 OPEN LOOP TF OF THE MICRO COMPUTER ADAPTIVE UNIT

Combining Figs. 4.3 and 4.4, the overall closed-loop

experimental AC system is as shown in Fig. 4.5 .

MICRO COMPUTER ADAPTIVE UNIT CUTTING PROCESS

VELOCITY
e SIGNAL o . - CUTT-
~ | p— e
L STe 1-e57c | 1) Kg 1 ST FORCE
CUTTING € z - 1 1-e> 77 Kq>a >
SR CuH —— [ Fwslinns) [s P aaT>
DELAY CONTROL  ZOH H NC SERVO  INTEGRATOR CHiP FORCE
ALGORITHM L FORMATION GENERATION
* -~
4 K¢ ‘ <

FORCE TRANSDUCER

&

FIG 4-5 CLOSED LOOP TF OF THE MICRO-COMPUTER AC SYSTEM
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It should be noted that once the system is set up for a }
garticular,cutting condition {i.e., fixind‘the RPM and IPR) all
the constants in the transfer functions are(fixe?/abcordingly;
;xcept for the depth-of-cut. The reason is that, althbugg‘it
can be set to a desired value, the actual depth-of-cut depends
on some other uncontrollable variables such as the degree.of
roundness of wotrkpiece and the displacément of workpiece due to :
dynamic vibration. Hence, one of the prime objectives of the AC

system is to compensate for the effects of varying_depth—of-cut

by controlling the scommanded feedrate override signal by

selection of a suitable control algorithm, G

A1

4.2 STABILITY ANALYSIS OF THE EXPERIMENTAL AC SYSTEM

For a feedback control systems, one of ‘the main cqncerns

of the. control designer is to ensure that theasyétsﬁ is stable. .

PRI PR

There are numerous ways to predict the stability. Choice of the

methods "depends on the nature and complexity of each individual

Fl

028 g W W

3 .
problem. Complexity of a Sys tem arises in many ways. Two céhmon

i Lo

ones are non-linearities and time-varying functions such as the’

w
B L

peak-value’ memory and ‘variable.depth-of-cut in the adaptive

system under consideration.

’

ERS AR Ve Y

The closed-loop model derived in previous section will be

;

) i

used in the following stability analysis.  Nyquist plot and i
comput er simulation are particulérly selected for { %
. &

+«demons tration. The Nyquist plot is used to analyze that part of 4
N %‘é

4

e
g
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experiment with non-eccentric cutting condition and simple PI
controller. The computer simulation is used for analyzing the
eccentric turning with an additional function of peak-value
memory 1n the control algorithm.

In all of the stability analysis, all of the phygical
units and conversion factors have been evaluated and collected

in Appendix J.

4.2,1 Stability Analysis on the Non-Eccentric Turning with a

PI Controller

Because the sygtem is micro-computer based, it 1is a
discrete-time: sampling system. Strictly speaking, the analysis
should be carried out in discrete-time domain by performing the
Z~transform on the transfer functions. The character'gticﬁ‘
equation found from these transfer functions will end up with a
rather high order polynomial expression. The exact degr?e of
the polynomial depends on the ratio of the computer sampling
time and the workpiece rotation period. Leuné: [26] did an
actual stability analysis of the closed-loop system as. in
Fig, 4.5 in the discrete-time domain. One of his final
conclusiops is that the system can adeéuately be modelled as a
continuous one. Based on his conclusion, the adaptive system as
in Fig. 4.5 1is regarded as a 'continuous ‘system and the

stability analysis on the non-ecentric cutting is carried out

by the Nyquist plot. The following analysis focuses on the case

¢

&
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where PI controller action is used. Also, the ZOH t}:ansfer

function is removed from the closed-loop system in the ar\alysis

i
because the ZOH is meaningful only for a discrete-time s\ystem.

Hence, the closed-idoop system becomes: \

we

-STc KinT Kg -STy .
FNOF’AK e _NKPRO‘—;‘_’ (1+7,5)(1+1,8) e Kg~a

DELAY CONTROL NC SERVO INTEGRATOR CHIP FORCE
ALGORITHM FORMATION GENERATIO \*\

K

FORCE TRANSDUCER

FIG 4 6 THE CLOSED LOOP TF OF THE AC SYSTEM IN
CONTINUOUS MODE

By substituting the values of constants and gains and

further' approximating e - to be K efer to
(l+T1 s) (l+T2 s)
Appendix J), Fig. 4.6 becomes:
Frc ' K e, F
NOM ;5{053) 1y INT 45)x (+)x (1-651087))¥(n800 « 8) >
- e (KPRO+—§—)'*(0003 Jx{g)={1-€ i ‘ 1

!

1.

W

1-0

-

FIG 47 THE APPROXIMATED CLOSED LOOP TF OF' E AC SYSTEM

WITH CORRESPONDING VALUES OF CONSTA%ITS & GAINS
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t

" In the _above figure, all of the parameters: are fixed by
the equipment and workpiece material except for t he
depth-of-cut and the proportional and 1integral controller
gains; 1.e., Kpfo and Kint. Therefore, in effect, the stability
of the ;ystem for a given depth-of-cut is governed by the
controller gains. The following analysis is concerned with
determining the limiting values of Kpro and Kint for the system
to be stable.

Fig. 4.7 has the same structure as a general closed;Ioop

sys tem:

+
Ris) \ » Gis) AQWS) N

H(s)

FIG 48 GENERAL FORM OF A CLOSED (OOP SYSTEM
A2

where G(s) ang H(s) represent two arbitary transfer functions.

The closed-loop rélation is:

G(s)

F(s) = =22/
1+G(s)H(s)

R(s) (4.2.1)

For stability, all roots of the characteristic equation,

F(s)=1+G(s)H(s)=0, must lie in the left-half S plane. By
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mapping theorem, the number of encirclements of the origin of
the F(s) plane depends on the closed contour in the S plane,
Nevertheless, the expression of F(s)=1+G{(s)H(s) is equivalent
to encirclement of the —1+0j point by just the G{(s)H(s) axis.
Thus, stability of a closed-loop system can be investigated by
examining encirclements of the -1+03] point by the locus of
G(s)H(s); 1i.e., open-loop system. Locus of G{(s})H(s) can be
found by replacing s with jw and let w vary from 0 to =

For the closed-loop system on Fig. 4.7, 1its open loop

transfer function is:

- K 1 -
e STc « (xpro 4+ X10E) (x —) (1-e7%Tx) (g%a) (4.2.2)

Schematically, Eg.(4.2.2) is represented in Fig. 4.9

G,
> Sero J
{ G, [1.6ST G
9_). eSTe % ...._(.3_’. Kg —> 1'es ’ GA, Ky* @xK ¢ e
3
L] KINT ﬂ
S Gz

FIG49 THE OPEN TF OF THE CLOSED LOOP AC SYSTEM

IN CONTINUOUS MODE -
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In Fig. 4.9, for a certain depth-of-cut, the stability
limits of Kpro and Kint are found by fixing Kpro and adjusting
Kint until the magnitude of G(jw)H(jw' is close to 1 at a phase
angle of —l800; i,e., the relationship between the 1limits of
Kpro and Kint is found by trial and error. The calculation is
done by computer. The program and results are collected in
Appendix K. The computer results are plotted in Fig. 4.10 for

three different depth—of-cuts, 0.03", 0.06", and 0.09".

)
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4.2.2 Stability Analysis on the Eccentric Turning with a PI

Controller

The system to be analyzed here is the same as previous
one ;except that the workpiece is eccentrically mounted. Under
such a configuration of set-up, the depth-of-cut becomes \a
time-varying function (e.g., a(t)=b+d*cos (wt)) and an external
disturbance to the system. The entire closed-loop system is

illustrated in Fig.4.11

b +dcoswt
Kero {

; + {l 1_e'STc 1 ST F
From eSTe tp > Xe = 1-e~"" Kg >
- A 4

| KinT

S

™~ ¢ Kf

FIG 411 SYSTEM TO BE ANALYSED FQR THE ECCENTRIC CUTTING

A

Unlike an ordinary closed-loop system in which the
disturbance comes in at the summation Junction, tt'\fa,"
depth-of-cut here comes in the system as a multiplication term
and therefore, the system stability depends on the
depth-of-cut. This complicates the problem so much t;hat there
is épparently no straightforward way to solve the stability

analysis problenm; i.e., it precludes the use of ordinary
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methods such as Nyquist plot, Bode plot, and Routh criteria to
predict the stabilaity.

An alternative way of predicting the stability 1s to
simulate the system by computer and observe the transient
be haviour of the cutting force. Such simulation can be used to
evaluate the stability of the clgsed-loop systems for various
parameter sets.

The system shown in Fig. 4.11 was simulated by a digital
computer. The IBM system /360 Continuous System Modeling
Progr am '(CSMP) is used to handle the programming of this’
time-varying problem. The output of the simulation 1is a
print-plotting of the cutting force with the feedrate, and chip
thickness to be printed adjacent to it.

There are three runs in the program with three different
parameter sets of Kpro and Kint. The three sets of values are:
Kpro=0.05, Kint=0,003; Kpro=0.1, Kint=0.002; and Kpro=0.35,
Kint=0.003. The selection of these values enables us to ;ompare
the simulated results with those of experimental for a large
variety of gains in next chapter. The first set of ouéput is
collected in the following figure for reference . The last two

outputs and the computer 1listings are assembled in Appendix

L.1

~
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4.2.3 Stability Analysis on the Eccentric Turning with a PI

Controller and Peak-Value Memory

It 1is obvious that the peak-value memory 1is a highly
non—-1linear function. This non-linearity hinders the use of any
approximate methods such as describing function or
linearization to estimate the behavior of the system. Digital
computer simulation again becomes the simplest and the most
versatile way to obtain the necessary information about the
syst@m. The block diagram of the entire system with the

peak-value memory to be simulated is shown in the following

diagram.
b*dCOSwt
KPRO ‘
+ ;STe 1 F
FNOM—_>S?—'P' gsTe 1‘85 Kg < 1-e3T [ k4 >
PV
Kint
)
A Y
PV=PVxF~
NO
— Ky
A
YES
PV = F
8 v n

FIG 413 BLOCK DIAGRAM OF THE CLOSED LOOP SYSTEM WITH

A Pl & PV MEMORY CONTROLLER

Il
i
2

i



74

Similar to the previous program, this one also consists

of three runs with the same parameter sets. The first computer

result with Kpro=0.05 and Kint=0.003 is collected in
{

Fig. 4.14 . The last two outputs and the computer listings are

collected in Appendix L. 2.

W R

%‘dﬁw Msntostucte w nmet
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4.3 DISCUS SIONS

It has to be emphasized again‘ that the actual dynamic
interaction og the entire closed-loop system is very complex.
It is almost impossible to find a nice, neat, and exact model
to des?ribé the exact behaviour of the closed-loop system,
Chapter 2‘ has already demonstrated the difficulties of
analyzing only a part of the overall closed-loop system, which
is the physical process (turning operation). Moreover, the
bacdklash of the tool due to the reaction of feed force is
ignored in the cloged—loop model, though 1its effect' is
extremely smgil for a rigidly mounted tool. Thus, the block
diagraﬁ of Fig. 4.5 which was developed to model ﬁhe entire
adaptive system, is "only a crude apprqximation of the real

process. However, the major dynamic elements are all taken

into consideration in the model. Consequently, results obtained

(

As to the stability relétionship between Kpro and Kint,

in this chapter can only, provide a general idea about the

stability of the system,

the results shown in Fig. 4.10 are quite reasonable. Since the
depth-of;cut, a, acts as a constant in open-loop equation, a
small depth—of—cut naturally al}ows larger values of Kpro gnd
Kint and vice vérsa. 1Indeed, this is true in our case. By the
same token, it 1is alsé expected to obtain three curves of
similar shape as in Fig. 4.10 . .

The programs to simulate the eccentric turning are

BSREEE



77

carefully designed in order to match as closely to the

experimental conditions as possible. Many special features
have been put in both of the' programs in Appendices L.&1 and
L.2 . For example,, the integral action is programmed as a
summation of the error‘signals rather than as a continuous mode
function because of the discrete nature of the experimental
system (refer to Se;:tion 3.3.3 for details). To avoid the
phenomenon of reset windup, the integrators in the simulation
programs are further checked for satur ated mode in the same say
as the integrator in the mlcro-computer‘ program (refer to
Section'3.3.3) . Due to the dlscrete nature of the .real system,

a fixea—step integration method, RKSFX, is used to ensur e fhat

an integr ation is performed only at the sampling time. In the

simulation. progr am, t,:he""fuﬁ"ction "KEEP" further engures that+

P

the statements - of* the procedure functio;l cannot be executed
except wheAn an Wg’.ntegration is performed. F!nally,’/’"since
fixed-step integration ’method is used , the statement/— '!IF)
(PULSE. -NE.' 1.0) GOTO 10" - is #Qeeded to allow for the
procedure function to be executed at sampling instants only.

The simulation of Fiﬁ;. 4,12 is quite sucessful. Firstly,

because of the eccentr{cit;{y imposed on the problen, it is,

expected to obtain sinusoidal cutting force signals as in
“ :

Fig. 4.12 and Appendix L.,1. Secondly, from  any of the above

output, it is easy to see that a complete cycle indicated by

- the computer is 0.85 seconds which is very close to the actual -

&

@
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one of 0.869 seconds. Their difference comes actually from the
desired increment for the print-plot output in the program,
since OUTDEL 1is specified to be 0.05 seconds in the program,
the force is print-plotted for every such a Jime interval. As é
result, the output gives an apparent revolution time of 0.85
seconds,

Two observations .have been made from Fig. 4.12 and

' Appendix L.1l. The first oné 1is that, - regardless, of the
controller gains, the force always overshoots the nominal value
which is 80 1lbf. Tﬁe second observation is that there 1is no
essential diffefence/amfgéﬂall the ,outputs. This suggestg that
for ‘eccentric turning, one can arbitrarily chéose the
proportional and integral gains.

The overall effect of the PVM is explicitly depicted by a
compar%son -between Figs. 4.12 and 4.14 . The latter figure
shows that with the same parameter ;et, the program with PVM
lowers the cutting force below the nominal value at steady
state. However, the outputs‘in Appendix L.2 indieates thgt
precaution 1is needed in the use of PVM, An improper
combination of Kpro and Kint may result an undesirable
irregular cyclic cutting force with large difference between
its extreme values, as shown in the last  output in
Appendix L.l . Therefore, the simulation indicates that if PVM
is used in the control algorithm, the: coﬁtroller gains should

be <chosen carefully. Finally, a comparison between the
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corresponding outputs of same parameter sets in Appendices L.1
and L. 2 indicates/that the cutting forces have the same values
right before their first maximum wvalues, This illustrates the
success of simulating the function PVM. )

~0Of course, the above conclusions and discussions

concerned the stability analysis have to be verified and

checked by experiments which are described in next chapter.
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CHAPTER 5 ,

EXPERIMENTS AND DISCUSSIONS

This chapter has three main sections. The first section,‘
Section 5.1, describes how the experiments were conducted. It
is concluded with a sub-section, Section.S.l.l, concerning the
experimental aspects in general. The 1last two sections discuss

the experimental results where Section 5.2 deals with

non~eccentric turning and Section 5.3 with eccentric turning.

5.1 THE EXPERIMENTS .

The main purposes of the experiments are to examine and

evaluate the performance of three_common controllers; namely,
the P, I, and PI controls, and to investigate the desirability
of the peék—value memory (PVM) function. Also, through the
experiment, it 1is hoped to demonstrat® the structure and
modelling of any micro-computer adaptive control system.

The experiments were carried out for botht éccentric and
non-eccentric turning. Each dutting condition was tested for
both with and without PVM in the control algorithm. -

Iﬁ all of the tests, the spindle speed and feedrate are
manually set to be 69 RPM and 0.015 IPR respectiv;ly. The

7
reason for selecting such a low RPM is to ensure there are

adequate number of samples in every spindle revolution. Since
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the computational éime of the micro-computer for the developed
algorithm was measured to be about 50 milli—secon?s (refer to
Appen@ix J) , the selection of 63 RPM will give approximately 18
samples for every Tevolution, which “is a reasonable sample
size. Also, the selection éf a moderate feedrate, 0,015 IPR,

provides safety and ease in handling of the experiments.

In the experiments, a straight edge carbide tool is used’

as a cutter in order to match the cutting conditions imposed on
the problem as described in Chapter 2. o

There are two workpieces in the experiments; one for

eccentric and the other for non~eccentric turning. They are

both aluminum cylinders of about 3" in diameter. The ‘only

difference between them is in their 1lengths. One is 8" and the

other 18". The shorter workpiece 1is used for the eccentric

turning tests since a tailstock support is not used during the

eccentric experiments. For both cutting conditions, the desired

depth-of-cut, b,~is set to be 0.06". In eccentric turning, the

workpiece is eccentrically mounted by inserting a shim on one

. of the jaws of the lathe chuck. The thickness of the shim

(i.e., ;ccentricity) is 0.03" giving a resulting depth-of-cut,

a, vérying in the range of 0.03"<a<0.09" during one workpiece

revolution.
To run the experiments, the workpiece and the tool are
w(‘/firs:t: mounted on the <chuck and the tool holder. Then the

digitq} adaptivé control unit is properly set with the computer

o ey T
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“»ucontrolled signal AEnnecEEd to the feedrate override switch at
the control panel. The Assembler program is then loaded to the
computer through the teleEype. After activating the program,
f the desired values of different variables (e.g., Kpro, kint, F,
RPM, ... etc) are input interactively to the coﬁputer by means
of the teletype. To take actual measurements of data, the NC
lathe is first programmed manually. A simple linear motion to
turn the workpiece to a constant diameter was always used. The
spindle speed is then selected. Once the NC lathe is startéd,
the digital adaptive control unit is activated to take on-line
measur ements and control action. The cutting force and feedrate
override signal are then recorded by a stor age tube
{oscillgscope.‘ To stop the ekperiments, the micro-computer i;
‘stopped by pashing the, "BREAK" but ton and the NC 1lathe is put
in a feed -holdncondition. In order to havéﬂ_a permanent record
of results, the behavior of the cutting force and feeda@te
signals dre then recorded by taking instant photos frcmjthe
oscilloscope.
Therefore, on all of the phogos, there are two signals.
The upper one is the trace of the main cutting force whereas
the lower one 1is that of the computer feedrate command signal.
The sensivities are 80 lbf/div and 5.0 volts/div respectively.
Qhe feedrate command in the range of 0.0 to +5.0 wvolts

corresponds to a feedrate in the range of 0.0 to 0.015 inches

per revolution. Horizontal time swift for all pictures is 2.0
4




sec/div.

Attention }s then drawn éo the computer controlled
signal. This signal on each photo always starts at =5.0 volts,
which then abruptly jumps to +5.0 vqlts~when computer algorithm
is started. This phenomenon 1is caused by the microlcomputer
hardware and the analog-to-digital converter at the beginniﬂg
of data conversion. ' o/

All results are «collected in Appendices M and[N. All
photos labelled with subscript 'a' such as la, 25, ‘e - etc, are
the results from the program without PVM. Likewise, those
labelled with subscript 'b' are from the program with ﬁ&M.'

Since there are numerous parameters %n the system, it is
almost impossible to find all the effects and relationships
between them. The present research‘so far has concentrated on
the effects of Kpro and Kint, This is due to the time and
resource limitations of the project. Thglreason for selecting
the two parameters of Kpro and Kint in this research “is that
they are the prime control factors in an adaptive Systen: In
all of the experiments, the nominal force, nominal voltage,

i

spindle speed, and decaying factor are set to be 80 1lbf, 2.5

>

volts, 69 RPM, and 0.8 per revolution respectively.

3

3
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5.1.1 Discussion on the General ASQgcté of the Experiments

The extent of this research is 1limited extensively by the
physical capabilities of the experimental system. For example,
if the NC lathe <could provide an on+line continuous -~ mode of

changing RPM and depth—of—cg;, research on the influence of

these'paraméters can be included as well. g

Since the micro-computer adaptive unit is an electronic

y

-
system, it is extremely sensitive to environmental influences.
One of the influences 1is the noise-that it picks up during

experiment. Although floating ground method is used to minimize

4

the noise level, the system sanehow still picks electrical
noise from its surrounding metal cutting machines. Thus, there
is considerable variation in the quality of the experimental

records from experiment to experiment.

» -

s Also, it was observed that the oscilloscope employed in

a

- this project drifted slightly with time. To minimize this
T drift, the electronic equipment was allowed to warm up for
several hours before experimentation. However, there is still

’

same drift evidence in the experimental results on the

photogr aphs. "
The accu;acy of the cutting force measurements 1is
d actually quite low and the resolution of the oscilloséope
Q display o% the real-time force is about +10 lbf. Therefore, the
following discussion has emphasized on the observable and

(_ . general features only.

%%u:.n.—..n;...u PSRt
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5.2 DISCUSSIONS OF THE RESULTS ON THE NON-ECCENTRIC TURNING

This section summarizes the experimental results of

- | ¢ 3
non—-eccentric turning only. It has four sub-sections. The first

3

sub-section 1is a di;cussion of the performance of a pure
proportional (P) controller w?rking along with and without a
PVM. The following two sub—-sections are the same as the first
one except their differences 1in controllers. One is a puie
uintegral (1) control and the "other one is a
proportional-plus-integral (P%% control., The 1last sub-section
compares— the experimentalﬁargsults with the theoreticél

prediction of the system stability by using Nyquist plot

method.

5.2.1 Proportional Control

Photos, for non~eccentric turning with P é;ntrol are
collected in Appendix M.l . Pictures la, 2a, 3a, and 4a in this
appendix show that, without PVM, the system behaves like a
second-order system. This characteristic 1is ©particularly
demonstrated by Photos la and 2a, which show that the larger
the proportienal gain, Xpro, the more oscillation there 1is
before settling to a steady value and the less the steady-state
error. To know the amount of steady-state error, one first has
to have the nominal force signal, ‘which can be found by having

a run with a pure integral control. Then, the amount of

difference between the nominal force and that from a P control
i

4

L
U e v
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’

is the s;eady—state error.

Pictures 3a and 4a also indicate theh stability limit of
the proportional gain, Kpro, for P control of the system is
between 0.24 and 0.35. This is revealed by Photo 4a for which,
when Kpro equals 0.35, the cutting force keepé on oscillating
without settling to a fixed value ~ an indication of the system
instability. To understand the instability, the basic
proportional control law (i.e., Eg.(3.3.5)) 1is recalled for
expianation: Vout = Vnom+Kint*Int+Kpro* (Fnom-Data).

. Because 1t 1is a pure proportional controller (i.e.,
kint=0) and there is no PVM in the control algorithm,
Eq.(3.3.5) becomes: Vout=Vnom+Kpr o* (Fnom—-Data). At the start
‘up, tpere is no cutting force; hence, the difference between
Fnom and Data is positive, and Vout is boosted up to 5.0 volts,
This generates the initial jump to 5.0 volts of the controlling
signal, As a result, the tool travels with a full progr ammed
speed and the cutting forces increases. Eventually, the cﬂtting
force (i.e., the data) will become larger thqn Fnom and
generates a negative error. This error may be well 1less than
Vnom, so the computer will send out,a =zero volt commanded
feedrate override signal. This is what happens for the-first
cycle of the «controlling signal on Photos 2a, 3a, and d4a.
However, if Kpro'is large as in the case of Photf 4a, the rate
of speeding up and sloying down the tool is so’ drastié that a

full 5.0 volts or a 0.0 wvolt output always results.



!

Consequently, oscillation of the cutting force is produced;

4 o

i.e., the system is unstable.

- For the same control action, program with PVM gives rise’

pr
to two distinct features. But when the gain 1is -°small,

regardless of the presence . of PVM, there is virtually no
difference 1in both the controlling action “and output force
(compare Photos la and 1lb). The reason 1is that a small Kpro in
Eq.(3.3.2) implies a trivial control.action. ,
However, once the Kpra. is large enough to have
significant effects on Vth,‘the featGre resulted from PVM is
the reduction of oscillation in the transient period-(compare
Photos 2a.with 2b, 3a with 3b). This is a consequence of the
time delay characteristic of Fhe fupction. Since program with
PUM results in a slower control actien change with respect to a
negative rate of force change, the whole system is driven witﬂ
aﬂlower speed than that without PVM. Thys, less oscillation is
expect ed. Anotﬂer advantage ‘with the PVM is a slightly shorter

settling time (cdmpare Photos 2a with 2b, and 3a with 3b).

5.2.2 Integral Control

Results in Appendix M.2 show that under a pure integral
controller, the system also behaves like a second-order system.
As the 1integral gain, Kint, is 1increased there are more
oscillations and higher overshooting before settling to a

A

steady-state value (compare Photos ,la, 2a, 3a, and 4a 1in

4

;
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Appenéix M.2)

It is obvious, from Photos 3a and 4a, that when there is
no PVM action the stability limit for Kint is in between 0.0055
and 0.008. Below the stability limit, the gggady-state value of
the cutting force is of course equal to the nominal value, Fnom
(i.e. 80 1lbf) Dbecause of the characteristic o¢f an integral
controller. Furthermore, when the steady-state values of the
cuﬁting force aré compared with those from a pure P control,
their values are higher fgt an I control. This verifigs the
general features of a pure P and a pure I controller: for a P
controller there Elways exists . steady-state error, whereas for
an I controller there is no steady-state error regardless of

»

the disturbances.

For 1integral control, advantage of having PVM in the
control' algorithm is solely in the transient behavior . There
are three such aspects. Compar%san of adjacent pictures in
Appendix M.2 for corresponding Kint shows that less
oscillations of the cutting force is resulted fram _ the PVM,
Best of all, program wi;h such function gives a shorter
settling time than that one without, and this 1is distinctly
shown by Photo 3b when it compared with 3a . Photos 1b and 2b
also indicate'that for a small integral gain, overshooting can
be avoided and the system behaves 1like a first-order system as
a result.of the PVM. .

If the stability limit 1s exceeded, however, Photo 4b

<
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reveals that the tool will suffer substantially £fram an
intermittant.triangular force with large peak values. At this
.stage, one cannot conclude and compare from Photos 4a and 4b
the degree of tool damage between the progr ams wi thout and wi th

PVM in the absence of further detailed investigation.

5.2.3 Proportional—-Plus—-Integral Control

The merit of (‘J‘a“PI contr@ller is demonstrated explicitly
by—the results in Api;er%dix M.3, which is the combination of the '
desirable transient characteristic of a proportional controller
and the feature of no steady—staté5 error of an integral
controller (compare Photos ia in Appendix M.3 with 3a and 2a in
both appendices of M.1 and M.2) Indeed, results show that
there is less oversh;)oting and a smaller difference between the
maximun and minimum fo/rces with a PI controller.

One can also see that the Kint stability 1limits on Kpro
and Kint acting together may be larger than the limits on Kint
when Kpro=0. Photo 4a in Appendix M:3 shows that although Kint
equals 0.008, which is an unstable val;ie for a pu're integr al
controller, the system is still stable. On the contrary, Photo

3a in the same appendix shows the instability of the system

when it is under a stable value of Kint 0.004 but an unstable

value of Kpro 0.35.
With the inclusion of PVM, the dynamic behavior of the

system is also dominated by the P action for a PI control. The



,
{.;Hw\
{

" the other hand, with PVM the éteady—-statg‘behavior of the

“G

-above.statement is supported by the Photos 1lb, 2b, 3b, and 4b

in Appendix M.3 . The’y all show - that when Kpr o exceeds the
stab‘fiity limit, ‘the integral control 1is inc:ilpable of improving
the stability (refer to Photos 3b and 4b in the appendix). On -

“

system with PI control resembles more to that with pure P
control than with pure I control, and it fluctuates wi th'
respect to the nominal value, Fortunately, the fluctuation is
small as can be seen from . Photos 1b and'2b. Furthermore, these

two photos show that for the same Kpro, the experimental system

with a small Kint can reach the steady state faster than that

T N .
with a larger\fg‘f‘ﬁt\wf’l‘h‘e prime cause 1is the dominance of the

¥ integral “control action on the transient behavior (compar e

Photos 3b in Appendix M.2 and 2b in Appendix M.3). -A close

examination of . Photos la with 1b and 2a with 2b also reveals

that with PVM, the PI controller gives a small steady-state

value and a smoother controlling action than it does without

AR

PVM, . ’ -

5.2.4 Comparison of the Experimental Results and the

Theroetical Prediction of the |System Stability by

. , \
using Nyquist Plot Method \
I

A comparison between Fig. 4.10 and Appendices M.1, M.2,
and M.3, shows there is a substantial difference in between the

experimental and analytical results. For example, Photo 4a in

-

|

™~
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Appendix M.l indicates'clearly that for a puré proportional
éontrol the, staSility limit of the experimental system is less
than 0.35. However, for the same value of Kpro, Fig: 4,10 shows
that it is still within the stability limit. Same disagreement
takes place in between Photo 3a in both appendices of M.2 and
M.3 and Fig. 4.10 . i

The possible reason is that even though a digital system
can. be approximated as a continuous one in some cases, Nyquist

plot is still not an appropriate method in predicting its

stability.

5.3 DISCUSSIONS OF THE RESULTS ON ECCENTRIC TURNING

]

This 'section discusses the experimental results of

.

eccentric turning only. It has also four sub-sections and its
?

organization is the same as the previous one, Section 5.2

ol

5.3.1 Proportional Control

it
e

o » ‘(33‘ ”Jf -
The results for eccentric turning with a pure P

controller are <collected in Appendix N.1 . Because the

workpiece is eccentrically mounted, the cutting force is always’

oscillating and therefore it is hard to decide whether or not

‘the adaptive loop is stable. In fact the actual definition of

stability is somewhat ambiguous. For our purpos we will
define the system to be unstable when the control ignal

oscillations saturate at both the 0.0 and +5.0 wvolts ts;

~
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e.g., as ocdurs in Photo 7a .

Due to the eccentricity, it is more difficult to
visualize the interaction between the controlling ?ction and
the cutting force. For a small prt;portional " gain of 0.005,
Photo la indicates that very 1little control action is taking
place. The commanded feedrate overtride signal in the picture is
almos t equal to Vnom. The explanation is the samle as‘ that one.
described in Section 5.2.1 . It is clear that the sinusoidal
form of the cutting force solely comes . from th; eccen?éicity.
For proportional gains of larger wvalue, what the computer does
basically is sending arcommar’xded signal which 1is proportional
to the difference between Fnom and the actual cutting force at
each par’ticular sampling instant.

In the e3<periménts no attempt was made to always
synchronize the starting of the tool motion with the workpiece
angul ar position. Therefore, the transient beh‘avior of each run
is depender}t on the initial depth-of-cut that 1the tool
encounters with the workpiece. A photo with a high initial peak
value of cutting fgrce implies that the tool encountered a.deep
depth—of-cut; at the start up motion. This is the case in Photo
7a . Thegefore, it is not surprising to have photos with
different transient behavior in the appendix. However, the
steady—staf_e behavior, which is sinusoidal, is independent of
the transient state,* It would seem reasonable that, at the

éteady state, what the computer "sees" and responses to is some
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average value of the maximum and minimum values of the cutting'
Eorce. Fkom Pgotos la, 2a, 3a, ... 7a, it is obvious that, with
a pure proportional control action, a larger gain gives a
larger average value of cutting force.

The outstanding advantages of implemeting the PVM are
readily seen from the Photos 1lb to 7b. in the __ same Appendix
N.1l . For a P controller, two merits are obtained. The first
one 1s the generation of a smaller maximum and a smaller
minimum steady-state cutting force. In other words, the average
cutt;ng force 1is smaller. The second advantage is the
acquirement of a smoother controlling signal (compare Photos 4a
with 4b, 6a with 6b, and 7a with 7b).

Photos 3b, 4b, and 5b indicate that when the proportional
gain is larger, the peak values between two successive forces
are not equal at steady state. A close examination notices that

nominal value. Thergfore, for the same gain, even though the

most of the pe ak vgiues are always within the l}mit of the
cutting force ripples more irregularly - than the one resulted
fram the pr%bram without PVM, the PVM control action is still
more desirable from t?e point of view of safety. But 1large
peaks of cutting force;may result from the PVM when instability
is reached as shown in Photo 7b . The picture clearly shows
there is a severe interaction between the workpi?ce and the

tool. However, the degree of damage on the tool, when Photos 7a

and 7b are compared, is still open for investigation.

. >
Maed I S R T e
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5.3.2 1Integral Control

Casual  observation of Appendix N.2 suggests similar
results for an integral controller when the photos in thé
appeﬂdix are éompared with those from a proportional
confroller. They " are both sinusoidal with an irregular
transient behavior. A detailed examination, however, shows that
they are actually different in several aspects. Firsp of all,

regardless of the integral’ gain, at steady state all the

.cutting forces ripple with the same maximum and miniﬁwn values

, /
)
for an I controller. On the other hand, under a P control the

extreme values depend on the value of proportional gain.

- Again, it is believed that the integral control takes the

average of the extremities as the nominal value. The ripples of
»
the, commanded override signal are a result of the difference

between the instantaneous and average values of the cutting

" force. This is why if a line joining the average value is drawn

* for any photo from 1la, 2a, .a% to 53 in Appendix N.2, its

magnitude is very close to that cutting force signal in any
photo in Appendix M.2 . .

For integral gain, the program with PVM improves at least
two steady-state phenomena 1in eccentric, turning. The first
improvement is on thelsmoothness of the controlling ’signal'
(cqﬁpaqe Photos 2a with 2b, 3a with 3b, and 4a with 4b in
Appendix N.2). Although onF may not necessary care about the

smoothness of the-controlling signal as long as it does what is
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‘ and N.3 respectively).
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wanted, the smoothness does indicate the potgntial vigorousness
of a dynamic system. The second improvement 1is again on the
aspect of safety. The PVM lowers the maximum steady-state value

within the desirable range, Fnom.

Despite the above merits, one drawback which is the long
settling time may hinders the use of PVM for a pure integral
control (compare all\the adjacent photos in Appendix N.2). The
long settling time is a consequence of the time delay character

of the PVM.

5.3.3 Proportional-Plus-Integral Control

In Appendix N.3, the results for PI confrol are
collected. 1In terms of cutting force signals, the.program with
PI control gives very similar results to those of pure I

3

control. The co-operation with the P controller, however,

eliminates the irregularity in the transient period that

* characterizes a°fpure P and a pure I control in eccentric

turning (compare Photos 2a, 3a, and 4a in Appendices N.1l, N.2,

g

v .

On the other hand, fegardless of the values of Kpro and
Kint, the cutting force steady-state behavior for all results
are very similar. They all have the same maximum and minimum
values and all ihe maximum values are greater than Fnom; i.e.,
80 1lbf. The similarity comes fram the integral action which has

been explained in previous section.
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. The proportional controller in the P;jcontrol acts like
an amplifier to the integral signal. Th%/%esults in Appendix
N.2 show that, without PVM, all thg’/integral controlling
signals are ripples with small amplituées. The addition of the
P controller increases the amplitudes and hence, evens out the
irregularity at the transient state (compare Photos 8a with 5a
in Appendices N.3 and N.2 respectively).

Fur thermore, Photo 9a in Appendix N.3 shows that even
thoﬁgh the stability limits are exceeded, the cutting force is
' 4
not affected and looks 1like those of other results. This
guggesés that one can arbitarily choose the gains of Kpro and
Kint for a PI control in eccentric turning operation.

When the PVM is implemented in the control algorithm, the

, Stability of the system is also indicated by the controlling

signal., If the contfolling signal reqularly reaches the extreme

values (i.e., 0.0 and 5.0 volts), the system 1is considered to
be unstable (see Photo 9b in Appendix N.3). Wighin the
stability 1limit, the basic character of PVM, which is tHe
lowering of the maximum steady-state value, is shown ;learly by
photos 1b, 2b, ... tg 7b in the same appendix. Therefore, the
advantage of PVM is that the maximum cutting force 1is less,
which - should contribute toward a longer tool 1life - an
important economic factor in metél machining operation. u -

The benefit from PVM may also be well seen in the

transient period immediately after the <cutting force has
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r eached ;hgﬁfirstw,peak value. Photos 1b to 6b in Appendix N.3
clearly show that the feedra;e override signal always rapidly
chops to a low value after the «cutting force reaches 1its
initial peak value. Then it increases gradually until the force
reaches steady-state cyclic behavior with .a maximum value
equivalent to Fnom. As’a result, program with PVM eliminates
the perilous overshooting within thig‘ period of transient as
compared to the jprogr.am without PVM (compare Photos la with 1b,
2a with 2b, ... 6a with 6b in Appendix N.3). It is pointed out
that such a benefit is not included in that period of time
prior to the first initial peak. The reason is that the
function PVM in‘ this research does not check éhe rate of
increasing but rather the rate of decreasing of data.
Furthermore, since the synchronization of the starting of the
tool motion with the workpiece angular position is not done,

definite conclusion concerning the first peak of cutting force

is not made. 3

In spite of the advantages, the PVM does have some’

imperfection, The, choice of the proportional ;and integral
gains is quite crucial. Inappropriate combination of Kpro and
Kint may result in an undesirable surface finish, although in a
rough cut this is of little concern. This can be depicted by
Photos 4b, 5b, 7b, and 8b in Appendix N.3 ¢ In these cases the
cutting forcé has a fairly irregular gycl;c behavior 1in the

s}eady state, This implies a varying cutting speed and hence,

O

eg itz
i3, n
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poor surfacg finish results. Furthermore, if the stability
limit is once exceeded,vthe PVM may dgenerate periodic cutting
force with large maximum amplitude as shown in Photo 9b

Therefore, if instability 1is reached, the program without PVM

may be more preferable than that with this function.

5.3.4 Discussion of the Experimental and Simulation Results

In general, the experimental and simulation resuits match
closely to each other for eccentric turning. For example, when
Pﬁgtos 2a, 4a, and 9a in Appendix N.3 are compared with
Fig. 4.12 and the output in Appendix L.2 respectively, it is
observed that all the cutting forces behave sinusoidally and
overshoot the nominal value at steady state? Actually, within
the accuracy which one can measure from the photo, the amount
of “‘overshooting 1is approximately the same for both results.
. The only significant difference between the ‘experimental and
simulation results is 1in their transient behaviors (compare
Photos 2a, and 9a in Appendix N.3 with Fig. 4.12 and the last
outpu{ in Appendix L.1) . The reason for the difference is that
in the experiments, the initial depth-of-cut that the tool
encounters with the workpiece is not synchronized. In the
simulation, it is always the same for every run of tha_program.

The simulation results of the pfoqram with PVM also match
closely to the experimental results. For example, Photo 2b in

o

Appendix N.3 and Fig. 4.14 both show that theré is a sharp
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suppression and then a gradual increase of the cutting force
right afier its first maximum value. Furthermore, when Photo
4b and 9 in Appendix N.3 are compared with the two outputs in
Appendix L.2 respectively, they look similar to each other with
irreqular cyclic cutting forces. This indicates that the

’

simulations are successful.
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CHAPTER 6

CONCLUSIONS AND RECOMMENDATIONS

6.1 CONCLUS IONS ‘

The following conclusions may be drawn fran the

investigation of the dynamics and control of eccentric turning:

1) The natural frequencies of an eccentric turning process

‘ are more sensitive to the angular velocity (i.e. RPM) than
to the feedrate (i.e. IPR). Within the scope of
investigation, the experimental eccentric tur ning

operation is a stable process. Although there is a small

E

degree of instability indicated by the real part of the
assumed solution, its value is so small compared with the

imaginary part that it 1is believed to come fram

computational round-off error. Moreover, the structural .

damping,'which has been neglected 1in the analysis, will
contribute as a stability factor in a real process.

2) Thisgresearch demonstrates that an adaptive control system
can really work, and the proposed digital adaptive control
NC lathe system is wvalid and useful. With further
de&elopment and modification, it could be applied 1in
practical turning operation.

k) The function of peak-value memory (PVM) generally tends to

control turning operation with a conservative action by

u;._

L bt ke T

5 ety

) A
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driving the process with less oscillation and decreasing
the: peak values of the cutting force. Hence, the tool life
is expected to be\ prolonged by the- program with such
function. Therefore, PVM is desirable not only fram the
point of view of safety but also of economy.

4) When PVM is used along witﬁ a P, I, or PI controller, the
values of Kpro and Kint should be selected carefully. If
they are too large, instability may result with high peak

9

values of the cutting forces.

5) Digital simulation is a very flexible and versatile way of

obtaining necessary information about non-linear systems.

To have good results, the simulation program has to be
designed carxefully in order to match as close as possible
to the actual system. o o
6) Bven though a digital system sametimes can be approximated
T as a contihuous one, Nyquist plot 1is s£ill not an
appropriate method in predicting its stability.

6.2 RECOMMENDATIONS FOR FUTURE WORK

Before the ideas of this research could actually be used
in practice, many physical problems would have to be resolved
firét. One of the problems is the way of measuring the force

signal. In practice, it is very difficult, time-consuming, and

expensive to mount each tool on a dynamometer especially for

the case of a turret lathe. Research on new methods of
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measuring cutting forces should be carried out.

Research on how to speed up the computational rate of
micro-computer is also essential because 1in practice the RPM's
would uéuqlly be lérger than that used in these experiments.
For the control algorithms developed in this study it 1is

essential that there be enough samples per revolution. Future

‘work on the improvement of computational rate can concentrate

at the designs of micro~computer and floating point package.

To fully implement the experimental idea, the NC lathe
has *to be improved so that the prqblem of transition from rapid
traverse to feedrate can be solved. In practice, the NC la;he

>

should have a very fast, responsive, and reliable'servo to stop
éhe feedrate without tool breakage when the tool hits the tool
workpiece at rapid traverse. An alternative way to accomplish
such an aim is the design of a tool/workpiece proximity sensor,.

It is also obvious that the experiments carried out were
limited to very specific cutting cond}tions. Different cutting
conditions with different workpiece materials should be tested
in future to fully evaluate the proposed system.

In this research, the selection of controller gains is
still not really resolved because the depth-of-cut 1is a
multiplication factor in the loop gain. What is needed is some
sort of automatic compensation for the depth-of-cut in the
adaptive control system.

Finally in this study the adaptive control system was



|

103

)

retrofitted to a conventional NC lathe. The peak-value memory
feature required the operator to manually enter the workpiece
RPM. One effective way to apply adaptive control in practice
would be to implement it directly in in the executive software

¥
of a computer numerical control (CNC) controller.
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APPENDIX A

“w

DERIVATION OF THE VELOCITY EXPRESSION OF ANY POINT A W.R.LT.
THE YORIGIN:

i

oo o
Position of Workpiece With No )/ibration

FIG A1 END VIEW OF THE BEAM WITH VIBRATION

»

Denote:
VA/O = Velocity of A w.r.t.0 ~
'VA/C' = " " A w.r.t.C'
VC'/O = " " C'w.r.t.O
Vg‘. = Radial velocity of C' w.r.t.O .
d et + = Transverse velocity of C’
\ w X Iy w.r.t.0
v , = Transverse velocity of a
a/c w.r.t.C'
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APPENDIX B

-

INTERMEDIATE STEPS OF INTEGRATION FOR EQUATION (2.16% and
(2.1.7) h

Integration Properties:

£

t t t t
; 2 2 2 2,2
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APPENDIX C ) .
REDUCED ORDER METHOD IN OBTAINING THE SOLUTION FOR
Iy +[cTlg+[k{gl= {0}
\ .l
%2 0 Ak N 0 2w %k
0 g Bk -2w 0 Bk
THE MATRIX WE HAVE = (2.1.12):
o {fa £ (t)
* [KS(K } Bk =[ k(t)l
1Pk Ik
%k ' 3
{q} B .
Let {y} = = k in our case.
{q} By
By
Subsitute {y} and {y} into above matrix equation: then it
c.an be written as:
My} + [KI{y} = (¥) lc.)
N
. 004£. 0 0 -2w/L 1/2 0
- oM 000 £ 1 f2w/t 0 0 178
where (u] = {[M][C] =200 zee] M= o % 0
! 0 £ 2wl O 0 12 0 ©
-2 00 0
(K] = -[MJ[0]|_| o< o0 o
[0][k] 00 K0
000
795 lﬁ(
0
[0l - 0
Y = @ -
] [[Q] £ (t)
gk(t)
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Homogeneous solution for [C.1]

[M}{y} + [K]{y} = {0}

Tet - 1y} = {o1et
a[M]{e} + [k]{2} = (0}
\[1]{8) + [D]{&} = {0} where [D] = [M17 [K]
[A[z] + [D]l{e} = O
Forleigenvalues: det [a[1] + [D]] =0
0 -2/£1/£01|-1 00 0 0 2wt Serg o
[p] = 2w/£ 0 ol/ello-10 o2 o0 O Kk
Di=141/¢ 0 00 o/e\xko -1¢ 0 0 0
0 1 00l ologdlo-12 0 o
A 20/L K /L0
[I] + [D] = —20.) Av' 0 Kk/Je
. -1/2 0 A 0
0 /L A
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APPENDIX D

r
-

DETERMINATION OF THE RELATIONSHIP BETWEEN THE CUTTING FORCE
(P, ) AND THE PRODUCT OF DEPTH-QF-CUT & FEEDRATE (a.s) AS -
FOUND BY F. KOENIGSBERGER

The 2 points picked up for evaluation are: A, =(300,0.0035)
A =( 80,0.0006)

Denote F by y and (a.s) be x so we have:

In y-1n 80.0 _ ln 300.0-1n 80.0
In x-1n 0.0006 - In 0.0035-1n 0.0006
=> (ln 0.0035-1n 0.0006) _ (ln 300-1n 80) *
° *(1ln y-1ln 80) - (ln x-1n0.0006)
=> ln y-1n 80 = 0.749(1n x~1n 0.0006)
/
=p 1n vy-4.328 = 0.749(1ln x-(-7.418))
=» ln y = 0.749*%1n x+9.942
’ - (0.749. 1n x+ 9.942)
=y Yy = e
* " . 749
=> Y = 20786*x
0.75
= F = 20786 (a.s)

e
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APPENDIX E

*

DETERMINATION OF THE DEPTH-OF-CUT IN ECCENTRIC TURNING WITH
CONSIDERATION OF THE DISPALCEMENT DUE TO VIBRATION

Since the workpiece 1is eccentric and subject to

vibration, the depth-of-cut (a) changes with time which

!
alternatively changes the force magnitudes, hence, depth-of-cut

has to be determined.

Consider the beam under deflection:

d= eccentricity
P R= radius of work

b= desired depth-
-of-cut

FIGE-1 END VIEW OF THE DEFLECTED BEAM WITH DEFINED ANGLES

L S nefl ¢ Ak Ve T s

Tl ke G

Y S Ykl g

o,
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v it 37 N
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where d = eccentricity i
R = radius of work
b = desired depth-of~-cut
0Q = summation of eccentricity and radius of work
OP = radial length that the workpiece crosség the
y-axis at any time )
By Sine Law: R = d - 0%
sing, siny sin
=> sginy = d*(sin 8,) ' .
R
=> v = sinl(d*sine,)
R
0
B = 180 - y- 062
B ’ e 0 . =1 .
B . B =-"180--8,-sin ~(d*sin 8,)
- o R
Since OP = R__* sin B
sin 9,
. 0 | .
. Op = R * sin(180 —-¢_-sin -~ (d*sing_))
sin ¢ 2 R 2
2
OP = _R__*sin(e,+sin"1(d*sine,))
sin 6, R
But ezi wt—el where e1 is the initial angle that the

maximum radial length (OQ) makes with the horizontal axis as

shown in Fig. E.1 .

Since 0Q = R+d, OP can be expressed as: ,

Bl et

AT s

R L .

e

L
A AN AT ST 1 e R 1 e e
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~ (!
/
oP = R * sin((wt-8,)+sin"L (d*sin(ut-0,))
. sin(wt-el) R
' If set 8, = 0.0
op = R * gin(wt+sin~l(d*sin yt)
sin wt ’ R
>
( - , ) .
. OP = R *{ sin wtcos (sin l(% sin mt))+cos(mt)% sin wt}
sin wt .
Physically, d4/R is a small ratio so that d*sin wt/R will
be even smaller. Hence OP can be approximated as:
op = R* (sin wt+cos wt*d*sin wt)( .
sin wt R
=> 0P = R+ d cos uwt
. e oas . . . . 0
‘Therefore,, if initially OQ is on the y-axis, i.e. el=0 P
and the desired depth-of-cut is b (refer to Fig. E.2 on mnext

page’), the actual depth-of-cut (a) with time is:

OP~OB = OP- (R+d-b)

-
i

R+d cos wt—-R-d+b

h
v
o
I

i
v
]

il

d(cos wt-1)+b .

s

4
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FIG E-2 DIAGRAM SHOWING THE PARAMETERS DEFINED
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APPENDIX F "

0.75

RELATIONSHIP BETWEEN 20786 (as) [£bf] and 191 as°‘75[Kg].

a s . Pl=20786(as;0'75[£bf] p*op x8:45 0| pi=101 as?* P[xg] p*

in mm | in/rev mayrev | a [in]; s [in/rev] 1°19.81 a m)]; s [mo/rev] 571
| 0.03 0.762 0.015 0.381 64.221 2?.132 70.580 0.413
0.020 0.508 79.686 36.147 87.576 0.413
0.030 0.762 108.007 48.994 118.701 0.413
0.050 1.270 158.430 71.867 174.117 0.413
5 0.100 2.54 . 266.447 120.866 292.829 0.413
' 0.500 12.7 890.921 404.138 979.132 0.413
0.06 1.524 0.015 0.381 108.007 48.994 141.160 0.347
0.020 0.508 134.01%6 60.792 175.152 0.347
0.0306 0.762 181.646 82.398 237.402 0.347
0.050 1.270 266.448 120.866 348.234 0.347
0.100 2.54 448.109 - 203.271 585.657 0.347
0.500 12.7 1498. 345 679.677 1958.2064 0.347
‘0.09 2.286 0.0150 0.381 146.393 66.407 211.740 ° 0.314
N 0.02 0.508 181.646 82.398 262.729 0.314
0.030 0.762 246.203 111.682 356.103 0.314
0.050 1.270 . 361.143 163.821 522.351 0.314
0.100 2:54 .607.369 275.514 878.486 0.314
4 0.500 12.7 2030.861 921.237 2937.395 0.314:

L]

.. For a fixed depth cut the expression 20786(as)?"’% can be expressed as a fraction
. multiplied by 191 as®" 7%, i.e.K*191 as’*’®, particularly for a = 0.06" K = 0.347.

T .,

R

611
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APPENDIX G

DETERMINATION OF THE VALUE OF THE FUNCTION: (pn]X:L:q)n(ﬂ):?

INTEGRATION FOR fcpkés (x-2) q)n(ﬂ) dx=?

N

For clamped-free beam, the mode shape is:
¢ = cosh B _x - cos an - Cn(51nh an—s1n B, X)

+ L i -~ si
c cosh BnL cos B sinh BnL sin BnL

- n_ _
where n = SThh BnL+sin L

L +
cosh Bn cos BnL

ind b

which leads to the transcendental equation for*Bn
cosh B Lcos BL + 1=20.
n n

Since we want to find-q)n or ¢n(£) 7 v

=1,

. . 2 4
(sinh BnL-— sin BnL)

®n| T b, (&) = cosh B L - cos B L~ s yroe L
X=L n n .
= coshZBL-coszBL-sinhZBL-sinZBL+2 sinh "IfsinBL '
i n n n n °n n
L +
cosh Bn os BnL
2 sinh L sin L :
¢n} = “Cosh 882+cos :nL [G.l] |
x=L n n ‘

Squaring [G. ]]:

) X 4 sinh BnL sin® 8 L
@) _ V= —— )
x=L é¢osh ?nL+cos BnL+2 cosh BnL cos B L

.
:
i
.
5
1
M
1
H



From observation, the sign of ¢>n

.121

P

2 2
4 (cosh BnL-l)(l—cos BnL)

2
¢ =
( n ‘ X'—'L) cosh:‘z BnL + d:os2 BnL -2

2 2 2 2
- + -
4 (cosh BnL cosh BnL cos” B L + cos BnL 1)

2
q) =
nlx=L ' cosh2 BnL+ cos2 BnL— 2

2 4(cosh® B L+cos B L-2)
_ n n
¢n‘ - 2 2
=L cosh BnL + cos BnL-Q,—

2 L.
Q)nlx=L>‘

il
>

L alternatively changes
X=

= o_(2) = (-1)"%L 5

A

*n|x=1
¢

"socosh B L cos 8 L+1=0
n n

P

.

B

T A S - b S -,
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APPENDIX H

EVALUATION OF EQUATION (2.3.6) BY REDUCED METHOD AND ITS
COMPUTER RESULTS FOR 3 DIFFERENT w's.

t0o0]fa [ 0 0 2wt 0 A
0L00 1512+ 0 0 o0 2uw]A,
0020(|By| {-20¢ 0 o0 0}]B
oooe|(By) L o -2 0 0](B .
p— - 7 N\
EI 4 2 _ a, |-
(-O—ABl—w.)z 0 45l 4Sl 1
EI.4 2
0 (xBy)e 4s, - 45, <A2>
ET 4 2 B
+ 0 0 (3}561 W )11-452 482 1
ET.4 2 B
0o . 0 4s, - (5'1332“’)["452 Lz/
2 N
<Fz>0cpldx
ya
<Fz>0¢>2dx$.
’ L (2.3.9)
<Fy>0¢ldx
L
<F > ¢4
y 0727 N

For homogeneous solution, let L.H.s. be {0}

[

-t L,
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J} in our case (2.3.9) can

be written as:

Denote:

+

e m——

N & 4 N 4 &N H N
W M M ekd o oM oM
. J

0
£
0
0
0
0
0
| 2wl

I

0

0 £ 0 —2w£1
0 £

0

A o

0
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0
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_ <
_ — = 22\)
© o oov w u 3
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which is in the form [M]{X} + [x]{x} = {0} .
Assume {X} = e>‘t and substitute the solution into above

equation.

A[M]I{e} + [R]{9} =0

-[k]{®} = A[M]{¢} which is solved by the computer
program as shown behind. Note that the subroutine EIGZF is
used in the program to solve and find the A's for systém

(2.3.9)
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*BATCH WATF IV ME39001 HEMAN CeHe HUI
A ok % A ARk % 3K R R R o o ok K B XA ROK K K B K K 4 R oK K K oK % K 3 KOk ok Rk kol K K R K

SWATF IV o NJUREXT

OOOCCOOn00n

1)

-9

Aokt ok Rk Rk Aok R kA kR kR KR Rk R Rk R Rk kR R A R Rk R kR k ok Rk ok Rk Rk KRR KK

THIS PROGRAM FINDS THL EIGENVALUES OF A DYNAMIC SYSTEM

NHICH IS5 IN THE FOLLUWNING FORMS

E I - 3 )

*
*
#
%
+
*
3
*

okl A A Rk o o ok Ok o ook ok ko ok 2 o st ok o ok ok ok ok K K ok ok ok ok K ok ok kR ok ok Aok ok R K
IMPLICIT KEAL*B8(A-2)

DIMENSION M(8,8) K(B8+48)+ALFA(B8),.BETA(S) +Z2{(8,8) 4aK{128)

CUAP LEX%*1E ALF Ay ZyCMEGAWNATFRE

INTZGER 19JasNsI1JOCBWIERVCHECK 1y CHECK?Z

READ(B5.%) RPN

WRITE(6,111) RPA

FORMAT(' 1" 432( /) s2Xs*'THE SPINDLE SPEED CF THE NC LATHE IS :'4D1le4,
BIX,y " RP YY) )

READ(Syx,END=9I) SIN 7

S = SIN¥2.54D~C2

HRITE(LyLHES) SINGS

FORMATA(2(/ ) +T20+'THE FELCZORATE IN IN/ZKEV $9'yD1346y3Xs'IN M/REV
$ 'y O13.0)

N = 3 ¢

1J29 = 2

E = 71,0009 ,

DENS IT = 2646003 /9.80D0

D1 = 3.0D0%2,540D0~-02 b
MJDE1 = 1 .8751640700

MO)£2 = 4.6940911300

Pl = 3414159300

W= RPMHE0.000%2,0D00%P1]

LENOTH = 840D0%2.540-02

R = VDIA/2.0D0

AREA =(R#%2.00%0) %P1

10 = PIX(R*¥%4,000)/4.0D0

Bl = MODEL/LENGTH

32 = MODE2/LENGTH 0 . .
CONST = C*IO/(DENSIT%AREA)

Kl = (CONST*(Bl*¥%4,0D00)~-(w%%k2.0C0) )*LENGTH

K2 = (CONST*(B32%%4,000)-(wWw**x2.,0C0))*LENGTH

Sl = 65017700/ (DENSITXAREA) x(S%%0,7500)

S2 = 3904106D0O/(DENSITHXAREA) X (S%%x)D.75D0) N
D0 12 I1I=1,8 s

DO 1J J=1.8

CHECK1 = J-1

CHECKZ = 1—J

M{(IlsJ) = 0.0DO

IF( [ eLEed e ANDoJ aGE e84 e ANU«CHECK]1 «EQe4) MUIWJ)I=LENGTH

IF{Il e GEe 4 e ANDeJoeLE eG4 s ANDeCHECKZ2+sEQoe4) M( I4J)=LENGTH

CONT INUE

M(247) = 2.0D0%¥WXLENGTH

M(H6e3) = 240D0%WXLENGTH

M{793) = =240D0%WALENGTH

A(390) = —2¢0DI%kWXLENG TH N
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WRITE(G.222)

FORAAT (Y *4,2(/)9s 720, *'THE MASS MATRIX OF THE SYSTEM IS:!)
0J 11 I=1.4+8

NRITE(6,20) (M(IeJ)led=18)

FORAAT (' *,T104+48D1346)

00 100 I=1+8 \

DO 11392 J=1,8

K(lsJd) = 0000

IF(l el Z et e ANDoeJolEed e ANDeleEQeJd) K{IsJ)=LENGLGTH

CONT INUE

K{3,5) = ~1.0D0%K]1

K(D,7) = 4.000%S1 :
K{3s3) = —-4.0D0%S1

K(Bso) = —1.0D00%K2

K(Gs»7) = —4.0D0%S1

K(6syb) = 4.000%S51

K(7+7) = =K1+4.,0D0%52

K({(74+3) = =4.,0D0%S2

K({(3+s7) = —440D0%32

K(3s3d) = —-K2+4,0D00%52

WRITE(64,333)

FORAAT (' ¢ ,2(/)sT20,'THE STIFFNESS MATRIX OF THE SYSTEM [S:t)
0O 131 [=1,8

WRITZ{(6+30) (K{Ige Jd)rd=1+8)

FORYAT (' *,7T10,8D13.6)

CALL EIGZF(KsNyMsNyNsyTJIJI+ALFALBETALL W NsWK,IER)

ARITE(6,444)

EORMAT (' ",2(/),10Xy*THZ S 1RST 8TH NATURAL FREQUENCIES AREI ',

62(7)s22X, "NATURAL FREQUENCIES!"')

D0 200 1=1.8 . ’
UMEsa = ALFACII/BETA(L) ’
WRITE(G.,40) UMEGA .

FORAAT (/4 10X+sD1861142X9»013a11)

o013 9

WRITE(6:999)
FORMAT ('11')
5TJ?

END

®%



2INDLE SPEED

0e00VIIQD
00000002
0« 0002000
0s 2000000
Je 2032200
De 02000
00300000
0. 0200009

Je 2332030
ve OVU0000D
Ve GUJVI0D
0.000000O
O0e¢ 0JVUVOQ0D
0. 0000000
0000200
Ve 2080002

THE FIRST

Je2473074326010-08
Je24730743251D-08
0+4245065536360-08
0.24509556636D—08
0627170470143D-06
Je27170476143D0—-06
De270604717550-06
De27060471755D-060

OF

THE

THE
[SJ%]
J9
Q0
Q0
J0
Q0
J0
00

THE
I
o3}
J0
20
Q0
00
00
29

8TH

THE NC LATHE 1S:

FEEDRATE IN IN/REV @

MASS MATRIX CF

0.000000D
0.000000D
0« 000000D
V0000000
0.000000D
Q.20320CD
0.000000D
0«000000D

STIFFNESS
0.000000CD
02032000
0.C00000D
0«000000D
040000000
0.000000D
0.000000D
0. 0000000

NATURAL

O0CmrO0O0CO
00000000

MATKI X OF THE

00
o
00
00
00
00
co
00

FREGQGUENCIES ARE:

0,0030900D
0.020250uVD
309600

OOOOD

NATURAL FREQUENCIES

0.830434835300
-0.830434335300D
Q.8289893702520
~0.82898970252D
0520010763640
‘—0-520010765640
0e51986625537D
—0519866255370

THE SYSTEM

00
00

[s¥oX=NoNol

_©Ooooo

oCcocood
[oYoYoYoXoNoRENV)}

[
(&7

04
04
o4
04
05
g5
05
05

0.69000 02 RPM

0.000000D 00

YSTEM 1

S:
0.0080000D
0.000000D
ND.0000000D
042032000
0.0000000D
0.0000000
0.0000000D
0.000000D

IN M/REV

0.2032 00D
0000000D
0.000003D
00000000
0.0000000
0. 000000D
-042936310
0.000000D

OOUCCOOCOO0
OO0 UWOO

000000D
0000000
000000D
U00000D
139887D
0.000000D
0 0.0000000
00 0.000000D

Os»
O
Q.
e
-0.

: 040000000

00 0,000000D
00 0.203200D
00 0.0000900
00 0.000030D
00 0.0000000
09 0.0000000D
Cl 0.000000D
00-0 «2936510

00 0.000000D
00 0.0000000
GO0 0.0002000
00 0.000000D
08 0.000000D
00-05493230
00 0.000000D
00 0.000T00D

00

00 0.000000D
00 02000000
00-3.203200D
00 0400032000
00 0.2v3651D
00 0.000000D
00 00000000
01 0.0000000

00
00
00
o0

00000000
0.0u00000
0«000000D
0.000000D
00 00000000
09 0.000000D
00-04139387D
00 00000000

0.000000D
0% 0000 00D
0.000000D
0.203200D
J3.000000D
042936510
Qe 000J00D
O0e 000J00D

00
00
co
00
01
00
a0
00

00
30
09
00
Q0

0.000000D
Je 000320D
0000000D
0.000000D
0.0000920C0
00 0.0032230D
08 0.00000Q9D
00-2.5493230

LeT

COOOOO0O0O

[e¥sR oY eNoRoRule)

CO=OCOCOU

[FelwieYololols)
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SRPINDLE SPEEV

00000000
0« 0000000
0.330320D
J« 0000000
D.2032000
0+,20090000
0«0000000
Ue U000V ID

0.2032000
0+0000000
Qe 0030200
C. 0000302
0.000000V
J. 0300002
0.0000000
0. 0000002

THL FIRST

—0.832699511230-94
-~0.83269931128D-04
0.83262734155D-04
0.88262794155D—04
0. 146363396580-03
0+14636309658D0=03
-0e14541938145D0-03
-)e145419331450-03

OF

THE

THE
Qo9
00
20
00
00
oJ
220
00

THE
00
00
gJ
20
00
03
0V
Q0

8TH

THE NC LATHE IS:

FEEUDRATE 1IN IN/REV 2

MASS
0.0000000
J.000000D
0.000000D
C.000000D
0.000000D
C.2032000D
0.000000D
0.+0000000D

STIFFNESS
0.00006000
0+203200D
0.000000D
0. 0000000
00000000
0, C00000D
00000000
0.000000D

NATURAL

00 C.0000000
00 _0.000000D
007 0.0Q00000
00 0.00000D
00 0.000000D
00 C.000000D
00 0.203200D
00 C.000000D

MATRIX OF THE SYSTEM

00
00
(6 X¢
00
00
00
00
0o

0.0002000L
00000000
02032000
0.000G0000
0.000000D
0,0000040D
Ce000Q00D
0.0000000

FREGUENCIES ARE2

NATURAL FREQUENCIES

0.
-0.
0.
-0
O«
-0
O

83043482587D
830434825870
828989693110
828985693110
520010784960
520013784960
519866271638D

~0.519866271680

MATRIX OF THE SYSTEM

09
00
Q0
00
00
00
00

00

09
09
ao
00
00

00
09
00

04
04
04
04
05

0S5

05
05

Qe 6300D 02 RPM

0.1500000-01

IS

0.000000D
0.0000000D
0.000000D
Q0000200
0.000000GD
0.0000000
0.000000D
0.2032000

Is:

0.0000000D
0.000000D
J0.00000GD
0.203200D
00000000
0.000000D
0.000000D
0.0000000

IN M/REV

00 0.203200D
00 0.000000D
00 0.0000000
00 0.000000D
00 0.00Q00000D
00 04000v00D
00-0.293651D
00 0.000000D

000000D
000000D
00006000
000000D
1358870
000000D
0030000
000000D

! 0.381000D~

00 0.0003000
00 0.2032000D
00 0.0000000D
00 0.000000D
00 040000000
00 0.0000000D
01 0.000000D
00-0.293051D

00 0.0000000D
00 0.,000000D
00 0.000000D
00 0.0000000
08 0.0000000

03

00000002
0.000000D
02032000
0.000000D
02936510
J.000000D
0.000000D
D.0000000

Q0000000
0.000000D
0.0000000
0«CQ0000D
05729670

00-0.543323D 09-0+572967D
00 0.000000D 00-0.139887D
00 0.0000000 00-0.3437800

0.000000D
0.0002000
0+00GC000D
0.2032030
0eQ000J300D
0.2636510
0.000000D
0.000000D

(e]v]
00

Q. G00200D
0.000000D
00 0.0000000
00 040002000
00-0.572967D
00 045723670
08-0.343780D
00-2.549323D

8CT

(0 ]V
90
09

[eXoYoXeNa)
CO=OO0

0

o8
00
03
09
00
00
09



»

>PINOLE SPEED UF THE NC LATHE IS: 0.6900D 02 RPM

THE FEEDRATE IN IN/REV : 0.5000000-02 IN M/REV : 0.1270000-03

THE MASS MATRIX UOF THE SYSTEM [IS:
J+000000D 00 J3.000000D9 00 0.0003000D Q0 0.0000000D0 00O «203200D 00 Q.000000D 00 0,000000D0 GO 0.000000D
J«. 0032000 00 340000000 00 C.00000VD 09 0.000000D 00 «020000D0 00 0.203200D 00 J0.000000D 09 00003000
0.C000J00 00 0.0000000 00 0.000000D 00 Q0.000000D 00 «000000D 00 00002000 00 0.203200D CO 040000000
Je«000V300 00 V.0000000 00 0.00000uUD 00 V.0000000 00 0.000000D0 00 0.000300D 00 00000000 900 0.,203200D
Je 2032000 00 040000000 00 0.000000D0 003 0.,0000000 0O « 0000000 00 0.000000D 00 0,293651D 01 0.000000D
Ve200200)> 00 0.203200D0 CO 0.000000D 00 0.000000D 0O « 0000000 00 0.000000D 00 0.000000D 00 042936510
Q0000000 V0 0.0000000 00 02032000 00 00000000 VO0=042936510 01 2.000000D 00 0.000000D0 00 0.200000D
D« 0000000 0GC 00000000 00 CeQOO0O0D 0O V2032000 00 ¢« 0000000 00-042936510 01 0.000000D0 00 J2.000000D

THE ST IFFNESS MATRIX OF THE SYSTEM IS:
0e203200V0 00 2.3000000 Q 0.0000000 00 J.000000D 00 0.000000D 00 04000000D 00 2.0000000 00 0.000000D
0. 0007000 00 042032000/ CO0 0.000000D0 00 0.000000D GO0 Q.000000D 00 0+000000D 00 0.000300D0 00 0.000000D
00000000 030 0.C000000" 00 Ce29332000 00 040000000 00 0.000000D 00 0.000000D D00 0.060000D 0O J2.000000D
00003000 00 0.000000D 00 0.000000D0 00 0.2032000D OO0 04092900000 00 0.002000D 00 0.000000D 00 0.0000000D
00000000 Q0 0.000000D 00 040000000 00 0,000000D 00-0.,136887D 03 3.000000D 00 0.2513560 03-3.251356D
02002000 00 0.000000D 00 0C4000000D 00 0.000000D 00 0.0000000 00-0+549323D 09-0.25135D 00 0.251356D
Je 0000000 20 0D.000000D CO 0,0000000 0O 0.000000D0 00 0.020000D0 00 0.000000D 00-0.139887D 08-0.,1508130
Je 000000D> 03 0.000000D OO0 0.0000300D0 00 0,000000D 00 0.000000D 00 0.000000D 00-0.150813D 00-0.549323D
THE FIRS3T JdTH NATURAL FREQUENCIES ARE:

=Je37269153897D-04
-J¢37269133970-04
0e37273371720D-04
0637273371720D0-04
=).11120214803D-04
-J)el11120214803D-04
0.11805932497D-04
0.118059324970-04

NATURAL FREQUENCIES
0.830434833060 04
-0.83043433306D 04
0.8235897002%D 04
-0.82898970029D 04
0.52Q001078397D 05
~0.52001078397D 05
0.51986627069D 05

-051986627069D 05
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J0
00
00
00
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00
09



SPINDLE 3PEED JUF THE NC LATHE IS: 0.6900D 02 RPM
THE FEEDRATE IN IN/REV : 0.300000D-01 IN M/REV : 0.762000D0-03

THE MASS MATRIX OF THE SYSTEM 1IS:
003800000 230 0.000000D0 00 0.,000700D 00 00000000 00 002032000 00 00000000 00 0.000000D 00 040000000
0000003 30 0.C00000D 00 0.J2000000 00 J3.000000D 00 0.000000D 00 0.203200D0 00 0.0000C00 00 0.000000D
Ue0JU0JIID OO0 0.000000D 00 0.200000D 00 040000000 00 0.000000D 0O 0.000000D 00 0.203200D0 00 0.000000D
0« 0000002 JU 0Q.000000D 00 Ce030000D 00 0Q0.000000D 00 Q.000Q00003D 00 0.000000D 00 D.000000D 0O 0.2032000
0..203200) 00 0.000000D 00 (0.0000000 0O 0.000000D 00 0.000000D 00 D.000000D0 00 042636510 01 0.000000D
0e 0000000 00 042032000 00 0.0J30000D OO0 0.000000D0 00 0,000000D0 00 J0.000000D 00 040000000 00 J.2930L51D
0. 0002000 00 0.000000D0 00 0.203200D0 00 0.000000D 00-0.293651D0 01 0.0000000D 00 040000200 020 0.000000D
00003030 00 0.00000CDO 00 Ce0O0VJ0D 0J 0.203200D0 00 04000000D 00-~0.293651D 01 0.000000D 00 0.000000D

THE STIFFNESS MATRIX OF THE SYSTEM IS *
0es2032300 00 0.,0000003 00 C4000000D 00 O.000000D 00 04000000D 00 O .000000D 0C 0.0000000 00 0.9000090D

0. 0003230 00 042032000 00 (G.0000030 0O 0.000000D 00 0.0000000 CO 0.000000D 00 0.000000D 00 0.000000D
0. 0003202V 02 0.0000000 00 Cs203200D 00 0.000000D0 00 Q.000000D0 00 0.0002030D 00 0.0000000 00 D2.000000D
0.0000230> 00 0.000000D0 00 0.000200D 00 0.203200D 00 0.000000D 00 0.D000000D 00 0.000000D 00 0.0Q00000D
0. 00000930 20 0.0000000 00 Q0.00030300 00 0.000000D 00-0.139887D 08 0.000U00D 00 0.96356120 00-0.963012D
0, 0000320 00 0.00G000)2 90 0.090J000D0 00 0.000000D 00 0.0000000 00-0549323D 09-0.963612D 02 0.9636120
0« 000ULIJ3) 03 0.000000D 00 00000030 VI 0.000000D 00 Q040000000 00 0.000000D 00-0139887D 08—-0.5781670
0472003030 00 0.0000000 00 C.Q00000D0 00O 0.0C00000D0 00 0e000000D 00 0.000C00D 00-0578167D 00-0.54%3230
- .

THE FIRST 8TH NATURAL FREQUENCIES ARE:

NATURAL FREQUENCIES

~0e14239333361D-03 0830434822320 04

-0e142393333610-03 -0.83043482232D0 04

0614240473544D0~-03 0.£28%896893550 04 h

Vel1424047835440D0-03 -0. 8289896839550 04

=022053232390422D-04 0.520010783920 0S5
~J.20530230422D-04 ~04520010783920 05

0.212433312310-04 C0«519E66270640 05

OfFT

0.21248331231D0-04 -0.519E606270640 05
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SPINJLE

Q

Ve UIDQ 3T D

T HE

0. 23003020
Qe 03000000
0+3003030)
« 2032000
Qe OG0V ID020
0. 2000000
Je«0Q000000

FHL

JJ
90
20
J0
a0
o0
20
00

T HE

062032002
Ve 302000V
0s 0002000
Oe¢ 000V00D
0.0000000
0eQU0J000
Ce J020000
O JUIUOO0V

a0
30
I
20
20
o0
00
0V

SPEED JF THE NC LATHE IS:

<

b

FEEDRATE IN IN/REV ¢ O

0.1300D 03 RPM -

«5000000-02

MASS MATRIX OF THE SYSTEM ISH

30000000 00 0.000U20UD 00 0.000000D
0., 000000D 00 0.000000D 90- 0.000000D
020000000 00 0.300000D 00 0.000000D
0.000000D 90 00000000 00 0.000000D
040000005 00 Ge0320000 00 040000000
042032000 00 Ge0000000 00 0.02000000D
0.000000D 00 0.203200D 00 0.000000D
00000000 00 0s+00VU3000D 00 0O.203200D

STIFFNESS
J. 0000000
0,2032000
0.000000D
0.000000D
J.000000D
Q@.N00000D
0% 0000000
0.000000D

THE FIRST 8TH NATURAL

v

~Ue372601801120-04
-Je37260136112D0-04
0.372667510130-04
0..37266751013D0-04
~0.90725755465D-04
—0.907257554€50-04
0.911172746320-04
0.91117273632D-04

L.~ S

Fasr .

NATURAL

MATRI X OF THE SYSTEM IS¢

00
go
00
00
00
00
00
00

00200000
0. 0300000
0e2032000D
0.000000D
00000000
0.000000D
0. 0000000
0. 000300D

FREQUENCIES ARE:

.

FREQUENCIES
0.831597223030D
~J 831597223030
Q827827311430
~0.82782731143D

0.52012697 1620
-0452012697162D
0519749980530

~051974998053D

00. W.0U00000
Q% 0+00C000000
o} 0.000000D
00 0.203200D
00 0.000000D
00 0.0000000
00 0.000000D
00 0.000000D
04

0%

04 .

04 I
0S5

0s

oS

05

B -

S

0.203200D
0.000000D
00000000
00000000
0, G®O000D
00 0.0000000
00~0.7660246D
C0 0.0000000

00 0,000000D
00 0.0000000
00 0.000000D
00 0.000000D
00-0,139387D
00 0.000000D
00 0.000000D
00 0.0000000
[

P 041270000~

00 0.0000000
00 02032000
00 040000000
00 Q00000000
00 0.0000000D
CO 0.000000D
21 0.000000D
00-0 «766046D

00 0.000000D
00 040000000
00 0.0000000D
00 0 .000000D
08 0.,000000D
00-3 «549323D
00 V.002000D
Q0 0Q00000D

03

0.,000000D
00000000
0.2032000
J.0000000D
07660460
0.000000D
0.000000D
00000000

0

040000000
0.0003000
00000000
D.,000000D
00 0.251356D
09-0.251356D
00-0.139887D
00~0,150813D
p

N T e L S EORR 1> I B LK moen e 3

0.000000D
0.Q00000D
0.000000D
0.2032000
0. 0000000
D¢ 706046D
0.000000D
0.0006000D

00
00
Qo
Q90
01

00
00
00

00 0.0000000D
00 0.0000000
Q0 040000000
00 0.000000D

00-0.251356D
00 0.2513560
08-0.150813D
00-0.549323D
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IPINULE SPEED

Ce0002002
0e 00Q0200
0400300002
0. 0022000
Q.2032000
* 0.0000000
040000309
0.000Q3000

02032000
0« CO00QUD
00000002
0. 0000000
0. C000000
J«.000330D
Y. 0002000
Je OO0D00D

THE FIRST

-0.348978472860~04
—0.848978472856D~04
0.84904317219D-04
048490451 72190-~-04

* m0.309511424970-03
—0¢39951165497D-03

¢ 0.30087u33458D~03
 0.3098753064580~03

e T

oF

THE

T HE
Q0
Vo
20
00
20
00
00
vo

T HE
VI
Q0
00
00
82¢
(Y
00
00

3TH

PSRN 2

THE NC LATHE

FEEDRATE IN IN/RCV

IS:

MASS MATRIX OF THE SYSTEM

0«000000N
0.0000000
0.000000D
0.0000000
0.0000000
0e¢2032000
0. 0000009
0.000000D

00
00
00
00
00
00
00
00

STIFFNESS
0. 023000002
0.2032000
0.000000D
0.000000D
0.000000D
0.0000000
0.0G60000D
0.000000D

00
00
00
00
00
00
00
o0

NATURAL

00000000 vO.

00000000 00
0.020000D: 0O
0.0300006D 0§
0.020000D 00
0. 0000000 00
0.203200D 0O
0,0G00000L 02

0.0003000 VO
Cs«0002000 0O
02032000 00
0.000000D 00
C«0000000 00
0.000Q000 QO
G«.0000000 00
0. 0000050 0D

FREQUENCIES ARE

NATURAL FREQUENCIES

~J3.83159721 395D
0.82782730836D
—04827827308360
0e¢52012697037D
=-0.52012697037D
0eS5197439379270D
-0.519749979270

Qe 83159721 995D 04

04
04
04
05
05
05
05

0418000 03 RPM

0. 1500000-01

152

0.003000D
0«000000D
0.000000D
0.000000D
0.000000D
0.000000D
C.0000000
0.2032000

MATRI X DOF THT SYSTEM [3:

0«000000D
0.000Q000D
0.0000000D
0.203200D
0s¢0000000D
0.Q000600D
0.000000D
2.0000000D

LN

M/REV !

» 2032000
«000000D
+000000D
» 0000000

0000000
7660460
Go00GCan

OOOOOOOQ

s & ¢

0000000
Q00000D

¢00000D
1398870
«000003D
0.000000D
0.000000D

000QQ00D"

: 0.381000D

00 0.0000000D
00 0.203200D
00 0.0000000
00 0.000000D

00 0.000000D
00 00000000

01 0.0000000D
00~0 .766046D

00 0.000000D
00 0.005000D
00 0.000000D
00 0.000000D
08 Q.0000000

00 0.,000000D 00-0.139
00 0 .000000D 00-0.34

~03

00
00
Q0
00
0Q

0.000000D
0.00000QD
042032000
0.000000D
0.766046D
0.0Q00000D
0.0000000
3.00G0000D

0+000000D

0 OOOOO%D
0.00020

0.000000D

[e)¢]

0«000000D
0. 0000006D
0.000000D
0.203200D
0.000000D
Q. 766046D
0«000000D
0« 00000380

J.000000D
0. 0000000
0.000000D
0. 0000000

QWeS72967D0 00-045729670D
00~0 65493230 09-0.5729€7D 00 0.572967D

€

D 08~-03+43437890D
LD 00-0.5493230
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SPINOLE SPEED UF

THE

THE
J0
VN
Ve
Vo
(V)
Q0
20
J0

[eXsYaleRaNoYol s
. o @ . » . ¢ O
oLoROOLoo
QUL LG
GCOOL COLOO
COUNCLOLOO
CQOULOUOOoC
CLUOoLuoe
vl L uL O

THE
Ou
J0
90
02
00
00
22
o

042032090
0.302902)
0.000800D
0. 0000000
00003000
Ve 0000230)
00000220
0,000000D

THE FIRS3T

’

8TH

THE NC LATHE

FEELRATE

Is:

IN IN/REZV

MASS MATRIX OF THE SYSTEM

0.000000D
0.0000000
00000000
0.0000000
0.0000000
0.203200D
0.0000000
0«000000D

STIFFNESS
0.000500D
J.2032000
0. 0000000
0.0000000
J.000000D
G+ 0000002
0.000000D
0.,000000D

NATURAL

C.0303000
0.0302000
0e 0003000
0.0002000D
0euC03000
G. 2003000
0.2032000
0.0G02000

MATRIX OF TrHE SYSTEM

00
ccC
(o o]
00
00
00
Q0
00

Ge 00003000
€CeJ30UO00D
0422332000
Ce000000D
0.000000D
0.0300Q000D
00200000
0.000000D

FREGUENCIES ARE:

NATURAL FREQUENCIES

-0.1427831077
~0.1427891077
J. 1427971037
041427971037
—0e49 11233082
-0e.4911233082
04913300473

Ja491333047390-03

7

$D=-03 0
gD-03 =0

€D-03

«831597216480
«83159721648D
0827827334880

60-03 =0.827827304880
B8D-03 0520126969370
8D0-03 ~-0452012696937D
G0-03 0519743378270

~0e519749973270D

N0
00
0o
20
00
00
00
00

(6X¢]
00
09
s30)
00
00
00
090

04
04
04
04

05 .

05
05

a5

0.18000D 03 RPM

0.300000D0-01

1S3

0.000u20D
0.0000000
0.000000D
Q.000000D
00000000
0.000000D
0.0000000D
0e203200D

1s:
0.000000D

0.000000D .

0.00000Q00D
042032000
0.000000D
00000000
0.000000D
V.000000D

IN M/REV

00 0.2032000
00 00000000
00 0.0000000
00 0.000000D
00 0.000000D
00 0.000000D
00-0e766046D
J0 0.000000D
00 0.0000000D
0Q 0.0000000
00 0.000000D
00 0.000000D
00-0.139887D
00 040000000
00 0.000000D
00 0.000000D

P 047620000~

00 0.0002000D
00 0.2032000
GO0 040000000
00 0.0000000
00 0.000000D
00 0.002000D
0l 0.000200D
00~0 .7€60460

0Q 0.00000dD
00 0.0000000
00 0.0000000D
00 0.0002000
08 0.,000000D

03

OO0V OO0O0H0
- O0QOCOODO

00
00
00
00
03

0.00Q000D
0.020000D
0+2032000
0.0000000
0.7
0«0
0e0
0.0

536120

00=0 45493230 09-0.963612D

00

000200090 00-0.139867D

00 0.4000000D 00-045731670D

1]

090
00
Go
00
o1

Cco
Q0
00

00
00
GO
00

00-

00

J2.000000D
0»000000D
0s GOOVOO0D
0.203200D
0.000000D
0e766046D
0.000000D
2.0000000D

3.000200D
0.000000D
0.000000D
0.000000D
0.963612D
0ts63612D

08-0.5781670D

00~

05493230

PET -

COCOOLLO

00
02
03
00
Q0
00
Q0
09

oCc—oo0oQuC
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4

HPINDLE SPEEOD UF

G

06032033
Je. 0002000
9.0002000D
0.0000000
Je 2332300
0. 3002000
0.0003000
0.000000v

Je2332000
Qe 0000000
0.0003J00
Oe DV0VIID
Je000I000
0.000300)
Qe 000I00D
C. 0002000

THE FIRST,

5.311098)49710~08
0.3110930497;0—08
0.26891504458D-08
Je26839153044580-08
0.238617421300-06
0.28861742130D-06
Je28471506117D0-06

Ve284871506117D-06

-

4 e N g s

THE

THL
Vo
J0
39
w0
J0
Jo
ue
JJ

THE
0G
00
Q9
J0
QuJ
30
00
VR¢]

ST H

N

THE NC LATHE IS:
FEEDRATE IN INJREV :

MASS MATRIX UF THE SYSTEM

0.0000000
0.0000000D
0.0000000
00000000
0.0200000
J.2032000
0.000009D
0.000000D

STIFFNESS
J.000000VL
0.2032000
0.0000000D
0.0000000
Q+000330D
0.000000D
0. 000000D
Q. 0006000

NATURAL
ATURAL

00

00

00
00
00
20
00
00

MATKI X OF

0o
00
00
00
QQ
00
00
00

00000000
0.2300200D
0.0000000
0+000000D
0,000000D
0000000V
0.2032000D
0.D00000D

CeJ200000L
0«0000000D
02032000
0.0000000D
00000000
0.000000D
C«0002000D
0.0200000D

Oe

0.1800D 04 RPM

000000D 00

Is:
00000000
0.000000D
D.000000D
0.000000D
0.000000D
00000200
0.000000D
0.7203200D

00
09
00
00
00
00
00
09

THE SYSTEM 1S:

00
00
0V
00
o3V}
oo
09
00

0.000000D
0.000000D
0. 0000000
02032000
0«0u0000D
0. 000000D
0«0000000D
J.000000D

FREQUENCIES ARE:

FREQUENCIES
0.848561827790
-0.84856182779D
0.81086271179D
—-0.810862711790
0.521823482010
-0.521823482010D
0.518053570430

-0.51805357043D

04
04
04
04
05
Qs
05

05

IN M/REV

«203200D
. 000000V
«000000D
« 0000000
«000000D
«00G00000D
«766046D
« Q00000D

[eYoYoNoXaNojo N ol
[efeXoNeRoNolo X )

00 0.0000000D
00 00000000
00 0.0000000D
00 0.0000000
00-0.1398150D
00 0.,000000D
00 0.0000000
00 0.0000000D

: 0.000000D

00 0.0000000
00 0.2032000
00 0.000000D
00 04000000

00 0.000000

00 0.0000000
02 0.000000D
00=0 .765046D

00 0.0000000
00 0.000000VL
00 0.0000000
00 0.,000000Q0D
08 0.0000000D
00-0.5493160D
00 2.000000D
00 0.0000000

00

00
00
30
, 00
00
00
00
02

0Q
00
00
00
0o
09
00~
00

0.000000D
0.000000D
0.203200D
00000000
0e766046D
0.0000000
0.020000D
0«0000000

0.000000D
0.000000D
0.0000000
0.000000D
J.000000D
0.000000UD
O0.139815D
0.000000D

00
00
00
00
0z
Q0
o0
Q0

o]
00
00
00
00
00
08

00-

0.0002000D
0.Q200000D
Q0.2000000D
0.203200D
0.000000D
0.766046D
0+.000000D
Qe OO0O0JUD

J+000300D
V. v0005000D
0.000000D
0. 0000000
J 0000000
0+.000000D
J« 0000000
0¢549316D

SET

00
0]

o]

00
00
02
09
00

oV
00
00
09
00
00
00
09



»RPINDLLE SPEED

Q. 0000300
0.0000000
0.0000000
Oea 0002002
Qe 2032000
0. 0000000
0.9000200300D
00030000

J«2032000
040020000
0.000000vVL
0.9000J0D
C« 0000V00D
J.0000000
0. 0002037
0.0ud0000

THE FIRST

K]

-0e372685213910-04
-0.37268521391D0-04
0e372742343840~-04
0e3727423+384D-06
0.116884.24103D-04
0.110884241030-04
-02.107823339689D-04

-0¢1078233496890-04

IF

THE

e
JO
30
00
00
Q0
90
00
00

T HE
(O} ¢]
JU
00
Qo
J0
I
J0
J9d

3TH

THE NC LATHE 1IS:

FEEDRATE IN IN/REV 3

MASS MATRIX OF THE SYSTEM

0« 0000000
0.000000D
0.000000D
0.0000C00D
00000000
0.203200D
0.0000000
0.000000D

STIFFNESS
0.0000000
0. 2032000
0.000000D
00000000
0.000000D
0.000000D
J¢000000D
0.0000000

NATURAL

(0¥ )
00
00
00
00
00
00
00

0« 00000060
00300000
0.000000D
C.0320000
020200000
0.000000D
0.2032 00D
0.,300000D

0o
00
00
00
00
00
00
00

0.1800D 04 RPM

0.500000D0=-02

1S

0.000000D
0.000000D
0.000000D
0.000000D
0.000000D
040000000
0.000020D
0.203200D

MATKI X OF THE SYSTEM IS¢

00
00
00
00
00
00
00
00

FREQUENCIES ARE:

0.000000D
0.00030C20

NATURAL FREQUENCIES.

0.848561325340
—0.848561825340D
0810862709360
-0.810862709360D
0.521823427540
—0.521823427540
0.51805351674D
-04518053516740

J9
00
030]
Q0
co
00
00
00

04
04
04
04
05
05
05
0S

0.000000D
0.0000000
0.000000D
0.203200D
0.000000D
0.0000000
0.000000D
0.000000D

IN M/REV

0.2032000
0.000000D
0.000000D
0+000000D
0 04000000D
00 0.000000D
00~-0.766046D
00 0.0000000D

000000D
0000200D
000Q00D
0000000
1398150
0000000
0000000
000000D

OO0 0OO00O0
OCLWOVOCOOC
> e 80 0 0 00

[eYaYoleNoNoXo o)

: 0.127000D0~

00 J.0003000
00 9.2032000D
00 0.0000000
00 0.000000D
00 0.0000000D
00 0.,0000030
02 0.0000000
00-0 .7660460D

00 3.000000D
00 0.000000D
00 0.0000000D
00 0.000200D
08 0.000000D
00-0 45493160
00 0.0000000
00 0.000000D

1

&

R

03

00003000
0.0000000D
0.203200D
0.000000D
0e766046D

0.03000000D
0.0000000D
0.000000D

COO00OOO
NOOCCOO OO

00
00
00

0.000000D
0.000300D
0.0000000
00 0.000000D
00 0.251356D°
09-0.251356D
00-0.139815D
00-0.150813D

00
ou
00

o2
00
00
00

0.0000000
0«0000200D
040002000
0.203200D
0« 0000000
Oe /6604060
0.000300D
0.0000230D

00
co

0.0000000
0. 000000D
G2 0.000000D
00 00000000
00-0«25135060D
00 Q0.2513%6D
0u~0e 1508130
00-0.5493160

9¢T

QOO0 O0
CONCCO OO0

Vo
00
00
00
00
00
09



SPINDLE SPEED UF

THE FEEODRATE IN IN/REV @

T HE
0.0003002 20
0.002230> 3
0.002002) 20
0.0020000 10
Ce 2032000 OO
040020002 00

_AAv0e00230) 00
Ve 000000 00

MASS MATRIX GF THE SYSTEM
0.000000D 00 G.090000D 00
00000000 00 040000000 00
0.000000D0 00 0.030000D0 00
J+000000D 00 043000000 VO
0.0000002 00 0.0200C0D UO
0«2032000 00 C.000000D 00
040000000 00 0,203200D 00
0.000000D0 00 Ce00J0GOD 00

THC
JJ
Q0
Q0
J0
00
J0
0o
00

STIFFNESS
0.000000D
02032000
0.00G6000D
0.000000D2
0.0000000
0.000000D
0.000000D
0.C0C000D

0e 2032000
Qe OUJV0VD
0.0Q00000D
0. 0000300
D.003000D
Ve0000000
0. 0U00J3000
0. 0000000

00
00
00
00
00
00
00
00

00000000
0.000000D
02232000
0.000000D
0.0020000D
0.0000000
Qe
0«0

00
00
00
Vo
00
00
00
00

000cC0oD
0o000DL

THLC FIRST 3TH NATURAL FREQUENCIES ARE:

NATURAL FREQUENCIES

-J+3849577548140-04 0.8485614d22480 04
~0.84957754814D0-04 -0.84856182248D 04
J«e849633002860-04 0481086270649D 04
04849633002360-04 -2.81086270649D 04

) —0.142164339140—04 0.52182342738D 0S8
-0.14216433914D-04 -0452182342733D 05

- 0142421329840 -04 0«5180535165390 0S5
0614942102984D-04 -04518053516590 05

MATRIX OF THE SYSTEM

THE NC LATHE IS:{ 0.1800D 04 RPM

0.150000D-01

15:

0+000000D
0.0000000
0.000000D
0.000000D
D.000000D
0.000000D
0.000000D
0.203200D

IS

0.0000000
0.000000D
0.000000D
0.2032000
0.000000D
0.000000D
0.000000D
0.000000D

IN M/REV

0.203200D
0.000000D
00000000
0.0000000D
0.0000000D
0«000Q000D
~04766046D
0. 00060000

OQUOOCOCOC
oG cOOO0OO0O0

00 0.0000000D
00 0.000000D
00 0.000000D
00 0.000000D
00-0,1398150D
00 0.000000D
00 040000000
00 04000000D

:.0.381000D~-

e

00 0.0000000
00 0.203200D
00 2.000000D
00 0.000000D
00 0.000000D
00 0.000000D
02 0.200000D
00-0.7660460D

00 0.000000D
00 0.000000D
00 J.000000D
00 0.000300D
08 0.0000000D0
00-0 .549316D
00 J.000000D
00 0.000000D

03

0«.0030300D
0.0000000
02032000
0400020000
0e766046D
Q«000000D
00000000
0.0000000

0.000000D
0.000000D
0.000000D
00 0.0000000
00 0.4572967D
09=04572967D
00-0.1398150
00-0.343780D

00
00
00

0.000000D
0« 0020030
0.0000000D
0.203200D
00000000
0.766046D
0.0000000
0.000000D

00
00

0000000
0« 0000000
00 0.000000D
00 00000000
00~0.572967D
00 0572967D
08-0.343780D
00-0.54931€D

LET

COQUOOOO
CONLOQOO

CoOOCO00O
VOOOoOOOOCU



PINVDLE SPEED bF.THE NC LATHE "IS: 0.1800D0 04 RPM’

.

0400330000
0,000000D
0.0000020
0.000000D
0.2032000
0.000C2002
0.000000J
0.000000D

0.2032000
0. 0009000D
0.00000200
Ve 0000QD
0.0000002
0.0000003D
0.C000Q00
0., CO0000D

THE FIRST

—0.1aédaar10080—03
-0.14288271008D0-03
0.1428389711600-03
0¢14238971160D0-03
~0+16376531590D—-04
-0416376531590D-04
0.170409%04510-04
0-170409403%10—Q4

THE

THE

J90
20
00
20
30
J3
00
90

0.000000D
0. 0000000
0.000000D
0.000000D
0.000000D
0.2032000
0., 000000D
0,000000D

STIFFNESS
0.000000D
0.2032000
0.000000D
0.000000D
OU~ 0. 000000D
02 0.0000000D
00 0.00600000
00 0.000000D

20
00
00
00

8TH NATURAL

THE FEEDRATE IN IN/REV 3

00
00
00

OO0 O
OO000O

MASS MATRIX OF THE SYSTEM

G.000000D
C.0Q000COD
0«0000G0OD
0.000000D

O.

300000D-01

IS

0.0000000D
0.000000D
00000000
00000000
0.0000000D
0.000Q000D
0« Q00000D
02032000

(e30)
Q0
00

o000
o000 0

MATKRI X OF THE SYSTEM [IS:

00
00
00
00
00
00
00
00

0«0200000D
0.0000000
0.203200D
0.000000D
040000000
0.,0000000
0.0000000
0.200000D

00
00
00

0.0000000
00000000
0. 000000D
0.2032000D
0.000000D
0.0000Q00D
00000000
0.000000D

Coo QO
CoO00

FREQUENCIES ARE:

NATURAL FREQUENCIES

0.84856181900D
~0.843561319000
0.810862703020D
-0.81086270302D
0,521823427370
-0.52182342737D
0518053516570
-0.51805351657D

04

04
04
(0359
05
05
05

IN M/REYV

00 0.203200D
00 0.000000D
00 0.000000D
00 0.000000D
00 0.0000000D
00 000006000
00-0.76656046D
00 C.000000D

00 0.000000D
00 CG.000000D
00 0.000000D
06 C.000000D
00-0.1398150
00 J,0000000D
00 0.0000000D
00 0.000000D

¢ 0762000D-03

00 0.000000D
00 0.203200D
00 J2.,000000D
00 0.,0000000D
00 0.,000000D
00 Q0.000000D
02 0.000000D
00—-0 «76604 6D

00 0.0000000
00 J0.0000000D
00 0.,000000D
00 0.0000000D
08 0 .0000000
00-0,5493160
00 0.000000D
00 0.000000D

00
00
00
Q0
Q0
00

02

0.000000D
2.,000000D
0»203200D
3.,000000D
0.7660460D
0.000000D
0.000000D
0.000000D

00
00
00

0«000000D
0.0000000D
0.000000D
00 0.0000000D
00 09636120
09-045636120D
00-04139815D
00-0.578167D

00
00
00
00
02
00
00
00

0.0000000
0.000000D
0,0000000
0.2032000
0.000000D
De766046D
0.000000D
040000000

Q0
00

0.000000D
0.0000000
00 0.000000D
00 0.000000D
00~0.9636120
00 0.963612D
08-0.5781670
00-0.549316D

BET

09
0o
00
00
00
02
00
00

00
30
00
00
00
00
00
09



MOTIORCOL. S MAaD=aM CROSS—aS=SMEBLER

=AM = THE FRHFERTY OF MOTOROLA PO, INC

MLEs N
COPYRIGHT 1974 BY MOTOROLA INC 1
MOTOROLA MLEOQ CRIOZS ASSEMDLER, RELEA=E 1 1
00001 NAMg EXFERINMENT
OC)DOZ -ﬁ-********%*****%******%%%*********%*******%%*%******
0000z 3 #
Q0004 * : - % !
OD0OS ¥* FROFORTIONAL + INTESRAL CONTROL ALODGRITHM *
DO004A 3* *
Q0007 %* WITH FEAF -VALUE INFUT DESIRE #
QOO0 3 . E-3
DHOHO0Y 3* 3*
NnoON10 LR LT TR R R R R Y e R R R R R RN R A
00011 2007 ADCCTL EOU 2009
QOO1 X 0207 ENTODD EQL 30207
Q001 = EOQE= CONTEL EDU FECE
0RO014 Z00R DACCTL EOL FQO0 '
QOQ1S LEBiz DECONY B $CR1S :
QOO LA CaC7 DIF Einb 207 J
Q017 QOIS OFFLC Eid FOO0 S
0001= 0O =4 FLLODEF Ennl 20024
00017 QO9F FFOF EL $O0OZF
Oo020 0097 FFRACD  Eny $0O097
OO0l i 7 FFraDD  Eod FC DD -
QOO A7 FFRCONY EDL F_A7
QOO C7C0 FFOIV EinLl B0
000X L7146 FRMULT EDUU $iZ714,
Q005 L70R FPoUR  EQ L7006 5
DOOXE EQRA INHEX EQL TEOAA - ;
QOOZ7 =011 LINCTL Eft $C011
QOO 2010 LSBIN ~EDU F2010
QO0Q27 SQQE LEBoUT EOL FS00E
noo-u 200F Lo T Enid £ S0O0F
OO QO0A LSz Eid SQ00A
UOO?: CTAsL MOJOVEIT EOU SCAAL]L
00023 2000 MPLCTL EDOU £z00n
00034 S00C MFPLXOR EC FE00OL
QQOZS 2002 MZEIN  EDU 2002
QOO A =00A MZGOUT DL £200A
QO =7 QO™ DUTFLG EQi $O0ZZ
Q00T EQ7E FODATAL1 EDi $EQ7E
00037 0000 SUMNUM Enu 0000
00040 Q022 TEMFZ EQl $007 3
00041 L0z XDoT e SC 07
00042 1000 ORG $1000
00042 )

I XIAN3davd
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EXFERI

FU2TIOROL. ™M SiSE= A

QO044 #* INFUT DETIRE OF F V
DO04s #*
QU044 1000 OF el
00047 1001 LE 1407 LOX #OE=IFPV FRINT INFUT © FOR NOP VW
Qo4 #* 1 FOR F V  WANTED
()()(')4 2 +* ‘
20050 1004 BDD EQO7E JER FOATAL
00051 1007 EDv EQAA JER INHE X
QOO 100A 7 1514 STA A YENIRY STORE THE LDETIRE IN  YENOFY
# N
%* INFUT FARAMETERZ VINIIM, + INT, FPRO, FNOM, RFM
5+
¥* FIRST INFUT VYNCM NOMINAL VOLTAGE
E-3
1000 LE 142A LOx #TEXT1 FRINT  VhNOM=
1010 B0 EQ7E 2R FOATAL
D1 BO C2C7 JER DIF
1014 CE QOO0 LOX #2 HMNHm
10192 DE OA LOA b =z
1010 BD CA7: JER FFIHNV VNOM I CONVERTED TO F P NO
101E CE 0020 LOX #0020 FUT CONVERZION FACTOR EBECALSE
1021 OF %F =ZTX FROF M=k + L2B EACH IS 2 EITS =0
1022 CE &S4A4 LOX LSl J EXF 1S9=22747=10 VOLTS
1024 DF Al =TX FFROF+2
1023 26 O LOA A  #$0C ZX767710=3276 7=1VOLT
000(/ 1028 27 A= STA A FFOFP+ 22760 7=00 20 LS LA QU
DOO70 1020 B0 L9714 JER FRMULT (EAZE 10)Y (REX F F
OOO71 102F CTE 1549 Lo¥x F#VNCIM STORE IN VUMIM
Q0072 10z BL 1370 JER FFFAL
DOO7 = L3
00074 * INFUT FINT - INTEGRAL GAIN
00075 #*
OQ0O74 10 CE 1459 LDX #TEXTZ FPRINT  INT=
Q0077 10z kO EO7E =3 FOATAL
0QO73 10zE EBD CXI7 I=R DIF
Q0077 103E CE Q000 LUX #5LIMNILM
00080 1041 L& QA LA B L=ZC
00021 1043 RO CA7Z JER FRCONVG .
Q0Q%SZ 1044 CE OOAD LoXx #FO0L0 FUT CONVERZION FACTOR
0002 1049 OF 9F =TX FROF 2276771077=442 1(RASE 10
Q0S4 104k TE 0475 LOx #F06T7S = 00 60 04 79 OF(HEX F P )
1 OF A1l =TX FROP+Z 7 Iz THE FACTOR ORTAINED FROM
o6 07 LDA A #307 DYNAMOMETER CALIERATION LCLRVE
97 A <TA A FFOF+4
ED Co1s AR FFMULT
LE 15925 LDiX #EINT STORE IN FINT
ED 17290 JER FFFACLE
+*

RO =—AssMMELLLER

01



‘\

EXFERI . FMhIOOT ORCIL S MaesS=ab c:Fkl|;55n——F§““““PdI?L_EEFi
QQQ?Z * INFUT FFRFRO — PROFORTIDNAL 5GAIN
OOOY 4 %
D074 10Sh CE 1441 Lox #TEXTZ FRINT  PRO= <
QO0O75 1060 ELO EQTE’ A2 R FOATAL
OOQPA 1062 BO L 2C7 JER OIF o
QOO77 10646 CE Q000 LDX B UMNLIM
OO09S 107 DA OA LA & LsiZC
OO 10LE ED CA7Z SR FRCONY .
00100 106E TE 004D LDX HHO0A0 FUT CONVERZION FACTOR. 462 1
00101 1071 DF 9F =TX FFRoF
Q0102 1072 LE OL7S LOX #HIOQLTS '
QD10 1074 DF Al ZTX FFOP+2
0104 1072 24 09 LA A HSO9
QOI0S 107A 77.AZ2 TR A FFHF+4
DOl0Ae 1078 BD L9214 JAER MHLT
Q0107 107F CE 15zA 0X STORE IN  FFRO
RO10Z 1022 B0 129D JzR FFFALL
00109 *
00110 * INFUT FNOM - NOMINAL FORCE
00111 *
00112 1025 LE 1449 LOX #TEXT4 FRINT. FNOM=
Q011= 1022 ER EQVE 2R FOATAL
00114 102k BL C2C7 SR IR
00115 102E CE QOQQO0 LY #SUIPHNLIM
00114 1091 D OA ° LOA B L2ZD -
00117 10v3 BD CA7= JIR FRLINY
00112 1094 CLE OO00 Lox 30000 PUT CONVERSION FAITHR 7
Q0117 1097 LOF 9F STX FFROF 7 = QO Q0 0Q 70 02
Q0120 1090 CE QO70 LDX HBO070 { BASE 10). (HEX F F )
00121 109 DF Al =TX FROP+Z
Q0122 10RO 24 03 LA A 8303
00123 10AZ 97 AZ . ETQ A FFROF+4
00124 10A4 ED C214 JER FRMULT _
00125 10A7 LE 1524 LOX HENOM STORE IN ENOM
00124 10AA ED 129D JE2R FFFALCLC
00127 # ]
001z . # TEST WHETHER F V  WANTED
00129 #
00130 10AD 70 1914 T=T YENDFY -
00121 10RO 246 D2 ENE MORE _ a
88%§; 102 1142 JMF NUOFV TO FRINT DE<IRED

o +#
88%34 * INFUUT INITIAL FEAK VALIIE -~ FEF VAL

) #*
0136 10BS CE 14A4 MORE LOX #TEXTE FRINT INITIAL FERVAL=
0137 10B2 RO EO7E JzR FOATAL £
88%$$ 10BE BD C2C7 JoR *

39

DIF
10BGE CE Q000 LIX #'2LIMNLIM

5T



EXFERI MOTOROLLA Meass=aM CROSS—aASsSMELER

00140 1021 D4 OA LA B L=2ZC

00141 1002 ED CA7Z JER FFIIONY

00142 1004 [E 1S2F LDX #FEF VAL

00142 10092 ED 1290 IR FFEACL

00144 #

Q@%i? 3* INFUT DESIRED DECAYING FACTOR(F ) + RPM

Q0 ) ¥

00147 3 S0 THAT THE DECAYING FACTOR FER REVOLUTION
- 00143 ** F IS CALCULATED AT FOLLOWS.

20145 # « LET TR/TLC = N =0 F EXFipN) = F

00150 3* F = F EXF(1/N)

00151 #* FROM SERIEZ EXFANSION, FOR FIRST 2 TERMS

001S2 P * Foo= 1 0=(1. O=F )/ TR/TL

0015z * F-=1 0~(1 O~=F )Y/ LO0/RFMIZO DS

00154 2 F =1 D«(g.OjF)%EFM/l'UH o

Q0155 #* NOTE 1) 70 Ib ASSUMED 70 APPROX S0 MIEC

Q0154 2% FROM D20 ILLOSCORE

DO1S7 . * *

Q0153 10C0L CE 1404 oiX HTEXT?  FRINT F =

001S9 10LF EBD ER7E JER FOATAL .

00140 1002 By T2C7 JER OIF

001a1 10DS CE QUOO LIiX He2UMNLIM

QO142 1003 De 0A Loa L L=Zi

D014 luDA EGO A7 JER FFCIONY F I% AT FFrRALCC

Q0144 100D CE 0QOO0 LDX HEQOOO0 LOAD FFOF WITH 1 O

0014% 10EQ DF 7F =TX FROP

QOlées 10EZ CE 0OO40 LIX HEOO40

Q0147 10ES DF At ZTX FROF+2 A

Q0142 10E7 24 01 LA A #301

DO1L£7 10ESY 27 A= =TA A FFOFP+4

00170 1QEE ED CI0E JER FPIUR FEADL = 1. O—F

Q0171 10EE CE 1521 ), HF STORE (1 O~F ) IN ADDRESS F-

Q0172 10F1 LD 190 SR FFFAL

QO173= *

00174 10F4 CE 1471 LDX BTEXTS FRINT RPM=

00175 10F7 LD EQ7E JER FOATAL

00174 10FA ED CZ207 AR DIF

Q0177 10FD LE QOO0 LDX HUIMNLUM

Q0172 110Q D4 0A LDA B L:ZC

00172 110> ED CA7= JER FFIUONY

00120 1105 CE 1944 OX #RFM

001£1 1102 ED 1390 JER - FFRACL )

00182 110E CE 1544 LIOX #RFEM FUT RFM OINTD FROP

Q0123 110E ED 1320 JER TOFFOF . )

001324 1111 CE ©QQOQO LOX HSO000 LAl FRPACTC WITH 1200

0012S 1114 DF 97 STX FFRACL =00 00 0O 4B OB (HEX F F )

0018é& 1114 CE QO4E LDX #50040

00187 1119 DF 77 STX FFPACL+Z

A

[AAS

e



EXFERI MI3T RS Mae==AaM RO S —AasSESMELER

DOLZ2 111E 24 QR LDA A #SOE

0o1zy 1110 97 96 =TA A FEFACC+4 _ ~ o

?O%j? 111F BD C9C0 JIR FFOIV REM(OFPOF )7 1 200=RFM#*2 23TE-4

101 * R

DO192 1122 CE 1921 LDX HF

DOz 1125 BO 122 AR TOFPOF LAl FROF WITH (1. 0-F )

QQ%?4 1122 BO 914 AR FRMUILT FRACL=( 1 O-F ) )#RPM/ 1200

DO17S +#

DO174 1126 CE Q000 LDX HE0000 LDAD FROF WITH 1.0

OO197 112E DF 7 =TX FFOF |

00172 1120 CE 0040 LDX REO040.

0O17Y 1132 OF Al STX FROF+2

DOZOD 11325 24 01 LODA & #3001

DOIO1L 1127 97 AR 2TA A FFOF+4

QOX0OZ2 1137 EBL CI0ER JER FRaLIR F O—-(1 O-— F)*RFM/l'DU

QOZ0Z 1130 CLE 152k LDX Linllad U -THRE IN "FF

DO204 112F BD 139D JER FFRALCL-

QO ZI0S * .

QOO % INFUT FPRINT DESIRE

QOI07 o * N

NO2e2 1142 CE 140E NOFPY LOX HTEXTW FRINT INPUT 1 FOR FPRINT OUT

OO0 1149 EBO EOJVE JER FOATAL 0 FUOR NO PRINT QUT

Q0OZX10 114= EDO EORA JER INHEX

09Z11 114E E7 19132 ZTA A FERT

Q0212 1148 70 151z T=T FRT

Q0DZ1Z 11S1 27 SA . EBED NOFPRNT

DOZ314 11592 LE 147% LDX HTEXTA PRINT PFPRINTING INTERVAL

00215 1156 EBD EOTE JER FDATAL

0021 1159 BD L2007 JER DIF

00217 115 CE 0QO0 LDX # S LUMNLIM

Q0212 11SF De 0A LhA B L=ZZIC !

QOZX19 1141 EBD CA7E JE=R FERICIINY

DOZX0 1144 =6 17 LA A #2z2 SHIFT BITS IN FPRACC

Q0231 1146 70 B SUE A FPALIC+4

Q222 1163 B7 151 TTA A ZCOUNT \

00223 114E 77 007A EIHIFT ASR FRACC+Z

00224 11¢E 74 0099 ROR FFALC+X .

QQZIT 1171 74 QOIS ROR FFALC+1

Q02246 1174 7A 1515 DEC SCOUNT . %

Q02¥7 1177 26 F2 ENE EZHIFT . ~ o

Q02X 1177 96 73 LA A FFRACC+1 EXTRACT LIE FROM FFRACC

00%rY 117k EB7 1514 STA A FRINT

Q0230 117E CE 149C LDX $TEXT7 FRINT. vOuT=

884§1 1121 ED EOYE JER FOATAL
23X * -

Q0233 #  SET UF _TIMER NOTE TIMER IS ON_E SIDE_OF FIA —

00224 ® « IT IS _PHYSICALLY FIXEDR AT FORT =4 WITH ADDRESZES >

00235 # 010 TO 2013 NOTE WE USE ONLY [ SIDE I E. w
T e e, o % ] ST . St o R - “y - e AR b e+ M ¢ S e - .



EXFERTI MIOTORCOL.AO MASSANM CORIOS S —a S SMELE
002724 #* S01X - FPOODE , =013 - ODDRE
0037 #
OOX=5 1124 4F LR A .
ODZ37 1 B7 =012 STA A $201 2
002 1 5S4 FF LOA A #EFF ZETTING E SIDE AT DUTFUT
Q07 112A B7 2012 STA A4 $=2017
QO 1120 24 05 LA A #30% RETLURN TO CR WITH BIT Z=1 .
0O 113F B7 =013 STA A 32013 SET CE1 RESFONSE TO ~YE ILDGE
002 1192 &4 14 LDA A #3514 LOADING THE STARTING ADDRESS
QOx 11974 B7 AQQO STA A $FADOO OF INTERRUFT <ERVICE
00X 1197 24 OO LOA A #3000 I E %1400
(RTR IS 1197 E7 AQO1 =TA A 34001 .
602 1190 &6 20 LDA A  HE20 RESET THE DSCILLATOR
OO 119E E7 =012 STA A 2012 _ j
00Z 1181 24 Of LDA A #3064 ZET TIMER TO 1 SECOND INTERVA
00z 11Az B7 =012 =TA A 2012
QOXT 11A6 C4H 00 LA B #$00
DOZSZT 114 F7 1S11 TTA B COUNT
DOZS4 11AE 2O 04 ERA CLINT
OOxS
00Z5& 1160 CE 14F2 NOFRNT LOX HTEXTNF  FRINT NO RRINT IS REOQUIRED
0%22 1150 BO EOTE JER FDATAL PRIOGRAM IS ACTIVATED NOW
OOIED
OOXSY 1IR3 CE ODOO ELINT LI HEOOO0 CLEAR INTEGRAL
QOIE0 110BA FF O1S30 STX INT
Oors1 11B7 FF 1932 =TX INT+2
00262 11GBC FF 1S3= =TX INT+3
QOZXLZ 11BF 7F 1512 CLR INTFLG CLEAR INTEGRAL FLAS INITIALLY
00244 #* S THAT IT WILL Ind INTEGRATI .
D0 265 #* AT FIR:T TI[E REGARDLE== 0OF
;?9 3#* SIGN OF ERROR LATER ON
LA 3#*
263 * SET UP CONVERTERS
267 *
270 1102 4F CLR A
271 11C= B7 2009 ZTA A ADCLCTL SETTING ALL CONTROL REGISTERS
272 11C4 B7 S0O0E =TA A DACCTL WITH EIT 2 = O
273 1109 B7 2000 STA A MPLCTL
274 11CL EB7 SOOF STA A LSOCTL
275 11CF E7 2011 TA A LINCTL ) ) - >
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1 11E0 E7 2002 STA A MPLXOR ZET VF}XHR LINES A% FUTFUT LI
LA * |
13 * SET BIT 2 OF CONTROL RESISTER 20 LET MFU
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1226 20 OX BRA CONY X
1720 SF FOSIGN CLR B
122E 20 FS ERA SETEUM-
1220 CE D000 CIONY LDX #2LUIMNILM
1233 DA OA LpA B L=z o -
1225 BD CA7Z © AER FRCONY THE DATA I= CONVERTED TO F R
) d 3#* ) .
0TIV 123 CE 1517 LDX $OATA STORE DATA IN ADDRESS DATA '
0240 1220 BD 1290 JER FFPACT y
GO=41 %
OO247 # TEST HOW T HANDLE THE DATA EY t NOWING THE
OO 24 3* F Vv DEL IRE .
o0z44 # ] . .
OO34S 172 70 1514 75T YENOFY .
DO244 1281 77 =D EED SIMPLE =
06247 # .
00243 124% CE 1S3F LIDX #FEF VAL LOAD PEAH VALLE IN FPOR , .
00Z47 1244 EBD .138C JER TOFFOF
OIS0 1247 BD CI0R SR FPaLR FF‘AE’E = F vV - DATA
OOIS1 124C 70 O09A TET FEACL + 3 TEST THE RESULT
OO 134F ZF 11 ELE NEWFY IF DATQ GE. BV ERANCH TO
OO ST #* : NEW FEAfVQLHE(NEwFV)
DOIS4 %* . b
D055 1251 CE 1520 LI #HFFI LOAD F FACTOR TO FPALD
DOISL 1294 BDN 1276 JER TFRFAC LT -
DODZST7 1297 B L9214 ER FREMLT DECAY THE FEAF VALLUE 'BY F~
OOIST 125/ CE 1S:F LDX #FEFVAL . REFLACE OLD F V. WITH
003597 1280 BD 13290 JER FFPACL DECAYED ONE
Qgge? 12460 2000 ERA EROR
Q0 e +* .
06?(‘.’; 1242 CE 152F NEWRY EEIX #F‘E}‘\_N—\L REFLACE FPEVFVAL EBEY DATA
DOZ6E 1265 DF 93 STX TEMF2. _
00264 1267 CE 1517 LDX #DATA d
QOTLS 120648 0FA 05 LA B #S
00264 1240 EBD CAs1 JER MOVEIT ]
00247 D )
00342 126F CE 1526 ERIR  LDX #$FNOM LOALD. FNOM IN FFOF
00269 1372 EO 1380 JIR TOFPOF 7 .
00370 - % ) . .
00371 1275 CE 1S3F LOX __ —~#FENVAL  LOAD FEFVAL IN FRACT : - )
Q0372 1278 BO 137D IR TFFACL , .
003723 #*
00374 1278 ED C90E JER O FPEUR ERROR(FPACT )=FNOM-P. V.
=75 3+
003786 127E 20 O ERA LDEROR —_ . .
00:"77 _ - 3+ ‘l N
00375 1280 LE 1526 SIMFLE LDX HENOM ’ .
00379 1232 ED 1330 JER TOFFOF LAl FNOM IN FPROF °
: Ve
//
! K / . " T
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1224 B0 C20F J%R FFRzUER ERRIDR( FRALZLL )=FNOM-DATA’
3#*
1287 CE 191C LODEROR LpX #ERRDOR  STORE THE DIFFERENCE "IN ERROR
1220 RO 139D JER FFFRACLC
*
123F 70 1S1F T&T ERRORA+ 2 TEZT DATA I3 o7 0OR LT FNOM
1292 2B G7 EMI NEGT=T IF -VE BRANCH T NESTST
¥* - {
1294 70 19512 T3T INTFLG TEZT INTFLG, IF VlHT T SVT
1297 ZE 12 BiLT OLOINT THEN CRANCH TO OLDINT
3+
12937 20 0% EBRA DOINT R PERFORM INTEGRATION
+#*
1090 7D 1512 NEGTST TST INTFLG TEST INTFLG, IF VIOUT LT OVT
129 2D 11 ELT OLDINT BERANCH TO DLDINT
% ’
12A0 CE 1S30 DOINT  LDX #INT LOAD FFROF WITH INT
124 ED 1 38C - SR TOFFOF .
+ *
Q0292 12A6 B0 CESY JSR,;B FFALDD INT(FPACC )=INT( FFOF +ERROR
(.n 0OC #
00401 12ZA7 CE 1530 LoX #INT REFLACE INT WITH NEW VALUE
00402 12AC RO 1JVD§\ JER FFRALT * b
99385 12AF 20 12 ERA LDt INT GOTO LDAD b INT
(819} -3
Q040S 1201 7F 1512 OLIINT CLR INTFLG TLEAR INTFLAG B
Q0404 1204 FE 1530 LDX INT RETRIVE QLD INT .
Q0407 12ZE7 LDF 927 STX FFrACL AND FUT INTO FRACC
Q0402 12R9 FE 1532 LDX INT+Z
Q040Y 12BC DF 99 STX FrRrA“C+2
00410 12BE Bt 1524 LDA A  INT+ -
00411 1201 97 YR =TA A FFACL+4 .
H0417 * ‘
Q0412 1202 CE 1535 LDKINT LDX #F INT LOAD FPOF WITH KINT
00414 1204 EBO 1220 JER TOFPOF .
Q0415 *
00414 1209 EBDV C916 déR FRMULT FINT#INT = FPACC
00417 %
LO41E 1200 CE 1549 Lgx #VNOM LOAD VNOM IN FFOF
ggﬁlv 12CF BOOL 220 J32R TOFFOF
- 3t
98251 1202 B0 CiEaw JER FFRADD VNOM+HE INT#INT = FFRALL
Y 7 3%
0Q42% 12Z0O% CE 1S4E LOX #HWRE =F ZTORE REZILT IN WORFSPACE \\
8824 120 BD 1390 JER FFPACL
<2 * -
OQ4;@ 1205 CE 1Sz2A LOX #H PR LOAD FFACT WITH KFPRO
00427 1ZDE EBD {137E JER TFFALL
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EXFERI . FMOIOTOROLLEA HA=SsZAar CTRIOSS—aA-SMELER
00 - * ’ . } )
nu42? 12E1 CE 1910 LDX #ERROR LDAD'EPDP WITH ERROR
2031? 1XE4 BD 1330 JER TOFFOF
[$10Y: 3 E-
N0az2 127 BD U216 JER FRMULT FFRO#ERROR = FFALL , N,
QO4zz * ) ",
o044 12EA CE 1S4E L0 X HWRESF , LOAD WRESF O INTO FRORF
0@3}? 1ZED ED 122 JER TOFPOR
Q04 e %*
00437 12F0 BD Conw JSR FRADD VNOM+E INT# INT+FPRO#ERROR=VOUT
()(')4:: +*
004z 12F= 7D 151z T=T FRT IF NO PRINT I: NEEDED LBRANCH
00440 12F6 27 295 LED CONOFF
Qo441 12F2 70 1511 T37T COUNT TEST WHETHER COLNT IS SET OR
00442 12FE A 20 BFL LUNOFF
00442 ™S A
00444 3 FRINT QUTPUT
O0O445 3% . .
20444 12FD CE 1500 LDX #TEXTF ZTART FRINTING®
00447 1200 BDEQTE JER FOATAL L L
00442 13202 4F CLR A FUT CONVERZION FACTOR S/ 32747
00447 1304 97 9F 2TA A FROF NDTE THAT DA/C RANuE 15 SVLT .
Q4S50 12046 27 Al STA A FPROP+Z =0 /;27b7=1 S2S7E~
QO4%1 1202 34 AD LDA A #3A0 1.“;3 7E—4=00 AD 0O 50 Fa
QO4SZT 1208 97 A =ZTA A FROP+] AZE 10) (HEX F F )
0045 = 1300 S48 S0 LOA A ° #£50
00454 1z0E 97 AZ STA A FFROF+
QD4%% 1210 =24 F4 L A  #sF4
004%L 1212 97 AZ ZTA A FFOP+4 o
00457 1314 BO L9214 . JER FFMULT VIZUT IN VOLTS v
0045 1317 BOD CE1S JLR DECONY CONVERT TO DECEMIAL . . ‘)
004%% 131A 74 24 LDA A FLDDEF
0Q460 1210 DA 2% LA B DFFL
D0441 121E CE Q00D LIOX B LIMNUIM
Q04~AZ 1221 EDO CI02 JER XOuaT
Q0442 1224 Fao 1514 LDA B FRINT SET UF INTERVAL
0044 1227 F7 1511 STA B COUNT OF INTERRUPT TIMER ‘
Q04LS 1224 7E 120F < JMF CHECH .
Q0444 3* . ~ °
Q0447 1320 7D 009A CTONIFF TST FFACC+3 TEST SIGN
Q0442 1330 20 27 EMI ZEVOLT
Q0447 1222 24 17 LA A #22
00470 1334 70 9B i A FFALLC+4
00471 1336 R7 1515 STA A SCIOUNT -
00472 1229 S0 07 SUE A #07 .
Q00473 1230 2ZF 2F ELE PLSVLT SATURATE WITH - vOLT:
00474 1330 77 00OYA SHIFTE AR FFRACC+3

473 1340 74 0079 ‘RIOR FRALC+Z
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00577 * o
QOS7s 150D OD TEXTF FCE $00, $0AQ, 00, 04
1S0E 0OA
150F Q0
1510 04
0OS7Y *
00L00 1511 0001 COUNT  RME 1 h
00LO1 1512 0001 INTFLIS RME i .
QOA0Z 1513 0001 FRT RME 1 ,
QOLDZ 1514 0001 FRINT RME i _
QOA04 1515 D001 SOOUNT RME 1
OOAQS 1514 0001 YENCFE W RME 1
QOEQE 1517 0005 nara ¥ RME S
OOG07 1S1C 00Q0S BERROR RME S
QOL02 1921 Q00S F RME 5
QOGO 1526 0005 FNOM RME S
0010 1S2ZE 0005 FFI, RME =]
00611 1520 000S INT RME 5
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QOE1I 1S3A 000S tRRO RME =
00414 1S3F Q005 FEFVAL RME S
004615 1944 Q005 RFM RME ]
DOL16 1547 0005 VINCIM RME S
00&17 1S4E 0QO0O0S WRtSF  RME S
QD&LS 1553 0005 TEMFLY RME 5
00A17 . END
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APPENDIX J N

PHYSICAL UNITS AND CONVERSION FACTORS OF THE CLOSED-LOQOP SYS’i'EM .

The physical units and dimensions at each stage of the

L]

close-loop system is shown in the following figure.

~o

[vm] | [Vo!t] [m/sec] [m] [m] [LB]

MICRO COMPUTER ADAPTIVE UNIT AcTuAL PROCESS

mmﬁ ————— B alenlton b ety st

- — ” ] o | FORCE
STc - =[P} 1-€°T —»iKy>a >
CUTTING + e > I Gm S TH {1+ 5){1+Ts) i N

DELAY CONTROL ZOH NC SERVO INTEGRATOR CHIP FORCE
[LB'] ALGORITHM FORMATION GENERATiON

K¢

FORCE TRANSDUCER [LB,] .
oy

FIG J1 RE-DRAW OF THE CLOSED LOOP WITH PROPER UNITS AT

DIFFERENT STAGES

Though unit of Fnom is in 1bf, it is converted and stored
in the cc;mputer as a binary number. This number represents a
certain voltage according to the range of A/D converter. For
the feed back signal, same token is applied. Therefore, since

-
the computer adaptive wunit is also a voltage signal, there is

Tt ks T

-
3
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no units or diﬁenéio%s changes as far as it is concerned.
Hence, tﬁe time delay and ZOH have simply the unit of time.

To find Tc, a éiﬂusoidal signal 1is inbat to the
Mmicro-computer adaptive unit only. By an osciloscope measuring
at the D/A converter outpué, the sampling pime is recorded. It
is féund':that, Tc, is approximately 50 milli-seconds or .05
second. -

Throdgh the NC servo, the feedrate override signal, 0.0

to 5.0 volts range, is converted to a tool velocity command

" which also depends on the program feedrate and RPM. Hence, the

K has a value of: .
g .

K = FEED [in/rev] * RPM [rev/min]} * 1/60 [min/sec]
g ‘ 5 Tvolt]

For the experiment to carried out, the selected feed and .

RPM are 0.015 sin/rev and 69 _RPM respectively, so by

substituting these valués into the expression of Kg y Kg
becomes-:
K = 0.01l5 [in/rev] * 69 [rev/min] * .,1/60 [min/sec¢]
g ‘ 5 [volt] '
Kg = 0.00345 [in/sec.volt]

For integrator, 1/s, the unit is second.
The delay function from the chip formation is a pure time
delay unit (Tr ) and since the selected RPM equals to 69, the

t
1]



* dimension for K is unity. ‘ \\\

J*‘;,
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v
.

T = 60/69 féec/min]/[rev/min] = 0.87'[sec/;ev] -’( o

From the chip thickness and depth-of-cut, the cutting ¢

8

force is generated. Hence, Kg converts a chip cross-sectional-

PR S

area [in2] into a force unit [1lbf]. Hence Kd should have a unit I
of [1bf/in% ] by itself. Also as mentfoneQ//ggevioui%yﬁ Kd
represents the properties of the workpiece material- as well.
From theqreference‘"Machining Data Handbooé"'[ZB], the specific
cutting energy for aiu%?hﬁm with a carbide tool is found to be
0.3 hp per ‘cub inch per minute, i.ev 0.3 [pp]/[in3 /min].

Hence K

a amalitm - T g . .
',

) .
K..=0.3 * 550 [ Ibf.ft| * 60 |[sec | * 12 [in .
d [}ngﬁman. [hp.sec] [minJ LFE] ;
Ky = 118800 [lbf:l A o .i
in2 . 3
- lin :

a9
]

oot

Fur thermore, since the force transducer transposes 1.0

1bf of measured cutting force to 1.0 1bf force signal; so the



APPENDI X K

PROGRAM FOR FINDING THE

161

MAGN ITUDE AND PHASE ANGLE OF THE CONTI-

NUOUS MODE OUTPUT ; THE RESULTS ARE COLLECTED IN TABLE K.l
Dept h-0f-Cut .

0.03 [in] 0.06 [in] 0.09 [in]

Kpro Kint Kpro Kint Kpro Ki;t
0.0000 0.423 0.0000 0.211 0.0000 0.141
0.0500 0.575 0.0250 0.290 0.0125 0.180
0.1000 0.690 0.0687 '0.370 0.0250 0.214
0.1500  0.760 0.1375 0.397 0.0500 0. 255
't 0.2750 0.800 0.1750 0.379 0.0750 /6.270
0.3500 0.750 0.2063 0. 345 0.1000 \ 0. 260
0.4000 0.695 0.2250 0.§00 .0.1250 0.238
0.4500 0.620 0.2500 0.259 0.1400 0.223
0.5000 -0:520 0.2750 0.212 0.1509H 0.200
0.5500 0.423 0.2900 0.200 0.1750F 0.163
0.6000 0.357 0.3063 0.175 J,0.1930 0?141
0.6500 0.225 0.3069 0.140 0.2000 0.119
0.7600 0.097 0.3255 0% 105 0.2100 0.098
0.7372 0,000 0.3455 0.070 0.2250 0.065
/ / 0.3685 0.035 0.2457 0.000

\ / / 0.3686 0.000 / /

TABLE K-1 COLLECTIVE RESULTS OF APPENDIX K

e e

B



—
[,

162

*BATCH WATFIV ME39001 HEMAN HUI
EREARKKKEEKRE EEAF KSR BAE KK SR KRR KKK G B R AR AR KRB KK kKW

SWATFIV (NOEXT

C Rk R AR R R AR AR R R Rk Rk Ak ARk KRRk R Nk k& &

g : THIS PRCGRAM FINDS THE FRECUENCY RESPCNSE 0OF THE :

g : TRANSFER FUNCTION CF PRCJECT I[N CONTINUQUS MODE :

E =tttttttt3tta*t*t**tttttttttttt*ttttttt**ttt*t***t*t*t**tt: ’ %

REAL START ENDDELTALKDsKGosTReTCyWs IMAG,REALGs ANGGsMAGG

REAL KPROWKINT,DC

INTEGER J

COMPLE X GoSeG1,sG2 .
999 READI[S ¢ ¥, END=99) DC+KPROJKINT, START,END,DELTA

WRITE{6.,70) DCKPRC+KINT
72 FORM?T('O'-/.IOX-'DEFIH CF CUT=? ,F6+2s5Xs ' KPRO=? s FBaSsSXs*KINT=?,

$FB 5 . ’
0) START ,END.DELTA
'olOXp'THE STARTING, ENDING, £ DECREMENT FREQ, ARE: ',

. 0!
* .//.TZ.'FREQ(RAD/SEC)‘.T22-'REAL(G)'.T37.'(MAG(G)'.T53. 9
" T66, 'ANGLE(C)*,/)

R
7]
Mot dton
[&]
[
(o)
[+ ]
[#1]
P
an

TC

(']

START
(END-STARTI/ZDELTA+3

)
W

I=1,J4 N
MPLX(OeO4W)
EXP{-S¥TC) \
G *KPRO ' '
(
1

i

G*KINTI/S i

= G1+4G2
= G*{1-CEXP{(~ S*TR)'/S \ :
= GERKGRkKD¥DC*KF E

. REALG = REAL({G) \

AIMAG(G)
CABS(G{
.= ATANZ2{ IMAG yREALG) *180.0/3,14#59 . ’
WRITE({6+,40) W4REALG, IMAG,MAGGs ANGG " -
40 FORMATI(T2, FIO.S-TZO.FXO-5.T35.FIO.S.T50.F10.5.765.FIO.Sl oo
% = WeDELTA
30 CONTINUE - . o SN
GOTO 999 . ;
99 WRITE{6,50) . S : .
50 FORMAT (*1 ) ) .
sSTOP
END T .

QOO0 ONT
N =

-

~

k<
»
1]
o
N

SDATA - : .

—



DEPTH OF CUT=
THE STARTING,

LN
FREQ(RAD/SEC)G

3.10000
3.15300
3420000
3.25000
3.30000
3.35000

DEPTH OF CUT=
THE STARTING,

FRZQ{RAD/SEC)

3.75000
380000 -
3.85000
3.90000
3.95000
4.33000

DEPTH OF CUuT=
THE STARTING.

FREQ{RAD/SEC)

4.20000
4.25000
430000
4.35000
4.83000
4,45000

0403
ENDING,

REAL {G)

~1+05431
-1027190
-1.00001
-0.97306
-0.54€26
091963

003
ENDING,

<

REAL (G)

~1.0E405
-1.02727
-1.00063
—-0.97415
-0.94785
‘3.92%?3

003
ENDING

REAL (G}

-1.08727
-1.06023
-1l.03327
-1.00639
~0.97S€2
~0495296

KPRO= 0,00000

& DECREMENT FREQ.

IMAGL(G)

-0.06285
-0.33614

- -0.01080
0.,01321
003593
005739

KPRO= 0.,05000
& DECREMENT FREQ.

IMAG(G)

-0.06108
-0.03E¢8
-0.01699
0.00340
0.02273
0.041901

KPRC= 0410000

t DECREMENT FREQ.

IMAG{G)

‘ ~0.07633
~-0.0%410
~0.03291
-0.01275

0.00€40
0.02457

KINT= 0,42330
ARE:  3,10000 3.30000
MAGI(G) ANGLEL G)
1.05618 " —176.58820
102773 -177 «98480
1.00007 -179.38140
5497315 179.22219
0.94694 177 282550
0.92142 1764+42890
KINT= 0.57500
ARE:  3,75000 3,95000
MAG(G) ANGLE (G)
1.05582 -176.68340
1.02799 -177.85500
1.20077 ~179.02732
DeS7416 179¢79990
0.94812 178.€2640
092265 177 .45230
KINT= 0.58000
ARE 4,20000 4 .,40000
MAGLG) ANGLEI G)
1.08994 -175.98440
1.06161 -177.07910
1.03379 -178.17550
1.20647 —179.27410
0.97964 179.62560
0495327 17852310

0.05000

0.05000

0.05000

€91



DEPTH OF 'CUT= 0,03

KPRO= 0.,15000

KINT= Og76000

THE STARTINGs ENDING, & ODECREMENT FREFQ. ARE? 4;65()00 A4, 85000 D.,05000
FREQ{RAD/SEC) REAL (G) IMAG(G) MAG(G) ANGLE( G)
4 5000 ~1«0S546 -0s04908 1 s 05659 =177 33790
5.70000 -1.02781 ~0.02819 1.02819 Z178.82900
4..75000 -1,00915 ~0.00832 1.00019 -179.523190
4.80000 -0.57252 0.01053 0.,97257 179.37980
485000 ~0.94493 0.02838 0.94534a 178.27970
4499000 —~De91737 004524 De91848 177 417680
4.95000 -0.88989 0.06112 0.89199 1764 €7100
SEPTH OF CUT= 0.03 KPRC= 0427500 KINT= 0.80000
THE STARTING: ENDING. £ DECREMENT FREQ. ARE: 5430000 5.50000 005000
FREQ (RAD/SEC) REAL (G} IMAG(G) MAG(G) ANGLE( G)
5.30000 ~1.08055 ~ 0406044 1.08264 ~176.79970
5.35000 -1.04841 0403716 1,04907 ~177.96990
5.40200 -1.01566 ~2.01519 1.01577 -179.14340
S5«¢45000 -0.98274 0.00%49 0.G8276 17968000
Se50000 -%-94970 0.02486 095002 178.50030
555000 -3.91656 004294 0.91756 177 .31 750
DEPTH OF CUT=" 0,03 KPFO= 035000 KINT= 0,75200
THE STARTING, ENDING, £ DECREMENT FREQ. ARE: 5.60000 5.80000 0.05000
FREQ(RAD/SEC) REAL(G) IMAG(G) MAGIG) ANGLE(G)
' 5.60000 ~1.06955 ~0.04937 1.07969 177435790
S.65000 -1.03257 ~0.02582 1.03289 -178.58410
5.70000 -0.99536 ~0.00323 0.99536 -179.81390
S.75000 -2.95795 0.01749 5.95811 178.55390
5.80000 -0.52080 003666 0492113 177571910
5.85000 -0.88277 0.05427 0.88444 176.48190

b9 T
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DEPTH OF CUuT= 0403

°

FREQ(RAD/SEC)

S«75000
T S«80000
S«85000
590000
, 5035000
600000

<

REAL(G)

‘1-07078
-103056
— 089009
~0.,94942

e =0e90862

-0.8€775

DEPTH OF CUT= 0.03

THE STARTING,

FREQ(RAD/SEC}

585000
S$5+.90000
5495000
6.00030

6.05000
6.10000

REAL (G)

-1.09509
-1.02171
=1.00802
=J+G9€411
-0.92003
-0.87587

DEPTH OF CUT= (.03

FREQ{RAD/SEC)

S«95000
6433000
6.05000
610000
615030
620000

REAL(G)

—1410524
-1.05860
~1201162
~0.96439
*~De91700
-0.86953

KPRO=

ENDING,

IMAG(GY

-0.04824
~D.02374
~0.00100
0+01999
0.03923
0.05€73

KPFC= 0,45000
€ DECREMENT FREQ. ARE:

IMAG {G)

-0.06404
-0«03781
0.008890
0.02917
0.04760

KPRO= 050000

THE STARTINGs ENDING, &€ DECREMENT FREQ. ARE:

IMAG(G)

-0.07519
-0.04763
T=0.02224
0.00099
002206
004099

0.40000
THE STARTING. ENDING. & DECREMENT FREQ. ARE:

KINT= 0.6G500

S«75000 S«95000
MAG(G) ANGLE{(G)
1.07186 -177.42070
1.03083 -178,68030
099009 -179.94220
0.94963 178,79390
2.93946 177.52790
0.86960 176.25980
KINT= 0.,62000

S«85000 605000
MAG(G) ANGLE(G)
1.09696 -176.65310
105239 -177.94120
1.00811 -179.23110
0496415 179.47730
0.5$2049 178.18420
0.87716 176.88920
KINT= 052000

595000 6.15000
MAG(G) ANGLE{ G}
1.10779 ~176.,10810
105967 -177.4237)
1.01186 -178.,74050
0.56439 179.54130
0.G91727 178 .62200
0.87049 177.30140

¢91



DEPTH CF CUT= (0,03

THE STARTINGs ENDING, & DECREMENT FREQ. ARE:

FREQ(RAD/SEC)

6+ 35000
6.10000
615000
5.20000
6.25030
630300

REAL (G)

-110341
-1 05309
-1.00245S
~0.65159
~0.90060
-0.84958

[ 4
DEPTH OF CUT= 0.03

THE STARTING,
FREQ{RAD/SEC) REAL{G)
6.15000 -1.08917
o 6.20000 -1.03465
6.+25000 = 097990
6.30000 ~0.92502
635000 —-087013
6.40000 -0.81531
6.45000 -0.76068

DEPTH OF CUT= 0.03

THE STARTING,

-

FREZEQ{RAD/SEC)

620000
625000
630000
6435000
6402000
6445000

REAL {G)

~1e115855
-1.05757
-096934
~0.94095
-—0.88251
--~0e82415
( —
\ s
————— N
e

ENDING,

ENDING,

E DECREMENT FREQ.

o

KPFC= 055000

IMAGI{G)

‘0.07258
-0.04461
-0e21902
0.00420

+ 0402505
0.04355

KPFO= 0.60000

& DECREMENT FREQ.

{MAG(G)

-0.05125
-0.02423
0.00019
0.02204
J.04133
0.05807
0.07230

KPRO= 0.65000

IMAG{G)

~0.07073
-0.04168
-0s01544
0.00799
0.02864
0.04€53

KINT= 0.42330

6.05000 6.25000
MAG(G? ANGLE(G)
1.10580 ~176.23660
1.05403 =177.57430
1.00263 -178.913090
0.55160 179.74740
0490095 178.40690
2.8507)0 177 .06559
KINT= 0435700

ARE: 615000 635000
MAG(G) ANGLE( G)
1.09038 -177.30600
103493 -178.65820
0eG7990 179.98890
0492529 178463520
0.87111 177 .28090
0.81738 175492590
0.76411 174.57030

KINT= 0.22500

ARE: 620300 6.400090
MAG(G) ANGLE{ G}
1.11778 ‘=176437210
1.,05839 -17774310
0.99946 -179.11460
0.94098 17951370
0.88298 178.141490
0.82547 176 .76880

991



DEPTH OF CUT=

THE STARTING,

FREQ(RAD/SEC)

6.25000
6.30000
6035000
640000
645000
6.50000

REAL(G)

-1.13535
—107372
~101180
'0.9‘973
-0.BET63
—-0.825¢€1

DEPTH OF CUT= 0,03

THE STARTING, ENDING, &€ DECREMENT FREQe ARE:

FREQ(RAD/SEC)

6+30000
635000
640000
6445900

6450000
6.55000

REAL(G)

~-1412903
~10€450
~ 099974
—0¢93485
-0.86999
-0.80527

J.03

ENDING,

KPRC= 070200

£ DECREMENT FREQ.

IMAG{G)

~-0.08251
~005196
-0,024443
000005
0.02154
C«04005

KPFC= 0473720

IMAG(G)

-0.07955
~D.04897
-0.02159
0400260
0.02363
0404153

KINT= 2.09700

ARE: 6425000

MAG{G)

113834
107497
1.01210
054973
2.88789
0.8265S8

6045000

ANGLE(G)

-175.84320
-177.22970
-178.61630
17999690
178.,60990
177 .22290

KINT= 0.,00000

6.30000 6.50000
MAG(G) ANGLE(G)
113183 =175496970
106563 -177.36620
099997 -17B.76280
0.93486 179.84070
0.87031 178.44410
0.80634 17704760

0,935000

0.05000

L91
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DEPTH OF CUT= 0.06
THE STARTING, ENDING,

FREQ{RAD/SECI

3.10000
3.15900
3.20000
325000

3.323230
3.35000

REAL{G}

—1.05421

~1,02700
-0.99992
~0.97296
~0.94617

DEPTH OF CUT= D.06

FREQ(RAD/SEC)

375900
3.80000
3.85000
3.90000
3.95000
4.93300

REAL(G)

-1.06249
-1.03542
~1.008S90
~0.9€174
-0.95516
-0.92877

DEPTH OF CUT= 0.06

FREQ{RAD/SEC)

4.55000
4462000
4 .65000
470000
4. 75000
4.80000

THE STARTING., ENDING,

REAL (G}

-1.05583
~1402869
-100156
-0e97446
~-0.92040

KPRO= 0.00000
£ DECREMENT FREQ.

IMAG(G)

-0.06285
-2.93614%
-0.01080
0.,01321
0.03593
0.05739

KPRC= 0.02500
THE STARTING, ENDINGs £ DECREMENT FREQ. ARE:

IMAG(G)

-0.05886
-0.03612
-0.0145D
0.00€01
002544
0.04382

KPFO= 0406875
€ DECREMENT FREQ.

IMAG(G)

~-0+s05761
-0.03B57
-0.01653
0.,00251
0.02057
003765

o

KINT= 0.,21163

ARE?: 3.12000

MAG{G)

1.05608
1.02764
0e¢G9997
097305

0.94685
0.92133

3.30000

ANGLE(G)

~-176.58820
-177.98480
-179.38140

179.22210

177 .82550
176.42890

KINT= 0.29000

3.75000 3.95000
MAG(G) ANGLE( G)
{.06412 ~-176.82910
1.03605 -1784 00240
1.20860 ~179.1761)
0.58176 179.63950
0G5550 178.47460
0.92981 177 « 299090

KINT= 037000

ARE: 4550090 4.75000
MAGI{G) ANGLEI( G)
1.05740 ~176.87670
102934 ~177.96430
1t.€0170 ~179.05470
0+57446 179.85220
0.94762 178 .75620
0.52117 177.65760

0.05000

0.05000

0.05000

891
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DEPTH OF CUT= 0406 KPFC= 0.,137S50 KINT= 0439175
THE STARTING, ENDING, € DECREMENT FREQ. ARE: 530000 5.50000
FREQ(RAD/SEC) REAL {G) IMAG(G) MAG(G) ANGLE(G)
~ 5.30000 ~1e07527 -0.06$56 1.07751 ~176 .29880
535000 ~1.04318 ~0.04€06 1.04417 ~-177.47170
Se¢40000 -1.01082 ~0.02386 1.91110 ~178.64770
545000 -0.G7€30 -0.00296 0.57830 -179.82680
. 5.50000 -0.94563 0.01666 0.94577 178.99090
! 5.55000 -0%.91285 0.03498 0.91352 177..805590
*x
DEPYH OF CUT= 0406 KPREC= 0017500 - KINT= 0437900
THE STARTING. ENDING, &€ DECREMENT FREQ. ARE: S.55000 5.75000
FREQ{RAD/SEC) REAL(G) IMAGI(G) MAG(G) ANGLE(G)
S+55000 -1.10802 ~0.,07092 1.11029 ~176.33760
560000 -1.07118 -0.04563 1.07215S -177.56070
S «+65000 -1.03405 -0.,02191 1.03428 -178.78640
5473990 -2.95668 0.993926 0.99668 179.98510
5« 75000 -0.95613 0.02086 0.$5936 178.75420
S«80000 ~0.92145 0.03990 0.92232 177.52080

DEPTH OF CUT= 0,06

THE STARTING,

FREQ(RAD/SEC)

S+ 75000
580000
5485000
S$«90000
S«55000
6.00000

REAL ( G}

-1.10028
-1.,05925
-1.01793
-0 .97638
-0.93467
-0.86287

END ING.,

KPRO= 0.20€25

&€ DECREMENT FREQ.

IMAG(GY®

—-0.06099
~0.03530
-0.01142
0.01066
0.03094
004642

KINT= 0.34500

ARE: Se75S000 595200
MAG{G) ANGLE({G)
1«10197 -176.82740
1.05984 -178.091490
1.C1800 -179.35750
0.G7624 179.,37440
2+63519 178.10430
0.89423 176.83220

691



DEPTH OF CUT= D406

THE STARTING,

FREQI{RAD/SEC)

585000
S.30000
595000
6.02000
6.05000
6410000

REAL(G)

-1.06277
-1.046G68
—-1.00627
=0e9€261
~0.91877
-0.87483

DEPTH OF CUT= 0,06

THE STARTING, ENDING,
FREQ(RAD/SEC)Y REAL{G)
S«85000 -1419697
S+90000 ~-1.15127
5095000 ‘1.10507
6.00000 -1.0€845
6+ 05000 -101149
6,10000 -DesGE429
DEPTH QOF CUT= 0. 06
THE STARTING, ENDING,
FREQIRAD/SEC) REAL (G)
6.05300 ~1.10341
610000 -1,05308
615000 ~1s0024S
6.20000 ~0.95159

ENDING,

KPFO= 0,225290
¢ DECREMENT FREQ.

IMAG(G)

-0+07182
—-0.04526
-0.0206S
000200
0.,02270
0.04145

KPRO= 0.25000

& DECREMENT FREQ.

IMAGIG)

-0.13758
-0.10566
-0.07590
~-0.04831
-0.02289

0.00037

KPRC= 0.,27500

£ DECREMENT FREQe.

IMAG(G)

~-0.07260
~0e04462
~0.015803

0.00418

KINT= 0.30000

ARE ¢ 585000

MAG(G)

1.39513
105066
100648
0696261
091905

0..87581

ANGLE (G}

-176.23990
-177.53130
-178.,82430
179.88110
178458490
177.28700

KINT= 0.25900

ARE: 5.85000

MAG{G)

1.20485
1e15611
110767
105955
101175
0.5%6429

ANGLEL G}

-173.44300
-174.7562)
-176 .07070
-177.38660
-178.703790

179.97790

KINT= 0.21163

ARE : 6.05000

MAG(G}

110580
1.054023
100263
0eSG5160

ANGLE(G)

-176.23590

~177.57360
-178.91240
179.74800

6.05000

6.0.5500

6.15000

0.05000

0.05990

AN

0.05000

0LT
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DEPYH OF CUT= 0606

THE STARTING, ENDING,

FREQIRAD/SEC)

6.10000
6.15000
620000
625000
6.30000
6.35000

REAL(G)

~l.1C811
-1.0E517
-1.00197
~-0494859
~0.89513
-0.84170

DEPTH OF CUT= 006

1

FREQ(RAD/SEC? REAL{G?
6.15000 ~1e11143
6.20000 ~1.05590
6425000 ~1.00012
6.30000 —-0494420
6.35000 ~-0.888€825
640000 ~0.83237
6445000 ~0.77666

DEPTH OF CUT= 0.06

THE STARTING. ENDING,

FREQ(RAD/SEC)

6.15000
6420000
625000
6430000
635000
6443000
6.45000

REAL (G)

-lel1C6a
~1.08564
-1.00034%
~0.94484
~0488925
~-0.,83368
~0.77822

KPFG= 0.,290300
& DECREMENT FREQ.

IMAG{G)

-0.,06139
-0.03356
-0.,00833
0.01440
0.03465
0.05243

KPRO= 030630
THE STARTING. ENDING, & DECREMENT FREQ. ARE:

IMAG{G)

—~0.05¢€55
-0.02873
-0.0035S6
0.01898
0.03890
0.08622
0.07097

KPRO= 0e30€90
& DECREMENT FREQ.

IMAG(G)

~0.07724
~-0+04822
-0,02187
0.001823
0.02290
0.04135
0.05721

KINT= 0.2030090

ARE 6.10000 6,30000
MAG(G) ANGLE(G)
1.10981 -176.83370
1.05571 ~178.17820
1.00200 ~175.52370
0.54869 17913020
0.89580 17778320
0.84333 176 443550
KINT= 0.17S00

6315900 6,35000
MAG{G) ANGLE(G)
1.11287 -177.08740
105629 -178.84140
100012 ~179 79610
0.94439 17884860
0.88919 177 « 49260
De.83427 176.13600
0.77990 174. 77880

KINT= 0.14000

ARE? 6.ISOQO

MAG(G)

1.11332
1.05674
1.00058
054484
0.88954
0.83470
078032

6435000

ANGLE{ G)

—-176.02200
-177.38450
~178.74750
179.88900
178452499
177.16040
175.795390

- 0.05000

905300

0.05000

LT

LT



DEPTH OF CUT= 0.06

THE STARTING., ENDING, € DECREMENT FREQe ARE:

620000 640000 0.05900
FREQ(RAD/SEC) REAL{G) _(MGG(G) MAGLG) ANGLEI(G)
6.20000 -1e11679 -0.,07478 1.11929 ~176.16900
6.25000 -1.05885 ~0.04546 1.05982 -177 .54160
64332902 ~1.00C€3 -0.01EGS6 1.00081 -178.91470
6 35000 ~0.94228 0.00474 0.94226 179.71190
640000 ~0.88381 D.025€64 59.88418 178.3382)0
645000 -0.82543 0.043278 0.82659 176 .96400
DEPTH OF CUT= 0406 KPFO= 0.34550 KINT= 0,.,07000
THE STARTING, ENDING, £ DECREMENT FREQe. ARE: 6+25000 645000 0.05000
L '
FREQ{RAD/SEC) REAL {( G) IMAG({G) MAG(G) ANGLE(G)
6.25000 -1.,12184 -0+370900 1.12402 ~-176.4298)
6.30000 -1.06067 -0.04053 106144 -177.81160
6.35000 -0.99926 -0.01406 0.99936 -179.19360
6.40000 -0.93773 0.03943 9493777 179.42410
6445000 -0.87619 0.02986 0.876T0 178.04150
6.50000 -0.81478 0.04757 0.E1617 176 . 65880
DEPTH OF CUY= 0406 KPRO= 0436850 KINT= 0.03500
1
THE STARTING. ENDING, &€ DECREMENT FREQ. ARE: 6+30900 6450000 9. 05200
FREQ(RAD/SEC) REAL(G) IMAGIG) MAG(G) ANGLE{ G)
6.30000 -1.,12992 -0.0€6251 le13165 -176,83340
6.35000 ~-1.06495 -0.03304 1 «06546 -178.223290
6.439300 -0.99579 ~0.00€75 0.99981 -179.61300
6.45000 -0493456 0.01636 0.53471 178.99700
6.50000 -0.8€G641 . De03633 0.87017 177.60690
0.05220 0.80621 176.21680 .

655000

-0.80445

KPRGC= 0432550

KINT= 0.105S50

Ll



-

DEPTH OF CUT= 0406

THE STARTINGes ENDING,

FREQ(RAD/SEC}H

630000
6.35000
640000
645000
6450000
655000

\

REAL (G},

-1.12903
-1.0€450

;9.99974

= J493486
~0+86999
-0.80527

KPFO= 0436869
€ DECREMENT FREQ.

IMAG(G)

=-037955
-0004E97
-0.02159
030260
0.023€3
0.04153

ARE

KINT= 0.020300

MAG (G}

113183
1.06563
099997
293486
0.87031
080634

6+30000 650000 0.05000

I

ANGLE(G)

~-175.,96972

~177.36620

~-178.76280
179.84070
178.44410 -
177.04769

LT
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DEPTH OF CUT= 0.09 KPRC= 0.00060 KINYT= 0414110
THE STARTINGs ENDINGs € DECREMENT FREQe ARE: 3412000

- \ <

3.30090 005990

FREQI{RAD/SEC) ’ REAL(G) : IMAGI(G) MAG(G) ANGLEL( G) .

3.10000 -1.05431 ~0.06285 1.£5618 ~176.58820
3.15000 -1.02710 ~0,03614 1.,02773 -177 «9848)
320000 -le 00001 ~001080 100007 -179 38140
325000 -0497306 0.,01321 067315 179.22210
3.39%202 =04G4£26 0.03593“ De94694 177 «82559
3,35000 -0e91963 . 005739 0.52142 176.42890
) DEPTH OF CUT= 0.09 KINT= OﬂlBOOO

KPEC= D.01250

3 -
THE STARTING. ENDINGs £ DECREMENY FREQ., ARE? 3.60000 3.80000 0.05000

LT

FREQ{RAD/SEC) REAL { G) IMAG(G) MAGI(G) ANGLE( G)
3.53000 -1.,05421 ~0.06415 1.05616 -176.51780
3.65000 -102736 ~D0+04077 1.02817 -177.72740
~3«70000 -100067 -0.01857 1 .00084 -178.93710
3¢ 75000 ~D.97414 0.00250 0.S57414 179 85280
3.80000} ~0.94778 0602246 0454805 178+ €4240
3.85000 ~0.92162 0.04134 0.92254 17743170

DEPTH DF CUT= 0.,09 KPRO= 0,02500 KINT= 0621400
THE STARTING. ENDINGs & DECREMENT FREQ. ARE: 4,330090 4,22000

FREQ(RAD/SEC) REAL(G) IMAG{G) MAGI(G) ANGLE( G)
4.00000 -1.07216 ~-0.0€219 107396 -1764+68060
405000 -104519 -J3.04009 1 .04587 -177.80310
410000 ~lea01817° ~Des01907 l«01834 —178.92680
415000 ~0+99136 000090 0499136 17954830
420000 , =0e9E471 0.01984 0.96492 178.82210
4.25000 -0693822 0.03777 0.93898 177 . 69460

‘V ]
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3
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DEPTH OF CUT= 0.09 KPEC= 0.05000 KINT= 0.25500 - :
THE STARTING., ENDINGs, €& CECREMENT FREQs. ARE? 4.65000 4.8 5000 0.05000 §
: i
FREQIRAD/SEC) REAL{G) = IMAG(G) MAG(G) -ANGLE( G? :
465000 —1+0£939° ~0.04579 106037 T -177.52490 -
4,70000 -1+03153 -0402492 1,03183 -178.61620
4.75000 -1.00368 -0.00507 1,00379 ~-179.,71050
4,.,80000 — 057586 0401376 0.,97595 l79.l§230
2 4 .85000 —~0.94807 003158 0454359 178. 09210
490009 =0092034 0e34841 0.92161 176 .98910
4.95000 -0+86268 0.0£42S5 0. 86499 175.88320
DEPTH OF CuUT= 0.09 KPRO= 0.,.375200 KINT= 0.,27000 7

THE STARTING, ENDINGs £ DECREMENT FREQ. ARE: S.10000 Se30000 0005000

IMAG(G)

FREQ(RAD/SEC) REAL (G) MAG(G) ANGLE( G)
S. 13900 —1.06019~ ~0.043215 1.06107 -177.66930
5.15000 -1<02979 ™ ~0e02152 1.C3001 -178.80290
S.20000 ~0+.96827 ‘ ~-0.00105 3,99927 =179.94000
525000 —0eSEELT O.01827 0.96884 17891970
5430000 -0¢9380Q 0+03€43 0.93371 177.77590
- 5+35000 ~0.90731 0.0%5344 0.50889 176 .62900

DEPTH OF CUT= 0409 KPRO= 0410000 KINT= 0.26000 :

°  THE STARTING., ENDINGs £ DECREMENT FREG. ARE: 5.,40000 $.60000° 0.05000 i

. & A <

FREQ{RAD/SEC) REAL(G) IMAG(G) MAGIG) ANGLE{G) :

S+40000 -1.08078 ~0.06533 1.08275 -176.54110 “
5.45000 ~-104709 ~ —5-04137. 104791 17773190
S$S.50000 - —1.01316 ~0+01900 101334 ~178.92570
5455000 ~0+97903 0.00209 0,97903 179.87760
54690090 ~-0.54475 0.02180 0.54500 178.67790
5.65000 -0.91036 0.04014 0.91124 177.47530

5.70000 0.05719 0.87776 176 .26990 -

' < o R
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THE STARTING,

FREQ{RAD/SEC)

5.65000
S.799200
5.75000
5.80000
585020
$.90000
5.55000

DEPTH OF CUT=

=~ £
THE SYARTINGs ERDING.,
FREQ(RAD/SEC) REAL{G)
S5+75000 ~1,11532
5.80000 ~-1.07410
5.85200 -1403255
S .900 ~0.99074
5.95000 ~C0eG48€73
6,00000 ~0.90659
DEPTH OF CUT= 0,09
L THE STARTING, ENDING,
FREQ({RAD/SEC) REAL(G)
5.85000., -t.0S8277
590000 -1+.04968
5.,85000 -1.00€27
6.,00000 ~0.5€261
6, 05000 -0.91877
6.10920 -0.87483 .

DEPTH OF CUT=

0«09

REAL{G)

-1.08953
-1,08136
~1.01288
~0eG3527
-0.89625
—0.85716

0.09

ENDING,

PTNPRRRAL e

KPRO=

IMAGLG)

-0.06853
-De04323
-0.01658
0.00241
002275
0.,04144
0d.05848

KPEO=

IMAG{G)

~0.07€21
-0.04952
-0.02466
-0,00164
0401955
0.03891

IMAG (G

-0.07182
- =004526
-0.02065
000200
D.02270
004145

0,12500
€ DECREMENT FREG.

D.14000
£ DECREMENT FREQ.

KPRO= 0.,15000°
&€ DECREMENT FREQe.

’

KINT= 0,23750

ARE? S.65009 S«85000
MAG(G) ANGLE{ G)
109169 -176440100
1.35224 -177.64560
1.01307 -178.89260
0eS7417 179.85820
063555 173.60670
0.86721 177..35280
%.85916 176.00690

KINT= 0.22300

i wohe s T AR S M Rt F s

~
ARE?Z S.75009 S.950290
MAGLG) ANGLE{G)
1.11792 -176409100
1.07524 -177.36040
1.03285 ~178.63180
0499074 =~ -179.90520
0.94893 178.81950
0.90743 177.54230
KINT= 0.20000

ARE:  S.85000  6.05000
MAG(G) ANGLE(G)
1.09513 ~176.23990
1.05066 -177.53130
1.00648 ~178.82439
0.96261 179.88110
051905 178.58490
0.87581

177 .28700

e ot s

0.05000

d

0. 05000

0.05000
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FREQ{(RAD/SEC)

DEPTH OF CUT=
THE STARTING,

6.00000

- 635200

6.10000
6.15000
629000
6.25000

REAL({G)

-1.10715
-1.05851
-1.00957
-0e9€039
-0.91108
~086172

DEPTH OF CUT= (0409

FREQ(RAD/SEC)

6.10000
615000
6420000
6.25000
630000
6352300

REAL{G)

~1+10745
-1.05437
-1.00103
~0.54754
-0.89400
-2.840590

s/

DEPTH OF CUT= 0409

THE STARTING.

FREQ{RAD/SEC)

615000

+623000

625000
6.30000
635000
640000
6.45000

REAL{G)

-1.08911

-1«03460
~0.97986
=0.92500
~0.87011

-0.81531
~0.7€068

009 KPRO=

ENDING,

KPRO=

ENDING,

IMAGIG)

~0+06990
—-0.04228
—-0.01€964
000613
0.02€95
0+04552

IMAG(G)

~0.05282

—-0.02€52

=0.0017
0.02(S
004042
0.05780

KPEQO= 0420000
£ DECREMENT FREQ.

IMAG(G)

-0.05169
-0«02465
-0.00020
0.02167
0«.04098
008775
0407201

017500
& DECREMENT FREQ.

0419300
THE STARTING, ENDINGy & DECREMENT FREQ. ARE:

K INT= 0.1€2S0
ARE: 6.00000

MAGLG)

1410935
105936
1.00971

- 0e96041

0.91148
0.86292

KINY= 0.14110

MAG(G)

1.10876
105470
1.,00103
0.54776
089491
0.£84248

KINT= 0.11850
ARE:® 6.15000

MAGI(G)

109033
1.03489
057986
092525
0.87108
0.81735
0.76408

610000

. 620000

ANGLE(G)

~176438750
-177.71260
-179.03870

179.63410

178.30580

176.97630

6.30000

ANGLE(G)

-177.,21760
-178455920
-179.90160

178,75530
177.41110
176 . 06620

635000

ANGLE( G)

-177.,28280
-178 ¢63530
-179.98850

178.65770
177 30320
175.54810

174 ,59239 .
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DEPTH OF CUT= 0.,09 KP&C= 0.21000

THE STARTYING, ENDING, £ DECREMENY FREQ. ARE: 6.15000 635000 0.05000
FREQ{RAD/SEC?} REAL {G) INAG(G) MAG(G) ANGLE(G)
6.15000 ~1,14023 -0.07735 114285 -176.11920
6.20000 ~1.08372 .~0+04768 108477 =177 .48090
625000 =1.02690 -0+02074 102711 -178.84320
630020 -0.96689 0.20349 0 .969990 179.,79400
6.35000 -091279 002501 051313 178.,43070 *
6.40000 -0,85571 0.04284 0.85683 177.06690
6.45000 -D0.75876 2.062302 0.80101 175.70260
DEPTH OF CUT= 0,09 KPFC= 0.22500 K INT= 0.06500 y
THE STARTING. ENDING, £ DECREMENT FREGe. ARE: 6.25000 645000 0.05000
FREQ{RAD/SEC) REAL(G) INMAGI(G) MAGI(G) ANGLE(G)
6.25000 ~1.09730 ~0+05229 1.€5859 -177.21950
64303000 -1.03711 ~0402543 t 03742 -178.59510 j
6435000 ~0.97673 -0.00049 067673 -179.,97110
"6.40000 -0.91628 002155 0.91653 178 .€5280
6.45000 ~0.£85587 004072 0.85684% 177.27610
6.50000 -0.75563 005704 079767 175,89930
DEPTH OF CUT= 0.09 KPRO= 0.23500 KINY= 0,03500 .
THE STARTING, ENDING., & DECREMENT FREQ. ARE: 6.25000 6.45000 0.05000
FREQ{RAD/SEC) REAL(G) IMAG(G) MAGI{G} ANGLE(G?
625000 ~1«143€4 . -0.08121 i.l4652 -175.93820
- 6.,30000 -1.08151 =0+0E055 d# «08269 -177,32390 ]
6,35000 -1.01011 - -0.02295 101937 -~178.70980
6.,40000 -0,G6E€5S 0400160 D« 95655 179.90420
6+45000 ~089397 002313 089426 178.51790
@ 6.52300 D.04166 0.83252 17713150

-0.83147

K INT= 2.09800

8LT
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DEPTH CF CuT= L0.09

FREQIRAD/SEC)

630000
635000
640000
6445000
6502300
6.55000

Uy S,

[ mEe e Tk -

REAL(G)

~-1.12887
—10€435
=0e99960
-0.93473
~0e 86587
-0.80516

L

KPFQO=

e A MR AT W R T A

IMAGL(G)

-0.07554
-0404896
~0.02159
0.00260
0.02363
0.04153

i L4

0.24570,
THE STARTINGe. ENDING, & DECREME“T FREQ. ARES

LV

¥
K INT= 0.00000
630000 650000 005000
MAG(G) ANGLE(G)
1.13167 ~175.96970
106549 =177 36620
De 59983 -178.76280:
0.93473 179.84070
0% 87019 178.44410
0.80623 17704760 R
+] 3 2
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APPENDIX L ‘ . P
DIGITAL COMPUTER SIMULATION LISTINGS AND OUTPUTS

Fd

This appendix is the 1listings of two digital computer

simulation programs. It has two éﬁb—appendices. The first one,

o
r

Appendix L.1l, is the program listing and dimulation results of

the closed-loop system shown in Fig. 4.11 . The second onej

¢

M Appendix L.2, is the simulation of Fig. 4.13 .
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APPENDIX L.1

SIMULATION LISTINGS AND RESULTS OF FIG. 4.11

*

#x3 CONTINUCUS SYSTUM, “CCEILING PROGRAVS ¥ x4
T =k MZRSLEON I.J‘:}}
ERE R R AR EE AR B RIS I I LA L SR I AN A E AL E R R L ES R SRS S E T
°® . e
't SINULATICN OF THZ FEZHIDIC TLANING WITH A P-1 CCNTROLLER *
- ¥ Ey
¥ FCLLCWINC FUATURFAS At anl0-ID "N THE VPROGRAN? s ~+
& 1) FIXERD STED ZIZI% [4TUGRATION MITHAOD 1%, RKSFX Q
* )Y LIMIT CM FPEPRATE (Geul TDF-EC>Ca0) IN/SEQ ~
* Ty OND TLAK-VALUT MEMNORY (PVYV) . *
== 4) ECCENTRICITY SaT. LUERTH OOF CLT IS: 0,33>DC>C.C3 IN *
3 LY YRESDT WINCLDIUT-UQUT" FIIATLRT FUR SATULRATED VMOCE x
- €)Y CUNCITICH I3 SaME A€ THAT 1 F RECAL FXPERINNENT &
4 R R P R A R A T ¥ *
g R ' *
2B pFF AT ASE N RT3 R I S I - AL S L 4 xnﬁ#r/ar)nx*n{(‘*x;ﬁnx#*i**#;s*n****x\*#

INITIAL

X
gl

FEARARN Sl e 0O KINT=0.0 .73

FRAOC=C .
INCON LLIVMIC=Cad
TIMER CHELTEZN O N, FINTIMTIZ2. Zh0UTCEL=0.275sPRDFL=005 E
METHOL <eSF Y .
FRTPLLT tNRCE(TNECKAT ,CHIP) .
LAFREL SIMULATICN BF Flj.4e1 WITH KPRO=1.0%, KINT=2.003 @
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APPENDIX L.2

SIMULATION LISTINGS  AND RESULTS OF FIG. 4.13 i

4% CONTINULUS SYSTOM CRELTNG ROGRANYY &3

ek VORSION 1.3 tax

. »

FA R IER RN BB G A s S A L T AR A R A R A R P EME S LA S F R FERES S R 5+ R S8 ¥

> . *®
%« SIMULATICN CF THE CCIENTRIC TUANING WITH A P-1 CCMNTROLLER *
», “ x
R FCLLOWINC FEATURKES /“ftf ACDIL I THE PRUOCRANMS *
* *
i 1) FIXEL ST”P 3175 INTHYGRATIOR NMSTHOD JeZ e RKSFX o L
L4 2) LINMIT T FEEPRATE (L Jd12DFUFELCYDCV)IN/SEC *
* 2)Y WITEr PEAK=ywALLS NMEMORIY (PVY) *
= 4)Y ECCENTRICITY SaTse 0EOTH NF CUT 52 e JIAONCON G2 IN *
& ) UYRESET WINDUP CLT-CUT™ FTUATULWE FUO®? SATURATEC MCOCE A
ES €)Y CCNCITICW 1S 3AME A THAT T F REAL LXP:pINNFhT ]
& LTSI TSI TSI SIS oS SIS TS ETSSS TS oTmIS TS I=Dos= -
- . ' *
AXword ok AW Ay Ao 4w ke Lk TR 2k Lo Toe 3k dod ok x b o ok kolokko o oo B Aok ok ok kv kR Rk g

INIT 1AL !
FAQANM KFR(O=0D.05KINT=040013
INCON LIMIC=2. .
TIMED [FLI=0.00 5 FINTIME1247 CWfLTREL=0.05.PPLEL=C. 05
NETHCL RIKSF .
FOTELCT FODC T (FECIAT Clle)

LAGEL SIVULLATIOCN €CF FIGa4.1" WITH KPRU=D.05, KINT=0.C01
:FN = CGQD
CNVEGA = 2 1111’”“}?!‘?"/(’.).1'
TR = ec.s/rnn
TC = C,L.(E
KG = C.C37348% o
KF = 1+C
KC =- 11£830.9 6
E = Q.CF€
C = C.C2
CECAY = ue? : '
CEKAY = 1.0-{(1.0-0ECAY)I®TC/"R
NSTART = Q.02 >
C = Co3 . "
FV = CO'J
SLN = Co0 ‘ .
TEST = (.0
FEAK = (.0
FCIFFC = D9
CLOSUN = C.a0
CYhANlC
FANCM = FC.L.0
FEPRAT = FESIPwKG
FCSIT = INTGPLILIMICWFEDBRAT)
CEELAY = CSLAY(1CC TH,POSIT) ,
MNCLW = ANMAXI {NSTART ,,CECLY)
THIFT = POSIT=UNCW . » &
CHIFE = LINVIT(C. )3102La0,CHITT) .

FCRCE = CHIPxKO<(P+LC COS(UMFGAXTIMI))Y

F = FCRCFY¥F

FEEC = ZFQOLC(PULSFE.ZOHIN)

FULSF IMPLLSTGCeosTC) \
yFRIFT =CUNMY(FPROLWVINTSFNNNV F o PULSEWFCIFFOs oo

PRCCECULRE ZCHIN
SUNMICo FLAKsPVHCLLUSUM TETT)
IF (FLLSZoNFoles) GETO 1o
IF (FEEFaNFEL.14C) GOTC 10
CCNPAR = PYHAK-F
IF {CCMFAR.GE.C«C) GCTO 1!
FV = F

Y
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STelT D) GUTE 1
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= SULWM
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CSELVAKPRE=FCIFFO
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= L[N]T(C-C'('o’:v(.)
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CACERCCELLRE -

\‘ -

KERC=O 12 KINT=U0La002
LAREL

SIVMULLATICN CF E¥nebei
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APPENDIX M

NON-ECCENTRIC TURNING EXPERIMENTAL RESULTS FOR BOTH-WITH AND

WITHOUT PVM IN ALGORIIHM

In this appendix the f:hotos of non-eccentric turning are

collected. results. It has three sub-appendices as follows:
(e

Appendix M.1 - the experimental, results of a P controller
Appendix M.2 - the experimental results of a I controller
Appendix M.3 - the experimental results of a PI controller
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APPENDIX N

ECCENTRIC TURNING EXPERIMENTAL RESULTS FOR BOTH WITH AND

WITHOUT PVM IN ALGORITHM

‘
-

In this appendix the phoEos of eccentric turning results are
collected. It has three sub-appendices as §g£;wm§:

N.1l - the experimental kesulés for a P controller

N.2 - the experimegtal results for a I controller

N.3 - the experimental results for a PI controller
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APPENDIX N.3
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