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ABS!!'RACT 

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 

which may 
1 

size. 

have considerable 

t 
variations in i ni tial shape and 

'. 
,\ 

A 

rotating , 
simple 'but detailed analysis on the dynamics of 

~4 

eccent ric":"wor kp.iece i s f irs t pr es ent ed. 

A micr o-pr ocessor based adaptive control 

retrofitted to a mnnerical control lathe is then described and' 

investigated. Adapt~ve control implies that sorne of 
,? 

the main 

cutting variables (e.g. cutting force) are measured in real 

time and the appropriate controlled parameters (e.g. feedrate~ 
1 

are modified in an ·on-line,basis. A mathematical model of the 

adapt ive control system is developed for , the s tudy of the 

performance of various adaptive cont roI algor i thm s. 
, 

Particularly, a non-line~r peak-value memory algori thm 
f'-'" p 

especially sui table for eccentric workpieces is investigated 

a)..ong with standard proportional-plus-integral cJ!t'trol. 
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RESUME 

Or 
." La dynami'que et le contrôle adaptable du tournage de 

pièces montées eccentriquement sont 'le sujet de la présente 
1 

ètude. Les résul·tats s'appliquent au dégrossissement de piècés 

de forge ou de coulée dont les dimensions' diffèr ent souvent 

largement de celles du morceau fini. • 1 

Une analyse de la dynamique dl une telle pièce condui t a 

une équation matricielle du mouvement et des forces impl iquées. 

Un systène de tour à contrôle numérique adaptable par 

micro-processeur constitue la source de données expérimentales. 

Contrôle adaptable signi f ie 1 que certaines var iables du 

processus de tournage (e.g. force radiale) sont mesuré~s et les 

paramètres de contrôle appropriés (e.g. vitesse d'ava\nce) sont 

modi fiés selon les val eur s obtenues. 

Un modèle mathématique du sys tème de contrôle adaptable a 

été développé af in d'étudier le rendement des di vers 

algori thrnes de contrôle possibles. En particulier, un 

algori thme non-linéai re a rappel de val eur de poi nte, 

spé ci alement adapté aux pi èqes eccentriques es t étudi é en 

co nj onçt i on avec le contrôle pr oportionnel-pl us- intégr al 

standard. 

J 
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CHAPTER l 

INTRODUCTION 

. 1.1 GENERAL ASPECTS OF NUMERICAL CONTROL MACHINING AND 

ADAPTlVE CONTROL SYSTEMS 

Present day metal-working manufacturing systems can be 

main categor ies; namely, mass production and 

production. Mass production accounts for only 25% of the 

metal work in North America. Its au.tomatic production 

li such as those applied in automotive industry are 
. 

but give relatively little flexibility in design 

c anges and manufacturing procedures. The remaining 75% is ,-

p,roduced via batch production and 50% of it is made in batches 

izes of le ss than f ifty [1]. They:efore, there will be a 
J 

significant impact on the national economy if the efficiency of 

ba~ch produc tion cran be inc reased. 

The main drawbacks of present batch production systems 

are long lead time, low re$ponse to design changes, high 

manufacturing cost, POO~, con tr 01 in process ing and machining .. 
time', long tooling time, and low to le'ra ne es. Hence, the three 

most critical factors in batch production are flexibility, 

adaptability, and efficiency. 

The implemen ta tion of nume r ic al control (NC) mach ines has 



2 

improved the above deficiencies considerably in sorne respects. 

However, there are at least two important factors which limit 

the full utilization of Ne machines. The first one is the 

dynarnic behav iou r of the whole system du ring the mach in ing 

process, whereas the second factor is the effort required in 

programming of the parts. 

Every physical system experiences '- vibration to a certain 

degree while it i8 operating. In a turning operation, the 

dynamic behav ior is' a self-excited vibra tian between the tool 

and workpiece. During a steady operation, if an external 

disturbance intervenes, the tool may, move relative to the 

workpiece. This relative motion produces a force between the 

tool and workpiece. 'This force in- turn may produce an 
\ 

ose illa tion between thelIJ- rf the dynamic system is unstable, 
JI 

the oscillation will q.dild up to a la~rge magnitude which is 

very undesirable. Exte rnal dis tu rbances come i.n rnany forms 

such as var ia tion in depth-of-cut, non-homogeneity of 

workpiece, backlash in feed mechanisms, and ÏJnteraction of 

machine components. 

The other limi t ing fac tor is tha t, sine e an Ne mach ine 

follows exactly the prog rammed instructions, it i5 basically an 
o 

open loop system. Because it has no capability of detecting and 

adjusting itself according to the cutting conditions, for 

safe ty reasons, a prog rarnrner may tend to be conservative in 

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

.. ri 

, 
'r 
-~ 

1 
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other hand, if the programmer lacks practical experience, he 

may program the parts with improper commands which rnay cause 

seriou,s damag~ to the machine structure . 
. > 

In ,view of these two problems, there is considerable 

interest in the so-called adaptive control of Ne machine tools. 

Generally speak ing, in the metal cutt ing field, an adaptive 

control system is a system which, in real time, monitors sorne 

significant variables of the cutting operation and adjusts the 

controllable parameters to modify the cutting conditions in 

sorne desirable fashion. The process variables whieh may be 

monitored are the eu tt ing fore e, cutt ing torque, or cutt ing 

power, whereas the commanded correcting variables may be the 

feedrate, cutting speed, or depth-of-cut. 

Adaptive control systems, depending on their philosophy 

of operation, can be divided into two broad categories; namely, 
'J 

Adaptive Control 

Optirnization (ACO) 

Constraint (ACC) and Adaptive Control 

systems. In ACC system, the" cutting 

parameters ar~, controlled in such a way that the cutting 

process variables are maintained within certain constraints or 

limits. In ~CQ system, the output parameters are controlled in 

order to optimize sorne performance criteria rela ted to 

variables such as manufacturing time, cost, tool life and ete. 

In general, an ACQ system is more ebmplex than an ACC system 

mainly because the optirnization criterion is usually relatively 

complex, especially when several controlled parameters are 

, .' 
L; 
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taken into accpunt. In fact, the practical value of ACQ systems 

is questionab1e and current1y most practica1 adaptive control 

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

to the investigation of ACC system. 

1. 2 REVIEW AND EVALUATION OF THE LI TERATURE 

1.2.1 Dynamic Behavior of Turning 

Extensive research on the dynarnic behavior ofQturning has 

been carried out for years. Many theories have been developed 

independently. Attention is paid to two of thern, one by Tobias 

,Jlnd Fishwick [2] and the other by Tlusty and Polacek [3]. '--. 

Tlusty and polacek considered the problem as a forced vibration 

between the machine structure and workp~ece, whereas Tobias and 

Fishwick considered it as a problem of dynamic s·tabili ty. \the 

essential difference between these approaches lies in the 

different initial assurnptions and not in their theoretical 

approaches. 

Most researchers follow the above investigators' concept 

of an iI1cremental cutting force. Typically, their works end up 

with developing, comparing, or refining the machinabi·lity and 

stability charts for various machines [4,5,6,7]. 

Bhat and Sankar [8J used the class ical method of 

analysis, that is, they modelled the turning process by 

considering the workpiece as a Bernouli-Euler beam in contact 

with a travelling too1.( An equation of motion was derived by 
\ 
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them. Instead of solving the exac t solu tion, they conc en tra ted 

on predicting the deflection of the beam at the moving tool 

loc a tion. Their ma in re su It was a graph showing the 

relationship between the normalized mean displacement of 

workpiece and tool location. Although their work was not on the .. 
eccentric turning, it gives this work a guide.line of how to 

f approaeh the analysis of such adynamie process. 
\ 

It would appear that very little research has been done , 

" on the dynamics of eccentric turning'. Doi and Kato [9] did an 

experiment set up in such a way that'a fixed tool eut a ehip 

with sinusoidal variation in thiekness. Although becau,se of the 

compl~xity involved, one may assume a fixed tool position in 

onels analysis, their work is not directly applicable because 

their objective was to find the phase lags between the max imun 

depth-of-cut and force. Fine [10] investigated off-centre 

turning as weIl, but his prime eoncern was the resulting 

surface finish rather than the dynami'e behav ior. Hence 

knowledge, both analytieal and experimental, on the turning of 

an eccentrically mounted workpieee with a continuously fed tool 

i s no t ex te n s ive. 

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 ACQ systems 
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applied to machine too1s such as 1athes, mi11ing, grinding, 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 io 

Weck's studies because' his paper describes in detail the 
<, 

-general features of a micro-computer adaptive control system 

« 
implemen ted on an Ne la the. The exper irllen tal se t-up employed. in 

this project is very similar ta that described in his paper. 

Unfortunately, Weck did not compare the performance of any 
" 

control algorithms. 

The second area undertaken is ta develop ma thema tical 

models and < control algor ithms for differen t applications such 

as optimization of process or time, and control of time lag and 

multi-variables system [14,15,16,17]. Although one of \ the 
1 

objec tives of th is work is to evaluate the performanc e of 

contr'ol algor ithms, these available references are so 

mathematically and theoretically orientated that they are often 

good only for their own specifie problems for which they are 

developed. Their'practical value is very 1imited for this 

research. 

The third area that has been undertaken on adaptive 

control of metal cutting, is examining the performance of 

different control algorithms for variqus cutting conditions 

su<;h, as eccentric cutting [18,19]. A valuable reference is vleck 
1 

and Schafer's work in which they outlined the general features 
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of proportional, in teg raI, and proportional-plus-integral 

contr,ollers with a special. section on the peak-value rnernory 

used .in eccen tr ic turning [20]. However, 
1 

their work did not 

compare the performance of the peak-value rnernory working along 

with other cornrnon controilers. So one of the objectives of this 

re search is to examine th is neg lec ted aspec t. 

1.3 OBJECTIVES OF THE THESIS 
, 

From a practical point of view, this research is related 

to the pr'oblern of rough turning of'a workpiece from a forging 

or casting. Because castings and forgings often have vàrying 
, 

amounts of excessive rnaterial and ci poor degree of roundness 

when they are initially turned on cP 1athe, the depth-of-cut may 
f' 

vary with tirne. In sorne cases when there is li ttle excess ive 

stock the tool may not even contact the workpiece during the 

first few passes. If the raw workpiece i5 out-of-round then the 

depth-of-cut will vary periodically a t the sarne frequency as 

the spindle spet::d; 1. e., revolu tion per rninu te (RPM). 

There are two main objec tives in th is thesis. The fir st 

'one is to get an insight in to the dynamic behavior of an 
" 

eccen tr ical1y mOl{nted workpiece on a la the as it is being cut 

by a travelling tool. To model such a phenomenon, a perfectly 
'0 

round workpiece is eccentrically rnounted on the chuck of a 

la the. The dynamic behav io.t;' is then investig ated. The analys is 

is performed using the classical method that i5 by considering 

1 

. ! 



( 

8 

the workpiece as a Bernouli-Euler beam and us ing the 

variational principle to derive the .equations of motion. 

Expressions for the natural frequencies of such a system are 

found bec au se they are the pr ime concern in a dynamic system. 

The second objective is to examine and compare the merits 

of d if fe ren t adapt ive control algor ithms applied to diffe ren t 

turning conditions for an Ne 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 

algor ithms are investigated by obse rv ing 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 la the is pre sen ted in Chapte r 2. Two equations of 

motion describing the free vibration of the beam are determined 

first, then expressions for the natural frequencies are found. 
, 

Following a section on the determination of the cutting forces, 

the forced vibra tian (i. e., the ·real turning opera tion) of the 

beam is analyzed and discussed. 

In Chapter 3, the exper imen tal mic ro-compute r adaptive 

control system is described. The functions and features of each 

component are explained in detail. Following the description of 
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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 

finally with a flow-chart of the micro-computer program used in 

the experiment. 

Th~ derivation of a ma thema tic al model for the 

experimental closed-Ioop adaptive control system is presented 

in Chapte r 4. The mathematical model is then used for 

ana lyz ing the stab i li ty for selected cutting conditions. 

Nyquist plot and digital simulation are employed in the 

prediction of stability. The chapter is concluded with a brief 

dii?cussion and conunent on the method of modelling·and the 

accuracy of stability analysis. 

Chapter 5 is a discussion of the experimental results. 

It conunents in detail on the performance of experimental 

control1.ers for both eccentric and non-e~centric turning. 

In chapter 6, conclusions and recommendations for future 

research w~rk are presented. 
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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 flrst one, Section 2.1, is an 

analysis of the free vibration of an eccentrically rotating 

beam. It i 5 followed by Section 2.2 showing the determination 

of cutting forces. The third section, Section 2.3, considers 

the vibration of the rotating beam.l taking into account the 

,impressed forces fran the cutting tool. The chapter is finally 

concluded with a discussion on the analysis. 

2. i VIBRATION OF AN ECCENTRICALLY MOUNTED ~RKPIECE 

2.1.1 Coordinate System 

Fig. 2. l shows the coordinate system used in the 

analysis. 
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FIG 2·1 COORDINATE SYSTEM 

11 

z 

IC......J. __ +-~ ___ y 

FIG Hb END VIEW 

The origin of the coordinate system is located at the 

chuck jaw face at the centre of rotation. The X-axis is the 

axi's of rotation. The Z-axi sis in the verti cal di r ect ion and 

the Y-axis is the horizontal axis. The workpiece is assumed to 

be a perfect cylinder with its center-line parallel ta the 

l athe axi s of rot ation but of f set a di stance A y ar:td f1 z in the 

horizont~l and vertical directions as shawn in Fig. 2.l.b . The 

angular velocity is designated as w which is counterclockwise 

fran the end view. In terms of the angular velocity, w, amount 

of eccentricity, d, and time, 6y and f1 z can be expressed as: 

..Jly=d*cos(wt)j D.z=d*sin(wt). Note particularly that X, Y, Z are 

reference axes and are fixed in space. 



,1 

12 

2.1. 2 Free vibration (i.e., No Contact with the Cutting Tool) 
• 1 

, 

To derive the equations of motion, Hamilton' s Principle 

i s us ed: 

é jt2 (T-V) dt = 0 
tl 

( 2.1. 1) 

where T is the kinetic energy and V is the potential energy. 

Ta find the expression for Tin Eq.(2.1.1), one must consider 

the dynamic deflections of the beam as it is vibrating. 

Fig. 2.2 shows a cross-sectional viewof the workpiece 

with the workpiece deflected. ~he instan~aneous centre C' has 
' .. 

def lect ed a hor i zo ntal di stance y and a vertical di stance- z 

fran the neutral position C~ The horizontal and vertical 

di stances f r cm any poi nt A to the centre C' 

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

FIG 2·2 

1 

/ 
1 

, 
\ 

z 

Deflected Workplece 

\p~itlon 0: Workpiece Wlth No Vibration 

END-VIEW OF THE BEAM WITH VIBRATION 

on the 

1 
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The velocity of any point CA) on the workpiece with 

respect to the or igi n can be wri tten as: 

= (2.1.2) 

As shown in Appendix A, Eq.(2.1.2) can he rewritten in 

terms of the variables denoted in Fig. 2.2 as: 

~ ~ 
YAfO = (:y-w(6z+z) - wz')J + (z+w(6y+y) + wy')k (2.lo3) 

Squaring Eq. (2.1.3), the expression for k inetic energy 

(T) , neg lec ting the effec ts of precession, bec orne s: 
0 

l fi 2 
T = 2" 0 VA/OdIn 

- 2.(t.z'1 
1ft 2 2 2 2 2 2' == ~ 0 [~ +w (6z+z) + w (y' +z' ) 

.2 2( )2 + z + W ~y+y + 2w(l.y+y)z]drn 

== PA)(l[.2 2 2 :r y +w (Âz+z) -' 2w (6z+z) ~ + .2 + 2 2 w (6y+y) z o . 
l 2 

+ 2w(l.y+y)z]dx + ~ Ixx (2.1.4) 

8y neglecting the static potentia1, only the bendingl\> 

manent accounts for the p::>tenti al energy (V) of, the be am [21] 

which can be expressed as: 

l ! 2 2 1, ! 2 2 ~ 
V = ~EI(~) dx + îEI(~) dx 

o dX 0 dX 
(2.1.5) 

• 
1 

'\ ' 
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t 

Taking the variation of T (ôT) and V (ôV) for Eqs.(2.1.4} 

and (2.1.5) separately, one gets: 

2 2 
- 2wyoz + 2zoz + 2w 6yoy + 2w y6y + 2wt.y8z 

+ 2woz + 2wz6y] dx (2.1.6) 

(2.1. 7) 

App1ying Hami1 ton l s P rincip1e: 
t2 

ô! (T-V) dt = 0, one gets 
tl 

the ,following relationship (refer to Appe ndix B for 

, interrnediate steps): 

[

t
2 

(\ (T-V).ct t 

t· 
1. 

-f t 21fl pAr _ a2~6Y 
t

1 
0 dX 

+ w2d cos wt oy + wzoy - wyoz 
~2 
d z-
-:::--2ùz 
dt 

2 2 2 + w d cos wt oy + w y5y + w d S1.n wt 6 z 

4 El 4 
- wyoz + wzoy - El a z6 - 4,sy]dX 

pA ~ z .pA ax 
2 l ~.,.'" ,,3 .e. 

El ~ c(lY) El a z o{ ~z) 1 + El cr z cS 
1 - ~ Z 

pA ~ dX 0 pA 
dX 0 oA dX2 dX 

I~ 
0 

+ El ~ 'oy III dt 
pA dX 3 0 ) 

(2.1.8) 

Factoring Eq.(2.1.8) for ôy,and ÔZ and, since theyare 
\. \ 
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arbi tary, s 0 by setti ng the coef f ici ents of ôy and ô z t 0 be 

zero, equations of motion are obtained: 

a2
z EI a4z 2 

2wy - 2w
2

d 
at 2 + - -4 - w z + sin wt = 0 pA 

Clx 

De 4-

1 
(2.1.9) 

+ EI ~ 2 
2wz 

2 - w y - - 2w d cos 
at 2 pA 

Clx 
4 

El a 3 z 
The four terms: ---

pA ax 2 pA dX 3 

determined by the boundary candi tians 

c1arnped-free bearn in our case. 
. 

wt = 0 

pA dX 2 

which ar e 
pA dX 3 

those of 

are 

a 

Ta solve Eq.(2.1.9), infinite ~ serles solutions are 
00 

of z (x,t) = L cp (x)A (t) 
n==l" n n 

the forms assurned 
00 

and 

y(x,t) = L ~ (x)B (t) in wh"ich the cp (x) are clamped-free 
n=l n n n 

be am modes. .. 

Substituting the assurned solutions, and applying the 

Galerkin method of multip1ying another comparison function 

in t 0 Eq. ( 2. 1. 9) 9 ive s : 

'fi (\k<P A' dx + El [1 {l<p Q (4) A dx - w2 'f
1 
(\k~ A dx 

n= Jo n n pA n= Jo k n n n= Jo n n 

+ 2Wn~lfot~k~nBndX·,~ 2w
2

d sin wtfo\kdX 

00 lI .. cl EI '?? ll~ ,..., (4)B' dx 
E ~k<P B x + L. Y 't' n= l 0 n n pA n= 1 0 k n n 

(2.1.10) 

ex> il. 2 (l 
_ 2w !: <p Q A dx = 2w d cos wtJ~ <P k

dX 
n= l 0 k n n 0 

la 
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Because the various compar:i,.son functions are orthogonal 

to each other, the above expr essions can be simpl if ied by us ing 

the Kronecker delta: Le., 0kn which is defined to be equal to 

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

can be shown that: 

R. 
(i) r cp cp 

o k n 

" 

dx', ~ R. ê 
kn 

lt 
and dx = 6 R. ê • 

n kn 

R. 
Denoting r 0 ~-k ftx = h

k 
' Eq. ( 2.1.10) , hence 1 be cornes: 

., ." 

= 2w
2

d sin wt h
k 

Er co 4 
-{- -A l: l.tBk S Ok p n= n n 

2 . h = 2w d cos wt k 

Eq.(2 •. l.ll) can be further simplified as: 

.tAk + oÀ~",+ ~ Lt~! B~-w2) Ak + OBk + 2w.t:Bk + OBk 

= (2w
2

d sin wt) h
k 

.tEk + OBk + .t(~! S~-W2)Bk + OAk 

= (2u/d cos wt) h k 
.1 

(2.1.11) 

(2.1.12) 



t 

and 

Let/ting f (t) 
k 

El 4 2 K = (- ~ -w ) JI. 
k pA k 

f orm as: 

'17 

= (2w
2

d sin wt)h , 9 Ct) = (2w
2

d 'cos wt)h , 
k k k 

, Eq. (2 .. 1.12) can be written in a rnatrix 

I
f (t) 1 k (2.1.13) 
gk(t) 

By the reduced order method, i t can be shown (s ee 

Appendix C) that the natural frequencies of EQ.{2.1J13) are: 

(2.1.14) 

Therefore, if the ratatianal frequency w of f Ct) or 9 (t) 
k . k 

equals ta one of the natur al frequencies governed by 

Eq. (2.1.14), resol1ance will take place. In arder te knaw the 

exact rotational frequencies at which resonance takes place, a 

graph of ~ versus w should have been plotted. When the 

intersection ,};X)ints of the graph he tween the cur ves of 

Eq. (2.1.14) and ~ = w are projected on the w axis, they give 

the resonant ratational frequencies. Since the main cencern of 

this work is ta understand the actual turning process rather 

than free vibration of the beam, this graph is therefore of!., 

1 imi ted us e . 
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2.2 DETERMINATION OF THE CUTTING FORCES IN TURNING 

The purpose of this section is ta develop analytical 

e~pressions for the cutting forces which can be added to the 

previously developed equations of motion. Orthogonal rather 

than oblique cutting is ~ssumed in the analys'is because of its 

simple natur e in that the force components can be decornposed 

independently. Fig. 2.3 shows the three' force components in 

orthogonal cutting. 

Pl- MalO Cuttmg Force 

P2 - Feed Force 
w 

P3-lateral Force 

P - Resultant Force 

P 

FIG 2·3 FORCE COMPONENTS IN ORTHOGONAL TURNING 

-. 
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Merchant [22] has analyzed the cutting forces. He derived 

two equations to predict Pl and P
2 

based on his thln shear 

model. These expressions are rather complicated equations 

relating the tool rake angle, un-deformed chip thickness, shear 

stress angl~, and friction angle. Due to their complexity, they 

have very little practical value for our forced vibration 

analysis. rela tionsh ip the force, simple between A .... 

depth-of-cut, --and -feedra te is more de sirable. 

Koenigsbe.rger and Kaczmarek [23,241 both have showed that 

the feed force (P
2

) ls always the smallest among the three 

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

effec ts of P 
oZ 

are neglected in our forced vibration analysis. 

Through exper imen ta tion, they bath concluded tha t the radial 

force (P
3

) can be approximated ta be from 0.3 to 0.6, depending 

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

[23,24] • 

Koenigsberger further collected and plotted the empir ical 

results of the main cutting force (Pl)' depth-of-cut (a), and 

feedra te (s) for a variety of materials on a log-log graph , 
paper as sh'pwn in F i'9. 2.4 . Th is plo"ts the ma in cutt ing force 

(Pl) as a function of the product of depth-of-cut and feedra te 

(a. s). 
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FIG 2·4 EMPIRICAL RELATIOI\JSHIPS BETWEEN P, AND (a.s) FOR TURNING 

OF DIFFERENT MATERIALS FOUND BY F. K,oenigsberger 

For exam,ple, line VIII is the result for aluminum.8y 

taking two points on the 

(Pl=80,a.s=O.0006) the 

gr a ph, A l ( Pl = 3 00 , a • s = a . 00 3 5), and A 2 

relationship of the cutting force, 

feedrate, and depth-of-cut is found. The i ntermedi ate 

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

P = 20786*(a.s)O.75 
l Ibf (2.2.1) 

If one assumes P 3 = 0.6*P
1

, according to Koenigsberger 

and. Kaczrnar ek, P3 be cornes: 

O. 75 
P s = 12471*(a.s) Ib.f (2.2.2) 
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S ince the workpiece is eccentri6ally mounted, the 

depth-af-cut (a) oecomes a time-varying functian. In Appendix E 
\ 
" 

it is shawn that the dept h-of- cut has the form 
", 

a = d* (cos (wt)-l) +b+y where d is the amount of eccentrici ty, b 

is the desired depth-of-cut, and y is the workpiece lateral 

displacement due ta vibraton. Substituting the expression into 

Eqs.(2.2.1) and (2'.2.2), the ex~essions for the cutting forces 

in an eccentric turning operation of aluminum parts are: 

0.75 

P 
l 

= 20786*sO.75*(d(cos wt_l)+b+y)O.75 
, 

P 3' = l2471*so. 75* (d (cos wt-l) +b+y) 0.75 

lbf (2. 2.3) 

l bf ( 2. 2. 4)' 

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

above equations. This factor will compl icate the 

equations of motiqn ta the extent that they cannot be solved by 

any analytical way. The reason is that this factor destroys the 

unit y power of the variable y in different terms in· the 

equations of motion. As a result, another expression with the 

depth-of-cut raised to the power of unit y is preferable. 

Kaczmarek [24J reported the following empirical . 

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

O. 75 
P = 191*a*s 

l 
kg (2.2.5) 

(' ( • .. 10-

The units for the mai,n cutting force in Eq.(2.2.5) is kg 

whereas thase for depth-of-cut and feedrate are mm and mm/rev 

_________ t} _ 

( 
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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 èorresponding ta 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 alum~nt.nn workpiece can be expressed as: 
-.. 

0,75 0.75 
(ln) (0.347)a*s kg ,or Pl = 66.277*a*s kg. 'l'o cOQ,vert 

the unit of this equaton ~o Newtons (N), it i5 further 

~ultipl ied by the factor 9.81. 1'hus, 

O. 75 
Pl = 650.18*a*s N 

~gain -assuming P 3 == 0.6*Pl ' this yields: 

P 
3 

O. 75 = 390.11*a*s 

Su bs ti tuting the expression 
l' 

N 

tor deptb-of-cut 

(2.2.6) 

(2.2.7) 

fran 

.... Appeodix E, th~ final forms for Pl and P3 are: 

Pl = 650.18*(d(cos wt-l)+b+y)*sO.7.5 

P3 = 390.11*(d(cos wt-1)+b+y)*sO.75 

N 

N 

(2.2.8) 

(2.2.9) 

Note that in these equations the di splacement y occurs 

wi th a power of uni ty. 

, 
.'" 

/ 
. , f 

~--
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2.3 FORCED VIBRATION ANALYSIS 

Eq. (2.1.9) 1S the equation of motion for a free beam. Tc 

analyze the forced vibration, the external forcing terms are 

put on the right hand side of the equation. In turning, the 

e xt er nal forces act l ng 0 n the be am come f rom the too1. Tak i ng 

into consideration the directions of forces and sign of the 

coordinate system as deflned in Section 2.1.1, the equations of 

motion for forced vibration are: 

2 
- w z 2

. 2 + wy - 2w d Sln wt 

65018 0.75 = . S (d (cos wt-l) +b+v) 3 (x-x) 
pA ~ a 

El a4 2 2 ~ - w y - 2(,.; Z - 2w cl cos wt 
pA , 4 

oX 

390.11 S 0. 75 (ù( 1) ~( pA cos wt- +b+y) v X-xo) 

Re-arranging Eq. (2. 3.1) yie1ds: 

Cl
2

Z + 
Er a 4 z 2 

+ 2wy 2w
2

d wt 
Cl t

2 -4 - w z == Sln 
pA ax 

650.18 0.75 
) + S (d (cos wt-l) +b+y) <5 (x-x 

pA 0 

2 a4 
~+ Er 2 2w

2
d ::...1 - w y - 2wz == cos wt 

Cl t 2 pA 
(lx 

4 

390. 11 0.75 
+ pA 

S (d (cos wt-l) +b+y) -5 (x-x ) 
0 

(2.3.1.) 

(2.3.2) 
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Since the cutting force is a point force, in above 

equations, Eqs.(2.3.1) and (2.3.2), the forcing terms are 

multiplied by the Dirac delta function, 15 (x-xo )' which has the 
00 

property that J_oof(x) Ô (x-Xo ) = f(x o )' Furtherrnore, ta 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 weIl. 

Re-arranging the variable terms of the above equation, 

one obtains: 

2 w Z + 2wy _ (650.18 sO.7\yO(X_X ) 
pA 0 

= 2 w 2 d sin w t + 6 5 0 . 18 S ° . 7; (d ( cos w t -1) + b ) é (x -x ) 
pA 0 

(390.11 sO.75)yO(X_X ) 
pA 0 

2 390.11 0.75 
= 2w d cos wt + S (d(cos wt-l)+b)o (x-xc) 

pA 

(2.3.3) 

To solve Eq.(2.3.3), it is again assurned that the 

solutions can be expressed as infinite series of the forms 
00 00 

z (x , t) = L ~ (x)A (t) 
n=l n n 

and y(x,t) = L ~ (x)B (t), 
n=1 n n 

~ (x) 
n 

is an admissible function of a cl amr= d- fr ee be am. 
where 

Substituting the solutions and multiplying Eq.(2.3.3) by 

another comparison function, ~k' it becornes: 

, 
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t 
!lll~k~ A dx + EAI !llt~k~ (4)A dx - w

2 ilJ:l~k~ A dx 
n= n n P n= n n n= n n 000 

co fa t. 6 5 0 1 8 0 . 75 co li 
+ 2 W L ~ <p B dx - ( . ) SIl ~ k ~ B é (x - x ) dx 

. n= l a k n n pA n- 0 n n a 

11\ 2. ~50 18 0.75 1 = a 2w d s~n wt + p~ S [d(cos wt-l)+bJé (x-x o ) <pkdx 

(2.3.4) 

(Xl J:l .. El (Xl il (4) 2 ~ II 
[1 <Pk<P B dx + --A [1 <Pk<P B dx - w n~l <Pk <PnBn dx 

n= a n n p n= 0 n n . 0 

co lt. 39011 0.75 'f If. 
-, 2w [1 ~k4> A dx - ( A ) S n=l <P cp é (x-x ) dx 

n= 0 n n P a k n 0 

== f![2 W2 d cos wt + 390.11 sO.75[d(COS wt-l)+bJÔ(X-XO)]<Pkdx 
a p~ 

" 

" 2 0.75 
Let <fz> = 2w d sin wt+650.18*s (d (cos wt-l) +b)ô (x-x) o 

2d 0.75 â(x ) <Fy >= 2w cos wt+390.ll*s (d(cos wt-l)+b) -x 
o 

By integration, Eq. (2.3.4) becomes: 

l Ï
1

0k A + El S4 t ! <5 A - w2! Ï 1 ék A + 2wl !10k ~ 
n= n n pA n n=l kn n n= n n n= n n 

0.75 00 il ' i t 
- (650.18 S ) E <P <P é(x-x )B dx == <F > <P k

dx 
pA ,n= l 0 • k non z. 0 

(2.3.5) 
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Denoting 
650.18 0 75 

= *s • and , 390.11 0 75 
S ' = *s • 

pA 
Eq.(2.3.5) can be further simplified as: 

\ 

2 pA 

l r ° A + Er S4l r 0 A - w2 l r 5 A + 2wl Ï
1

0
k 

B 
n=1 kn·n pA n n=1 kn n n=1 kn n n= n n 

- Sl' rl~k(x )~ (x)B = <F > (tQkdX n= 0 nOn z Jo 

2 00. &. 
w l ~l0k B - 2wl Ll0k A n= n n n= n n 

- S2 rl~k(x)~ (x)B = <F > rt~kdX 
n= 0 nOn y Jo 

(2.3.6) 

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

motion describing the eccentric turning process. In the 

equation, the functions <P (Xo) and 
n . 

~k(Xo) depend on the 
o 

position of the taol. Hence, for further evaluation of the 

equation, one has to specify xo' the location of tapI, and the 

number of tenns ta be used in the inf ini te series. 
J 

For example, let Xo be 1, the total lengtj,Of the bearn, 

which corresponds to the start-up motion. It i's shawn in 

Appendix G that <P (x=R.) = 2* t-I)n+l • 
n 

Eq. (2. 3.6) can be written as: 

Therefore, for x=x = R. o ' 

1 
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W • El 4 00 2 00 00' 

i ~15k A + -- B l L10k A - w t L10k A + 2wl L10k B n= n n pA n n= n n n= n n n= n n 

~ n+k+2 (i 
- 4S1 n~l (-1) Bn = <Fz>JO ~kdx 

or;:'!j E l ~ 4 t 'f 1: B - w 2 v 'f ô. B - 2w t 'f é A 
~n~lokn n + pA ~n n=l u kn n ~n=l Kn n n=l kn n 

_ 4S 'f
1

(-1)n+k+2 B = <F > (l~ dx 
2 n= n y JO k Cl 

whi ch can be fur ther expanded ta a mat ri x f orm as follaws: 
! 

f . -. 

l [\OJ 1 >] +l (~~ 6~ ... 0 J {fl]_l (w
2 

w.~ 0J tf1] o 1 A 0 El S4 A 0 . 2 A 
n pA n n w n 

<1 

[
1
1.911".1] +..e.r~! 8~ ... 0 j {~11-l [w>Oj (~11 o 1 B 0 El 84 

B ° . 2 B n pA n n w n 

[11.0] ! ~ll [ 1 -1 '1 ... J {BI] 2wl O" . -4S 2 -1 1 -1 ... : = 
l' 1 l 1 . 
~ An -. • • B 

• . • . n 
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(2.3.7) 

(2.3.8) 
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Eq. (2. 3.8) can be assembled to become: 

!t):o 
O'· 1 . .lI 
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<F >f~ èx 
Y n 

The above equation has both homogeneous and particular 

solutions of the general form: [A] {ej}+[B] {q}+[C] {q} = {Q} 
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where 
Al <Fz>l<pldx 

{q} 
A~ 

{Q} 
<F >I<p dx 

= = z n 
BI <F y>l<Pldx 

. 
B <F >19 dx n y n 

Two terms of the infinite series (i.e., k=l,2 and n=l,2) 

are used to demonstrate how to evaluate the equation. The above 

~atrix equation becomes: 

"" 

Al l 000 ~l 0 0 2wf. 0 

o l 0 0 A
2 

0 0 " 0 2wl ~ + + o 0 l 0 B1 -2wl 0 0 0 Bl 
o 0 0 l 8

2 0 -2w[ 0 0 0 8
2 fil 

(~~-uJ2)l 0 - 4S 4S
1 Al <F >/~ d..", 

1 z l 

0 (EI 34
_w

2) l 45
1 

- 45 A
2 <Fz>/<P2d..,< 

pA l 1 
= (2.3.9) 

0 0 (EI 34 _ 2) [-4S 4S
2 

B
1 <F >19 d,< pA' l W 2 y 1 

0 0 4S
2 

El _4 2 
(PA j 2-'u ) (-4S2 

B
2 <F >f~ ct-

Y 2'" 

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 the 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 is selected, the 

eigenvalues will become a function of the angular velocity and 

feedrate. Appendix H shows the change of eigenvalues with 

respect ta three different angular veloci ties and four 

differeot feedrates. 

A computer program is employed in the computation. 

Specifically, the IMSL subroutine, EIGZF, is used ta save 

programming effort. In the program, the length and ~iameter of 

the workpiece are set ta be a" and 3" respectively, which are 

equal to the ph ys ical dimensions of the expe riment al spe ci men. 

AlI propetties of alt..mlinum are obtained fran the reference by 

Shigley [25]. Fran the appendix, the results are further 

collected in the following table for reference. 
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SPINDLE SPEED (RPM) FEED~ TE ( IP R) ElGENVALUES 

69 0.000 ± O. 247*10- 8± 0.830*104 i 
± 0.272 *1 0-6± 0.52 0*1 05 i 

0.005 ± 0 . 373 * 1 0 -Lt ± 0 . 83 0*1 04 i 
± 0 • 111*10- Lt ± 0.520*105 i 

0.015 ± -0 • 883 * 1 0 -ij ± 0,. 83 0*1 04 i 
± 0.146*1 0-3± 0.520*105 i 

0.030 ± 0 • 143 * 1 0 - 3 ± 0 . 83 0 * 1 04 i 
± O. 212*10-4± 0.520*105 i 

180 0.000 ± 0 • 329 * 10 -8 ± 0 • 832 * 104 i 
±O. 339*10-6 ± 0.520*105 i 

~ 

0.005 :t0. 373*10-4± 0.832*104 i 
±O. 911*10-4 ± 0.520*105 i 

O. 015 ± 0.849 *1 o-Lt ± 0" 832*1 Olt i 
± 0 • 3{) 9 * 1 0 -3 ± 0 • 52 0 * 1 05 i 

0.030 ± 0 • 14 3 * 1 0 - 3 ± 0 • 8 3 2 * 1 04 i 
± 0 • 4 91 * 1 0 - 3 ± 0 • 52 a * 1 05 i 

1800 0.000 ± 0 . 311 * 10 -8 ± 0 . 848 * 104 i 
±O.289*10-6±0.522*105 i 

( 0.005 ± a . 373 * 1 0 -4 ± 0 • 84 8 * 1 Olt i 
±O.117*10-4±0.522*105 i 

" O. 015 ± 0 • 84 9 * 1 0 -4 ± 0 • 84 8 * 104 i 
±O .149*10-4 ±O. 522*105 i 

0 

O. 030 ±D. 143 *1 0-3 ±D. 848 *1 ()L+ i 
±0.164*10-4 ±0.522 *105 i 

, 

( 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., Eq. (2.1.9)) has a form resernbling to that 

deve10ped by Bhat and Sankar [8]. This similarity suggests that 

the derivation of the equations of motion for the eccentric 

turning is correct. 

However, the dlfference between them is two-fold. In this 

wor~, both the lateral and vertical motions of the workpiece 

are considered. This is why Eq. (2.1.9) actually consists of two 

equations describing the motions in the horizontal and vertical 

directions respectively. In Bhat and Sankar' s work, only the 

vertical deflection is considered. On the other hand, there are 

coup1ing terms with opposite signs in Eq. (2.1.9). These 

coup1ing terms come fram the eccentricity imposed on the 

pr ob1em. 

Attention is next drawn to the Dirac delta function, 

ô (x-xo), in Eq. (2.3.1). Although the equation is claimed to be 

the equation of ~otion for eccentric turning, it is only an 

approximation- of the problem since the delta function is a 

stationary function valid only for the tool at one particular 

locati6~. In reality, a constant velucity function, such as 
" . 

Ô (x-st), where s represents the feedrate, should be used. 

However, such a function will complicate the equation of motion 

to the extent that further analytical analysis of the equation 
) 

will be extremely difficult. To compensate for such deficiency, 

" 
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the delta function without a constant velocity is used in the 

analysis, which seems reasonable as long as the feedrate is 

confined to a low value. 

Another approximation in Eq. (2.3.1) is the moment of 

inertia, l, which is 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 is 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 fram 

Appendix H and Tabele 2.1 is that for each specifie feedrate, 

the eight corresponding eigenvalues are actually two complex 

conjugates pairs. The complex conjugate pairs have almost the 
Q 

same corresponding imaginary values for aIl feedrates. 

Obviously, the différence cornes fram the changes in feedrate. 

In spite of the significant change of feedrate, the difference 

is small for the imaginary values. Therefore, the analysis 

shows that the feedrate has little effect on the natural 

frequencies of an eccentric turning process. However, the real 

parts of the eigenvalues are larger for a higher feedrate. 

This implies that a higher degree of instability is obtained 

for a high~r feedrate, which is physically true. If the 

feedrate is zero, which corresponds to a non-cutting situation, 
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the real ~?t~ of the eigenvalue is so small (in the order of 
-8 

10 ) 'that i t i s bel ieved to come f rom the round-of f er ror in 

the computation. 

The second observation with respect to the appendix is 

the exi,stence of bath the imaginary and the real parts for aIl 

the eigenvalues. Since the solution is assumed to be in the 
Àt 

form of e , a positive real part of the eigenvalue implies 

that the system solution will build up to a large amplitude. 

Hence, fram a mathematical point of view, the analysis shows 

the eccentric turning is an unstable process. 

The final observation of the appendix reveals that ali 

the real parts of the eigenvalues are relatively much smaller 

than their - corresponding imaginary parts. Actually, the real 
8 

parts are usually 10 times smaller th~n the imaginary parts. 

Thus·the degree of instability is _actually very small and as 

noted frem above, it may be due only to computational round-off 

er ror. 

~t is important to note that the analysis has neglected 

'" the inherent structural damping. Should it have been taken into 

consideration, a solution of the form e(ÀR+Àr-c)t , where À
R 

' 

and c is the, À 
l 

are the real and imaginary parts of À 

structural damping factor, would have been assumed. Since the 

5 tructur al damping i s neglected, i t seems safe t~ assume that 
1 

the actual pr ocess will be s table for low feedt ates. 

Table 2.1 indicates that the natural frequency changes 
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noticeably wi th the change of angular velocity. Hencè, the 

analysis shows that the RPM'has a greater effect on the natural 

frequency of the sys tem than the feedr ate. 

To sum up the above di scussion, it is concluded that for , 
a low feedrate, the exper'imental eccentr1c turning oPeration is 

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 obtainej are still quite crude due to the numerous 

assumptions and approximations that have been made to obtain a 

manageable model. AIso, only a small number of feedrates and 

angular veloci ty have been' used in the' calculations and 

therefore the results of this analysis should be useç with 

caution. 

. ' 

1 
'~ 

1 
t 

l 
1 
t 
~ 
1 
1 
1 
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CHAPTER 3 

THE EXPERIMENTAL MICRO-COMPUTER ADAPTIVE CONTROL SYSTEM 

ThlS chapter is divided into three main sections. The 

first sectlon descrlbes the basic structure of a micro-computer 
1 

adaptive c'?ntrol (AC) system while the last two outline the 

hardware and software of the experimental set-up employed in 
• 

this project. 

3,'1 BASIC STRUcrURE OF A MICRO-COMPUTER ADAPTIVE ,CONTROL 

(AC) SYSTEM 

The basic function of an AC syst-em is to maintain a ---
pr escr i bed rel ati onshi p be tween the output and the r ef er ence 

input by comparing them and using their difference as a means 
v 

of control. When an AC unit is used in a machining process, its 

main purpose is ta maintain the cutting conditions within 

certain desired limits in o~der to satisfy sane criteria such 
, 

as safety, reductlon of time or cost, tool life and etc. 

S ince rnicr o-comput er technology has developed very 

r api dl yin r ecent ye ar s, rnicr o-computer s ar e a logi cal tool ta 

Ô use to cons truct an AC sys tem. When a micro-computer adaptive 

control is ret rof i tted ta an NC machi ne taol, the resul ting 

( sj!s tem can be separated into two basic parts, as shown in 

" 

, , 
" . 
j 
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Fig. 3.1 . One part consists of the Ne servo and the physical 

i 
process. The other part is the micro-computer control unit. 

MICRO - COMPUTER AC UNIT PHYSICAL OPERATION 

+ RPM (CUTTING SPEEO) 

NOMINAL~~ 
VALUES L-V 

MICRO COMPUTER 1 r-.. 
-CONTROL r----+-l~~) 

ALGORITHM 1 V 
L-______________ ~ 

CONTROL 

PANEL 

OF 

MACHINING 

CENTRE 

FEEDRATE (1 PR ) 

DEPTH OF 
-CUT 

." 

MACHINING 

CENTRE-CUTTING 

PROCESS 

1 CUTTING 
FORCE 

.,,. 

~--------------------------~I~--~ MEASURED 
~-----------------------------1t----~ VALUES ~C-UT-T-I-N-G--T-O~RaUE 

1 CUTTING POWER 

FIG 3·1 GENERAL FEATURES OF A DIGITAL ADAPTIVE SYSTEM 

The basic function of the micro-computer uni t is to 

monitor 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. !ts basic components consists of an amplifier, an 

~,. 
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analog- to-digi tal (A/D) converter, a micr o-pr ocessor, and a 

digi tal- to-ana1og (DIA) converter . 

3.2 THE HARDWARE STRUcrURE OF THE EXPERIMENTAL AC SYSTEM 

This section describes the features and functions of each 

hardware"comp:>nent in the experimenta1 AC system. The existing 

AC sys tem was design ed and bui l t by Leung [26]. 

3.2.1 The NC Lathe Employed in the Project 

The Ne machine employed in this project is a LeBlond Tape 

Turn Regal Lathe with General Electric (GE) 550L control unit. 

rt is capable of contour turning of parts. It has a 19" swing 

over the bed and carriage wings and 12" swing over the cross 

sI ide. 

The NC lathe i s equ i pped wi th a la horsepower motor and 

has twe1ve spindle speed selections fran 45 to 1800 RPM. The 

spindle speed must be set manually but can be indicated by 

tape. When spindle s,peed is being changed, there is a short 

period of idle time when the gears are switched fran one to 

another. Its f eedr at e ranges f rom O. 1 to 100 IP Rand typica1 
~. 

accuracy is ± 0.001" on diarneter and ± 0.002" on 1ength. 

The progr am can be entered through one inch wide, eight 

channel punched tape, 
1. 

or by di rect pragr arnming through the 

control panel. The tape reader accepts bath ElA and Ascr l 

tapes. Manual control through power differential resolvers is 
/ 
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also available. 

The cont roI pa nel has be en modl f ied sl igh tl y by the 

additlon of a sImple switch ta allow the feedrate override 

function to be controlled either by the standard p::>tentiometer 

or by means of an external voltage source. The permissible 

external voltage range is O. a ta + 5. a volts corresponding 

Ilnearly to an actual feedrate ln the range o to 100 % of the 

pr og r ammed f eedr at e . Currently thlS is the only feature 

f!<?vided by the NC control ta change the cutting conditions 

during normal real-time operatlon. Flg. 3.2 is a view of the 

lathe without the AC unit. 

FIG 3'2 A PICTURE OF THE LEBLOND LATHE 
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3.2.2 The General Features and Functions of, the Canponents of 

the Micro-computer AC System 

In thls project, direct measurement of the main cutting 

force is used as the process-determining value. The cutting 

force rather 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 i5 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 

l~the • 

A schematic diagram of the experiqtental set-up is shown 

in Fig. 3.3 . Observation of the f igur e shows tha t i t has a 

similar structure to that shown in Fig. 3.1 . 

MICRO COMPUTER 

ADAPTIVE CONTROL UNIT 
& ' 

CONTt-lOL ALGORITHM 

DESIRED CUTT ,NG FORCE 

NOMINAL VALUE 

H H 
000 0 
0000 

MOTOROLA 

6800 

MICRO­

COMPUTER 
• TELETYPE 

· • CONTROL 
ALGORITHM 

D/AC 

FEEDRATE 
OVERIDE 

SWITCH 

GE 
1--.... -I S50L 

1 
FEEDRATE 

AD 
521 

AIDC AMPLIFIER 

PYSICAL PROCESS 

WORKPIECE 

FIG 3'3 SCHEMATIC DIAGRAM OF TWE EXPERIMENTAL SET UP -
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Fig. 3.4 is a picture of the actual hardware used. In 

this picture, the oscilloscope is used to record the transient 

behaviour of the cutting force and the computer controlled 

feedra te overr ide sig nal. 

FIG 3·4 A PICTURE OF THE ENTIRE EXPERIMENTAL SET UP 

The experimental micro-computer AC unit consists of six 

c0ipponents; namely, the dynarnometer, the amplifier, the AID 

converter, the micro-computer, the DIA converter, and the 

teletype. The function of the dynamometer is to convert a force 

signal to a voltage. The voltage output is linea\ly 

proportional to the force. The employed dynamome ter uses 

multiple stra in gauges and is capable of measur ing three 
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orthogonal forces independen tly a t the same time. It is 

mounted on the tool holder of the NC la the. l t i5 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 is 

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 

experimen t, the configura tion of the ampli fier is se t to be a 

gain of 1000. For high accuracy, the amplifie r has gain and 
~ 

offset tr ims to adju st 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. l t can be op.e-rated by ei th er 16-channels 

s ingle-ended or 8-channels true diffe ren tia 1. For this 

experiment, the differential input configuration is selected to 

give a better noiie irnrnunity. The analog voltage range i5 +10 

volts and the digital output is 12 bits. The MN7002 data 

acquis it ion system is very flex ible. It can be operâ ted from 

the internaI IMHz clock, or a user supplied clock signal. In 

the se""t-up, an external clock triggering device is used. 

The computing and dec is ion mak ing dev ic e in the 

experimental AC system is a MOTOROLLA 6800 micro-computer. It 

is an 8-bits processor supported by a crystal clock ose illa tor, 

1 
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data bus buffer, read only memory (ROM), and random access 

memory (RAM). It is equipped with peripheral address Iines and 

a bi-directional 8-bits data bus through which the computer 

communi ca tes wi th the out s ide. The memory of the comput er can 

also be increÇised by inserting additional memory boards. On the 

memory board MPA2 two TM25l6JDL ultraviolet light erasable 

programmable read only memories (EPROM) chips are added to 

store the floating point arithmetic package developed by 

Zsanbor-Murray [27] (McGill University) . 

The conversion of the digi tal signal fran the computer to 

an analog signal is carried out by a DIA C 85 series IC chip 

from MICRO NETWJRKS CORPORATION. It is this signal which is 

applied to the NC lathe to adjust the controlled pa.-rameter; 

Le., feedrate, in the AC system. The chip is a I2-bits DIA 

conver t er and pr ovi des di f fer en t out put ranges by connect i ng 

the pins in different configurations. The selected output range 

is -5.0 to +5.0 volts in this experiment. The converter 

guar antees ±1/2 LSB (least significant bi t) l inear i ty on the 
/ 

full operating tanperatl1re. External offset and gain adjustment 

are provided as weIl to adjust for fOsitive full scaie voltage. 

The micr o-compu t er pr ogr am or any command ta the computer 

is input through a teletype. The teletype is actually a seriaI 

pe r ipher al devi ce and the comput er i s a par allel one. The data 

to be transmi tted between them is carried out by an 

asynchronous communications interface adapter (ACIA) which is a 

f, 
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~ . .., 
ser ial ta paral}.~l converter. 

Fur ther detail funct i ons and ci rcu.i try of each de vi ce ar e 

described by Leung [26~. 

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

system with the covers removed fran the various components. 

FIG 3·5 A PIC TURE OF THE HARDWARE COMPONENTS 

3. 3 THE SOFTWARE STRUcrURE 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 

employed in this project. It consists of four sub-sections. The 

first one points out the distinctive features in the program 

and the second one descr ibes. in detail the function of 
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"pe ak-value memory". The third one illus trates the way of 

manipulating data iD order to accomplish the proportional (P) 

and integral (1) actions. In the last section, the flow-chart 

of the rnicro-computer program is presented. 

3.3. l Gener al Featur es of the Control Algor i thm 

The control algor i thm i s wri tten in Assembler language. . 
However, the mathematical computation is carried out by rneans 

of the floating point package developed by zsoml:xH-Murray [27]. 

The use of floating point operations permits one to change the 

values of the control algoritrun parameters freely without 

worrying about the manipulation pf the bits inside 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 prograrn is designed ta allow the user bath ta select 

the mode of control and ta specify the parameter values with 

ease. It is set up in such a way that the computer will request 

and obtain information sequentially through the teletype. For 

debugging ~nd testing purposes, the measured cutting force 

input value can be pr inted optionally. However, because the 

tel etype i s very slow (i.e '., 110 band), thi s f eatur e cannot be 
O{' 

used in real-time operation. 

c> 
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3.3.2 Functions and Features of the Peak-Value Mernory 

As stated in the introduction, one of the underlying 

assumptions behind this research was that adaptive control 

sys tem s ar e parti cul arl y us ef ul 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 is: if 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 is turning relatively slowly) the 

adaptive control action rnight increase the feedrate 

substantially during that portion of the spindle rotation 

pe r iod when the depth-of- cut (and ther ef or e the cut ti ng f or ce) 

is srnall; consequently during the next portion when the 

depth-of-cut is larger, the tooi rnay have moved far enough such 

that the actuai chip thickness may also be large result,ing in a 

very large cutting fo~ce. Furthermore, even 'when the spindle is 
./ 

tur ni ng r api dl y sot ha t t he a da pt i ve f ee dr a te changes do not 
i" 

have enough time to occur substantially during a fraction of a 

spindle revolution, it is likely that the feedrate wouid be 

deterrnined essentially by the average cutting force, and that 

the peak cutting force couid be tQXD large. 
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To cope with this problem, a feature termed "peak-value 

memory" (PVM) has been designed. The aim of the PVM is to make 

the cont rol act ion he bas ed on the pe ak val ue of the cut ti ng 

force measured during a revolution periode 

Conceptually, the most straightforward and accur ate way 

of implementing such a feature in the control algorithm 

(assuming that the algorithm kn ew how many meas ur emen ts 

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 i t was fel t i t would be too t i me- co ns um Lng 

c om pu t a t ion ail y . 

The method implemented i s an appr oxirnaton to , the above 

exact method and is essentially a non-linear low~pass fil ter 
, 

which' responds instantaneously to an increasing signal but very 

slowly to a decreasing signal. The low-pass filtering action to 

a decreasing signal ~s achieved by decaying the eur r en t val ue 
1 

by sone factor (F) sanewhat less than one. The aim is to have 

the response to a negative s tep decay JI:?~ a 

during one spindle revolution. 

./ 

f act or of abc ut O. 8 

The flow-chart of the PVM feature is shown in the 

following figure in which C(t) represents a continuous signal 

whieh, after sampled, becomes C(n). C~. in this figure 

represents the logieal output fram the function of PVM. 
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C(t)--

.. * 
L....-~ .... _--I Cn =F x Cn-l t--.... - ........ 

FIG 3 6 SCHEMATIC DIAGRAM OF THE PEAK VALUE MEMORY 

o 

Therefore, thé overall eEfect of the PVM action i' to 

modify the apparent rate at which the cutting force decreases 

when the actual measur ed force decreases rapidly. 

Consequently, in eccentri c cut ting when the act uai cu~ting 

exactly to' the peak value of the periodic cutting force, but 

generates an appar-ent cutting force which is an approximate 

exponentiaLdecayof the peak value between peaks. Tl)e ultimate 

effect in turning'an eccentric workpiece will be to prevent the 

fe~drate fran increasing rapidly in response to a rapid'ly 

decreasing cutting force. 

SchematicalIy, for a pur e s inusoi dal signal, the PVM wi Il 

generate a modified signal with less difference between the 

extreme values as shown in Fig. 3.7 . 
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, 

It is obvious that the amount of difference between tpe 

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

decay. Since the micro-computer AC sys tem 'digi tizes 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 sar/PIe, FI, 

becomes a function of the rate of decay pe.r revolution, F, 

sampI iAg period, T 
c 

Their relationship is: 

l/(T /T ) 
FI = F r c 

, . 
and spindle revolution period, T 

r 

. , 

\ 
\ 

(3.3.1) 

. 
In order to be ,programmed in Assembler", language, 

,Eq. (3.3.1) has to be modi f ied t 0 an expression wi th simple 

, . 
. ~ 

. , ' 

, 
t 

\ 
( 

1 
" 

J , 

__ 1 
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mathematical ope r ati ons. The f irst two terms of the 

corresp:Jnding series expansion is used to approximate the 

equation. The approximation is: 

F' = l-(l-F)/T /T 
r c 

( 3 • 3. 2) 

Since the tirne for one revolution is equal to 60/RPM, 

Eq.(3.3.2) can be written aS r . ,. 
' ...... 

P' = 1-(1-P)/(60/RPM)/T 
c 

(3.3.3) 

Eq.(3.3.3) i s the rel ationshi p used in the micro-

corn pu ter pr ogr am (see Appendix I) to pr ovide to the computer 

the periodic decaying instruction. 

3.3.3 Modelling of the Prçportional (P) and Integral (I) 

Act ion 

Though the cornparison and~niPulation of the data are 

accomplished by the PVM in the prograrn, the actual controlling 

action is irnplemented by a pr oportional-pl us- integr al (P I) 

con troll e r . To unders tand and interpr et the resultant output 

s ign al s, one has to model the P and l action in the cont rol 

algorithm. The model is in the following mathematical form: 

Vout ::: Vnom + Kint JERROR + !<pro":E:FR~~ (3.3.4) 
----------- - -
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\. 

where Vout = output voltage of mic ro-compute r 

Vnom = nominal voltage of mic ro-compute r 

Kint = integral gain 

Kpro = proportional gain 

Depending on whether or not PVM is 

above equation has two different !orms. 

used, ERROR in the 

l t 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 perforrned in a continuous 

mode. Hence, it 'is carr ied out as a surnrnation of the error 

signal. Therefore, the actual PI control action lS: 

Vout = Vnom + Kint*INT + ~pro*ERROR (3.3.5) 

where INT = 2 of the error signaIs. 

In the prograrn, the integral action is further modified. 

If Vout exceeds 5.0 volts or is less than 0.0: volt, inqtead of· 

further accumulation to the errors, the integral action is 

suspE!slded and the old INT value is used until 0 .O<Vout<5.0 . 

This feature is corrnnonly imp1ernented in ana10g PI controllers 

and is used to prevent the occurrence of reset windup. 

" 
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3.3.4 Flow-Chart of the Control A1gorithrn 

A complete flow-chart of the micro-computer control 

algorithm is presented in Fig. 3.8 ta illustrate sane of the 

points described in pre.vious sections, and to help 

u nde r s tandi ng the lis ti ngs of the mi cr 0- ,?om pu ter pr ogr am. The 

listings of the M-6800 Assembler language program is collected 

in Appendi xl. 
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Start 

Input Parameters 

KINT KpRO 

VNOM FNOM 

Input 1)lnlt lai PV 
2) Decaytng Factor 

3)RPM 

Calculatlon qf the 

Eftect Ive Decaylng 

Factor F' 

Input prmtlng 

Interval 
(1-127 sec) 

1'\10 

NO 

NO 

Set Interrupt Tlmer 
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Actual Data Input 
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NO 
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YES 

Clear Integral Flag 
& Retnve Old 
INT value 

YES NO 

NO 

INT-INT +-Error 
Clear Integral Flag 

8< Retnve Old \. 
'NT value 

Evaluate Integral te,rm 

K'NT x INT 

Add Nominal Voltage. 

VNOM+K,NT xlNT 

Evaluate Proportional 
Terrn KpROxError 

Evaluate the Total Output voltage: 

vOUT • VNOM+K'NT.'NT+KPRO· Error 

COnvert VOUT To 
Decimai FOrm 

Prmt Output voltage 
'VOUT ' 

NO 
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NO 

INT = 'NT + Error 
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output 0 vol t 

TO DIA C 

Clear Integral Flag 

NO 

YES 

Output 5 Volt 
To DIA C 

program Termlnated 
Sy Resett Ing the Computer 

( 
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NO 

Set DIA C to Output 

As Control SIgnaI 

FIG 3'8 FLOW CHART OF THE CONTROl ALGORITHM , 
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CHAPTER 4 

MATHEMATICAL MJDELLING OF THE EXPERIMENTAL AC SYSTEM 

In this chapter, a mathematica1 mode1 is derived for the 

experimenta1 c10sed-1oop system desc~i1Jed in previous chapter. 

Thi s mathematica1 model is used to analyze and pr edict both the 
.\ 

dy.n am ic be ha vi or and .the s tabi li ty 1 imi ts of the AC sys tem . 

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 detai1 tbe derivation of the closed-Ioop 

system model. In Sectin 4.2 the stability of the closed-Ioop 
o 

system is ana1yzed. Fina11y, the chapter ls conc1uded with a 

brief discussion and comment on both the 'mode11 ing and 

stability analysis. 

4.1 MODELL1NG OF THE CLOSED-LOOP AC SYSTEM 

Since a micro-computer AC system can be divided into two 

main parts, the mode11ing of the over,all c1osed-1oop system can 

be accomplished by separate modelling of these two parts and 

then combining them together. Hence, thi s section has two 

sub-sections. The first one is the mode1ling of the Ne 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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Function (TF) of the Ne servo and the Turning process 

A1though a conventional Ne machine tool usually has 

c~sed-1oop position servos, the operation is open-loop in the 

sense that the cutting path and feedrate are pre-programmed and 

will be exec uted reg ard le ss of wha t cutt ing act ion is tak ing 

plac e. 
;.w. 
The aim in this section is to rev iew the 'transfe r 

function relating commanded feedrate (at the Ne control unit 

feedra te over.~ ide) tq the ma in cu tt ing force genera ted a t the 

cu-tting tooi. Physically the situation considered is that of 

turning a cylinder with a constant depth-of-cut while varying 

the feedra te overr ide command. The dynamics of the mach ine tool 

compliance is assumed to be negligible. Schematically, the 

prob1em is shown in Fig. 4.1 • 

COMMANDED 
FEEDRATE 

INPUT 

Ne SERVQ & 

TURNING PROCESS CUTTING FORCE 

OUTPUT 

FIG 4·1 SCHEMATIC DIAGRAM OF THE ()PEN LOOP TF OF TURNING 

Modelling of the turning operation i5 based on an 

elementary understanding of the physical process. Physically 

one' can easily visualize that the commanded feedrate, through 

the Ne servo i8 firstly converted to an actual tool velocity 
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and posi tion as a function of time, which in turn determines 

th~ chip thickn~ss _ Murtiplfcation of the chip thi ckn ess and 

the depth- of- cut gives rise to the cut ti ng force on the 

assumption that the cutting force is proportional to the ch,ip 

cross-sectional area_ Hence, the process can be broken down 

into four steps as shown in Fig. 4.2 • 

INPUT 

DEPTH 

-OF­

CUT 

! OUTPUT 

TOOl TOOl CHIP MAIN 
COMMANDED ~VEl<ilCITY ~ P~~THICKNESS~ CUTTING 

FEEDRATE ---.~~ -4 ~~ ~~ .. ~ FORCt 

NC SERVO INTEGRATOR CHIP-FORMATION FORCE-GENERATION 

FIG 4-2 SCHEMATIC BLOCK DIAGRAM OF THE TURNING OPERAliON 

The mathematical ~xpression for the transfer functions of 

each separate block in Fig. 4.2 will now be discussed. 

Leung [261 showed that, to a good accuracy, the NC servo 

can be approximated as a second-order systE!Il. Leung did actual 

experimental tests on the NC servo !Cous ing 
<'(~ 

a frequency analyzer 

and obt ai ned the 

G = ---Kg-------, 
". N (l+T1s) (l+T 2 s) 

the time constants 

following fOrm" for 
\} 

"" 
the 

where K is the servo gain, and 
9 

oÉ the machi ne. 

Ne servo: 

Tl' T2 ar e 

Integration of taol velocity yields the tool position. 

Hence, Gr is an integrator with a transfer function of 1/5. 
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The un-~eformed chip thickness for orthogonal cutting is 

determined by the difference in tool positions during one 

workpiece revolution. Therefore, G 
C 

consists of a unit y term 

minus a t1me delay function with a time delay equal to one 
T 

workpiece revolution (T
r
); Gc = l-e r 

Multiplication of the instantaneous chip thickness by the 

depth-of-cut yields the un-deformed chip cross-sectional area. 

As mentioned in Chapter 2, the exact expression relating the 

cutting force to the chip cross-sectional area is quite 

complicated. For simplicity, it is assumed that the cutting 

force is l inearl y rel ated to the un- def ormed chip 

cross-sectional area by a factor known as the specifie cutting 

energy of the workpiece material 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 yields 

Fig. 4.3. Not e that the dept h- of- eut, a, in gener al will vary 

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

INPUT 

TOOl --;' TOOL 

FEEDRATE --+- Kg 
VELOCITV 1 POSITION 

(1'T,S)(1.T2 S ) 5 

-
NC SERVO INTEGRATOR 

CHIP , 

a OUTPUT 

! 
THICKNESS FORCE rUTT

'

NG 

-STr 
1-e 

CHIP 

FORMATION 

Kd 

FORCE 

GENERATION 

FIG 4·3 OPEN LOOP TF OF THE Ne TURNING PROCESS 

Il 
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4.1. 2 Determination and Evaluation of the Closed-Loop Transfer 

Function (TF) of the Micro-Canputer AC System' 

Once the system"is augm~nted 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-~ime 

measurements of the cutting force. The aim of this section is 

to develop expressions for th~ adaptive control sy~ tem 

components and then to combine these wi th the pr evious model to 

get the overall closed-loop model. 

Since the computer digitizes the input force, does sorne 

calculations, and gives a step-wise constant output signal, 

t her e exi sts a time deI ay and a zer 0- or der hald (ZOH) f unct ion. 

The time lag cornes fram the computation time, T , be tween the 
c 

input and output by the computer. The ZOH is the mathematical 

expression for holding the generated output constant for a 

sarnpling period (T) of time. Their corresponding expressions 
c 

-sT l-e-sTc 0 
are e c and . Moreover, the computer calculates the 

output 
s 

according to a control algor i thm, G . It is the 
M 

flexibility available by using different contr,ol algorithrns 

that makes the sof tWé!re sys tem advantageous. 

The t r ansfer funct i on of the dyn amOIlle,ter and ampl if ier 
o 

lurnped together wer e modelled as a f irs t-orde~ time sys tem 

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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g ain with a value of K . 
1 f 

Hence the transfer fun~tion of the adaptive unit is as 

shown in Fig. 4.4. 

INPUT OUTPUT 
, 
," 

I--_"~ VELOe,TY 
SIGNAL 

FORCE COMPUTATION CONTROL ZOH 
TRANSDUCEA DELAY ALGORITHM 

FIG 4-4 OPEN LOap TF OF THE MICRO COMPUTER ADAPTIVE UNIT 

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

exper,imental' A.c sys tem 4. s as shown in Fig. 4.5 . 

MICRO COMpUTER AOAPTIVE .UNIT CUTTING PROCESS 

VElOCITY 

Il Ne SERVO 1 
, ALGORITHM FORMATION GENERATION ____ , __ ~L __ --' . ____ ' _~ 

FORCE TRANSDUCER 

FIG 4'5 CLOSED Laar TF OF THE MICRO-COMPUTER AC SYSTEM 

(--

) 

, 
, 
,~ 
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.f 

, 
1 t should be noted that once the sys tem i s set up f or a 

r 
1?articular,Gutting condition ~(i.e., fixing the RPM and IPR) aIl 

the oonstants in the transfer functions are fixéyccordingl Y; 

except for the depth-of-cut. The reason is that::, althou~ it 

cal} be set to a desired véilue, the actual depth-of-cut depends 

on some other uncontrollable variables such as the degree of 

roundness of wotkpiece and the displacèment of workpiece due to 

dynamic vibration: Hence, one of the prime obje<:=tives of the AC 

system is to compensate for the effects of varying, depbh-of-cut 

by controlling the icommanded feedrate override signal by , , , 

selection of a sui table control algorithm, G • 
M 

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 the systafl is stable. 0 
~ . 

There are numerous ways to predict the stability. Choice ~f the 
. 

methods . depends on the natur e and complexi ty of each i ndi vi dual 

problem. Complexity of a ~ystem ':"risés in many ways. Two c~o~ 
~nes'are non-linear~ties and ~ime~varying iunctions suc~ as the' 

peak-value" m~mory and ·va'riable.depth-of-cut in the adaptive 

sys tem under cons ider atidn. 
• u " ' 

The closed-Ioop model derived in previous section wi,ll be 

used in the following stability qnalys,is.· Nyquist plot and 

computer simulation are selected for 
.,. 

.. demonstration. The Nyquist plot is used t.O analyze that part of 

.' 
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experlment wi th non-eccentric cutting condi tion 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 algorithme 

In all of the stability ana1ysis; aIl of the phyJical 
T 

unlts and converSion factors have been evaluated and collected 

in Appendix J. 

4.2.1 Stability Analysis on the Non-Eccentric Turning with a 

PI Co nt roller 

Be,cause the system is micro-computer based, it is a 

discrete-time' sampling system. Strictly s..peaking, the analysis 

should be carried out in discrete-time dOJtt~in by performing the 
,> 

Z-transform on the transfer functions. The characterYstiOrf-

equation found fran these transfer functions will 'end up Wl!-h a 

rather high order polynomial expression. The exact degree of 
\ 

the polynomial depends on the ratio of the computer. sampling 

time and the workpiece rotation period. Leung~ [26] did an 

actual stabilityanalysis of the clos ed- loop s ys tem as. in 

Fig. 4.5 in the di scr ete- time domai n. One of his final 

conclusions is that the system can adequately be modelled as a 

continuous one. Based on his conclusion, tlie adaptive system as 

in Fig. 4.5 is regarded as a 'continuous system and the 

stability analysis on the non-ecentric cutting is carried out 

by the NYqlolist plot. The following analysis focuses on the case 
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1 

where PI controller actlon is used. Also, the ZOH transfer 

function is removed from the closed-loop syste.m in the a~alYSi.s 
because the ZOH is rnean~ngful only for a discrete-time sfstem. 

Hence, the closed-j..oop system becomes: 

By 

further' 

Appetldi x 

FIG 4'7 

Kg 

(1 +T,slÎ1+TzS) 

DELAY Ne SERVO INTEGRATOR CHIP FORCE CONTROL 

ALGORITHM FORMATION GENERATIO 

FORCE TRANSDUCER 

FIG 4 6 THE CLOSED LOap TF OF THE AC SYSTEM IN 

CONTINUOUS MODE 

substituting th~ values of cons tants and ga 

appr oxi mating Kg 
to be K 

(l+T1 5) (l+T
2 

s)' 9 
J) , Fig. 4.6 be cornes: 

1 

ës10<J). (~+ ~) " 1 000345). (-t). ( 1.~·sIO-.7J t n800 • à) 

1 ' 7-

~ 

ns 

ef er 

L-..-------~11.0 T 
THE APPROXIMATED Clas~~ lOOP TF OF' /mE' AC SYSTEM 

1 
WITH CORRESPONDING VAWES OF CONSTArNTS & GAINS 

and 

to 

F 

1 
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In the .. above figure, aIl of the parameters' are fixed by 

the equipment and workplece ma teri al except for the 

depth-of-cut and the proportional and integral controller 

gains; l.e., Kpro and Kint. Therefore, in effect, the stabllity 

of the system for a given depth-of-cut is governed by the 

controller gains. The following analysis is concerned with 

determining the lim[Üng values of Kpro and Klnt f~Jr the system 

to be stable. 

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

sys ten: 

:( 
_R...;..(S"';")--f:.Q--~~BI---..,---.~F (S) " l' ) 

FIG 48 GENERAL FORM OF A CLOSEO lOOP SYSTEM 

" 

where G (s) aI15 H(s) represent two arbitary transfer functions. 

The closed-roop relation is: 

F (s) = G (s) 

l+G(s)H(s) R(s) 
(4.2.1) 

For stability, all' roots of the characteristic Equation, 

c: ....... 

F(s)=l+G(S)H(s)=O, must lie in the left-half S plane. By 

.. ~ 

'. 
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mapping theorem, the number of enclrclements of the origin of 

the F(s) plane depends on the closed contour in the S plane. 

Nevertheless, the expressIon of F(s)=l+G(s)H(s) is equivalent 

to enci rclement of the -l+Oj point by just the G(s)H(s) axis. 

Thus, stability of a closed-loop system can be investigated by 

examining enclrclements of the -l+OJ point by the locus of 

G(s)H(S)i Le.,open-loop system. Locus of G(s)H(s) can be 

found by replacing s with jw and let w vary fran 0 ta 00 • 

For the closed-loop systan on Fig. 4.7, i ts open loop 

tran::;fer function is: 

(4.2. 2) 

Schernati,eally, Eq.(4.2.2) is represented ln Fig. 4.9. 

p 

FIG '4 9 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 ta 1 at a phase 

o 
angle of -180 ; i.e., the relationship between the limits 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 11
, 0.06", and 0.09". 

, 

• 

" \ 
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1 
1-00 
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080 
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FIG 4-10 PLOT OF THE STABILITY LlMITS OF -KpRO & KINT 
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4.2.2 Stability Analysls on the Eccentric Turning with a PI 

Cont roller 

The system to be analyzed here is the same as previou5 

onesexcept that the workpiece is eccentrically mounted. Under 

such a conf igur at ion of set- up, the depth-of-cut becomes ~ 

time-varying function (e.g., a (t) =b+d*cos (wt)) and an ext er nal 

disturbance to the system. The entire closed-loop system i5 

illustrated ln Fig.4.11 . 

b + d coswt 

~ 
F 

FIG 411 SYSTEM Ta BE ANALYSEO FOR THE ECCENTR/C CUIT/NG 

Unlike an ordinary close'd-loop system in which the 

di stur bance comes in at the summation junction, • 
the / 

" . , 
depth-of-cut here cornes in the system as a multiplication term 

and therefore, the system stability depe nds on the 

depth-of-cut. This complicates the problem 50 much that there 

lS apparently no straightforward way to solve the stability 

analysis problem; i. e • , i t pr ecl udes the us e of ordi nary 

J 
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methods such as Nyquist plot, Bode plot, and Routh criterla ta 

pr edi ct the s tabll ~ ty. 

An alternative way of predicting the stabllity lS ta 

simulate the systan by computer and observe the transient 

behaviour of the cutting force. Such simulation can be used to 

evaluate the stability of the clQsed-loop systems for various 

parameter sets. 

The system shown in Fig. 4.11 was simulated by a digital 

comput er . The IBM sys tem /3 60 Cont~nuo us Sys tem Madel ing 

program (CSMP) is used ta handle the programmi~g of this' 

tim~-varying problem. The output of the simulation is a 

pr~nt-plotting of the cutting force with the feedrate, and chip 

thiclmess to be printed adjacent ta it. 

There are three runs in the program w~th three different 

parameter sets of Kpro and Kint. The three sets of values are: 

Kpro=O.05, Kint=O.003i Kpro=O.I, Kint=O.002; and Kpro=O.35, 

Kint=O.003. The selection of these values enables us ta compare 

the simulated results with those of èxperimental for a large 

va r iety of gai ns in next chapt er . The f irs t set of output i s 
., 

collected in the following figure for reference. The last two 

outputs and the computer listings are assembled ln Appendix 

L. 1 

J 
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4.2. 3 S tabil i ty Anal ys i 5 on the Eeeent rie Tur ni n9 with a PI 

Cont raller and Pe ak-V al ue Mernory 

It is obvious that the pe ak-val ue memory is a hlghly 

non-linear funet ion. This non-linearity hinders the us e of any 

•• appr OXlmate describing funct ion sueh methods as or 

linearizàtion to estimate the behavior of the system. Digital 

computer simulation again becomes the simplest a~d the most 

versatile v"ay to obtain the neeessary information about the 

systi!ln. The' block diagra.l1 of the entire systen with the 

peak-value memory ta be simulated is shawn in the following 

diagram. 

FIG 4·13 

,------\ P v= PV)( F' r----ot---, 

NO 

YES 

BLaCK DIAGRAM OF THE CLOSED LOOP SYSTEM WITH 

API & PV MEMORY CONTROLLER 

F 
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1 
Simi1ar to the previous program, this one a1so consists 

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

r esul t wi th Kpr 0=0.05 and K int=O. 003 i s co1lect ed in 
! 

Fig. 4.14 . The 1ast two outputs and the computer listings are 

co11ected in Appendix L.2. 
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4. 3 DISCUSSIONS 

It has to be emphasizèd again that the actual dynamic 
.' 

interaction of the entire closed-loop system is very complexe 

It is almost impossible to find a nice, neat, and exact model 

to describe the exact behaviour of the closed-Ioop system. 

Chapter 2 has already demonstrated the di f f icul ti es of 

anaIyzing only a part of the overa11 closed-loop systE!1l, which 

i s the ph ys ical pr ocess (tur ning operation). Moreover, the 
., 

backlash of the tool due to the reaction of feed force is 

ignored in the closed-loop model, though i ts effect is 
',r-

extremely srnàl1 for a r igid1y mounted tooi. Thus, the block 

diagrarn cf Fiçr. 4.5 which was developed to modei the entire 

adaptive system, is "on1y a crude approximation of t.he rea1 

pr ocess. However, the maj or dynamic elements ar e all taken 

into consideration in the 'model. Consequently, results obtained 

in this chapter can only ( provide 

5 tabil i ty of the sys tem. 

a gener al idea about the 

As to the stabil,ity re1ationship between Kpro and Kint, 

the r,esults 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 allows larger values of Kpro gnd 

Rint and vice vèrsa. Indeed, this is true in our case. By the 
< 

same token, it is alsd expected to obtain three curves of 

simi1ar shape, as in Fig. 4. 10 . 

The programs to, simulate the eccentric turning are 

" 
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car~fully designed in order to match as closely to the 

experimental condi tions as p:>ssible. Many speci al featur es 

have been put in bot,h of the~ programs in Appendices L.!! and 

L.2 . For example, the integral action is programmed'as a 

surnmation of the error signaIs rather than as a continuous mode 
, 

function because of the discrete nàture of the e-xperime,ntal 

sys tem (r efer to Section 3.3.3- for details) . To avoid the 
~ 

phenomenon of reset windup, the i ntegr ators in the simulation .. 
progr ams are further checke d for satur ated mode in the sarne say 

as the integrator' in the micIlo-computer program (refer to 

Section 3.3.3) • Due to the discrete nature of the ,real system, 

a fixed-step integrat.ion method, RKSFX, is used to ensure,Jhat 

an integration is-' perform.ed only at the sampling time. In the 

simulation~pre<.;Jram, thè'fun"ction "KEEP" further enlilures thatT" 

the statemen.ts . oÉ" the procedure function cannot be eKecuted 

except when an integr ation 
.~ 

i s performed. Ftnally, ) since 

fixed-step integration method is used, the staternent - ~IF 

(PULSE. NE. 1.-0) GOTO 10" - is ;ee?ed to a110w for the 

procedure function to be executed at sarnpling instants onlY'. 

The simulation of Fig. 4.12 is quite sucessful. Firstly, 

because of'the eccentr\ci1:;,Y imposed on the problertt, it 

expected to obtain sinusoidal cutting force signaIs as 
... 

is 

in 

Fig. 4.12 and Appendix L.1. Secondly, fron' ahyof the above 

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

J 

~ the computer is 0.85 seconds which is very close to the actual' " 

, .. 

'<. 

, > 

,~ ';1 

" , 

1" 
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one of 0.669 seconds. Their differè~ce cornes actually fran the 
, 

desired increment for the print-plot output in the program. 

Since OurDEL is specified ta be 0.05 seconds in the program, 

the eo~ce ls print-plotted for every such a t11ime interval. As a--

result, the output gives an apparent revolution-_Ume of 0.85 

seconds. 

Two obse'~vations ,have been made frem Fig. 4.12 and 

Appendix L.lo The first onè is that,' regardless. of the 

controller gains, the force always overshoots the nominal value 

which is 80 lbf. The second observation i5 that there is no 

essential di ffe~ence~ aIL the ,outputs. Thi s sugges ts that 

for 'eccentric tur ni ng, one can ar bi trar i ly choose the 

proportional and Integral gains. 

The overall effect of the PVM is explicitly depicted by a 

l comparrson -between Figs. 4.12 and ~.·14 The' lat ter figure 
( 

~ 

shows that wi th the same parameter set, the pr ogr am with PVM 

lowers the cutting force below the nominal value at steady 

stat,e. However, the outputs in Appendix L.2 indicates that 

precaution is needed in the use of PVM. An hnpr o~r 

eombination of Kpro and K int may result an undesirable 

irregular cycl ie eut ti ng force wi th large di fference bet ween 

its extreme val ues, as shown in the las t output in 

Appendix L.l .' Therefore, the simulation indicates t,hat if PVM 

ls us ed in the control algor i thm, the', control 1er gai ns sho'uld 

be chosen e.arefully. Fin'ally, a eomparison be tween the 
-., 

\ 

',î 
! 
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" 
'. 



" Oh' ~_"~"" ___ ,,~r- .. -........ +""'_'" '0 ~~".~"'~'~ ... 

79 

corresponding outputs of same parameter sets in Appendices L.I 

and L. 2 indicates/that the cutting forces have the same values 

right before their first maximum values. This illustrates the 

success of simulating -the function PVM. 

Of course, the above conel us ions and di s~ussion5 

concerned the stability analysis have ta be verified and 

checked by experiments which are described in next chapter • 

... 

fi ' . 
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CHAPTER 5 

EXPERIMENTS AND DISCUSSIONS 

This chapter has three main sections. The first section, 
\ 

Section 5.1, describes how the experirnents were canducted. It 

i s concl uded wi th a sub- section, Section 5. 1.1, cancer ni ng the 

experimental aspects in general. The last two sections di scuss 

the experiment~l results where Section 5.2 deals wi th 

non-eccentric turning and Section 5.3 with eccentric turning. 

5.1 THE EXPERIMENTS 

The main purposes oOf the experirnents are ta examine and 

evaluate the performance of three common contrallers:, namely, 

the P, l, and PI controIs, and-ta investigate the, desirability 

of the peak-value memory (PVM) function. Also, through the 

experiment, it is hoped to dernoristrat~ the structure and 

modell ing of any micr o-computer adaptive control sys ten. 

:: 
1 , 
1 

) 
J 

" 

J 
>1. 

1 

The experiments were carried out for bot~ eccentric and î 
1 

non-eccentric turning. Each dutting condition was tested for :,1 

both wi th and wi thout PVM in th~ control algari thm. 

In aIl of the tests, the spindle speed and feedrate are 

manually set to be 69 RPM and 0.01'5 IPR respectively. The 
J 

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

adequate number of sarnples in every spindle revolution. Since 

, 
" 
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the computational time of the micro-computer for the developed 

algorithm was measured to be about 50 milli-seconds (refer to 

Appendix J) , the selection of 69 RPM will give approximately 18 

samples for every revolution, which ~ i5 a reasonable sample 

size. Also, the selection of a moderate feedrate, 0.015 IPR, 

provides safety and ease in handling of the experimen~~. 

In the experirnents, a straight edge carbide tool is used' 

as a cutter in arder ta match the cutting candi tians imposed on 

the problem as described in Chapter 2. 

There are two workpieces in the experiments~ one for 

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

both altnninurn cylinders of about 3" in diameter. The 'only 

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

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

turning tests since a tailstock support 1s not used during the 

eccentric exper iments. For bath cut ting condi tions ,the desi r ed 

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 j aws of the lathe chuck. The thickness of the shim 

(Le., eccentricity) is 0.03" giving a resulting depth-of-cut, 

a, varying in the range of O. 03"~a~0. 09" during one workpiece 

r evol ution. 

To run the experiments, the workpiece and the tool are 

Airs t mounted on the chuc k and the too1- holder. Then the 

? ' 
digital adaptive control unit is properly set with the computer 

q 

1 ,--
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J 

controlled signal ~nnectèd to the feedrate override swi tch at 

the çontrol panel. The,Assembler program is then loaded to the 

computer through the teletype. After activating the program, 

the desired values of different variables (e.g., Kpro, kint, F, 

RPM, o •• etc) are input interactively to the computer by means 

of the tel etype • '1'0 take actual measur ements of data, the Ne 

lathe is first programmed manually. A simple linear motion to 

turn the workpiece' to a' constant diameter was always used. The 
1 

spindle speed is then selected. Once the Ne lathe is started, 

the digital adaptive control unit is activated to take on-line 

measurements and control action. The cutting force and feedrate 

override signal are then recorded by a s tor age tube 

oscilloscope.' To stop the experiments, the micro-computer is 

stopped by pushing th~ "BREAK" but ton and the Ne lathe i s put . ~ 

in a feed hold condi tian. In order to have a permanent record 

of results, the behavior of the cutting force and feedrgate 
./.!... 

sign al s a'r e then r ecor ded by tak i ng i ns tan t photos f rom" the 

osei l1pscope • 

Therefore, on all of the photos, there are two signaIs. 

The upper one is the trace of the main cutting force whereas 

the lower one is that of the' computer feedrate command signal. 

The sensivities are 80 Ibf/div and 5.0 vOlts/div respectively . 

. rhe feedrate command in the range of 0.0 to +5.0 volts 

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

per revolution. Horizontal tiITfê swift for a11 pictures is 2.0 
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sec/di v. 

Attention is then drawn to the computer controlled 

signal. This signal on 'each photo always starts at -:;5.0 volts, 

which then aoruptly jumps to +5.0 v?lts-when computer algorithm 
~ 

is started. This phenomenon is caused by the micro-computer 

hardware and the analog-to-digita,l converter at the beginning 

of dat.a conversion. 

AlI results are collected i n Appendice~ M and N. 
1 

AlI 
" 

photos labelled with subscript la' such as la, 2a, .•. etc, are 

the results fran the program without PYM. Likewise, those 

labelled with subscript 1 b l are fran the program with PVM. 
/ 

Since there are nurnerous parameters in the system, it is 

almos:t immssi bl e to f ind aIl the ef fects and rel ationships 

between thern. The present research so far has concentrated on 

the effects of Kpro and Kint.' This is due to the time and 

resource lirnitatio~s of the project. The reason for serecting 

the two parameters of Kpro and Kint in this research 'is that 

theyare the prime control factors in an adaptive system. In , 

aIl of the exper irnents , the nomi nal force 1 nominal vol tage, r 
spindle s~d, and decaying factor are set to be 80 Ibf, 2.5 

volts, 69 RPM, and 0.8 per, revolution respectively. 

" 
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5.1.1 Discussion on the .Gen~ral Aspects of the Experiments 

Th~ extent of this research is limited extensively by the 

phys ical capa bil i ties of the expe ri mental sys tem. For exaJUpl e, 

if the Ne lathe could provide an on .... line continuous' mode of 

changing RPM and depth-of~~t, research on the influence of 
, 

these parameters ,can be included as weIl. 

Sirice the micro-computer adaptive unit is an electronic 
, ' ... 

systen, it is extremely sensitive to environmental influences. 

One of the influences is the noise,that it picks up during 

experiment. Although floating ground method is used to minimize 

the noi se level, the sys tem sanehow still picks ele·ctrical 

noise fran its surrounding metal cutting machines. Thus, there . 
is considerable variation in the qualityof the experimental 

records f ran exper i ment t 0 expe riment. 

Also, i t was observed that the oscilloscope employed in 

this project drifted slightly with time. To minimize this 

drift, the electronic equipment was allowed to warm up for 

several hours before experimentç.tion. However, there i s still 
( 

sone drift evidence in the experimental results on the 
(j 

p~otogr aphs . 

The accur acy of the cutting force measurements is 

actually quite low and the resolution of the oscilloscope 

di splay of the r eal- time force i s about ±IO l bL Ther ef or e, the 

followi ng di scussion haB emphasized on the observable and 

general features only. 
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5.2 DISCUSSIONS Of THE RESJULTS ON THE NON-ECCENTRIC TURNING 
\ 

Thi s sect ion surnmar i zes the exper i mental resul ts of 
1 

non-eccentric turning only. It has four ~ub-sections. The first 

sub-section is a discussion of the performance of a pure--

proportional (P) controller working along wi th and wi thout a 

PVM. The following two sub-sect:ions are the same aS the first 

one except their differences in controllers. 

integr al ( 1) control and the 'other 

pr oportional-plus- integ~ al (PI) control. The 
.. /~! 

~,> fJ 

compar es the expe riment al v:_ r es ul ts wi th 

One is a pure 

one is a 

las t sub- sect ion . 
the theor etical 

prediction of the system stability by using Nyquist plot 

rnethod. 

5.2.1 Proportional Control 

Photos. for non-eccentri c tur ni ng wi th P cont roI ar e 

collected in Appendix M.l • Pictures la, 2a, 3a, and 4a in this 

appendix show that, without PVM, the systen behaves like a 

second-order system. Thi s char act er i stic i spart icularl y 

demonstrated by Photos la and 2a, which show that the larger 

the proporti~nal gain, Kpro, the more oscillation there is 

before settling to a steady value and the less the steady-state 

error. To know the arnount of steady-state error, one f irst 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 fran a P control 

/ 

, 

lJ 
Il 

11: 
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i5 the steady-state error. 

Picture5 3a and 4a also indicate the 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 keeps on oscillating 

without settling to a fixed value - an indication of the system 

ins tabil i ty. Ta understand the instability, the basic 

proportional contro:). law (Le., Eq.(3.3.5)) is recalled for 

expl anation: Vout = Vnom+Kint* Int+Kpr 0* (Fnom-Data) • 

Because it is a pure proportional controller (i.e., 
rJ 

k int=O) 
o 

and there is no PVM in the control algorithm, 

Eq. (3.3.5) becomes: Vout=Vnom+Kpro*(Fnom-Data). At the start 

up, there is no cutting force; hence, the difference between 

Pnom 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 programmed 
a-

S peed and the cut ti ng forces incr eases. Eventually, the cut ti ng 

force (i .e., the data) w i11 he come 1 arger than 'Fnom and , 

generates a negative error. This error may be weIl less than 

V nom , 50 the computer will send out,.a zero volt commanded 

feedrate override signal. This is what happens for the'first 

cycl e of the cont roll ing signal on Photos 2a 1 3a, and 4a. 

However, if Kpro'is large as in the case of Photo 4a, the rate 

of speedi nq up and slo~ing down the tool is so' dr as tié that a 

full 5.0 vol ts or a 0.0 vol t output always res ul ts. 

.; , 1 
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Consequently, oscillation of the cutting force is producedi 

i.e., the sys tan is unstable. 

For the same control action, program with PYM gives rise 
IP 

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

regardless of the presence of PYM, there is virtually no 

difference in botfi the controlling action 'and output force 

(compare Photos la and lb). The reason is that a small Kpro in 

Eg. (3. 3.2) implies a trivial control action. 

However, once the Kpro is large ehough to have 
~ 

significant effects on Vout, .the feature resulted fram PYM 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 the function. Since program with 

PYM results in a slower control actit.>n change with respect to a 

negati ve r,ate of for ce .cpange, the whol e sys tem i s dr i ven wi th 

a lower speed than that wi thout PYM. ThljSrt less osèillation is 

expect ed. Another advantage °wi th the PYM is a sI ightly shorter 
--

settl ing time (compare Photos 2a wi th 2b, and 3a wi th 3b). 

5.2.2 Integr al Cont rol 

Results in Appendix M.2 show that under a pure integral 

controller, the system also behaves like a second-order system. 

As the integral gain, Kint, is increased there are more 

oscillations and higher overshooting before settling to a 

s teady- s tat e val ue (compare Photos . la, 2a, 3a, and 4a in 
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Appendi x M. 2) 

It is obvious, fran Photos 3a and 4a, that when there is 

no PVM action the stability limit for Kint is in between'O.0055 

---and 0.008. Below the stability limit, the steady-state value of 

the cutting force is of course equal to toe nominal value, Fnom 

(Le. 80 lbf) because of the characteristic of an integral 

controller. Furthermore, when the steady-state values of the 

cutting force are compared with those fran a pure P control, .. 
{~ 

their values are higher for an l controf. This verifies the 

general features of a pure P and a pure l controller: for a P 

controller there always exists ,steady-state error, whereas for 

an l cbntroller there is no steady-state error regardless of 

the di stur bances . 

For integral control, advantage of having PVM in the 

control' algorithm is solely in the transient behavior. There 

are three such aspects. Canparison of adj acent pictures in 

Appendix M.2 for cor r es po ndi ng Kint shows that less 

oscillations of the cutting force i s resul ted f ran the' PVM. 

Best of aIl, program with such function gives a shorter 

settling time than that one without, and this is distinctly 

shown by Photo 3b when i t compar ed wi th 3a . Photos lb and 2b 

also indicate that for a srnall integral gain, overshooting can 

he avoided and the system behaves like a first-order sys~em as 

a result,of the PVM. 

If the s tabil i ty 1 imi t i s exceeded, however, Photo 4b 
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reveals that the tool will suffer substantially fran an 

intermi ttant triangular force wi th large peak values. At thi s 

.s tage, 0 ne cannot concl ude and campa r e f r cm Photos 4a and 4b 

the degr ee of tool, damage be tween the p~ogr am s wi thou't and w i th 

PYM in the absence of further detailed investigati<?n. 

5.2.3 Proportional-Plus-Integral Control 

The mer i t of ?a~ PI contr<;;?ller i s dernons tr ated expl ici tl y 

by-the results in Appel"\dix M.~, which is the combination of the' 

desirable transient charact~ristic of a proportional controller 

and the feature of 
~ 

no steady-state error of an integr al 

controller (compare Photos la in Appendix M.3 with 3a and 2a in 

both appendices of M.l and M.2) \ Indeed, results show that 

there is less overshooting and a smaller difference between the 

maximun and minimum forces wi th a PI controller. 

One can also see that the Kint stability limits on Kpro 

and K int act i ng together may be larger than the l imi ts on K int 

when Kpro=O. Photo 4a in Appendix M.3 shows that although Kint 

equals 0.008, which is an unstable valGe for a pure integr al 

controller, the sys tffil is still stable. On the contrary, Photo 

3a in the same appendix shows the instabilityof the systan 

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 dyn amie be havior of the 

system is aiso dominated by the P action for a PI control. The , 
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.., 
,aoove.statement is supported'by,the Photos lb, 2b, 3b, and 4b 

. 
in Appendi.:x: M. 3 • They aIl show ~ that when Kpr a 'exceeds the 

stab~riity limit, 'the integral control is incapable of improving 
" 

'" the stability (refer to Photos 3b and 4b in the appe"ndix). On 

the other hand, with PVM the ~teady-state:' behavior of the 

sYost61l with PI control resembles more to that with pure P 

control than with pure l control, and it fluCftuates with 

res-pect ta the nominal value. Fortunately, the fluc~,uation i s 

small as can be seen frem . Photos lb and 2b. Furthermore, these 

two photos show that for the same Kpro, the experimental syst611 

wi th a small Kint can reach the s,teady state fas-ter than that 
.- _\ ,<1 

with a larger"IÇlnt?-;:--:trTIè prime cause is the dominance of the 
,,.1 \ 

'\', integraÎ 'C09t~})l action on the transient behavior (compare 

Phot.os 3b in Appendi x M. 2 and 2b in Appendix M. 3). < A clos e 

examination of . Photos ia with lb and 2a with 2b also reveals 

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

val ue and a smoother cont roll ing act i on than i t does wi thout 
, , 

PVM. 

5. 2.4 Campa! i son of the Experimental Results and the 

Theroetical Prediction of the \Sys tem Stability by 

using Nyguist Plot Method 
t 

A comparison between Fig. 4.10 and Appendices ~.l, 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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Appendbf M.l indicates clearly that for a pure proportional 
, 

control the, stability limit Qf the experimental system is less 

than 0.35. However, for the sam~ value of Kpro, Fig. 4.10 shows 

tha t i t i s sti 11 wi thi n the stabil ity i imi t. Same di sagr eement 

takes place in between P~oto 3a in both appendices of M.2 and 
~ 

M.3 and Fig. 4.10 • 

The possible reason is that even though a digital system 

can, be approximated as a continuous one in sane cases, Nyquist 

plot i 5 5 till 

stability. 

not s;ln appr opr i a te method .. ~-- ... 
in pr edict i ng i ts 

5.3 DISCUSSIONS OF THE RESULTS ON ECCENTRIC TURNING 

Tl1i 5 section di scus ses the experimental resul ts of 

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

organization is the same as the previous one, Section 5.2 . 

5. 3.1 Proportional Control 
i/'~ , 

The tes ul ts far 
,,,,- il ' ~ f 

, eccen2ir-fc turning 
.. 
with a pure p 

controller ar e collected in Appendix N.l," Because the 

workpiece is eccentrically mounted, the cutting force is always' 

oscillating and therefore i t is hard to decide whether or not 

,the adapt~ive loop is stable. In fact the actual definition of , 

stability is sanewhat arnbiguous. For our purpos will 

def ine the sys tan to be uns table when the control 

oscillati ons satur ate at both the O. 0 and +5.0 
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e.g., as oceurs in Photo 7a • 

Due to the eccel;ltricity, it i s mor e dif''f icul t to 

visualize the interaction between the controlling action and 

the cutting force. For a small proportional gain of 0.005, 

Photo la indicates that very little control action is taking 

place. The commanded feedrate override signal in the picture is 

almost equal to Vnom. The explanation is the sarn'e as that one, 

descr ibed in Section 5.2.1 . It is c1ear that the sinusoidal . ( 
form of the cutting force solely cornes _ fran the eccenl!ricity. 

For proportional gains of larger value, what the computer does 

basically is sending a commanded signal which is proportional 

to the difference between Fnom and the actual cutting force at 

each particular sampI ing ins tant. 

In the experiments no attempt was made to al ways 

synchronize the sta~ting of the tool m~tion with the workpiece 

angular position. Therefore, the transien't behavior of each run 

is dependent on the initial depth-of-cut that the tool 

encounters wi th the workpiece. A photo wi th a high ini tial peak 

value of cutting f?rce implies that the tool encountered a._ deep 

depth-of-cut at the start up motion. This is the case in photo 

7a. The~efore, it is not surprising to have photos with 

different transient behavior in the appendix. H<?wever, the 

steady-state behavior, which ~s sinusoidal, is independent of ~ 

the t rans i ent s tate. ' l t would seem reasonabl e tha t, a t the 

steady state, what the computer "sees" and responses te is seme 

, 
.j 
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\ 
average value of the maximum and minimum values of the cutting 

tJ' 
force. Fran Photos la, 2a, 3a, •.. 1a, 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 PYM are 

readily seen fran the Photos lb ta 7b in the_same Appendix 

N.I. For a P controller, two merits are obtained. The first 

one is the generation of a smaller maximum and a smaller 

minimum steady-state cutting force. In other words, the average 

cu~ting force is smaller. The second advant~ge lS the 

acquirement of a smoother controlling signal (compare Photos 4a 

with 4b, Ga with 6b, and 7a with 7b). 

Photos 3b, 4b, and Sb i'ndicate 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 

most of the peak vïues are always within the limit of the 

nominal value. Ther~ore, for the same gain, even though the 

cutting force ripples more irregularly . than the one resulted 

fran the pr~gram without PYM, the PYM control action is still 

more desiorable fran t~e point of view of safety. But large 

peaks of cutting force ;may result fran the PYM when instability 
1 

is reacheod as shown in Photo 7b. The picture cl,early shows 

there is a severe interaction between the workpi;ce and the 

" triol. However 1 the degr ee of damage on the tool, when Photos 7a 

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

1· 
.- ,~, ..,- ..... ,,\ II ''1:'-':''~~ - _ ... 
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5. 3.2 l ntegr al Control 

Casual observation of 
' . 

Appendix N.2 suggests similar 

. results for an integral controller when the photos in the 

appendix are compared wi th those fran a pr oportional 

cont.roller. They are both sinusoidal with an irregular 

transient behavior. A detailed examination, however, shows that 

they are actually different in several aspects. First of aIl, 
\ 

regardless of the integral' gain, at steady state aIl the ., 

,cutting forces' ripple with the same maximum and Itlinimum values 
:~ 

, 
for an l control 1er • On the other hand, under a P cont roI the 

extreme values depend on the value o,f proportional gain. 

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

average of the extremities as the nominal ,value. The ripples of 
éJ 

the, commanded override signal are a r esul t of 
/' 

the di f fer ence 
" 

" be tween the ins tantaneous and a ver age val ues of the cutting 

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

for any photo frem la, 2a, .~e. to Sa 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 in eccentric turning. The first 

improvement is on the srnoothness of the controlling signal 

(cQmpar,e Photos 2a with , 2b, . 3a with 3b, and 4a wi th 4b in 

( 
Appendix N.2). Although one may not necessary care about the 

1 

smoothness of the-controlling signal as long as it does what is 

'-" 
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wanted, the smoothness does indicate the pot~ntial vigorousness 

of a dynamic. system. The second improvement is again on the 

aspect of safety. The PVM lowers the maximum stead'y-state value 

within the desfrable 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 aIl \the adjacent photos in Appendix N. 2). The 

long settling time is a consequence of the time delay char acter 

of the PVM. 

5.3.3 Proportionaf-Plus-Integral Control 

In Appendix N.3, the r esul ts for PI con€rol are 

collected. In terms of cutting force signaIs, the. program with 

PI control gives very simitar results to those of pure l 
l 

control. The co-operation wi th the P control 1er , however, 

eliminates the irregularity in the transient peiiod that 

characterizes aOpure P and a pure l control in eccentric 

turning (compare Photos 2a, 3a, and 4a in Appendices N .1, N.2, ... 
and N. 3 r es pe ct ive l y) . .. . 

On the other hand, regardless of the values of Kpro and 

Kint, the cutting force steady-state behavior for aIl resul.t:s 

are very similar. They aIl have the same maximum and minimum 

values and aIl the maximum values are greater than Fnom; Le., 

80 Ibf. The similari ty cornes fran the integr al action which has 

been explained ~n previous section. 

"l' 

.. 
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. The proportional controller in the PI' control acts like 

an am pl if ier to the i ntegr al 
1 

signal. The/r esul ts 
1 • 

/' 

in Appendix 

N.2 show that, without PYM, aIl th,e'" integral controlling 

sig~als are ripples with small ampli~des. The addition of the 

P cont roller i ncr eas es the ampl i tudes and hence, e vens out the 

irregulari ty at the transient state (compare Photos 8a with Sa 

in Appendices N. 3 and N. 2 respectively) . 

Furthermore, Photo 9a in Appendix N.3 shows that even 

though the stability limits are exceeded, the cutting force is 

not affected and looks like those of other results. This 

suggests that one can arbitarily choose the gains of Kpro and 

Kint for a PI control in eccentric turning operatton. 

When the PYM is implemented in the control algorithm, the 

stabi~ity of the system is also indicated by the controlling 

signal. If the controlling signal regularly r eaches the extrene 
b 

values (i.e., 0.0 and 5.0 volts), the system is considered to 

be uns tabl e (5 ee Photo 9b in Appe ndi x N. 3) . Within the 

s tabil i ty 1 imi t, the bas ic char act er of PYM, which i s die 

lowering of the maximum steady-state value, is shown clearly by 

photos lb, 2b, .•. tQ 7b in the same appendix. Therefore, the 

a?vantage of PYM is that the maximum cutting force is less, 

which' should contribute toward a longer tool life - an 

important economic factor in metal machining operation. 

The benefit fran PYM may also be weIl seen in the 

transient period immediately after the cutting for~e has 
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reached !:h~ first ___ peak value. Photos lb to 6b in Appendix N.3 
l 

clearly show that the feedrate override signal always rapidly 

chops to a low val ue af ter the cut ti ng f or ce r eacheS i ts 
(fi 

y initial peak value. Then it increases gradually until the force 

reaches steady-state cyclic bèhavior with ,a maximum value 

equivalent to Fnom. As ~a result, prograrn with PVM eliminates 

the perilous overshooting wi.thin thi~ period of, transient as 

compared to the ~ogr.am without PVM (compare Photos la with lb, ~ 

2a wi th 2b, 6a with 6b in AppendixN.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 the rate of 

increasing but rather the rat e of decr eas ing of data. 

Furthermore, since the synchronization of the starting of the 

tool motion with the workpiece angular position is not done, 

def ini te conclusion concerning the f irst peak of cutting force 

i s not made. j 
D 

In spite of the advantages, the PVM does have seme 

impe rf ection. The choi~e of the proportional land 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 littie concern. This can he depict ed by 

Photos 4b 1 Sb, 7b, and 8b in Appendix N.3 p In these cases tl1é . 
cutti ng f or ce has a fai rly i rregular ?ycl ic he ha vi or in the 

steady s tat e. Thi s impl ies a varying cutting speed and hence, 
~ 



1 
, , 

98 

~ 

poor surface finish results. Furthermore, if the stabili'ty 

limit is once exceeded, the PVM may generate periodic cutting 

force with large maximum amplitude as shown in photo 9b. 

Therefore, if instability is reache..d, the program without PYM 

may be more preferable than that with this function. 

5.3.4 Discussion of the Experimental and Simulation Results 

In general, the experirnental and simulation results ~atch 

closely to each other for eccentric turning. For example, when 
J 

Photos 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 tha t aIl the eut ting forces be ha ve si nus oi dally and 

overshoot the nominal value at steady state? ActuallYt within 

the accuracy which one can measure fran the 

of'~vershooting is approximately the same 

photo, the amount 

for both r esul ts. 

The -only significant difference between the experimental and 

simulation results is in their transient behaviors (compare 

Photos 2a, and 9a inAppenàixN.3 withFig. 4.12 and the last 

out.put! in Appendix L.l) . The reason for the difference is that 

in the experiments, the initial d~pth-of-cut that the tool 

encounters with the workpiece is not synchronized. In the 

simulation, it is always the sarne for every rU,n of th. program. 

The simulation results of the prograrn with PYM also match 

closely to the experimental results. For exarnple, Photo 2b in 

Appendix N.3 and Fig. 4.14 both show that there is a sharp 
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suppression and the'n a graduaI increase of the cutting force 
, 

right after its first maximum value. Furthermore, when Photo 

4b and 9b in Appendix N.3 are compared with the two outputs in 

Appendix L.2 respectively, ~hey look similar to each other with 

irregular cyclic cutting forces. This indicates that the 

simulations are successful. 

, 

) 
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ŒAPTER 6 

CONCLUSIONS AND RECOMMENDATIONS 

6. 1 CONCLUSIONS 

The following conel us ions may be drawn fran the 

investigation oi' the dynarnics 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 

inves tigation, the expe riment al eccentric tur ni ng 

operation is a stable process. Although there is a small 

, degr ee of instability indicated by the real part of the 

assumed solution, its value is so small compared with the 

i ma gin ar y pa r t tha t i t i s bel ieved to come fran 

computational round-off error. Moreover, the structur al 

dampi ng, whi ch has be en negl ected in the apalys i s, wi Il 

contribute as a stability factor in a real process. 
;.{ 

2) This reseat'ch demonstrates that an adaptive control system 

can really work, and the proposed digital adaptive control 

NC lathe system is valid and useful. with further 

development and modification, it could be applied in 

practical turning operation. 

3) The function of peak-value mernory (PVM) generally tends to 

control turning operation with a eonservative action by 

(~ 
1 

l :~ 
,~ 

iir 
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driving the process with less oscillation and decreasing 

the' pe ak val ues of the eut ti ng f or ce. Hence, the tool 1 if e 

is expected to he 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 with a P, l, or PI controller, the 

val ues of Kpr 0 and Kint should he -, selected carefully. If 

they are too large, instability may result with high peak 

values of the cutting forces. 

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

obtaining necessary information about non-linear systans. 
". 

To have good results, the simulation program has to he 

designed ca(efully in order to match as close as possible 

'- to the actual sys tem·. 

6) ENen though a digital system scmetimes can he approximated 

as a continuous one, Nyguist plot is still not an 

-
appropriate method in predicting its stability. 

6.2 RECOMMENDATIONS FOR FUTURE IDRK 

Before the ideas of this research could actually he used 

in practice, many physical problems would have to he resolved 

first. 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 dynarnameter especially for 

the case of a turret lathe. Research on new methods of 

I~ 
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measuring cutting forces shou1d be carried out. 

Research on how to speed up the computational rate of 

micro-computer is also essential because in practice the RPM' 5 

would usua1ly be larger than that used in these experirnents. 

For the control algorithms deve10ped ~n this study it is 

essential that ther e be enough sampI es per r evo1 ut ion. Fut ur e 

'work on the improvement of computational rate can concentrate 

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

To fully irnplement the experimental idea, the Ne lathe 

has ~to be improved 50 that the problem of transi tion fran rapid , 

traverse to feedrate can be solved. In practice, the Ne 1athe 

shou1d have a very fast, resFOnslve, and reliable servo ta stop 

the f eedr at e wi thout tool br eakage when the t 001 hi ts the tool 

workpiece at rapid traverse. An alternative way to accornplish 

such an airn is the design of a tool/workpiece proxirnity sensor. 

It is also obvious that the exper.iments carried out were 

limited to very specifie cutting conditions. Different cutting 

conditions with different workpiece materials should be tested 

in future to fully evaluate tne propased system. 

In this research, the selection of controller gains is 

still not really resolved because the depth-of-cut is a 

multiplication factor in the loop gain. What is needed is seme 

sort of autanatic compensation for the depth-of-cut in the 

adaptive control system. 

Fina11y in this study the adaptive control system was 
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retrof itted 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 

woul d be to i mpl ement i t di rectly in in the exe cut ive sof twar e 

of a computer nurnerical control (CNe) controller. 

" 
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o 
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APPENDIX A 

DER~VATION OF THE VELOCITY EXPRESSION OF ANY POINT A W.R.T. 
THE ORIG!N: . 

, 
\ 

" 

z 

Workpiace 

\- ,/ 
POSlt"ïO;;' of Workpiaca With No Vibration 

-
FIG A·' END VIEW OF THE BE AM WITH VIBRATION 

. 
) Denote: 

VA/ O = Velocity of A w.r.t.O / 

'VA/CI = " Il A w.r.t.C' 

VC'IO = " " C'w.r.t.O 

R Ve , = Radial velocity of C' w.r.t.O 

-+ -+- = Transverse velocity oI CI 
w x r. w.r.t.O ~ 

VA/CI = Transverse ve10city of a 
w.r.t.C' 

'1 
'" 
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... 

1 

VA/ O 

But 

= VA/C' + Vc '/0 

VC~ 
-)- -)-

VC' / O == + w x (rC ' ) and VA/ C ' = 
-+ + r c , == (f:\y+y) J 

-+ 
+ (f:\z+z)k where f:\y = 

-+ -+ -+ 
r C'A== y'j + z' k f:\z = 

-+ -)- -+ -)-
== yj+zk + w(f:\y+y)k - w(f:\z+z)j 

7- -t -+ -+ 
w~x(Y'J+z'k) == wy'k 

-+ 
wz 'k 

'\ 

. . , 

-. 

-)- -)-

w x rC'A 

d cos e = 

d sin e = 

-+ -+ 
VA/ O == (y-w(6z+y) - wz')j + (z+w(6y+y) + wy')k 

'108 

d cos wt 

d sin wt 

1. 
1 
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APPENDIX B 

INTERMEDIATE STEPS OF INTEGRATION FOR EQUATION (2. l~ and 
(2.1.7) 

... 

Integration Properties: 

J. t
2 i

t 

I
t t 2 2 

i) _ 2 ay Cly ~ 2 
t yoydt - t ato(at)dt = at oy t - t ~oydt 

l l l l at 
) 

, j,t2 2 
=- ~oydt 

t 1 at 2 

.. 

jt2 J, t 2 2 
ii) t zozdt = - ~ozdt 

l t 1 3t2 

. 
sin 3 

wt atoydt 

t 2 
= -wd sin wt oylt + 

l 

iv) ;:

t
2 

t w6yozdt = 
l 

. (t2 d . (t2 2 
Jt wdat(s~n wt)oydt =J

t 
W d cos wt oydt 

l l 
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1 j.t2 

l - ' 
t

2 ~t ~.2 2 dZ 
v) - t wzoydt = -wz~oydt = -wzoy It ' + t wa-t0ydt 

1 t l dt. l l 

lt2 
= t wzoydt 

l' 

ft ' lt2 
t 24JYO:Zdt 

.. 
vi) = - wyozdt 

l t 1 

;-

.fo R. _ El / z l4'l:);rx 
-t ft 3 

vii) El d
2

Z d \ El ~o (d.Z) dx = -PA(~)dX(OZ) 0+ o pA dX 2 dX2 o pA dX3 dX 

2. În EL d
3

Z 0Z În '~ ;;:; _El (~)O(~) + -
pA dX 2 dX 0 pA 

dX
3 

0 

ln -tEl d
4

Z - - -ozdx 
o pA aX4 

-t 2 2 
2 r d 3 l-t viii) _EI'(~) <5 (4) dx _E!(-~_'-y)O(dY) + El ., = ~OYI . o pA aX 2 aX pA aX 2 dX 0 pA dX 0 '1 

.-t ' 
" f El a

4 
Î 

- 0 PA ~6ydx '. 

dX, 

rt 
, 

" 
: 

0 
" 
, 
" -, 
( 

,1 
J , 
), 
,; 
" (, 'fi 
,) 

! 

'X 
~ 

<' 

1 
l' 
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APPENDIX C 

REDUCED OROER METHOD IN OBTAINING THE SOLUTION FOR 
IHJ{q}+[C]{~}+[k]{q}= {Q} 

THE MATRIX WE HAVE 

• 

in our case. 

SUbsitute {y} and {y} into above ~atrix equation: then it 

can be written as: 

where , 

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

[M] = 

[K] = 

(y] = 

( 

[ 
[O.] [M] ]_ 
[M] CC] -

o l, o"~ o 0 .e. 
o 0 2wl. 
..e -2wl 0 

[-[Ml[Ol]_ 0 of- 0 0 [-i 0 0 0] 
[ 0 ] [k] - 0 0 Kk 4 0 

o a 0 ~ 
l't' 

[fk; tI1 _[[01] = [Q] 
9k (t) 

[C.~ 

j 

~ , 

[ 

0 -2w/l l/l 0 J ;~ 
& [Mrl = 2w/f.. 0 00 l/C. 

l/l 0 0 0 " 
a III a '0 

r 

--

s 

'1 

, 
" \ 

1 
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Hornogeneous solution for [C.JJ : 

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

~ 
Let {y} = {~}e ~t 

À [M]! <p} + [K]{ <I>} = {a} 

,,[;]{~} + [o]{ <I>} = {O} where [D] = [M]-l [~] 

[>.[r] + [D]){iIJ} = 0 

For eigenvalues: det IÀ[r] + (D]I = 0 

[D] 

[I] + [D] = .. 

[ 
0 -2wlJ!. III 0 ][-1 0 0 0] (0 2wll KkI.t 0 j _ 2wlt a a lita -1 0 0 = -2w/t 0 0 Kkll 

- II t 0 0 0 0 A ~ 0 -1/1 0 0 0 

~ 1 0 0 r 0 0 \ 0 ~ 0 - 1/ l 0 0 

det 1 À [I] + [D] 1 = q 

1 

À 0 Kkl il 1 -2w 0 Kkl l Kk - 2w À 

À 0 À 0 - 2w -lll À 0 + T -l/l 0 
-l/l 0 h l a 0 - À' 0 -lit 

-2w À 

- 0 -/lt 0 
o -lll 

iII!l 

4 2 2K 2 K 2 
~ À + À (2+~) +.Jc- = 0 

t 2 ,e.f.' ,e4 

\ 

'. 

" , 

, 
" 1 

, 

; 
i 
) 
" , 



t 
2 2Kk 4w2 ...... À 

:;: - (-:r + --:-Tl ± 
f. f. 

2 Kk 2w 2 ...... À = -2(~+-) ± 
.e .e2 

2 K 2 ..... ).- :;: _ (~+ 2w ) ± 
.e 2 .e2 

,.2 1 2 
-[ - (K +2w ) ...... = 
.e. 2 k 

),2 1 2 ...... :;: '2[-(Kk + 2w ) 
[ 

'. 

K 2 2 4K 2} 
4 (~+ 2w l _k_ 2 

.e 2 l2 f.4 

K - 2 4K w 2 4 
4 KyJf 4(~+ k + 4w ) -:-r 2 [4 [4 7 .e. 

~~16 K 2 + 16 4 
2 4 kW 4 w .e 

± ~~KkW2 + W 4] 

± 2w ~ w2 
+ Kk ] 

, ~ - ""., ~ 

113 
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APPENDIX D 

DETERMINATION OF THE RELATIONSHIP BETWEEN THE CUTTING FORCE 
(Pl) AND THE PRODUCT OF DEPTH-OF-CUT & FEEDRATE (a. s) AS -

FOUND BY F. KOENIGSBERGER 

The 2 points picked up for evaluation are: A
1

=(300,0.0035} 
A

2
=( 80,0.0006) 

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

ln y-ln 80.0 
ln x-ln 0.0006 = 

ln 300.0-1n 80.0 
ln 0.0035-1n 0.0006 

=> (ln O. '0035-ln 0.0006) 
* (ln y-ln 80) = (ln 300-ln 80) * 

(ln x-InO.0006) 

=> ln y-In 80 
1 

=~ ln y-4.328 

=> ln y 

=)0 Y 

=> Y 

=» F 

= 0.749(ln x-ln 0.0006) 

= 

= 

= 

= 

= 

0.749(ln x- (-7.418» 

o • 74 9 * ln x+9. 942 

(O.749,ln x+ 9.942) 
e 

0.749 
20786*x 

0.75 
20786(a.s) 

114 
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APPENDIX E 

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

115 

5 ince the workpiece is eccentric and subj ect to 

vibr ation, the depth-of-cut Ca) changes wi th tirne which 
J 

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

has to be determined. 

Consider the beam under deflection: 

z 

p 

, 

d - eccentricitv 
R- radius o-f work 
b = desired depth-

-of-cut 

~~---------+---------Y 

FIG E" END VIEW OF THE DEFlECTED BEAM WITH DEFINED ANGLES 

" 

, . 



, 

(., 

where d 
R 
b 

OQ 
OP 

;;:: 

= 
= 
= 
= 

eccentrici ty 
r adi us of wor k 
desired depth-of-cut 

116 " 

surnmation of eccentricity and radius of/work 
radial Iength that the workpiece crossés the 
y-axis at any time 

Py Sine Law: R = d = r 

Since OP = 

OP = 

OP = 

sin 62 sin 1jJ sin 

=> sin 1jJ = Q.*{sin 92 ) 

=> 

R 
sin 62. 

R 
sin e 

2 

R 
sin 62 

* 

* 

1jJ = 

13 = 

R 

si nI (g*sin a2 ) 
R 

o -1 = ~---r80---e2-sin (~*sin 6
2

) 
R 

sin a 

sin(1800 -e -sin-1(d*sine )0) 
2. R 2. 

* ..gin(62.+sin-l(Q.*sin92» 
R 

.. 

But 62 =, wt-6
1 

where el is the initial angle that the 

'" maximum rac!a1 Iength (OQ) makes with the horizontal axis as 

shown in Fig. E.l . 

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

" 

,~ 

1 
" 1, 

Î , 
1 
} 
j 

~ 

1 
f 
1 
J , 

! 

>, 
" 
!~ 
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/ 

OP = R * sin ( (wt-e l ) +sin- l (g* sin (wt-e l ) ) 
sin (wt-e ) R , 

l 

Ifs et - al = o. 0 

OP = R * sin (wt+ si n- l (9.* sin wt ) 
sin wt 

. 
R .. 

R *{ -1 d sin 
. d 

sin OP = sin wteos (sin (R wt) ) +cos (wt) R 
sin" wt 

Physically, d/R is a small ratio 50 that d*sin wt/R will 

be even sma11er. Renee OP ean be appr oximated as: 

OP ~ R* (sin wt+cos wt*g*sit:t wt)~ 
sin wt R 

= > OP ~ R + d cos w t 

'Thereforev if initially OQ is on the y-axis, i.e. 

and the desired depth-of-eut is b (refer to F ~g. E.2 

page), the aetual depth-of-eut (a) with time is: 

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

=> a = R+à cos wt-R-d+b 

=> a = d(eos wt-l)+b 

o 
el =0 , 

on -next 

wt} 

.' .~ 

li 
i 

: 
J 
\ 
t 
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• o 

z 

o~--------~~~--~----~y 

FIG E"2 DIAGRAM SHOWtNG THE PARAMETERS DEFINED IN 

TH!S APPENDIX 

c 

\ >, 

l 

1 
'J 

> 
1 

'" i 
J , 
~ 

1 
1 
! 

:i 
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APPENDIX F 

RELATIONSHIP BETWEEN 20786(as)O.75[lbf] and 191 asO. 75 [Kg]. 

a s P =20ï86(as)u·/~[.fufJ p * _ *4.45 [ ] p'=191 asu. 1~[Kg] P* 
1 1-P1 9.81 Kg 1 1 

in mm in/rev rnn/rev [in]; s [in/rev] a r rrm]. s [rnn/rev] PT a L t 1 
0 

1 

' 0.03 0.762 0.015 0.381 64.221 2~.132 70.580 0.413 
0.020 0.50B 79.686 36.147 87.576 0.413 
0.030 0.762 10'8.007 4B.994 118.701 0.41.3 
0.050 1. 270 158.430 71. 867 174.117 0.413 
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 4B.994 141.160 0.347 
0.020 0.508 134.016 60.792 175.15Q 0.347 
0."()30 0.762 181.646 82.398 237.402 O. 3~'7 
O. 050~ 1.270 266.44ff 120.866 348.234 0.347 
0.10_0 2.54 448.109 - 203.271 585.657 0.347 
0.500 12. 7 1498.345 679.677 L958.264 0.347 

-'0.09 2.286 (;).0150 0.381 146.393 66.407 211. 740 0.314 
• 

-1 

0.02 0.508 181.646 82.398 262.729 0.314 
0.030 0.762 246.2p3 Ill. 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 
0.500 12. 7 2030.861 921. 237 2937.395 0.314, 

For a fixed depth eut the expression 20786(as) 0·75 ean be expressed as a fraction 
multiplied by 191 a,so. 75, i.e.K*191 aso .75, particularly for a = 0.06" K = 0.347. 

,', ,~ ...... - ...... "...:;:-

~ 
~ 
\0 

'C 
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APPENDIX G 

DETERNINATION OF THE VALUE OF THE FUNCTION: cp 1 =4> (i) =? 
INTEGRATION FOR f CPkÔ (x-i l ~ (,e.) dx=? n x=-L n , . n 

~ar clamped-free beam, the mode shape is: 

cp = cash 8 x - cos 8 x - C (sinh 13 x-sin 8 xl n n n n n Tl 

C 
cash B L + cos S L sinh S L - sin 8 L 

where = n n = n n n sinh Bn L + sin B L cosh Sn L + cos 8 L 
. 

n n 
.. 

which 1eads ta the transcendental equation for'B : 
n 

cosh 13 L cos S L + l = 0 • n n-< 

Since we want to find·~ 1 or <p (i) 
n x=L n 

<pnl 
x=L 

Squaring [G. ~: 

" (sinh 8 L-- sin S L) 2 
;:; ~ (.el = 

n 
cosh B L - cos 8 L _ n n 

n n cosh 8 L+ cos S L 

2 2 = cosh S L-cos 
n 

L 'nh2 L ,2 8 - Sil.. 13 - ~1I1 
n' n 

2 sinh 8 L ~in 8 L 
n n 

cosh B L + cos 13 L 
n n 

cosh t3 'L + cos 
n 

n n 

8 L + 2 sinh S L sin B L 
n n n 

B L n 

4 sinh2 B L sin2 t3 L n n 
. h 2 cos 2 I3 nL + cos B L + 2 cosh 13 L cos 8· L n n n 

" ~ 
l 
j 



1 

( 

) 

1 

2 2 J 

4(cosh BL-l)(l-cos BL) 
n n 

2 2 
cosh' B L + COs S L - 2 

n n 

2 
4 (cosh 

2 2 B L - cosh S L cos 
n n 

2 2 
cosh 6 L + cos 

n 

(~ )2 4 (cosh 2 B L + cos 

~n 1 x=L = cosh 2 Sn: + cos 2 

B L - 2) 
n 

B L--2-­
n 

v. 

~nIX=Lr~ 4 

0: (X)sh B L 
n 

.121 

cos S L + 1==0 
'n 

2 S L + cos B L -1) 
n n 

B L - 2 
n 

From observation, the slgn of ~ 1 a1ternatively changes 
n x=L 

~nlx=L = ~ (i) 
n 

, 
, 
" " i 

f 
; 
~ 
; 
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APPENDIX H 

EVALUATION OF EQUATION (2.3.6) BY REDUCED METHOD AND 1TS 
COMPUTER RESULTS FOR 3 DIFFERENT WIS • 

.. 
~ .e. 0 0 0 :\ 0 0 2wt 0 

o .e. 0 0 ~ + 0 0 0 2w.t ~ . 
QOlO Bl -2wt 0 0 0 Bl 

o 0 a .e. B
2 0 -Jwt 0 0 B

2 

(~i-w2.).e. 0 - 4S 
1 

4S
1 

Al 

a (~~-w2).e. 4S1 - 48 l ~ 

+ 0 a (~1-W2).e-4S2 48
2 

Bi 

0 a 4S
2 

. (~~_W2) .e.-4S
2 

B
2 

<F > .e<p dx 
z 0 l 

.e 

<F z> 0 <P 2
dx 

= . .e 
(2.3.9) 

<Fi 0 <Pldx 

.e 
<Fy> 0 <P2

dx 

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

/ 
/ 

122 
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f 

Denote: 

( 

0 0 0 0 .e. 1 
1 

0 

0 0 0 0 o .l .e. 
o 0 o 0 0. 1 0 

. 
Al 
A2 
BI 
B2 
Al 
A2 
BI 
B2 

0 

0 

l 

in our case (2.3.9) can 
be written as: 

0 Al 
0 A2 
0 BI 

1 
~~_o_~_~+_~_~_~_ ~2 + .e. 0 0 0 0 1 0 2wl 0 

0 l 

0 0 

0 0 

0 

.e. 
0 

o 
o 
o 
o 
o 
o 
o 
o 

0 

0 

l 

Al 
0 

1 
0 0 2w.e. , 

A2 
- 2wii 0 0 0 BI 

0 1 -2w.e. 0 0 13 2 1 

123 
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1 
which is in the form [M]{X} + [K]{X} = {ü} • 

• Àt 
Assume {X} = e and substitute the solution into above 

equation. 

which is solved by the computer 

prograrn as shown behind. Note that the subroutine EIGZF is 
, 

used in the prograrn to solve and find the À'~ for system 
'" 

(2.3.9) 

. \ 

( 
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C> 

al< 1:3 A T C 1-< W A TF1 V ,1.\ E 3 90 0 1 HE,"" AN C. H • HU 1 
******************************************************* 

$\vATF IV , -.Jc.JF.XT 
C ******************************************************************** 
C * * 
C * * C * T.-IIS prWGRA~ FINOS THE EIGENVALUES UF A OYI\ANlIC SYSTE"1 tI 
C ~ * c 
c 
c 
c 

'J 
1 1 1 

C 

c 

C 

c 

1 ) 

c 

* 
* 

NHICH 15 IN TriE FOLLUtiHIG FOR'-1: 

* ~ 
*****~*******************************************.****************** 

I.'.o\?LICIT F<EAL*8(A-ll ' 
,)!'-1;::\jS ION M( 8,8) ,K(a.Sl .,\LFA (13) .BETA(9) ,Z(13,8) ,oNK( 128) 
CG4~LE~*lt ALFA,Z,O""E~A.NATFR[ 
INT~GER I,J,N,IJOa,IER,CHECKl,CHECK2 
REA) ( 5. *) F. P'·1 
WRlfE.(b.111) RP"I 
FUR vil\T('I' ,2(/).2X,'THt:: SiJINJLE SPt:ED CF THE NC LATHE 15:',011.4. 

blX,'Qp'4') 
REA.) ( 5 ,* , E NU = 9 9) SIN :; 
S = SIN*2.:,4[)-C2 
WR[rE(u,~~5) SI~.S 
FOR-1AT(2(/).T20,'THE F":EDr<ATC IN IN/[<EV :',D13.6.3X,'IN M/REV 

$ :',.) 1 J. ,:, ) 

N :: '3 C-
I J:19 = 2 

E. :::; '1.000<; 
Dë'~;; Ir = 2b.6D03/9.8UO 
DIA = 3.0DO*2.54D-02 
'~ :J ,)':: 1 = 1. 8 7 5 1 64 07 D 0 
MO)~~ = 4.69409113D0 
jJ [ = 3. 1 41 5 9 JD 0 

w = RP~/oO.ODO*2.0DO*PI 
LEr~jTH = 8.0DO*2.54()-02 
R = ùIA/2.0DO 
AREA =(I<**z.orfi'O)*PI 
10 = PI*(R**4.0QQ)/4.0~O 
Hl = f.1ODEl/LENGTH 
132 = \100E2/LENGTH " 
CD~Sr = C*IO/(OENSIT*AR~A) 
KI = (CONST*(B1**4.0DO)-(W**2.0CO»*LENGTH 
K~ = (CONST*(t32**4.0DO)-(iI**2.000) )*LENGTH 
SI = 650.177DO/(DENSlr*Af.~EA)*(S**O.75ùO) 
52 = 3~O.106DO/(DEN5IT*AREA1*(S**O.75DO) 
,DO l 'J 1 = 1 .8 
DO l.J J= 1 • 8 
C.tiE Ct< 1 = J- 1 
CHEC t<2 = I-J 
~ ( 1 • J) = 0.000 
IF( 1.LE.4.AND.J.GE.4.ANJ.CHECKl.E-Q.4) 
IF( 1 .Gé.4.AND.J.LE.4.A''II:J.CHECK2.E::Q.4J 
CON r 1 NuE 
~(5.7) = 2.0DO*W*LENGTH 
\1(6.6) :::; 2.ûDO*,IM*LENGTH 
'>1(1,:5) ::;: -2.0DO*W*LEI'.GT.; 
'-1(8,0) = -2.0DO*W*LE:.f'.GTH 

~( l , J ) =L ENG TH 
M( l, J )=LENGTH 



@ 

( 

126 

wRITE(6.222) 
2~: FOR"i\T(' ·,2(/).T20.'THE MASS '-lATRlX OF THE SYSTEM 15:") 

DJ 1 1 1::: 1 • e 
Il o'/RITë(6,20) (MCI. JI,J=l.o) 
2'J FOR -1 AT (1 '. T 1 0 • tlD 1 3 .6 1 
C 

1 ) G 

C 

333 

IH 
.3J 
C 

C 

4~4 

2JO 
4) 

C 
99 
9'iY 

$DATA 

ÙO 100 1=1.8 
DO 1)::> J= 1 ,8 
KCl,J) = 0.000 

\ 
IF( I.LC.4.ANO.J.LE.4.A\lD.I.EQ.J) 
Cù,H INUE 
K(5.5) = 
1<,.(5,7) = 
K(:5,:J) ::: 
K(6,:J) = 
K(6,7) = 
K(6,b) = 
K(r,l) ::: 
K(l,.,) = 
K(j,7) ;:; 
K(d,d) = 

-l.OOO*Kl 
4.000'" 51 
-4.000*51 
-1.000*K2 
-4.000*51 
4.0lJO*Sl 
-Kl+4.0DO*S2 
-4.000*52 
-4.000*52 
-K2 +4. OD 0*52 

WR rTE ( b,.3 33 ) 

K( r,J)=L.EN"TH 

F 0 '1-\ 1\ T CI' ,2 ( / ) • T 2 0, • THE: ::; TI F F NES 5 MAT R r X OF THE: S y STE M r 5 :. 1 
DO 1) 1 1=1.1:3 
w r~ r T ~ ( 6 • "30) (K ( l • J) • J = 1 • ci ) 
FOR '~A T (' '. T 1 0.8013.6 ) 

CAL L E r Gl F ( K • N. '1. N, N. 1 J 'J d. AL FA, :lE.,. 1\ ,L • N. \II K. 1 ER) 

NRITE( 6.444) 
liiJR\1AT{' '.2(/)tlOX,'P·E ""IRST 8Tr! NATURAL FRE::lUENCIES ARE:', 

G'~(/) .2~X, 'NATURAL FREQUENCIES') 
DU ~OÙ 1=1.8 . 
W-IE-it.. = ALfA< 1 I/SETA(l} 
WRlrt:(6."O) OMEGA . 
FUR -1 AT ( 1. 10 X, 0 18 • 1 l, 2X , L> 1 d. 1 1 ) 
Gor J ':} 

WRITE( 6,999) 
FO~'-1AT('l') 
ST],':> 
EN:) 



f*' B • -î) 

lit 

( 

~1~DLC SPEE~ UF THE NC LATHE IS: 0.69000 02 RPM 

TH~ F~ORATE IN l~/REV 0.0000000 00 IN M/REV : 0.0000000 00 

rHI:: MASS MATRIX CF THe SySTEM 1 S : 
00 O.'OOOOOOD 0:> 0.000J.)0.) ÙÙ 0.0000000 00 0.000000D 00 0.0000000 00 0.2032000 00 0,0000000 00 0.0000000 

0.000000.) JI) 0.0000000 00 O.O)O.)OùO 00 O. 0000000 00 0.0000000 00 0.2032000 00 O.OOOOOOD 00 0".0000000 00 
O.OOOJOO) 00 0.0000000 00 O.OJO':>OOO 00 0.0000000 00 O.OOOOOJO 00 0.0000000 00-0.2032000 00 0.0000000 00 
o. ,)00000,) 00 ù.OOOOOOû 00 O.O,)OOOOD 00 0.0000000 00 O.OOOOOOD 00 O.OOOOOOû 00 0.0000000 00 0.2032000 Où 
J.2032)0) .)0 O.OOOOOOD 00 0.00ÙJOO:::> 00 0.,0000000 00 0.0000000 00 O.000000û DO 0.2'-) 36 51 D 01 J.000JQuO 00 
,).OJJJO.») 00 O.20320CC> CO O.OOOùOOû 00 0.000000D 00 O.OOOOOOD 00 0.0000000 00 0.000000D OU O. 29365 1 DOl 
0.0000000 JO O.OOOOOOD 00 0.203200;) 00 0.0000000 00-0.293651D Cl 0.0000000 00 O.OOOOOOD 00 0.0000000 00 
0.0:>0000) 00 0.000000:) 000.000000D 0') O. 203200D 00 0.0000000 OO-O.293()51D 01 0.0000000 00 0.000J000 JO 

THE STIFF-NE:.SS MATFd X OF THE SYSTEM 1 S : 
0.2J3~JJ) J') O.OOOOOOD 00 O.:)')OOOOD JJ 0.0000000 00 0.0000000 00 0.0000000 00 o .0000000 00 O.OOOJOOO 00 
u.OOOOOO.) 03 0.203200û 00 0.000000D 00 O.OOOOOOD o 0 O. 0 0 0 0 000 00 O.OOOOOOD 00 O.OvOOOOD JO J.000010D 00 
u.OO.)ùJOC> JO O.OOOOOOD 00 0.2:>3200û 00 0.0000000 00 O.OOOOOOD CO 0.0000000 00 0.0000000 OJ 0.000')000 00 
0.000<100) 'JO O.OOOOOOL) 00 O.OOOOOUD Ù 0 O. 20.3 ~O 0 D 00 O.OOOOOOD 00 0.0000000 00 O.OOOOOOD 00 0.0000000 00 
0.OJ0ÙOOÙ 00 0.000000D 00 0.000 J 000 00 0.000000D OO-0.lj9ë87D 08 0.0000000 00 O.OOOOOOC> 00 0.0000000 00 
0.0000JO) 00 O.OOOOOO~ 00 0.000000D ÙO 0.0000000 00 O.OOOOOOD OO-O.54,-}3230 09 O.OOOOOOf) 00 O.OOJO)OO 00 
0.000000) Où 0.000000J 00 0 .. 0000001.) 00 0.000000D 00 0.000000D 00 O.OOOOOOD 00-0.13~d87D 00 0.000·)000 'JO 
(J. ,)OOJO(J) 00 0.0000000 00 0.0000000 00 0.0000000 00 0.0000000 00 O. 00 O'tl 0 0 D 00 O.OOOOOOD 00- :J • 54 93230 0 9 

THé F lR~T dTH I\ATUnAL F RE G!UEr~ C lES AR E: 

NATURAL FREQUENCrES 

).24'307~j2ùlD-08 0.8304J48j530D 04 

v.2473074~2610-08 -0.830434<335300 04 

O.24506S~jo30D-Oë O.828Y89702520 04 

O.2450655U6J60-08 -O.e2898970Z52D 04 .. 
O.~7170~7u1430-0o o. 52001 076~640 05 

0.271104761430-06 -ù.52001076~640 05 

0.270604717550-06 ,0.51986625537() 05 
i-' 

0.270604717550-06 -O.519~6625~37D 05 l'V 
--..J 



~ 

.; 
1 

j~If~DLE SP

/

\) OF THE Ne L4THE 15: 0.6900D 02 RPM 

'" 

~ THE FEEURATE IN lN/REV : 0.150000D-Ol IN II/REV 

THE MASS MATRIX Of- THE SYS1EM 15: 
0.000000,) 00 0.0000000 00 O.OQOOOOO 00 0.0000000 00 0.20.32000 
O.OOOOOUJ 00 0.0000000 OO~OOÙ 000 00 O.OOOOOOD 00 0.0000000 
o. J JO·) 0 0 ,) JO 0.0000000 00 o. '§-&OOOù 00 0.0000000 00 0.0000000 
O. 0 JO.) 0 o.) O:J O.OOOOOOD 00 0.00' J 000 00 O.OOOOJOO 00 0.0000000 
0.203':00J 00 O.OOOOOOD 00 O.OOOOOOD 00 O.OJ00000 00 0.0000000 
o. JOOo)OO,) ùO C.2032000 00 0.0000000 00 o.OOOOOO() 00 0.0001.1000 
0.00J00')':> JJ O.OOOOOOD 00 0.2032000 00 0.0000000 00-0.2936510 
ù.0000,),J') 00 0.0000000 00 0.0000000 00 0.203200D 00 0.0000000 

r tiE STIFfNESS MATRIX OF ThE SYSTEM 1 S : 
0.203200J 00 0.0000000 00 o. OQO·:) DOL) 00 
0.000000,) 00 0.2032000 00 0.0000000 00 

~_ 0_.0 OJ O.) OJ ùJ 0.0000000 00 0.203200D 00 
0.000000::1 JO O.OOOOOOù 00 0.000000,) 00 
0.000000,) 00 o .0000000 00 0.0000000 00 
ù.OJOOJOJ JJ 0.0000000 00 0.000000D 00 
O.OOOOOOJ DO 0.0000000 00 0.0000000 00 
0.000000) 00 0.0000000 00 0.0000000 00 

THL FIRST 8TH NATURAL FRE~UENCIES ARE: 

NATUPAL FREQUENCIES 
-

-O.8a269~311290-04 0.830434825870 04 

-J.8~2699~112eO-04 -0.830434825870 04 

O.832627~41S5D-04 0.82898969311D 04 

0.882621441550-04 -o.eZ8989693110 04 

J.14636d)9658ù-D3 0.52001078496D 05 

O.14636dJY658D-03 -0.520010784960 05 

-J.14~41~j8145D-03 0.519866271680 05 

-J.145419~o145U-03 -0.51986627168D 05 

" 

0.0000000 00 0.0000000 
O.OOOOOOD 00 0.0000000 
0.0000000 00 0.0000000 
0.203200D 00 0.0000000 
0.0000000 o 0- O. 1 3 <:1 e8 7 0 
0.0000000 00 0.0000000 
O.OOOOOOD 00 0.0000000 
0.0000000 00 0.0000000 

\ 

0.381000D-03 

00 O.OOOJOOO 00 o .00000 O!) 
00 0.2032.000 00 O.OOO:lOOD 
00 0.0000000 00 0.2032000 
00 0.0000000 00 0.000000::> 
00 0.000000::> 00 0.2936510 
00 0.0000000 00 J.OOOOOOD 
01 0.000000D 00 0.0000000 
OQ-O. 2930510 01 o .0000000 

00 0.0000000 00 O.OOOùOOD 
00 0.0000000 00 0.0000000 
00 0.0000000 00 O.OOOOOOD 
00 O.OOJOOOD 00 0.0000000 
08 O.OoOOOOD 00 0.572967D 
OO-0.549~230 09-0.5729670 
00 o.OOoOûoO 00-0.1398870 
00 o.OOOOOOD 00-0.3437600 

• 

.. 
00 0.0000000 Où 
00 O.OOOJOOO Où 
00 0.0000000 0Q 
00 0.2032000 00-
01 0.000)000 00 
00 0.29::16510 01 
00 0.0000000 00, 
00 O.OOoOOOD 00 

00 0.0000000 O~ 
00 0.0000000 0 
00 O.OOOOOOD 00 
00 0.000)000 OJ 
00-0.572967D 00 
00 0.572~670 
Otl-0.3437800 
00-0.5493230 

1-' 
l\J 
co 

00 
00 
OY 

,--



~ • 

ct. 
,PINDLt SPEEiJ OF- THE NC LATHE 15: 0.69090 02 RPM 

THE FEEDRATE IN IN/REV 0.5 000000-02 1 N '1/REV 0.1270000-03 

THE MASS MATR 1 X Of THE SY STeM l S : 
J.OùOOOOD 00 J.OOOOOOf) 00 O.OOOOOOD 00 0.0000000 00 0.2032000 00 O.OOùOOOO 00 0.0000000 00 0.0000000 00 
J.OÙJ'JOOù 00 O.OOOOOOD 00 O.OOOOOùO 00 0.0000000 00 O.OJOOOOO 00 0.2032000 00 J. 0 000'000 00 O.OOOJOOD 00 
o. 0 ù 0,) JO.) 00 0.0000000 00 0.0000000 00 0.0000000 00 0.0000000 00 0.0000000 00 0.2032000 CO 0.0000000 00 
J.OOOJJOJ 00 Ù .0000 OOD 00 0.0000000 00 0.0000000 00 0.0000000 00 0.0000000 00 0.0000000 00 0.2032000 00 
J.203200J 00 0.0000000 00 O.OOOOOOD 00 0.0000000 ÙO J.0000000 o 0 O. 00 0 0 0 0 ') 0 0 0.2)36~10 01 0.000(001) 00 
ù. .) 00 ,) 0 0 ) Oi) O. 2032000 CO 0.0000000 Où 0.0000000 00 0.0000000 00 0.0000000 00 0.0000000 00 0.2936510 01 
O.OOOOOOJ 00 0.000000;) 00 0.203200D 00 O.OOOOOOD \.l 0- O. 293 G 5 1 0 01 1).0000000 00 0.0000000 00 0.0000000 00 
0.000000,) 00 0.0000000 00 0.0000000 00 0.2032000 00 0.0000000 00-0.29,j6510 01 0.0000000 00 J.oouoooo 00 

THE SfIFFNESS MATRIX OF THE SYSTEM 1S: 
0.2032000 00 J.J000000t1~ 0.0000000 00 0.0000000 00 0.0000000 00 0.0000000 00 0.0000000 00 0.0000000 00 
O.OOOlOOJ JO 0.2032000 CO 0.0000000 00 O.OOOOOOD 00 0.0000000 00 0.000000D 00 0.0000000 00 O.OOOJOOO ao 
0.0000000 00 0.0000000 00 O.2J3200D 00 0.0000000 00 0.0000000 00 0.0000000 00 0.0000000 00 J.OOOOOOO 00 
0.000J000 00 0.0000000 00 0.0000000 00 0.2032000 00 O.OOOOOOD 00 O.OO)OOOD 00 O.OOOOOOD 00 0.0000000 00 
0.0000000 Où O.OOOOOOD 00 O.OOOOOOD 00 0.0000000 00-0.lj9~870 09 0.0000000 00 0.2513560 OJ-J.251J5bD 00 
O.OOOJOO~ 00 O.OOOOOO~ 00 0.000000D 00 0.0000000 00 0.0000000 00-0.5493231) 09-0.25135~0 00 0.2513560 00 
J.OJOJOOJ 00 0.0000000 CO O.OJOJOO~ 00 0.0000000 OQ O.OJOOOOO 00 0.0000000 00-0.139887D 08-0.1508130 00 
J.OOOOOOJ ù) 0.0000000 00 O.OOOOOOD 00 0.0000000 00 0.0000000 00 0.0000000 00-0.150dI3~ 00-0.549323D 09 

THE FIRST dfH ~ATURAL FREQUENCIES ARE: 

NATURAL FREQUENCIES 

-J.37269163897D-04 0.830434833060 04 

-).3726~1~3d97D-04 -0.830434633060 04 

0.372733717200-04 O.e2d~897002~D 04 
. 

O.J7273d71720D-04 -0.8289897002~0 04 

-).11120214803D-04 0.520010783970 05 

-).111202148030-04 -0.520010783970 05 

0.118059324970-04 0.519866270690 05 

0.118059324970-04 -0.519866270690 05 

'"\ 

t-' 
N 
\0 



~ .. 

J 

':>I-'INl)LE :;;t=lEE,) ùF THE NC LAT.HE 15: 0.690ùD 02 F<PM 

THE FEEORATE IN l~/~EV 0.3000000-01 1 N M/RE V 0.7620000-03 

THE MASS MA TR 1 X OF- THé SYSTEM 1 S : 
O.OOOOJOJ )0 o. DO 0 00 Dl) 00 0.0;)0')000 00 0.000000D 00 0.2032000 00 0.0000000 00 O.OOOOOOD 
0.0000(0) :'0 0.0000000 00 O.;)·')OJOOO 00 0.0000000 00 0.0000000 00 0.2032000 00 O.OOOOOOD 
u. OJJl)J JO JO 0.0000000 00 0.000000::> 00 O.OOOOOOD 00 0.0000000 00 O.OOOOOOD 00 0.2032000 
O.OOOJOO.J JO O.OOJOOOD 00 0.0:)00000 00 O.OOOOOOD 00 O.OOOOOOD 00 O.OOOOOOD 00 0.000000D 
0.20.3200) 00 0.0000 0 OD 00 0.000000D 00 0.0000000 00 0.0000000 00 O.OOOOOOD 00 0.2936510 
0.000000,) 00 o .2032000 00 0.0000000 00 0.0000000 00 O.OOOOOOD 00 J.OOOQOOD 00 0.0000000 
0.000000.) 00 O.OOOOJOD 00 O.203200D 00 0.0000000 00-0.2936510 Dl 0.00000:)0 00 0.0000000 
O.OOQJJJt) 00 O.OOOOOCO 00 G.ÙJOJJOO OJ 0.2032000 00 O.OOOOOOU 00 -0 .2936510 01 O.OOOOOOD 

THE STIF~NESS MAT~IX OF THE SYSTEM IS: 
O.2032)ùJ 00 0.000000) 00 C.OOOOOOO 00 0.0000000 00 O.OOOOOOD 00 D.OOOOOOD 00 0.0000000 
O.OOOJOJJ 00 0.2032000 00 0.0000000 DO 0.0000000 00 0.0000000 00 O.OOOOOOD 00 O.OOOOOOD 
Q.OOOOOOJ 00 0.0000000 00 0.2032000 00 0.0000000 00 0.0000000 00 0.0000000 00 O.OOOOOOl) 
O.OOOOJO.) OJ O.OOOOOOD 00 O.OOO~OOD 00 0.2032000 00 0.0000000 00 O.OOOOOOD 00 0.0000000 
0.00000JJ 00 O.OOOOOD~ 00 0.0000000 00 0.0000000 00-0.1398870 08 O.OO~ùOOO 00 0.96361?0 
O.CJOOJJJ 00 0.000000,) 00 O.OJOJOOO 00 0.0000000 00 O.OOOOOOD 00-0.549323n 09-0.9636120 
O.OJOuJJJ Où O.OOOOOOD 00 0.0000000 ùJ O.JOOOOOD 00 0.0000000 00 0.0000000 00-0.13~B870 
O.0QOJOOJ 00 O.OOOOOOJ 00 0.0000000 00 0.0000000 00 0.0000000 00 O.OOOOOOD 00-O.578167D 

~ 

THE FIRST ~TH ~ATURAL FREQUENCIES ARE: 

NATURAL FREQUENCIES 

-ù.1423Y~333610-03 0.830434822320 04 

-O.1423~a33361D-03 -O.83043482232D 04 

O.142AJ~lu544D-03 o.e28~896d9550 04 

0.142404185440-03 -0.82898<}68~55D 04 

-0.2053J2~0422D-04 0.520010783920 05 

-J.~05302}04220-04 -O.5200107839èO 05 

~.2124dJd12310-04 0.519866270640 05 

0.212463d12310-04 -0.519866270640 05 

Il 

-"" ".I~, .. ,,-~: -,-;' -~ ""'~ 
_ ,,_;:-,;5~~~..,./~~t..b<-' __ '"t ......... ~ -:;.....:-.I ........ ~~;A.......,.,,\~ ..... "'h>I'W~~·.a" "",," .;:,~ 

• 

00 0.0000000 OJ 
00 O.OOOOOOD JJ 
00 0.0000000 00 
00 0.2032000 00 
01 O.OOOJOOD 00 
00 J.2Y3t>510 01 
00 O.OOOOOOD 00 
DO 0.0000000 00 

, 
00 0.0000000 00 
00 O.OOOJOOD Ou 
00 :).OOOJOOO Où 
00 0.0000000 00 
00-0.<}63b120 Où 
00 0.9636120 OJ 
OB-0.57BI67D 00 
00-0.5493230 09 

~ 
W 
o 

~ ..... ..,.~ . .....,... 



\) oaooo .... oo 000000'?0I 
00000000 ·00000000 

00000000 COOQOOOO 
00000.000 00000001'1 
(")0000<t00 OOOOOOOCll ). 

oOONO'?On Q')oor')(")Or") 131 
\ 000"'10.,000 0000000<]\ 

"'.~ 
00000'.000 0')60000<t 

1 
0001\10"--00 00000001f') 

• • •••••• • • •• • • • • 
oooooonn (")0000°_°,7 

00,00 ... 000 oO(')OQOI1)O 
00 0 0000,0 00(')00000 - ',,;-

oooooOtJo 00000000 
000010000 00(')0001'-0 
oood<tooo 000000.:00 
OONOOOOO 00(')000"00 
OoMolOOOO OOOOOO(llO 
0000"'000 0000001")0 
ooNOI'-OOO 000000 ..... 0 

• • •••••• • •••• • • • 
00000000 00000000 , 

0 0000000- OOOOO(JIOO 
0 00000000 00000000 

Cl 00000001"l OOOQQaao 
0 0000000'" (~0000f")00 

0 0000000<1 OOOOONOO 
0 ')NOOOOOO OOOOr)"'Ï00 
0 OMonooO.,o 000000'00 
0 OOOOOOO\[) 00000<t00 
0 oNOOOOOI'- OOOOOlflOO 
• • · • ••••• • • ••• • • • 

0 00000(')00 00000000 , 1 
000000-0 0000'D000 
00 0 00000 00000000 

00000000 OQOOOQao 
000000\lJ0 00001'-000 
000000<t0 0000::0000 
NOOOOO00 ooootOOOO 

> i")OOOOO<OO OOOO(]\OOO 
W OOOOOO\[)O 00001'1000 
IX NOOOOO"/'-O 0000 ... 000 , • • • ••••• · ........ 
~ 00000000 00000000 

1 , 
Z 00000000 00000000 ... 00000000 00000000 

00000000 00000000 
00000000 '·00000000 

0 00000000 (1)00000000 
0 OOOOOOON .... OOONoogo 

:.! 00000001") 0001'100 0 
Q. 0 0000(')(')00 ::!:OùOOOO'?O 
:x: 0 ··OOOOOOQN UJOOONOOOO 

0 tfl • • · . . . . . 1- • ••••••• 
i") 0 .... 00000000 (flOOOOOOOO 
0 0 >-

0 ::E000000 0 0 (1)00000000 UJ <t <t <t oCt If') lfl lfl lfl 
a 0 UJOOOOOOOo 00 0 00000 cr 0 0 0 0 0 0 0 0 
0 1- W ~ 

0 0 tflO(')()("lOClOO rQOOOOQOQ 0 0 Cl Cl 0 a 0 0 
Q') >-0':)000000 1-0000 0 000 (j) 1[) .:J 1[) .[) If') lfl 7' (JI 

(f)00000000 0000000 0 UJ 11) 1O (J\ \J' If') lfl r'1 1'1 
t")r:>noool'lJo lL'")o:)'\J00000 ln If') r") "1 0 

,~ 
~ :7-

0 > WOOOO on r')0 O'00r10(")QO(") U (/1 l'IJ '\J ... ... N N (\/ 

W r0000 0 .... 00 00"00000 z lU N N "1 1'1 0 0 00 

0:: 1-00OOOo-SJ0 oXOOI\JOOOO O UJ 1'- ..... 1'- ,... 1'- 0 0 
1,/') , • • • • • • • • .... . • •••••• :::> u 0'1 0'1 N N CIl III lfl 
.... Z tLOOOOOOOO 0::00000000 a z. li1 li1 11) :0 ,... ,... 

0 t- W W 1'- ,... 0 10 Jo ~ 

UJ 00000000 <:00000000 Lt ::> r'1 l'''l N N C\j N ... ... 
l Z XOOOOO000 ::E00000000 U- 0 :0 co co co If') Il lfl lfl 

1- !JJ • • • • • 
<t rrOClCloooao (l)O("jOOOOI')') ..J (Y 0 0 0 0 0 0 0 0 
...J W f-OOOOOOO O 1,/')00000000 <{ li.. 1 1 , 1 

1- <:00000000 UJOOOOOOOO cr 
u « ::EooOOONOO ZONOOOOOO :::> ...J 
z ::l:: 000001''100 li..0r1000000 1- <:( :0 co :0 ::0 10 Il,) -..l ILl 

0 nOOO':l0000 tLOC>r;JOtîOO0 ct n: 0 0 0 0 0 0 0 0 
w ,W I,/lOOOOONOO -ONOOOOOO L. ::> 1 1 , 1 1 1 1 . , 
l UJ <1' • • • . . . . • 1- • · ...... 1- a a 0 0 0 0 a Cl 
l- lL ~O000(')O00 ''100000000 «/ tO co IJ') Lf) :0 ::0 1[) 1[) 

l Z f") l'''l 1'- ,... ,... ,... 
Ll. W '.jJ 'J ,..., 0 '=' "J 0 0 0 W,...,OClOOOOO r- <t ~ :'J ('IJ l'''l 1'1 f') "1 

J !: ,r;J000,"J"J'-'(") 1:(")1""),.,001")'-'-:1 ..., 1"") 0 ,., 0 ln L" .... ... ... "'1 "') -D '0 0 ..., 'l' 'JI 
~ ')'"'1""'0')'")("1'") '" --""\",,\"11"')1"'),'") l- n 0 ,fi .() IJ) '" 'n 11) 

( IJJ onoOtîOOI") ,...,n00'),?C""IO 'l'! 0 0 0- (]\ ::11 ~ 't) ::0 
UJ OOOOf)OOl"") OOO('l(")ooo ~ ... ... 0'1 'JI 0 0 Lf) III 
'L <,">,'")r:>0Nor.0 '\.I00000no :7- ,,. r") ,., ,. 0' 1) ''D 

) 

tfl 0000r")f)OO ""1 000'") t") n0 u.. N 1\1 N N r") ,., l"') ;ry 
000 0 0 00 '0 ":)00001")00 1") l"') .,., 1'1 "'1 r'1 l"') .,., 
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1( 

~ 

;I->IN.JLf.: SI-'EE') ..JF THE' NC LATHE 15: O.ldOOD 03 RPM"· 

THE FEEORATE LN IN/REV 0.500000D-02 1 N M/REV 

r riL r-1AS~ MATRIX OF THE SYSTEM l C- • 
~ . 

\J. ùv')OJO) JJ :).000000D 00 0.000::>00D 00 O.OOOOOOD 00 0.2032000 
O. 'J () J JO).) 00 0.OOOOO0D 00 O.OOOJOOD o O· O. 0 00 0 0 0 D 00 0.0000000 
0.00(000) JO O.OOOOOOD 00 0.0000000 00 0.0000000 00 O.OOOOOOD 
O.JOJ)OO) )0 0.0000000 00 O.OOOOOJD 00 0.0000000 00 0.0000000 
ù.~ÙJ20ù.J 'JO 0.000000,) 00 O.iJJJOQOD 00 0.0000000 00 0.0000000 
0,. 0 CO,) .) 0 J 00 0.2032000 00 0.0000000 00 O.JOOOOOO 00 0.0000000 
0.000000) JO O.OOOOOOD 00 0.203200D 00 0.0000000 00-0.766)460 
J.OOOOOJ..) 00 o .000000,) 00 0.000000D 00 0.2032000 

r riE 
0.~~03200) 00 
Ù. 00,)00 vJ O'J 
0.00000.)J JJ 
O.OÙ0000J 00 
0.00000'0.) 00 
0.000::>00..) 00 
O.OOJOOO.) 00 
O.OÙJuOOÙ 00 

ST 1 Ff NE SS 
J.OOOOOO') 
0.2032000 
0.0000000 
0.0000000 
J. 0000 0 00 
o-QOOOOO.) 
cr;'OOOOOOO 
0.0000 OOD 

MAT~IX OF THE SYSTEM 15: 
00 0.0000000 oo~ù.oùdoooo 
00 0.0000000 Op 0.0000000 
00 0.2032000 ob 0.0000000 
00 0.0000000 Où 0.2032000 
00 0-0000000 00 O.OOOOOOD 
00 0.000000D 00 0.0000000 
00 0.0000000 00 0.0000000 
00 O.OùO~OOD 00 0.0000000 

THE:: FlI<ST dTH NATUR~L FREOUENCIES ARE: 

NATURAL FREQUENCIES 

-u.372601~u(120-04 O.8315Y722303D 04 

-0.J72601Jbl12D-04 -0.83159722305D 04 

O.37~~6751Pl30-04 0.827827311430 04 
1 

O •. :37266151013D-04 -0.82782731143D 04' 
~<-< 

-O.Y07~5r~5465D-04 O.520/L26971620 05 

-~.9ù7257S~4é50-04 -O.520126Y7162D 05 

ù.9111727~6J2D-04 0.519749980530 05 

O.9111727~6J20-04 -0.519749980530 05 

• 

00 0.000000;) 

00 O.OOOOOOD 
00 O.OOOOOOD 
00 O.OOOOO'OD 
00 O.OOOOOOD 
00-0.139dt37D 
00 O.OOOOOOD 
00 O. OOOOOOD 
00 O~OOOOOOO 

0.127000D-03 

00 0.0000000 00 O.OOOOOOD 
00 0.203200D 00 0.0000000 
00 0.0000000 00 0.2032000 
00 o.OOOOOOD 00 'J .0oooootJ 
00 0.0000000 00 0.7660460 
00 0.0000000 00 0.000000D 
01 0.0000000 00 0.0000000 
00-0.7660460 01 O.OOOOOOD 

00 0.0000000 00 0.000000D 
00 O.OOOOOOD 00 0.0000000 
00 O.OOOOOOD 00 0.0DOOOOO 
00 0.0000000 00 O.OOOOOOD 
08 0.0000000 00 0.251356D 
00-0.54932300Y-0.251356D 
00 O.OOOOOOD 00-0.139887D 
00 0.0000000 00-0.150EH3D .' 

.. 

" 

~, 0;<0. â ~",.,' 
~ .... '''''' ... .>";:~~"" ~ ..... 

........ ~ .. -.. , ... 
~ ~.; {"j ..... - ~ 'r~'::"''''''''''''!t'"-~M~~'''~~i...:;)'.; "_'"'l~,1"","" ,<. 

• 
....,...,. 

\ 
00 0.0'000000 00 
00 O.OOOOOOD 00 
00 0.0000000 00 
00 O.203200Q 00 
01 0.0000000 00 
00 O.lob046D 01 
00 0.0000000 00 
00 0.0000000 00 

00 0.0000000 00 
00 O. 0 000 00 D '0 0 
00 0.0000000 00 
00 0.000000D 00 
00-0.2513560 Où 
00 0.2513560 00 ~ 
Oa-0.150èjI30 00 
00-0.5493230 00.; 

1-' 
W 
t-J 

~ 

"li. ..... ~ .. _ 
~"" r'~",~\o .... ~ 



~ 

;,J 1 NUL t: S~E:EJ OF 

rHE 

THE 
O.-oOOJOO) ÙO 
O. 0 Où 0 () 0,) uO 
O.OOOOOOJ 00 
0.000,)00.) 00 

~ 

THE NC L4THE 15: 

'" 

O.1800D 03 RPr-1 

/ 
/ 

/ 

IN '1 N/RC V /loi/RE V 1 FE ElJR AT E . 0.1500000-01 lN . 
.... ASS MATRIX OF THE SYSTEM 1 S : 
O.OuOOOOf) 00 0.000':>000 00. O.OOJO-o,OD 00 0 .. 20J~OOD 
O.OOOOOOù 00 0.000000D 00 O.OOOOOOD 00 0.000 000 
o .00 0"0 0 OD 00 O.OJOOOODo 00 0.0000000 00 O.OOOOOOD 
o • 0000000 00 0.000000.0 00 O.OOOO':>OD 00 O.OOOOOOD 

-'. 

. 
o • 38 l 0 0 0 D - 0 3 

00 0.0000000 00 0.0000000 
00 0.203200D 00 O.OOOOOOD 
Où O.OOOOOJÙ 00 o ~2(}32000 
00 O.OOOOOOD 00 O.OOOOOOD 

0.203200:> 00 0.0000 000 00 0.0,)00000 00 0.0000000 00 O.OOOOOOD- 00 0.000000D 00 0.766046D 
0.000000,) 00 O. 203~00D 00 O.OOOOOOD 00 0.0000000 00 O.OOOOOOD 
0.0000JO') 00 0.000000,) 00 O.20.J200D 00 C.OOOOOOD 00-0.7660460 
o • 0 00 ;) 0 a ,) 00 O.OOOOOOD 00 0.0000000 OJ 0.2032000 00 C.OOOùOOO 

THE STIFFNESS MATRIX DF TH':: SYSTEM l S : 
0.2JJ200J 00 O. O'JOO OOJ 00 O.OOOJOOO 00 
0.000000:) 00 0.2032000 00 G.OOOJOOLJ 00 
0.000000':> 00 o .00000 OD 00 0.203200.)D_ 00 
0.0000000 00 0.000000D 00 O.OJOOOOD Où 
o.COJOOOJ 00 O. 000 a OO::J 00 0.0000000 00 
0.000;)00) <JO O.OOOOOOe) 00 0.0000 QOo 00 
J. 000 )JO.) 00 0.0000000 00 0.0000000 .00 
,).000J00.> 00 O.OOOOOOJ 00 O.D0000bLJ 0;) 

TH~ FIRST dTH NATURAL F~~QUENCIES APE: 

NATURAL FREQUENCIES 

-ù.d4d~7d472060-04 

-O.04897d41286D-04 

ù.o490431121YD-04 

0.o4~045112190-04 

-o. 30<)511~97D-03 

-O.JJ9511054~70-03 

0.8315<;721 <)95D 04 " 

-ù.o3159721~95D 04 

0.827e2730~36D 04 

-0.82702730830D 04 

0.520126970370 05 

-0.520126970370 05 

~ 0.30Y87udJ458D-03 O.51Y749979270 05 

ü.309876dJ45tiD-03 -0.519749<)79270 05 

O.OOOOOOD 00 0.0000000 
O.,OOOOOOD 00 0.0000000 
O.OOOOOOD 00 O.OOOO'OOD 
0.20.32000 00 0.0000000 
0.0000000 00-0.1398870 
0.0000000 oo·o.OOOOOOD 
0.0000000 00 O.OOOOOOD 
;).0000000 00 O.OOOOOOD 

Où 0.0000000 00 0.0000000 
01 O.OOOOOùo 00 O.OOOOOOD 
00-0.766046D 01 O.OŒOQOOO 

00 O.OOOOOOD 00 0.0000000 
00 O.OOOOOOD 00 O.OOOOO~,D 
00 O .. OOOOOOD 00 0.000':>0 D 
00 O.OOOOOOD 00 0.0000000 
Od 0.0000000 00 0.572967D 
00-0.5493230 09-0.572967D 
00 0.0000000 00-O.13~~ 
00 O.OOOùOOO 00-0.34 P 

.. 

00 0.0000000 00 
00 0.0000000 00 . 
00 O. ,)000000 00 
00 0.2032000 00 
01 O.OOO':>OOD 00 
00 0.7660460 01 
00 O.OOOOOOl> 00 
Où 0.0000000 00 

00 0.0000000 00 
00 ù.000000D 00 
00 O.OOOOOOD 00 
00 O.OOOOOOD 00 
00- J • 5 7296 7 D 00 
01iJ 0.572967D 00 
08-\).3437800 0:) 
00-0.549323D 

" 

1-' 
W 
W 

, 

1 

09 



~ • 

J~INJL~ S~~E~ UF THE Ne LATHE 15: 0.18000 03 RPM 

rH~ FEEU~ATE IN IN/R~V 0.30uOOOO-01 IN M/REV 0.7620000-03 

THE MASS MATRIX OF THE SYSTE~ 15: 
ù • 0 J 0 0 'J 0 ,) JO O.OOOOOOD 00 (,.0,)0)000 00 O.OOOu:4)OO Où 0.2032000 00 0.000,)000 00 0.000000D 00 J.OOOùOOO 00 
0.000')00,) Où 0.0000000 00 O.OOOJOOD 00 0.0000000 00 0.0000000 00 O.203éOOD -00 o • 0 0,) ü 0 0 O°l) 00 O.OOOùOOD 0ù 
0.00(00» VO 0.000000.) 00 0.0000000 va 0.0000000 00 O.OOOOOOD 00 0.0000000 00 0.203200D CO 0.0000000 JO 
0.0000)J.1 uJ O.{)00OOO0 00 0.000'J000 )0 Q.0000000 00 0.0000000 00 0.0000000 00 O.OOÙJOOD 00 0.2032000 00 
0.2J.j200.1 ùJ 0.0000000 00 0.0000000 00 0.0000000 00 O.OOOOOOD 00 Ü .0000000 00 0.7tAJ046D ,)1 0.0000000 OJ 
o. 000,) JO) JO 0.203200D 00 0. /) OO,J 000 00 0.0000000 00 0.0000000 00 ,).00)0000 00 O.OüOOOOD 00 0.7660460 ù1 
0.J(000) ,)0 0.0000000 00 O.2::l32000 00 O.OOOOOOD 00- 0.7660460 01 O.OOOJOO:::> 00 0.0000000 00 0.0000000 Où' 
0.00(000) 00 O.OOOOOO::J 00 0.000,)000 00 0.203200D 00 O.OOOOOOD 00-0.7660460 o l O.OO')OOOD 00 0.0000000 00 . 

THE STIFFNESS MATRIX OF T~E SYSTEM IS: f 
0.20J2JOJ 00 O.OOObOGD 00 0.000000D 00 0.0000000 00 0.0000000 OQ 0.0000000 00 0.0000000 00 0.0000000 00 
O.JOJJOlJ JO J.203200J CC C.OOOUOOD 00 0.0000000,00 0.0000008 00 0.0000000 00 0.0000000 00 0.0000000 00 
O.OO~JÙJ JO O.OOOOOOJ 00 0.2)3~OOO 00 0.0000000 00 O.OOOOOOD 00 O.OOOOOOD 00 o.OOJJOOO 00 0.0000000 00 
O.OOOJOOJ 00 O.OOOOOOD 00 O.OOOOOOD 00 0.2032000 00 0.0000000 00 O.OOOJOOO 00 0.0000000 00 0.0000000 00 
O.OJOJOJJ 00 J.OOOOOù~ 00 0.0000000 00 0.0000000 00-0.1398870 Od O.OOOOOOD 00 0.~6361êD oa-ù.Y636120 Où 
0.0000JO) 00 O.OOOOûO~ 00 O.OlJOOO? 00 0.0000000 00 0.0000000 00-0.54~323D OY-O.963612D 00 OrÇ63612D 00 
O.OOOOJJJ JJ o.OOOOOQJ 00 o.ù)JOO~D 00 0.0000000 00 O.OOJOOOD 00 O.OOJOO~O OO-0.1398b70 08-0.57ti1670 00 
O.OOOÙJOJ 0ù 0.0000000 00 0.0000000 00 0.000000D 00 O.OOOOOOD 00 0.J000000 00-0.5781670 00-0.549323D 09 

TH~ FlR5T 8TH NATURAL FREGUE~CIES ARE: 

NATURAl FREQUENCIES 

-v.1427ti910779D-03 O.83159721648a 04 

-0.1427d~lU7790-03 -0.83159721&480 04 

J.14279710376D-D3 0.82782730488D O~ 

O.1427~710376U-03 -0.827~2730~88D 04 

-O.49r123d08280-03 0.520126969370 05 

-O.491123~08280-03 -0.520126~6937D 05 

0.49133JJ4739U-03 0.519749978270 05 

0.49133JJ4139D-03 -O.S19749Y7d27D 05 

7" 

.- ' 

;.9 

~ .. ~_ H~ ~~.' \. 

1-' 
w 
,;:. 

.~~~ .. -



~ 
~~, 1 l '-' 
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\ 

~PINDLt SPCEù ùF THE Ne LATHE 15: 0.18000 04 RPM 

TriE FEEDRATE IN IN}REV O.OOüOOOo. 00 IN M/REV 

Tr1L MAS5 ~ATKIX OF TriE SY STEM 1 S : 
O.OJJJJGJ 00 O.OOOJOOO 00 0.0000000 00 D.OOOOOOD 00 0.2032000 
ù.OOOJJÙJ 00 0.0000000 OO·O.)OOJOOO Où 0.0000000 00 O.OOOOOOlJ 
0.000JOOÙ 00 0.0000000 00 O.OOOOOOD 00 0.0000000 00 0.0000000 
0.0000,)0.:> 00 0.0000000 00 0.0000000 00 0.0000000 00 0.0000000 
J • .: ,);J2JOJ ÙO 0.OJOOO00 00 0.0000000 00 O.OOOOOOD 00 O.OOOOOOD 
o. J00JOOù 00 ù. ~ù32000 00 o. O:JOù 001) ùO O.OOOOJOD 00 0.0000000 
0.000000"> 00 O.OOOOO~!) 00 0.2032000 00 0.0000000 00-0.76b046D 
0.0000000 JJ o .000000,) 00 0.0000000 OJ 0.'2032000 00 0.0000000 

rHE STIFFNESS "lA Tfd X OF THE SY STEM 1 S : 
ù. 20320 QJ OG 1).00000 Où 00 O.J'JOOOOL> 00 O.OOOOOOD 00 0.0000000 
0.000000,) 00 0.203200.) 00 0.0000000 00 0.0000000 00 O.OOOOOOD 
o.ooooJJ..> 00 0.0000000 00 0.203~00tJ Où 0.0000000 00 0.0000000 
O.QOOÙJ-l.) JO o.ooooootJ 00 0.0000000 00 0.2032000 00 0.0000000 
J.ooo.)OJ.) 0u 0.000000) 00 0.0000000 00 O.OuOOOOD 00-0.1398150 
0.000000,) 00 0.0000000 00 0.0000000 00 0.0000000 00 O.OOOOOOD 
0.0000000 00 O.OOOOOOJ 00 O.OOOJOOO 00 0.0000000 00 0.0000000 
0.000000"> ÙO ù.0000000 00 0.0000000 00 0.0000000 00 O.OOOOOOD 

THE. FIRST. dTH NATURAL FRE QUENC 1 ES AR E: 

NATURAL FREQUENCIES 

O.31109dJ~~710-08 O.84S5618277YO Q4 

ù.311')9~()~~710-08 -O.8485618277~0 04 

ù.26dYIJJ445dO-08 O.8108627117YO 04 

0.26d~lSJ44~dD-oe -0.dl0862711790 04 

l 
O.2~8617421300-06 0.52182348201D 05 

0.288617421300-06 - o. 521 8234 82010 05 
V' 

0.284715001170-06 0.518053570430 05 

O.cti47150bl17D-Ob -0.518053570430 05 
.. 

.' 
'. 

-- ._--"- .... ~ ............. 

0.0000000 00 

00 0.0000000 00 
00 0.2032000 00 
00 0.0000000 00 
00 o. 00000 o~ 00 
00 0.000000 00 
00 0.0000000 00 
02 O.OOOOO::>D 00 

;, 
"-

O.OOOOOOD 
0.0000000 
0.203200D 
0.0000000 
0.7660460 
0.0000000 
O.OJOOOOO 

00-0 • 76b04 60 02 0.0000000 

00 0.0000000 00 0.0000000 
00 0.0000000 00 O.OOOOOOD 
00 0.0000000 00 0.0000001) 
00 o.OOOOOOtJ 00 0.00000')0 
08 0.0000000 00 O.OOOOOOD 
00-0.5493160 09 O.OOOOOUO 
00 0.0000000 00-0.13S.d150 
00 O.OOOOOOD 00 O.OOOOOOD 

• 

00 O.OOOJOOO 00 
00 0.000000D O€ 
00 O.,)OOOOOD 0 
00 0.è032000 00 
02 O.OOOOOOD 00 
00 o. '660460 02 
00 0.0000000 00 
00 o.ooooouo 00 

00 0.000)000 00 
00 0.000,]000 00 
00 0.0000000 00 
00 0.0000000 OJ 
00 0.0000000 00 
00 0.000,)000 00 
08 0.0000000 00 
00-0.549316D 09 

...... 
w 
U'I 



~ 

r 

;PINùLC S~EEJ ùF THE Ne L4THE IS: 0.1800D 04 RPM 

THE FE~DRATE IN IN/REV 0.5000000-02 1 N M/REV 

rHE MASS MATRIX OF THE SYSTE:.i 1 S : 
0.0000J00 vO O. 0000 OO~ 00 0.0000000 00 0.0000000 00 0.2032000 
o.OOOOOOL> JO O.OOOOOOD 00 0.0JOJOOO 00 0.0000000 00 0.0000000 
0.000000.) vO O.OOOOOOD 00 0.000000D 00 0.0000000 00 O.OOOOOOD 
O.OOOJOO::> 00 0.0000000 00 O.O.:FJOOOÙ 00 0.0000000 00 0.0000000 
ü.2ùJ2.00.) Ji) 0.0000000 00 ü,.O')0000L> 00 0.0000000 0_0 O.OOO~OOO 
0.000000,) 00 0.o2.)3200D 00 0.0000000 00 O.OOOOOoü 60 0.000 000 
o.OOO,)OOJ 00 0.0000000 00 0.2032000 00 0.0000900 00- 0.7660460 
O.0JOJOO,) OU 0.0000000 00 O • .)OOOOOD 00 0.203200D 00 O.OOOOOOD 

TH!:'" ST IFFNESS MATJ;.IX OF THE SYSTEM 1 S : 
J.20J200cJ ù0 O.OOOOOOD 00 0.0000000 Où 
O. 00')000;) .lU 0.2032000 00 0.0000000 00 
O.OOOOOOlJ 00 0.0000000 00 0.2032000 00 
o.vùOOJOJ 00 O.OOOOOOù 00 O.OOOùOOO 00 
0.000000,) JO 0.0000000 00 0.0000000 00 
O.QOOOOOO J;) 0.0000000 00 0.0000000 00 
o. 000,)00) JO 0.0000000 00 0.0000000 00 
O.0ù')000.,) -JO 0.0 UO 00 DO 00 0.0C>OOOOO 00 

THE FIRST dTH NATuRAL FREQUENCIES ARE: 

~ATURAL FREQUENCIES. 

-0.J72ôtl5~lJ910-04 0.84e561~25340 04 

-O.37~6d5~13910-04 -O.84e~61a25340 04 

O.37274.2d43d40-Q4 0.810862709360 04 

v.372742~~3840-04 -0.810862709360 04 

0.11088424103D-04 0.52182342754b 05 

0.1108d4241030-04 -0.521823427540 05 

-0 .• 10782339&89D-04 0.518053516740 05 

-O.107d23JY689D-04 -0.518053516740 05 

~ ~--"-"" .... 

0.0000000 00 O.OOOOOOD 
0.0000000 00 0.-0000000 
0.0000000 00 0.0000000 
0 • .203200D 00 O.OOOOOOD 
0.000000000-0.1j9815D 
0.0000000 00 0.0000000 
0.0000000 00 J.OOOOOOO 
0.000000D 00 0.0000000 

~ 

0.1270000-03 

00 0.0000000 00 0.0000000 00 0.0000000 00 
00 0.2032000 00 0.0000000 Où 0.0000000 00 
00 0.000000D 00 0.2032000 00 O.OOOJOOO 00 
00 O.OOOOOOLJ 00 0.0000000 00 0.203200D 00 
00 0.0000000 00 o • 7u(,O 460 02 0.0000000 00 
00 Ù.OOOJOJD 00 0.3000000 00 0.lbb04bO 02 
02 0.0000000 00 0.0000000 00 0.0000000 00 
00-0.7660460 02 O.OOOOOOD 00 0.0000)00 00 

00 0.0000000 
Où 0.0000000 
00 0.0000000 
00 0.0000001) 
08 O.OOOJOOO 
00 -0 .5493 1 60 
00 O.OOOOOOD 
00 0.0000000 

1 

._---~ 

r. 

00 0.0000000 00 0.0000000 00 
00 0.0000000 00 O.OOO~OOO vO 
00 O.OOOOOOD 00 0.0000000 00 
00 o.OOOOOOD 00 O.OOOJOOO 00 
00 0.2513560 c OO-O.25135bO 00 
09-0.2~13~60 00 0.251356D 00 
00-O.13~8150 Od-0.150U130 00 
00-0.1508130 00-0.5493160 09 

l-' 
W 
0'1 ~ 



~ 

j~INU~[ SPEEJ UF THE NC LATHE 15: O.1800D 04 RPM 

T liE FE E011 AT E 1 N 1 N/ RE V 0.1500000-01 [N M/REV 

T rle MA S5 MATRIX OF THE SYSTEM 15: 
J.OJO.).,)v.) ,JO 0.0000000 00 O.O-JOOOOO 00 0.0000000 00 0.2032000 
0.00-;,)00.) J) 0.000'0000 00 0.000000D 00 0.0000000 00 0.0000000 
ù.OOJ00J.J ,)0 O.OOOOOOD 00 0.000000D 00 0.0000000 00 0.0000000 
o.oü/)OOiU )Ù 0.000000D 00 0.000JOOD 00 0.0000000 00 0.0000000 
O.203200J JO 0.0000000 00 O.O-JOOOOD (JO 0.0000000 00 0.0000000 
0.000000 ) JO 0.2032000 00 0.0000000 00 0.0000000 00 0.0000000 

--~o.-. 0 ù .) ù.J 00 0.0000000 00 0.2032000 00 0.0000000 OO-0.766046D 
ù.OQ-)OOOD 1)0 0.000 0 a 00 00 0.0000000 00 O.203200D 00 0.0000000 

THe STIFFNESS MATRIX OF THE SYSTEM IS: 

00 

0.3810000-03 

t 

0.0000000 00 
00 0.2032000 00 
00 0.0000000 00 
00 0.0000000 00 

0.0000000 
0.0000000 
0.2032000 
O.OOOJOOIJ 

Où O.OOOOOOD 00 0.70&0460 
00 0.0000000 00 Q.OOOOOOO 
02 O.OOOOOOD 00 O.OOOOOOD 
00-0.7660460 02 0.0000000 

• 

00 0.0000000 00 
00 O.OO'Jüù'JD 00 
00 0.0000000 00 
00 0.2032000 00 
02 O.OOOOOOD 00 
00 0.766046D 02 
00 0.0000000 00 
00 O.OOOOOOD Où 

O.~032ùOO Jù O.OOOOOOJ 00 0.0000000 00 o.ùOOOOOO 00 0.0000000 00 O.OOOOOOD 00 0.0000000 00 J.OOOOOOD Où 
ù.000000') 00 0.203200D 00 O.OOOOOOD 00 O.OOOOOOD 00 O.OOOOOOD 00 O.OOOOOJD 00 O.OOOOOOD 00 O.OOOOOOD 00 
0.000000D 00 O.OOOOOOD 00 0.2J32000 00 O.OOOOOOD 00 O.OOOOOOD 00 0.0000000 00 O.OOOOOOD 00 O.OOOOOOD 00 
0.000JJ00 JO O.OOOOOO~ 00 0.0000000 00 0.2032000 00 0.0000000 00 O.OOOJOOD 00 0.0000000 00 O.OOOOOOD 00 
O.OOJOOOO 00 OoOOOOOOD 00 O.OQOOOÙO 00 O.OOOOOOD 00-0.1398150 08 0.0000000 00 0.5729670 00-0.5729670 00 
0.000000,) 00 O.OOOOOOD 00 0.0000000 Où O.OOOOOOD 00 O.OOOOOOD 00-O.54Y3160 09-0.572967D 00 0.572Y67D 00 
O.UOOJOO') ÙO O.OOOOOO~ 00 O.JO~OOOD 00 0.0000000 00 0.0000000 00 ~.OOOOOOO 00-O.139815IJ 08-0.3437800 00 
0.0000000 00 O.OOOOOO~ 00 O.OOOOOOD 00 0.0000000 00 0.0000000 00 O.OOOOOOD 00-0.3437800 00-0.549316D 09 

TH[ FIRST dTH ~ATURAL FREQUENCIES ARE: 

NATURAL FREaUE~CIES 

-J.d49577j4~14Q-04 0.848561d22480 04 

-0.84Y577S48140-04 -0.848561822480 04 

).849633002860-04 0.810b62706490 04 

O.84~6]3002d60-04 -0.dl086270649D 04 

-0.14216433~140-04 0.521823427380 05 

-O.142164~39140-04 -0.521823427380 05 

0.14-J421 )29841)-04 0.51805351659D 05 

0.14~42102~84D-04 -O.51805351659D 05 

.. "' ... 

.. 
f-' 
W 
-...J 



~ .. 

,P1NULE S~EE~ GF.THE NC LATHE '15= 0.18000 04 RPM 

TriE FEEDRATE lN IN/REV o • 3 00000 0-.0 1 Ir-. M/REY 0.762000D-03 

THé. MA.SS MATRIX OF THE SY STEM 15 : 
0.0000000 00 0.0000000 00 O.OOOOOOD 00 0.0000000 00 0.2032000 00 0.0000000 00 0.0000000 00 O.OOOOOûO OJ 
0.000000,) ;)0 0.0000000 00 C.OOOOCOi) 00 0.0000000 00 0.0000000 00 0.2032000 00 0.0000000 00 0.0000000- 00 
O.OOOOOOù 00 O.OOOOOOD 00 0.0000000 00 0.0000000 00 0.0000000 00 J.OOOOOOO 00 0.2032000 00 0.0000000 00 
O.OOOJOOD JO O.OOOOOOD 00 0.0000000 00 O.OOOOOOD 00 0.0000000 00 0.0000000 00 0.0000000 00 CJ.203200D 00 
0.2032000 ,)0 O.OOOOOOD 00 O.OOOOOOD 00 0.0000000 00 0.0000000 00 0.0000000 00 0.7660460 02 0.0000000 00 
0.-000000;) .)"0 o • 20320 00 00 O.OOOOCùD 00 0.0000000 00 0.0000000 00 o .OOOOOOD 00 O.OOOOOOD 00 0.76b04bO 02 
O.OOOOOOJ 00 O.OOOOOOD 00 0.203200D 00 0.0000000 00- O. 76G046D 02 O.OOOOOOD 00 0.0000000 00 0.0000000 00 
-O.OOOJOOD 00 0.0000000 00 0.000ù00ù 00 0.2032000 00 O.OOOOOOD 00-0.7660460 02 O.OOOOOOD 00 O.OOOùOOU 00 

THE STIFFNESS MATkIX OF THE SYSTEM lS! 
0.~0320ùJ JO 0.0000000 00 0.0000000 00 O.OOOOOOD 00 0.0000000 00 0.0000000 00 0.0000000 JO 0.0000000 00 
O.OOOOOO~ 00 0.2032000 00 0.0000000 00 0.0000000 00 O.OOOOOQO 00 J.OOOOOOD 00 0.0000000 00 O.OOOOOOD 00 
0.0000000 00 0.0000000 00 0.203200D 00 0.0000000 00 0.0000000 00 0.0000000 00 O.OOOOOOD 00 0.0000000 00 
~.OOOOOOD 00 0.0000000 00 O.OOOOOOD 00 0.2032000 00 0.0000000 00 0.0000000 00 0.0000000 00 0.0000000 00 
O.OOOOOOJ ù~ 0.0000000 00 0.0.000000 00 0.0000000 00-0.1398150 08 O.OOOOOOD 00 0.9636120 00-0.963612D 00 
0.000000) OJ O.OOOOOOD 00 0.0000000 00 O.OOOOOOD 00 O.OOOOUOU 00-0.549316D 09-0.9636120 00 0.9636120 00 
o.coooooo 00 0.0000000 00 O.OOOJOOD 00 0.0000000 00 0.0000000 00 O.OOOOOOD 00-0.139815D 08-0.57B1670 00 
o.OOOOOO~ 00 O.OOOOOOD 00 0.0000000 00 O.OOOOOOD 00 0.0000000 00 0.0000000 00-0.5781670 00-0.5493160 09 

THe. FI RST tjT H ~ATURAL FREQUENCIES AR E: 

NATURAL FREQUENCIES 

-O.142dtlZllOD80-03 0.848561819000 04 

-0.142882'10080-03 -0.848561819000 04 

O.142tj89711600-03 0.810862703020 04 

0.142689711600-03 -0.81086270302D 04 

-0.163765315900-04 0.521823427370 05 

-0.163765315900-04 -0.521823427370 05 

0.170409404510-04 0.518053516570 05 
~ 

...... 
O.170409404510-Q4 -0.518053516570 05 w 

CD 

--

') 



00001 
00002 
00003 
,)0004 
00005 
00006 
00007 
0000:::: 
0000'7 
00010 
00011 
(H)O 12 
0001'=: 
00014 
00015 
0001 f:., 
00017 
00018 
0001'7' 
00020 
00021 
00022 
OO(r2::: 
00024 
00025 
0002f:., 
00027 
000:2::: 
0002'7' 
00030 
(>(l031 
00032 
000;:;: 
000:34 
OOO~:'5 
000;:(:, 
00037 
00038 
0003'7' 
00040 
00041 
00042 
.0004 ;: 

~ 

MOTOROLA M68SAM CROSS-ASSMBLER 

M68SAM IS THE PROPERTY OF MOTOROLA SPD, INC 
COPYRIGHT 1974 BY MOTOROLA INC 

MOTOROLA M6800 CROSS ASSEMDLER. RELEASE 1 1 

8009' 
0;:07 
EOE3 
800B 
CB1S 
C2C7 
0035 
0034 
009F 
0097 
C889 
CA73 
(9(0 
C916 
(908 
EOAA 
8011 
8010 
SOOE 
SOOF 
OOOA 
CAb1 
8000 
sooe 
8008 
800A 
0033 
E07E 
0000 
0093 
C~O~ 

1000' - -

NAMo EXPERINMENT 
**************************************************** 
* * 
* 
* * 

PROPORTIONAL + INTEGRAL CONTROL ALOGRITHM * 
* 
* * WITH PEAI -VALUE INPUT DESIRE * 

* * * * 
******************************************~********* ADC CTL E(IU 
E:NTODC ECIU 
CONTEL EC'U 
DACCTL E(11j 
DECONV E(IU 
DIF' E(IU 
DPPLC ECIU 
FLDDEF ECIU 
FPOP ECIU 
FF'ACC ECILl 
FF'ADD ECIU 
FF'C CINV ECIU 
FF'DIV ECIU 
FPMUL T ECifJ 
FF":,UB E(IU 
INHEX ECIU 
LINCTL ECIU 
L':.E:IN -ECIIj 
L':,BOUT E(IU 
L ':,OCTL E(IU 
L'::,ZC E(11j 
MOVEIT ECtu 
MF'LC TL ECIU 
MPlXOR ECIf) 
M':,[: 1 N ECIU 
M'::,[:OUT E(IU 
OUTFU:, EC!U 
PDATA1 E(IU 
'=,UMNUM EOU 
TËMP2 EOU 
XDOT ECIIJ 

ORC, 

* 

$S009 
$0307 
$E0E3 
$8Q0[: 
$CB18 
S(2C7 
$0035 
$0034 
S009F 
S0097 
$C889 
$(A73 
$(9(0 
$C91~ 
$(908 
SEOAA 
$SOll 
$8010 
$800E 
$800F 
$OOOA 
$CAbl 
$800D 
$800C 
$8008 
$800A 
$0033 
$E07E 
$0000 
$0093 
$(202 
$1000 

/' 
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EXPERI 

90044 * U0045 * 00046 1000 OF 
00047 1001 CE 1407 
00048 * 00049 * 00050 1004 SD E07E 
00051 1007 BD E0AA 
00052 100A B7 1516 
00053 * 00054 * 00055 * 00056 * 00057 * 00058 1000 CE 142A 
00059 1010 BD E07E 
00060 1013 BD C2(7 
00061 1016 CE 0000 
00062 1019 06 OA 
00063 10lD BD CA73 
00064 IOlE CE 0080 
00065 1021 DF 9F 
00066 1023 CE 6566 
00067 1026 DF Al 
00068 1028 86 OC 
00069 102A 97 A3 
00070 102C BD (916 
00071 102F CE 1549 
00072 1032 BD 1390 
00073 * 00074 * 00075 * 00076 1035 CE 1459 
00077 1038 BD E07E 

.00078 103B BD (2C7 
00079 103E CE 0000 
00080 1041 D6 OA 
00081 1043 BD CA73 
00082 1046 CE 0060 
00083 1049 OF 9F 
00084 104B CE 0675 
00085 104E OF Al 
00086 1050 80 09 
00087 1052 97 A3 
00088 1054 BD C916 
00089 1057 CE 1535 
00090 10SA BD 1390 
00091 * 

. '". ~,' 

MOTOROLA M6SSAM CROSS-ASSMBLER 

INPUT DESIRE OF P V 

SEI 
LOX #DE'::,IPV 

JSR POATAl 
JSR INHEX 
STA A YENOPV 

INPUT PARAMETERS 

PRINT INPUT 0 FOR NO P V W 
1 FOR P V WANTED 

STORE THE DESIRE IN YENOPV 

VNOM, ~ INT, ~·PRO, FNOM, RPI'1 

FI~ST INPUT VNOM - NOMINAL VOLTAGE 

LDX 
.Y:.R 
,J 1:. R 
LDX 
LDA B 
.I·::.R 
L[IX 
':.TX 
LDX 
':;.TX 
LDA A 
·:.TA A 
.J':.R 
LOX 
,j';R 

#TEXT1 
PDATAI 
OIP 
#SUMNUM 
LSZC 
FPCONV 
#50080 
FPOP 
#56506 
FPOP+2 
#$OC 
FPOP+4 
FPMULT 
#VNOM 
FFPACC 

PRINT VNOM== 

VNOM IS CONVERTED TO F P NO 
PUT CONVERSION FACTOR BECAUSE 
MSB + LSB EACH IS 8 BITS sa 
2 EXP 15=32767=10 VOLTS 

32767/10=3276 7=lVOLT 
3276 7=00 80 65 66 OC 
(BA::E 1 (» (HEX F P ) 
':, TORE 1 N V'NOM 

INPUT rINT - INTEGRAL GAIN 

LOX 
JSR 
JSR 
LDX 
LOA B 
~R 
LDX 
STX 
LDX 
STX 
LDA A 
STA A 
JSR 
LDX 
JSR 

#TEXT2 
PDATA1 
DIF' 
#';UMNUM 
L':.ZC 
FPCONV 
#$0060 
FPOP 
#$0675 
FF'OF'+2 
#$09 
FF'OP+4 
FF'MULT 
#LINT 
FFPACC 

PRINT ~ INT== 

f 

PUT CONVERSION FACTOR 
32767/10/7=468 ItBASE 10) 
= 00 60 06 75 09(HEX F P ) 
7 IS THE FACTOR OBTAINED FROM 
OYNAMOMETER CALIBRATION CURVE 

':,TORE IN t· INT 

t 

• 

1-' 
.r::o. 

. 0 
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EXPERI 

000'12 
OO(!9.:: 
(>0094 1(15[1 
000':;5 1060 
0009/.:, 1 o {;::;: 
OO<Yil 11)66 
0009::: 10/:..9 
000':;9 106.1::: 
00100 106E 
00101 1071 
00102 1 07~: 
0010;: 1076 
00104 1 Cil::: 
00105 107A 
0\)106 107C 
00107 107F 
0010::: 1 <):::2 
(IOl09 
00110 
00111 
00112 10::::5 
00 11~: 1 0::::::: 
00114 11):::[: 
00115 1 ü:=:E 
00116 1091 
0011 7 1 I)'i ;: 
0011 ::: 109(;, 
0011 'y 1099 
00120 10':;r:: 
00121 l09E 
00122 10AO 
OOL?~: lOA2 
00124 lüA4 
00125 10A7 
0012(:, 10AA 
00127 
0012::: -
0012'j 

CE 1461 
BD E07E' 
BD (2C7 
CE 0000 
D6 0A 
BD CA73 
CE 0060 
OF 9F 
CE ü675 
OF Al 
86 09 
97.A3 
BD C916 
CE 153A 
BD 139D 

CE 1469 
BD E07E 
BD C2C7 
CE 0000 
06 OA 
BD CA73 
CE 0000 
DF 9F 
CE 0070 
OF Al 
86 03 
97 A3 
BD (916 
CE 1526 
80 1390 

00130 10AD 70 1516 
00131 10r::0 26 0::: 
00132 10B2 lE 1142 
001~: ;: 
00134 

'" 

* * 

* * * 

* * * 

* * * 00135 
'001,;:6 
001 '~:7 
00 l '=::=: 
00139 

10B5 CE 
10B8 BD 
10BB BD 
lOBE CE 

14A4 MORE 
E07E 
C2C7 
0000 

~ , 

MOTOROLA M68SAM CRO$S-ASSMBLER 

lNF'UT ~'F'RO - F'ROF'ORTIONAL I:;'AIN 

LDX 
"=R 

:=I~~R 
LDX 
LDA B 
,Y:.R 
LOX 
:::,TX 
LDX 
'::,TX 
LDA A 
'::,TA A 
,-"::,R 
LDX 
,J':,R 

#TEXT ;: 
F'DATAl 
DIF' 
#'::,UMNUM 
L::,ZC. 
FF'CONV 
#$0(\60 
FPOF' 
#$0675 
FF'OP+2 
#$(19 
FF'OF'+4 
F.etl1JL T 
#f~­
FFF'ACC 

PRINT ~ PRO= 

PUT CONVERSION FACTOR. 

:=:TOf<E IN ~'PRO . 

INPUT FNOM - NOMINAL FORCE 

LDX 
JSR 
JSR 
LDX 
LDA 8 
JSR 
LDX\ 
STX 
LOX 
STX 
LOA A 
STA A 
JSR 
LDX 
JSR 

#TEXT4 
PDATAI 
DIP 
#'::,UMNUM 
L'=,ZC 
FPCONV 
#$1)<)(10 
FPOP 
#$0070 
FPOP+2 
#$0;; 
FF'OF'+4 
FF'MULT 
#FNOM 
FFF'ACC 

TE'::,r WHETHER P V 

T-=:T 
BNE 
.-'MF' 

YENOPlJ 
MORE 
NOF'V 

f'RINT. FNOM= 

PUT CONVERSION FACTOR 7 
7 ; 00 00 00 70 03 
(BASE 1 (> ) __ (HEX F P 

~3TORE IN FNOM' 

WANTED 

TO F'R l NT DE":, l RED 

INPUT INITIAL PEAV VALUE - PE.VAL 

LDX 
... I::.R 
l'=R 

l,6X 

#TEXT8 
F'DATAI 
DIF' 
#SUMNUM 

F'RINT INITIAL PEt'~,AL= 
,f'"J, 

468. 1 

7' 

• 

,... 
0&:>. 
1--' 
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EXF"ERI 

00140 10Cl [16 OA 
OUJ.41 1 OC'3 E:D C A7:'":.: 
00142 10C6 CE 153F 
00143 10C9 BD 1390 
00144 * 00145 * 00146 * 00147 * 0014:::: * <)0 14'i * . 00150 * 00151 * 00152 r' * 00153 * 00154 * 00155 * 0015(:, * 00157 * 00158 10ce CE 1486 
00159 10CF BD E07E 
00160 1002 B~ C2(7 
00161 1005 CE 0000 
00162 10D::: D6 OA 
00163 10DA BD CA73 
00164 10DO CE 0000 
OOl1.:·':, lOEO DF 'iF 
00166 10E2 CE 0040 
00167 10E5 OF Al 
0011.:.:::: 10E7 :::6 01 
001/.:.'=) 10E'i 97 A:': 
00170 lOEB BD C90B 
00171 10EE CE 1521 
00172 10Fl CD 1390 
00173 * 00174 10F4 CE 1471 
00175 10F7 80 E07E 
00176 lOFA 80 C2C7 
00177 10FD CE 0000 
00178 1100 D/.:. OA 
00179 1102 80 CA73 
00180 1105 CE 1544 
00181 1108 BD 1390 
00182 110B CE 1544 
00183 110E BD 138C 
00184 1111 CE 0000 
00185 1114 DF 97 
00186 1116 CE 004B 
00187 Ill':; [IF '"19 

MOTOROLA M68SAM CROSS-ASSMBLER 

LDA B L':.ZC 
.J'3R FF'CONV 
LOX #F'a VAL 
,J'::,R FFF'AC C 

INPUT DESIRED DECAYING FACTOR(F) + RF'M 
SO THAT THE DECAYING FACTOR PER REVOLUTION 
F IS CALCULATED AS FOLLOWS. 
LET TR/TC = N SO F EXP(N) = F 
F = F EXP( liN) 
FROM SERIES EXPANSION, FOR FIRST :2 TERMS 
P =10-('l.0-F)/TR/TC 
F . = 1 0-( 1 O-F) / t /.:.01 RF'1'1 ) 1 (1 05 
F = 1 0-( 1. O-F >*RFM/1200 
NOTE 1) TC IS ASSUMED TO APPROX 50 MSEC 

FROM OSCILLOSCOPE 

LDX 
,J':,R 
,J':.R 
LDX 
LDA r:: 
,J'::,R 
LDX 
'::,TX 
LDX 
'::,TX 
LDA A 
'::,TA A 
,J'::,R 
LDX 
.J'::,R 

LDX 
,J'::R 
"-R L[;X 

LDA E: 
,f:,R 
LDX 
,-'-=,R 
LDX 
J'::R 
LDX 
STX 
LDX 
'3TX 

#TEXT9 
PDATAl 
DIF' 
#SUMNUM 
LSZC 
FPCONV 
#$0000 
FPOP 
#$0040 
FPOP+2 
#$01 
FPOP+4 
FPSUB 
#F 
FFPACC 

#TEXT5 
F'DATAl 
DIP 
#SUMNUM 
LSZC 
FPCONV 
#RPM 
FFPACC 
#RPM 
TOFPOP 
#$0000 
FPACC 
#$004D 
FPACC+2 

_ J" ~ ,~-

PRINT F = .. 

F IS AT FPACC 
LOAD FPOP wrTH 1 0 

'\ 

FPACC = 1. O-F 
STORE (1 O-F) IN ADDRESS 'F' 

F'RINT RPM= 

PUT RF'M INTO FPOP 

LOAD FPACC WITH 1200 
=00 00 00 4B OB (HEX F P ) 

• 

...... 
~ 
tv 

CJ 

,& 



~ • 
EXF"ERI MOTOROLA M68SAM CROSS-ASSMBLER 

001:::::;: l11é: ':;:1;. OB LDA A #$OB 
001:::9 111 D '77 98 ':::TA A FF'ACC+4 
00190 111F 80 C9CO .J':.R FF'OIV RPM(FPOP)/1200=RPM*8333E-4 
OOF/1 * 00192 1122 CE 1521 LDX #F 
00193 1125 BD 138C ... .l'::.R TOFPOP LOAD FPOP WITH (1. O-F) 
00194 1128 BD C916 .-'·:.R FF'MULT FPACC=( 1 0-F)*RPM/1200 
0019::. * 00191;. 112B CE 0000 LDX #$0000 LÙAD FPOP WITH 1. 0 
001'i7 112E OF '=JF S.TX FPClP 
00198 1130 CE 0040 LOX #$()040. 
00199 1133 OF Al STX FPOP+2 
00200 11 '::5 ::;:1.;. 01 LDA A #$01 
00201 1137 '=17 A3 STA A FPOF'+4 
00202 1139 BD (90B .J':,R FP':,UB F =1.0-( 1 0-F)*RPMJI200 
00203 113C CE 152B LDX #FF'I ':,TORE IN . FPI' 
00204 113F BD 139D .J':.R FFPACC' 
00205 * INPUT ~RrNT DESIRE 00201':.. * 00207 G * 

LDX #TEXTW F'RINT INPUT 1 FOR PRINT OUT 002Q8 1142 CE 1488 NOPV 
00209 1145 8D E07E .J':::R F'DATAl o FOR NO PRINT OUT 
00210 1148 BD EOAA .. ..J·:.R INHEX 
(h)211 114B B7 15 L:: STA A F'RT 
00212 114E 70 1513 i':·T F'RT 
0021~: Il ::.1 27 SA BECI N(JPRNT 
00214 1153 CE 1478 LDX #TEXTI;. PRINT PRINTING INTERVAL 
00215 1156 BD E07E .J':,R F'DATA1 
00216 1159 BO (2C7 ,J':,R DIP 
00217 115e CE 0000 LDX #':,UMNUM 
00218 115F D6 OA LDA E: L·:·ZC 
00219 1161 BD CA73 .J':.R FPCCINV 
00220 1164 :::6 17 LDA A #Î-:' SHIFT 8~T5 IN FPACC --' 00221 Il!.:./.:. 90 9B '::U8 A FPACC+4 
00222 1168 B7 1515 '::.TA A ::.COUNT 
00223 116B 77 009A B5HIFT ASR FF'ACC+'::: 
00224 116E 76 0099 ROR FF'AC.C+2 
00225 1171 76 0098 ROR FPACC+l 
00226 1174 7A 1515 DEC ':;.COUNT 

\ 00227 117J 26 F2 BNE g':.HIFT 
0022::: 1179 9/;, 98 LDA A FF'ACC+l EXTRACT LSB FROM FPACC 
00229 117B 87 1514 STA A PRINT 
00230 117E CE 149( LDX #TEXT7 PRINT. VOUT= 
00231 11:=:1 BD E07E ,J'::R F'DATAl 
00232 * 002:::3 * SET UP TIMER NOTE TIMER 15 ON B SIDE OF PI~ ..... 002~:4 *, IT 15 PHY5ICALLY FIXED AT PORT ;4 WITH ADDRE5SES "'" 00235 *' 8010 TO 8013 NOTE WE USE ONLY 8 SIDE 1 E. w 

- ~ ............. ".~ ~""'~~--,~.,.,J-l4...~,~~ -~ ... ~ .. ~~F::;. ...... >""':..' 
-'-,Jo'-':" ~ .;' -"""" ~ ___ ,,,..,..,.:;...~ .... ~"'-4< ..... _,,,, 

'':. ·· .. ~~~,,·:Jt,.f.:~. 
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EXF"ERI 

002~:f:. 
002 ~:7 
nn Î : .. :' 11'-'4 
ÔÔ2 ~;:~ 11 ;~;5 
O()-'4Cl 11:=::=: 
ÔÔ24i 11§A 
00242 1 Hm 
0024~: Il :=:F 
00244 1192 
0024'5 11 '=)4 
00246 11 ':;7 
(10247 11':;':; 
0024:=: 11 '~C 
0024'i 11 'iE 
002'50 lIAI 
00251 l1A::: 
00252 11AI;. 
0025~: lIA::: 
002"54 llAI:: 

4F 
B7 8013 
86 FF 
87 8012 
86'05 
87 801.3 
86 14 
B7 AOOO 
86 00 
B7 AOOI 
86 80 
B7 S012 
86 06 
87 8012 
C6 00 
F7 1511 
20 01;. 

* * 

MOTOROLA M68SAM CROSS-ASSMBLER 

8012 - PDDB 1 8013 - OORD 

CLR A 
STA A 
LDA A 
STA A 
LDA A 
STA A 
LDA A 
STA A 
LDA A 
STA A 
LDA A 
STA A 
LDA A 
STA A 
LDA B 
STA B 
BRA 

58013 
#5FF 
58012 
~$05 
58013 
#$14 
5Aoao 
#$00 
$AGOl 
#$80 
$S012 
#$01;. 
$8012 
#500 
COUNT 
CLINT 

SETTING B SIDE AS OUTPUT 

RETURN TO CR WITH BIT 2=1 
'=,ET C BI RE'::.PON'::.E TO -!JE 1 DC,E 
LOADING THE STARTING ADDRESS 
OF INTERRUPT SERVICE 
1 E $1400 

RE5ET THE 05CILLATOR 

SET TIMER TO '1 SECOND INTERVA 

OOÎ~~ * 
ÔÔ2~~ 11AD CE 14F2 NOPRNT LDX #TEXTNP 

POATAI 
PRINT NO RRINT 15 REQUIRED 

PROGRAM IS ACTIVATED NOW 00257 1180 80 E07E JSR 
00258 * 
00259 I1B3 CE 0000 CLINT 
0(121;.0 1181;. FF 1530 
002(:,1 ,1189 FF 15;:2 
00262 llGC FF 1533 
00263 l1BF 7F 1512 

* * * 

LDX 
':,TX 
':;,TX 
':,TX 
CLR 

#$0000 
INT 
INT+2 -
INT+::: 
INTFLG 

CLEAR INTEGRAL 

CLEAR INTEGRAL FLAG INITIALLY 
50 THAT IT WILL DO INTEGRATI 
AT FIRST TIME REGARDLESS OF 
SIGN OF ERROR LATER ON 

00264 
00265 
0021;.1;. 
00267 
002é:,:3 
002Ui 

* * * 
SET UP CONVERTERS 

00270 flC2 4F 
00271 l1C::: E:7 
00.272 11C6 E:7 
0027::: 11(9 1::7 
00274 l1C(. 87 
00275 l1CF B7 
00276 11D2 1::7 
00277 I1D5 E:7 
0027:=: 11 D:;: :;:(:-
0027'=) 11 DA E:7 
002:::0 Il DD 87 
002::: 1 11 EO 87 
00282 
0028.3 

... ""--.. , ,~ 

8009 
8008 
800D 
SOOF 
8011 
8008 
8010 
FF 
800A 
800E 
800C 

* * 

CLR A 
'::,TA A 
STA A 
';TA A 
STA A 
':,TA A 
':.TA A 

• '::,TA A 
LDA A 
-=:TA A 
::,TA A 
':. TA A 

SET BIT :2 

ADCCTL 
DACCTL 
MPLCTL 
LSOCTL 
LINCTL 
MSBIN 
LSBIN 
#$FF 
MSBOUT 
LSBOUT 
MPLXOR 

SETTING ALL CONTROL REGISTER5 
WITH BIT 2 = 0 

SET A SIDES FOR ADe DATA 
LINES AS INPUTS TO PIA 

SET B SIDES FOR AOC DATA 
LINES AS OUTPUTS FROM PIA 
SET MP~XOR LINES AS PUTPUT LI 

~ 
OF CONTROL REGI5TER 50 LET MPU 

• 

01 

• 

..... 

.r:.. 

.r:.. 
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EXF"ER I MOTOROLA M68S~M CROSS--ASSMBLER 

002:'::4 
() () 2:::5 
(l02:::t. 
002:=:7 
002:::::::: 
nn -':=":;t 
ÔÔ2'$O 
00291 
002'12 
002'~::: 
002'14 
0029'5 
002'ib 
002'::;7 
002'::;:::, 
002';>9 
00:::00 
OO~:Ol 
00:::02 
00 :::03 
00:::04 
O(),305 
O(>30b 
00:::07 
oo:::o!=! 
00 ;:tY=7 
00 ~:1 0 
00:::11 
00:::12 
00:::13 
00:::14 
OO~:15 
00:::16 
00:::17 
00:::1:3 
0031':t 
00320 
00321 
00322 
00:::23 
00:::24 
00325 
00::::26 
00327 
00 'p'=: 
O(l32:~ 
OO.;:';:!) 
003::::1 

* 
* 

l1E3 86 04 
liES 87 8009 
liES 87 800B 
llEB B7 800D 
l1EE B} ~QOF 
I1F1 B ~u11 

* 
* 
* 

I1F4 86 2C 
11F6 B7 8009 

* 
* 
* 11F9 S6 03 

11FB B7 800C 
* 
* 
* I1FE 70 1513 

1201 27 05 
1203 02 
120~ OE 
1205 86 S012 

* * 

COMMUNICATE WITH PDR 

LDA A #$04 
STA A ADCCTL 
STA A DACCTL 
STA A MPLCTL 
STA A LSOCTL 
STA A. LINCTt 

SET UP PULSE MODE OF ADCCTL ~ 

LDA A #$2C 
STA A ADCCTL 

SET MULTIPLEXOR FOR CHANNEL NO ::: 

LOA A #$03 
STA A MPLXOR 

PREPARE INPUT ON ADC 

T'::T F'RT 
BEI) '::C ONV 
NOP 
CLI 
LOA A $:::012 

IF PRT=O, BY PASS IRQ . 
THIS 15 REOUIRED BV MANUAL 

START CHECf INCi BIT 7 UNTIL IT 1':, ':,ET 
* 120S B6 SOOS SCONV LDA A 

LOA A 
BF'L 

M':;,BIN 
ADCCTL 
CHEU: 

CAUSE AN SOC PULSE TOoGENERAT 
CHEO IF [:IT 7 OF ODR l':, ':,ËT 
l E WAIT UNTIL AOC FINISHES 

120B B6 S009 CHECf 
120E 2A FB 

* * DATA INPUT 

1210 4F 
1211 97 OA 
1213 86 FF 
1215 BO 8010 
121S 97 04 
121A 86 7F 
121C B2 8008 
121F 97 03 
1221 2C OA 
1223 C6 FF 
1225 07 00 
1227 D7 01 
1229 D7 02 

* 

:::ET':,UM 

CLR A 
STA A 
LOA A 
SUB A 
STA A 
LDA A 
sec A 
STA A 
8GE 
LDA B 
STA B 
STA B 
STA B 

LSZC 
#$FF 
LSBIN 
SUMNUM+4 
~$7F 
MSBIN 
SUMNUM+3 
POSIGN 
n$FF 
SUMNUM 

'SUMNUM+l 
SUMNUM+2 

OFF':,ET AD.JU':,T 
AND 

TRAN'3FER DATA 
TO 
':.UMNUM 

~1 

• 

~ 
~ 
U1 
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" 
EXF-ERI MCITGIRCILA Mé:-:::::!3AM 1-- R '-1-=- -=- - A -=- -=- M E- L E R -- - .s;:-- --- ""-- --- • 

1228 20 03 BRA CONV 
122D 5F POSIGN CLR B 
122E 20 F5 BRA SETSUM' 
1230 CE 0000 CONV LDX #SUMNUM 
1233 06 OA LDA 8 LSZC 
1235 BD CA73 ~SR FPCONV THE DATA IS CONVERTED TO F ~. 

* 1238 CE 1517 LOX 10ATA STORE DATA IN ADDRESS bATA 
1238 BD 1390 JSR FFPACC 

00':::.32 
OO~::;:3 
OO~::::4 
00:;: 35 
00:::;:6 
OO~::;:7 
OO~::;:::::' 
00:::3'1 
00;:40 
00~:41 
OO~:42 * * 

* 
TEST HOW TO HANDLE THE DATA BY tNOWING THE 

00:::4::: P V DESI~E 
00:::44 
00345 123E 7D 1516 
00346 1241 27 3D 
00:::47 
00:::4::: 
00:::4':; 
00;:50 
00'::51 
()():::52 
,)[)353 
00354 
00:::55 
00 ~:5(' 
00:::57 
00:::5::: 

124::: CE 153F 
1246 BD "l:3:::C 
1249 BD C90B 
124C 70 OO'~A 
124F 2F 11 

12:.1 CE 152D 
1254 .BD 1 :;:78 
1257 BD C916 
12SA CEl 5 ::;F 
125D E:D 1'3':/[1 
1260 20'OD 

* 
* 

* * 

* 

0(>035':; 
00:::60 
OÜ:::61 
00:::62 
00::;(:.::: 
00 :::(;-4 
00·~:f:.5 
00:::6.(, 
00~:67 
00368 
00'=:(:·9 
00370 
00:::71 
00372 
0037.3 
00'":.:74 
00:::75 
OO~:76 
00377 

1262 CE 153F NEWPV 
1:265 [IF '13 
1267 CE 1517 
12f..,A ct. 05 
126C E:D C A61 

* 126F CE 1526 EROR 
1'272 BD 1'::::::C 

* 1275 CE 15::::F 
127:;:: BD l '37B 

* 1'27B BD (90B 
* 127E ::w o,=) 

* 

T':,T YENOPV 
BEC' '::, l MF'LE;.. 
LDX #PEI-VAL 
.J':.R TOFF'OF' 
,Y:,R' FF":,UB 
T'::,T FF'AC r::: +:;: 
BLE NEWF'V 

LDX #FF'I 
.Y;R TFF'ACC 
.J-:.R FPMULT 
LDX lWEt VAL 
,Y:,R FFPACC 
E:RA EROR 
LDX #PErVAL 
STX TEMF'2. 
LDX #DATA 
LDA B #5 
.. Y:.R MOVEIT 

LDX #FNOM 
.J':,R TOFPOP 
LDX _______ ·~#pa:VAL 
.J';:.R 

,J I3R 

BRA 

TFPACC 

FP':,UB 
LDERCtR 

00378 1280 CE 1526 
00379 1283 BD 138C 

'::IMPLE LDX #FNOM 
TOFPOF' ,J':,R 

/' 
/' 

" / 

: 

LOAD PEAf VALUE IN FPOP 

FF'ACC = P V - DATA 
TEST THE RESULT 

IF DATA GE. P V BRANCH TO 
NEW PEAI VALUE(NEWPV) 

LOAD F ~ACTOR TO FPACC 
DECAY THE PEAf VALUE/EY F' 

. REPLACE OLD P V, WITH 
DECAYED ONE 

REPLACE F'ErVAL EY DATA 

LOA[} FNOM 1 N FF'OF' 

LOAD PEl :VAL 1 N FF'ACC 

ERROR(FPACC)=FNOM-F'. V, 

- .# 

LOAD FNOM IN FF'OP 

.r t;) 

.. 
It 

.... 

, 

; 

... 

• 

1-' 
~ 
m 

t _oQ • 

, , 

() 



~ • 
EXPERI MCITCIROLA Mé:.:=::3AM C:RCI:=;:=;-A:=;:=;ME:LER 

00380 1286 BD (90B ,J{oR FP':,UB ERROR(FPACC )=FNOM-DATA 003:=: 1 * 1 

00382 1289 CE 1Sle LOEROR LfX #ERROR STORE THE DIFFERENCE 'IN ERROR 
00 .:::::;: 12::::C BO 1';:90 ,J' ,R FFF'ACC 
00384 * 
00365 128F 7D 151F T'i,T ERROR+::: TE'::,T DATA l'::, C,T OR LT FNOM 00 ::::=:6 1292 2E: (,7 BItlI NEC,T':,T IF -VE BRANCH TO NEGTST 003:=:7 * '" t 
00388 1294 7D 1'512 rîT INTFLG TEST INTFLG, IF VOUT GT 5VT 00 ~::::'i 12':;7 2E 1:;:: BI,T OLDINT THEN DRANCH TO OLDINT 00 ::: '=i 0 * 00391 1299 20 05 BRA DOINT OR PERFORM INTEGRATION 
00Y/2 * 
00393 129D 70 1512 NEGTST TST 1 NTFU:, TEST INTFLG, IF VOUT LT OVT 
003'1'4 12'1'E 2D 11 BLT OLnINT BRANCH TO OLDINT 00:::95 * , 
00396 12AO CE 1530 DOINT LDX #INT LOAD FPOP WITH INT 
00397 12A3 BD 13SC ,J':,R TOFPOP 
003'):::: * 

.J':,R,) 00399 12A6 80 (889 FF'ADO INT(FPACC )=INT(FPOP)+ERROR 
00400 * 00401 12A''i CE 1530 LDJ( #INT REPLACE INT WITH NEW VALUE 
00402" 12AC BO 1390· ,-'~,R FFF'ACC , 
0040~: 12AF 2'0 12 ~ BRA Lm INT (,OTO LOAD ~ 1 NT 
00404 * 0040'5 1 :2[: 1 7F 1512 OLD"1 NT CLR INTFLG CLEAR I.NTFLAG 
00406 1204 FE 1530 LDX INT RETRIVE OLD INT 
00407 12B7 DF 97 '::,TX FPACC AND PUT INTO FPACC ," 00408 1289 FE 1532 LOX INT+2 
00409 12BC DF 99 STX FPACC+2 
00410 12BE B6 1534 LDA A INT+4 
C'lI)411 12C 1 '=i7 'Y'B '::,TA A FPACC+4 
0041:2 * 
00413 12(3 CE 1535 LorINT LOX #f:" INT LOAO FPOP WITH ~INT 
00414 12C6 BD 138C ,y=,R TOFPOP 00415 * ,J~R 00416 12C9 BD C916 FF'MUL T ~~ INT*INT = FPACC 
00417 * 00418 12ec CE 1549 L~X #VNOM LOAD VNOM IN FPOP 
00419 12CF BD 1388 ,J' R TOFF'OP 00420 * 00421 12D2 E:D J:-!:::::'=) ,-'SR FPADD VNOM+~INT*INT = FPACC 
00422 * \ 00423 12D5 CE 154E LDX #WR~: ':,p ':, TORE RE'::,UL TIN WOR~":'::,PAC E 00424 12D8 8D 139D '''.1 ':;. R FFPACC 00425 * 1-' 
00426 1~D8 CE 153A LDX #~'PRO LOAO FPAC( WITH KPRO .t>. 

00427 12DE BD 137B ,J'::R TFF'ACC -...1 



~ 

EXF"ERI 

0042:::, 
0042'1' 
004:::1) 
004 ;:1 
004:::2 
004~;::; 
004:::4 
00435 
00436 
004:':7 
(>04 ~::=: 
004':::9 
00440 
00441 
00442 
0044~: 
00444 
00445 
00446 
00447 
0044::: 
0044'~ 
00450 
00451 
00452 
00453 
00454 
00455 
00451..· 
00457 
0045::: 
00'459 
00460 
00461 
004(:.2 
0046::: 
004éA 
004(.5 
00466 
00467 
004b8 
004~8 
00470 
00471 
00472 
00473 
00'474 
00475 

12EI CE 15lC 
12E4 BD 138C 

12E7 BD (916 

12EA CE 154E 
12EO BD 138~ 

12FO BD C889 

12F3 70 1513 
12F6 27 35 
12F8 7D 1511 
12FB 2A 30 

12FD CE 150D 
1300 BD E07~ 
1303 4F 
1304 97 9F 
1306 97 Al 
1308 86 AO 
130A 97 AO 
130C 86 50 
130E 97 A2 
1310 86 F4 
1312 97 A3 
1314 BD C916 
1317 BD CSl8 
131A 96 34 
131C 06 35 
131E CE 0000 
1321 BD C202 
1324 F6 1514 
1327 F7 1511 
132A 7E 120B 

132D 7D 009A 
1330 28 29 
1332 86 17 
1334 90 98 
133~ B7 1515 
1339 80 07 
1338 2F 2F 
133D 77 009A 
1340 76 0099 

-
MOTOROLA M68SAM CROSS-ASSMBLER 

* 

* 
* 
* 
* 

* * * 

* 

LDX #ERROR 
JSR TOFPOP 

JSR FPMULT 

LOX #WRhSP 
JSR TOFPOP 

JSR FPADD 

TST PRT 
SEO CONOFF 
T3T COUNT 
BPL CONOFF 

PRINT OUTPUT 

LDX #TEXTP 
.J'::R PDATAl 
CLR A . 
STA A FPOP 
STA,A FPOP+2 
LDA A #$AO 
:=.TA A FPOF'+1 
LDA A • #$50 
·:.TA A FF'OP+3 
LOA A #$F4 
':.TA A FF'OF'+4 

d .J':.R FF'MUL T 
o .J':.R DEC ONV 

LDA A FLDDËF 
LDA B DFF'Le 
LDX #':,UMNUM 
.J'::::R XDOT 
LDA B PRINT 
':,TA B COUNT 
.-'MF' C HEC t 

CONOFF T::. T FPACC+3 
ZEVOLT E:MI 

LDA A 
':IIB A 
'ê>rA A 
':;UB A 
BLE 

SHIFTB A':.R f 'ROR 

#~~ _J 

FPACC+4 
SCOUNT 
#07 
PL5VLT 
FF'ACC+3 
FPACC+2 

LOAD tpop W 1 TH ERROR 

FPRO*ERROR : FPACC 

1 kOAD W~t~P INTO FPOP 

VNOM+. INT*INT+FPRO*ERROR=VOUT 

IF NO PRINT IS NEEDED BRANCH 

TEST WHETHER (OUNT IS SET OR 

':,TART PRINTINI3' 

PUT CONVERSION FACTOR 5/32767 
NOTE THAT DAle RANGE 15 5VLT 
50 5/32767=1 5259E-4 
1. 5259E-4=00 AO 00 50 F4 
(I;:A':.E 10) ( HE X F P ) 

VOUT IN VOLTS 
CONVERT TO DECEMIAL 

':.ET UF' l NTERVAL 
OF INTERRUPT TIMER 

TE::H ::. l GN 

SATURATE WITH \IOL T':, 

. ...,., \ 
.,---....... -.. -. 

, 

\ 

1-' 

""" en 

} 

,.:./' 
'--" 

\~,.~ 

~--



~ • 
~ 

ç:XFoER I MOTOROLA M68SAM CROSS-ASSMBLER 

00476 1343 76 0098 ROR FF'ACC+l 
00477 1346 7A 1515 DEt: ':,COUNT 
00478 1349 26 F2 BNE ':.HIFTB 
00479 1348 86 FF LDA A #$FF OFF'::,ET AD.Jlf:.T 
00480 1340 90 98 -:.UD A FF'AÇC+l 
004::: 1 1 ~:4F 1::7 :::OOE ':.TA A L -:.[:OUT 
00482 1352 86 7F LDA A #$7F 
00483 1354 92-99 

?: 
'::,BC A FPACC+2 

004:::4 1 ~:56 87 ::::~)OA ':,TA A M':.80UT 
00485 1359 20 1D BRA FIN ( 
004:::1;. * 00487 1350 86 FF ZEVOLT LDA A #$FF 
00488 135D 87 800E STA A L:::.BOUT 0 00489 1360 86 7F LDA A~ 00490 1362 B7 800A rb~ ~ ~~ -:rJUT 00491 1365 86 FF SET INTFLG TO AN ARBITARY 
00492 1367 87 1512 ':,TA A INTFUj VALUE ::;. T TO SET UF' A LOGIC 
004':; 3 136A 20 OC BRA FIN CHEC~ ING POINT OF -::.~- IF'PINC, 
004':;4 * INTEGRAY WHEN ERRdR IS -VE 
004'15 * 00496 1 :::(,C 4F PL5VLT CLR A 
00497 1360 87 800E. ':,TA A L':,[:OUT 
00498 1370 B7 800A ':,TA A M'::,BOUT 
004'1'1 137::: :::6 01 LOA A #$01 SET INTFLG TO AN ARBITARY 
00500 1375 87 1512 ':,TA A INTFLCi VALUE ':. J TO SET UP A LOGIC .. 00501 1378 7E 1208 FIN ,JI"1P CHECf- e: HEO 1 Ne:, PO 1 NT OF '::,f 1 PP 1 NC, 
00502 * INTEGRATION WHEN ERROR 15 +VE 
0050::: * 00504 * SUBPROGRAM TFF'ACC - TO LOAO A DATA TO FPACC 
00505 * 00506 1378 FF 1553 TFPACC STX TEMPLY 
00507 137E CE 0097 LDX #FPAC-C 

t 00508 1381 DF 93 :::,TX TEMP2 
00509 1383 FE 1553 LDX TEMPLY 
00510 1386 (6 05 LDA B #5 
00511 1 3:::::: BD CA!.:,1 ,J':,R MOVEIT 
00512 1 3::::B ~:'=i RT':: 
00,513 * \r 00514 * SUBF'ROGRAM TOFPOP - TO LOAD A DATA TO FPOF' 

( 00515 * 1 00516 138C FF 1553 TOFPOP STX TEMPLY 
00517 138F CE 009F LDX #FPOP ,k 00518 13'=i2 [IF 93 ':,TX ifMP2 00519 1394 FE 1553 LDX MPLY 
00520 1 ::':97 C 6 OS LDA 8 #5 1-' 00521 1399 BD CA61 ,J-::,R MOVEIT ",.. 00522 1 ::':'=iC 39 RI':: \0 
00523 * 

~ 



,., 

EXPERX 

00524 
on~~~ 

ôô§~b 
00527 
00528 
00529 
00530 
00531 
00532 
nn~~~ 

6ô~~~ 
00535 
00536 
00537 
00538 
00539 
00540 
00541 
00542 
00543 
00544 
00545 
00546 
00547 

00548 

1390 OF 93 
139F CE 0097 
13A2 C6 05 
13A4 BD CA61 
13A7 39 

13A8 OF 93 
13AA CE 009F 
13AO C6 05 
13AF 80 CAbl 
1382 39 

1400 
1400 7A 1511 
140=: 1::6 :=:012 
140f:. 38 

1407 00 
140E: (lA 
140'j 4'=) 
140A 4E 
140B 50 
140C 55 
140D 54 
140E 20 
140F :30. 
1410 20 
1411 4~, 
1412 4F 
1413 52 
1414 20 
1415 4E 
1416 4F 
1417 20 
1418 50 
1419 56 
141A ~:B 
1418 20 
141C 31 
141[1 2(1 
141E 46 
141F 4F 

MOTOROLA M68SAM CROSS-ASSMBLER 

* SUBPROGRAM FFPACC - TO LOAD A DATA FROM FPACC 
* FFF'ACC 

* 

STX 
LDX 
LDA 8 
JSR 
RTS 

TEMP2 
#FPACC 
#5 
MOVEIT 

* SUBPROGRAM FFPOP - TO LOAD A DATA FROM FPOP 
* FFPCW STX 

LDX 
LDA 8 
JSR 
RTS 

~ 

TEMP2 
#FPOP 
#5 
MOVEIT 

* 1 * TIMER INTERRUPT SERVICE ROUTINE 
* ORG 

DEC 

* 

LDA A<>;J 
f\TI 

DE'::, 1 PV FC B 

FeC' 

$1400 
COUNT 
$:;:::012 

$Oo,$OA 

'INPUT 0 FOR NO PV, 1 FOR PV 

'-

, 

/ 

• 

..... 
U1 
Cl 



,.., 

EXF"ERI 

14:20 52 
1421 20 
1422 50 
1423 56 
1424 20 
1425 2E 
1426 2E 
1427 2E 
142::: 20 

00549 1429 04 FCB 
00550 * 00551 142A 0[1 TEXT1 FCE 

142B OA 
142C (lA 
142[1 (lA 

00552 142E 56 Fce 
142F 4F 

\ 14~:o 55 
1431 54 
14:~:2 ':::[1 
1433 56 
14~:4 4E 
1435 4F 
14'V:, 4D 
14~:7 21:: 
143:=: 41:: 
14'39 49 
14'·:::A 4E 
142:1:: 54 
143C 2A 
143D 4'7' 
14~:E 4E 
14::F 54 
1440 45 
1441 47 
1442 52 
144~: 41 
1444 4C 
1445 21:: 
1446 41:: 
1447 50 
144::: 51 
144'1 4F 
144A 2A 
1448 45 
144C 52 
144[1 52 
144E 4F 

: ~.::..;_~;:.~ ...... -. w ....... tl'. _"''''' ~~~,...~ ~ ' ....... -..:~ ",_.~ • 

MOTpROLA M68SAM CROSS-ASSMBLER 

4 

$OD,$OA,$OA,$OA 

./ VOUT=VNOM+I<INT* l NTEI:'RAL+~·· F'RO*ERROR / 

'_' M~~~_~'~ _ ............. 

• 

...... 
VI 
...... 

, 



~ .. 
o· 

EXF"ERI MOTOROLA M68SAM CROSS-ASSMBLER 

144F 52 
00553 1450 OD 

1451 (lA 
FCE: $OD,$OA,$OA 

\ 

1452 (lA 
00554 1453 56 Fee IVNOM=l 

1454 4E 
1455 4F 
1456 40 
1457 .30 

00555 1458 04 Fer:: 4 
00556 * 00557 1459 OD TEXT2 FeB $OO,$OA 

145A OA 
0055:3 1458 48 Fee J .... INT=I 

145C 4'=) 
1450 4E 
145E 54 
145F ~:D 

0055'1 1460 04 FeB 4 
00560 * 00561 1461 00 TEXT:3 FCr:: $OD,$OA 

1462 OA 
00562 146:::: 4B Fee It-PRO=/ 

1464 50 
1465 52 
1466 4F 
1467 30 

00563 146:=: 04 FeE: 0 4 
00564 , * 005<:,5 1469 00 TEXT4 FCE: $OO,$OA 

146A OA 
005(:.6 1468 46 Fce IFNOM=/ 

14(:,C, 4E 
1460 4F 
146E 40 
146F 3D 

00567 1470 04 FCB 4 
0056::: * 005é·'=) 1471 00 TEXT5 FeE: $OO,$OA 

1472 OA "# 
00570 1473 52 Fee IRPM=f 

1474 50 
1475 4D 
1476 ~:D 

00571 1477 04 FCE: 4 
00572 
00573 1478 00 

147'=) OA 
* 1-' TEXT6 FeB $OD,$OA,$OA VI 

IV 



~ 

EXF"ERI 

147A OA 
00574 1478 50 

147C 5:2 
147D 4'=1 
147E 4E 
147F 54 
14::::0 49 
1481 4E 
1482 47 
148'::: :20 
14::::4 49 
14::::5 4E 
148(;, 54 
14::::7 45 
14:=:::: '3'2 
14::::9 '56 
148A 41 
14::::B 4C 
14::::C 20 
14::::D 2::; 
14:::E 31 
14:=:F 2D 
14'=iO 31 
14':;1 ':::2 
1492 :::7 
1493 20 
14'=i453 
14'=1'5 45 
1496 43 
1497 29 
149~: 20 
1499 ::::0 
149A 20 

00575 14'iE: 04 
00576 » 

00577 149C 00 
149D OA 

00578 149E 56 
14'iF 4F 
14AO 55 
14'A 1 54 
14A2 ':::D 

0'0579 14A;: 04,/ 
00580 
005:31 14A4 OD 

14A5 OA 
00582 14A6 4'=1 

14A7 4E 

* TEXT7 

* TEXT8 

• 
MOTOROLA M68SAM CROSS-ASSMBLER 

Fce IF'RINTING INTERVAL ( 1-127 '::,EC ) = 1 

~ 

Fce 4 

FeB $OD,$OA 

FCC IVOUT=/ 0 

FCD 4 

FeB $OD,$OA 

Fce /INITIAL F'E~VAL~/ ~ 
ln 
VJ 



~ 

EXF"ERI 

14A8 49 
14A'j 54 
14AA 49 
14A[: 41 
14AC 4C 
l.4AD 20 
J4AE 50 
'14AF 45 
14[:0 4E: 
14E:1 'Sb 
14E:2 41 
141::3 4C 
14B4 ':::[1 

005;::: 3 14[:5 04 FeB 
005::::4 * ,)05B5 14E:6 OD TEXP1 Fer::' 

14[;:7 OA 
\)05:::/.:, 14E:::: 46 Fce 

14E:'i :::[1 
005::::7 14BA 04 FeE: 
005::;:8 k 
,)05:::'j '14[;[: 0[1 TEXTW FCE: 

141::( (lA 
')05':;'0 14BD 4':;' Fee 

14E:E 4E 
14E:F 50 
14CO ::'':' 
14C1 54 
14C2 20 
14(3 :22 
14C 4 31 
14C5 :22 
14C(;. LO 
14(7 46 
14C8 4F 
14C8 52 
14CA 20 
14eI:: 50 
14(C 52 
14CCt 49 
14CE 4E 
14CF 54 
14CtO 4F 
1401 55 
1402 54 
14D3 :20 
1404 4F 
1405 52 

1 
! 

---

9 
MOTOROLA M68SAM CROSS-ASSMBLER 

Cl 

" 

4 

$OO,$OA 

IF=I 

4 

$OD,$OA 

f INPUT fi 1" FOR F'RINTOUT OR 1 

'" _ ~ .. ..;.!~,r.t ""~' ~ ... __ .., j~ ~'l,;;;:.~.~ .... , ...... 

• 

1-' 
(JI 

"'" 



~ 

E~PERI 

1406 20 
00591 1407 22 

1408 30 
1409 22 
140A 20 
14DD 46 
140C 4F 
1400 52 
140E 20 
140F 4E 
14EO 4F 
14El 20 
14E2 50 
14E3 52 
14E4 49 
14E5 4E 
14E6 54 
14E7 4F 
14ES 55 
14E9 54 
14EA 20 
14EB 20 
14EC 20 
14ED 2D 
14EE 20 
14EF 2D 
14FO 20 

00592 14F1 04 \ 

00593 
00594 14F2 00 

14F3 OA 
00595 14F4 50 

14F5 52 
14F6 4F 
14F7 47 
14F8 S2 
14F9 41 
14FA 40 
14FB 20 
14FC 49 
14FD 53 
14FE 20 
14FF 41 
1500 43 
1501 S4 
1502 49 
1503 56 
1504 41 

MOTOROLA M68SAM PROSS-ASSMBLER 
,..-- ~ 

Fee 1"0" FOR NeJ F'RINTOUT ----- 1 

FeE: 
* TEX TNP FeE: 

Fec 

4 

$OD,$OA 

IPROGRAM IS ACTIVATED NOWI 

/' 

+ ... .., .... ~ ~. l 

---

-. 

• 

f-' 
U1 
Ul 



~ 

EXF"ER:I 

1505 54 
1506 45 
1507 44 
1508 20 
1509 4E 
150A 4F 
150B 57 

00596 150C 04 
00597 
00598 150D 00 

150E OA 
150F 00 
1510 04 

00599 

; 

00600 151~ 0001 
00601 t512 0001 
00602 1513 0001 
00603 1514 0001 
00604 1515 0001 
00605 1516 0001 
00606 1517 0005 
00607 15lC 0005 
00608 1521 0005 
00609 1526 0005 
00610 152B 0005 
00611 1530 0005 
00612 1535 0005 
00613 153A 0005 
00614 153F 0005 
00615 1544 0005 
00616 1549 0005 
00617 154E 0005 
00618 1553 0005 
00619 

FeE: 
* TEXTP FeE: 

* Cï::)UNT RMB 
I~TFLG RMB 
PRT RMB 
F'R l NT R 1"1 8 
':,COUNT RMB 
YENOF;;~~RMB 
DA.T;A '" RMB 
eRROR RMB 
F RME: 
FNOM RMB 
FP 1 RMB 
1 NT' RME: 
f INT RMB 
~'PRO RMB 
F'E.: VAL RME: 
RF'M RMB 
VNOM RME: 
WR.·::'P RME: 
TEMPLY RME: 

END 

"" 
MOTOROLA M68SAM CROSS-ASSMBLER 

4 

$OD,$OA,OO,04 

1 
1 
1 
1 
1 
1 
5 
5 
5 
"'i 
'5 
5 
5 
5 
co 
-' 5 
5 
5 
5 

.J 

J 

- ~~ -- \ 

• , 

1-' 
U1 
0\ 

.. 



~ 

EXF'ERI 

':, YMBOL TABLE 

ADC [. TL :;::(,0';/ 
DIP C'2C 7 
FPADD (:::::::9 
INHEX EOAA 
L':.ZC (lOOA 
M'::,BOUT f:(>OA 
XDOT C202 
CLINT IH:;: 
CONV 12 :::0 
NEC,T':,T 12'::;B 
':,H l FT[: 1":: ::D 
TOFF'OP 1 ;::::::C 
TEXT2 14'59 
TEXT7 14':;C 
TEXTF' 1SCJD 
':,COUNT 1'515 
FNOM 1526 
F'Ef VAL 15 :::F 

151 '~:::::5 

'~7 ::::= 
151 9:::::7 

~ 

MOTOROLA M68SAM CROSS-ASSMBLER 

E:NTODC O'~:O7 CONTEL EOE3 
DPPLC 00:::5 FLDDEF 00 :;:4 
FF'C ONV (A7~: FPDIV (';/C 1) 
LINCTL :::011 L':,B IN ::!() 1 0 
MOVEIT CAb1 MPLC TL :::(>IXI 
OUTFL(i 00;:::: F'DATAl E07E 
MORE 10[:5 NOF'V 1142 
':,CONV 120::::: CHEC~ 12ü!:: 
NEWF'V 1262 ERDR 12~,F 
DOINT 12AO OLDINT 12Bl 
ZEVOL T 1 :;:'5B PL '5VL T 1 :::6C 
FFF'ACC 1 ;:'1[1 FFPOP 1 ;:A::: 
TEXT::: 141;.1 TEXT4 1468 
TEXn:: 14A4 - TEXT9 141::6 
CDUNT 1511 INTFLC, 1'512 
YENOF'V 151 /:.. DATA 1517 
FPI 
RF'M 

.; 

152E: INT 15;;0 
1544 VNOM 1549 

1 ::2: - 1 .é::. - :::: 1 

!=:; E C= CI N 1:1 !::; 

1 ::2: - 1 .é::. - !:::: 1 

. ,. 

DAC C TL :::(H)B DECOI\lV CB1::: 
FF'OF' üÜ'1F FF'ACC 00'=)7 
FF'MUL TC'=) 16 FF":,UB C"=;()B 
L':,BOUT SOOE L':,DC TL :::OOF 
MPLXOR :::OOC M':,!:: IN :::00::: 
':,UMNUM OOI)(i TEMF'2 009::: 
B'::,HIFT 116B NOF'RNT 11 AD 
':::,ET':::,UI1 1225 PU:::, l 1:::'1\1 122[1 
':, l MF'LE 12:::<) LDEROR 12:::':; 
L [W l NT 1 2 C :;: C ONOFF 1 :;;2D 
FIN 1 :;:7::: TFF'AC I~ 1':::7B 
DE'::, l F'V 1407 TEXTl 142A 
TEXT'5 1471 TEXT6 147::: 
TEXnJ 14[:[: TEXTNF' 14F2 
F'RT l'51 ;: F'RINT 1'514 
ERROR lSlC F· 1521 
r INT 15:::5 r~F'RO l'5:;:A 
WR~ ':.F' 1'54E TEI"IF'L Y 155;: 

._1 CI E: ~ E N 1:1 

"_'CI E: l' HAL T 

.......... :~. . , .. ~ ... 

• 

t-' 
U1 
....,J 
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APPENDIX J 

PHYS ICAL UN ITS AND CONVERS ION FAC'rORS OF THE CLOSED-LOOP SYS TEM • 

The physi,cal uni ts and dimensions at each stage of the 

close-loop system is shown in the following figure. 

[ VOlt] [ VO!t] 

AOAPTIVE UNIT 

Il NC SERVO INTEGRATOR CHIP FORCE 

~ ~G=~ _ ~ L ____ ~ORMATI~ :ERATION 

FIG J'1 

FORCE TRANSDUCER [LB,] 
C' 

RE-DRAW OF THE CLOSED LOOP WITH PRQPER UNITS AT 

DIFFERENT STAGES 

Though unit of Fnom is in Ibf, it is converted and stored 

in the computer 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, sinc~ 

the computer adaptive unit is also a voltage signal, there is 

." 



r , 

159 

.,., 

" 

no urtits 9r dimensions changes a$ far as it is concerned. 
1 

Hence, the time delay and ZOH have simply the uni t of time . 

To f ind T, a sinusoidal 
c 

• 0 

signal is input to the 

"micr'o-computer adaptive unit only. By an osciloscope measuring 

at the D/A converter output, the sampling time is recorded. It 

is found' that, T , is approximately 50 milli-seconds or cf.os .' 
c 

se~ond. '. 
, 1 

Through the Ne servo, the feedrate override signal, 0.0 

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

w>hich also depends on the program feedrate and RPM. Hence, the 

K has a val ue of: . 
9 

K :;: FEED [i n/ rev] * RPM [r ev/min] * 1/60 [mini sec} 
9 5 '[vol t] 

For the experiment to carried out, the selected feed and 

RPM are 0.015 ~~n/rev and 69 ,RPM respe cti vely, so by 
, 

substituting these values into the expression of Kg ~ Kg 

becomes"! 

K ::00.015 [in/rev]* 69'(rev/min) *ol/60[min/secJ 
9 5 {vol t] 

, ; 

K =' o. 003 4 5 [i n/ sec. vp 1 t 1. 
9 

For integrator, l/~, the unit is second. 

The delay function fran the chip formation is a pure ·tim~ 

delay unit (T 
r 

and since the selected RPM equals to 69, the 
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T r = 60/69 [sec/min]/[rev/min] ::: 0.87' [sec/rev] 

From the chip thickneS'S and depth-of-cut, the cut,ting 0' 

force is generated. Hence, Kd converts a chip cross-sectiona1~ 

area [in 2
] into a force unit [lbf]. Hence K should have a unit 

d 

of [lbf/in 2
] by itself. Also 'as mentioned~eViou~y", Kd 

represents the properties of the workpiece rnateria1' as we~l. 
/ 

From the reference "Machining Data Handbook'" [28], the ~pecific 

cutting ~neFgy fo~ aium~ with a carbide too1 i5 foand to he 
0.3 hp per icub inch per minut~, i.e",' 0.3 [hp]/[in3 /min]. 

Hence Kd equa1s to,: -
~ 

Kd " = 0.3 [ln~7minJ ,* 

Kd = 118800 r~brJ 
' lln2 

. , 
! 

550 [1bf.f tJ * 60 [S7CJ * 12 ,[*]. 
hp.sec rnln 

Furtherrnore, since the force transducer transposes 1. 0 

1b~ of rneasured cutting force to 1.0 1bf force signal.; so the' 
• 1 

, dimension ·for .Kf is uni ty. \ 

1 

, ) 

" 
l, 

\ 

i 

> 

J 
.'1 
,1 

,., , -
" 
"~ 

~1~ 
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.' 
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APPENDI X K 

PROGRAM FOR FINDING THE MAGN ITUDE AND PHASE ANGLE OF THE CONT 1-
NUOUS MODE OUTPUT ; THE RESULTS ARE COLLECTED IN TABLE K.l 

Depth-Of-Cut 
-""-

O. 03 [i n] 0.06 [i n] .,0. 09 [i n] 

Kpro Kint Kpro Kint Kpro K int 

O. 0000 0.423 0.0000 O. 211 0.0000 O. 141 

o • 0500 0.575 0.0250 O. 290 0.0125 O. 180 

O. 1000 0.690 0.0687 . O. 370 0.0250 O. 214 

O. 1500 0.760 0.1375 
\ 

0.397' 0.0500 O. 255 

t 0.0750 
/' 

O. 2750 0.,800 0.1750 0.379 (0.270 
O. 3500 0.750 0.·2063 0.345 0.1000 O. 260 

" . 
o • 4000 0.695 0.2250 O. 300 ,0.1250 0,. 238 

O. 4500 0.620 0.2500 0.259 p.1400 0.223 
, 

O. 5000 -0.520 0.2750 O. 212 0.1500 O. 200 
<1 " i' ~ 

O. 5500 0.423 0.2900 0.200 0.1750 0.163 
ri 

0.6000 0.357 0.3063 O. 175 ,0.1930 0.' 141 
.; -. 

0.6500 0.225 0.3069 O. 140 0.2000 0.119 
. o . 7000 0.097 0.3255 O~ 105 0.2100 0.098 

~ 

O. 7372 0,000 0.3455 0.070 0.2250 0.065 

/ / 0.3685 0.035 0.2457 0.000 

/ / 0.3686 
~ 

0 .. 000 / / . , 

'fABLE K" COLLECTIVE RESUlTS OF APPENDIX K 
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.B~TCH .\TF[\I fillE 39 00 1 HEM'N HU[ 

.*.***.**.~* ••• * •••• *.* ••• * •• ** ••• **.*.*** ••••••• * ••••• 

$WI\TF[V ,NOEXT 
C •••••••••••• ***** •• ****.* •••• ** •••••• ** ••• *** •••••••••••••• 
C • • 
C. THIS PRCGf'H4 FINDS THE FRECUENCY RESPCNSE OF THE * 
C • • 
C. TR'NSFER FUNCTION CF PRCJECT lN CONTlNUOUS MODE • 
C • • 
C ••••• *.*.~*.t.* ••• *.* •••• ** ••• *.** ••••• ** •• **.*** ••• ** ••••• 
C 

REI\L ST~RT.END,DELrA.I<O.KG,TR.TC,W. [MAG.REALG,ANGG.MAGG 
REAL KPRO,K (NT.DC 
INTEGER J 
C-DMPLEX G.S.Gl,G2 . 

999 READ(S.*.END=99) DC.KPRO.K[NT.START.END.DElT~ 
~R(TE'6.70' DC,KPRC,K1NT 

7'J FORM~ T ('0 ' ./.1 OX. • OE Ç 1H CF CUT=' .F6 ,2 .5X.· KPRQ='. Fa .5. 5X.' K (NT='. 
SF8.5', ' 

WRITE{6.20' STI\RT.ENO,DELT' 
20 FORM~T('O' .10X,'THE STARTING. END[NG. & DECREMENT FREQ. ARE: " 

$3F 1 O. S ) 
WR (TE ( 6,60 , 

60 FORMAT(" .//.T2. 'FREQ(RAO/SEC' ',T22.'REAL(G" .T37,' INAG(G,. ,T53, " 
$' M A.G ( G t • • T 66. ' 'N GL E ( C , • ,/ , 

C 

C 

KO = t 18800.0 
KF = 1 Il 0 
KG = :l.O:J345 
TR = O.S69 
TC = 0.053 .. = START 
J ::: (ENO-STARTI'OELT~.3 

DO 30 I=l.J 
S = C >o4PLX ( 0 .0. w ) 
G ::: CEXPt-S*TCI 
Gt = G *KP~O 
G2 = (G.K 1 NT) /5 
G ::: G t + G2 
G = G.( l-CEXP(-S* TR) '/5 ~ 
G = G*KG*KD*DC*KF 
RE ~LG ::: REALt GI 
lM AG = ~IMAG(GI 
M~GG -= C~8S (G' • 

'ANGG.= AT.AN2Cl'MAG.RE .. t.G'*la'.O/3.14'tS9 '-
WRlTE(6.40) W.REALGtlMAG,MAGG.ANGG ,. 

40 FORM~T{T2.FtO.5.T20.~10.5.T35.FI0.5.T50.FI0.5.T65.F10.5 • 
.. ::: W .. OELTA 

30 CONTINUE 
GOTO 999 

99 WRITE(6.50J ~ 
50 FORM4TC'l', 

STOP 
END 

SOU~ 

~ 
,1 

-

1 
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DEPTH OF CUT= 0.03 
,; 

THE STARTfNG. ENOING. 

... 
FREQ(RAD/SEC' RE _L tG» 

~ -
3.10000 -1.05431 
3.15000 -1.02713 
3.20000 -1.00001 
3.25000 -0.97306 
3.30000 . -0.94f26 
3.35000 

0, 

-0.91963 

DEPTH OF eUT= 0.03 

THE START[NG, ENDING, .. 
FR:: a (R AD/SEC' RE AL (G) 

3.75000 -1.0S405 
3.80000 ' -1.02727 
3.850!>O -1.00063 

y 3.90000 -0.97415 
3.95000 -0.94785 

.' •• Oloao -O.92~73 

OEPTH OF eUT: 0.03 

THE STARTING. END [NG. 

FREQ CR&\O/SEC' REAL (G J 

4.20000 -1.08727 
4.25000 -1.06023 
4.30000 -)..03327 
4.35000 -1.00639 
4.4:)()OO - o. <; 7Ç~2 
4.0\5000 -0.95296 

KPRO= 0.00000 

& OECRE MENT FREO. 

(MAG (Gt 

-0.06285 
-0.:>3614 

- -0.01080 
0.01321 
0.0:3593 
0.05739 

KPRO= 0.05000 

& DECREMENT FREQ. 

IMAG(G' 

-0.0~lO8 
-O.03e48 
-0.01699 

0.00340 
0.02273 
0.04101 

KPFOC= 0.10000 

& DECREMENT FREQ. 

IM AG (G. 

-0.07633 
-0.05410 
-0.03291 
-0.012]5 
O.OO~40 

0.02457 

~ 
/ 

~ 
-" 

KINT= 0.423:30 

ARE: 3.10000 3.30000 

MAG(G. ANGLE[GI , 
1.05618 -176.58820 
1.0277:3 -177.98480 
1.00~07 -179.38140 
:>.97315 179.22210 

_ 0.94694 177.82550 
0.92142 176.42890 

KINT= 0.57500 

ARE: 3.75000 3.95000 

"'AG(G, ANGLECG, 

1.05582 -176.68340 
1.0,2799 -177.85500 
1.00077 -179.0273:> 
0.<;7416 179.79990 
0.94812 178.t:2640 
0.92265 177.45230 

K INT= 0.69000 

ARE: 4.20000 4.40000 

MAGCG' ANGLEr G 1 

1.08994 -175.98440 
1.06161 -177.07910 
1.03379 -178.17550 
1.:>0647 -179.27410 
0.<;7964 l79.62560 
0.95327 178.52310 

<> 

.. 

0.05000 

0.05000 

0.05000 

t--' 
0'1 
W 
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DEPTH OF 'eUT= 0.03 

THE STI\RTING. ENDrNG. 

F Reo (RAO/SEC) RE 4L ("'(; ) 

4.65000 -1-.05~46 

4. 700~O -1.02791 
4,. 750:Y'O -1.OO'tJ15 
4.80000 -0.97252 
4.85000 -0.94492 
4.90000 -0.91737 
4.95000 -0.88989 

DtPTH OF CUT= 0.03 

THE- ST'RTING. ENDlNG. 

FREQ CR ~O/SEC. RE&\LCG' 

5.30000 -1.0e095 
5.35000 -1 .O~841 
5.40:100 -1.01566 
5.45000 -0.98274 
'5.50000 -~. 94-970 
5.55000 - .91656 

DEPTH OF eUT= 0.03 

THE ST~RT[NG. END {NG, 

FREO(R.\O/SEC' 

5.600QO 
5.65000 
5.70000 
5.75000 
5.80000 
5.85000 

! 

'" 

REAL (GJ 

-1.06955 
-1.03257 
-0.99536 
-0.95795 
- o. C;2040 
-0.88277 

-----

KP~O= 0.15000 

& DECREMENT FREO. , 

lM AG 1 G' 

-0.04908 
-0.02819 
-0.00832 

0.01053 
0.02838 
0.04524 
0.06112 

I<Pf'C= 0.27500 

& DECREMENT FREO. 

IM"G(G' 

- 0.06044 
-0.03716 
-:1.01519 

0.00549 
0.02486 
0.04294 

KPJ;O= 0.35000 
~ 

& DECREMENT FREO. 

(MAG (G, 

-0.04937 
-0.025S2 
-0.00323 

0.01749 
0.03666 
0.05427 

KtNT= 0.76000 

"RE: 4.65000 4..85000 

M ~G( G 1 ~NGLE(G' 

1.05659 -177.33790 
1.02819 -178.4.2900 
1.~O()19 -179.52310 
0.97257 179.37980 
0.94534 178.27970 
0.91848 177.17680 
0.69199 176. C7 1 00 

KlNT= 0.80000 

'RE: 5.30000 5.50000 

M"GCG. "NGLEC G t 

1.08264 -176.7<)970 
1.04901 -177.96990 
1.01577 -179.14340 
0.98276 179.68000 
0.95002 178.50030 
0.91756 177.31150 

KINT= 0.75000 

ARE: 5.60000 5.80000 

M AG( G) ANGLEC G) 

1.07:169 -117.357:JO 
1.03289 -178.58410 
0.99536 -179.81390 
:J .95811 178.95390 
0.92113 177.71910 
0.88~44 176.48190 

.. 

0.05000 

0.05000 

0.05000 

t-' 
0"1 
ob 

~ 

r 
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DEPTH OF eUT= 0.03 I<P,.O= 0.40000 I<[NT= 0.6«;;500 .. 
THE STo\RTtNG. END[NG. & DECREMENT FREQ. ~RE: 5.75000 5.95000 0.05000 

FREQ (RAD/SECt RE AL ( G 1 UoUGIG. M ~G( G t 4NGLE(G. 

5.15000 -l.07078 -0.04824 1.07186 -177.42010 
- 5.80000 -1.03056 -0.02374 1.03083 -178.68030 

5.85000 - 0.89009 -0.0:>10::' 0.99009 -179.94220 
5.90000 -0.94942 0.01999 0.94963 118.79390 0 

5.95000 ___ -.-1) .90862 0.03923 :1.90946 177.52190 
6.oaooo -O.Bf775 0.05~73 0.86960 176.25980 

DEPTH OF eUT: 0.03 I<Pf;(J= 0.45000 I<INT= 0.62000 

THE START t NG. ENDING. & DECREMENT FREQ. "ARE: 5.85000 6.05000 0.05000 

• FREQ (RAO/ SEC' REAL (G, IMAG(G' MAG( G 1 ANGLE(G, 

5.85000 -1.0Q509 -0.06404 1.09696 -176.65310 
.5.90000 -1.0~171 -0.03781 1.05239 -177.94120 
5.95000 -1.00802 -0.01353 1.00811 -179.23110 '\ 
6.00000 -O.«;;~411 0.00880 :1.«;;6415 179.41130 
6.05000 -0.92003 0.02911 0.<;2049 118.18420 
6.10000 -0.87587 0.04760 0.87716 176.88920 

-~ DEPTH OF eUT= 0.03 I<PRO= 0.50000 1< [N T= 0.52000 

THE ST~RT(NG, ENDr NG, & DECREMENT FREa. AR E: 5.95000 6.15000 0.05000 

FJteQ fR40-/S€C t RE~L(GJ UUG{GI MAGlG. ANGLE(GI 

5.95000 -1.10524 -0.07519 1.10779 -176.10810 
6.00000 -1.05860 -0.04763 1.05961 - 171 .4237:> 
6.05000 -1.01162 -0.02224 1.01186 -178.74050 6.10000 -0.96439 0.00099 0.C;6439 179.434130 
6.150:>0 ,. -0.91700 0.02206 0.91727 17B .62200 
6.20000 -0.86953 0.04099 0.87049 177.30140 

'-.J t-' 
0\ 
lJl 

~ 
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OEPTH CF eUT= 0.03 

THE ST~RT ING. ENDING. 

FREQ (RAO,SEC) RÊ AL (G) 

6.:150:>0 -1.10341 
6.10000 -1.05309 
6.15000 -1.ooa~5 
6.20000 -0.C;;~159 
6.250)0 -0.90060 
6.30100 -0.84958 

• 
OEPT~ OF CUT:: 0.03 

THE STARTING. ENDING. 

FREO(R.t.O/SECJ REAL'GI 

6.15()OO -1.08917 
6.20000 -1.03465 
6.25000 -0.97990 
6.30000 -0.92502 
6.35000 -0.67013 
6.40000 -0.81531 
6.45000 -0.76068 

OEPTH OF eUT= 0.03 

THE STo\RTING. E~D(NG. 
, 

FREO CR"D/SEC) 

6.20000 
6.25000 
6.30000 
6.35000-
6.40000 
6.45000 

=--r,--~ 

./ 

RE .. L(GI 

-1.11555 
-1.05757 
- o. 9C; 934 
-0.94095 
-o.ee251 

1 __ '-0.82415 
( 
\ 

\ 

KPF'Q= 0.55000 

&. DECREMENT FREQo; 

& 

& 

IMAGlG' 

-0.07258 
-0.04461 
-:).01902 

0.00420 
0.02505 
0.04355 

KPW:;O= 0.60000 

DECREMENT FREO. 

IMAG(Gt 

-0.05125 
-0.02423 

0.00019 
0.02204 
0.04133 
0.05807 
0.07230 

I<PF(O= 0.65000 

DECREMENT 

1 MAG tG, 

-0.07073 
-0.04168 
-O.OlS44 

0.00799 
0.02864 
0.04~53 

fREO. 

KINT= 0.42330 

~RE: 6.05000 6.25000 

MAG(G. .t.NGLECG' 

1.10580 -176.23660 
1.05403 -177.57430 
1.00263 -178.91300 
0.C;5160 179.74740 
0.90095 178.40690 
:l.e5070 177.06550 

K INT= 0.35700 

ARE: 6.15000 6.35000 

MAG (G J ANGLE( G) 

1.09038 -177.30600 
1.03493 -178.65820 
0.97990 179.98890 
0.92529 178.63520 
0.67111 177.28090 
O.et738 175.92590 
0.76411 174.57030 

1< lN T= 0.22500 

'-RE: 6.20000 6.40000 

M"G (G» 

1.11778 
1 • 05839 
0.99946 
0.94098 
0.88298 
0.82547 

"NGLEt G t 

--176.37210 
- t 77 .7-43 t 0 
-179.11460 

179.51370 
178.14140 
176.76880 

-

0.05000 

0.05000 

0.05000 

~ 

1--' 
en 
en 
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OEPTH OF eUT= 0.03 KPf;C= 0.70:100 

THE ST4RTING. END[NG. & DeCREMENT FREQ. 

FREQ(R .. D/SECI RE AL (G. lM _G {G, 

6.25000 -1.13535 -0.08251 
6.30000 -1.07372 -0.05196 
6.35000 -1.01180 -0.02444 
6 • .-.0000 -0.94973 0.00005 
6.45000 -0.ee163 O.D2154 
6.50000 -0.S25El C.04005 

DEPTH OF eUT= 0.03 KPFC= 0.73720 

THE ST~RT[~G. ~NDrNG. & DECREMENT FREO. 

FREO(RAD/SECI REAL (G. [MAG(G) 
"-
6.30000 -1.12903 -0.07955 
6.3saoo -1.0t'450 -0.04S97 
6.40000 -0.99974 -0.02159 
6.45000 -0.93485 0.00260 
6.50000 -0.86999 0.02363 
6.55000 -0.80527 0.04153 

/ 

KI NT= 0.09700 

4RE: 6.25000 6.45000 

"'''GrG' ~NGLE{G. 

1.13834 -115.84320 
1.07497 -177.22970 
1.01210 -178.61630 
0.~4913 179.99690 
3.88789 178.63990 
0.82658 177.22290 

KINT= 0.00000 

ARE: 6.30000 6.50000 

MA'G(G' ANGLE(G' 

1.13183 -175.96970 
1.06563 -177.36620 
0.99997 -178.76280 
0.93486 179.84010 
0.87031 178.44410 
0.80634 177.04760 

<t1 .. 

0.0500:> 

0.05000 

...... 

'" ...J 
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OEPTH OF euT: 0.06 KP~():: 0.00000 KINT= 0.21163 

THE ST~RTING. ENDING. & DECREMENT FREO. ARE: 3.1:1000 3.30000 

FREO(R~O'SECI RE~L(G. 'MAG{GJ MAGCG' ANGLEC G, 

~.10000 -1.05421 -0.06285 1.05608 -176.58820 
3.15:)00 -1.02700 -0.03614 1.02764 -177.98480 
3.20000 -0.99992 -0.01080 0.99997 -179.3814-0 
3.,25000 -0.97296 0.01321 0.91305 119.22210 
3.30:100 -0.94611 0.03593 0.94685 177.82550 
3.35000 -0.91954 0.05739 0.92133 176.42890 

OEPT H OF eUT:: o. ~6 KPJ<C= 0.02500 I(I~T= 0.29000 

THE STARTING. ENOING. & OECREMENT FREQ. ~RE: 3.75000 3.95000 

FREQ (R AO'SEC) REAL (G l IMAG(G) MAGCG) AHGLE{G. 

3.75:>00 -1.06249 -:).05886 1.06412 -176.82910 
3.80000 -1.03542 -0.03612 1.0-3605 -178.00240 
3.85000 -1.00850 -0.0145:1 1.00860 -119.t761~ 
3.90000 -0.9EI7. O.OOfOI 0.C;8176 179.64950 
3.95000 -0.95516 0.02544 0.95550 178.47460 
4.0:>000 -0.92e77 0.04382 0.92981 177.29900 

OEPTH OF eUT: 0.06 KPf;O= 0.06815 1( [HT: 0.31000 

THE ST4RTlNG. ENOlNG. & OECREMENT FREQ. ARE: 4.55000 ... 75000 

FREOfR40/SEC' RE_LeG, HUGr G) MAGfG' ANGLEr G J 

4.55000 -1.05583 -0 ;05761 1.05740 -176.67670 
4.60000 -1.02869 - o. ()3"65 7 1.02934 -177.96430 
4.65000 -1.00156 -O.Olfj~3 I.C0110 -179.05470 

.1 4.70000 -0.97446 0.00251 O.Ci1446 179.65220 
4.75:>00 -0.94140 0.02057 0.94762 178.75620 
4.80000 -0.92040 0.03765 0.92117 177.65760 

\ 
\ 

~; 

.. 

0.05000 

0.05000 
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OEPTH OF CUT= 0.06 I<P~(: 0.13750 KINT= 0.39175 

THE ST4RT(NG. ENOING. & DECREMEN~ FREQ. ARE: 5.30000 5.50000 

F REQ (R AD/SEC) RE AL (G) lM AG (G» MAG(G. 

1 .0775 t 
1.04417 
1.~1110 
O.Ç1830 
0.94577 
0.91352 

ANGLE(G. 

-176.29880 -' 5.30000 
5.35000 
5.40000 
5.45000 
5.50000 
5.55000 

;.... 

-1.07527 
~1.043t5 
-1.01082 
-O. C;1e3 0 
-0.94563 
-0.91285 

DEPTH OF eUT: 0.06 

-0.06956 
-0.04é06 
-0.02386 
-0.00296 
0.01~66 
0.03496 

KPf<C= 0.17500-

-177.47170 
-178.64770 
-119.82680 

K lNT= 0.37900 

178.99090 
177,.80550 

THE STARTING. -ENDfNCi. & DeCREMENT FREO. ARE: 5.55000 5.75000 

FREQ(RAO/SEC' REALCGJ 1 MAG t G J MAG(G' ANGLE(G' 

5.55000 -1.10802 -0.07092 1.11029 -176.33760 
5.60000 -1.07118 -0.04563 1.07215 -177.56070 
5.05000 -1.03405 -0.02191 1.0.»428 -178.78640 
5.7l:100 -:].99668 0.00026 0.99668 179.98510 
5.75000 -0.95913 0.02086 0.Ç5936 178.75420 
5.80000 -0.92145 0.03990 0.92232 177.52080 

DEPTH OF eUT= 0.06 KPRO= 0.20f25 KII'.T= 0.34500 

THE START 1 NG. ENDlNG. & OECREMENT FREO. "RE: 5.75000 5.9 5~OO 

FREO (R~D/SEe, RE Al ( G, lM AG (G, , MO\G(G, ANGLE(G' 

5.75000 -1 .10026 -0.06099 1.10197 -176.82740 
5.80000 -1.05925 -0.03530 1.05984 - 1 18 • 09 1 4:l 
5.8S0()() -1.01793 -0.01142 1.01800 -179.35750 
5.90000 -0.97638 0.01066 0.Ç7644 179.37440 
5.95000 -0.~3467 O.()3094 o ..-Ç3519 178.10430 
6.00000 -0.eç287 0.04C;42 0.89423 176.83220 

• 

0.05000 

0.05000 

0.05000 

1--' 
0"\ 
\0 

1 
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DEPTH OF CUT= 0.:>5 KPFO= 0.22530 

THE STARTING. ENOING. & DECREMENT FREO. 

F REa, RAD/SEC) REAL(G) 1 MA.G (G) 

,5.85000 -1.0Ç277 -0.07182 
5.C)OOOO -1.0~C;68 -0.04526 
5.95000 -1.00627 -0.02055 
6.00003 - O. 96261 0.00200 
6.05000 - O. 91877 0.<l2270 
6.10000 -0.87483 0.04145 

li 

DEPTH OF CUT= 0.05 KPRO= 0.25000 
il 

THE ST~RT(NG. END 1 NG. & DECREMENT FREO. 

FREQ(R~DI'SECt RE AL {G. lM AG' G, 

5.85000 -1.19697 -0.13758 
5.90000 -1.15127 -0.10566 
5.95000 -1.10507 -O.O7!;90 
6. DOO 00 -1.0!:8~5 -"0.04831 
6.05000 -1.01149 -0.02289 
6.10000 -O.9E429 0.00037 

DEPTH OF eUT= 0.06 tc:P!:C= 0.27500 

THE STARTING. END(NG. & DECREMENT FREO. 

FREQ(RADI'Sf:C) REAL (G, lM AG (G. 

6.05 000 -1.10341 -0.07260 
6.10000 -1.05308 -0.04462 
6.15000 .-1.00245 -0.01903 
6.20000 -0.95159 0.00418 

• 

KINT= :>.30000 

ARE: 5.85000 6.05000 

MAG (G) ANGLE(G' 

1.:19513 -176.23990 
1.05066 -177.53130 
1.00548 -178.82430 
0.96261 179.88110 
Q.91905 178.584.90 
0.87581 177.28700 

K (NT= 0.25900 

_RE: 5.85000 6.0.5000 

M"GtG' ANGLE(G. 

1.20485 -173.~4300 
1.15611 -174.75620 
1.10767 -176.07070 
1.CS'155 -177.38660 
1.01175 -178.70370 
0.<;6429 179.97790 

K [NT= 0.21163 

ARE: 6.05000 6.15000 

M AG( G. A.NGLE(G. 

1.10580 -176.23590 
1.C5403 -177.57360 
1.00263 -178.91240 
0.95160 179.74800 

~. 

... 

0.05000 

0.05000 

0.05000 
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OEPTH OF eUT= 0.05 tePf:O= 0.29000 KINT= 0.2 :>:>00 

THE ST~RTING. ENOING. & DECREMENT FREO. ARE: 6.10000 6.30000 ,0.05000 

'. 0 FREQCRAO'SEC. REI\L (G. IMAG{G' M AGC G' ANGLECG) 

6.10000 -1.1C811 -0.06130 1.10981 -176.83370 
6.15000 -1.0!:517 -0.03356 1.05571 -178.17820 
6.20000 -1.00197 -0.00833 1.0020,0 -179.52370 
6.25000 -0.94859 0.01440 0.<;4869 179.13020 
6.30000 -0.89513 0.03465 0.89580 177.78320 
6.35000 -0.84170 0.05'243 0.84333 176.43550 

DEPTH OF eUT.: 0.06 KPJ;O= 0.30630 te INT= 0.17500 -
THE STJ.RTI NG. ENI) 1 NG. & DECREMENT FREQ. ARE: 6.150 0:> 6.35300 0.05000 

.;;. 
{' 

F REQ CR AD,SEC. RE-\LfG' OUG {G. M.t.GCG, 4NGLECG. 

6.15000 -1.11143 -O.05~55 1.11287 -17'7.08740 
6.20000 -1.05590 -0.02873 1 .05629 -17B~4414() 

6.25000 -1.00012 -0.00356 1.00012 -179.79610 
6.30000 -0.94420 0.01898 0.94439 178.84860 
6.35000 -0.88825 0.0389:> Q.88910 177.49260 
6.40000 -0.83237 0.05622 0.83427 176.13600 

if' 6.45000 -0.77666 0.07097 0.77990 174.77880 

OEPTH OF eUT= 0.06 KPRO= 0.306~0 K["'T= 0.14000 

THE STARTING. END[NG. & DECREMENT FREO. "RE: 6.15000 6.35000 0.05000 

F REa (R "D/SEC t RE .. L(Gt HoUG (G, M 4G (G J .. NGLElG, 

6.15000 -1.11064 -0.01124 1.11332 -176.02200 
6.20000 -1.05564 -0.04822 1.05674 -177.38450 
6.25000 -1.00034 -0.02187 1.00058 -178.14750 
6.30000 -0.94484 0.00183 0.«;4484 179.88900 
6.35000 -0.88925 0.02290 0.88954 178.52490 
6.4JO:lO -0.83368 " 0.04135 0.83470 177.16040 
6.4SCJOO -0.77822 0.05721 0.78032 175.79530 ~ 

-.J 
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OEPTH OF CUT= 0.06 KPFO= 0.366,60 K INI= 0.0:1000 

THE ST~RT[NC. ENOING. & DECREMENT FREa. ARE: 6.30000 6.50000 

FREaCRAOI'SECJ REALC GJ) lM AG (G J MAGCGJ ANGLECG' 

6.30000 -1.12903 -0.01955 1.13183 -175.96910 
6.35000 -1.Ot450 -0.04f97 1.06563 -177.36'620 
6.40000 ~.99974 -0.02159 0.99997 -178.76280 
6.45000 '':- o. 934B6 0.00260 0 .• 934B6 179.64070 
6.50000 -0.66999 0.023f3 0.81031 178.44410 ~ 
6.55000 -0.80527 0.04153 0.80634 171.04160 

.. 
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0.05000 
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DEPTH OF CUT= 0.09 KP';O= 0.00000 KINT= 0.14110 

THE ST'RTING. EhOING. & D~CREMENT FREa. 'RE: 3.1J300 3.300'0 '0.35000 

FREa'R~D/SECJ RE"LCG' 1 M _G (G , M .. GC G) .. NGLE(G' 

3.10000' -1.05431 -0.06285 1.C5618 -176.58820 
3.15000 -1.02110 -0.03614 1 .02173 -177.98480 
3.20000 -1.00001 -0.01080 '1..00007 -179.38140 
3.25000 -0.97306 0 .. 01321 0.97315 179.22210 
3.3:)000 -:>. C; 4626 0.03593 0.94694 177.82550 
3.35000 -0.91963 0.05139" 0.92142 176.42890 

---------, 
DEPTH OF eUT= 0.09 KPJ;C= 0 •. 01250 KII\T= 0.l8000 

"il 

THE STARTING. ENDING, & DECREt.4ENT FREQ. 4-RE: :3.60000 3.,130000 0.05000 

FRÉa (RAO/SEC' REALi:G' 'f04AG(Gl MAG(G, ANGLE(G) 

3.60000 - 1.05421 -0.06415 1.05616 -176.51780 
3.65000 -1.02736 -0.04077 1.02817 -177.72740 
~·3.70000 -1.00067 -0.01857 1.00084 -178.93710 
3.15000 -0.97414 0.00250 0.97414 179.85280 
3.80000] -0.94778 0.02246 O.~4805 178. E4240 
3.85000 -0.92162 0.04134 0.9.2254 177.43170 

DEPTH OF eUT= 0.09 KP~O= 0.02500 K (NT= 0.21400 

THE ST4.RTING. ENOING, & DECREt.4ENT FREO. ARE: 4.0l00:l 4.20000 0.05000 

FREQCR'O/SEC' RE'L(G' lM AG( G, M ~G (G. ANGLE(G. 

4.00000 -1.01216 -0.0(;219 1.07396 -176.68060 
4.05000 -1.O451() -().04009 1.04587 -177.80310 
4.10000 -1.01817° -0.01907 1.01834 -178.92680 
4.15000 -0.99136 0.00090 0.99136 179.~"'830 
4.20000 , -O.9E471 0.01984 0.96492 178.82210 
4.25000 -0.93822 0.03177 0.93898 177.69460 

,-' • 1 
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OEPTH OF CUT= 0.09 KPfOC= 0.05000 K(f\.T= 0.25500 

THE STARTING. ENOfNG. & DeCREMENT FREQ. ARE: ~.65000 ~.e 5000 

ft'" 

j 

,., 

FREQ(RAD/SEC) REAL {G) ~ 

~.t'i5000 -1. O~q39' 
~.70000 -1.03153 
4. 15000~ -1.00368 
4.90000 -0.97586 
4.85000 -0.94807-
4.90000 -0.92034 
4.95000 -0.S9268 

DEPTH OF CUT= 0.09 

Tl-le STARTING. END ING. 

FREQ(RAD/SEC) 

5.1:)::100 
5.15000 
5.20000 
5.25000 
5.30000 
5.35000 

REAL(G' 

- 1 • 0(; 01 9-""\.,. 
-1.02979 ' 
-0.9C;927 
- o.sc: €67 
-0.93800 
-0.90731 

'J 

OEPTH OF eUT= 0.09 

THE START~NG. ENOING, 

" FREQ (RAO/SEC' RE 'L (G, 

5.40000 
5.45 000 
5.50000 
5.55000 
5.63000 
5.65000 
5.70000 

-1.08078 
-1.04709 ~ 

-1.01316 
-0.97903 
-0.94475 
-0.91036 
-0.87590 

(MAGtG) 

-0.04579 
-0.02~92 
-0.00507 

0.0137.6 
0.03158 
0.:)4841 
O.O~425 

KPJ;O-= 0.07500 

& DECl:lEMENT FREQ. 

IM_G(G' 

-0.O4~15 
-0.OêI52 
-0.00105 

0.01S27 
0.031543 
O.O!5344 

KPr;o::: 0.10000 

& DECREMENT FREO. 
i'J 

IMAG(G. 

-0.06533 
-6.04(47 
-0.01900" 

0.002'09 , 
0.02180 
0.04014 
0.05710 

,-
~~~;.{t ~ ... ..(~T ... -.:,...;r"-Î .~~- .... ,jOO~ .. ,~ ;;Jo.- "';"v 

~ • .t"tt.[.r ...... _- i'i ... -t- ~ -'="~. _.:1 .- .... !I""",\< ~'I._ ... ~ ..... _",... ....... "" ."'L_ .............. 

"UG( G) "A.NGLE(G' 

1.06037 -177.52490 
1.03183 -178.61620 
1.00310 -179.71050 
0.97595 179.1i23O 
0.<;4359 178.Q 210 
0.92161 176.9 910 
o.eC;499 175.88320 

K[""T= 0.27000 

ARE: 5.10000 5.30000 

MAG(G, ANGLECG' 

1.06107 -177.66930 
1.C3001 -178.80290 
0.99927 -179.94-000 
0.96884 178.91970 
0.93~71 177.77590 
0.<;0889 l76.E2900 

KINT= 0.26000 

ARE: 5.40000 5.60000· 

MAG[G. ANGLEt G 1 

1.0B275 -176.50\.110 
1.04791 -177.73190 
1.0l334 -178.92570 
0.91903 179.87760 
0.94500 178.67790 
0.91124 177.47530 
0.S7776 176.26990 

., "'~. or _.-,." -~~ .... , 

fit 

" 

0.05000 

/ 

0.05000 

0.05000 
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OEPTH OF CUT~ 0.09 KPf<O= 0.12500 K (NT= 0.23150 

THE S~~RTING. ENDING. & OEC~EMENT FREC. ARE: 5.65000 5.85000 0.05000 

~""t~,,;,.;\.,,;.,,\>..,.<-!;~~4""'- ,';;"""'\o.....,~."'-<_ ........ -, ......... ,........--- ,._--
.. _, __ ..... ...l' .. d ",....... ............. ............. ~._~...-... ... __ r~ ~ >- --__ --- ~ ..... ,JJ _~ ~._ _ , 
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DEPTH OF CUT::: 0.09 KPJ;O== 0.17500 

THE STARTING. ENO[NG. & DECREMENT FREQ. 

FREO (FUD/SEC' REAL CG, IMAG(G' 

6.00000 -1.10715 -0.06990 ,,,, . 6.05::)00 -1.05e51 -0.04228 
6.10000 -1.00957 -O.01E94 
6.15000 -0.9E039 0.00613. 
6.20000 -0.91108 0.02695 ,. 
6.25000 -0.86172 0.04552 

OEPTH OF CUT:: C.09 KPRO: 0.19300 

THE STARYING. ENDING.' & DECREMENY'FREO. 

F REQ tR AD/SEC. RE -L (G) IMAG(G. 

6.10000 -1.10745 -O .. 05~82 
6.15000 -1.05437 '-0.02652 
6.20000 -1.00103 -0.OO17t 
6.25000 -0.94754 O.02CS 
6.30000 -0.89400 0.04042 
6.35000 -0.84050 0.05780 

• / 

DEPTH OF CUT: 0.09 KPJ;Q= 0.20000 

THE STARTING. ENDING. &. DECREMENT FREO. 

FREQ(RAD/SEC. ~EAL (G, IMAGCG. 

6.15000 -1.08911 -0.05169 
·6.23000 -1.03460 -0.02465 
.f,.25000 -0.97986 -0.00020 
6.30000 " -0.92500 0.02167 
6.35000 -0.87011 0.04098 
6.40000 -0.81531 0.05775 
6.45000 -O. 7E 068 0.07201 

t ,~ 

,. 

,. ..,' 
1 

,-~~~W~...;9~!..p;t;:.t-~ ._<-~~- -,.,....- .... ,~-~ ...... ,~~..-..,. ... "' .. ~ ...... - ~ .. ---~._-----~ 

,. 
'"\ 

K (NT= 0.tE250 

"RE: 6.00000 . 6.20tlOO 0.05000 

MAG(G. ANGLE( G, 
1.10935 -176.38750 
1 -.05936 -177.71260 
1.00971 -179.03870 
0.96041 179.6341"0 
0.91148 178.30580 
0.86292 176.97630 

KI"T= 0.14110 

ARE: 6.10000 6.30000 0.05000 

toUG( G. ANGlE(G, 

1.10876 -177.21760 
1.05470 -178.55920 
1.00103 -179.90160 
O. ~a776 178.75530 
0.89491 177.41110 
o. E!-4248 176.06620 

K INT::: 0.11850 

ARE: 6.1"5000 6.35000 0.05000 

NA~(G) ANGLE( G) 

1.09033 -177.28280 
1.03489 -178.63530-
o .C;'1986 -179.988S0 
0.92525 178.657~O 
0.e7108 177.30320 
0.81735 175.94810 
0.76408 114.59230 . 

~ _./"'" i .... ""~_ .... -;...,. ..... -to.~ ... ~ .. ~~ ... <:' .. "",....oil ........... ..... ,,,..J ...................... "' ...... -....._ """'-~ ~~-...J .... ,,~ ~ ~~' ....... 
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DEPTH OF CUT~ 0.09 

THE STARTING. ENOING. 

FREOlRAO/SEC' REAL (G. 

6.15000 -1.1402'3 
6.20000 -1. a e372 
6.25000 -1.02690 
6.300l0 -0.96989 
6.35000 -0.91 ~79 
6.40000 -0.85571 
6.45000 -0.7<;876 

OEPTH OF eUT= 0.09 

THE STARTING. ENDING. 

FREO(R~D.fSECt REAL (G, 

6.25000 -1.09730 
6.3nooo -1.03711 
6.35000 -0.97673 

-6.40000 -0.91628 
6.45000 -0.ES5e7 
6.50000 -0.79563 

OEPTH OF CUT= 0.09 

THE START [NG. EN01NG. 

F REa UUDI'SEC, RE AL (G) 

6.25000 -1 .. 143e4 
6.30000 -1.08151 
6.3500:> -1.01911 
6.40000 -0.9!:f55 
6.45000 -0.8939.7 

'" 6.5:1:>00 -O.83~47 

1 
.'j 

a 

/' 

"-
1 

/ 

KPS:;O= 0.21000 

& DECREMENT FREO. 

1,., AG CG, 

-0.07735 
.-0.04768 
-0.02074 

0.00349 
0.02501 
0.04384 
0.06002 

KPJ:C= 0.22500 

& DECREMENT FREG. 

[MAGCG) 

-0.05~29 
-0.02543 
-0.00049 
0.O~IS5 
0.04072 
0.05704 

KPJ:;O== 0.23500 

& DECREMENT FREQ. 

lM .G(G, 

-0.08121 
-0.05055 
-0.02295 

0.00160 
0.02313 
0.04166 

, 
• - ~~.t~i.l..;.<"''''l.~~ ~~ :. .. :. b .... :Y'-",. 

---~""""" --"- ~ --

K INT= 0.09800 

"RE: 6.l500Q 6.35000 

MAGC GJ ANGLE(G' 

1.14285 - 176.11920 
1.08477 -177.48090 
1.02711 -178.84320 
0.96990 179.79400 
0.91313 178.43070 
0.85683 177~O6690 
0.80101 175.70260 

K INT~ 0.06500 

.-RE: 6.25000 6.45000 

""AG(G) ANGLE( G, 

I.C9859 -177.21950 
1.03742 -t78.595.10 
0.<;7673 -179.97110 
0.91653 178.155280 
0.85684 177.27610 
0.79767 175. 8993()-

K[p..T= 0.03500 

ARE: 6.25000 6.45000 

MAG(G. O\NGLE(G, 

fi • 14652 -175.93820 A .08269 -177.32390 
1.01937 -178.70980 
0.95655 179.90420 
0.89426 178.5179Q 
0.83252 177.13150 

.... 

0.0500Q 

0.05000~ 

0.05000 
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OEPTH CF CUT: 0.09 
~ 

THE STARTING. ENO[NG. 

FREQUUO/SEC' 

6.30000 
6.350017 
6.40000 
6.45000 
6.5:l:l00 
6.55000 

--.-----~ 

~. 
te 

" 

REAL CG) 

-1.12887 
-1.0~436 
-0.Q9960 
-0.93473 
-0". 86C; 87 
-0.80516 

~ 

KPFO= 0.24570> 
, . 

& OEC~EMENT FREO. 
'''0 

tMAG(G' 

-0.07954 
-0.04896 
-0.02159 

0.00260 
O.O,23li3 
0.041·53 

~ 

j7_:'..,.._ ..... ~,_.~~ __ ~~" .. i· 
. ... ~_t __ ... j "';;,~"'.-... •• '':t-~h __ ~'-:: ..... 'h> .. Io\...~,J1 ....r;"t..._~,-.""' .. ...- ~- " 

1 

K [NT= 0.00000' 

ARE: 6.30000 6.50000 

MAGCG, A"';GLECG. 

1.13167 -175.96970 
1.06549 -l77.36620 
0.99983 -178.7628~ 
0.93473 179.8407 
O'.S7Q.19 t 78.44'U 0 
0.80623 177.04760 
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APPENDIX L 

DIGITAL COMPUTER SIMULATION LISTINGS AND OUTPUTS 

Thi s appe ndix i s the listings of two digital computer 

simulation prograrns. It has two slolb-appendices. The first one, 

Appendix L.I, is the' program listing and ~imulation results of 

the closed-loop sys"tem shown in Fig. 4.11. The s,econd one;" 

Appendix L. 2, i s the s imulati.on of Fig'. 4.13 
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APPENDI X L. 1 

SIMULATION LISTrNGS AND RESULTS OF FIG. 4.11 

~",.. '1 r..: ;; s [,U ,'J 

'c 
, ..... k,.', .... <" '" "< c. ,,'" >Ir '" ,. ,.. " '" • * ,.. >il '" '* '" .. '" '* * .... ". * '" 

*. 
~ [ 1\It.; U') TIC 1\ 1) F TH -: f (C ~: r JT 1) 1 C r 1_ ~! 1\ [ 1\ G loi 1 T H A P - 1 CCI\TROLLER , 
FCllCW[I\( F:l\lUR,=-S J-I"\" "r;'"'-:o 

. 1) FIX E r:: ~ 1 t= D ::: [r: [ II ~.- C; 1 ~ A r 1 II i\ '" ~ THO [) 1. r.:. q K 5 F X 
n LI'ITT UI 'rr:i::::r..lAT[- ('~"Jt -::>FL.~r>C.0)tI\J/SF:Ç 
:) 1\ r: r l ~ K - V 1\ LU':' ~' E f'J (1 ~ Y (r:> V '1 ) , 

4) ECCf::r\1J:.ICITY S.T. L'EPTH OF CLT [$: O.,J1>OC>C.C3 
~.) " H F ~ [T \.JI "d~ If' (: UT - LJ UT" Fr: A T L R :: FUR S A T L"< A T E: D " 0 C E 
f) CCNCI11GII 15 S .. r/E ~C' TH.\T 1 F '([AL FXPFi;lIt\lVEI\T 

=================~=========================~~ 

ItdTIAL 
1= " R A ~ fi' r- ,-< r; = c • ç C; • K l ;'o-j T = '.1 • J ' .~ 
r"CON Ll,'11C=C.·.1 
1 1 r) E h' r >: L T = ,; • 01' 'ï. r r t.J r [ I~ = 1 2 • 
r.'ETI-'UC ;;rSF-: 

IN 

i=RTPLC T t rlRCE (n:p<,\ T .(!-lU=» 
LAI-'EL ~[,VL,LAT[C\J IlF F.r'~.4.1' 

8F'" = éS.C' 
~ITH KPRO=).05. KI~T=).00J 

," CN":GA = 2-l.14IA ... I~F~/(-O.l 
-1 R = é o. (t/PPV-- ----­

TC = C.~= 
KG::: C.C(J34<:; 
KF = 1.C 

--------I<-E-=· 1 l'S: "h"i'.'­
f' = O.Cf 
C = C.C.:; 
fol S T 1\ R 1 :: f). (,:~ 

( = r,."J 
C::L~ F J.'.1 
lES T.= C. (t 
'FCIFF(:: (J.' 

CLCSU"" = O.r) 
DY!\Af-iIC 

F,." C/vI = 2:':. l" 
FECQIIT ::: FEEO"K(; 
1= C S 1 T = 1 N T GR L (L 1 1..1 le. F a;: ~ J\ T ) 
C = ELA Y = r. f· L II Y ( 1 CO. T ~ • l' 0 '3 1 T 1 
r.'t-<CW = Ilf'JAXI C"STARr .DCCLAY) 
C~rPT = cOST1-~~[W 
C~TP = LlrnT(O.C,lOCC.J.(!-JIFTI 
FeR C E = L'" 1 r> '1< K C ~ ( f.3 + D - C ( l S ( 0 f,I r. GA" TI,... F. ) ) 
F = FC~(t:~I<'r-

FEEr' = 7H1L~(f)ULSE.ll;I--ItIl 

r:: l.J L :3 [ ::: 1 ~I P 1 ... L S ( (1. - , T (, 1 
PRe ( E C l)1'< t ! 1) 1- 1 ~~ • F f) 1 F F :: C Uf~ ~ y ( K' ~ I~G • KIN T • F'N 0 ~ • F • P lIL S=:. 

F r 1 r F 1 J • r; U M • r • CL n S U~' • T " ~-, T ) 
1 F (r: L L ~ ::: • r ': • 1 •. ) 1 (~ G T [1 l, J 
1 F (K tEP. t'-, [ • 1. 1 G () TI; 10 
FCIFF = Ft\I(;v-F 
5Lrv ::: ~L""+Kr~T~FcrFFC 

\ ~ 

• •• 

* ~ 
./. 

* 
"" '" .. 
>1< 

:l< ,.. 

'" .. 

, 

-1 
i 
1 

/ 



l>-''''' _,' 

a 

1 

1 

C 

• . . 

" 1 

, \' 
TEST = (5t,~I_I~ .. ) ·'(~.i'-SU:·') 
IF (iE~l. E.O.') GOTC. 11 
C - ::-LW+KI;Lu].-rr:rrr:IJ 
CLCSU'J :: SLrt " 
GOiO ~? . 

1 1 C = CL C ~ U 'J. f K P R r .., F n r F F () 
~L rI = CL CSLfV 

2 2 Z G f-' 1 r" = L 1 ~I 1 T ( ~ • c • -5 • C , C ) 
FCIFFr = FCU·r-

le CCI\TII\U-= 
EI\r!=RCCI:Ct F<t: 

T E~J' 11\ J\-L 
EI\C 

j:: ,A fV\ />1 1( ~ R II = :' • 1 • KIN T = Q • 1) G 2 
RESfT LAPEL 
L Il PEL' S l IJ L LAT r c: N U FFI G • 4 • 1 ' 

EI\C 

ENr 
S Tep 

~,ArA~ KPDC=~.1~.KINr=O.~03 
J:<ES~T L/l['-:L 
LAPEL 5r~LLATICN CF FI~.4.11 

1 

/-

/} 
, ... 

.. 
.. 

'.. ;~.... /" 

1 • 
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WITH I<:PHO=O.35. KINT=O.OQ3, 
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SI~~L~TICN OF FIG.4.11 WITH KPRO=O.l. KINT=0.002 PAGE 1 

. 
lI~E 

o .0 
5.CCOCE-02 
1.CCOCE-Ol 
1.5CO(E-Ol 
2.CCO<:E-Ol 
2e'5COt:'E-Cl 
3.cècCE-Ol 
3.5COCE-Ol 
4.CCCCE-Ol 
4.5CCr.E-Ol 
5.CCOCE-Ol 
C;.5COCE-Ol 
6.CCOrE-Ol 
6.5CCCE-Cl 
7.CCCt'E-Ol 
7."iCCCE-01 
8.CCOCE-01 
8 • '5 C 0 (; E - C 1 
Q.CCCOE-OI 
9.5CQCE-Ol 
1.CCOfE-+OC 
1.0':0(E-+OC 
1.1COrE+OO 
1.15CCE+OC 
1.2COCE+CO 
1.250CiE+OO 
1.2COCE-+OG 
1 • .3 '5 C r: ,E -+ 0 C 
1.4COI)f:.+CO 
1.450CE+OO 
1.5/jOCE+OO 
1.5C;CCE+OO 
1.fiCOCE+CO 
1.65COE+CO 
1.7COGE+OO 
1.7500E+OO 
l .. eCOCE-+OO 
1.85C::E-tOO 
1.9COCE+CO 
lo<J~OCE+CC 
2.CCOCE+OO 
2.0'50CE+CO 
2. fCCCE+OO 
2.i50fE+ùO 
2.2COCE+OO 
2.25CCE-+OC 
2.~CO'"'E+CC 
2.~SOCE+OO 
2 .. 4COCE+CO 
2 .4~Oi'E+CO 
"'.C:::f'('"r-..,r"!1""1 

WINIMUM FORCE VERSUS TIME MAXltJU~ 
1.2775E-t02 

1 FORCE 
O.C 
C.O 
C.O 
C.O 
C.O 
0.0 

• c. a 
C.O 
C.O 
C.O 
C.O 
C.O 
G.O 
C.O 
C.Q. 
0.0 
C.Q 
C.O 
C.O 
C.O 
C.o 
C.O 
C.O 
C.C 

0.0 

CoQ 
2.68::1E+OO 
5.56<;<;E+OO 
S.lC7CE+OO 
1.44C3E+Ol 
2.22~lE+Ol 
3.2<;:;lE+Ol 
4.6119E+Ol 
é.CE'ê7E+Ol 
7.5E'2SE+Ol 
e.9277E+Ol 
9.95S4E+Ol 
1.0~!:9E+02 
1.CCS2E+02 
9.~32eE+Ol 

8.3Ctl9F+Ol 
7,,21::0E+Ol 
6.2.37.3E+Ol 
5.37~OE+Ol 
4.78~éE+Ol 
4.79ÇOE+Ol 
5.41C.3E+Ol 
6.54C8E+Ol 
8.04Li4E+O~ 
9.727CE+Ol 
1.1:3€2E+C2 
, ..., 1. c: n r- -!- ..... "" 

r 
+ 
+ 
+ 
+ 

~ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+' 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
--+ 
--+ 
---+ 
-----+ --------+ 

... 

--------_:.._-+ ------------------+ -----------------------+ 

" 

-----------------------------+ ----------------------------------+ --------------------------------------+ 
------~---------------------------------+ ---------------------------------------+ ------------------------------------+ --------------------------------+ ----------------------------+ ------------------------+ ---------------------+ ------------------+ ------------------+ ---------------------+ -------------------------+ 
----------~--------------------+ 
---------------------------~----------+ 

.. 

-----------------------------.--------------- + 
------------------------------------------------~ 

.. 

FECRAT . 
0.0, 
1.725CE-02 
1.725CE-C2. 
1.725CE-C2 
1.725CE-02 
1.725 CE-02 
1.725CE-C2 
1.725CE-C2 
1.725CE-02 
1.725CE-02 
1.725CE-C2 
1.725CE-02 
1.725CE-02 
1.725CE-C2 
1.725CE-02 
lo7250E-C2 
1.725CE-02 
1.725CE-C2 
1.725CE-02 
1.725CE-Q2 
1.7?-50E-02 
1.725CE-02 
1.725CE-C2 
1.72'3CE-02 
1.72'3CE-02 
1.7?5CE-02 
1.725CE-C2 
1.725CE-02 
1.725CE-02 
1.725CE-02 
1.725 CE-02 
1.7250E-02 
1.7250E-C2 
1.725CE-C2 
1.7250E-02 
1.3642E-02 
9 • 947 S'E - 0 3 
8.4044E-03 
9.1 e 1 EE- 03 
1.171CE-02 
1.S235E-C2 
1.725CE-02 
1.7250E-02 
1.725CE.!..02 
1 • 72 s'o E - 0 2 
1.7250e-C2 
1 .725 O'E- 0 2 
1.7250E-02 
1.7032E-02 
1.1107E-02 
O::::_"~I\OC_t"I~ 

• 

CHIP 
0.0 
0.0 
0.0 
0.0 

'0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

~" 

, .. 

0.0' 
6.9Q59E-04 
1.::é21E-03 
2.4245E-03 
3.2870E-03 
4.14<;5E-03 
5.0120E-O~ 
5.8745E-03 
6.7369E-03 
7.!5S94E-03 
8.4619E-03 
9.3?44E-03 
1.0006E-02 
1.0504E-02 
1 .. O<J24E-02 
lo1383E-02 
1.19é9E-02 

41:~~~~~=g~ 
1.3231E-02 
1.3231E.-02 
1.3231E-02 
1.3231E-02 
1.3231E-02 
1.3231E-02 
1 .. 3220E-02 , ...,o"c=_".., 

~ 
ro 
w 

r 
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SJ~LLftTICN OF FIG.4.11 WITH KPRO=O.l~ KINT=O.002 PAGE 2 

lr~E 
2.~':OCE+OO 
2.6COCE+CO 
2.6~C('E+Co-
2.7COr:E+CC 
2.750('1:+00 
2.8Cr.CE+CO 
2 • f3 ': G ,-) E + C C 
2.9COCE+CC 
2.9~OCE+0C 
3.CCOCE+OO 
3.C!:C':E+CO 
3.1COOE+CC 
3.1SCCE+CO 
3.2COCE+CC 
:3.250CE+CO 
3.::=COCE+OO 
:'I.3!:OfE+CO 
3.4COrE+OO 
3.~':O(E+OO 
J.5COCE+CO 
3 • 5 !: C ,- E + 0 C 
J.6COCE+OO 
3.650C'F+CO 
3.7CQCE+CO 
3.75crE+OO 
3.BCCC'E+OO 
J.8~CCE+OC 
J.9COCE+CO 
3.950CE+CO 
4.CCCGE+OO 
LI • C C; 0 0 E +,0 C 
4 olCCCE+OO 
iI.l~OC:E+OO 
A.2corE+OO 
4.250CE+OC 
4.3CCCE+OO 
4.350(,E+OO 
4.4CCOE+CO 
4.4500E+OO 
O.5COCE+OC 
4o~!:OeE+OC 
4.6COOE+OO 
4.650CE+OO 
4.7COOE+CO 
1I .. 7500E+OO 
4.8COGE+OO 
4.8~OCE+CO 
4.9CCOE+OO 
4.Q,:orE+CC 
5.CCOCE+OC 

,.. ~,. .. r- l ,...,.. 

tJINIMUM FORCE VERSUS TltAE MAXI~UM 
0.0 

FORCE 
1.27?~E+02 
1.22Ç':E+02 
l.l2é9E+02 
1.Ol€lE+C2 
?CJe?eF+Ol 
7.7:'S3E+Ol 
6.5279E+Ol 
5.3eSOE+Ol 
4.42::2E+Ol 
3Q8CélE+Ol 
3.6~~C:E+Ol 
3.92t9E+01 
4.6'::13F:+OI 
5.7t';::lE+Gl 
6.97';::/Œ+ûl 
8.2748F.:+{)1 
<;.61S1E+·Jl 
1.0C;élE+02 
1.194::E+02 
1.23C~E+02 
lo19~:;E+02 
1.0eSEE+02 
9.4324F+Ot 
,7 • e 2 7 4 E + C 1 
é.31EEE+Ol 
Se12tOE+Ol 
4.2<;41E+Ol 
3.Q141E+Ol 
4.û34<;F+Ol 
4.6411E+Ol 
5.6543E+Ol 
6.q4::~E+Ol 

8.3428E+Ol 
S.67ICE+Jl 
1.07.;::eE+02 
1.132~F+02 
1.14C;7E+02 
1.1270E+02 
1.06~3E+02 
<;.66E7E+Ol 
e.401éEt01. 
7.01~eE+Ol 
5.7175E+01 
4.71:;9E+Ol 
4.13COE+Ol 
4.05C7E+Ol 
4.A81'52E+Ol 
5.3803E+Ol 
6.617':E+Ol 
8.0::e21::+01 

l 1.2775E+02 

------------------------------------------------~l 
--------~---------------~-----------------------+ 
--------------------~-----------------------+ 
-------------------~-------------------+ -----------------------------------+ 
---------------------~--------+ 
------------~------------+ ---------------------+ 
--------------~--+ --------------+ ------------,--+ ---------------+ ------------------+ ----------------------+ 
---------------------------~ --------------------------------+ 
------------------------------~------+ l'~ ___ _____________________________________ ,+~ 

I......~ 

------------------------------------------~---+ 

:::::=::=:::::'~:::::':::::S:::::::=::::::::~:::~-+ . -------------------------------------+ --------"1)---------------------'+ ------------------------+ --------------------+ ----------------+ ---------------+ --------'11"'-------+ ------------------. 
-------------------~--+ ---------------------------+ --------------------------------+ 
======:====1=======:=::::=:::::=:::=:~ ___ + --------------------------------------------+ 
-----~------------------------~-------------+. 
-~------------------------------------------+ -----------------------------------------+ -------------------------------------+ 
------------------------------~-+ 
------------~--------------+ ----------------------+ Jl 

------------------+ ----------------+ ---------------+ -----------------+ ---------------------+ " -------------------------+ -------------------------------+ 

" • 
~ 

Ct-'IP 
1.2312E-02 
1.1507E-02 
1.0754E-02 
1.0238E-02 
9 9974E-03 
9:9532E-03 
1.0019E-02 

'l.0142E-02 
1.,0 f81E-02 
1.0181E-02 
1.OlelE-02 
1.0181E-02 
1.0181E-02 
1.0U?lE-02 
1.OUnE-02 

FECR.AT 
1.1445E-03 
0.0, 
1.082ÇE-03 
4.1862E-03 
7.994EE-03 
1.2044E-02 
1.6299,E-02 
1.7250E-02 
1.725CE-C2 
1.7ç5CE-C2 
1 .725 CE-02 
1.725CE-02 
1.725CE-C2 
1.725CE-02-
1.725 CE-O 2 
1 .. 725CE-02 
1.6203E-02 
1.1454E-{)2 
é.621CE-03 
2.9606E-C3 
1.4127E-03 
2.4275E-C3 
5.7983E-03 
1.0751E-02 
1.~303E-02 
1.7250E-02 
1.725CE-02 
1.725CE-Q2 
1.725CE-02 

, 1.0188E-02-
1.0379E-02 
1.0812E-02 
1.1248E-02 
1.1=56E-02 
1.1671E-02 
1.1594E-02 
1.1390E-02 
1.1157E-02 
1.09E2E-02 
1.0934E-02 
1.0934E-02 
1.C934E-02 

_ !-. 725CE-02 '; 
1.725CE-02 
1.7250E-02 
1 .. 725CE-02 
.l.6021E-02 
1.1323E-02 
7.4e94E-03 
S.2002E-03 
4.3640E-03 
4.9204E-(j3 
6.A661E-03 
1.014<;E-02 
1.4492E-02 
1.7250E-C2 
1.725CE-02 
1.725CE-02 
1.725CE-02 
1.725CE-02 
1 •• 725 C E- O~2 
1.72'3CE-02 
1.72SCE-02 
., -,,,,,,wo...,..,r=_r-.., 

1.0934E-02 
1.0934E-02 
1 .Ç934E-~2 
1.0934E-02 
1.0934E-02 
1.0934E-02 
1.0904E-02 
1.0B05E-02 
1.0754E-02 
1.0794E~02 
1.0911E-02 
1.105SE-02 
1.1174E-02 
1.1240E-02 
1.12SeE-02 
1.1277E-02 
1.1277E-02 
1.1277E-02 
1.1277E-02 
1.1277E-02 
1.1277E.:...02 
1.1277E-f)2 

,..,..,'c_"" 

~ 
0: 
01'> 
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11 PIE 
5.lCCCE+CO 
-5. 15 crE -+ CO 
5.2CO(E+CO 
':5.2C:CC[+OC 
S.3COCE-+CC 
'S.350GE+OO 
544COCE+OO 
'J.4~O(E+CC 
S.5CCCE+OO 
"i.'5,:CCE+OO 
5.6corE+OC 
5.f.SorE+OO 
'107COCE+CO 
Li • 7 ~ 0 r E ... 0 0 
5.PCO,'E+CC 
".i.ô'SCCE+OO 
5.9CC " E+CC 
~'.9~O' E+CO 
6.CCOCE+OO 
6.0':CCE+CO 
6 • t C 0 ~, E -+ 0 0 
6.1500E+00 
fl.2COCE=+OQ 
6.2500E+OO 
6.3corE+CO 
f..3':0C'F.+CO 
() 3 4 CCC E .. 0 a 
6.Ll50:'E+CO 
6.5COOE+OO 
f.550CE+CO 
6.6conE+CG 
6 0 6 5 C ') E + C 0 
ti.7COCE+CC 
6.7:=OCE+OIJ 
6.8CCCE+CO 
fi.8'5crE+CO 
6.9CCOE+OO 
tS.9S00E+Cq 
700COOE+OO 
7.050CE+OC 
7."lCOCE+OO 
1.150nE+OO 
7G2CCCE+OO 
7.250CE+OO 
7.3COC'E+CO 
7.3"iOOEtOO 
7.4COOE+OO 
7 .450C E+C-e 
7.'5CCClE+OC 
7.5'50GE+OO 

r ,. .............. r "" 

MINIMU~~ 
0.0 

FORCE VERSUS TI~E MAXIPJUM 
1.2775E+02 

1 FORCE 
1.07"~E+·J2 
1.15é.3E+02 
l.l91eE+02 
1.174<;E+O~ 
1.10e:=E+Q2 
1.CO"eE+02 
E.722CE+Cl 
7.:!3CéEtOl 
6.CCE1[+Ol 
4.9224E+Ol 
4.17t;eE+Ol 
3.QOEIE+Ol 
4.13éEEtOI' 
4.841'5E+Ol' 
5.92SI:[;+01 
7.2fdlE+Ol 
8.é624F+Ol 
<;.C;6C~E+t)1 
l.IOlC;E+02 
1:.lflP.IF+02 
1.1~4::E+02 

lol4elE'+02 
1.0fl::-3E+02 
9.42CIE+Ol 
E.OOS:éE+Ol 
6.SSC;2E+Ol 
5.3Se:;:+Ol 
4.44ÇlE+Ol 
3.9R10E+Ol 
4.014.3"::+01 
4 .. S44C;E-+Ol 
5.5C41EtOl 
6.7682E+Ol 
e.17::9E+Ol 
9.5.3SeE+Ol 
1.07:26E+02 
1.14<:8F+02 
1.17<;4E+02 
1.15<;0'::+02 
1.091éE+02 
C;,,8529EtOl 
ee53~~E+Ol 
7.12é9E+Ol 
5.811CE+Ol 
4.7710E+Ol 
4ol179E+Ol 
3.Q~14[+Ol 
4.2921E+Oî 
5.0ge9E+Ol 
6.2646[+01 
.., "l r ... - . - t 

1 -----------------------------------------+ 
-------------------~-------------~-----------+ ----------------------------------------------+ ---------------------------------------------+ -------------------------------------------+ ---------------------------------------+ ----------------------------------+-----------------------------+ 
--------------~--------+ -------------------+ ----------------+ ---------------+ ----------------+ ------------------+ ~ -----------------------+ ----------------------------+ .. 
---------------------------------+ 
-------------------~----------------~-+ • 
-------~----------------------------------+ ---------------------------------------------+ ----------------------------------------------+ 
--~-----------------------------------------+ 
----------------------------------~------+ 
------------------------------------~ 
---~---------------------------+ -------------------------+ --------------------+ ------------0----+ ---------------+ ---------------+ -----------------+ ---------------------+ --------------------------+ 
---------~---------------------+ -------------------------------------+ -----------------------------------------+ 
---------------------~-----------------------+ ----------------------------------------------+ r 
---------------------------------------------+ 
------------~---------------~-------------+ --------------------------------------+ ---------------------------------+ 
--------- - - -'--------------- + ----------------------+ ------------------+ ----------------+ ----------'-----+ --------------~--+ -------------------+ ------------------------+ 

.' 
)0 

o 

FECR.AT 
1.2071E-C'2 
7.521CJE-C3 
4.3785E-03 
2.8815E-C3 
3.2083E-03 
:;o2927E-C3 
8.7982E-C3 
1.3244E-02 
1.725CE-02 
1.725CE-C2-
1.7250E-02 
lo7250E-02 
1.725CE-C2 
1.725CE-~2 
1 • 7 2 5 C E - '0 2 
1.725CE-02 
1.725CE-02 
1.4882E-02 
1.0271E-02 
6 .. 4106E-03 
3.8747E-03 
3.040eE-03 
4.0578E-03 
6.8002E-C3 
1.0aSSE-02 
1.575eE-02 
1.7250E-C2 
1.7250E-02 
1.725CE-02 
1.7250E-02 
1.725CE-02 

'1 • 72 5 0 E -0 2 
1.725CE-02 
1 .. 7250E-02 
1 ~6575E- 02 

i lo1757E-02 
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APPENDIX M 

N{lI:J-ECCEN'l'RIC TURNING EXPERIMENTAL RESULTS FOR BarH-WITH AND 

WITHOt1I' PVM IN: ALGORla'HM 

In thi s appendix the photos of non-eccentric tur ning are 

collectedo r esul ts 0 

\~ 
It has three sub-appendices as follows: 

Appendix Mol - the ex~rimental.results of a P controller 

Appendix Mo2 - the exper imental resul ts of a l controller 

Appendix Mo3 - the experimental resul ts of a PI control 1er , 
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APPENOIX N 

ECCENTRIC TURNING EXPERIMENTAL RESULTS FOR BorH WITH AND 

WITHOUT PVM IN ALGoRITHM 

, 
In this appendix the photos of eccentric t,lJrning results are 

/ 
co11ected. It has three sub-appendices as f~: . 

N.l the experimental resu1 ts for a P control 1er 

N.2 - the experimenta1 resu1ts for a l control1er 
J 

N. 3 - the experimental resu1 ts for a PI control 1er 
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APPENDIX N.3 
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