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" ABSTRACT

: The mathematicdl modeling and co_mputer sl.mulahon of.a four—-way spool
. -
. " valve controlled symmefncal lifiear actuafor sublected to the cuthng force flucfua-

v _ hons developed for a smgle cutting edge tool are presented R
‘ : \ N
© . The forcing function is Eleeloped by using.a dyna'mc varlahon to the .

- ©

a

* metal cuthng relahonshlps derived by Merchant for obllque cutting usmg a thin-"
shear-plane mode!. The effects on sysrem performance of the stahoncnry, deter-

. ministic cutting process and fhe sensitivity of the system to chQnges in fluid supply
pressure, bulk modulus, &ctdator mass, léakage, spool vdlve area gradlenf over-

lap, and mechonlcal servo Imkage grg examined,
| . . - * "

Roughmg and flmshlng operahons in’ which the tracer template consists

- of straight line elements are simulated. o : /“/

It is shown that the load applied to a single stade servo system is an  °

.

’

>

important design consideration since the perfoiman'ce depends to a large extent

P on the load dynamics. Y S R
' ~ ’ . © « \ T
" . : . o : o : .
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. ’ s . : ' 0 . , . . - . R ’ ' / »
A . effective piston area of linear actuator, in®, o /
Ap “ area of sharp edged hole in pis'rén.ﬂ, in, - ) ’
, [2 5 viscous damping coefficient, lb-sec/in. " Y
k B; .time scale factor, dimensionless. - ’ : '
- b, * width of machine cut, in. . ' Coee t .
! ‘CTN 1 "performance criterion: the tine integral of the*absolute
' s ? value of the,workpiece radial error, in.-sec, " :
. . Nk . .
C d ' turbulént orifichrge rcoefficient, dimensionless.
- Gy ' ool snde cutting edge cmgle, deg .
.o E- \workpleqe radial error, = (X -Y) sin X,
i e . ’spool valve error, or Ispool dlsplucement from'neutral , in. '
‘ ' € spool valve overlap, in, ? : -
. .- F . /Cutting faree component, lb/rev - - o .
«Fo /Q_ cutting force constant’associated with the dylmder feed
' rate in the direction of FQ, lb-sec/m. rev. g \
L) . a
91» den . dynamlc cutﬂng force . . ™~ g?}{
- C ) ® A ¥ ’
~ Fp,F&, F steady state cutting force com onents; arallel to the veloti
Prr@Qr'R Y g p p
. approachvector, petpendicular to the finished work surface, //
' and perpendlcular to the first two respechvely : e
f carriage feed rate, in./rev. of workp:ece. ¢ -
*
‘fq . feedrate in the dlrechon of force FQ,' in. /rev. - R
| ) G, spool valve area grad|ent, in, /m of spool dtsplccement SR ' !
[ 4 . “
. . Gl‘n" mechanical linkage gain, dimensionless..
‘ ' v ( i . angle of inclination, or obliquity, @leg. =~ = - e
” material constant, d,mensnonless . \

'spool valve flow gain, in3 /sec/in. of spool dnsplclcemenr

actrbafor extemal, or infernal laminar leakage coefficient, : 7
in® /sec/psi. . ; . ; = .
actuator l';:tal leakage coefficient, in2/ sec/;.:si? ‘ -®
spool ;/alvj input linkage lengths, in. N ¢_; \
mass of hydraulic cylinder, Ib-sec /m . o . ' ‘ \ :

¢ - , B .9
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’ t
workprece rotational speed rev, /sec ° e L
pressure in cy~lm&er forward and retum. chngéf; p'sr’i. T i .
-+ load pressuré d rffe‘ren&e across ram, psi.” . _ -
refum or exhaost pressure psn - .. co e »
4supply pressure, psr A o ’ .

'

volume flow rate into cylinder forward chamber, ouf.of
cylinder return chamber, inYsec. ’

load flow, = average of flows in the two actuator lmes,

3 .
in, /sec. R . o .

-, :
leakage flow rate at ends of piston rod, and acros$ piston,
in. ¥/sec. : . o

o . . oy . .

! : . o .)"’. 3 '
flow rate through hole in piston, in.¥sec. .

-

t /l chip ratio, drmensronless (}'alue fess l'l'\an umiy) f\ ‘
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' Laplace operator, "d/df sec” .’ R .

1

computer time, sec.” =~ ¢ - - N

sysl‘em frme, sec, Co I
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one half the total trapped oil volume, in.2 o

chip velocity component in the plane of¢the tool face, shear C.
velocity component in the shear plane, and approach velocrty
componenl' res pechvely, for the thin-shear-plane model ) .

component of cylrnder velocity in'the direction of force SNy,
component Far m/sec. f o e S )

cyllnder linkage command input, ‘parallel to the cylmder o L ‘
axis, in, S LA ' . A -

.
.

cylmder output alsplacemenf along cylmder axls, m

r

normal rake angle, ded?
fluid bulk modulus of elasticity, psr o : ..

effective bulk modulus, psi ) oo ce .

e [
N
.

normal friction angle in oblique cutting, deg.
angle between cylinder and workpiece axis, deg.

hydraulic damping ratio, dimensionless. - R
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€ . ., ‘magnitude ratio of fluctugtirig force. 4 h .
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. such dyncmlc characteristics as stability, transient and frequency respor:f is

CHAPTER 1 = '
v INTRODUCTION
1 ) LY o 1,

-~

¢ . . ~ -
- .

1.1 . Literature Survey - .

fon

. . : o e s /
Hydraulic servom?chamsms_have a natural application in power systems

: due-to ¢heir high power capacity, power to inertia ratio and power to weight

ratio. They are widely. apphed References [17[2] [3], in des1gn§‘of aircraft
control surface systems,’ mtssnle attitude control systems, rocket throttling controls,
gimballed antennas, sand numerous Gther fields, Machine tool control systems are
a natural application since it is not-uncommon that the loading of the member”

whose position is controlled is principally inertia.
P . ,
" Early development of hydraulic control was primarily on a trai(and error

procedure combined with experience from prev'ious applications and experimental

‘ fesﬂ“ng‘.. Attempts at evolving design procedures by a purely analytical approoch

were hcmpered by the serious nonhneonhes inherent in the differential and

algebrdic equations which descrtbe& the system coniponents, The most significant

_ nonlinearity in the valve controlled systeq is the relationship between. flow rate

~and pressure drop across the servovalve By Imeanzmg the valve flow equations, '

<

o
thamed by deriving the incremental transfer function for the valve actuator

‘and |oad combination,. and applying aut/omchc coni}'ol system analysis such as

described by D'Azzo and Houpis [5], Kuo [6] and others. ST

-

Analytical te'chniques now ex1st -such as d#scnbed by Morse C10],
Merritt [11], by which a preliminary dynamlc anolysus can be. obtamed of
hydraulic control systems parficularly those using a flow control valve in the
forward loop. The basic configuration of a hydrauhc cylinder control led by a
four-way spool valve is the type of servo controlled positioning system discussed
in an early paper by Harpur [12), in-which c; solution was given of tfh\e nonlinear

equation of an error-actuated system using the classical method of small



-

..‘-~ . _\’ ’ £ Lo Y

perturbations. 'Shegre'r's' [13] linear analysis of a balanced finear actuator
co;necfed to a mass plus friction load controlled by an open centre fourway
spool valve included actuator laminar leal;aée and oil compressibility. Reeves [14]
dérived the linear equivalent of the valve flow by comp'u’finQ the fundomentol\, -9
component of the flgw.rai'e when spool displa;:ement and outpu; pressure are

rd ’
assumed to be sinusoidal. -y,

U ) The mathematical treatment of a mechanically ‘actuated closed cerder .
spool valve, balanced linear actuator system under simple loading, excluding '
leakage and compressibility, but including the valve flow nonlinearity was

! forther extended by Royle [19], Turnbull [20], and Butler [21].

If several systerin pqra;rxeters are permitted to vary the'munipbluﬁon of _
Nyéuist criterid, Bode diagrams,. Nichol's thart, root-locus plots and other
glraphical techniques become rather cumbersome [4]. With the infroducﬁon'of
nonlinearities such as backlash, pres;sure: and flow sé‘n:furafi;n, sﬁcfiqn,‘ coulomb |

‘ friction, de;:dband, the o/nalyfical version of the problem becomes extremely .

T time consuming. In studies of these systems, the analog computer offers a far

g;'eofer' flexibility than the graphical methods, ‘makes possible a more accurate

| determination of frequénc.:y and transient response foy large amplitudes where
linearization techniques do not app‘iy, and%hus offers an excellent opportunity
to study the effect of differenf’parameters. Rélf’:;'er{ces (71(8) (91 give a

) detailed account of simulation technfques. Reethoff [15] demonstrated the power

of combined analog simulation and limited testing of a hydromechanical position

servomechanism with an iu;xbalanced linear actuator connecfed to a mass plus

" -spring load. Rausch [167 ¢ompared solutions of the nonlinear equations obfained
_by andlog simulation yith solutions of the incremental linear transfer function » '

. . f?r an inerﬁa"yﬁl‘gzaded hydromechanical.servomechcnisn'm, consistirig of an open.

center valye and.bulanced actuator. Davies and Lambert {17], and Glaze (18] (

simulated a hydromechani&al servomechanism flexibility connected to an inertial

o load, . -t , . . \, , - t Y

-

L 4 ~ ) T .




_ = . spoolresults in flow through the set of orifices 1 and 4. In Europeon termmc\ﬂogy, / ’

+ Thé literature survey revealed that an extemal axial load is often _
-omitted in publications, although Khaimovitch [34] included a constant ISad
in his analysis of a machine tool hyd::aulic cc'Jl;trol system. -This dissertaﬁon?
. therefore, extends the analysis by ihcluding the influence of a dynamic loading, -

[35] [36], whicb is a function of the output signull of the servomotor.

i

1.2 System Description /
The valve controlled hydraulic system for the position cdnfml undei: ’
mveshgahon consists of three main elements; a variable delwery pump, l

' mechamcally operated shdmg type servovalve, and a linear actuator. ' The ‘. . \
sliding valve is of spool rype construction, having three lands operahng w:thm -

a fixed sleeve which contaijns the motchmg séts of sharp edged rectangular ports . \
symmemcally placed along its pernphery, as shown in Fig. 1-1. By using .

rectangular ports avlrnear .area gradient is talned. and sufficient in;ner circut{\r.l-

ferenhal sleeve bearing surfoce remains §6 eliminate the need for additional ' y
enf which is the rate of chonge of -

centering Iands The val

orifice area wath spool stroke, is the principal parameter in estabTTs ing
A

gain of the valve and hente has a direct mfluence on the stability of the system,

Establishing the fow gain is especially |mporfanf in hydromechanical servos ‘

since it is often the only method of gain control in the control loop.
: - . 7 :

% . A

The width of each land is
" matching port. With such a closed ¢

ade equal to, or greater than, that of the

ter configuration there is zero flow =~ =~ .-
through the spool when it is at its neut r null position; assuming zero Ieaking ]
at the spool. The equal land port condition is a zero Iapp'ed valve often termed

* critical closed center. As seen from F|g 1-2, posmve dnsplacement of the

the valve would be described as having two control edges, meaning that Hvo
land edges are in the flow path. For matched orifices, an equal flow area would

“be exposed throuéh»o{-iﬁces 1 and 4; or.2 and 3 for an opposite spool displacement. )
For symmetrical orifices, -the area exposed through orifice 1 is equal to that

exposed through orifice 2 for an equal but opposite spool;displacement; similarly

- .
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7 .

S

.hence viscosify changes sipkce a turbulent flow coédition is assured at all times.

¥
3

. . '
) for orifices.3 and 4. In the overlapped case, -the amount of overlap refers to the . 3
di tference |ﬁ1 length between the edge of the port and that of thé land when
* the land is centrally located along the port. Flow through elty/er set of

orifices v;/tll, therefore, nét occur untit the spool is displaced an amount
greater than the overlap. The effect of this deadband on system accuracy is
included in the study. In practice, manutacturing‘a critieal center valve -
demands stringent machining tolerances, and a slight overlap is often desired to

offset the leakage effect of radial clearances.

An open center spool configuration, in whichethe port width exceeds ‘ N
that of the matching land, could also be use.a,‘ although it was not included in
this investigation. The spool is at its neutral position only when there is zero -
load on the actuator. lt-has the disadvantage of reducing overall efficiency

since flow is ever present, but is, -however, insensitive to temperature, and .

Due to the rate of chcnge of fluid momentum through the valve, forces

| .
are develo%:ed which oppose the dlsplacement of spool type valves. These

\Wf importonce—fmelectrohydrqul|c servos when a vulve is operated by

e
a torque motor or solenoid whlch have dlstmct force ||m|tat|ons This causes

a limitafion t6 the maximum size of the servovalve, or requures des:gn of two )
stage configurations or-some techmque to reduce or compenscte the steady state

flow force. Inveshgatlons into these forces were, led by Lee and Blackburn [22],

followed by Noton and Turnbull [23], Clark [24] suggested three methods of

force. cdmpensatlon in addition to, these suggested by Lee {257. Smce the force
avdilable for sfrokmg the spool is provided by the carriage ‘drive on the copying v oo
machine and the template is assumed to be ngldly mounted to the bed, these

I3

forces can be ignored in this.study.

[ ! o -

The linear actuator is a double acting, balanded piston configuration
that divides the cylinder into t,wc?equal compartments. The fluid passages and
the spool sleeve are an integral part of the actuator housing. By interconnecting '

the retum lines at the Sleeve, a "four way" valve results which allows actuator
> a ’ y v .

~
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. 1.3 “System Operation

directional reversal whei‘her the piston is balanced, or unbalanced. By contrasf
a three’way valve could be emplo)&d {331 which could require only two spool -
lands, but in order to-obtain cylmder direction reversal the piston must be

unbalanced supply pressure is ported to one land and directly [b the smaller

area.of the unequal area piston. ¥

A Y

-]

-

In valve con(rolled systems, the pov:'er is supplied by a constorr'r ;;ressure
dellvery pump. Two conflgurahons are’common; one cansists of a constant
delivery pump with a pressuréhef valve, another consnsts of a varmble
. delivery pump with a stroke control to regulal'e the pressure The |oﬂer is more Lo
‘efficient, as no flow is delivered unless demanded by the servovalve In
" practice, “the pressure does drop slightly upon sudden Iarge flow demands. ThlS\
- variation is |gnored in the analysis of the copying System. The effect on the .

system of different constant supply pressures is, however, included. s

) . . s e . LY

N
o

Operation of the copying sysl’em‘cls applied to a center iathe can be -
explained with the aid of sectional diagram Fig. 1-2 and of Fig. 1-3 in which
direct mechanieal feedback is employed. Tl{e cutting tool is fixed to the
hydraulic actuator which forms-the copying slide.—Transverse-movement of the ;
copying slide is relative to the piston, which is rigidly connected to the carriage.

During a tuming operation, rhe carriage travels at a uniform Iongirudhal speed
fn along the lathe bed. The template is fixed ro the bed and thus provides the
input signal to the spool. For a constant workp|ece dmmeter the template

profile is parallel to the workpiece axis and the spool is at neutral. For a spool

. displacement x from neufral as shown, supply pressure P causes fluid to flow

through control orifice 1 to the load chamber 1. Return flow is from chamber 2
through orj flce 4 to the reservoir, and the gctuator moves a distance'y with
respect to the workplece. The dlfference e between the required (I'emplate)
input and the actual (copying slide) output posnhon‘provndes the control error
which activates the spool. If the spool fieplacemenf is halted, the actuator

$

. AN
yt
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will conhnue to travel until the spool-acfuafor combmahon returns to neutral,

It is readuly seen that the behavior of the system is dependent upon many factors;

. the nature of the cutting loads, at"the tool, the velocvty of the mput |eakages,

frlchon, merho, supply pressure, f|ow rates, and elastic deformation of the

[y

x+ components,
IS

-

Fig. 1-4 is a schematic presentation showing the copying slide axis
re-arranged from the right ong?e position ﬁ:ig. 1-3, to some angle 7 with
l

the WOrkplece axis, This is commonly employed to more easily cor@l the
: mcnchmmg of shoulders and surfaces which lie dt 90° to the tuming axis. Two -

. angles, 45° and 60°, are used in the study. A feedback lever, or error bar,
'cgnhected td the spool and pivoting at the dctuator is included since it is a

¢ e

. ~ gommon feattre resulting from design considerations of accessibility, simplidity

- and general mechanical arrangement of the copying system. Vatious lever
ratio®are sim&

ed in the si:udy for the sake of completeness, but it is assumed

h, has negligible inertia, and undergoes

/

that this cirrangemeﬁt is free of backl

zero structural deflection,
-

R4 Gutting-Operations and Limitations

e During system operation, the carriage is driven by the'le

a direction’parallel to the workpiece axis, af'a uniform rate fi For a given

’ template slope the input- velocity of the mechanical linkage in & directign
parallel to the copying actuator (cylinder) axh is a function of the carriage
velf}ify. The result of a graphical salution of the vector addition fn + 5(c is

givén in Fig. 1-5 for two values of J. ]
oo Q 3 4 X T, .
The system is physically restricted to an operating range of template - .

slopes whicl is dependent updn the ¥ employed, ‘due to the reciuirement that the
carriage velgeity be positive during a copying cycle; the range being greater than

°  ¥°and less than 180° + = This can be illustrated using the templatg_slope

deflnmon of Fig. 1—4 by cons:dermg a hypothehca[ case in which the Iead-
screw is d|sengaged (Fn =0) and linkage mputs are supplied directly by the

mochme tool operator. An actuator extension.command would produce the

[Ead
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maximum machined s|dpe of 180° + X To increase the fesultant shepe, the

actuator retraction stroke. - ,;" . .
The actual machmed slope is furfher rest&_cfed by the exush ng tool

" geometry which is discussed in the next chapter. A workpiece requiring

machined surfaces which aré beyond the template slop;e limitations can be dbtained

on a machine tool while n aiﬁtaining a constant Y, by employing asecond v

copying lathe and.templatd, -operating from the opposite side of ti';e—v:olr—l;piécer

A restriction which exists in both <':oses, however, is thakthe tool tip radius and

the template follower radiys must be smaller than a given template corner or
P ‘ P P

fillet radius, , o . N '
The carriugjd rate and depth of cut are selected in combination o
" with the workpiece rotetional speed, dependent upon workpiece' and tool

materials, and the degree of surface f:msh requ:red ‘The ratio of depth of cut
fo feed is given in machinery handbopks as havmg a value of ten for roughmg : o
_operations, fmd three for finish operghons. Surface cutting §peeds for finish ‘\\'
cuts are in general five times that of rough cuts, the limitations being the
sacrifice to tool life, and the capabilities of the'lafhe.D It is possible that a
combination of speeds, feeds, and depth of cut can be selected that require a
greater horsepow;r than is available at the drive spindle. Values of b, f, n, &
and the Qeomei’ of the tool determine the magnitude of.a force cor'npone>nt and p
a force constant which are a part of the dynamic cutting force derived in T “
'Chupter 3. Investigations of rough and finish cuts for some tool geometries and

- . .

template slopes are included in the simulation. ' T
->

1.5 System Analysis

Accuracy’ of the actuator displacement to follow the template is the - -
prime consideratien in the capying system, The difference between the input
to the.spool linkage (Xc) :Nbich is applied by the template and the actual .

o

- . ; - .

1 * ’ - ! ! \
, - .



- actuator d:splocemenf Y ) resulrs ina workpnece diametral error havmg a . . {
magmtude of 2 (X ~-Y ) sin¥ ldeully, small parameter changes should |
. result.in sma“ Lchanges in dynam|c performunce of the floid power system, " An
analog s:mulahon provides a very effective vengmeermg tool for the study of - - :
parameter sensitivity. Dye 'ro its rapid, real hme solution rate, it is possible to ‘ L
examine a large number of operuhng conditions and quickly re|ect or venfy
. postulated causes or sol utions for undesnred performance It also allows
artifically holding constant certain varlables of the system so as to gain lnmght

' _into its effect on the system. : ' .

s\,

Important dynamic characteristics such as stability can, be studied,
stability implying that pi'ess&nd motion transients decay, leaving the desired

t

steady state behavior. . . Co

o

a . * -« In order to explore the effect of the system qudmg.m as simple a . ‘
I way as possuble, a basuc systam performance crlfenon was adopted by mk;grahng

the absqlute value of the workplece -radial error and noting the resulting effect

. o of changes due to different cutting operations, foria given input displacement. .
. . . .. L * ’ ‘ o
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.- _CHAPTER 2 . ' :

2 ‘ " OBLIQUE CUTTING AND THE COPYING SYSTEM o A
T co e | . . - . , /. L~ .
o .. .21 ¢ Geometry of Oblique Cutting* ) o 4

= _ The ma|or geometrlcul difference bitween two Ei*mensuonol (orthogor;gal) 1

' and,oblique cufhng is the angle of" mchnah;:n or obliquity ‘i which exnsfs between ' ‘

"vthe cutting edge and a norma ‘to he cuthng velocity vector, as ||1ustrafed in Fig. 1

" :Fig 2-1." The geometry involved”in oblique cutting based on a single thin shear |
plane mOfiel for a single cutting edge as suggdsted by Merchant [27] can be
‘represented as shown in Fig, 2-2 [26]. Theprimary, or normad rake angle is
measured froni the true si‘de view of the rake face'to a line pérpendicular to the
cuttmg velomty vector V ’ cnd is demgnofed o, The@ngle measured in a plane
thaf is normal to the cutting edge, 'to the plane contaihing the formed, work surface . |
is the normal shear angle, &. The ratio of the uncut chip thickness ty, to l'*h:jfmal ‘ ‘

- chtp thickness t,, IS called the chip ratio 1. From the [geometry, an expression ‘ -
can be défived from which the normo}\ihear angle can be calculate ,. knowing the

“chip ratid (a value less than unity) and the'normal rake angle:

) 0 . r'. cos an . n ’ ;\ ' i
. ‘ . ..  tan = - . Co v 2.1
) o o ®n = 1~-rtsm¢:)zn - 2.7
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The three velocity components lie in ohe plane and are identified as the

approach velocity Vo the shear velocity Vs in the shear plane, fhe chip velosity

'V, in the plane of the tool face.

As can be seen in the figure, the chip cross section is a parallelogram.,
The angle between the shear velocity in the shear plane and the normal to the

cutting edge is the shear flow gingle "')s‘ “In the rake face plane, the angle between .’

, the chip flow velocity and the norinal to the cutting edge is called the chip flow

o

Q

"Flow Law. This approximation, however, is utilized in this investigation,

angle7 . Stabler [28] [29] reported that experimentally the chnp flow angle is
equal to the angle of obliguity for all test conditions he mveshguted including tool

and work materials, rake angles and speeds, and he proposed the Chip Flow Luw,

S -

-pe

\‘ . ' 76 = ’ . N (2. 2)
As noted by Choi [30] further researches [31] revealed that not all

‘experimental results are in agreement with Merchant's model or Stablers Chip

*

2,2 Force and Stress Relationships

Armarego and Brown [26] have’ den ved steady state, or overage force .
& .
relahonshps for smgle edge oblique cutting using a thin shear plane model. The
results of these derivations are presented below, modified slightly to adapt to the

turnmg operation. Three basic assumptions were made: .

1. - The tool tip is sharp and no rubbing or ploughing forces

s g . | L
2, Thesfress distributions in the shear plane are uniform. , ‘
3. The ressultcni' force acting on the thp at the shear plane .

\/\,/\) is equal, opposite and collmear fo the force acting on - .
- the chip at the rake face.

- . ]

Three force components were chosen: the power contributing force component

. (FP) which is parallel with the velocity approach vector V w one perpendicular 18

the finished work surface (FQ), and a third (FR) whichis perpendicular fo the other .
two. Component Fp is at 90° to the hydraulic cylinder longitudinal axis during the




copymg operation, and results in  frictional forces on the movmg cylmder. This

type of loading is not sumulated so that an expressipn for FP is mot included here.

’
Two componenfs of the resultant.force were considered to act on fhe shear

- plane and two on the rake face. A normal friction angle B, was definéd in terms |
L o of the two compgr‘le;fs oh the rake face and the angle between the frictibn force
| . and the normal to the cutting edge, '7'c‘ ‘}f\sl.suming fhgf the chip’ yeLoé:i'tyvénd ‘
f.friction force are collinear and that the,shear velocity (hence:shear itrain) and
. ‘ shgar forg:e (hence shear'stress) in the shear plane are also coincident, a geometri-
‘ cal relationship between an-; @\, Bns M andi was derived, and expressed as:
tan i cos @ N

tan\‘(@n+ﬂn)=' e 2

tan e SiD an tan i g

N
. . ’ u 3 ,«f-
-,
‘\ ) . ﬂ" o
'

. i \ -! By subshfuhng fhe previous assumption that M = # o, this exprbsslon | ‘ '

iis smpllfled to: § _ - :

)

- ' o ~
COos an

. fan(qfr‘+pn)f ST, R | (2.3) .

A Y

| . The force components FQ and F (pounds force for each revolution of the'

[R

workpiece) assummg 7 =i = 7'c a(e given by:
E s b £ - sin (B,-.2,)
. - Q@ gin &, cos i  cos? (&, +_ﬁr! -a ) + tan® l sin® ’ﬁn.‘

v

= Tebfa fo (Byo) ton -t idin ) (.4
R sin & ./—c—osa (&, +B,-2,) -!:tqna i sin° B,

\

. Figure 2-3 shows the geometrical relufionship of fhese force components
when applled to the copymg sysl'em The arigle C is the side .cutting edge angle
. of the tool and is defined with' respect tq the cylinder. The carriage feed rate is
de5|gnqt§d as f (inches per'revolution of the workpiece) and the rotational speed

of the work piece is n (rev/sec). As described in.Chapter 1, for a'given cutting = -
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operation the carriage travels’ at a uniform. veloc:l'y fn(mch/sec) along the lothe v
bed and remams positive as shown The ve1ocnfy of the cylinder with respect to

" the COQ'IOQG, c r is positive (as shown), or neguhve, dépending upon, “the '\
tempiafe shape, For @ons shown in the flgure the resulting pomﬁonent of

<

cyhnder velocity in the direction of Fq is therefore: e .
s - Lo . s . A . ! :
.ch =‘Y/c-c05. (¥ - Cs)_k"'i’ncosC_s . ;]
The feed rate in this diredtion is chyn, so that: f ' “ . '
: . ces )’ C A S
L f =Y ( S)

- 8 .
s 0 /s — f cos C | _ (2.5) .

- . ' . : , ) P L ® ‘\\

Thys the-cutting-force. components._are dependxenf upon the response of the pistc;ri - e

cylmder control system. This will be dlscussed in Chapter 3., The force compénent

.acting along the cylinder axis, opposing cyllnder extension can also be obtamed

from the figure, and is expressed:” =~ - |~ A " .
' . o /—1 N ~° ve P .
SRR F{—' FQ cos (X—C;T') - FR“fm (‘,;X-C' ) SR . --€2.6) .
. . - ? L ( ,— I - \, ) :w-. ' . . ' - ) P .
Force components F( and Fo can be éxpressed (equatjons 2, 4) as: = . -
. il
:'. 1' ! 0 L i - ‘f _.3' ' FQ = K/Qbfq Ond,n‘~ FR =.. KR ?. fq . . "m”‘ , 1
where L S ; ’ ‘

- » } 3 . . I,

7 sin, (B, =@, ) - -

s K

: .. K = = ~ e RN R

0 . ' _ ‘ < sin @ cos iq { cos (&, + Bp-a )+tan” isin” By -

© - e 3 ‘. ‘\' , , N 4 ' .- i
—LA"—’-— © “‘—dﬁd\«u < . et i 'r o . \ , N - . v e ) ) .

» ) / o KR-=‘ Ts(cps(ﬁn-ar")fan |‘ - tan i si;/l)ﬁ ) ’ (27) |
R ' sin @, ch_s , (én +Bn-0n) ttan” i sin ﬁ?‘ ‘

. - . ’ & -l ’ . too
7 . ] ’ ) ' ;_o‘. ’ . + ® s
- ' . Fl t +
. s ' 3. ‘,,: i




'J fa

T ~ A relationship for the shear strength on the shear plane (1 ) has been = .
- given by Merchant [27] as: ‘ I \
Co . To ) o
N . T = - L (2.8.)
. -, S 1<-rK.ftan (&nﬁpn - ) . ‘
¢ . Values fo T o and K were stated to be 69000 pSl and. . 175 respectively for - o
) - steel SAE 4340, . , N . C ’
.. ) VT ‘Numerical values of Ké and K can therefore be obtained from a given ]
- set of values of i, T s To and K, by assuming % = i, calculaﬁ’ng &, from ’
J
- equahon 2.1, B, from equation 2, 3 and substituting into express|ons 2,7.
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CHAPTER 3

\
-

MATHEMATICAL MODEL OF THE-SYSTEM

-

- 31 Spool Flow Equation— "

For sfebdy state flow, the volume flow rate through each orifice of the
valve sleeve can be pbtomed by applying Bernoulli's equation for mcompresslb|e

. flow, resulhng |n1he turbulent flow equahon

- 2’_’/\' 1/2 .
Q —ch [ Py, )] 3.1)

~ ., Down

S Because the "spool valve chambers are small, compressibility flows are - .

~

ignored anci~ti1e" 'réléﬁonship is thereby assumed to be valid for the dynamic state.
Compressibility flows are included when cons:denng the combmahon of valve, ’
R \

actuator and lines (ref Appendix A) .

r '

The d|schurge coefflmenf mass density and supply. pres'sure are considered
constant, With the nol'ahon of Fig. 1-2 for non cavitating condmon with zero

- leakage and lpp at the spool application of (3 1) gives:

a

~ .
.
'2

Similarly, for e<o; . - | v’
. . B . ‘1 -
s 1%
a- -chz e ] —-CaAa[“;: ‘Pl,'P")] 3.9

- For orlfl ces that are matched and symmetrical we see from equations (3. 2)
" and (3 3) that . ‘ :

P=P wPye oy N W

. if the.retur‘r'f pressure Pr is zero,

- Y

P

Q = CyA [T‘;‘("sﬁ"x)]. =CdA4[7)2—(P2-P‘_)] (3.2

e




o

ized form in Appendix A, from which linear flow-spool displacement characteristics

overlap of e, inches, equation (3, 9) becomes:

'By defining the load pressure, or pressure drop across thé load as
’ ¢

7 [

PL = P] - P2 and using efqt:taﬁ 3.4,

. P]“WPS/'*'PL)I' QEZ;]/Z(PS’PL) ’ | (3-5)
Using rectangular ports, the flow area is <L
..~ . A=Ga.e ' ) ) ) (3'6)
"The valve urea gradient G is the total widthof all the rectangular slots '\ )
at a particular orifice (see Fig. 1- l) Using (3.5) cmd (3. 6) equations (3.2) and
(3.3) become: ' ‘ ‘ ‘ ’ )
Q-c.c é.—‘;-‘(b-P)l/é”f e>o 3.7y
. dva.%Jp s TLVT TreS AU
Q.=-C G e ! (P +P )1/3' for:;<o (3.8) |
. d a jf: ts LT : i

The load flow equations can therefore be given as a single relation: . o ’

Y,
) R

~

(3.9

_ '!‘.. e
QL—CdGue I—Aﬁ_—,- (Ps--l-;'- P.I,-

.. e . .
where —— s the sgn function,
3 ‘e' * K '

It must be noted that when cavnfchon does exnst ‘the mflow and ouH"low
are not equal and the flow through each onfl ce' must be treated separately The

non-finear pressure flow charocteristics defined by (3.9) are presented in a normal-

due to the rectangular ports can be obtained."\_ ‘ L

For a symmetrical-und balance spool-sleeve combination having a spool . |




’ - Q =0 N - .' . | ‘-eto<e<‘e°(3.]0)

-
L]

The orifice dlscharge coeffncnenr and fluid densnty are assumed constant,
with values of . 6] [H] and .78x 10~ |b-seca/|n

§

Rounding of edges stretigthens the tendency of the Flow. to form a boun’dary
layer, so that the frcmsmon from laminar to turbulent flow occurs at a higher

Reynold’s number. ' . .

Investigations [32] for annular ports showea that the laminar flow
" coefficient, which is a function of the edge geometry, decredsed from a value of )
1o less than .03, which shifted the transition R from 40 to 400. -This had the
‘ effect of tripling the veloctfy time. constant, ‘whlch had an initial value of four '

".mﬂ,hseconds. The ,zeffecf on rectangular ports was not described. I

» 3.2 ‘Actuator Flow Equation ) }1 ) . - ;

The load flow i:{ consumed by flow to displace the actuator, flow stored
due to compressibility, and leakage flow, The equation can be written (ref. »

Arppendix A) as: ' o : - -

L ' o ) : h *
-QL:AYc+ T PL+LtPL o .(3.11)

. 4

f The assumptions made are: constant fluid mass density, supply pressure
ang effective bulk modulus of elagticity, laminar (annular)pleakage flows at the B} Ll
> piston and piston rod ends; and-that the piston is centered along the cylinder,

- {

~




To study the effect of a sn;aIl hole drilled longitudinally through the ~ . =~ /.

- piston, the equation can.be expanded to:

- SRV . R . - :g
= ..- . °_'»p . . ' ‘ -
QL A Yc + » PL+Lf PL-i-Qh t (3.12)
. e .

£

Assuming turbulent flow, an expression for this flow can be written:

£

Q

S CA-["Z" P17y _sgn(Pl'Pz)
‘ J— c,. / sgn P, - R L
' [}

il

i

3.3: Mechanical Feedback Equation

\

The. displacement of a cri&)”élqsed centre spool from its neutral position
can be expresse,*d by the kinematic eqL;ction of the error bar for small angular
movements. Fro Flgur% 3-1, defining the mechamcal gain G as the ratio of

1 + 22

Ievel lengths , asmall lever input displacement of X produces a
' spool travel of X c/ G for zero'motion of the cylinder. By con5|der|ng the mput
" end fixed at this displacement, the cylinder would have to travel distance Yc . ‘

before the spool would again be at neutral. For this cylinder travel, the Spoc;l
diséldcemenf équals £ Y, or|1- ] Y
' v Z]’ + 22 c "Gm c’

Do

The spool displacement from neutral, e, can therefore be related to the
input displacement and the resulting output (cylinder) displacement, since error

e= to‘al spool travel - Yc'

Xc 1 ¥
) = S + (1 -' —G——-) Y -Y ’
m m .
so that o |
1 . C A o,
et ®eeYd o (.14




“

“expression for the resultant force acting along.the cylinder axis, equafio

.’ FIGURE 3-1 Mechanical Feedback Linkug;

- 3.4 Equilibrfum Equation ' - oo . ‘

t « P
-

For a positive cylinder disp’lacéme_nf\'c, the total axial load is balanced

by the pressgrés P] and P2 prevailing in the two cylinder chambers (ref. Fig. 1-2). ' ]
By applying Newton's second:law to the forces on the cylinder, the force equation )
can be written: . . .
‘c!PLA=F+m Ya-B Yc c } (3.]5)
1 s - . l, ’ -

. ~ ‘
3.5 Cutting. Force Equation

H

.

Substituting force components expressed by equation 2.7 into the

Fmbf (Kg cos (¥ ',-,’cs) - K sin (¥ C s)' ) -

‘Upon substitution of equation 2. 5 this.becomes:

{




-

i

St ichie
.

T
N

.t 7 <
.o 26— » . .
~ : ' ‘ . v

where - o - v

F, =bfcos Cs [K q @ (F-C)-K sin~‘(X-C-)j S

Fb

and ' ,

F2 -ﬁ—cos (X Cs) [K cos (X‘C)QKRS'" (X C )]
4 "“9~

" For a constant cylinder vélocity, F is the average static cutting force. ,
By the addition of o flucfuahng compgnent havmg a magnitude ratio ¢ wufh the
static force, and assiming. a sinusoidal waveform, fhe dynamic cutting fO(ce F dyn

canbe written as: [35) [36] : '

=F+ .¢F sinw.f'

LI . oy

-den

" where w, the frequency of force variation, _ is dependent upon cuthng condshons.

, Upon subshfuhon forF, eQuah 3. 17)‘ becomes: [35] [36]

™

< - -

den = (I?l + F2 Yc) (1 +€sinwt)

¢ 3
- o
* -
-~

3. 6 . Linear Anclysis Transfer Function

(3.19

i

: ,
JS'ubshtuhng forP ’ P fro equation (3 15) into (3 11) the expressmn
L o

for the load flow becomes:

[
M

4 . '

o .c .

,' QL +--— (mY +B\( +F)+T—$(m +BY9+I'=) /

+ lLeftingd = a%fv the equation of l'he actuator and foad is: ‘ E v
——\7—2p°A a-(L s+ 2t )
m O' K L m . m vo ‘

: : : -
e T e s (ZEh b, 2PLE 22
‘ SR \Y m/ nv L

) . . © .

(3.17 -

(\'.
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. " For constant PL’ C d"G P and e, equation (3. 9) can be written as: ’
- ' ' Q =K e . Pad .
' , q . e ¢ - ~
With this substitution, the equation of the actuator, load and valve is: )
g, e = g, (1 =TS)F ’ : .
. ] 2 .
Yc = , /
. Sa 2 ) ‘ K
S =z + h 549 - ]
S “h- > Wh {
' /whiere; s pooe ’ oot ‘
- , 1
- o [2RAT e | |
h m:Vo. w ' \ Aa ;
v . e . ' -
= o, ’ 2 8, A K A .
N - r 94 = A - ) 9 = B ..
h‘ 2 peLt 1 mVo a{’ ] q’ 72 mT u“a R
- . ‘ ; | ] T -
| . and . ) .
S e B . i ' ' T
‘ _ 0 = 2Tw | Zme . :
If — the inverse of the damping coefficient due to the aétuafor leckage °
v A . R ‘ ’-: . : P Lt
| is :f<<B' \ 7 BE o
. . . h f ‘ & ) ’
b then Zﬁe Aa ' % : ) o ' . ' .
_ R ~ V ,. T is unchanged, - .
. o ) g . K Lf CT Lt m Bei .]/3 . B VO ya‘
- : 9 = __9_' 9y = —= , 0, = —f— + )
o 2 T S Rt IR Sy Wt 12 ZA|Zmb |,




. o ) 2 : i S
’ PR ‘) ’ . ' R ' ._' . . F »
. The resulting transfer function is:
. . N >
L - . . . - K . L - . . L. X‘
- . :
Sl ‘E"e:‘—%.(l-TS)F R Gy
. ..Yc = - - . L | ~“\Y%. ” . .
. N a’ °
, S .o ‘
‘ sfo— - "22h 54 ,
. y 4 o w wh . . .
) h
# S, S , . : :
L ) IS l “ « ! A - . § ’

From this dynamlc response equahon, we can ldenhfy the first term of the |

Y

numerutor at the no load velocnY, and the secon’d tefm as. ‘the drop in velocn’y due
o the applmed l,qadmg.- Servovalves have fast responses so that the actuator-load .
‘ nafuml frequency wh |s-usua||y the lowest break: frequency in the loop and there--

]

fore dominates dyngmic performance, i.e. it establiShes the'overall speed of response

. . . . /
of the valVe-actuator combingtion. By analogy fo a ‘mechanical system of a mass
_ suspended befween two springs (each having a 5prmg rate k), whose naturgl
‘ 2 . | ‘
frequency is - , We can ﬁeflne the total hydrauhc spring rate, - .
3 m p :
28, A
Kh -—-E\%——-— The hydraulic natural frequency éan thus be described as due g : -
5 :
- to the’ interaction of the two trapped "5prmgs within the cylinder and lines, thh ’
the mass of the sysfem . Ca s .
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. CCHAPTER 4 - . T

s

SYSTEM SIMULATION

4.1 Introduction A . - !

The magnitude and time scaled equations of the mathematical model,.

A

>

and the analog circuit are given in Appendix C.‘The‘geneml template - C
profi‘les sjmulateéf are shown in Figure 4-1, and consist of s.fraighf line R
elemenfs, orslopes. As defi‘nec?‘, slopes @ are measured from a datum line
parallel to the workpieceﬁrofgfib.nal axis, in a counter-clockwise direction.

= A femplate slope greater thu/&{l 80° therefore generates a positi ve actuafor

- “linkage input, with a re§u|fin\g actuator extension in which the tool travels
tow::rd the workpiece axis.. The s:mulahon assumes that for any given
cutting operahon » the workpiece has prevnously been machined to the

‘ general ‘desired shape, so that a constant width of cut, b, exists.

8 .
L

Volues for the cutting force componenf F] and the force constant

©
F, are pre~selected to define a parti culur cutfing ‘operation s since they are
s %ns the width of cut -

b, the cyhnder-to-worlq:nece ’ ungle Y, the carriage feed rate f in the.

a function of the chip ratio s N too} geometry i, C.,

case off], ond the workpiece ratational speed n, in the case of F2 ¥
Selechon\ of Fl vy values for a given set of conditions is illustrated by the
following example of a typical rough machlmng operation. Assuming a four
inch diameter workpnece, and ‘a desired cutting velocity of 480 ft/min. o
.. estdblishes the re:&qi :ed workpiece rotational speed (n) of 7.64 rev. /sec. |
Selecting a widﬂ;:ie\f cut (b) of .09 inch,.a carriage feed rate () of .009
( . inch/rev., 3'45°,i=10° o =17.5°,C, =0, r =5, dvalueof5'6 K
for Fy, 47, for F, is obtained fnom Figures A2-3 (b and A2-4 (b respechvely |
of Append:xB Selecting a template slope of €= 223° igure 1-5 can be

. used (smce fn is now defmed) , to obtain the requ:red koge mput velocafy
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“ . . .
L ‘Five loading conditions were investigated ranging from‘o heavy

youghing (b = .15) to a finish'operation (b = 009) based ¢ on the paramel'ers

. ' listed in Toble 4.1, .
« -8 _ Constants of the systfem arfs‘:
S " Vo=7in? Cqy = .61 . B=.20 lb-sec/in.
. .3 . _ ! 2, 4 :
‘ A =1lin, p =.78x10 * Ib~-se¢ /in.

The following ;’)arameterS were varied; values that are listed represent the

: * "normal® sysfem. Deviations from these values are noted on the Figures .

|
|
o »
|
|
|

. " given in Section 4.2. _‘ . _ N
' ’ . N ) ‘
N N 5 C o " =
{\)‘ ‘ © Be = 1 x 10 psi - € = 05
- L : a L .
’ oo Lt =5x10 ° in®/sec/psi w = .0rad/sec, -
' . R . ,' R
- ‘ -5 . 2 i ‘
| Lo Ah =3.25x10 7 in” .. Py = 1500 psi
‘ ‘ : 1 ‘ . . . L]
}' ‘ . % . . 2
o , m = .13lb-sec®/in. . , ¥ = 45° .
1 ) ’ - ,. . 3 ) ! . . ’ -~
| - _ G BT | X .;'],5.) v
i., - =4 S X = 1.5in/sec.
| ' . Gg = .4in%in. ~  _ X_= 0to,l5in,
| e > o . e T - :
| \ : '
| \ , e, * 0 in. ; . .-
: : e~ )

Se L. - - Prd
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TABLE 4.1

Cutting Conditions For Simulated Template Profil
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4.2 Results - 3

~ of the actual template or workpiece profiles.

In addition to fhe simulation of the flve load conditions descnbed in
o
Table 4 1 ‘Qﬁﬁh‘mnge\from the heavy rough machining operation, condition A, '

to a flmsh machining operation, condlho‘n‘E“-the results mclude-the—res;:onse of =
the system to a .06 inch step input under no load, a .03 mch steg_mput under

Fyrand F,) values of condition ‘A, anda y sample of fhe performance under zero load. -

@

For the zero load condition, the absence of a set.of values of F, and Fp

-

"dqes not permit a template slope to be quorrfatively identified.

In keeping with the template profiles illustrated in Figure 4-1, the

simulation of an actuator extension or retraction stroke terminates with a constant

template slope ‘of 180°, During this latter part of the travel, the m:nd F, values
listed in Table 4.1 continue to be aﬁ'plied to the actuator but the spool linkage
input velocity at the template in a direction parallel to the actuator axis, Xc. is-

zero (ref. Figure 1-5),

Load conditions A and E are based on identical values of tool geometry,
chip ratio, cylinder workpiece angle and neorly'idenﬁcal template slopes.. Diff-
erences in tool geometry i, o, C and machme semngs f, n, between load

conditions B and D result in‘the lorge (6 mch/sec) servo Imkage«npuf rate of .

‘condition D although the template profiles are similar. The carriage velocity of

1.05 mch/gec of condition C along with thf values of b,y , i, Fir C , © make
this condition similar to condition A, but the larger f and smaller n, of condition C

have.resulted in larger va’ueéf Fy and F,, su‘ppressing the benefits of a larger o

~

The workpiece-radial error E as defined in the nomenclature can be related - -

to the spool valye dalqcement error (equation 3. 14) by the expression e G_ sin 3’ . ~

e
The spool linkage input displacement X and actuator oufput displdcement Yc

such as displayed-in Figure 4-11 (b) and 4-]1 (d) assist in understanding the physical

‘significance of the associated spool dnsplacemenf but are not a pnctorml presentation .

”
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. af which time the spool displacement begins to decrease. With the addition of
", about the steady state value with the same frequency as that of the force variafion,
of the fluctuation of the spool displacemen‘f This is shown in Figures 4-2 and 4-3

'X has a value of . 50 in.) for cufhng condition B as deflned in Table 4- Wlth . a

" equal to the overlap upon termination of the stroke, as seen in Figure 4-5(a), (b)

6o - CHAPTRR 5 . o

DISCUSSION _ AND CONCLUSIONS |

. ‘v'“ - Y 4- ‘ \
A significgnt indication of ‘the performa¥ce of the system is obtained by
examining the spool valve displacemenf error, e, To compliment this output &
criterion has been employed, which is the time integral of the absolute value of -

the workpiece radial error) .tself directly relatedto e through the angle ¥ . ’

’

During extension or retraction strokes with the actuator under load but
with zero frequency of force” variaﬁon, the spool displacement reaches a maximum ,
steady state value whlch is mamtamed unhl the template slope of 180° is reached, ‘

v

a fluctuating force cgmponenf having o 'sinusoidal waveform, the spoo| ostillates
As the magnitude ratio of the fluctuahng force is increased, so also is the magnitude
for the system upder sl'udy having the paramefers listed in Section 4, 1 (except that

thls coribination, the maximum spool dssplacemenf of 006 mch is reached after

.05 seconds. The same length of time is seen to exlst during the decreasmg spaol
displacement which reduces to a value of zero. If is seen that the criterion” -
remains the same in slope (s) and magnitude as the frequency’ and the magmtude
ratio of force variation mcreases ‘Figure 4-4 shows that the maximum spool dis=
placeme‘nt during a retrachon stroke is less than during an extensaq&stroke and Iy
this is reFlecfed in the’ IQWer maxumum value ‘and the lower mlhol slope, .0139 in, - ﬁ/

[

of Flgure 4-4 compared wﬁh 0166 in. of’F|gure 4-2 or 4—3 . - - Q 1

The exls?ence of a . 001 mch ,spool overlop results in’ an ingrease in the ]
. maximum Spool dlsplocemenf error durmg both extension and refrachon strokes, -

,bemg greater in the retraction case, and produces a spool error havmg a magmtude v ’/ 3’ '

and Figure 4- 6 The additional spool d|sp|c|cement error existing during the

Q s - « .°
B




actuator retrachon stroke as seen in Figuge 4-6(a) and (b) is an incraase of 20%

in the Spool ercor, ‘tThe 20%\ncrease in error is reflected in the slope’ of the flrsl'

'

segfn;n? -of tha&cnfenon havmm&e 94; 017 in; showrf in Figure 4- 6(b), and : o

) value of . 014 shown in Frgure 4-6(0), and i coqparmg the madmfude of th .. ° @
. cr}tenon at the instant the spool.returns to or pc:sses thrbugh the zéro posmon, , ::‘ y o
N the;e vls(lues bemg 006 ¥n -sec, "in Figure 4- 6( and , 005 |n>ec\m Figure 4-6(0)
v ' |n comparmg Flgure 4r-2(a) with Flgure 4-7(0) it-is found ?hot the . 001

inch spool overlap cduses an increase of 7% to the maximum spool dxsplacement
err.or dbrmg fhe extensfon stroke The effect &k the vightfold mcrecse in the i
L magmtude ratio of the fluctuahhg force on the spool displacement fluctuations is

. falso reodlly ctpturent yghen cofmparing, Flgl}ﬁ _7@) with Fugure“4-§2(d), having .a’

0014mch S —‘\‘. *

ompan ng«Flgure 4-8 (b) with 4—8(&), it is seen thata - "
N » 3] 4 b mcreoie in G reduces the average spool d1sp|acemenf during the exténsion:
: stroke by 2?% Slmllarly, companson of Figures 4-8(c) wcth (0) shows that o

* 57% mcreose\{n G, reduces the spool dlsplacement error by 40%. Iri both cases, :

., the si'obahfy of the system which is conhnuu“y under load, remains urrchangega. ' Iy

» L

Lo ﬂ thh the system operohng under much larger values of the cutting force
constant the spopl does not retum to zéro and t e frqquency of force varmhon A
o s seen té exsst at the spool both durmg and ‘at the end of the stroke. This is seen, .

A ln Flgure 4 % for Ioad c,qndmon C m which the F] value (ref. Table 4,1) ks

¥ fhmy-four times [arger than for condmon B. Fgllure to re-zero is dussto the .

) \ . | ‘combination of loading, ac vator leakage and of fhe smal| hole_through the plsfon. ' b
- . . . . n & - ’ . " <@
o \- - ‘Wﬂ'h the addition of spoo] overlap, the spool error remalning at the end

of the stroke is further mcreased as shown .in Flgure 4-10 Comparing Figure- 4-'10

‘r’

wﬂQFlgure 4-9, lf is seen that the méximum spoo] d15plocemenf required durmﬁ’

“ an ex’rensron stroke under load condmon C has twnce the magmtude reached durmg

o

; . . . .
° a ¢ B [P y ot ' o n
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Flgures 4- 9 and 4- 3 excepr for the slope of the frrst segment smce the valu'g of -
X fcf condlhons of Frgure 4-10 and 4- 9 are .15 inch

~ i L3

and . 50 inch respechvely

T ine

~* - The effect of a 33% reduchon in the  supply pressure on the spool Hf’-
placement is shsyvn in Figure 4-11 for fhe rough machiniag condition A. The
maxlmum spool dlspla ment has been increased from ..009 inch for the system
operahng under a sup;%f pressure of 1500 psj, to . 0115 inch when operahng un;ier
a supply pressure of 1000 psi. The mean spo£| dlsplocement remammg after -

v comglehon of the’ sfroke |s’|_g|so 9re ter for the case of the Iower,pressure operahon,

.'0025 rnch compared to . 002 inch,\ X P §

Insrghf into. the rr’lter*-relaf'onship of supply pressure, ‘Ieakage, ‘spool
. area gradient and the effect of an axrai hole through the actuator pisten can be

- obtamed from emm?\‘i‘ng Frgure 4—12 Frgure 4—12(9Lshows the actuui’or drs—
placemenf with pardmeters G A , L ond Ps at the normal values defmed in
»Section 4,1, In c\c}mparmg Fugure (c) \hﬂ'h (d) it is seen thul‘ eliminating the
small axial hale has p‘r{odqced no nohdeclble change fo the acfuotor drsplacement
requpse A reduchon in supply pressure from 1500 psi to 500 psi causes an

mcreasg in rrse hme of cpproxumately 05 seconds and an mcrease in the final

average drsplacemenf error frorn a value of . (\)UB"nch to . 015 mch as can be seen “

when . compcrmg (a) with (d) lncreaslng G Idecreases the rise time and the

-
resulhng max:mum actuator dlsplacement error, as can be seen by comparing (b)

- with (d) as does the 5educhon of the totol leakage coeffitient as can be seen

-~

by compan ng /(A) with (). " T ‘ -

. .
o " . -

+

of . 86

résults in a maximum

Operut"on\qf the syst

under no external load and wn'h an Xc
'_ d ‘conditions’A; B and C,
can be seen in Figure 47]3: “With the




"

.

lncrecsmg the mass of the actuator system has produced no nohceable

. changes to the spool dlsplacemenf response when operating under Ioad condition A

-_as demgnstrated in fhe rejulfs of Figure 4-14; Increosmg the effectwe bulk -
modulu“‘s"*of elashcnty from a value of 5x 10°. psi to 2x 105 psi decreases the
workpiece radml error durmg the early part of the extension stroke but does not
reduce the maximum error reoched at the ‘end of the stroke, as can be seen in °
Figure 4-15. This increase’ in tf'ne speed of response is in  agreement. with the

expressi);n developed in Section 3, 6 for the linear transfer function in which it -

"was shown that the hydraulic-natural frequency can be inci‘eosed by employing a ) .
laréer piston area, smaller oil volume ond:system mass, and increasing the

effective bulk modulus. The simulation did not Ynclude changes in piston area

or oil volumes but it is apparent that one disadvantage in selecting too large a

~ piston arga is that the resulfing higher flow rates would increase the size of the o
. supply pZmp,' lines, etc. The relol"ronsh_ip between\oil'press‘bre and the fluid

bulk modulus which is lowered by entrained of; were not included but

, KoepigsBerge; {33] has shown that the use of high oil pressure reduces the

influepoe of entrained air significantly.

Figures 4-16 through 4-18 show the load pressure response to_a sawtooth
input under load conaition D in which the fempk;te slope(s) an%j'ca_rrio_ge feeu
. rate combine tc; produce spool lit‘\kogeAinput displacement rotes during each
actuator extension and retraction of 6 in./sec. Comparison of Figure 4-16 with o
4-17 skows the increase in pressure fluotoafions caused by the sudden reversal in
actuator direction as the total leakage coefficient is holved Figure 4-1 18 shows
the effect of the smoller leakage coefficient combined w:l’h a 31% mcreose in G
In both cases the rise time has been decreased at the expense of the effechve .
damping. :‘ S - ) .- ( e o .
For the hmsh chhmmg operohon (condntron E) the spool dlsplpc:ment
-error caused by the presence of ¢ a 001 inch spocl overlap i |s shown in Flgure 4-19

to- represent 80% of the tol'al error durmg ‘the extension stroke and 100% o fhe

" error at the end of the srroke The larger magnitude ratio ¢f the fluc

¢




component -assumed to exist during finishing operations does not contribute to a

significant additional error sinée the inifial values of the cutting force component

Fy and the force constant Fo are smoll*{ref. Table 4.1). - ’ ? '

. The step response of the servo acfuotor under, zero external Ioud
Flgures 4-20 through 4222 illustrate the |ow damping nature: charactenshc of
hydrauhc sy(éems and the destabilizing effect of inertia loading as the spoo! area
gradtenl' is increased. Comparmg Figure 4-20(a) with (b), it is seen that an
irlcreaée in the area gradient from.a value of . 10 to . 213 dec reases the actuator
\fo .01 sec but the ;effling

time for the latter case has been greatly increased. - A decreaseé in the mass of
° .

utput displagement rise time from a value of .03 sec

A

the system is seen to produce a similar faster response as can be seen by comparing '

" Figure 4-21(d) with (b) In this ¢ case, the increase in mass from a value of “
. 065 Ib-seca/m. to one of . 130 Ib-Sec 2 /in, has increased the rise time from
012 sec to .015'sec. Figures 4—22(0), (b) and (c) show the increased rise timé

-, .

of the spool error displacement as the area gradlenl' is increased,

K} Bockl’osh and Friction were not mcluded irf the smu'ahon cmd the
’hmlted mveshgahon into the effect of the ||nkage méchanical gain on the spo
dlsplocemenf response indicated that the value of the gain had gegligible effect

on the criterion, o S e o
o 2 - * / ‘

»
A . ’e

s N
T o

Conclusions \ , -
et et .‘// .

The simulation of a smgle stage hydrauhc servo actuator operohng under
.a dynamic,load has been-carried out, with porhculor emphasis.on the effect of -
various cutting conditions on ‘the accuracy of the system. Values of the cutting
force component and the cutting force constont for the dyngmic loads develdped
are applicable to SAE 4340 sfeel and take into consnderohon the tool geometry,
‘the cyhnder to workmece angle, and the machme tool settings of feed, speed

and W|dth of cut

- 4 \a

Q\e model does nol' permit evolucmon of the degree of surface roughness

developed during thico mg operohons bb¥ he comparahvely low dynamic \
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constant F
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Ioudingkres'ulﬁng from finish machining operations permits high servo input rates

to be applied without serious degradation of system performance, unless a spool

valve overlap condition exists; also,. the model does not include coulomb
. . < *y

friction_or structural dynamics which could conceivably alter the overall'respon

during all cutting conditions. E

The mathematical mode! of the spool flow equation was base:i upon the

steady stcnte turbulent orifice equahon and a constanf value of the discharge

coefficignt was employed The smulohon could be extended fo include a runge
of values of the’ d:schaljge coefficient which it is anhmpoted would be reflected ,

in a decrease of system accuracy, most notably at very small values of spool dis--

placements, where the assumption of turbulent flow is critical to the analysis.
\ N ¢ ’ ] .

i One of the factors affecting the spool displacement error is the rate of
input to the spool.: A small reduction in the servo linkage displacement rate
resqlhng from a given template slope and carriage velocity can be realized by ‘
employlng the |orgest practical cylinder to workpiece angle in the case of an ,

actuator reh-aohon stroke, and the smallest practical angle in the case of an

actuator extensmn stroke. The ||m|ts on the' ‘cylinder to workptece cmgle are deflned

" by the template slope (ref Flgure 1-5) and the compohblltty of the tool geometry
itself with respect fo the uncut workpiece profile. /\

_ The pressure drop across the load, can be reduced by operating the system
under conditions which decrease the cutting forces themselves As illustrated in .

Appendlx B (for a fixed chip ratio of . 9) the cufhng force compone?ﬂ F] ang force

o are decreased for a gwen tool geometry as the cylmdeyf/;ro iece

angle is increased. .Thus the cylmder positioning requirements for de easmg Fi,

Fa

and the linkage input rate are in accord for an actuator relirochon s oke, and’ o
cxfhcf for an acfuator extension stroke, Both Fy and F2 can' be decreased by
d

feasing the- W|dth of cut and side cutting edge ongle, and increasing the angle

L]

of obliguity and the normal rake angle. As shown in Figures A2-3(a) and A2-4(a)

. attention mUSi' be glVen to, the combined selechons of the normal rake and side

cufhng edge angles as the angle of obhqunty is increased. Funher decreases in Fy
and F2 ;Jre obtamed by decreasing the carriage feed parallef to the wOrkpuece axis
(for F‘]) and,increasmg the wprkpnece rptahongl speed (for Fa).

- ¥
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APPENDIX A" .

Acfuqfér Flow Equations . B S .

. .
< . . : " °

The Law of Conservation'of Mass is expressed by flow’ equations. Since’
the cubical expansion coefficients AV/ AT are‘small for liquids, the direct
effect of temperature on the fluid mass density L and consequently on fluid
flow, is rp'egﬁlected. Pressure can be regarded as being uniform throughout the

‘ volume, sc;, that p is also uniform, i:e. a function of time only,' not d function
‘ f . .of position in the volume. For a control volume - ref. Fig. Al-1, the net

“rate of mass flow rate ‘into the system equals the rate of mass accumuldhon in

the control volume. .

Thereforel the continuity eciu‘u.:

. ° dt N
= . o s = 3 (PV) ' U
| .. pdV . Vdp ' e
P dt o odt o
A  In'terms of volume i’fow ru}e,‘this becomes: - ’
L sdV oV -do, - oy
, . E'Qi ZQO d" +p‘ ’ra‘r— ‘ ) B ) i (Alylc.!.‘) .
e - [ ‘ . £

-

L%

dP_

From the equahon of state for a fluid under constant temperature, ‘:“_ r P

. - ' the bulk modulus of elgsticity, B, (whlch is the remprocal of compreSSIbllll'y) can -
: " ' be expressed as: » ) ‘ '
. . . : \ 4
LT Y n
) 2 . ) . ' . "' ’ . . p ’.' ‘ ’ '

Wlfh fhus subshtuhon, equation A, 1.1, becomes' .

| R _dv©elov RN
-0 T EQ DQ o & "B dt S ‘(Af'],'z')t ,
: . ) - 14 ° ~ .




’ 1‘ T ' v =65~ ’ . ’ ;
| . (
- i ) » -
rl . . ° « \\
‘ 'The first term on the right side is the flow consumed by expansion of
_ "+ the contro| volume; the second is the c;ompressibility flow, i.e. flow resulting « L
o from pressur&jchanges.” . K ) B S ‘ : o
. , ¢ § . 5 - . - -
@ « .Applying 'eciuafion.A: 1. 2. to the forward and retumn chambers ‘
) respectively,” T ' v . -
; ' . o _ - “ . -
' Q- @+ Q) =y + 5P : L -
| ‘ 'y L * ' re ) N * .
} - . . V2 .. . - - .
e Q= Q2+ Q5) =Vt —— Py f : .
. b ' , LeL . Z ) 2 P 2 - -
' ‘ ; [ ‘ . N2 . .. s \' , .* . ) N
The Ieakage flows are proporhonal to the first power of pressure since the leakage ‘
for a small-annular clearance is Iammur, 50 tha'r )
Qi =L PyPi Quey =Ly P i Q5 =Lep P2 | - '
< . - ‘ x\ ] . : , . “ )
' o - - ‘
Subshfuhng fhese express:ons for the leakage flows, cssumlng that the two '
exfemol Ieakage coeff:cuents are equal the flow rate ‘into qnd out of fhe o T .
actuator ca (be written: - o o R
r‘ ! .’ . V‘ ’ . '- ° . . . ’ - B r\.* . ' .’ ‘ . .
Y . ( Q] "V] + _a']_“ .P"l + Li "('P] - P'2) + Le P]- ) ’ R ’ o ‘ ; N
- . T ‘ . vh ~v2 e a - ) ‘ ) . ‘ R ~
P . ' ‘Qz ,’"\" 2" "'_"‘ﬁ P2+Li (?-l -Pz) - Le ?2' - ' 1 - " .
‘ . . ;. - ’ - . . . R . - : t
. - ; R ) . . 7 ' 4
' 4 " - \ ' P
[‘ 4 ) - . .~ . R ‘ '
T - ¢ ’ - ’ g
e . ! : . . s - |
. ' l . ! - " |A ‘ \ , .i
- . ) ‘. ':' o . ':’ 3 . & ] § y
. . R , i
- L N ’
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FIGURE A1-1. Actuator Leakage Flow
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& L . After aFmall displacement ‘Yc of the cytir{dqr, - . ’ /
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t ,wl'leréj‘v"ﬂ., \% 02 e’re\the inifi"al volumes in the.forward and retum chambers . . . ‘
| ’ respéétively‘ o - ' PR . ”
{ . The equuhons are mgmftconﬂy snmphfned by assuming that ’rhe ptston ‘- .,
is cenfered along the cyhndgr. Wlth this assumption, ‘ “

. Vo1 =V62=Vo- L R . | , TR
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o = AP i‘na/seC'A e i . .
1--§* /’,\‘.:L,*_l/ " 'vn/r_ -_ . » "

With this substitution,” the equations become: '

-

c T e Vo + AY ¥ b
S AT AN . '
{Qz ':’/AYc - ———?—— — ) P, + L ‘(l"] - P2) - Lo Py
o Q+Qp -
N By defmmg load flow, Q as the averoge flow —l-;—z—- the equahons .
can be reduced to a single equation which relates load-flow to actuator pressure
.difference_cvke‘fy: oL " . .
. . .. . "' ’ . . X )n 4\
A+ Yo e pye e 6oy P)+ = p
Qu=AYo+ g P -PRrog—C + P+ L Py =PI+ 5= By =P
With the assumption of constant supply press P the third term on the right
is eltmlna’red Defining load pressure P = P] - P2, total |eokage coefFCIent
L = L + /; - and subshfuhng, the final expressnon is: - o
f‘\ QL =AY_+ Yo by +.LKP .
L= 7 I 3 S ", o
» Thus fhe load ﬂow is cénsumed by flow to displacg the actuator, flow stored due
to compressubmty, and leakage flow. R . T \ - ?".

.. The bulk modulus is Iowered by entrained air, mechomcql compliance - |
and mcreased temperature so that an effective bulk modulus B lS used inplace.
"of B The bulk modulus of a petroleum base fluid'such as MIL-H -5606 is
approxlmal'ely 4 x 105 psi at 100°F.. and 1 x 109 psi at 350°‘F No aﬂ'empf |s
made in this inVestigation to establish fluid femperafure change durmg operation, |
but the offect ofﬁ values of . 1 x 135; .5 x 10° and 2 x 105;

[

t are inclided.

The volumefrlc f|ow rate for laminar leakoge throUgh an onnulor

clearance is expressed as: .

.1r‘a3 d
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‘where d'is the radial clearance, in.; f the passage length, in., ahd dthe -

: (mdependent of laad dynamics) of the non hnecn' flow equation 3. ? for a critical

,orlflces is given in Flgure A1-2,. The maximum load flow, QL occurs af

L E\:rahon or when negahve, or assisting logds are presenf "On a force velOclfy
¢

" second’and fouith quadrants represerrt the piston beyng.dnvgn by‘ the loa

. Moreokr, it cun be shown from equahon 3 9 (mth’ C d' [ G c7»stant) that

. @ -

¢
dmmefef" f the lurger circular sechon, in. ‘Valqes of the internal and exterrial . .
leakage coefflments can ‘therefore be calculated for p known plston/ rod and .’
cylmder geometry, . and fluid operahng femperafure. The Ieokage can G;“bﬁ;}b-‘”m-.-.;-.-x,‘.‘,“ﬁ e
three times larger [ 117 if the piston is.not centered, oy )
. ; S - o
-Spool Valve Pressure = Flow Characteristics ‘
o A non-dir‘r"\ensionalized presentation of the steady 3tate performance - - . .

centre 4 way spooF valve wi fh zero leakage and having matched and symmetrl cal

" max spool dnsplocemenf undet no load i i €. PL =0.

It is seen that’ the curves are purabolcs whlch pass through the point
PL = P in efther dlrechon Abcve the Q =0 hne the flow ithrough one set

"of orlflces, below fhls ||ne, the flow is through the other set It is poss1b|e fo ' ,’

b

-

3

o
o,

-

Q < . . . .
greatest nonlinearity 6ccurs at higher loads and larger signals. . T avoid

in this region, *he system can be sized so th;':f the L/ P, ratio is less than un

2

for maxlm'um power ourput PL = 5 P.. o :
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RS e "APPENDIX B . T .~ ,
-~ \ . . A ™ ) LY ¥ . av
! S o - . ) r| s . ) ‘/- ‘-.:: ‘ o Lo . .
1 : -~ ' o .
R : “. Graphicel Presentahor& of the Force Con'Eonent and Force Consh:nt ) v
‘ P i . / < Y 4
f ——'\»\ * -
! v : ' A As%utlmed in Chupterl2 W|th known volues f und K for‘a"given -
T v mqterlal KQ oqd K can be calculofed from expressmn 7~fora gwen tbol ‘ o
' w' ' geometry i, f)t ané" chlp ratio r? Forceacompéhbnf"F “and Force ?x:ns’tqnf I
o Fy of the dynamic forée eguation. 3, ~18 can then be calculated fo’r a tdo'l side -

. cuﬂ'mg ‘edge an l e C;, copying cylinder axis angle Y and the: lathe sefhngs f,

n, b.. By not’assigning values to b+ f, and n, ‘*—BF‘J_% can be calculated g o

Fie Fy dre readl ly obfamable for aparticular desired muchme '

.
’ ¢
.:' o . v . vt
. - . A 0 R

f

(2]

N D . 1 . - - "-
. N . ‘

to be obtbmed Flgures A2-l through A2-4 preSent a s&utlon for ‘ q_l .

qu‘y-crlu s of ,‘b’ and l‘through a range of positive @ and Cs' with, the chip S
-ratio maintained at . 5. \"l;ge’soluﬁ'on is appli}c:cble only f?: SAE 4340 steel‘due‘ to ¢

S Lo , . Fo VR .

., the values of To.and K s cted.. Values of—B]— and T/ are.seen fo increase oo

°

- . fora se1ecl'ed o, and C ~as }§ decreases; mcreasmg the ‘angle of obhquy i e : T
d 7 'r L
. lowers the vaLpes of both, lncredsing C increases —~—L— B and —%— ; mcreasmg : 1
_;9 d, deﬁfﬁe%Ses both, ™ . g “ o ) ‘ ‘
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o

_factor appears at all mputs to mtegrators, since, computer mtegratlon is wnth :
. respect to machine time. A problem derivative of, dx/dt say, therefore becomes

dx/yt at the'input after multlpllcatlon by 1/B,, since

-

PO ’ ) ‘
\ PR "APPENDIX C

+ [

Y

Analog §imalation of the Matheniatical Model

Computer time, T (secs), fhe mde]‘aendent variable- in the computer, is
made proporhonal to the copying system mdependent vanable t (secs), by the
expresslon T=Bt where B, is the time scale fagtor, A B, value of 100 “was used
throughout the smlulatron, W|th the result thaf-the computer solufion was a

hundred times slower than the problem, or copying systén time. The time scale

7

dx _dt. dx 1 dx‘§~

LdTrdr By At

The magmtude and time scaled diagram of the copying ;ystem mathematical .

‘model Flg. A3- llSl‘S the pofentiometers, ampllfuers, and comparators dsedt

during therslmulatron on an EAI 680 computer The spool mechanical llnkage
input crrcunt shown illustrates the simulation of o posmve lrnkage mput The out-

put of integrator 035 simulates the rate of mput to the spool Fnkage (a function of

‘ carnage speed and the slope of the template) and is varied by changm‘é the sethng
of potentlometer 035 " The total input displacement, X or 15 represented by potenho-‘- L

metér 036\,5? given template s!ope, carridge feed rate tool geometry, depth of .

cut, chip ratio, workprece rotatuonal speed, and workpxece material is smulated

by correSpondi.Qg\s:thngs to potenhometers 035, 036 003 (for F ) and 005 (for Fz)

The cutting ¢omponent magmtode ratio €, and the frequency of force vanahon w,

. - are adjusted via potentnometers 002, 045, and 015. The effect of system parameters

for thls set of copying input conditions on the overall system response can l‘her) be .

‘ obtametgby adjusting the potentiometer(s),’ contalmng the parameter under '

investigation, Conversely, the effect of changes to F }F2, due to changes in .
tool geometry, or to template slopes, and to € and won a glven system can be

obtamed ’ . - S s ,
, ‘ , o,

- . #~

=1, Simulation of an actuator retraction stroke is obtained by the addition

" - of an inverter between ntegrator 035 and amplifier 066 An uninferrupted cylinder -'

gt

.
C -
’ . . . . .




extension, refrochon smulahon is accomplished by

-76-.

©

' computer voltage to the cnrcmt shown at the neg

tching a negative unit By

'\}e inpu;t to the’D/A switch

348, Slmulahon of step inputs is achleved by replacing the comparator 34

cwcuntry with a potenhomete:, the input ‘of which is a ‘negative computer umt

2 voltage (for ssmulohng cylmder extensions), the output being potched to - -
amplifier 066, o C

. -

The compufer vaﬂables shown in an. A3-1"were employed for a number

of“computer runs, but were re-:scaIed for other simulations.

Slmu|ahon of sfep

inputs for exomple, reqmred re-scaling to préven’r overloodmg of c:mphflers

wefe too small (cuusmg computahon errors) were avo;ded by re-scalmg ampllfler

vanables where possnble

. ‘ b
, o A . . <,

R ’ . .
Scaling the System Equations *

»

1Also, combindtions of paramefers that would result in pofenh ometer seﬂ'mgs that |

The following values of paran:l'eférs are used to illustrate the steps in

«

formmg the ci rcunt dlogram, and to permlf preparahon of a potentiometer -

assignment sheet, useful dunng static test,of programmmg, sccllmg, and pqtchmg

. Effechve area of. p|ston ‘ A =1in2 - . L
Area of sharp edged hole in plstdn B :Ah =.3.25x105in? . ‘ e
Viscous dOmpmg coefﬁcuent B = .20 lb-sec/in, i}
. Discharge coeffsc:enf (furbulenf) Cqy = - 61{ *.‘ N : , ’ Y :
Force component ' Fy =17 IB)‘r‘e\)r , w: ¢
“:'Fé;'ce toqstahf S “ .F2 = 155.v5'|,b-sec/ increv.
Spool vl:l}vé’érea ‘gradient 4 a G, = .05 in.lal_/inl'. ,}’
Mec'lﬁaniﬁ;c:i‘ Ij‘nkoge'gai'n' o , G,=4 .- "~ B ‘ E
Totc;l',leaka'g/;’e' Jg;oefficienf (C; + _L_Zﬁ’.) L/f =5x ]‘6"3 in.a/seg/psi C
Massof cylinder' e s m = . 065 lb-sec?/in. . ‘
'Supply pressure _ e BRI f’s '\/,500 pS| SR ‘- “
One half total fropped oil vo[ume Vo =7 ind . '
Ejfechve bu!k modulus ) By = 1x 10° psi , .

- 7

”~

~

e



. : -77- - 3 .
Magmtude raho of fluctuahng Orce ¢ = .05 ,
Angle between cylmder and w rl<p|ece e N .
axis L vy ﬁx - = 450 - £ . . r‘ ‘ ,

it

_Fluid mass density .78 % 10—4-lb-:seca/‘m.“

/ . P
Frequency of force variation - ‘ (,q- =10 rad/sec

Slnce a pofenhometer setting must always be less than unity; groupmgs
of parameters which would résult in a greater magmfude are dlwded by a

constant (usually a value of ten),” l:nd on identical value of gam is employed at - . 2

.

the assocu:fed amphﬁel’ T E : * A AV /

The system equafrons are re-arranged as necessary to employ the general

0

®

method" technlque of programmmg, and in the unscaled form are as follows Cohe
.. e FE (X Yc) C Ty . Q. 14) ,
A ',."-‘ - e :
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The volfage and time scaled- equahons are written in terms of the»compurer' ¢ ,
variables. Tlfese variable® are fhemselves based upon bqsl‘ estimates of expected
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Using (3. 14), applied to a pot fe-e'abc':ck amplifier: . .

’ ) o ‘ . - ’ . - R N
o '[x°]+,[
‘ - : i -—e—- = =-{- '6 | ! -
LY | Lozo ] 7020 A
- LT : 5 -
Using (3. 18) applied to aomulﬁpi‘ier: - . e . ‘ B

) ., ’ . . < . . , . o .J' c ) . . - e . Y |
| | . . | . o . ‘, r den . i’ el . § @ ‘ ., L. . B ‘ K‘ :
oo T L 4057 |.300 | 1.35 . LT

i ., R . 3 . 0“ - ,t |
4 , -\ i A -
‘ where 61 = _ ‘ - K ”'_] + "0 JOF\ [ -Y¢. AT
' 300 ] ( 300/ |+ "U\300-10 0

" and _9_2____ ’ f’i L R € ~-sinut L
: . RTEES AR A S W 1.35 S o

L Computer vanable [—:—5511“—";-:] -is generated fl’Olﬁ the niechanizbtioﬁ on” . ‘
. ‘ { . -l X . . :n
the computer of the second order dlfferenhal equation of i'he form y + w2y =0 .

M [ -

wui'h initial condmonsy ()=o, ¥ (o) —] o g T - ' l

? 4 ‘. . .o . ‘ R .
o Usmg (3.15) apphed to a, mulhple mpuf mtegrator whose oufpul‘ is [——9—:]; -
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. ' By A mulhpher with-pot feed back was used to fcaleote rapld magm
$co|mg whenever rescalmg in the compuler was found necessa;y
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cr e By formmg a computer variable wh:ch is fhe absolute value of the system |

& ~

R dusplacemen’r error and mfegrahng, the crlfenon for accuracy (referenced- in

< ' o Chupte‘r 1) is genero'red at omphf\er 010 L. :

. . te .. . «

¢ - - -

The spool valve deadband ctréuﬂ' consists of ’two potenhometers (037" and

-

e ., 0 038); a posmve and negative ||m|t summer (016 ond 006), and summer qmphﬁer .

' ° "036. Pet settings given 1n‘Flgure A3-1 are for a spool overlap (ecch side of the
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