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NOTATTION - SYMBOLS AND SUFFICES
A Piston area: - ‘ fi See table 3.1
AA A, = A, ) fa( ) TPFunction
oA See table 3.1 g'  See table 3.1
a! See table 3.1 h' - See table 3.1 ’
. v n B ‘ o
an B L B L I Valve signal current
. nRTZaA ’ - , :
- ' . - Iy Valve dither current amplitude
- B! See table 3.1 ‘ _ . X N
I o i TTotal  valve current
b Viscous friction ' o . -
coefficient B ' See table 3.1
" b! See table 3.1 - K Constant
" v b ‘ i 1 :
b m__ , K, Amplifier gain
’ nRTZgA : S ‘ . ‘
a o ‘ X " Acceleration feedback coefticient
bar A bar over a variable - ac -
(e.8. P?) indicates.a small K Potentiometer gain
perturbdtion from an . p .
operating point R S Pressure and transient pressure
R E ST p . feedback coefficient '
C Constant o .
- A X Velocity Feedback coefficient
: C1, C? " , o ' v . .
“e.eet, k' = See table 3.1
c See table 3.1 o
o - L Laminar leakage coefficient-
¢! See table 3.1 S
_ 5 1! See table-3.1
c Valve flow coefficient : .
1 _ - M - Instantaneous mass of gas in
¢, Valve flow coefficient 2 chamber
D Differential operator d/dt™ liass flow rate A
b} ' See table 3.1 o m Load mass (including load carriage
mass ) ‘
ar . ee table 3, ’
5 ‘ 31 Mle Leakage mass flow rate
e! See table 3.1 ‘ . )
n Polytropic exponent
B FPunction
P Instantaneous pressure (absolute)
r Coulomb friction force
¢ ‘K 0 Py Atmospheric pressure (ebsolute)
. Total friction f c ,
¥ rrigtion toree P Exhaust pressure {(eabsolute)
F, Load force '
£ Wy /on.
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Symbols continued
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Reservoir pressure 5 Laplace variable

(absolute) “ -
, T Instantancous temperature (absolute)
Supply pressure (absolute) .
t . Time
Change in P
v Instantaneous volume
P2 - P1 :

SV Change in V
Gas constant - ’

.j...T"'!
. Vn 2(J1 * J2)
Pressure ratio
- V., . Reservoir volume (Appendix 6)
. . . R
Spring stiffness .
v -Specific volume
Can T o
mn

a' + 2e' + g' # 23"

L ‘r

m - .
b" + 2e' + g' + 2j'v+'tﬁ [20’ + 28" + h' + 2k' + 21’]

2¢' 4+ 2f' + h' + 2k' + 21' 4 27T 4

2ar

——— s e T e~

Ratio of specific ﬁeat'cgpacities
Command displacement (input)-
.Oﬁtput displacemént |
Drift velocity

Damping ratio ‘ ’ . ‘ .‘:'v /{

Démping ratic for the loaded actuator alond (impulse Tests)‘
Valve flow area - -

Density of air‘

Time constant

Time period of damped oscillations for the loaded actuator
(Impulse Tests)
v
_.m
1) (Y
n&Lzacz
Time period of undamped oscillations for the loaded actuator
(Impulse Tests) - :

Pressure and transient pressure feedback time constant
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ey

d_

n

W

np

Frequency
Damped natural frequency

Undaﬁped natural frequency

_Undampe& natural frequency for the loaded actuator alone

(Impulse Tests) _ : :

» - - -

Suffices -

Can 'Aferage value

b - Inherent vélue~f§; gxberimental appératus

c . I‘Clésed loop » o |

g~ ~ Gauge A

o \‘_Opéﬁ 1§op‘(gxcept X; forlou£put:displécement)
-1 " Referring té'thé right—hand chamber

(figs. 2.1, 3.1 and 3.3)

2. ' Referring to the left-hand chamber
. (figs. 2.1, 3.1 and 3.3) .



CHAPTER 1 . TRTRODUCTT ON

1.1 Background

1.1.1  Pneumatic Servomechanisms

Early work on the analyéis of‘pneumatic servomechanisms was
reported to thé A.S.M.ﬁ; by J.L. Shearer in 1556 (1)*. This was
‘described by the author as "merely a starting fointlin uﬁderstanding
pneumatic‘systems". The work described in the presenf thesis
represents a further attempf to advance this underétanding.

(2)

.Shéafér'é'paper was welcomed*by'Deavers in. the ensuing
discussion on the grounds that there was a scarcity of reliable
engineefing informatioﬁ, making it difficult, fof ex;mpleﬁ to carry

out an effecfive“computer simulation. Thus, it was said, pneumatic
system§ were of'ten passed over in favour of ‘hydraulic and elecffical
systems, eQen when a pneumatié system was the most logical choice.

in 1957. Spearer (3> preéented\the'results of frequency respoﬁse

‘tests on an experimental high‘pressure (800 lbf/inz)'éontinuous

~ aciion Servo and on analog computer models. This work By Shéarer(1) & (3)
(&) (5) i

had appggredAin 1954 in a thesis . Levenstein's article

" 1955 simplified Shearer's equations and included sample numerical

/
7

“values for parameters in order to explain the opération of such 2
.syétem té a'wider audience. Au*iliary tanks for stabilization were
used both by Shearef and Levenstein. |

In 1959 Chelomey (6), using similar basic assumptions to those
of Sheare?, developed equations to describe a pneumatic sysfem u§ingA
mechanical feedback for control-surface positioning. Expressions for
the quiescent pressures in the cylinder chémbers in the presenée of
Steaiy loads were developed. Experimental evidence supporting the

latler expressions was also presented,

i ’
() References are listed in Appendix 1.
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In the missile and aero~space industry, éystems using high

temperatdre, high pressﬁre gas have been developed, particularly in
advanced weapons, though relatively little is published on this
subjeét. There is reason to belleve that considerable unpubllshed
work has been done on gas—poWEréd servos for military purposes btoth
in this country and fﬁe United States (and probably the U,S.S.R. andA
other countries); | 4 ‘
E&noﬁ(7) (1960) comp;réd gasfpowere& and hydéraulic servo-

‘aYstemé fof short life gﬁided—ﬁéapbn’apflicétions in which size

and weight were of the utmost importance. Compressed air and hot-
gas- servos requlred high open loop gains to 1mpvove s nAss and
consequently add1t10na1 stabilizing arrangements had to be made.
-Hydraulic systems, on fhe ather hand,;required accumulafors, tahks
and pumps which for 1ow-powered servos comprised the major portion
of the size and welght of the system. He concluded that tne |
add}tlonal complex1ty of the former more than offset this and that
gas-poviered servos were viableﬁfor elatlvely iow—powered purposes
inAmissiie"and possibl& other appllcatlons.n |

Sung and Taplin (8) (1963) dlSCUSueQ the growth of aerospace

'gas—powered control systems. The advantageu of gas-powe*eﬂ systems
.wererenumerated, inclﬁding the absence of restrictive temperature
“ limitations applying to hydraulic fluids and magnetic materiecls and
the weight saving which results from the use of éommon power supplies
for many systems within a vehicle and eliminaticn of fluid return
lines, ©Sources of power included hot gas gencrated from Solid or
liqﬁid propellants, stored compressed gas and ram air. The
limitations included the low stiffness of gas compared to hydraulic
fluids, the high susceptibility to leakage and the lubricqtion

problem. It was also pointed out that while eﬁergy storage in liquid



or solid form was attractivé, very high temperature and of'ten
.contaminated working gases result from chqmicall& generated supplies.
A number of applications were deséfibed illustrating that in certain
cases gas—powered systems have clear advantages. Two applications
involved nuclear engine control where the radiation resistance of
the gas meant that no shielding was necessary for the control system.
Tﬁe major problems facing the ﬁesigners of‘high performance systems
.were listed as the develiopment of components, lubricaﬁts and
trgnsducers for severe températﬁre and radiation environments and
the requirement for éas generators which could be controlled over

a wide -flow range.- Sgng and Taplin concluded that while gas-
poweréd éystems‘offered ﬁﬁique solﬁ%ions fo_many aerospace céntrol
functions, substantial development efforf would be required,

Vaughan (9) (1965) made a theoretical study of the éffeét
. of oﬁe important.non-lineér qharécteristic of hot gas systems,- - |
namely tﬁ; limit to thé gas flqw'rate due to the characteristiﬁs cf
the gas generator and v§lv¢s. rUsing very simple mathematical models
he showed}that this flo% éaturation, in an otherwise linear system, ~
) iﬁposes a large émplitude“stability condition whicp results in'poor'
sﬁali—signal performance. jfor.compérison arswitéQing eriterion to
give timg optimal reéponse was-derived and it was suggested that the
-Asﬁall‘signal behaviour of the continuéus system could be nade to
approach this 0ptimﬁm, by the introduction of inféntionally non=- -
linear (amplitude—dependent) compen;ation. |
Botling Eynon and Foster (8) (1970) discussed the design of

hot—gas servos for weapons and described experimental work on a high
.'pressure.(lOOO lbf/inz) pneﬁmatic system. They showed that using
(feedback compensation it was possiblie to employ high open loop gains

and consequently to achieve acceplable static stiffness and accuracy.
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They also made a theoretical study, using a digital computer, of
the effects of a number of parameters including amplifier and valve .

saturation, friction and valve lap.

" In a review paper on the subject of artificial limbs,
published in February 1965, Hall and Lambert (1) observed that no
closed-loop poeumatlcally powernd prostheses were available although
open-loop pneumatic systems, operating typlcally at 70 lbf/ln , had
been in use since 1955. Arm prostheses of this type were prescribed
for a‘number of patients in this couotry, These are sti]l in use in
some cases, thougb they are no 1ongex belﬂg fitted to new patients.
At a Symp031um on Pomered Prostheoes in October 1965 (12 ), speakers
expressed the view that closed loop control_of powered prostheses was
- desirable and Simpson described artificial arms using sepairate
pneumatio pooition servomechanisos for four movements, which he ha@
fitted to disabled childreh;' Since 1965 a oumber of' groups ip the
United Kingdom and Europe hoie_been develoﬁing pneumatically-
powered arm'prostheses.‘ The emphasis has Been upon practical
development and constroction>problems rather than oo analyoio;‘due to
the.orgency of the problem and the rolati;e shortage of funds,
Organizations concerned in this work togétheruwitﬂ!répresenfative
publications include:- |
The M.R.C. Powered Limbs Unit, West Hendon. London (15?
The Department of Medical Physics, University oqudinborgh (1h)

The Lady Hoare Experimental Workshop and Trainingz Unit, Chailey Heritage,
Sussex (15)

(16)

The Department of Mechanical Engineering, University Ccllege London

The SVEN Group, Sweden \17)

\
The University of Technology, Delft, Netherlands (18)

The Department of Engineering Science, University of Oxford and
The Department of HMechanics, Technion-Israel Institute of Technology,

(19)

Haifa, Israel
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Simpson has contiguéd development of his arm-prosthesis and
it is being used successfully by a number of'patients in Scotland,
It wili shortly be available for more,wideséread use when it is
scheduled by the Department of Health and Sccial Security for
prescription throughout the‘United Kingdom, The "Hendon Arm" (13)
is being evaluated by the Department of Health and Sccial Security
in order that a.dgcision can be made regarding‘further‘dev910pment

Aand testing.

. Brann (20) (1966) presented -a.linear analysis, based on
.Shearer's theory, for a proposed pneumatioally—éowergd prosthetic
control system and Brann'and Kirkwood (21).describcd‘tests on.a‘
bench~rig designed to evaluate this analysis.l This proved~tb be
' impossible due to major non-linearities-in the yaive éharauteristic
and in tﬁe joad friction. '

- In the process industries, pneumatic control systems have

" been in use for many years.'vThe réasons for which pneumatic Syétems '
are.often,preferred ipclpde cﬁéapness and reliability, their ability
to\function at high‘and 1ow~températures aﬂd their acceptability in
hazardoqs areas where electricai componeﬁts are egcluded. In mpst
cases, whé?e‘positiqn control is’réquirea, it~is/;chieved by -
controlling a diaphragm or 6y1indef‘pre$sure which is oprosed by a
spring fofc?. Howe&er, when accurate positioning of a. vaive or
power cylinder is required an additional "positioner" is fitted.
This is & pnecumatic serVOmechanism'WhichAﬁeasurss and controis the’
actual valve or piston position. These ére slow~-acting devices and

the processes for which they are used involve very long time constantis,

In factories and workshops also, low pressure air has been
used extensively as a power source, for many years, Applications

include machine tools and vices, hand tocls such as drills, torque



wrenches and pelishers, transfer machines and other mechanical handling .
devices. The relatively recent developmentvbf "Low Cost Automation®
includes the latter particularly, and is used to describe the
application of simple automatic control techniques to machinery

used for productioh. Pneumatic systems are particularly suitable and
~are widely used for this purpose due to their simplicity, ruggedness

end cheapness. ‘In general, such'applicétions do not require high
.perfbrmance, 50 fhat the available cqmbonents, including large
heleétrically ér pneumatically operated on/off valves with slow

response and piston-type actuators with high friction forces, are

quite satisfactory for mosf purpoées. " A range oi commercially

(22)

available valves described by Kay are however much smaller and

have much improved dynamic characteristics. .

" Recent work on low pressure servomechanisms includes a
\ T . , ’
thesis, published in 1967 by Cutland (23), in which he coupared the
'results from an experimental (80 lbf/inz) continuous actior electro-

pneumatic system with analog cdomputer studies based on Shearer's

o

analysis. This comparison was tc some extent foiled by the highly

‘non-linear -and sometimes inconsistent behaviour of the test rig.

. . /// T I )
Cutland pointed oul that very little experimentzl data wasn available
on the behaviour of pneumatic servomechanisms when powered by low

pressure air, such as was almost universally available in factcries

and workshops.

(2L)

Andersen's book published in 1967 »resented design

information for pneumatic systems and concluded with an analog
computer study of a proposed all~pneumatic position servomechanism,
Burrows' thesis ( 5), published in 1969, described work on

. . . . 4
. on/off pneumatic servcmechanisms with surply pressures of 100 LDf/ln .

A comprehensive analog computer study was made on an on/off system



ﬁhich included auxiliary stabilizing tanks and velocity and
accelerétion feedbagk. This systemx could not however be realized in
practice due to the unavailability of a spool valve of the type

i simula£;d. Although'it was therefore’iﬁpossible to verify these comﬁuter
results with results from an actual system, Burrows was able to predict
fhe'effects of manj system parameters upon beha&iour. An experimental
system was howevér coﬁstructed using a flaﬁper/nozzle.valve

- positioned by‘a ;élay-drivcn torque mbfbr.’ A 1ineari$ed anélog'
\computer simulatioﬁ_of this system was conducted., In thié case

the simulation was perférmed'in "reai time" so that the relay4from

the experimental system could be incorporated. - The step responses

of the system and the analég comﬁutef weré_comparea, A 'theoretical!
A.open—loop hafmonic‘response was'also calculated by combining the
iinearized theory with experimental results for the relay alone,

.This !theoretical' response was then compared Qith the harmonic .
response of the actual servo;'_Correlafion waé notbaltogethér
satisfactory and this was attfibuted to a possiﬁle‘discrepancy between

the static behaviour of the valve, which had bveen measured, and the

o dynamié behaviour, which had not. Bucrrows pointed out the considerable

difficulties involved in meaguring the latter undéf the prevailing
ﬁnstea&y flow conditions. Rurrows included a comprehensive review
of iiterature, which is recommen@ea, particularly on the subjects
of valve design and on/off systems.

1.1.2 Pluidic Gortrol

Following their initial development in the late 19505, flaidie
~e1éments have been widely applied in positioniné systems, Veny‘few of
"these applicaticns have involved accurate measurement of position but
have been concerned rather with the presence or absénce bf an objéct‘
at cne or a small number of locations. "This is the type of logic

function for which fluidic devices are most obviously suited. Some

123



vork, however, has been described wﬂich is relevant to the use of
fluiaic elements for the ;ontpol of pneumatic servomechanisms.

A flvidic system fgr the mgasurement of linear motion in
machine tool applications,wés developed at the Nétional Engineefing
Lab . (26) ) . .

oratory and describved in 1969 « The system is the pneumatic
equivalent of the esfablished optical measuring technique which
incorporates a grating, rhotocells and electronic logic. A series
of air Jjets are direcfei‘at‘pneumatic gratings, which each consist
Cof fiuiﬁicve;eménté are used to'perfo¥m'the iogig which determines
the relative p§siﬁioﬁ”of the air jet sensing head and the fixed.
.ératings. The output from this systgm isithus digitél though it
is.absolute ‘and doeg po£ invo3lve counting. vResolutioﬁ is dependen%
iupon‘gfoove dimengibns ahd je# positioﬁs and bettef thaﬁ 0.001 inchﬂ
was,aéhievedg A'commef;ial Vefsion of this sysfem hasurecenfiy been
‘produced-with a ﬁaximum operéting ranée of 36 inches. - 1

Kent and Lenaerts (27) {1970) developed a fluidic sta,biii;;y

aﬁgﬁenta%ion’system for ﬁse iﬂ aircraft, The éim of fﬁis’éystem was
rté moaify the pilot's commands so as %o ease his task while flying .
éﬁ aircraft with:poor stability characﬁeristics.,/ihis was achieved
by the use of a fluidic shaping circuit oPe?ating on the pil;t's
input. The signal thus genérated washadded to the.pilot's input
- signal to produce a command signal for the elevator control system.
As this system used feedforward compensatioﬁ,'it did not require the
gyro which forms part of better known stability augmentation systecms.
On the other hand, "hands-off" flight was not possible with the new
system, since the pilot was inside the control loop in this case.
An integral part of the sysiem déscribed by Kent ana Lenaerts was
a fluidicallf controllea serﬁo«actuaﬁor which converled the fluidic

output from the shaping circuit into a mechanical movement for addition . -

R
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to the original pilot's movement. The components of this ;ervo-
actua%or included a fluidic oPeraﬁional amplifier, two fluidically
signalled servo-valves, a low—cosfhindustrial type linear actuator
and a fluidic position sensor with analogue output, designed
specifically for the purpose. Exhaustive tests Qere not conducted
but it was concludéd that the servo—actﬁator waz the least
satisf;ctory,paft of the whole system. The major reasons given
for this wére high’friction‘in the actuatér and feedback transducer
and the non-linear input/output characteristic of the %gtter. The
use of an qperatiohal amplifier, lineafAvariable restrictors aﬁd»
two servo~va1ves made the servo-actuator very costly. It was
suggested that the use 6f a reéently developed fotary actuator and
‘an alterﬁative sené&r (working on the back-pressure principle and
deséribed in refs. 28 and 29) would iﬁprove the performance while
cost reductionsvmight‘be achieved b& the de?eloément of?&terngtive
amplifier and linear restrictor designs. ]

Lioyd (39 prosented a paper to the 1970 Cranfield Fluidics
Conference-describing‘a proportional amplifier. It was intended
that this amplifier sh&uld give an analogue differgntial pressure
(outpﬁt.propoftional to the iﬁput differential prégsure, through |
the uSe of simple bistable elements and pulse width modulation
téchniques. Good linearity was achieved from an integrated circuit
prototype though a very large ripple signal appeared at the output.
The belief was expreésed that this ripple would be cénsiderably
reduced by further development, yielding an amplifier which would
overcome the disadvantages of conventional beam deflection
proportional amplifiers without the sobhistication and expense of
multi~-stage operational amplifiers.

‘ (31

At the same conference, Taft and Nawaz ) proposed a form

of fluidic compensator or controller for use in analogue systems but
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using digitai techniques. The controller consisted of two étagés.
The éutput from the first stage was & pulse-width modulated fdfm of
the analogue input signal. Iﬁ thé_second_stage, Qne or more pulses
weve added to or subtracted ffom the incoming é.W.M. signal, each
time the level of that signal changed. Deﬁending on the design of
.the second stage, a varié%y of signal shaping modes were possible,
pfoviding alternétives to the convéntional‘préportional, integral
and deriva%ive coﬁtfol-stratégies, A num£ér of such modes were
analysed énd_frequegcy response lociagyawn. Thé éutput from such
’a.cohfrcl;er woﬁld 5e in the form of:a series4df pulses which coul&
b2 used directly to control ah agalogue systeﬁ if‘th9 natural[
frequéncy of*fhat sys£9m wgs‘well"below>the ccnfrollér carrier
frequenéy, The simplést t&pe of compensator anaiysed was also
built and teéted‘aﬁd a freqﬂency'resbbnse 1ocus-was'préseﬁted.,
This showed that tthiehéviouryof'the‘éxperiméﬂtal system Wa§_ciése
‘té thejéﬂélfticall& predicted behaviour; Whénjallowancé was made for
"~ the finite time delay which ;fose dué to the fluidic elements and
cohnectiné'Iines ugéd.- ' | .
initial work on a sefvo for poweriﬂg an értificial elbow joint

, 67,

"}was described by Johan;sén et al in 1970 Iﬂ{that cese an
éleétf;niq amplifief genefated'a pulse width‘médulated signal which
was used to drive small electficaiiy signallednbn/off pneumatic
vélyes. | V |

A fluidic pulse~width modulator and éeparate oscillator
constructed at R,A.E, was described by Flood (32) in 1971; The.
system comprised_a numbér of discrete digital énd analogﬁe beam~-
deflection amplifiers together with restrictcrs and capacitors.
The output from the oscillator was nominally tfiangulaf, with a =
- frequency of ébout 40 Hz, and the steps necessary te eliwminate a

high frequency component from this waveform were described. The
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ogcillator and command signals were each converted to push—pull.
pressure variations Dy separate proportional amplifiers; Summation

~ was achieved simply by connectingvthese arplifier outputs together
at the control ports of a bistable switch. The output from thisv
switch constituted the P.W.M. signal and was fed via a buffer stage
to the ioad which comprised~a single fluidic element. A considerable
amount of hysterésis in the bistable switch was shown to'limit the
operatiné-range of the system to mark-space ratio; between C.15 and
0. 90. ‘Within this range a reasonably.linear input/output
éﬁafacteristic was observed, Outpuﬁ'wavefo;ms'for the complete
system were given and reasons for §ariétions in the mark--space ratio
’fsr a constant irput signal were.discussed. Tﬁe most importanrt of

" these was instabilit& in>the oscillator, which caused carrier frequenoy
flucfuétibﬁs. A simple resﬁrictoq/éaﬁécitor low-pass filter, for the
' convérsion of the P.W.M. signral to analogue form, was tested;‘ It
provea impossible to attenua%e the‘EO Hz carrier yet maintain a good.
' ‘operating‘ bandwidth by this method.

| Sﬁrvéying the range of fluidig dispiacemenf»sensors in

_early 1972, Chitty and Lenaerts:(33) showed that a large number of

’

.‘two~stat¢ devices for simple object detection were commercially
~avéilab1¢; These depended upon a small number of basic tluidic

: principlgs. Several of these detectérs'have beén desgfibed separately,
for example in references 34, 35 and 36. On the.other hand, only a
small number of sensbrs were available for measuring the actual
position of an object and little information was published apart.

from maaufacturers' data sheets.

In this Introduction, relevant previous work has been discussed
only in general terms as it will be examined in detail at appropirate

points in the remainder of the thesis.



1.2.% General

Despite the ready availability of a power source in

industrial locations, servomechanisms powered by compressed air

1q (23)(37)

have not been adopted. Recent workers in this fie
havé éxpressed the view that such systems‘offer a possible alternative
to other systems. The response speed of a hydraulic sysfem is. |
considerably faster than can be expected from a 1ow~préssure

pneumatic system, but a hydraulic system requires an e;pensive

power supply unit. Electric motors, on the other hand, are by far
fhe most common source of mechanical power but an equivalent air
moéo; or actuator is much less bulky. For example;‘a lO-horsep6Wer
air-driven hand tool can be manipulated by one man while a electric

(24a)

motor of ‘comparable weight Wbuld deliver less than one horsepower

" Thus for applications requiring precision and moderate rescvonse

speeds and particularly where there is a plentiful supply of air{'

pneumatic systems-can offer copsidéféble advantages,
The term "Pﬁeuﬁatic Sefvomechénism"’embraceé.a variety of

sy;tems (see footnote). While the péwer source and the functicn of

the system are defined, a number of variations are possible for .

"each of the system comﬂonents. Essentially a pneumatic scrvomechanism

must include a valve to countrol the flow of pressurised gas To an

actuator which converts the energy of the gas to.the required form.

The behaviour of the system is monitored by one or more sensors

Servo-mechanism - "An automatic monitored kinetic control system which

includes a power amplifier in the main forward path" - British Standard

Glossary (1967) (38).

Although this term is often used to embrace a wider range of
systems, the sbove definition is used in this thesis. The definition
can be para-phrased using the basic definitions included in the same
British Standard as "A closed loop system which does not include a
humen operator in the loop, the purpose of which is to control the
displacemcnt, velocity, or acceleration {or any higher derivative of
wosition) of 2 device".

4t U v
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and. the operation of the valve is governed by a controller acting
-upon information reccived from the sensors and upon a command signal

from an input device.

(a) Valves
Valves which can be used for control of gaé flow include:
Poppet Valves, Ball Valves, Spool4Va1ves, Flapper/nozzles, Jet-pipe
© Valves, Needle Valves, Plate Va1ves, Butterfly Valves, Gate Valves
and Voftex Vaiveé. The term servo-valve is used to‘aescribe
'precision—madé valves having a ﬁroportional, or at least continuous,
rélationship between aétuating signal>and flow .area. A valve is
séecified as three-way, four-way etc. ;ccording to the number of
~~~separaté "chambers" to which it is coﬁnected; Leakage between—the
l § . ‘chambers is a function‘of the overlap or underlap of the valfe‘pr
valves eﬁpldyed. The valve is fitted with a valve actﬁé£or which -
conveffs the input signal ffom thé controller into .2 displacement.
The incoming signal can 5e eieétrical, méchaniéa1,<pneumatic 6f
| . even hydraulic. The valve may be single-stagg or multi-stage
. acéording to the ﬁumber Sf stages of amplifications involved between -
the input‘signal to the valve and thé valve‘outppt;
' /

ra

| {b) Actuators R
- Two basic forms of actuation are used, linear motion and

rotafy. Pressure can be applied to a sliding piston, a bellows or
a diaphragm to produpe direct.linear motion or, through cranks,
rotation. ‘Alternatively, gas can be fed directly to a rotating
machine., Working pressures may be applied to both sides of the
piston of a linear actuator in which case it méy have equal or

_unegual areas on the two faces., Alternatively, pressure may be
applied tc one side only while a spring is used for the return stroke.
If large linear or rotary motions are reguired, rubbing surfaces will

1




almost certainly be involved and a compromise therefore must be
-reached between gas leakage and friction, ILubricaticn may be
- required for the actuator or the valve or both.

(¢) Sensors and Controllers

Quantities to be measured will be the primanyrvariable
(position in.a position servo; velocity in a veiocity servo etc.)
together with an&‘others required for shaping purposes in the
éontroller. Preséure,acceleration and velocityymeasurements arce
the most likely requirements for the_latter, ‘The seleqtion'éf/
sensor(s)_will‘depend upon the controller employed which in turn

is a function of the form of the valve input signal. Simplg linkage

conaections between the valve and actuator can be used to provide

- ‘mechanical Feedback., In the case of an electrically signalled'valve

there are few problems in.finding suitable sensors and sophisticated

shaping and compensation techniques can easily be incorporated in an

electronic contrecller, In an all-pneumatic system, however, pneumatic

Pl

or fiuidic sensors and amplifiers will be required, The controller
_outpul signal may be continuous (e.g. proportional) or discontinuous

(e.g. on/off or multi-zonz) or quasi-contimuous (e.g. higa frequency

7
. N ;

modulated pulses). . -

(a) Tnput Devices

The command signal can vary from an"eléctromyographic signal
or a small displacement or force in the case of an artificial 1limb
to aAoodcd radio signal for a missile system. If the system is
designed to be operated by a humen being, in an aircraft or factory
' for cxample, 2 control stick or rotating knob will probably be
preferred while in other applications a digital signal from a

computer may be available as a command signal.
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1.2,2 Low Pressure Servo Behaviour

While it is clear from the foregoing that a pneumatic servo
can take many forms, it is also true that much fundamental'fheony is
commoﬁ to all such systems. The object of the first part of this
investigatioﬁ was to establish as‘much as possible of this commoﬁ
ground for servos workiné from a low pressure supply, by testing
the validity of ;arious proposed analyses and simplifications over
a wide range of oﬁerating conditions.

- The appfoéch adopted was as~fqilows:~‘

(a) A ré@reééntativé‘électro-pneumatic position servo was designed
‘and constructed. -

(E) Models for tﬁeAexperimental servo ﬁere proposed.

(c):Thé péraméters‘of the individual syétem componéhfsAﬁere estéblished
‘experimentally. | | |

() A series of te;ﬁs was.coﬁdﬁcfed on the complete'expéfimental servé.

(e) Péréﬁéters obtained at sﬁage (¢) were fed into the models and
cqmputer simulation studiés were made,

(f) Correlation be£ween (&) and (e) wé; examined,

These procedures are d;scribed and discussed in Chépters 2-17.

As @ result of this work, the limitations of available
components'bGCame evident ard these are further discussed in
Chapter 10. |

1.2.3 The Application of Fluidics to the Control of Pneumatic Servos

Following the work outlined above, on the electro-pncumatic
position servo, some aspects of the application of flvidic devices to
prneunatically-powered servos were investigated. Certgin advantages
“could resﬁlt from the use of fluidic devices, for example their
capacity to operate under severe environmental conditions is well

known (e.g. refs. 39, 40 and 41), Also, if all the electrical



components in a servo were replaced, the need for separate electrical
power supplies and for electrical/fluidic interfaces would be avoided
and servicing and maintenance would be simplified.

There are three important requirements for an all-preumatic

systemn.
(a) A pneumaticaliy signalled valve is regquired. -

(b) Sensors with pneumatic outputs are required for the controlled

variable and for any others necessary for compensation.

(c) Computation and processing of the-error signal must be carried
‘out using pneumatic or fluidic elements.,

A number of serious problems are posed by these requirements,

some of which have been investigated in the literature discussed in’

2

section 1.1.2. In the second part of this brbject, a f;uidic
control system for a iinear motion pnéumatic servomechanigm was
developed and tested.. - . :f‘g e - -

4Khservo—vaive, whethér pﬁéumatically of eleétrica;ly signalled;
FcbnStif@tes a considerable pr&portion of the cost of a preunmatic servo.
An alternétive to the use of an amplifier with analogue outpuf signal
~‘together with a servo valve, is the use of on/off valves operated by"
pulse-widtﬁ modulated signals. The 1after arrang;ment, which could\
result in cénsiderable cost saving in a finished system, was adopted
for the éxperimentél fluidic servo.

The P.WLM; amplifier, carrier frequency oscillator, Valves_
and displacement sensor which make up the contfol system, afe
described in Chapter 8 and test results are presented and discussed

in Chapter 9. The modifications necessary to achieve satisfactory

closed loop performance, are discussed in Chapters 9 ard 10.
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CUAPTER 2 THE  BXPERIVENTAL BLECTRO-IPNEUMATIC
POSITION SERVO

2.1 onsfraln s on the Design

As explained in section 1.2.2, experimental data from a

low-pressure pneumatic serve was required so that comparisons could

be made. . with theorstical predictions and results Trom computer modsals,
The major considerations in designing a system were therefore:-

(a) It should be possible to establish parameters and characteristics

for individual coupounents of the system, leaving as {ew unknowns

as possible,
(b) The complete system should be"representative" of as many aspects

- of pneumatic servos as possible, as discussed in section 1.2.1.

(¢) The operating pressures should be of an order which cculd be

,

suoplied by typical low-pressure factorv and workshop air-lines.

(d) Construction time should be minimized by using readily available
comp ients, p ruluularly in areas where special expertise would be

required, e.g. valve design and manufascture,

(e) Computeris mulation should be 51mp11f1ed by the choice of tbe

N

mest suitable comnponents. o S
The application of these constraints to the selecticn of components

for the servo is included in the descri o Lons which follow,

L

The electro»pﬁeumatic position'servo which emerged is shown
in schematic form in fig. 2.1 and consis 1edeusent1u1]v of':- )
(1), A three-way electrically signalled spool-type servo-valve.
(ii) 4 linear actuator with neminally equal arcan cn either side
of the piston. |
An clectronic operational amplifirr.

(iv) A cerriage with adjusteble inertial load.

3
f

(v) Electrical position, velocity and pressure sensors

e

associated signal processing equipnent. : -
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Fig. 2.2 shows a photograph of the servo (the servo-

amplifier is not shown).

2.2 Description of Components

2.2.1 The Servo Valve

The requirements listed in section 2,1 dictated that the
valve should at least have continuous action, or better still be
pr0porciona1, ovef a wide range of the input signal, To simﬁlify
adjustments of such things as gain, feedback and’ signal Ur006351ng
~an electr{cally signalled valve would be prefgrred. In the'event,
only one type of servo-vaive éuitable fér use with gas was found to
be-available. fhis was actually en electro-hydraulic vaive,rthe
Eliiott type 610, manufaétured.for,use in aircra?t sysfems 6peréting
up to stO 1bf/in2. It was a single-stage proportionél three-way
spbol valée-driven By aﬁ'gleétrically»SLgnalléa torque motor, Tﬂe
manufacturers had ohiy limitad.knowledge of its use with 1ow ﬁreséure
air though they reported one {unnamed) customer in France who had used
the valve with unlubricated air., Further data supplied by the
mahufactﬁrers, and a sectiored drawing, are includgd ip Appendix L.
For the present tests, the valve was lubricated oé;asionally with
a mist lubricator and, as described in Chapter L, dither wés found
. to be necessary to bvercome considerable hyéteresis when the valve
was used for,air. A feature of the valve was its adjustable lap.

" Mounted integrally with the valve was an inductive transdﬁcer giving
a measure of valve spool pesition. A schematic diagram of the valve
is shown in fig. 2.3 aud it can be zecen in the photogreph (fig. 2.#).

2.2,2 The Lincar fActnator

A vide roenge of pneuwnatic actuators for use at pressures up
. a2 ioom ' .
to about 150 1b{/in” were available fronm commercisl sources. In all

cases, however, the friction forces at piston and rod seals were



very large, since manufacturers insisted on low leakage and
durability as priméry requirements. The use of such an actuafor in
a position servo would prevent any sprf of’ precision’being échieve&.
A further problem in the'pregent case is highlighted by requirements
(a) and (e) in section 2.1, in that the friction cﬁaracteristics of
sﬁch actuators are highly non-linear and dependént upon ;ucb ’
parameters as ége; tempefatufe and lubri;ation, which are difficult
‘to include in a theéfetical analysis. A precision servo requiréé
Alow and étable frictiqﬁ‘fdfces atithe actuator and the load, a
pfobleﬁ which:ishfurthef discusgéd‘in Chépter 4 and Appendix 3.
_Tﬁe solution which was therefore adoptea.was the use of an aétuator
‘wnich was'designedifor low friction whiie allawing a’qertain amount -
kcfﬁinter~cham§er and end leakage, whi@h’aré rélatively easily ‘
meaéured and accounted for. :: B " e o {,h | .

The:aqtuatortcaﬁ be ~seen in fig., 2.2. The’cylinder body was.
:iaéﬁinéd;frgm bfass.énd'fitted:with aluminium end plafes;' Thé
l‘éluminium piston had shalloﬁ‘ciféuﬁfe?ential‘grooves machined into
ﬁhe éurface, constitu%iné a labyrintﬂ seél; There Was'no addit;onal'
-séaling“bgt the clearénce beﬁween pistéﬁ and cylinder walls was less
~1tha£AO{OO1\in...fhe diameter §f the piston was l% iﬂ. aﬁd the
stroke 3 in., The piséon»was nominally an "equal érea" type and the
difference in actﬁal areas less thanij%. fhere was ﬁo geal afound
the piston rod as it emerged from ﬁﬁe body. The beéring bushlin the
acfuatdr at this point was nylon and the piston rod was plated steel.
Air iﬂlet channels were drilled through the end plates and a pressure
trénsducer was mounted on each end plate.

The most'efficiept way to use a three-way servo valve is to
: uée a differential area actuator, with the smaller area supplied at

i

the same pressure as the valve, The smaller area would be half the

A
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larger if symmetrical stall forces are required. 1In the preéent
case the same effect was achieved by‘throtfling the supply pressure
to the right hand chamber (fig. 2.1) to approximately half thé
valve pressure. |

2.2.3 Control and Feedback

The amplifier and feedback circuits are shown in fig. 2.5.

. e

(a) Amplifier ’
The use of an operational amplifier in this "current drive"

(23a)

mode is described by Cutland .'?Iﬁ this case the amplifier was

a standard 0perationél amplifier with an additional power oﬁtput
stage. The static gain of this arrangement was qheckg@ experimeﬂtally
and the valve current was found to vary'linearly'with the input
‘}oltagé.‘ The aﬁplifier gain and other constants aré iisted in

‘Appendix 2,

o

(b) Feedback Potentiometer and Velocity Transducer

fﬁé feédback potentioﬁeter was &ire—wound with a resistance
of 1000 chms and having 300 fu;na/inch, mapufactured by
_ Penny &-Gileé Lté. The sfroke was 6 in. and the d.c.‘poﬁer supply,
variable. The device also housed.a moving magnet yelocity cransducer,

e

(¢) Pressure Feedback

A strain gauge pressure transducer féeding‘a Mullard designed
amplifief (%2) produced a voltage signal pfopdrtional to pressure,

" over the range 0 - 100-1bf/in?g,.A 15 pF capacitor could 5éAinserted
in the feedback path to the operational ahplifier to give transient
pressure feedback if required. The amount of pressure feedback was
controlled by'the variable reéistor which had an arbitrary O - 10
scale. This particular arrangement had the side-effect that the
time constant of'theehigh—pass filter varied as the pressure

feedback gain changed.‘ Details of calibration are included in

Appendix 2.



2.2.4 The Load Carriage

Fig.2.2 éhows the arrangement by which the jac;k could be;
loaded with a mass- of between about 8 1b. and 93 1b. The carriage
ran on recirculating ball bearings and hérdeqed stéel(fods,.thus
minimising friction. )

2.2, 5 Pneumatlc Supply Arrangements ‘ ( "A .

A compressor working at 150 lbﬁ/ln%;SUPPlIEd air through a -
5 microp filter to two separate, identical circuits. These 01rcu1ts
each consisted of a p?essure reéulétog ana a reservoi; of 1200 inj
capacity. ' Thus independent‘supplies were availéblg for the control
valve (usdaliy 100 1bf/in2g) and for the right-hand jack chaﬁbg£
V(usually 50 lbf/inzg),"The‘reservoifs can be éeen in fig;.2.2;l

2,2,6. £dditiondl Instrucentation

. A second straiﬁ_gauge pressure transduéer was used ‘éo mc;nitor‘ 4
_pressure variation in the right-hand chamber, f‘or some testé;
;ecaréings were made using a Honeywell ﬁultifchannei ultra-violet

" recorder. A variety of galvono‘meters“wére used according. to . L
individual requirements, having flat frequency cﬁaracteri;tics'over

. the range O - 60 Hz or better.
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CHAPTER 3 PHEUNATIC POSITION SERVO ANALYSIS

3.1 Derivation of Equations of Motion for the Experimental

Electro~-preumatic Servo
- A theoretical treatment of the behaviour of a system using

a four-way valve and equalnareé actuator was first advanced by

(b, 43)

and has been used by subsequent authors, as indicated

(20)

- Shearer
. below. Of particular relevance to the present work is Brann's
extensiop of Shearer's analysis to describe a system consistlng of
a mechanically signalled three-way vg}&e and a differential area
éctuator." |

The analysis presented below.modifies these treatments to
cover the author's experimental system and also inéludes the more
- general assumptions of>polytr0picxexpansion and compression in the
actuator’chamber and imferfect piston sealing;

The symbols used are listed in anes S1:7 aﬁd many are also

indicated in fig. 3.1.

3.1.1‘Charging and Discharging‘of fhe Actuator Chamber
| Iﬁ general the méss of gas eﬁclosed‘in the &oﬁtrolled chanmber,
chamber 2 (i. e. the left-hand chamber in flg. 3.1), is nct constant,
‘51nce gas enters or leaves the chamber through the valve and ther°
may be leakage across the piston.

Assuming the air in chamber 2 to behave as an ideal gas, the
.equation of state (ha),‘providiné that temperature and pressure are
‘constant throughout the volume, is- |

PV :
M2 = 22 . 3.1

o RT2

where M2 is the instantaneous mass of gas enclosed and includes the
contents of the supply pipe and the pressure transducer.
At this point; either:

(a) a mass balance is performed for a control volume, a constant
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temperature process is assumed and u set of linear cquations is
derived for this (assumed) isothermal process(h) or,

(b) an energy balance is performed. end the assumption made that the
control volume is perfectly insulated, yielding linear equations

(&, 6, 10, 20, 23, 25, 4k4) or

for an adiabatic process s
(c) more generally:
If the pressure and specific volume are assumed tc be related by

(2i0)

a polytropic gas constant n where n is a number between

. RV . .
1 (constant temperature) and IS {(constant entropy)
B - SR B CoL . Ty
P2V2 = U ‘ o Ny o o 3.2

where v, = " and C is constant.

,12

Substituting eqn. 3.1 in eén. 3,2
1-n_n_ n . SR
p, R, = ¢ - o33

and differentiating eqn. 3.3 with respect to time (1)

R ey B e VA r B

: at | at \
fee. - 1 T o 2ty 1 Py R Y
T, n) B E S \

S
b

Now, differentiating eqn. 3.1 w.r.t. timc (t) gives

e S R

1
M, dt . PZ t

m
aw, _ 4 4
dt £, dt

2 ' 3.5
2 2 ’ )

<j{—

Substituting eqn. 3.4 in eqn. 3.5 to eliminate"f2

)

3 WMy o W g B 6
M.odt Vb at n P. dt

2 2 2
Now if gas enters chamber 2 from the valve and leaks out past the

piston

2= m, - m 4 3.7

N
g"?



. . .
also . de =, E.{S ‘ 3.8
dt 2 dt
and 625&-:'3@ | -y
v, RT2

So that from eqns. 3.6, 3.7, 3.8 and 3.9

For the case of laminar piston leakage
m, = L (P, =_P) . o 311
and eqn. 3.10 becomes

(_) [ V2 sz . 7 . .
T wp, & L(eymP) 1 3.2

" 3,1.2 Actuator Load

If the load on the system consists of nass (m ) a variable

load force (F ) and variable frlCthH forces totalllng F - the.

FS
equatlon of motion for the IOad is
e L
'A2P2 - A1P1 = erg:‘é +‘ AFL 4 FF - 3.13

s
(/

For the case when the load con31sts only of mass and viscous friction,

- and if A = A, = A

1 | _
2 -
AP, -P,) = m d X; . o X;, ‘ T 3.5
2 1 L —_— .
2 dt :

dat

"3.1.3 Control Valve

For the three-way valve shown in fig, 3.1 the rate of gas
flow is a function both of the valve input current and of the

pressure difference across the valve metering crifice.

i.e. m, = fn[:t, (P, - Pe)] for I <0 ;
' - ' \
m, = fnLI, (P, - pZ)J for I >0 5 3.16
)
m, = 0 for T = 0 )

(Tne nature of this functional relationship is discussed in section 4.3.6.)



It will be assumed that the dynamic response of the valve is fast
compared to that of the remainder of the system.

3.1.4 Amplifier and Feedback

.For a prdportional amplifier working in the current drive
mode w1th .simple pOSltlon feedback

I = KE (¥ - Y) o 3,17

If velocity and pressure feedback are added
. a Y
I = (\K - ¥ ) - Kpr 0

at

- X

2 = & 1 3.18

K

If 4 high-pass filter is incorporated in the pressure feedback ‘path,
to improve steady state performance in the presence of load forces,

and using D = %% ,

T KK (X X)—K (T 32-&;>‘>5/0 3.19

1 +‘T’D
and if a dither signal is also. included

| i‘z I+ ID sinWt

. .
= KK (8. -b’ -x, ¢ X+I inwt -
AP( ) Pr(T:B‘E'B " P S :
3.20
3.1.5 Complete System Equations e

;

The equations which descrlbe the most general system are
5.10, 3.13, 3.16 and 3.20. However, as a result of the tests on
individual system components described in Chapter 4, it is shown
that the simplifying assumptions of*edns. 3011 and 3,15 are
justified for the particular system under‘investigaﬁion.

Thus the equations of motion fof the experimental system
are 3.12, 3.15, 3.16 and 3.20, and further simplification is
possible. - -

If P1~is constant and egn. 3.15 is differentiated

(=N

e



’L.;
o

. 3 -
4Py, mp d b b, deo- 3,21
dt A dtj ~~A

Substituting eqns. 3.15 and 3.21 in egn. 3.12

' 3 2 _
W P Ad¥ . Vm Q Xo , Vb b’g,
2 T '2|7a

nP2A dt3 nP2A dt2
. 1m a%Y aY ’ | o
+° L o+ Lb o) 3.22
— - v ] . !
, A dt2 A dt _J

This equation can be further simplified if variables PZ’ V2 and

. o C s
P2 are repl\vaced. by average values \ oa? V2a and. P2a. ‘(It is valid
to ighore changes in air temperature in this way, although rate of
change of temperatﬁre is significant (L'"b)‘.)
B N 3 ' ' > 2
o = () Y_ZamL d ZS/o + VZab +. E’_Iili) d 2’/o_
o =\ 2al- nP-
2 - 2a nPZaA dt3 nPZaA - A dtz
+ (A3 “&T;'J e

Eqns. 3.;1'5, 3.16, 3.20 and 3.23 are used for the Full Simulation,

described in Chapter 6.

2,1.6 Equations for the Loaded Actuator Alone

) If the supply pipe to chamber 2 is sealed .
_ . » . ,,-»/~ . ,‘ - S . . z
Substituting egqn. 3.20 in egn. 3.19 and integrating, with zero

initial conditions o . : .
P VZamLil__:b/_g + V2ab , Iy dxo+(A+l'-E)Xo =0 '

)
2a nPZaA dt2 anaA A dt
‘ 3.25
This second order equation can be written in the standard form
a? ¥ aY 2y
o+ 2 G W o+ W~ ¥ = o0 . 3.26
ez PR Tgy ™ ° :
dt
2 nP .
2a 2
W = ( 3 7
vhere hp C Vom (A + Lb) ‘ 3.2



5 | L ’nP . m,

and ¢ = A 7 ZAZd VL 3.28

1 N R fnp l 2a :
Now if A 3> Lb '

2
2 nP. A .
Y] O = - 2a .
©np 7 3.29
ZamL .
and T _ " b . Xég o+ L JnPZa s } 5 30
. P 2 [Py o, 2h Voa

These eq'uations describe the free vibration of the Loaded Actuator,
‘ iﬁvestigated in Chapter 4. o |

Under 's;teadj state conditions, with ‘no load force and —a
gons;.:ant pressure maintained in chamber 1, t};e 16&(1 will‘ei'ther”
reﬁain stationary or'drift‘froﬁ left tb(right “r'viding thnt ~the
nature of the frlctlon is not a funect tion of‘ rus‘ton posﬂuan the
‘plston will achlcve a constant drlft ve1001 ty ( ?)/

At constant ve1001ty, the forces acting on the.piston’
: (shown 1r~1. flg. 3,2) can be equated |
| 2A —PA -Pat(Az—, Aj) = F
or - o Pngz - Pty =‘FF | 3.31

where g indicates gauge pressure,

The flow equation (egn. 3 12) becomes

0= P [2 dt +L(P2 - 1?1)-| , 3.32
Cor : A, ¥ o ° | v
: P, - P, = -—(—1-%—— = AP . : 3,33
4 L

Substituting (P1 - P2) = (P1g - P2g) =AP

and Ay = A, = A4,

egn. 3.31 becomes
‘(P1g ~ AP)4, - P1g(A2 - Ay = Fp

i.. P, AA-AAP = F . 3.34
. & 2 . : «
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Equations 3.33 and 3.34 are used to determine the total friction
force,in section Lhot.6,

3.1;7 Linearized Valve Characteristics

A éommon approach used to deal wi%h non—linear‘functionS'
of one or more variables is to linearize the equations for small
pérturbations of the variables about Fixed vaiues, This approach,
has been used‘fo? linearization bf pneumatic\valve characferisticsv
(4, 10, 20, 23, 25) and will be adopted here,

Egns. 3.16 become

Using a "bar" to indicate small changes of variables from

" an operating point and using constant values 4 anc ~Cy for the

:~gradients of the valve characteristics at that operating point)

Y ' - .7
m, = c1‘1 ¢,Py ’ 335

(The negative sign indicates that an increase in chamber pressure PZ
always results in a reduction of flow to the chamber.) Further
discussion of the relevance of this form of linearization to this

situation is included in Chapter 6.

3.1.8 Complete Linearized System Equations

A set of linear equations can now be manipulated to vield a

transfer operator. The equations which will be used are:-

o

3;15 Load dynamics
3,18 | Amplifier and feedback
5,23 Actuator

3.35 Valve

Substituting eqn. 3.18 in equn. 3.35

—

- chf)zo - 02P2 3,36

my = _KAKpC‘a (5/1 - Ko) - X0



For small perturbations, with P1 ccnstan?, eén, 3.15 becomes
2y

L AP, = mD7DB 4 bD ?So ' 3.37

Substituting eqn. 3.37 in egn. 3.36

—— — m —
= Yo%y -k L2¥ —0
my = Koo, (h = 80) - K e D7 0 - Ko g
- c. . ~ ‘¢b =
2 2% .. 2..%
- KVc1 D 50 X mLD ho ey D 5 3,38

" Rewriting in terms of constants d', j' etc. (defined in table 3.1)

_ 2V - SV v
m, = d"(Xi Xo) i'D XO k'D?SO l‘D?‘)fg g'D° 8 ulel'D\Go

3.39

The coefficients in egn. 3.23 can also be replaced by constants
a' b' etc. and the 'bar' notation used:
m

2

= a,'D3 50 + (b' + e')D2 60 + (¢t + £')D Eo ) | 3.40

Equations 3.39 and 3.40 yield a transfer operator

0 = T ' o4t

_ .
a'D” + (b €' + g+ 3'P° 4+ (¢! + £1 4+ ht 4 k' 4 10)D 4

<i| X |

| ol

5.41

‘This transfer operator is used for the Simple Simulation described in
Chapter 6. In this form the transfer function’i§/§aluab1e, enabling tie
importance of individual system parameters uponielose@ loop behaviour to
be examined. |

j[It is interestiﬁg to note tﬁe similarity between the behaviour
of a preumatic valve and that of an armature controlled d.c. motor. In
the latter case, the output torque is controlled by the armature current
but suffers considerable 'droop' as speed increases, in the same way as
the valve flow 'dr00ps”with pressure, If smgll perturbation
iinearization is applied to the motor, it can be shown that the viscous
damping term in the transfer operator is increased by this 'droop' in

the same way as the term g' is introduced into equation 3,41{]

AN



Dot
o I.:l

Simplifying further

. D!
5 4 B'D% 4+ 0D 4 Dt

oqio<g
N 1)
i

3.42
A'D ‘

where the coefficients A', B', C' and D' are defined in table 3.1.
Also the open loop transfer operator
o) - D! ) : 8 z )

ST = : 543
8i "%  ap? 4+ BD% 4D

In subsequent sections eqns. 3.42 and 3,43 are used in standard '

form
- .2
o . ™ _— L an
¥ @ +“CCD)(D2 + 2§09m D + "Jznc) ' ~
X, S w?, S
N 8 - % ’KOD(D? + 25 W +w2m) | S
where { = Q% | ) ‘
. Lo f }
Womo b g 3.6
[ %ﬁ;jg—’- ;;

Egns. 3.45 and 3.46 offer clonvsidclerable i:i;ight intc the
effectiveness of the simple computer simulation; when the oven-loop
Bode diagrams for the servo and the computer are compared. This is
discussed—in sections 6.32 and 7.22, .

3.1.9 Coulomb Friction and Load Forces

Whereas, in the foregoing analysis, friction was considered
to be viscous only and no load forces were allowed, Coulomb friction

and load forces can be included)so that eqn. 3.15 becomes
2 X
d b/o b3y (sgn a S )

o .
L7 5.2 +gp t v F, at .07

Now, however, a transfer operator as in egn. 3.42 cannot be written,

A(P

2-—P1) =nm



al = XZ_&_ "mass"
T, A
2a
b o _ead :
- nRTZaA "viscous damping"
P2'A
a .
' = ®p "stiffness" (depends on pressure)
28,
! — : LY’ ‘v n
d = KAKp°1 gain
e' = EgngL ) "leakage" (viscous)
RTZaA ‘ '
pr = Fopld "leakage" (extra)
RTZaA
gt = - %" valve" (viscous)
r -
nt = %P “myalve" (extra)
o A - .
jv = flfgzéL "pressure fecdback” (viscous)
A B
k' o= CKorP - npressure feedback" (extra)
A . N
1t = KyCy "velocity feedback" -
Al = al
B'* = Db'+e'"+ g+ ]
¢t = c¢' +f' +h' +k'+ 1
D' .= ar -

Table 3.1

Coefficients in egns. 3.41 and 3,42

[Sa

e



[l
&

The corresponding equation is

ay
)(F + T (sgn =)
JOL 7 Tetdt )

3.48

3 2 . 5 X (02 v ¢
t ' _ t ' = i o Semeem
(A'YD” + B'D 4c.a+9)50 Dt O, (i +1<.pr

-—
~”

i

o

This equation indicates that even in a system with zero valve lap and
no piston-leakage and in the absence of pressure feedback, a steady-
load force causes a steady state position error (due to the term

_ﬁgfg on the rigHt hand side). This highlights one of the shortcomings
3 ] . :

of the small perturbation linearization of the valve characteristics,in
that the static stiffness of such an "ideal" valve system is actually

infinite (for load forces less than the stall force).

3,1,10 Transient Pressure Feedback

;The transfer operators shown in eqns. 3.41 and 5.424include
the effect of-simple pressura feedfack and not transient pressure
feedback, which however‘was oriéinally-inélp&ed~in eqn 3,19, IT

"transient pressure feedback is included in the linearized equations,

eqn.)3.36 becomes

- ‘—"‘ - . D - —_ _
_— ¥ Y . T, v
my = KyKpog (0 = %) ~ Kl 33 TP )Py = EyoqD So - oy

and eqgn. 3.39 becomes :

" -11% -g0°% -hD¥ 5,50
. 0 0 o} . .

and the transfer operator (egn. 3.41) is changed to fourth order

— ' )
—é—ﬂ } D1 + ’LpD)
¥ i T
* EA"L;D!’L + [_A' »F'IS'“(Z'};JD5 + L(b' re' +g') + C'Z’p} p? +IL_c' + ' + h!

' e ) )
+ 1) +'K£D.] D+0D )

3.51
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3.2 Derivation of Equations for a Four-way Valve/Balanced Actuator System

The linearizing approzch which produced the transfer operator,
egn. 3.41, for a system comprising -a three-waey valve and differential
aétuat&r will now Dbe extended to derive transier operators for a
f&ur—way valve/balanced actuator system, operating at any point along
its stroke. This will enable comparisoﬁs to be made between the two
types of §ystem and will indicate the extent toawhich the resulis
iﬁcluded in this thesis cén’be used to predict the behaviour of a
four—way‘valve-system. T

Fig. 3.3 shows the valve and actuator of the system under
consideration. .

3,2.1 Piston Off-centre - Complete Fguaticns

For the actuator

)

The equations corresponding to egn. 3.12 are

roaY . v, ap, . ;
L : o . 2 2 : _
m, = ez’fz & * Tnp, At + L(P, = P;)| and
\ : 3,52
a¥ v, ap
o) 1 1 . - Y
m = 91 [“A1 & * @, @t L(p, - *”2)] 3

Replacing varigbles 6)1 V1 ete. by fixed average values () .V, ete.

/

and assuming that <)1a = E) : t’a = P, and A1 :/A = A

2a' 2 “la 2
‘ &% v.. ap. vV, ap ST
_B o - 2a. 2 1z, 1 '
my Ty “?23. IZA G e T we, aw t AP TPy
- 2a 2a .
3.53
| =z Vv = 3 A - = )
Now let V, + V, = 2V and V, Jﬁ(1 x) and Via Vh(1 + X)
Egn. 3.53 becomes, for small perturbations
_ P 2Ad?ﬁo V. - - ooy - = - - .!
m. -nm = e SO . -
(my -m) =Tl —a5 * - @~ Py) -5 gz (Bp + By) + 2L(P, - By
2a 2a . . |
554
o v (1 %) ap, v (1+x) dF,
and (0, + m,) :%j l o T A : 3.55
' 2 2a} np dt npP at



For the actuator losad

Egn. 3.15 for small perturbations is

- - a? xo a ‘50 .
APy = By) = omp et e o 356
For the valve
m, = ¢, i-c¢,P, ) : :
B o ; } 3.57
m = -C¢; i- 02 P.1 ) . .
3o
‘m, -m, = 2, i-c¢c, (P2 - P1) . 3.58
and , L o
w4 m, = -C, (P1 + P2) | o . -~ 3,59

For the amplifier

Egn. 3.18 for small pérturbations is
1 - ¥ - %¥)-%k. (P -D)- B
* KAKp ( i \)o) Kpr (PZ : P1) . I{V\6 S 3“60

From eqns..--‘5.59 and 3V.55

= =, \og a =
~ —-02(}?1 + P2) = s P

#"

ana m.dt 17
And usin D =4 4 ' ' .
A T’ o o
e..v. e o
22’ n uy 24
! = (P - D.
(02 + P D)(P2 + P1) P va D\‘2 1) o 3062
2a 2a .
- - xvCr;‘D - __
Py + ) = 7 TD (P, - Py) 3.63
m .
C,v v
2a m m
where ’2,’ = S T e
m nP2a 02 n'thzacz
Egqns. 3.54, 3.56 and 3.(33 give ‘ ]
6oz, Pa [0 ATt [rm v - AT
m - m = - 4 +
2~ ™ T+ 7D P, A np, A nP, A
" A
+ EML"E"'m‘ } D3 + (bvm + 2LmL + 24 G 3+ ZLD:—m D2
A 11}132&_1\_ A oo A

[ IR l

+{ 24 + _2.:.[119‘( D-‘\é 3.6k

. i c :
L— 4% J -

-

o g



And writing this equation in terms of the coefficients c¢' d' etc., used

for the three-way valve/differential actuator system and introducing

V. m : V b

- m L ’ m
al = e and B! = et
nRTZaA . nRTZaA

(i.e. similar to a' and b' but with Vv replacing Vza)

e 2y 4 b 2 - |3
m, -m, = T—:~3E;5 [ a"(1 - x%) Q;P + {é" + b"(1 - x )TKm + 2e{7:m} D

" {2c"?fm £ D" 4 2e' 4 20 tm} p2 {20' + 2f"} DJ Xo

—

e 3.65

Also, from egns., 3.60 and 3,58

e (X %y Lk (5.3 ¥ .
2¢, AAKP( i o) 201Kpi‘(P2 P1) 2¢, KD 0 02(P2 P,

m, -m,
.3.66‘

- =Y 2% e

m, - m, = 2ar (¥, - 7%) - (8" + 2§") D‘Z% ~ (' 4 2ki 4+ 210) DKO.B.(:?

From egns, 3.55 and 3.67 _: _'» - — ‘ I

v T
Loo2dat(1 o+ 2)

ol X1

l) - gt
éa??f (1 - x“)D4'4~{aﬁ + Wf‘{§"(1 - x2) + 2e' + g' o+ 2jﬂ’fD3
m m .

1 |'. s " 1 L t 2
+{b" v2et v gl e 2it ¢ T (20 + 20" 4 h' 4 2k 4 21j}1>-

+ {20' + 200 4+ h' 4 2k' 4 21' 4 2’l’mc1" D+ 24! g 3.68

L

. This transfer éperator can be compared directly with eqﬁ. 3041
and it can be seen that the general transfer operator for the four-way
valve system is of fourth order wnile a third order transfer operator
— deééribes the three-way valve §ystem.r‘

A fﬁurth order transfer operator for this system was first

(23b) (

' 45) .
proposed by Cutland / and Burrows ¥) later included stabilizing

feedback while omitting all load friction. Eqn. 3.68 includes all these
effects and in addition enables the importance of inter-chamber leakage

‘ (46)

to be assessed. Martin successfully used a fourth order transfer

operator to describe small perturbations of a hydraulic servo with
p P

}a‘



b ]

£
cﬁ‘»_;

unsymmetrical oil volume conditions.,

Eqn. 3.68 is greatly simplified if the piston is restricted
to small movements about the mid-position and this will be considered
in section 3.2.3.

3,2.2 Equations for the Loaded Actuator Alone (piston off-centre)

In section 3.1.6 eqn. 3.25 was derived to describe the
behaviour of the‘loaded actuator with chamber 2 sealed and constant -
pressure on chamber 1 (fig. 3.1). If both supply pipes to tne

actuator are sealed, in the present case (fig. 3.3)

=R

= Ej = 0

and from edn. 3.55

P, + P = X(P2 - P1) ' 3.69

Substituting eqn. 3.69 in eqn. 3.54
0 m 24 d = - ny -
0= €2a 2A — + o (1 - X ) 7% (B, - P1<) + 2f,‘(1>2_- P,‘)}

v

570
giving

gozo

. 3.71

i1 = 02 Cont = i) 4 5o ) v (oot 4 20
[? (1 - x‘)D + (b (1 - x%) + ?eA)D)+ (&c + 2f !

which can be compared with egn. 3,25, which for smalil perturhations is
|2 1 ' [ 1 %-_ ’ . ;
a' D% 4+ (b + e') D+ (c' + ") 0 =0 3.72

These equations describe the behaviour of the actuators
following any disturbance from their equilibrium positions.

3.2.3 Piston in Mid Position = Complete Equations

In this special case V1a = V2a = Vﬁ and x = 0, and eqn, 3.65

becomes

2 ™M

=8

= (:a'D3 + (b' + 2e") 2% 4 (2¢' + 2£7) D:‘ Ko 3.73
and the closed loop transfer operator, eqn. 3.68, becomes

24°

13 1 1 ' ) 2./ 1 o P t 21 1\p >4
a'D” + (b' + 2e' + g' + 25')0D° + {(2¢" + 20" + h' + 2k' + 21')D+ 24

cﬂlCK\
= o
!

.74
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This is again third order and direct comparison with the transfer
1%
Z A

cperator for the experimental system (egn. 3.41) is possible.

3. 2.4 Loaded Actuator Alone, (Piston in Mid—Position)

In this case eqn., 3.71 becomes

o

[;'DQ + (b' + 2¢')D + (2¢' + Zf'ﬂ E; = 0 4 3.75

LS.

The transfer operators derived in sections 3.1.6, 3.1.8 and .
3.2.1 to 3.2.4 are shewn in block disgram form in figs. 3.4 and 3.5
to assist the comparisons which follcw,

3.3 Discussion of Proposed Eoquations

. 3,%.,1 Prediction of Behaviour of the Experimentel System

The linear equations developed in. section 3.1 can be‘used to
study the effgc% of various parameteré upon the dynémic benaviour of
the three-way valvg/differen{ial'actuator system. At this point,
observations are basad solelf upon the theoretically derived equatiqns. S
In Chaptérs 5 and 7 the expeziﬁental results éré disqussed and
co-related with these observations,

Applying‘the Routh-Hurwitz Criterion to egn. 3.42

S/
/

B! Gt > At D y . 3,76
for'closéd loop stability, i.e.

(b' +e' +8" + j')iz . £ +\h"+ k' + 1*):>-afd'“ 3.77

(a) Load mass variation
The terms &', e', g' and j' all increase linearly with load

mass (m It is therefore evident that mass increase is destabilizing,

1)
This effect will be minimized if the terms e', g' and j' dominate the

-first bracket of eqn. 3.77, i.2. particularly in the presence of

.large emounts of pressure feedback snd piston leakage.
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‘(a) Three-way valve/differential actuator system . = . (b) Four-way val:ve/balanc‘ed actuator system. Piston in mid-
) stroke

Loaded actuator alone (egn. 3,23 linearized to the , Lodded actuator alone (egn. 3.73)
form of eqn. 3.72)

: : ' B :
—~ at _ -~ =
fmz 6 K f(mz m1) at _
. o | | X,
i 2 ’ - ' 0% 4 (b'+2e')D + (207428 -
a' D7 4+ (b'+e') D + (c'+f') S & T AbTree + (207428
Open loop (valve and actuator) \ ‘ . Open loop
il , T X oz b . B~
s N 1 , : \° ¢~ Oof 23" |. 1 °
F— . SE oy S5.-Y z ] =
- . d ; - 7 D 712D 4(b'+2e+g'+23 " )D+(2¢" +2F +h ' 42k >
a'D” 4 (bleet4g'+3')D + (c'+P'shtek'410) : £211) o
Closed loop (egn. 3,41) ‘ K " Closed lcop (ean. 3.74)
Yo . a o . ¥l : .
ek — —t— S o = 3
) a’D3 +(b'+e’+g'+j')D2 +(C'+f'+h'+k'+1'\-D . ar- { a'd +(bi+23'+g'+23')D +(20'+2f'+ht+2k'+21')D +23.1

Fig. 3.4 Block Diagrams for systems- (a) with differential actuator and (b) with balanced actuator at mid-stroke

en
Y



. S . . ‘ \ b) Four-way valve/balanced a P3 Pf—
(a:) Tour-wey valve/palanced actuajor system. Pisten in mid- - (b) Fo —way val o/belanced actuator system. Piston off

stroks o ' . centre
foaded actustor clone (eqm. 3.75) “i -Loaded actuator alone (egn. 3.71)
;'.‘ R N
RN
J g mm) o — EoR S LG A X,
-3 D) >'""" oo - " 2yn 2 ( u 2 :) ' 1 4
’ at D% 4 (b'a2e)D 4 (2074207) o AT eIk 2etyD 4 (200421)
Open locp ' - o o - Qpen loop
e S ' . (1 4%D) ,
= — [ . § i - —_ A " ) 2\ p) ( 1) ?:‘ @
}“__}gp at 4 . i o ? ( KL— ) ' a" v (1~x D7 o+ ( + [p (1—x J+2e'+g +23;
A £ ( ) R . o
RS By N — e iy B 7
S a'D® +(b'+2et+g'+23' )D+(2c ' +2F  +h 4D ') 1 > > (b"+20 gt 423" T {_2c +of' +h'+21r'+21'J D
- . I)l' g
_ i A Ezc +’>"'+h‘+2k‘+21'§
Ciosed loop (eqn. 3.74) -
§;' - 7 . "a' «s | Closed ioog (eqn. 3.68) °
L 23t 1 Zo
] . - >

a’Dj+(b'+2e'+g‘+2j')D2+(20'+2f'+ﬁ‘¢2k’+21’)D w2dt f

£
z
E
: | o
i
i
g

; I J Dl e : S 24 (4 '+7me) ___
‘ R L A - ?ga ’ an T (1—x2)DZ+-};(a"'+TC.' ED"(1—X2)*28'+ l+2'l] )D3 Xo
) o R n ( m ‘ &<l )

Fig. 3.5 Block Diagrams for systems using a balanced actuator
(a) at mid-stroke and (b) off~centre

+gb"+2e' +g'+2]" +’fm[2c>‘+,2f' +h'+2k? +21l_7 %Dz

(

+(2c'42f'+h'+2k'+21'+2 ’L’md' gD +231

g5
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(b) Piston position variation

The volume of the controlled chamberK(Vz) appears in
terms a' and b' in eqn. 3.77.. Thus oscillations of the piston about

positions for which V, is large (i.e. piston well tc the right in

2
fig. 2.1) will be less stable than for smaller volumes. This effect
will be most noticeable in the presence of lérge amounts of pressure

feedback and lezkage (when b' is least significant in the term B'

in egn. 3.76). .

(¢) Piston leakage . —
. The effect of increésed'pistontleakage is to increase the
terms e' and f' and is theref'ore stabilizing under all circumstances.

(d) stabilizing feedback

If the velocity feedback term 1' in eqn; 3.77 is increased,
| for an unstable system, the efféct will be to stabilize thgt éysteb.
'The same can be éaid for préssu?e feedback, which increases the

' “terms j':and k'. | . |

It-ishalso clear that‘thé effect of’pressure feedﬁaék is

dependent upon the load mass, since

)
/
//

R 5
N - A
Therefore for a system with fixed fréssure feedﬁack and variable load
mass, the term j' will increase with the mass. This has the desirable
effect that transient response will tend to be the same‘forAall loads,
vés a";ﬁd j' in eqn, 3.77 counteract each other (this is anqther way
of expressing the point made in (a) above).
The use of the Routh-Hurwitz Criterion gives only a coarse
stability check and does not reveal, for example, whether a
particular parameter change introduces é long lag into the closed loop
transient response, as a side effect of improving the stability. Root

loci are used to illustrate this point in sectiorn 3,4.4.



(e) Open loop gain
Increases in the gain paramcters KA and Kb increase the
term D' which from eqn. 3.76 has a_dgstabilizing elfect.

(£) Steadv load forces

The stability of fhe system in the presence of a steady.load
forcé can be predicted as‘follows. If the load force is in the
Qirection shown in fig. 3.1 (from right to 1eft),‘the pressure (P2)
in the controlled chamber rises, The coefficients in eqn. 3,77 are
affected because D — :.hh

>‘(i): Poy is increasé&,~ana'

(ii) new valve coefficients, ¢, and c,. apply.

1
The efféct of (i).is toAincréase ¢', e' and f' in eqn. 3.77

whiie ali other cogfficients remain conétant, ;nd therefore towimprove

;eftability, | h -

- The effect of (ii) is more difficult to ﬁredict from the

" lirearised equations, If the éuiescent pressure in chambef 2 ié

. increased, fhe élope (01) of the valve charaéteristic (e.s. figs.lu.lz

’and-4.13) at this‘préssure is decreased for flow from the supply and

increased for exhaust flow. This suggests unsymmgtribal behaviour of

tiie system. The resﬁonse to ;eft fo right commaﬂd signals will now

be more sluggish while for right to left commands faster response can

—

" be expecfed. ¢, is also changed (e.,g. increased for exhaust flow)

2
though this probably has a relatively small effect on stability.

The converse arguments apply for load forces in the opposite
direction to that considered above,'i.e. those which result in
.reduced pressures in chamber 2. These predictions are summarized in
~table 3.2 and show clear effects for lef't to right command signals

but effects tending to counter each other for command signals in the

opposite direction.

™
Iy



Table 3.2 Effects of Steady Load Forces on Stabilify .

(see section 3.3.1(f)).

Left to right commands

(flow from supply)

Right to left commands -

- (flow to exhaust)

Steady load
force from right
to left in

fig. 3.1

. effect (i)

i.e P increase
2a

stabilizes

stabilizes

effect (ii) i.e.

c, and 62 change

more sluggish response

faster response

/

Steady load
ferce from lefd
. to right in

fig. 3.1

effect (i)

i.e. P, decrease
2e )

-

destabilizes .

" destabilizes

effect (ii) i-e.

2, and 25 change
H

faster response

more sluggish respense




(g) Supply pressure

The quantities affected by a decrease in the valve supply
pressure (Ps)/and a corresponding decrease in the constant pressure
in chamber 9. 'aré Péa’ §)2a’ c1 and ¢, which are all reduced
prbportionately.‘ As é'result, all the terms in egn. 3,77 except
a’/and‘bf'are decreased and therefore the Routh-Hurwitz Criterion

. predicts a worsening of stability with supply pressure reduction.

(h) Loaded actuator alone
‘ The‘inherent,damping associated with the loaded actuator
‘@lone is indicated by = - H;,‘ RO

S bt 4 ot

é = 2\[(c‘ + ') a

.a1d it is evident that damping is reduced if

.. (1) load mass is increased or
(ii) the equilibrium position of the piston is moved to the left

(fig. 3.1) (i.e. V, is decreased)

2
’(iii) tbe'cénstant pressure in chamber 1 is increased. .
If this observation about piston poéition is éompafed tb'(b):
above, it is interesting to note that a change of piston positionu
. - which damﬁs the open loop system‘tends to(destabilizé the closed

loop system. On the other hand, mass increase reduces the damping

of' both the open and the closed loops.

3.3.2 Comparison of Differential -Actuator and Belanced Actuator Systems

(a) Validity of results from the experimental system

As explained in Chapter 2, the availability of components

dictated the use of a nominelly equal-area actuator for the experimental

system, so that in this case a constant pressure approximately equal to
half supply pressure was necessary on one side of the piston. This is
not, hcwever, the best arrangement since it does not permit re-use of

the air from the small area side of the piston in the way that a



&
]

"differential-area actuator dces. The following comments therefore
relate to the latter system.

It has been argued (20) that the use of a three-way valve-
and'a differential area actuator allows more economical use of the
working fluid than docs a four-way vaive and balanced actuator.

Lord (16) has ppinted out that this is only so when the qgiescent
controlled pressure in thé former system is permanently less than
half the supply préssure, as is—the case when there is a steady load
force on the systém.. However; to rEélizeAthis écpnomy a reservoir
at supply pressure is required. Ior general purpose-use, where 1oad
forces in either direotion are enccuntered, there is no difference
in tﬁé effioiehc& of.the two systeus prqvidéd sﬁch a feser;oir is

‘ vévailable. If no reservoir is available the fhreé—way valve system
is‘actually less efficient, due to the ﬁiﬁe it épends operating with
the quiescentAoontrolléd pfgssgre greater than ﬁalf-the supply

pressure.

An adventage thch the use of a differential area actuator
offers is fhe simplicity of the associated thfee—way'valve, but
again§t this is'the reducedﬂétéll force availablgtcombarea with a
balanced actuator of the samé dimensions. HoweG;r; the foregoing
linéarized analysic suggcsté,that all aspects of the. behaviour of
a four-way valve system are modelled by a three-way valve system,
eicept one, The exception is that operation of tge former éystem,.
away from piston midwstrokéicannot be simulated. Increasiﬂg the
controlled volume (V2) in the threé~way'va1ve systeﬁ islequivaleﬁt‘
to increasing the total volume (ZVﬁ) in %he four-way valve case,
while maiptaining the symmetry of the piston position.

(b) Four-way valve/balanced actustor in mid-position

Comparing the behaviour of the three-way wvalve system with



that of the four-way valve system about its mid position, the closed
loop block diagrams, fig. 3.4(a) and (b) (lower pictures) show that
the relative importance of certain terms is increased when a

fouf-way valve is employed, i.e. whereas load daﬁping and the valve
'damping' terms (b' g' and h') are unchanged, ﬁhe leakage terms

(e and £'), the pressure feedback terms (j' and k;) and the
velocity“feedback terms are douﬁled; Thus in a‘simple system wi?h

no sfébilization or leakagé; the chéracteristic eqﬁatioﬁ

3

a'd’ & (b' + g')0%% (¢* + h)D + d' =0

‘becomes -

Ca'p 4 (b o+ g' )02 .+A(20'. +h')D + 24" =0

and fheréfofé Routh—Hurwifz.Cfitérion~shoﬁs th;t the‘four-way yélve

': éygtem is 1ess'stabie.. However, the usé df any sfabilization method
- (1eakage, pressure feedback or velocity fe dback) reverses this |
‘effect i.e. the same amount of - °tdb1112at10n applled to the iovr-uay

valve aystem is more eifectwvef

(c) Four~way valve system - plston off-centre

- In oxder to stuay the effect of plston eccentrlczuy, the -

poefflclents in egn. 3.68 can be simplified to

-

- Xo ’ 26(1 + "[./mD)

—_— - new

¥i 801 - P 4 [523; B;5(1 - x2)]35 ¥ 24D2 v BD + B

' ‘ ' - 3.78.
' From the Routh-Hurwitz Criterion, for stability :

N 2 2 ‘ 2\1*
” i - - '_L'r : - - LS 1 -
;1+z5 [az + 35(1 x )J B B,(1 - x ) - B¢ [Zz 4 35( X )} >0
: ’ ' 3.79

Remembering that x = O for piston mid-position and increases

with eccentricitvy, 1t is ciear that stability is improved as the piston

+5)

moves .away frem its mid positicn., This is in agreement with Burrows



prediction for a system without friction and ieakage.

“(d) Loaded actuator alone

In section 3.3.1 (e) it was noted, for the differential
actuétor,’that a change of chamber volume which destabiliges the closed
loop system, increases the damping of ffee vibrationé of the‘lﬁaded
‘actuator alone. Exactly theAsame effect is observed for a balanced
actuator, i.e, if the actuator supply pipes in fig. 3.3 arc sealed,
oscillations of tke load folléwing a disturbance from its rest

position, are most damped_about the piston mid-position,

3.4 lStability of Pneumatic Servomechanisms

In a welltdesignsd fluid-powered'serVo;‘fribtion is‘minimisedv
ijin orde? to. decrease the errors associated with the stiction aﬁd

‘ Couloﬁb components. ’Thus if fast'reéébnsé is desiréé and large 15 ads
are to be moved, there is llkely to be 1nsuff1c1ent dampln" and.-
thorefore 1nstab1]¢ty. ~Thls-problem is famlllar +o de51gners sf
hydrau}ic cylinaer—dfiyen(systéms and a number of methods have'beeh

«fad0pted to counter it. Some of these methods are bri eflv discussed

. here and their relevance to. pneumatic systems assessed,
. - /’
P

,3.4.1 Leakage

Leakage flow can be introduced déliberately info a fluid servo
and since thisAresults in energy dissipation, it can have a stabilizing
.effecf. Leakege can occur either in the actu¢tor or in the valve.

Leakage past the piston seals or through holes drilled in the
piston or fhluugh by-pass passages between the two actuator chambers
increases the qfen loop demping ratio. In this case flow occurs when
there is a pressure difference across the piston, i.e. during transients
and'in the presence of>a load’force. (This was the case for the

experimental servo described in Chapter 2 but for a differential ares

it
‘_q n 3
o £



actuator there iz a pressure difference between chambers at all
times and leakage is therefore-always into the controlled chamber.
The magnitude of this leakage is however still a function of the
pressﬁre difference across the piston and a similar dampingleffect
results., If a differential area actuator is used there is
continuous fluid loss, even at rest and in the absence of load
forces) The resuitant energy wastage limits the usefulness of

(47)

this method and Guillon ‘quotes 0.3 as the maximum additional

open loop damping ratio which can be expécted for a hydraulic
system. In the hydraulic system déscfibed by Lambert aniiﬂvieS'<A8)
damping dﬁe to inherent piston’leakage'was about 25% of that due
to'viscoﬁs load friction.
Underlap in a four—way.control valve introduces a similaf

'damping effect for small perturbatioﬁs about the null position. -In .
this cése, howéver, a:permaneﬁt, null leakage flow is introdﬁced‘
direct from supply to exhaust;_withiconsequent loss of efficieﬁcy.
" A similar effect would dccur in'an underlapped three-yay valve and
a valve ieakage term could simpiy be added to the right hand side of
eqn. 3.12. If laminar valve leakage is assumed, th;s is cleariy
seen to be analagous to laminar piston leakage. g

7 While both piston leakage and valve leakage increase damping,
a steady-state error results in each case, when a constant load
force is apblied, In the four-way valve/balanced actuator system,
according to lineafized theory'(47), this error increases as the
damping effect increases. The same is true for a three-way valve
system, Of the two, piston lezkage is to be preferred for either

a hydraulic or pneumatic servo, due to its lower power wastage,

3,4.2 Feedback Compensation -

Additional feedback loops are employed in hydraulic systems

<




to obtain controlled damping and the use of pressure, acceleration
and velocity feedback has been studied by Bell and de Pennington (h9);
The effect of negative pressure feedback is identical to
that of iaminar{leakage. This is well illustrafed bj reéerehce to
the liﬁeayized equation for the author's experimental servo, eqn. 3.41,
‘where it is seen that the léakage and negative pressure feedback terms
are always added.together. Pressure feedback caﬁ be échieved using
mechanical afréngéménts of dashpots, springs and restrictors, or, ‘
if an'electridglly signalied'valve is\employéd,‘using pressﬁre
transducer(s). The major disadvantage of pressure feedback is that
it again résults in reduced outpﬁt stiffness.l
In the complete aﬁsenceﬁof friction, pressure is prapéftionél
to piston acceleration (e.g. eqn. 3.21). Thus in a practical'system

_acceleration feedback can be expected to have a somewhat similar

" damping effect to pressure feedback, with the important advaniege

‘that no position error is caused by applied-load fcrces. Accelerafion.ﬁ N

measurement is, however, less easily achieved.
The effect of velocity feedback is less clear., An electro-

hydraulic system was studied by'Bell and de Pennington <#9); In

this system, the valve dynamics could not be negiécted, and therefore
an additional time constant was included in the transfer function.
Thus the traﬁsfer funofion was fourth order and negative velccity
feedbaék was shown toidestabilize ﬁhile the added damping from positive
. Veibcity:feedback was onl& small., (The effect ¢ negative velocity |
feedback in this case is confirmed in section 3.k.k(e).) On the

otﬁer hand, Burrows (25) found negative velocity feedback to have a
stabilizing effect, both in theory and practice, for his on/off
pneumatic SerVo, for which‘a third order eguation was used, A
combination of negative velocity feedback and negative quasi-

acceleration feedback (derived from the velocity signal) was used by

X
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Botting et al (10) in their high pressure pneumatic servomechanism,
" The individual coefficients were not varied, so that phé effect of
the separate terms could not be judged in this case. Velocity
feedback does not reduce output stiffness-and velocity is fairly
easily sensed'elebtrically but negative velocity feedbaék increases.
the velocity error, which may be important.

Certain'aircraft-and industrial hydraulic systems, using
the type of valvé which was used in the experimental system
described in Chapter 2, utiliée feedback of valve position, Since
valve po;ition controls flow and siﬁce iﬁ the steady-state piston
velocity is proportional to flow, this feedback has an effect akin |
to velocity feedback. Guillon (47) has shown that, according fo
}linear'analysis, this is not an effective way of introducing déﬁping,
but in practice it'is said to have a useful stapilizing effect (502 .
Valve current feedback is aiso usgd in a similar way, since -for
 ffequenéies below the valve ﬁatural frequéncy, the current ié
proportional to the valve poSi%iop.

3.4..3 Dynamic or Transient Methods

In oréer to eliminate the static errors introduced by the
most effective stabilizing technigues describedfébove, a high~pass
filter is empioyed., (The filter corner-point is selected so that

incoming transient oscillations are not significantly modified.)

This is achieved, either using hydromechanical networks or using. passive

electrical components. Hydromechanical networks to achieve‘dynamic
piston leakage or dynamic pressure feedback are described in
reference 47. A neat method is employed in certain commercially
availablg electro-hydraulic valves in which a restrained piston and
restrictor are incorporated in the valve body to achieve dynamic
(51, 52)

ressure feedback Such solutions are viable for a
P

manufacturer producing large numbers of components, but for

)
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experimental systems electrical networks are more suitable and

equally effective. o S
. (49) . .
Bell and de Pennington - found negative transient gccelefafﬁon
feedback very effective for stabilizing their hydraulic serve, i.e. a
high-pass filter was used, even though in this case it was unnecessary
for the purpose of increasing output stiffness, In their system, in

which the effective valve corner freguency was either equal to or lower

~than that of the load, acceleration feedback was much less effective.

Analysis showed that acceleration fee&béck would be the more useful

technique for systems' in which the valve response was reasonably fast

compared with that of the remainder of the system. This is likely to

apply for a iowfpressure électro-pneumatic servo, though the use c¢f a
pneumatically signalled yalve may make the inclusion of a higﬁ-pass‘ ;

filter in an acceleration feecdback path desirable,
The addition of a tank, connected via a restrictor to .each -

/

Just one if a differential actuator is

(87),

of the controlled chambers
employed) has been proposed for aircraft hydraulic systems
This method, which has anp equivalent effect to transient pressure

feedback, has been shown to be effective for a high pressure pneumatic

Servo (4) and %or low-pressvre on/off servos (25’/53>. However, the
additional bulk anc weight f the tanks together with the resultant
power wastage will often prohibit the use of this method.-

Lord and Chitty (54) examined several methods used t6
stabilize pneumatic prosthetic systems avd concluded that trénsient
ﬁressure feedback offered the best prospects in this case. A bellows/
restrictor network for use with a mechanically signalled wvalve was
proposed. This design was briefiy tested and an unstable artificial
arm was stabilized using the device.

" From the foregoing it can be seen that the methods developed

for stabilizing hydraulic systems . can be {and in some cases have been)



applied tolpneumatic systems. It is also clear that the use of

a three-way valvq/differentiél actuator system does not invalidate
any of these techniques. It was therefore concluded that velocity
Aand pressure feedback were most likely to be useful in stabilizing
the author's experimental servo and accordingly velocit& and
pressure sensors were incorporated in the design.

3.4.4 Root Locus Study of Feedback Compensation

In order to study the effeéts of stabilizing feedback on
the experimental servo, the linearized system is répresented as in
fig. 3.6(a). (The Laplace variable (s) replaces the differential
operator D in order that the Root Locus Method can be used.) In
this case the uncompensated closed loop servo forms the forward
path, while additional stabilization is shown as a negative feedback
loop. If, for example, negative pressure feedback is used, the
appropriate block diagram is fig. 3.6(b). This represenfation is
equivalent to that in the 1c;wer picture in fig. 3.4(a), but is to
be preferred in this case, since it isolates the effecté of
stabilizing feedback. This is a slightly different approach to that
adopted in reference: -+ ..+ 49, where the stability of "minor"/
(stabilizing) loops was considered in isolation. The root locus
method was also used in reference 55, to examine the effect of
various parameter changes on the open loop poles of pneumatic servo-
motors, when fitted with auxiliary stabilizing tanks.

The trensient behaviour of the servo in the absence of
stabilizing feedback is either:-

(a).overdamped, i.e. three real negative poles,

(b) stable, underdamped, i.e. onc negative real pole and two

complex poles with negative real parts, or .
(¢) unstable, i.e. one negative real pole and two coumplex poles

with positive real parts.

)
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(Although at first sight it would seem unlikely that stabilizing

feedback would be considered in case (a), it must be remembered

that stabilization will be designed for the worst case and very

large changes of parameters (i.e. ioad, piston position, etc.) are

then possible, giving rise to widely different servo pole positions.)
The effect of various stabilization techniques will therefore

be considered for each of these cases.

(a) Negative velocity feedback

The feedback transfer function in fig. 3.@{5) is simply
F(s) = Kvs, and the~alterngtive root locus diagrams are sketched
in fig. 3.7. The Routh-Hurwitz Criterion can be used to confimm
that the high gain asymptote is always to the left of the imaginary
éxis, even in case (¢).

It is seen that negative velocity feedback stabilizes an
already unstable servo (c) and neyef causes a stable servo,(é) and
(b),to become unstable. On the other hand,-the closed loop damping
ratio of the complex poles decreases and the negative real pole
approaches the origin as the velocity feedback is increased. This
real pole may correséond to an excessively long time constant in
the closed loop response.

(b) Negative acceleration feedback

In this case F(s) = Kacsz, and the root loci are sketched

in fig. 3.8. Again the Routh-Hurwitz Criterion confirms that in

(a) and (b) all poles remain in the left hand half of the s-plane

for all values of Kac and that in case (c) the system is stabilized
at high values of Kac’ The negative real pole moves to the left and
therefore becomes less significant as acceleration feedback increases,
It is noticeable in cases (b) and (c) that, even with veﬁy high
feedback gains, the transient response can never be overdamped, due

to the double pole at the origin., Also in figs. 3.7(a) and 3.8(a)
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it is seen that negative velocity or acceleration feedback can
preduce oscillatory behaviour even in a systeﬁ for which the
uncompensated response is overdamped. These oscillatory components
probably constitute only a small part, which it may not even be
. possible to detect, of fhe closed loop response,

c) Negative pressure feedback
£a

Examination of fig. 3.6(b) shows the pressure feedback is
equivalent to the simultaneous feedback of veiocity (k') and
acceleration (j'). (The coefficient of the velocity portion
contains the viscous friction coefficient (b) and is sometimes
equatéd to zero for the purposes of analysis in systems with little
inherent damping (e.g. in reference 49).)

Here F(s) = g% (1 + ﬁ% s) s
The root loci for this case are shown in fig. 3.9.

Negative pressure feedback ié seen to have a stabilizing
influence and if the feedback gain is sufficiently high the response

can be made heavily damped and even overdamped,

(d) Negative transient pressure feedback

Negative feedback of the first derivative of acceleration
(known by environmental engineers as "jerk") is a destébilizing
influence on the system of fig. 3.6(a). This is readily seen by
reference to eaqn. 3.77. While velocity feedback (¥ ) and acceleration
feedback (j') increase terms on the left hand side, jerk feedback
increases the term a', .Using the same reasoning as for pressure
feedback above, first derivative of pressure feedback is predominantly
jerk feedback for systems with low inherent damping, and is therefore
also destabilizing. This point is stressed as confusion exists over
the parallel between transient pressure feedback and first derivative
of pressure feedback. Reference 56 appears to advocate the latter

while intending the former, and in reference 45 the substitution of



first derivative of pressui: for transient pressure feedback, in
order to simplify analysis, has the side-effect of reversing the
stabilizing effect.

Transient pressure feedback is achieved by the use of a

" high-pass filter in series with pressure feedback, giving the

transfer function

T s ' 1
F(s) = T‘:T%‘;‘ : g% (1 + ﬁT s) s
b

If the time oonstant'zg is very small the filter acts as
a differentiator giving the destabilizing effect of first derivative
of pressure feedback discussed above. On the other hand, if 7:p is
very large, the recovery after application of a steady load force
(the reason for the insertion of the filterj takes an excessive time.
Thus there is need for a compromise value of QTP’ such that the

corner frequency of the filter (l— ) is less than the frequencies

Tp

of pressure fluctuations to be encountered,or at least close enough
to those fregquencies to make the pressure feedback effective under
dynamic conditions.

The réot loci for such a system are shown in fig. 3.10. 1In
addition to modifying the position of the existing poles, an
additional negative real pole is introduced in this case,

The usefulness of these root loci for the prediction of
system behaviour is discussed in Chapter 5, after experimental
results have been presented,

-
(e) Negative velocity feedback for system with an additional time constant

In section 3.4.2, such feedback was said to have a destabilizing
effect (49). This is most easily illustrated with the root locus
techﬂique used above. If a fourth pole is added to fig. 3.7, the root
loci shown in fig. 3.11 fésult and clearly velccity feedback in this

case is destabilizing. (Case (b) from fig. 3.7 is used as an example

“but (a) and (c) show the same effect.)
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CHAPTER 4 TESTS ON TINDIVIDUAL COMPONENTS OF

THE ELECTRO-PNEUMATIC SERVO

Extensive tests were conducted on the components of the
experimental system, particularly the actuator,

The purpose of the tests described in this Chapter were

(a) investigate the validity of proposed equations

(b) obtain accuraté data on the many parameters of the components,
for use in the computer simulations (Chapter 6)

(c) enable judgements to be made on the relative importance of
s&stem featureé,to assist in the design of future systems.

4,1 The Loaded Actuator

An important part of the experimental work on the loaded
actuator cbnsisted of aiseries of "Impulse" Tests, conducted with
the supply pipe to chamber 2 sealed (fig; 2.1). In these tests the
load carriage was given a sharp thﬁmp (by hand) and the ensuing
oscillations were observed and récorded. .The test was repesated for
a wide range of loads and piston positions. The results were used
to explain the nature of the expansion and compression process in
the actuator (section 4.1.4) and also ;s a contribufion to under-
standin; the effects of piston léakage and load friction (section 4.1.5).
Other tests to examine actuator friction Weré also conducted ‘
(sections 4.1.6 and Appendix 5). The nature of the.inhefent piston
leakage and the effecf of deliberately increased intéf—chamber
leakage were examined (sections 4.1.1 and 4.1.5). A study of the
(nominally constant) pressure in chamber 1 is described in

Appendix 6.
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L.1.1 Inter-Chamber Leakage

(2) Inherent piston 1eakagé

There was considerable leakage past the piston and this
was measured using the arrangément shown in fig. AS5.1. Full details
of the tests conducted and results are given in Appendix 5. 1In
these tests the static leakage flbw was measured for various values
of pressure difference and it was shown that a constant laminar
leakage coefficient (Lb) could reasonably be ﬁsed. The value

calculated was

L, = 1.3 x 1077 (£6/s)/(1bs/et%)

(Air volume measured a£ 64;7 1bf/in2)
The relevance of this static figure to the dynamic cése is discussed ‘
in section 4.3.k.

The leakage from chémber 1 past the piston rod bearing was
always less than 10% of the corresponding piston leakage. ~(This
leakage does not affect the analysis of the system in any way, since
chamber 1 was held at constant pressure,)

(b) Additional leakage

Some tests were conducted in the presence of additional
inter-chamber leakage. In this case a needlé—type by-pass valve
was used. The calibration of this valve is also described in
Appendix 5, %here it is shown that a reasonable, laminar
approximation can be made for this additional flow. The méximum
additional laminar leakage is about 6% times the inherent piston
leakage. -

Lo1.2 Impulse Test Results

As explained in the introduction to section 4.1, a number
of transient decays were recorded for different inertial loads and

piston positions. In each case the load displacement and velccity
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and the pressures in chambers 1 and 2 were recorded using an
ultra-violet recorder. The natural frequency of the system was
varied between/2.5 and 10 Hz during the course of these experiments.
The maximum piston speed was about 60 ft/min,

In Chapter 3, linearization led to the development of a
second order differential equation (eqn. 3.25) to describe these
free vibrations, The results shown in table 4,1 were obtained,
assuming these equations to apply, as follows:

(a) Measurement of undamped natural time period (’Z;p)

The damped natural time period was measured from each
experimental rgcord, and in all cases it was possible to check
this time period for several successive oscillations. The several
values obtained froﬁ a given record were found to agree, mostly
within about 3% and in the worst cases within 5%, No tendency
was obgerved for the time period either to increase or decrease
as the oscillation décayed. .

This value oflzép was then used to calculateiljnp from

=Ac/_ 2
Tnp dp1§p

{b) Measurement of damping ratio (Z;p)-

The damping ratio was measﬁred from the velocity and
displacement records usiﬁg a standard curve to obtain ?;p from
two successive peaks of the decaying curve., Again, this was
repeated, for each record, for as many oscillations as poésible.
The accuracy of the values for Ezp obtained was considerably
less than that for the time period measurement, discussed above.
The values of z;p obtained from hifferent parts of the same decay ,
curve agreed within + 10% of -the average value in many cases’
(average value is shown in table of results)., In some céses,

however, the spread was as much as. £ 20%. It was noticed that
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again there was no tendency for the measured damping ratio to

increase or decrease as an oscillation decayed.

A sample trace from the u-v recorder is shown in fig, 4.1.

An oscillation is treated as a transient relaxation {rom an

initial position I,

Additional information

(a) Maximum piston displacement .u................ Between 0,15 in,

(b)

(c)

(¢)

(o)

(£)

(&)

from initial position, during and 0.4 in,
transient, for fig. 4.2 (i.e. displace-

ment Xom in fig. 4.1)

Maximum piston displacement, .......¢...0..... Between 0,2 in.
from initiel position, during and O.4 in.
transient, for fig. 4.3

Fluctuation of PresSUre se.s.eesses-..eeosss.. Less than = 1% in

(nominally constant) in ‘ P,. Between 1% and 5%
chember 1 (P1) (see Appendix 6) : of the corresponding

- fluctuation in P2.

Fluctuation of pressure (PZ) sssessssse-ren... Between & 4 and = 20
in chamber 2 ' 1bf/in2

Maximum change in Vo, dUring seveesnsveossvocans + 20%/L12%

;é transient ‘

Values of E;p mar#ed * in table 4.1 are not plotted in fig. 4.5.
In these cases thé damping ratio could not be accurately obtained,
due to the small amplitude of the experimental traces. Therefore
an approximate E;p is tabulated. This was only used in the
calculation of Y:np fzonlfz5d (where an approximate value for

g p Was acceptakble).

There was a slow drif* of the piston throughout each test, due

to the slight difference in areas of the two sides of the piston
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(<3%). An average figure (VZa) for the chamber volume is
tabulated in Table L4.1. The magnitude of this drift in volume,
as a fraction of average volume, obviously depends on the
position of the piston at which an individual test takes place,
For very low values of V, this drift constituted not more than

2a

5% of V while for very high values of V2a it was less than 1%,

2a’

(h) In an independent test in which a spring balance was used to
pull the unloaded carriage by hand at a low, agproximately
constant, wvelocity, the spring balance reading fluctuated

between 1 and 3 1bf.

4.1.3 Gas Expansion and Compression in the Controlled Chamber

A number of publications>in this and othér fields have
included references to the nature of the gas compression and
expansion processes during transients, Shearer (4e) developed
equations to describe the cylinder dynamics for a similar, though
high pressure:(SOO 1bf/in2g.) system for the two extreme cases of
isothermal and adiabatic changes. Shearer subsequently used the .
adiabatic case, as a basis for an analogue computer study of a
system with a closed loop natural frequency of about 4 or 5 Hz, -
sayigg that the heat transfer rate is negligible in most fast-~

—
acting systems, but it may be appreciable in slower acting systems,

(57)

Skinner andWagner showed experimentally that for the process

of charging and discharging constant volume tanks with air, the

polytropic exponent (n) approached 1.0 (isothermal) for é very

slow,chafging rate and increased as the charging rate increased,
Chelomey (6) referred to "experimental investigations®”

which have shown that the ogeration of such pneumatic systems is

described by "polytroﬁy which is close to tﬁe adiabat" (translation).

No reference was gquoted and the experimental results were not given,

(9) (20)

Many subsequent workers, including Vaughan , Brann



Cutland (23), Burrows (25), Raven (1) and Botting et al (10)
have followed Shearer's suggestion, and have assumed an adiabatic
charging process, and therefore used n = 1.4. Levenstein (5)
developed highly simplified equations, assuming constant
temperature conditions (n = 1.0).

In a comprehensive desigﬁ stﬁdy which included analogue

(24)

computer simulation, Andersen also assumed isothermal
conditions to apply to a double acting piston actuator. The
closed loop transient frequency, in this case, was about 15 Hz,

(59)

Hirtreiter in a review paper on the subject of air
springs, in which the air is confined within a rubber and fabric
container, stated that a polytropic spring rate is most common at
naturai vibration frequencies of 60 cycles per minute or less. He
implied that for higher frequencies a "dynamic or adiabatic" rate
applies.

(

Towill and Carne 60) developed a design procedure for

obtaining a pneumatic cylinder stiffness for any piston position
provided that a polytropic index (between 1.0 and 1.4) is assumed.

In another, related field, reciprocating air compressor

cylinders are either water cooled or finned and air cooled, in order.

to incréase the heat transfer during compression and reduce the
polytropic index., With good cooling the value of n is usually
between 1.2 and 1.3 (61) whereas the compression work is a minimum
when n = 1,0. For a medium size, air-cooled, single cylirnder,.
reciprocating compressor, of the general type which forms the
majority of compressors manufactured in this country, typical
figures are: Speed 1500 rev/min, mean piston speed between 600.
and 1000 ft/min, Stroke 4 inch, polytropic index of expansion 1.25
to 1.29, polytropic index of compression 1.36 to 1.39 (62). The

low index for expansion indicates the relatively good heat transfer

v

78

/.
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Table 4.1 Impulse Test Results
Impulse | Volume of | Load Mass Damping | Time period (Natural undamped
Nggizr Chambe; i mL(lb) crfltio ?f of Qampeq time period)2
V2a(ft ) oscillation | oscillation > 5 -2
] Cp Z&Js) ‘thS)X1O
x 1077 (measured) | (measured (measured (calculated from
(measured) from trace) | from trace) é;p and T:dp)
I1 0,66 18.7 0.125‘ 0,10 0.98
I2 1.70 18.7 0.120 0.15 2,20
I3 0.6l 38.7 0.14* 0,14 2,0L
I, 0.7k 38,7 0.100 0.15 2,23
15 0.65 38.7 0.103 0.14 1,94
I6 3,00 38.7 0.125 0.29 8.30
17 2.98 48,7 0.140 0.32 10,00
I8 0.59 48.7 0.11%* 0.15 2,22
19 0.69 68.7 0.125% 0.19 3,50
110 1.49 68.7 0,14 0.27 7.15
I11 2.99 68.7 0.147 0.38 14,20
112 0,50 33.7 0.11% 0.12 1,42
113 1.6 33.7 0.110 10.19 5,58
114 2.96 33.7 0.140 0.26 6.65
- I15 1.26 33.7 0.095 0.175 3.03
© TI16 2.61 33.7 0.133 0.25 6.12
117 0.93 18,7 0.10% 0.18 3.22
118 2,19 48.7 0,100 0.27 7.20
119 - 2.59 48.7 0.120 0,295 8,60
120 2,94 58.7 0.110 0. 34 11,40
121 1.79 58.7 0.085 0.27 7.25
122 1.0k 58.7 0.085 0.21 k.38
123 1.01 68.7 0.089 0.225 5.04
124 2.39 68.7 0.085 0. 34 11.50
125 2,02 68.7 0,103 0.31 9.53
126 2.06 18.7 0.154 0.165 2.66
127 1.85 8.7 0.18* 0,11 1.18

# See note (g) in section L4.1.2

* See note (f) in section 4.1.2
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which occurs as the very small volume of air trapped in the clearance
space, is rapidly expanded, prior to the induction of fresh air,
While these observations on air compressors are not directly relevant
to the present study, they must be considered since in both cases
expansion and compression processes occur, which can be represented
by the expression
Pvn = constant. Y

The main purpose of the Impulée tests described in

section 4.1.2 was to establish the appropriate value of n for the

particular circumstances of the present experimental system.

L.1.4 FEvaluation of the Polytropic Exponeht

A value for n, the polytropic exponent can be obtained from
the Impulse Test results as follows:

Eqn. 3.29 can be rewritten

2
Cop = T )
P nP2a A '

. 2 . . . .
i.e, a graph of ’tgp VS(VéamL) will be a straight line with

" slope —_— -

This graph is shown in fig. L.2.
A straignt line has been drawn through these points, yielding

a value for n, as follows:

NMeasured gradient = 21.8 1bf™| £t 2 .
2 .
Gradient oA 28.0 gt g2
2 n
nP, A
2a
- . 28.0
. . = 7271.8
i.ee m = 1,28

In addition, for reference, the straight lines corresponding

to an adiabatic (n = 1.4) and an isothermal (n = 1.0) process are
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shown in fig. 4.2.
This figure and its derivation are further discussed in
section 4.3.2,

Lo1.5 Actuetor and Load Friction - Tmpulse Tests

As explained earlier, a low-friction actuator and low
friction load bearings were used for the experimental system, but
of course a small friction force remained, It is quite easy to
gather data relating to friction, for a practical pneumatic system,

on the other hand it is very difficult to express this data in a

"~ -suitable form for the purpose, say, of a computer simulation. This

is because the friction is not only non-linear but also a function
of more than one variaple, The results of a numper of tests on the
experimental system are presented bpelow and in Appendix 3, and
their significance-is discussed in section 4.3.3.

(a) Eqn. 3.30, which rests on the assumption that the damping

for the Impulse Tests was due solely to viscous friction and

leakage, can be written in the form

E; V2a mL

where G, = ——whmuma
17 ZAJHpZa _

= Cla— *+ Gy [y L [nP
P U 2 Vea C, =N _2a
: 2A
: V2a
It ?Zp is plotted against — , the resultant curve is the
L

sum of two components:-—
I) a straight line due to viscous friction, and
II) part of a rectangﬁlar hyperbola due to piston 1eakége.
The experimental results are plotted in this form in
fig. 4.3. The inherent piston leakage coefficient Ly applies here
and is known from section 4.1.1:
L, .= 1.3 x 1077 (ft3/s)/(1bﬁ/ft2)

and so 02 was calculated and part II of the above-mentioned curve



5O

- . ! ,.. H '
LA . H . H i ' o
4 ' N Il m & "
; . H { H : i
] b i ' ! ! _
,W C : i w ;
: T _ ' i : TR R
w m M " W M N
; w _ o H_ m !
SN SEUI HUU VON NSNS SN NN IO S SR
i “ ' ‘ _ 3 B i - B (...| e
; ., © \ 0] : i i ; 8 ‘ ’
; R I i ! : ; 3 :
” B A ; » m ; )
. 1 ' H
: : -~ © (<] } : ; ~
- £ S L * S
i Gy : 5ot ¢ ! : H
L a8 RS- R R A
t . i . N 3 b '
; ! = \H @ n oo . w_ ; | .
SN SR S o S DR, AN Mo ; ? - bl
! : o = ; > oy ! : ) Shariesiall Ren
! | G ; \ T ! i i
“ [oog e ; ; | { ” m
w LooF ! , ” m ! i
B . 5

e e e s s rat e 7 w50 Y RO S
1 . H
j W i ! : i :
s ! : il © i b i :
! : 0 i : : i ! |
; i : : ; | ! ; i
; b .. et ! ; i
| : _ : e e N\ d -z
1 3 ! - H H cd p "1
! m %y ©f m
! ° Lo - : . i i !
: w i . ) (Ol __ ot \ .
ll.iw. e 4,1.:¢ [TOR S N ) e Y vx..,i;..ln".»x‘l.\! PRI e Joos
h ) H ; m R i - \.. .
H ' ' | ' P .
H H : 1 { : H H
: N ' : ‘ - o b
i ! , N ! .
— . } _w.u S ¢ -.M v @lli ——— — ' \v R o —
! ) A - ; [ T i v
' ! . i ¢ ©; ) H
‘ ! i | | . } ! !
: - ; : ! i ; RS ;
H . i ! ' i \ H \ ;
4 . ' v . i
I PO, . IS S S . PR AR SO
: i ) ¢ i ;
i ! : P o !
I8 i i ! SONL }
§ _. . . : S ~
! i i § i : . i i
S SR ORI Y N R y ;
: : “ : : R A e T
H ' H . . :
; _ { { : ! i i
b i H i : . i
: : - ! ! : ! ‘
i i
. SRS DR W SN P
: 2 !
; ! .
- ; /
: |
3 s b ] oo
" ' ;
; : 0 ! ! /
" H . H
™ i i -~ § : |
- i 3 . . .
o , i i M Q ; ! ; “
4 ! | H + i B
; T ; U : T ) 1 P
’ H > . * $ » H B

2.0

Impulse Tests

. 4-3

b0

Iy

th Chamber Volume

.

io wi

ng the wvariation of damping rat

i
and Load Mass

Show



drawn in fig. 4.3.

By trial and error a suitable value of C1 was selected to
give the-best "fit" with experimental points in fig. 4.3. Using
this value of C1, a value fo? the load Qiscous friction coefficient
(b) could be calculated.

Gradient of line I in fig. 4.3 is

-2 1
c 2.5 £t © 1bf%s, -

1
And from egn. 3.30

2 1152

b
“ 7z, T 7 T8 s

Giving, . b 6.7 1bf/(£t/s)

(b) The Impulse Tests were repeated with a piston by-pass needle
valve® in position, for various amounts of leakage. Thus the effect
of varying the leakage coefficient (L), on the behaviour of the system
was demonstrated, The r?sults are shown in table 4.2. TFor these
tests,constant values of V2a and mL were maintained. Assuming that
the'friction is wholly viscous, egn. 3.30 becomes

\5; = .C,b 4o

2a constants for

r
5 24 2a L

and C4 = /

Now if impulse tests are carried out for various values of

where C

this series of

dynaric leakage
tests

Nt e e S AL e

L, then i:p and —Zép can be determined from the individual transient
decay records as before,

These results can be considered as follows:-

(a) 1f Z;P is plotted against L, a straight line will result,

with slope C4 and intercept Cjb.

(b) The undamped natural frequency (O%np) is a function of

the piston leakage (egn. 3.27). If this dependence is

* For calibration see Appendix 5



Test Bypass valve Net leakage Measured 2;
Number setting Coeflicient time period ( P a)
(rotations) | (from Appendix 5) Y:dp measure
_ -7
I28 7 Lb = 1.3 x 10 constant 0.13
\ (£+7/5)/
. (1bf/ft2) throughout
129 5 2.1 Lb i.e, all 0.155
130 6.4 Lb results 0.125
131 5082{- 1 925 Lb N O.1L|'
. between 0.27s
132 5.6 1.45 Lb 0.135
I33 5.3 1.7 Lb‘ and 0.,28s with 0.145
L5k ol 3.2 Ly no discernible 0.16
135 4 bl L 0.165
136 3 7.6 L, pattern 0.225
I37 Sk 5,9 Lb 0,20
Table 4.2 Impulse Tests with Additional Leakage - Results
(V2a = 2.25 x 107 £t° see Note 1 below, m = 48.7 1b)

Notes on table L.2 and fig. h.l

(1) ©he volume of the left-hand chamber increased slightly during each

.Impulse Test, due to the drift caused by inter-chamber leakage.

This

effect was also observed during the main Impulse Tests, The average

value (V2a) was used for all calculations, The drift in volume varied

from

(2) Accurate interpretation of the trace from test &37

£ £ 1% for no additional leakage to 4% for maximum leakage.

was difficult due to the rapid transient decay., An estimate of the

likely range of possible error in this result is showﬁ in fig. 4.4,

Despite this wide tolerance it has been included, for reference.

The

range of error associated with a more typical result, test I35

(L = 4obs La) has also been shown, for comparison.

(3) The maximum pressure difference across the piston during these tests

never exceeded the "linear leakage" range illustrated in fig. A5.6 end in

all cases was between 4 and 10 1bf/in

2

S0
(B
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slight, i.e. A2 :;> Lb, Cth will be constant
thraughout these tests,
The measured values of the damping ratio (?;p) are plotted
against leakage coefficient (L) in fig. L.4. According to eqn. 4.1
these points fall on a straight line and such a line has been

drawn. The slope of this line can be predicted from eqn 4.1 as

¢ = 1 . 1.28 x 9300 x 1,51
= . \ 3

2 x1.23 x 1072 2.25 x 10~

i

$.14 x 1072 1bf 5 £172

and the slope of the line measured from fig. 4.4 is

G, = 1.12 %1072 108 5 £

~

Also, from the intercept on the vertical axis, E;p = 00115,

a value for b can be calculated, in this case b = 8.0 1bf/(£t/s)

L,1.6 Drift Test

In this caée; the system of fig. 3.1 was observed in the
absence of any disturbances and after the decay of any transients.
Under these conditions, a slow, constant velocity drift of the
plston, from left to right, occurred. This drift velocity was
measured, using the displacement transducer and ultra-violet recorder:-

(i) with inherent piston leakage only,
(ii) with a calibrated by-pass valve, connecfing chambers
1 and 2 (see Appendii 5).

The analysis in seption 3,1.6 shows how the fesults of these
drift tests can be used to evaluate tﬂe friction foroé at the
actuator and load. The load mass was ' 48.7 1b ~ in egoh case
and the results are shown in table A4.3.

Specimen calculation for test D1

6.7 1o£/(ft/s) (determined in section 4.1.5),

1

Assuming, D

and P 50 1bf/in® = 7200 1bf/ft

18

f



o

F (1bf)
(derived)
1.79

0.70

0. 6k

Net leakage
Coefficient
(from Appendix 5)
- -7

Lb =1,3 x 10

£2)

s/ (1bf/f

3

(£t

bob L

7.6 Lh

By-pass
valve
setting
(rotations)

d

(£t/s)
6.15 x 107k

Measure

6.8 x 10_3

12.2 x 107

D1

Test
Number {Drift Velocity

D2

D3

|

2
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Fig. 4.5 Drift Tests,




egn. 3.33 becomes

-2 = '—1+

AP = 1.23 x 10 © x 6:;9 x 10

1.3 x 10

= 58.1 lbf/ft2
and substituting this in eqn. 3.34
0.05y _ 02 i

(7200 x i, ) - (1.23 x 107° x 58.1) = Fy
205 - 01715 = FF
i.e. FF = 1.79 1bf

Interpretation of results

Only three results were obtained but these are plotted
in fig. 4.5 as some indication is given of the nature of friction
at these low velocities.

¥easurement of friction forces at very low velocities is
very difficult and this Drift test, using controlled leakage, offers

(63)

a possible solution., The idea has since been pursued by Rashid
and is further discussed in Appendix 3. H

The curve through the three results obtained is extrapolated
in fig. 4.5 to show a possible interpretation, using the value for.
viscous friction coefficient established in section 4.,1.5.

These results are fully}discussed later in section 4.3.3
but it is apparent from fig. 4.5 that the Coulomb friction force
is below % 1Dbf. |

L.1.7 Analogue Computer Tests

-

A brief analogue computer study was conducted to examine
the effect which Coulomb friction would have on the traces obtained

in the Impulse Tests. It was noted in section 4.1.3 that the decay

curves showed a characteristic viscous damped shape (i.e. approximately

constant ratio of any two successive peaks) and the limited results



from section 4.1.6 suggest that Coulomb friction was less than
1 1bf. Therefore, the present test was conducted with a small
Coulomb friction force in order to estimate the maximum amount of
Coulomb fric%ion which could pass unnoticed in the Impulse Test
results.

The computer was connected to solve the second order

differential equation for a mass-spring system

a2y pa § a¥
m 2 . C 4+ F(sgn—=) + 88 = 0O
L dt2 dt c dt o

Three separate decay curves were recorded, for relaxatién
from an initial displacement for,
(1) viscous friction only, (FC = 0)
(ii) Coulomb friction only, (b = O0)
(1ii) viscous and Coulomb friction, with magnigudes as used in
(i) and (ii).

For case (i), the circuit shown in fig. 4.6 was arranged
with approxima£ely the potentiometer setting shown in that figure.
The actual values of ?: and U%i were measured from the resulting
trace (fig. 4.7) using the same technique as had been used on the
traces from the loa@ed actuator,

For Eiiﬁ_iiil’ potentiometers were set to give a small amount
of Coulomb friction and zero viscous friction, Again, actual values
were established by making measurements from the resulting decay
curve (fig. 4.8).

‘ For case (iii), the values for b and Fc established in
case (i) and (ii) above were used together and from the transient

decay curve (fig. 4.9 ) the magnitudes of peak amplitude measured.

Results .

Initial displacement = 0,2 in. Initially specified, to
: correspond approximately
b = 6,7 1b£/(ft/s) ) with actual experimental

* results,
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Approximate Potentiometer Settings

Potentiometer Case (i) Case (ii) Case (iii)
1 0.05 0 0.05
2 0.3 0.3 0.3
3 0 0.2 0.2
J 0 0.2 0.2
5 0. 0.1 0.1
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Peak amplitudes and the ratios of successive peaks are

noted for the 3 decay curves, below fig. i.9.

Case (i}

By measurement from fig.lL.7 and using a standard curve,

C. 0.08 and wd—L— w, = 52 rad/s , .
so that S. = 522 and Y = 0,08
™ 2 [sm
L
Hence m = 0.805 1bf s°/ft and S = 2180 lbf/ft. «

Case giiz

’
By measurement from fig. 4.8 the amplitude decrease in

L cycles = 0,07 in,
LT
. & - 8.0/
i.e. 4 x 3 = 3
and if S = 2180 1bf/ft from (i) above,
then F_ = 0.8 1bf

As expected, for the viscous plus Coulomb friction case, (fig. 4.9.) -

the ratio of successive peaks increased as the oscillations decayed,

Another effect of Coulomb friction is the existence of a
"dead gzone" within wﬁich the load may finally settlg. ‘This was
calculated, as an example, fgr test I2, For a Coulomb friction force
of 1 1bf the dead zone would be 0,011 in., which wouid be represented
by 0.6 mm. on the u-v record used for these tests.

The significance of this and of the analogue computer results

are discussed in section L.3.3.

4,2 The Servo Valve

“4,2.1 Valve Calibration

When supplied, the valve had been adjusted by the
manufacturers using high pressure oil, to have slight overlap when

no dither signal was applied. This meant that when a dither signal



was applied there was overlap, (i.e. simultaneous flow from the N
supply port to the control port and from the latter to the exhaust

port) with no d.c.‘actuating signal present. The lap was therefore

ad justed by trial-and error to give approximately zero overlap in

the presence of a sinusoidal dither signal of + 110 mA (peak) at

200 Hz (see section L4.2.2 for details‘of the selection of this

dither signal). With this new setting of valve lap, full static

calibration curves were obtained.

(a) Exhaust flow

Using the arrangement of fig. 4.10  the points shown in
fig. 4.12 were obtained, In this case the valve/supply pressure and
the dither signal were maintained constant while the d.c. valve
actuating signal was varied, This was repeated for various control port

pressures. These curves are replotted in fig. 4.1h.

"(b) Supply flow

In this case the arrangement of fig. 4.11 was used., For
these tests thé valve dither and d.c. signal were kept.constant
while the control port pressure was varied., This was repeated for
various values of the d.c. input. These results are shown in
figs. 4.13 and 4.1k,

These calibration curves applied for all the closed loop tests
described in Chapter 5 and were simulated in the analogue compufer
tests (Chapter 6). ’

(c) valve lap

One gffect of valve dither was to make the exhaust noisy.
A 200 Hz whine could be heard for any exhaust flow below the maximum,
A slight exhaust noise céuld be heard when the d.c. valve current was
between -20mA and OmA. This exhaust flow was not measured but this
indicates that, although the valve had nominally zero lap with no

flow in either direction at I = -20mA, there was in fact underlap
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of about * 20mA about this point.

4o2.2 Dither Optimization

In the absence of dither on the servo valve input signal,
hysteresis of as much as 20% of maximum current was observed.
This was considerably more than the figure quoted by the manufacturer, for
use with hydraulic fluid, but was not unexpected in view of the reduced
spool lubrication. Dither is commonly used to reduce hysteresis in this
and other hyﬁraulié valves. A dither frequency of 200 Hz was selected
since thi; is well above the natural freguency of the jack/load
coﬁbination, well within the frequency range of the operational
amplifier and quite close to the natural frequency of the valve itself,
The maximum flow was not affected by dither since in all cases, with a
sufficiently large d.c. input signal level, the valve opening was
saturated, In the presence of dither, "buzzing" at 200 Hz could be
heard, as the valve spool hammered against the end stops, for valve
positioné approaching fuily open in either direction,

A dither signal in excess of 70mA (peak) was fourd to be -
required to reduce the hysteresis to acceptable propértions and
110mA (peak) was selected for normal servo operation. In this case
the maximﬁm hysteresis was about 3% of full flow.

L.,2,3 Valve Dynamic Response

The manufacturer's data showed that the valve response had a
slight resonance at about 250 Hz. Obsefvation of the a.c. butput
signal from the integfally mounted valve position transducer confimmed
this to be correct. In addition, the accuracy of valvé current
measurement as an indication of valve position was checked, In this
case the valve current response was flat to about 700 Hz (at which
frequency the valve position transducer output and the valve movement
were negligible).--lt can therefore be concluded that the spool

amplitude is reasonably represented by the valve curfent signal for
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freguencies up to about 200 Hz though there is some phase shift

(e.g. about 900 at resonance).

4.3 Discussion of Chapter 4

4.3.1 Impulse Tests

The linearized second order equation (egn. 3.25) proposed
in Chapter 3 has been shown to describe the behaviour’of the loaded
actuator for a wide range of parameters, The justification for this
statement is that for the large number of expérimental transient
response recordings examined, the characteristic behaviour of a
damped second order system was observed., For each separate
response:-
(a) The damped natural frequency was constant
throughout the decaying oscillation, and

(b) The damping ratio, as measured from the ratio of
successive oscillation amplitudes, was approximately
tonstant throughout the decaying transient,

The maximum values of pressure and displacement fluctuations

during the tests were limited by the force which could comfortably

be administered manually to the load. The controlled pressure (PZ)

_and the chamber volume (V2) varied by up to 40% and 20% respectively

of their mean values., These quantities are represented by constants
P2a and V2a in the theoretical equationé, a linearization wﬁich‘is
Justified for these and probably larger variations, since the
fluctuation of thevactual values about these mean values constitutes
an averaging effect over one complete oscillation,

The Impulse Test establishes important parameters for a

loaded actuator and is easily conducted for a low-pressure pneumatic

system.,



4.3.2 The Expansion and Compression Processes

It can be seen that in fig. 4.2 a reasonable straignt line
can be drawn through the experimental points. This line does not
pass through the origin, implying a small error in the measurement
of the volume of chamber 2.. These points span a very wide range of
piston position and inertia load wvalues and therefore a wide range
of naturai frequencies and piston speeds,

The polytropic index 'n' will vary ﬁith the speed of the
process. Points close to the origin, representing high natural
frequencies can be expected to approach the n = 1.}, adiabatic,
case. At low speeds, however, n will approach 1.0, isothermal.
There is no evidence of this trend over the frequency range of
these tests, i.e. 25 to 10 Hz.

During a decaying, constant frequency, vibration, the actual
pisfon velocity falis. The maximum piston velocity in'these tests
was about 60 ft/min., The points in fig. 4.2, resulting from tests
in which the transient amplitude was comparatively large, were
examined., These points represent relatively high piston speeds.
There was no tendency for these points to be closer to the
n = 1.4 curve than other points at about the same frequency.

A value for n has been determined (n = 1.28).Which describes
the behaviour of the actuator over a wide range of frequencies and
piston speeds. v

In section L4.1.3 values for polytropic indiceélare quoted
for reciprocating compressors. These relate to totali& different
conditions from the present case. In particular in that case, the
piston speeds are very much greater, .cylinder heat exchange is
deliberately encouraged and a "steady state" cycling rather than a

transient oscillation occurs. In view, particularly, of the relative

(G

)

Pa
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piston speeds, a lower value for n might be expected for the present
system than for such compressors.

L..3.3 Actuator and Load Friction

One of the most severe probléms in obt;ining satisfactory
models of hydraulic and pneumatic control systems is the absence of
a good theoretical representation of the friction forces at the
actuator and load. In specific cases a number of solutions have
been found varying from the substitution of "equivaient" viscous

(18)

damping for the Coulomb component to the simulation of* stiction

plus Coulomb plus viscous friction by digital (10) or analogue
computer (64).

The difficulty arises from the dependence of friction,
usually in a non-linear fashion, upon suchvaried factors as positién,
velocity, load magnitude, time, temperature and quality of lubrication,

(23) was to account

The most difficult problem encountered by Cutland
for friction in his low-pressure pneumatic servo-mechanism and
Parnaby, who has made an extensive study of non-linear effects in
control systems, has observed thaf scatter in readings is typical
of experimental work on systems with friction (65).

| Not only is friction difficult to analyse and to observe
experimentally but it also presents problems in practical systems
as it results in inaccuracy, power wastage and sometimes instability.
In systems where a little gas leakage can be tolerated it may be
desirable to reduce friction in the actuator in the same way as was
done in the one used for these tests., Surprisingly little work has
been done on the design of low friction linear actuators, As far as
coﬁmercial organizations are concerned, this is mainly because of the

(662)

very low demand for such devices As mentioned in Appendix 3,
the author is currently constructing a series of experimental

pneumatic actuators, using composite P.T,F.E. and rubber seals, of the



frsb
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s

type used fairly commonly in hydraulic actuators. The design of
low-friction load bearings presents further problems, but in some
cases gas bearings presént a possible solution, again the cost
being a certain amount of gas 1eakagé.

No analytical expression is proposed to represent the
experimental results obtained in sections 4.1.5 to 4.1.7 and
Appendix 3., lHowever, it can be said that friction forces were small
compared to the available driving force and certainly compared with
the friction forces for any currently available actuators involving
sliding rubber or plastic, A number of points can be made from
the experimental results:-

(a) Inspection of the Impulse Test traces showed that the damping was
predominantly viscous., This observation is based upon the fact that
the envelope of the decaying oscillations was always closely
exponential, On the other hand, in the case of pure Coulomb damping

this envelope is a straight line. Referring to fig. 4.1, for pure

Yy Yo Yy Yo
viscous damping — = =—— while for pure Coulomb damping — -
Yo Y3 Yo Ve

i.e. the presence of.any appreciable Coulomb friction in addition to
viscous friction and leakage will make the ratio of successive later
peaks greater than earlier ones, i.e. zg Zl ete, No sﬁch trend
. Y3 o
was observed in the 20 decay curves used for fig. 4.3 or the 10 in
table 4.2, Thé results of the analogue computer study of section L.1.7
demonstrate that the effect of a Coulomb friction force greater than |
0.8 1bf, as in fig. 4.9 , would certainly have been observed in the
test traces. H§wever, anything much less than this would probably
not have been detected, bearing in mind the relatively small size of
the u-v traces used. In section 4.1.7 a specimen calculation was

made of the dead zone which would result from a small amount of

Coulomb friction being present during the Impulse Tests, This value



(0.6 mm on the u-v record) is too small to be of any use in

estimating the actual Coulomb friction force, The figure for the
viscous friction coeffi;ient'(b = 6.7 1bf/(ft/s)) was derived from

a scattered set of points, but taken in conjunction with other results
is aweful guide.

(b) The Drift Tests described in section 4.1.6 and in Appendix 3 give

a valuable indication of the friction characteristic at low velocities..
As expected from the simple design of the actuator, the static friction
force was low, less than 2 1bf for the actuator alone and about 2 1bf
for the actuator plus load carrfiage° Similarly, low Coulomb friction
forces are evident., Referring to the Drift Test curves (figs. A3.1

& 4.5), if the Coulomb force is taken as the intercept of the

gtraight line (high velocity)portion and the vertical axis, figures

" of less than % 1bf and less than % 1bf are obtained for the two

cases, The usefulness of the "Drift Test" is further discussed in
Appendix 3.

(¢) The simple picture of the actuator friction presented by figs. A3.1
and 43,2 1s complicated by the results of the saturation velocity tests
shown in fig. A3.3. In this case the friction at relatively high
velocities was shown to increase with load mass. On the othér hand,
there is no trend in fig. 4.3 for the experimental points corresponding
to high load masses to fall above the femainder, as would be expected
if this assumption were true,

(d) The aséumptions implicit indrawing the straight line in fig. 4.4
were laminar leakage and viscous friction, The former is discussed-

in section 4.3.4 and the latter provided an independent figure for b
for comparison with that obtained from the Impulse Tests. In this

case a figure of b = 8,0 1bf/(ft/s) emerged, Again, it must be said
that the points are somewhat scattered, but this result together with

point (c) above suggests that a reasonable approximation for the

»



friction at higher velocities might be to assume a linear dependence
on velocity but with the coefficient increasing with load mass.

(e) Although & number of independent tests have contributed data on
friction in the experimental system, the picture is still incomplete.
Furtner work on the nature of friction in actuators would clearly be
of value.

4,3.4 Inter Chamber Leakage

Static Leagage Tests have been described in section 4.1.1
and Appendix 5, The further Impulse Tests described in section 4.1.5,
in which additional leakage was introduced through a by-pass valve,
yield information on the relevance of the static figures to the
dynamic situation, The theoretical prediction of the slope of the
straight line in fig. 4.; assumes that the horizontal axis is
calibrated in termS of actual leakage, measured under dynamic
conditions. In fact, the calibration is in terms of leakage measured
under static conditions. The very close agreement between'predicted
and measured slope (within 2%) shows that the stetic leskage coefficient
can be used under dynamic conditions.

From the same test results (table 4.2) it can be seen that
piston leakage variation had no measurable effect on the frequency
of free vibrations (OOdp> of the actuator/load comb%nation. In that

case the inter—chamber leakage was increased to over seven times the
nherent ‘e and W N ¢ aa T d onl
inherent leakage and since = . 1 - an varied o

= : dp np P P v

slighfly, it can be concluded that Ldnp was also consfant. This is
further confirmation that piston leakage can be neglected in
equation 3.27. (4 simple calculation, using the value for b obtained
from fig. 4.3, shows that A® :>‘1501p?~)'

Leakage has been shown to have a small but sometimes important
damping effect on the free vibration of the loaded actuator. This is

illustrated in fig. 4.3 where the contribution of piston leakage to

e

Co

(W]



system damping is shown. Tor the range of load mass (mL) and chamber
volume (V2) used in these tests, leakage contributed between 7% and
30% of the total damping. Leakage becomes important for very large
inertial loads and small volumes., ‘

L.3.5 Pressure in Chamber 1

In normél closed 106p Opefation the pressure in chamber 1 (P1)
is maintained nominally‘constant and equal to half the pressure of the
valve air supply. In thése tests, chamber 1 was connected to a
reservoir, which was supplied from a pressure regulator at 50 lbf/inzg.
In practice, if there is any movaneﬁt of the piston, fluctuation in
pressure in chamber 1 must result. The magnitude of this fluctuation,
for a given piston displacement, will depend=upon the nature of the
connection between actuator and reservoir and the size of the reservoir,

For the particular arrangement used for these tests,
fluctuations in P1 were always small in magnitude. (Details appear
in Appendix 6.)

The importance of these already small pressure fluctuations’
will be reduced if they are 900 out of phase with the displaéement
(and therefore with the pressure in chamber 2)., From the information
available it appears that such a 900 phase difference occurred at the
frequencies used in these tests. This behaviour can be explained using
the simple transfer operator developed‘in'Appendix 6.

L.3.6 The Servo Valve

Gas flow throggh an orifice is either choked, when the
pressure ratio across the orifice is low, or unchoked for higher
pressure ratios, If isentropic conditions are assumed, the well
known flow/pressure ratio curve shown in fig. 4.15 (upper line)
results. This shows the variation of the flow through the orifice,

resulting from downstream pressure changes, while the upstream pressure

107
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is held constant, In this case the {low regime is seen to change

at the critical pressure ratio, which for air is 0,528. This isentropic
curve is known to be a good representation of the flow through such .
orifices as smoothly contoured nozzlés.

Also shown in fig. 4.15 are some experimental points for the
servo valve, replotted from fig, 4.14. These points do not fall very
close to the isentropic curve, The departure of experimental results
from the isentropic curve is probably explained by reference to the
sectioned drawing of the valve (fig. Ak.1). This shows that the
?low path was actually quite tortuous, involving four right angle
turns, the sharp metering orifice and other discontinuities, Valve
dither further disturbed the flow, though once the valve was fully
open, in either direction (e.g. I = 440mA), the dither signal was
ineffective,

In fig. 4.15 the points for I = 440mA and I = 220mA lie
close to a common curve suggesting that valve spool dither, which
only operated in the latter case, did not seriously‘affecf the nature
of the flow. The I = 100m4 points lie above the others but great
importance is not attached to this as it is possible that the flow
measurements were slightly inaccurate in this case. (A float type
meter was used, towards the bottom ¢f its range.)

The ports of the servo valve were annular orifices and the
relationship between spool movement and flow area was linear. When
dither was introduced this relationship ceased to be linear, the
effects being to reduce the gain of the valve at low input signal
levels, and to make the saturation of the flow gradual rather than
sudden, These effects, seen in figs. 4.12 and 4,13, could be
counteracted if required, by reshaping the valve ports, for a
specific amount of dither, The nature of the non-linearity is further
discussed in Chapter 6, where an analytical expression ié derived for

the purpose of simulating the valve characteristics.



CHAPTER 5 TESTS ON THE ELECTRO~-PNEUMATIC SERVQ

In Chapter 2 the construction of an experimental electro-
pneumatic servo is described and tests on the individuzal ogmponents
of the servo are described in Chaptér Lo A large number of tests
were conducted on the closed-loop system and these are described
below. Except where it is stated to tﬂe contrary, the servo-valve
alr supply pressure was 100 lbﬂ/inzg‘and the constant pressure in
éhamber 1 was 50 lbf/inzg. Other constants for the system appear
in Appendix 2.

Command signals for the system were obtained frem a low
frequency signal generator, fed to one input of +the operational

amplifier shown in fig. 2.5.

5.1 Step Response Tests

A series of 34 tests was conducted for widely differing
values of the following parameters:
Load Mass —
Step Size
Step Direction
Final Load Position
Loop Gain
Transient Pressure Feedback Coefficient
The data for these tests appears in table 5.1. During the
tests the command signal, ( Xi),the actual load displacement, (\Ko),
the pressure in chamber 2,(P2L and the valve current (i) were |
recorded using an ultra violet recorder, and specimen traces are
shown in figs. 5.1 and 5.2,
Almost all of these tests were used for simulation studies

(sec Chepter 6) as indicated in table 5.2. In these cases the
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Table 5.1 Exnerimental Servo Step Response Data

Load Carriage Transient Pressure
Step Position (Scale Feedback
Test |[Load Mass| shown in tig. 3.1) Feedback
No. (1v) Potentiometer ' Coefficient Time
Initjal | Final Gain (K pp mA Constant
(in) | (in) & 7 ev!) | etf10e 1% 1072) (TP 9)
ESO. 93.7 1.50 | 0.50 7.30 3.47 1.69
BS1 93.7 0.50 1.50 7.30 347 1.69
ES2 93.7 | 2.50 | 1.50 7.30 B RN A 1.69
ES3 93.7 1.50 2.50 7.30 3.47 1.69
ESh 93,7 0.50 | 1.50 7.30 18.75 0.293
ES5 93.7 2.50 1.50 7.30 18.75 0.293
ES6 93.7 2,50 1.50 12.2 7.30 0.750
ES7 93.7 0.50 | 1.50 12,2 7.30 0.750
ES3 93.7 2.50 1.50 12.2 18.75 0.293
ES9 93,7 0.50 1.50 12.2 18.75 0.293
2510 | 93.7 2.90 | 0.90 5.70 3.7 1,69
ES14 93.7 2.90 | 0.90 5.70 18.75 0.293
ESt2 93.7 0.10 2.10 5.70 3.47 1.69
ES13 93.7 0.10 2.10 5.70 18.75 0.293
ES14 | 48.7 2,90 | 0.90 5.70 3.47 1.69
ES15 | 48.7 2.90 | 0.90 5.70 18.75 0.293
ES16 | L8.7 2.50 1,50 5,70 3.47 1.69
1317 ? 48.7 1,50 2,50 5.70 C 3,47 1.69
ES18 48,7 0.50 1.50 5.70 3,47 1.69
BS19 48.7 1.50 0.50 5.70 3,47 1.69
520 | 48,7 2,50 1.50 5.70 18.75 0,293
BS21 | 48.7 0.50 1.50 5.70 18.75 0.293
ES22 | 48.7 2,00 | 1.50 5.70 © 0 -
2523 | 48.7 1,00 | 1.50 5.70 0 -
ES24 8.7 2.00 1.50 6.00 10.6 0,550
ES25 8.7 | 1.00 1.50 6.00 10.6 0,550
£S26 8.7 1.25 1,00 ] 8,20 0 -
£S27 8.7 1.00 1.25 8.20 0 ‘ -
ES28 8.7 1.25 | 1.00 2.85 0 -
£S29 8.7 1,00 | 1.25 2.85 0 -
ES30 | 8.7 2,25 | 2,00 8.20 0 -
1531 8.7 2,00 2,25 8.20 o) -
£S32 13.7 2,25 2.00 8.20 0 -
£S33 13.7 2,00 2,25 8.20 0 -




Table 5.2 Servo and Computer Step Response Tests and Records

Step Muil Simple Test
Test Simulation Simulation Record
No. Test No, Test No. Locetion
ESO - - Fig, 5.1
ES1 FS1 551 Fig, 7.1
BS2 FS2 | 532 Fig, 7.1
ES3 - : - (Unstable, No
‘ record made)
ESk FSh ssy - Fig. 7.2
ES5 PS5 SS5 Fig. 7.2
ES6 Fs6 SS6 Fig. 7.3
£S7 Fs7 557 Pig. 7.3
ES8 Fs8 $s8 Fig. 7.4
ES9 F39 SS9 Fig. 7.4
ES10 Fs10 $510 Fig. 7.5 .
ES11 FS11  ss " Fig. 7.5
ES12 : Fs12 - $512 Fig. 7.6
ES13 FS13 813 Fig. 7.6
ES1k O PSY - Fig. 7.7
ES15 F315 ’ - Fig. 7.7
ES16 Fs16 S816 Figs. 7.8/5.2
Es17 - - Fig. 5.2
ES18 - Fs18 5518 Figs. 7.8/5.2
ES19 - - Fig., 5.2
ES20 FS20 $520 Fig. 7.9
ES21 Fs21 3521 . Fig. 7.9
ES22 Fs22 A - Fig. 7.10
ES23 PS23 - . Fig. 7.10
ES2l Fs2k - Fig, 7.11
ES25 FS25 , - | rig. 7.1
ES26 F326 . - Fig, 7.12
ES27 F327 - Fig. 7.12
ES28 Fs28 - Fig. 7.13
ES29 FS29 - Fig. 7.13
ES}b FS30 ‘ - Fig. 7.14
ES31 FS31 - Fig. 7.1k
E332 - - Fig, 5.1
ES33 - - Fig. 5.1




displacement and pressure traces are presented in Chapter 7 to
facilitate comparison with computer results. The location of
these and other test records is shown in table 5.2. An arbitrary
3 inch scale is used in table 5.1 to indicate tﬂe position of the
load carriage along its siroke, This scale is shown in fig. 3.1,

In all the stevp fesponse test fecordings,the phase
difference between the displacement ( KO) and pressure (PZ) traces
was almost exactly 1800. This supports earlier evidence of very
low friction forces; This can clearly be seen in the specimen
traces, figs. 5,1 and 5.2,

Large variation in system parameters occurred during the
step response tests, The maximum pressure recorded gave almost 80%
of stall forcs, i.e. the absolute pressure (PZ) in the controlled“
chamber approaiehed 907 of4supply pressure (e.g. test ES10). The
valve drive current exceeded the saturation value during-many of
the tests (nos. ES6-15) and the lower traces in figs. 5.1 and 5,2
show the drive current and the dither signal.

Observations on the pressure in chamber 1 are included in

Appendix 6.

5.2 Harmonic Response

5.2.1 Glosed Loop Harmonic Response Tests

The behaviour of the servo in response to sinusoidal command
signals of constant amplitude was observed for a numbeflof different
values of':

Load Mass

Command Amplitude

Loor Gain

Transient Pressure Feedback Coefficient

The Lissajou figure method, using a variable phase oscillator

b

R



Table 5.3 Closed Loop Harmonic Response Test Data
Test Command Feedback Transient Corresponding
No. Load Mass | Signal Potentiometer| Pressure Step Response
mp 1b.) Amplitude Gain_1 Feedback Tests
(in,) (X v £t7) Coefficien
P (Kpp m4 £
1e7') x 1072
EHA 93,7 2 0.50 7.30 18.7 ESh and ES5
EH2 93.7 Io.25 7.30 18,7 ESL and ES5
FH3 48.7 I4.00 5,70 18,7 ES20 and ES21
EHL 48.7 £ 0.50 5.70 18.7 £520 and ES2
=H5 48.7 I 0.50 5.70 3,47 ES16 ard ES18
EH6 8.7 X 1.00 6,00 10.6 ES24 and ES25
EH7 8.7 Io.25 6,00 10.6 ES2)4 and ES25

and oscilloscope, was used to measure phase shift; Details of the

tests appear in table 5.3,

piston mid-stroke position.

frequencies above about 1.0 to 1.5 Hz.

waveform peaks flattened somewhat.

All oscillations were centred on the

The load carriage displacement was closely sinusoidal at

Below these frequencies, the

There was also a tendency at low

frequencies for the left to right movement to follow a sinusoidal

pattern while the right to left displacement approached a ramp form,

At low frequencies, therefore, the phase had to be measured, by

Jjudging the best null Lissajou pattern by eye.

Bode plots of the experimental results appear in Chapter 7

while fig. 5.3 shows two sample recordings of the command signal (‘Xi),

the load displacement (‘60), the controlled pressure (P2) and the

valve current (i).

)
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5.2.2 Open Loop Harmonic Response

Due to the integrating action of the valve and actuator,
open loop harmonic response testing was impossible (due to the slow
drift which is common for such systems in these circumstances)., The
closed loop results were therefore replotted onto a Nichol's Chart
in order to obtain some indicatioh of open loop behaviour, No great
éignificance should be attached to a single open-loop Bode diagram,
obtained in this way, for a system with amplitude dependent non-
linearities. This is because the input amplitude to the open-loop
is not constant during a closed loop test, as it would be during a
true open-loop test. However, in this case the Bode plots were used
for comparison with those obtained in a similar way from computer
simulations and to assess the merit of such simulations under varying
circumstances. 'The resulting open-loop Bode diagrams are shown in

figs. 7.22 to 7.28 in Chapter 7. ' '

5.3 Additional Tests

The results of a number of additional tests are included
here. TFor these tests the component values for the high pass filter,
when it was used, were not as shown in fig, 2.5. The appropriate
time constant (ﬁfp) for the network is stated for the individual
tests below.

5.3.1 Velocity Feedback

Negative felocity feedback using the moving-magnet velocity
transducer, described in Chapter 2, was briefly investigated.

It was possible to stabilize the otherwise unstable servo in
this way but at the cost of introducing a long time constant into the
closed loop step response. Fig, 5.4 shows the system in a stable
mode (a) and compares velocity (b) and transient pressure (c) feedback.

When the velocity and transient pressure feedback used in (b) and (c)
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were applied simultaneously, the step response shown in (d) resulted.

5.3.2 Pressure Feedback

 Fig. 5.5 compares the step response of the servo feor (a)
transient pressure and (b) simple pressure feedback, i.e. the only
change between (a) and (b) is the removal of the high pass filter.
In this case the frequency of tranéient oscillations was about 4 Hz
and therefore well above the corner point of the high pass filter
network (1.4 Hz). The removal of the filter is seen to have very
little effect on the transient response.

5.3.3 Qutput Stiffness

¥hile the use of a correctly designed high pass filter has
little or no effect on vesponse to a step command signal its effects on
the behaviour of the closed loop servo, in the presence of load forces,
is demonstrated in fig. 5.6. In this case a horizontal force was
suddenly applied to the load carriage, by leaning hegvily upon it.,

The load displacement and the left hand chamber pressure (P2) were
recorded with:-

(a) no pressure feedback

(b) transient pressure feedback

(¢) simple pressure feedback (exactly as in (b) but with the

high pass filter capacitor shorted).

The pressure traces in fig. 5.6 show that a constant applied
force was not quite achieved, but approximate values for the forces
and load deflectioné were calculated from tﬁe traces and figures for
the output stiffness found. These figures, shown on fig. 5.6, show
the serious loss of output'stiffness which occurred, in the absence
of the high pass filter.

5.3.4 Transient Response in the Presence of Steady Load Forces

The constant pressure (P1) in chamber 1 was set at values

other than the normal pressure (50,1bﬂ/in2g.) to gimulate the effect
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of a steady load. The step responses for prassures of 20, 50, 80

- N . . e - a3 .
and 94 1bL/in"g were recorded and are shown in fig. 5.7. Adjusting

v
LSS

U

had the

o

effect as applying a steady force, except that in

&)

1

the former cas

[v]

there was no piston leakage when the piston was at
rest, as there would have been in the presence of a differential
pressure across the piston. This small leakege would result in a

steady state position error but would have negligible effect on

transient behaviour. Trace (a) in fig. 5.7 illustrates the

destabilizing effect of a steady load force, whose direction is such-
as to reduce the quiescent pressure in the controlled cherberi. It
is noticeable that steps in one direction (left to right in fig. 3.1)
are very much affected by load forces, wnile in the other dirsction

-

lcad forces have very little effect. 1 « e

-

‘ N - 3
[ P FERE G coae

5.5.5 Supply Pressure

For these tests, the supply pressure (PS) was reduced and
the pressure (P1) in chamber 1 was always %(PS + Pe),

The servo was operated initially at 100 and 50 1bﬂ/inzg.&
(PS and P1 respectively) with parameters adjusted so that the step
response was Jjust stable, The operating pressures were then reduced
successively to 80 and 4O lbf/inzg., 50 and 25 1bf/in2g. ard 30

B

2 .
and 15 ibf/in"g. In each of these threc cases the servo was unstable,

5.4 Discussion of Chapter 5

The elfucts of variations in a number of parameters on the
behaviour of the closed loop system are discussed individually below.
p

5.k.1 Bouilibrium Position (Tests BSO/2, ES1/3, ES16/19, ®518/17,

£$26/30, £S29/31)

In the above pairz of step response tests, only the final

LA

[WN2

3
e

o



equilibrium position differed. The most obvious differénce in each
of these cases is the increase in th;\frequency of the transient
oscillations which occurred as the controlled chamber volume (V2)
was decreased. It is possible to bredict that the 9253:;gé2

undamped natural frequency ( “%O) changes in this way, from the

linearised equation (egn., 3.46), where, if all other parameters are

4
Zz
constant Woo (Véa)

The ratio‘of the oscillation frequencies for each of the
above six pairs of results was measured and found to vary in just
this way (within 6%). Thus it is possible to predict the variation
in closed-loop frequency, due to piston position change, from a
calculation of the onén—lggg natural frequencies.

In section 3.3.1 it was predicted that stability would
deteriorate with volume increase, particularly in the prescnce of
pressure feedback., This effect is noticeable in the first four of
the above-named pairs of traces but in the last two, where no pressure
feedback was employed, no chaﬁge in damping is discernible.

5.4.2 Load Mass (Tests ES10/14, ES11/15, ES30/32, ES31/33)

In these cases, only the load mass differed between each test
in a pair, Here the transient frequency decreased with load increase.
In eqn. 3.46, if all parameters are constant except load mass,

1
©no * (mL)_E'

In this case the ratio of measured oscillation frequencies
for each pair of tests agreed with this open loop rela%ionship,within
about 15%. g

In the last two pairs of the above-listed tests the pressure
feedback was zero and in these circumstances a worsening of stability

with mass increase was forecast in section 3.3.1. This is evident as

a decrease in the damping in those cases,
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5.4.3 PTransient Pressure Feedback (Tests ES1/L, ES2/5, 1$6/8, ES7/9,
E310/11, ES12/13, 3314715, ES16/20,
£318/21, Eid5/6 and €65/6)

In the above cases, the second named test represents an
increase in negative transient pressure feedback over the first.
In all cases the effect is quite clearly to reduce oscillations and
also to reduce the freguency of oscillations. The root loci of
fig. 3.10(b) and refecence to fig. 3.10(d) indicate that a reduction
in transient frequéncy is predicted by the linear theory. The root
loci are sketches only and the observed increase of damping in the
experimental traces suggestS“that the complex branches are of the
general shape drawn in fig. 3.10(b) (i.e. allowing an increase of
the angle O with gain).

The increased damping is also obviouslon the closed-loop
Bode diagrams and the improved stability is indicated by the gain.
margin increase from 6 dB to 16 dB in the open-loop Bbde diagramé.

5.4.4 Open Loop Gain (Tests ESL/9; ES5/8, £s28/25, ES29/27)

In all cases gain increase is seen to reduce closed loop
damping though in the case of tests ES28/26 and ES29/27 the
predominant effect is to reduce the importance of the first order

no longer
time constant (AC; in egn. 3.44) so that itAﬁominates the step response,

5.4.5 Step Direction (Tests ES1/2, ESL/5, ES6/7, ES8/9, 5516/18, ES20/21,
ES22/23, ES24/25) o X

In the above tests only the direction of approach to the final
equilibrium position varied. In all cases the damping for left to
right steps (fig. 2.1) is slig@tly greater than that fér right to lef't
steps. There is also e&idende'of a longer first order lag (in addition
to the oscillatory portion) for certain of the left to right responses
(tests ES18, 21, 25). These observations run counter to what might

-be expected, since left to right motion was initiated by flow from the

supply to the actuator, and the valve characteristic was steeper for



i26.

supply flow than for exhaust flow. On this basis more rapid, rather
than more sluggish, response would be cxpected. The transient
frequencies in the two directions were always within 5% of each other.

5.4.6 Command Signal Amplitude (Tests EH1/2, EH3/k, EH6/7 and EO1/2,
EO3/l., EOG/T)

Inspection of the open-loop Bode plots shows tha£ when the
‘harmonic input amplitude is reduced, there is a reduction in gain
(i.e. the modglus curve drops) while the phase angle remains almost
constant. This effect is more noticeable for £02 and EG7, Tor which
the command amplitude is Qery small (t 0.25 1in, ), than for Eol., where
the amplitude is larger (i 0.5 in.) An.alternative way of expressing
this point is that the servo has a larger gain margin, and is
therefore more stable, for small amplitudes,

5.4.7 Velocity Feedback (Section 5.3.1)

The long time constant in the step résponse shown in
fig. 5.4(b) can be explained on the basis of linear theory, by
reference to fig. 3.7. In these root locus plots, while the damping
of complex poles may be increased by velocity feedbéck, and indeed
an unstable system is always stabilized, the real pole is seen to
approach the origin, Thus a fairly large time consfant forms part
of the transient response and clearly the coefficient of this term
was large in this case., By contrast the real poles in fig. 3.10 for
transient préssure feedback do not constitute a ;ignificant part of
the response, which is demonstrated in fig. 5.4(c).

A simila; effect can also be seen in reference 37, figs. 2
and 3, showing step responses for a low préssure on/off pneumatic
servo, ne increasing dominance of a first order lag, as velocity
feedback was progressively increased, was not discussed by the
authors for whom the main point of interest in those figures was the

~

validity of a computer simulafion.



5.4.8 Steady Load Forces (Section 5.3..)

Linear theory was used in section 3.3.1(f) to predict that
the stabilizing and destabilizing effects of steady loads would be
as observed for the left to right commands in fig. 5.7. It was
also shown that mutually opposing effects ((i) and (ii) in table 3,2)
operated for right to left commaﬁds, making prediction of behaviour
difficult. The results in fig. 5.7(a) to (d) for right to left commands
show that the destabilizing effect of the reduced quiescent pressure
in chamber 2 (effect (i)) was approximately compensated by the
decrease in ‘the valve coefficient c, for exhaust flow (effect (ii)).
This resulted in- similar transient responses for all right to left
steps. |

(20

Brann ) examined the theorétical effects of load forces on
stability for such a system but as he considered only effect (i) and
did not allow for the changes in the valve coefficients, ¢y and €55

he was unable to foresee the unsymmetrical behaviour described here,

In hydraulic systems, where the bulk modulus is virtually independent
of' pressure, 6n1y effect (ii) is present. This means that, when a load
force is applied, the response to steps in the same direction as the |
force become less damped and even unstable while if the force opposes
the motion the response is more damped. This was observed by

Davies (67) both in an analogue simulation and in an experimental

hycdraulic servo.

5.4.9 Supply Pressure

The destabilizing effect of supply pressure reduction noted
in section 5.3.5 is explained according to the linear theory in

section 3.3.1.
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CHAPTER 6 SIMULATION OF THE ELECTRO-PNEUMATIC SERVOQ

In order to assess the relevance of the models proposed in
Chapter 3 to the results of tests on the experimental servo described
in Chapter 5, two series of analogue computer simulations were
conducted, In the first case a medium-sized computer with a full
set of non-linear units, the E,A,L, TR 20, was used for a "full"
simuiation, and in the second case a very small but accurate machine,
the Vidac 169, was used for a simple simulation., These are described
in sections 6.1 and 6,2 respectively. In each case a number of the
closed loop step and harmonic response tests carried out on the
experimental servo were also conducted on the computer.

6.1 Full Simulation

The non-linear equations 3.15, 3.16, 3,20 and 3.23 developed
in section 3.1.5 were used as the basis of this model. The realisation
of these equations is-@iscussed below, and the complete computer.
circuit is shown in figs. 6.1 and 6,2.

6.1.1 Actuator and Load

No simple expression to describe actuétor and load friction
emerged from the study reported in Chapter 4., TFriction forces wére,
however, small and the assumption of viscous frictioﬁ gave reasonable
agreement with experimental results. Viscous friction was the;efore
used for the computer simulation,

Egns. 3.15 and 3,23 rewritten in terms of thezéuantities a',

b! etc. introduced in section 3.1.8 become

2 b ‘
P, - P, _—ADKO +XDXO 6.1
3 m2 b! e! 2 c! !
and DY = - (S Y - (e 6.2

This summation was performed by amplifier 3 in fig. 6.1.

The computation of m, is described below,

2
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See Appenéix 7, Table A7.1, for potenticmeter settings.
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The quantities a', b' eté, were constants for any particular
computer run..

6.1.2 Valve Input

Eqn. 3.20 represents the derivation of the valve input current.
For the present tests, no velocity feedback was used (i.e. KV = 0) and
the dither signal was accounted for separately, as part of the valve

characteristic (see section 6.1.k4 below). Thus eqn. 3.19 simplifies to

TD
- - - —L
To= kg (8- 1) K, [ T J P, 6.3

This summation was performed by amplifier 13 in fig. 6.1 and amplifiers
6, 18 and 19 were used to simulate the high pass filter.

6.1.3 Valve Characteristics

In Chapter 4, section 4;3.6, the considerable divergence of
the actual valve characteristics from the theoretical isentropic curves
was discussed. 1In a paper on pneumatic servo valve design,
MacNéughton (68) gave an empirical expression for modelling such
characteristics. IacNaughton's expression gives a continuous curve
(shovm in fig. 4.15) with no discontinuity between choked and unchoked
flow. MacNaughton reported satisfactory agreement between experimental .
results and this empirical expression for "small orifices", though no
results were given. (Cutland (23¢) examined the leakage flow past an
uﬁderlapped four-way spool valve and found that MacNaughton's equations
were a better model than the isentropic flowvequations. Cutland did
not attempt to fit any analytical expressions to his valve flow/
opening characteristics. Fig. 4.15 shows that in the present case
MacNaughton's curve is rather closer to the experimental points than
is the isentropic curve.

MacNaughton stated that at constant témperature, the flow
through an orifice is proportional to the flow area, to the upstream
pressure and to the function / 1 - r2, where r is the pressure ratio.

For a valve with flow area 69v’ the flow from the supply to



the control port is therefore

and the exhaust flow is
P.
m, = ~Cg PZQV I

which can be written, for supply and exhaust respectively

_ 2 2 - -

, C, GV /Ps -, 6.4
_ / 2 2

2 C6 ev P2 - Pe 6.5

These equations were used to simulate the servo-valve

=]
I

&
a
B
1

characteristic using the circuit shown in fig. 6.2, (The function
generator shown in fig. 6.2 was used to allow for the valve dithér
signal and is described iﬁ section 6.1.4.)

The empirical expression was originally developed in order
to simplify orifice design calculations., It is also considerably
easier to model on an analogue computer than is the theoretical

isentropic expression, which requires the function

F(r) =

to be evaluated, in addition to the necessity for a discontinuity
at r = 0.528.
The static valve characteristics® resulting from the use of
this circuit are shovm in figs. 6.3 and 6.4. (details of scaling
appear in section 6.1.6).. The method adopted was to adjﬁst potentiometer
16 to give exact agreement, between the computer characteristic, and

the known servo-valve static characteristic (fig. L4.14) at one point.

* The actual. valve characteristic shows nominally zero flow at

I = ~20mA approximately, but for simplicity the computer characteristic

was zeroed at I = OmA. The effect of this was that, for example +180mA

in the servo valve corresponded to +200mA in the computer. No allowance
was made for the slight underlap observed in section 4.2.1.
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- This point is indicated in figs. 6.3 and 6.4,

6.1.4 Valve Dither

In section 4.2,2 the need was explaihed for a fairly large,
high frequency (200 Hz) dither signal to be applied to the servo
valve. Thus the valve input current was

i = I+ ID sin Wt
The valve laps were adjusted to give zero flow in either direction
when a sinusoidal dither signal of 110mA amplitude was applied,

The valve began to open to the supply for any signal current greater
than the zero flow value (I = -20mA) and opened to exhaust for
smaller currents. Thus the area for flow changed 200 times a second
and the average flow area was not linearly related to the applied
signal current. Also, from the experimental valve characteristics,
the valve flow saturated at aboﬁt +420mA and -460mA.,

Fig. 6.5(a) shows this diagramatically with the ze}o flow
point transposed from I & -20mA to I = OmA for convenience., The
area available for flow (shaded) during egch cycle can be seen to

increase from zero for zero signal current (I) to half the maximum

for'I = 2220mA and to maximum for I = 4OmA. Referring to fig. 6.5(b),

the form of the characteristic relating the flow area per cycle and the

signal current can be calculated,

To evaluate the area 2, :-

1X
%-{—32 :J’ydx
o
X
51 =..yy dx - x cos x
(o]

X )
\(cos x dx - x ¢cos X
o

sin x - X €cOs X

The relationship required is that beiween y (= cos x) and

51 and values are tabulated in table 6.1. The last columns in that

table show the scaling of these figures into computer machine units
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Table 6.1 Valve Dither Characteristic
!
% x v = 3, (1 - y scaled %, scaled for
degrees| rad | cos x | _ sin x cos x) for computer computer (flow
- cgs N (valve current) area)
; MU, M.U,
0 0 1.00 0] G 0 0
40 0.70 0.77 0.10 0.23 0.05 0.02
60 1.05 0,50 - 0.3 0.50 0.11 0.05
90 1.57 0 -~ 1.00 1.00 0.22 0.16
110 1.92 { =0.34 1.59 1.34 0.29 0.25
120 2010 ‘-0050 1092 1050 0033 0?31
140 2.0 1 -0.77 2.49 177 . 0.39 0.40
180 3,14 | -1.00 3,14 2.00 O.bk 0.50
Valve Flow
Area M.U,
N G
—_N**<; 1
N
\ -
hY b
N
hY
\
-
LA i \,
r 3
Lo S _\“ii‘ X 2]
= | = (DS N LEO ois =Pl
3 T A "\ ! :;- Valve
HEA ] Current
N M.U.
1 1 _
.5 \ RREN conputer
[}
X
i e theory
S
- o sy (dotted)
l f B

Fig. 6.6 Theoretical and Computer Dither Characteristics




for use with a variable diode function generator (V.D.F.G.). The
scaling for valve current (1M.U. = 500mA) is discussed in

section 6.1.6 and for flow area an arbitrary 1M,U. maximum was
selected.

Thus one quarter of the valve dither characteristic was
defined and the remainder was plotted from the known symmetry of
the curve, The V.D.F.G. in fig. 6.2 was adjusted by trial and
error and the calculated and computer curves are shown in fig. 6.6.

6.1.5 Complete Valve Simulation

Fig{ 6.2 shows the complete valve simulation circuit.
_ v
Potentiometer 16 was adjusted to give agreement between experimental
and computer characteristics at the one point, I = +200mA,
P2 = 50 lbﬁ/inzg. The computer characteristics are shown in

figs. 6.7 and 6.8 with the experimental calibration curves from

figs. 412, 4.13, and 4.14 superimposed, for comparison.

6.,1.6 Scaled Rguations

(2) Amplitude scaling

The amplitude scale factors used were:

XO and b/i _ 0,25 ft =1 ¥, U, (10V)
dh/o 5 ft/s = 1 M.U.
dt
2y .
a
g, 150 £/5° =1 .U,
at? '
3 o x
d X_o_ 4000 ft/53 =1 M.U.
3 2 i
P, and P, 15 x 107 1bf/ft =1 M.U,
_ Y o
m, 1.0 x 10 © 1b/s =1 M.U.
I | : ‘ 500mA = 1 M.U.

Many parameter values are listed in Appendix 2.
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Egns 6.4, 6.2 and 6.3 in gcaled form become

[P - P] = EE 150, > XO -+B 2 — I)XO 6.6
2 1 A 15 x 105 150 A 15 % 10j 5
' 2
D’ XO .1 1x 107° Mo _(b‘ + e'.) 120 > \{0
5000 al 4000 1 x 1072 2! BOOO | 150
_ (c'—»f'\ 5 :DYO 6.7
| \" & ) 5000 5
1] xx oo (| Y] o[ ¥
500 P00 \|G)P5 | | 0.5
x ( P > 15 x 10° P 6.8
A TPD 200 15 x 10°

(b) Time scaling

The computer solution was slowed by a factor of 10 to enable
a.pen recorder to be used, To achieve this the integrator gains were
reduced and fig. 6.1 shows the time and amplitude scaled circuit, All
computer traces are marked in real time, for direct comparison with
results from the éérvo.

6.1.,7 Step Respgonse Tests

The step response tests carried out as part of the full
sirulation are as listed for the servo step response tests in
tables 5.1 and 5,2. 7The value used for V2a in almost all cases was

the final value of V_, this being the wean value of the volume

99
dﬁring the decaying transient oscillations (where Such oscillations
occurred). The exceptions were tests $26 to 33. In these cases,
wﬁere small step commands were used, the mean value between initial
and final piston positions was used (e.g. for tests 526 to 29 the
positioni1.125 in. was used to calculate V2a)° A value for the
viscous friction coefficient (b) was decided on the basis of initial
runs on tests ¥$1 and F32., The value b = 6,7 1bf/(ft/s), derived in
section L4.1.5 was tried initislly. The analogue demping in this case

was too light compared with that of the servo and therefore higher

values were tried. A value, b = 13 1bf/(ft/s), gave a good match
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between servo and analogue fesponse. "In fig. 6.9 the steb response

of the computer with these two values of viscous friction coefficient
can be seen, (The lower traces ave repeated in fig. 7.1 where the
analogue and servo response can be compared) The higher value of b was
revained for the whole series of full and simple simulations. This
point is discussed in sections 7;2.1 and 7.2.2, Complete records of
the computer step response tests are included in Chapter 7, figs. 7.1
to 7.14. Attention is particularly drawn +0 fig.. 7.3 in which the
switching points for the valve simulation can be seen. In each case
load displacement, pressure diff'erence and valve current were recorded.

6.1.8 Potentiometer Settings

Potentiometer settings are shown algebraically in fable
f\7~ﬁqﬁ, sample calculations for runs FS1 and ¥S2 and numerical
potentiometer settings are given in Appendix 7,

6.1.9 Harmonic Response Tests

The closed loop harmonic responsé tests, detailed in
table 5.3 for the experiﬁental servo, were also conducted on the full
simulation (tests FH1 to FH7). The resulting Bode diagrams are shown
in figs. 7.15 to 7.21. Open‘loop Bode diagrams were derived from
these plots using the Nichol's Chart as discussed in section 5.2.2,
These diagrams are shown in figs. 7.22 to 7.28.

6.2 Simple Simulation

The results from the full simulation indicated that the
complete equations developed in section 3.1.5 provided a good model
of the operation of the servo over a wide range of inertial loads,
stép sizes, etc; These equations were linearized yielding the transfer
operator of eqn, 3.42 and the purpose of the simple simulation was to
investigate the validity of this much simpler model., This third order

transfer operator was obtained by:
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(a) Linearizing the valve characteristics
(b) Omitting the high pass filter in the pressure feedback path.

6.2.1 Linearizing the Valve Characteristics

The complete servo valve characteristics drawn in figs. 4.12,

4o13 and L.14, in which flow rate is seen to vary with both valve
current and pressure drop, can also be repfesented as a single,
three~dimensional plot, This gfaph is drawn to isometric axes in
fig., 6.10. The linearization of the valve characteristic described
in section 3.1.7 can be regarded as the replacement of this three-
dimensional surface by the plane surface shown in fig. 6.11. 7This
plane is a representation of the linearised curves shown inset in
fig. 6.11. Thus the selection of values for the valve coefficients
¢, and c, (eqn. 3.35) is the selection of slopes for these curves

1

ard for the plane in fig. 6.11., A value for ¢, was selected by

1

drawing a straight line approximation to the quiescent pressure
valve characteristic, as shown in fig. 6.12 and measuring its slope,

The resulting value was

c, = 1.3 x 1072 (

4 1b/s)/mA

The selection of a value for c, was not so obvious, since the
slope at the zero flow, quiescent pressure point is zero. The value
aétually selected was the measured slope of the -200mA exhaust flow
curve at the quiescen§ pressure P2 = 50 lbﬁ/inzg (fig. Lo14). If
the +200mA supply flow‘curve had been used in the same way, the

resultant value for ¢, would have been about 15% less. Thus for

4

2

the simple simulation

¢, = 20.3 x 1078 (1v/s)/(1be/2t%)

The choice of c1 and 02 is further discussed in section 6.3,

6.2.2 Use of Simple Pressure Feedback

In order to minimize the complexity of the simple simulation,

1

44
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Valve
s Flow 4
(ft*/min)
Supply

4L.0%

Exhaust

Fig., 6.10 Servo Valve Characteristics -

Three dimensional plot showing a typical
trajectory for a step command signal (run FS12)
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(G) Three dimensional representation - the "Valve Characteristic Plane"

(V) is shown intersecting a second
Qlane (S) (which represents

0)
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(b) Representation as two 'families' of straignht lines

Pig. 6.11 Linearized Scrvo Valve Characteristics
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simple pressure feedback replaced transient pressure feedback,
Exﬁerience with the experimental servo suggested that the
omission of the high pass filter in this way would not result in
significant change in the response to step commands. Alsc the
frequencies at which the filter would attenuate the pressure
feedback were low and therefore on the flat portion of the closed
loop Bode modulus plots, where the consequent damping reduction would be
insignificant.

6.2.3 Scaled Bquations

The same amplitude scale factors were used as for the full
simulation (section 6.1.6).

BEgn. 3.42 in scaled form becomes

— © —
2 2 v
A r____..,.D X_O. = - 1 P XO + 56! P \KO
L 150 150 150 5
. ° —

0.250' [ Yo > - 0.25D" }gg;_ 6.9
7150 | 0.25 150 0.25 | -

As before, the time scaling was such that ten seconds on the

—

computer corresponded to one second for the servo.
The computer circuit diagram is shown in fig. 6.13.

6.2.4 Step Response Tests

A number of the step response tests conéucted on the
experimental servo and on the full simulation were repeated., Details
of the tests carried out are given in tables 5.1 and 5.2.

The viscous friction coefficient determined ip section 6.1.7
was retained throughout the simple simulations.

In table 6.2 the individual values of all the coefficients (a',
b', ¢' etc.) appearing in egn. 3.41 are listed, This amount of detail
is given as it enables tﬂe relative importance of individual terms to

be estimated (see sections 6.3.2 and 7.2.2).

A pen recorder was used to record the computer response using
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Fig, 6.13 Computer Circuit for Simple Simulation
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[ ] indicates a scaled variable in machine units,

Svecimen Potentiometer Settings:

For runs $351/2, using the values of A' B' G' and D' listed

in table 6.2, settings were P4 = 0,210, P5 = 0.111, P7 = 0.157
and P9 = 0.63k.

for step response tests

© 2{¥ = amplitude of command signal in ft.
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Table 6.2 Numerical Values for the Simple Simulation
(see Table 3.1 for symbols)
Units 881/2 | s54/5 |S86/7 1888/9 3310 |8811  [S312
and :
Si1/2
and
01/2
ot = A lbft_152x10—6 14.8 [ 14.8 [14.8 M4.8 [10.6 [10.6 [18.9
B | 1oet ™ Tsx10™ | 6.807] 6.80 | 6.80 | 6.80 | 4.90 | 4,90 | 8.40
et " 1,03 | 1.03 | 1.03 | 1.03 | 1.03 | 1.03 | 1.03
g' " Lol | Wo7h | Lo7h | Lol | Lo7h | W74 | Lo74
3t t 10,6 [57.5 (22.4 157.5 [10.60 157.5 [10.6
BI_
b'+e’+
g'+J' " 23,2 1 70.2 35,0 1{70.2 21.% {68.3 |24.8
o 1ot~ 02 botle | botlh | bl | Batl | bt | dotl | Lotl
£ " 0,05 | 0.05 | 0,05 | 0,05 | 0.05 | 0.05| 0.05
ht " 0.22 | 0.22 | 0.22 1 0.22 | 0.22 | 0,221 0.22
k! " 0.49 | 2.65 | 1,03 | 2.65 | 0.49 | 2.65 | 0.49
CV =
cl+f'+
h'+k? " 4.90 | 7.06 | 5.4 | 7.06 | 4,90 | 7.06 | 4.9
at = D' | 1brt s 5,601 5.60 | 9.35 | 9.35 | 4.36 | 4.36 | 4.36
x 10~
v & s 0.087| 0.126| 0.058! 0.075| 0,112| 0.160] 0,112
o D!
f =
no
1 o Hz 2,90 | 3.48 | 3.06 | 3.48 | 3.42 | L.10 | 2.57
2% AT '
Z0 = - Ool¥j+5 1.08 00618 1.08 09465 10‘24 Ooz{-10
Bl
%/C'Ai
Table 6.2 Numerical Values for the Simple Simulation

(see Table 3.1 for symbols)

continued on the following page



Table 6.2 continued

S813 [ 8816/18 | 8820/21 | 8§ * SH6/7 Ss *® SR

and and 22/23 and S06/7| 26/27 128/29

SH5 SH3/1k (also

and and $824/25%)

505 50.3/L
Al 18.9 7.68 7.68 7.68 137 1.13 1.13
b! 8.40 6.80 6.80 6.80 6.80 5.60 5.60
e! 1.03 0.54 0.5 0. 54 0.10 0.10 0,10
g' L. 7k 2.46 2.46 2.46 0.4 0.4k 0.4k
J' 57.5 5.53 29.9 0,00 2,94 0.00 0.00
B! 1.7 15.3 39.7 9.80 10,3 6.1 6.1l
¢! Loil | beo 1l boll Lotk boll boll Lotk
f! 0,05 i 0.05 0,05 0.05 0.05 0.05 0.05
ht 0.22 | 0,22 0.22 0.22 0.22 0.22 0.22
k! 2.65 0.49 2.65 0.00- 1.52 0.00 0,00
¢! 7.06 4.90 7.06 Lol 0 5.93 4.4 L.W
D! 4,36 4,36 436 L. 36 4. 60 12.8 Lolt5
T, 0.160 0.112 0.160 | 0.101 0.130 0.034 | 0.990
s 3,08 L. Ol 4,80 3.80 10.5 9.90 9.90
- 0,980 0. 380 0,850 | 0,267 0.535 0.438 | 0.438

* These values are included for comparison though simple simulation

results are not presented in Chapter 7

It



exactly the same X and Y sensitivities as were used for the full
simulation records. These traces were then photo-copied to produce
the transparent overlays in figs. 7.1 to 7.6, 7.8 and 7.9.

6.,2.5 Harmonic Response Tests

Some of the closed loop harmonic response tests conducted
on the experimental servo and on the full simulation were repeated
(sH1, 2 and 5). The simple simulation did not display the
amplitude derendence of the servo and the full simulation, so that
the simple simulation measurements for test SH1 were also
appropriate to test SH2, Bode diagrams appear in Chapter 7,
figs. 7.15, 7.16 and 7.19.

The open loop Bode plots appearing in figs. 7.22 to 7.28
(nos. S01 to S07) were derived from the figures for ‘C;, fno and

§;0 in table 6.2,together with standard "second order" curves.

6,3 Discussion of Valve Simulation

6.%3.1 Full Valve Simulation

The overall effectiveness of the full valve simulation can
be judged from figs. 6.7 and 6.8, These compare the experimental
stafic flow characteristics with those from a computer circuit
incorporating licNaughton's expression and valve dither. A number
of points emerge:

(a) On the supply side in fig. 6.7, the general shapes of the curves
differ in the manner indicated by fig. L4.15.

(b) An alternative "matching" technique would have been to make the
maximum flow value correct, for say I = +200mA. Reference to .

fig. 4.15 shows that in fig. 6.7 this strategy would have

resulted in maximum error between the experimental points and

the computér characteristic for pressure ratios beéween 0,4 and

0.8, This was not done since the valve operates with such pressure

ratios for a large proportion of the time,

152



(¢) If this curve matching had been adopted there would have been

good agreement at maximum flows for all large openings (fig. 6.7),

but the analogue indicates excessively low flows for small
openings (e.g. +100mA). This ean be seen in a slightly different

way in fig., 6.8 where the slope of the analogue curves is less

than that of the valve curves, on either side of the origin., This

effect would be caused by underlap in the valve (a little was
observed in section 4.2.1) or by non-sinusoidel valve dither
displacement.

(@) From fig. 6.8, it can be predicted that system disturbances
resulfing only in small valve currents would be less well
modelled by these characteristics than larger disturbances
(see section 7.2.1).

(e) Static valve characteristics were used on the assumption that
these apply to the dynamic situation, This point is discussed
in Chapter 7 where the dynamic response of the servo and the
computer are compared. Shearer (3) modelled the static
characteristics of the four-way valve in his high-pressure
pneumatic syséem, using 'an electro-mechanical function generator
which incorporated a stylus running over a three-dimensional
"sculpture" of the flow curves,

6.3.,2 Linear Simulation

Superimposed upon the three-dimensional valve characteristic
(fig. 6.10) is.a typical trajectory* for a step command signal to the
closed loop system. This highlights the difficulty which arises in
selecting single values for the valve coefficients °, and 5 to
répresent large swings of pressure, currént and flow. The

linearization was based upon the assumptioﬂ of small perturbations

and if this were the case the problem would be less severe.

* Data from run FS12 used
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A figure for ¢, was used for both supply and exhaust flow,

1
Zxeamination of fig. 6.12 shows that for any given opening of the
servo valve the supply flow was about 1.5 times as great as the
correspvonding exhaust flow., This was due to the flow choking which
occurred in the valve., The areas for exhaust and supply flow in
this valve were equal, since it was designed for control of hydréﬁlic

0il where flow is simply a function of opening and pressure difference.

In order to correct this inequality, the exhaust port area of a

' pneumatic valve can be made greater than the supply port area. A

figure of 2:1 is often quoted for this purpose, but measurements
from the valve characteristics (figs. 4.12 to 4.14) suggest that
a figure of between 1.5 and 1.6 is suitable either with dither
operating or without (i.e. valve fully open).

In the absence of dither‘the curve in fig. 6.12 would comprise

two straight lines meeting at the origin, as in fig. 6.4. As

-discussed above, these two lines would -have the same slope if the

supply and exhaust areas were adjusted., In this case again, selection

of ¢, would be obvious. The corresponding characteristic, linearized

by Shearer (1), was made up of two straight lines of almost equal
slopé, with a small dead zone, Cutland's (23) valve had unequal |
supply and exhaust areas to equalize flows, though the characteristic
was sligntly s-shaped due to the occurfence of gradual saturation at
fuil openings. -

The selection of ¢, has considerably more influence on the

behaviour of the simple simulation than does ¢ This is because

20
¢, appears in the term D', which is a coefficient in egn. 3.42,

while c, appears in g' and h' which are both added to other terms

to make coefficients B' and C'. Reference to table 6,2 shows that

5 has a negligible effect on C' but is sometimes an important

influence on B', The use of an unsuitable valuve for c1 will show



up in the open loop integrating time constant (/C;) in the Bode
diagrams, while ¢, affects the open loop damping ratio (i:o)
(see egns, 3.45 and 3.46)., This and other points from table 6,2

are further discussed in Chapter 7.

R
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CHAPTER 7 THE FLECTRO-PHEUMATIC SERVO - COLLECTED RESULTS
AND DISCUSSION

7.1 Collected Results

The results of the step response-tests described in sections 5.1,
6.1.7 and 6.2.4, on the experimental servo and the full and simple
simulations respectively, are shoﬁn in figs. 7.1 to 7.14. The
collected results of the closed loop harmonic response tests are
shown in figs. 7.15 to 7.21. Open loop Bode Plots are given in

figs. 7.22 to 7.28.

7.2 Observations on the Computer Simulations

7.2.1 Full Simulation

Good general agreement between experimental results and those
from the full simulations can be seen in figs., 7.1 to 7.28. In many
of the step responses the damping of the models was slightly high.
This would be improved if a lower figure for the viscous damping
coefficient (b) was used. This point is furtﬁer discussed in
section 7.2.2.

In tests S6‘to S15 the servo valve saturated owing to the large
size of the step command.- Flow saturation was built into the valve
simulation and consequently fhe behaviour of the model follows that
of the actuél system closely. The largest pressure swings occurred
in tests SO to S13 where large inertia loads were present, while the'
largest chamber volume changes were in tests $10 to S15. At certain
points in the full simulation eguations, constants V2a and P2a
replaced variablesV2 and P2. These approximations would be most
likely to lead to errors in the above-mentioned cases. However,
again agreement is generally good though in some cases the computer

pressure fluctuations were not as large as those occurring in the

5€ervVo., -



KEY T0 FIGS. 7.1 TO 7.28

Step Response Results, figs., 7.1 to 7.1

(a) In these cases the actual pen-recorder traces from the Full
Simulation (FS) are reproduced. The Servo response (ES) was
recorded on u-v sensitive paper and these traces have been
redravn to the same scales as the FS traces, in figs. 7.1 to

701I+'

Full Simulation (FS)

Servo (ES)

(b) The transparent overlays are photographic reproductions of

the pen-recorder traces for the Simple Simulation (s8). (Slight

distortion in the reproduction is responsible for any misalignment

of the grids, since the scale factors and time scales of F3 and

SS traces were iaentical,)

(¢) Full details of parameters appear in tables 5.1 and 5.2.

(d) he scale shéwn for the >{o traces refers to that shown in

fig. 3.1.

(e) Referring to fig. 6.1, the Full Simulation traces were measured
at amplif&ers 9, 6 and 1% respectively. In the case of amplifier 6,
P2 - P1 was actually recorded but since P1 was coﬁsfant,«and
allowing for this constant offset, the FS traces have been labelled

P2 for comparison with ES traces.

Closed Loop'Harronic Response, figs. 7.15 to 7.21

(2) Servo results are shown: © o- —&
Full Simulation: — X *®
Simple Simulation, where applicable: R I EREEEY DY RR

(b) Full details appear in table 5.3.

Open Loop Harmonic Response, figs. 7.22 to 7.28

Servo results: —Ly © -0

* K b

Full Simuletion:

Simple Simuiation, derived from standard

2800330000800 9008D800000

curves using parameters in table 6.2:
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At the other extreme, in tests $29 and 328 and 02 and 07,
relatively small perturbations of variables occur, for example in
the two. step response tests mentioned, the valve drive current did
not exceed 75mA. It was in these cases, where only low valve flow
rates occurred, that correspondence between model and system
behaviour was poorest, Comparing the open loop plots O1 with 02
and 06 with 07, the full simulation is seen to be better for large
amplitude (01 a@nd 06) than for small. This is because there was
considerably less qhange in the behaviour of the modei as the
amplitﬁde was reduced than there was in the actual system., The
difficulty in simulating small perturbations was predicted in
section 6.3.1 and arises ﬁecause it is under thesé conditions
that small errors in the valve characteristic:and effects such as
vélve lépbbeceme significant proportions of the total fluctuations.
Throughout the step response tests and in those closed loop Bode
plots where it can be determined, there is close agreemeﬁt on the
closed loop natural frequency between the analogue and the
experinental system,

In section 5.,4.5 it was noted that the response of the Servo
to sﬁep commands from different directions, but to a common final
position, was wmot as expected. The behaviour of the full simulation,
on the other hand, in which left to right responses were slightly
faster than those from right to left, can be explained. This was
due to the fact that the flow gain of the valve for éupply flow
was greater than that for exhaust. No explanation is advanced for
this inconsistency between servo and full simulation, (The linear
simulation was éssentially symmetrical and therefore exhibited no

directional effect.)

/.2.2 The Simple Simulation

The step response of the simple model closely resembled that



of the experimental servo and was never greatly different from that
of the full simulation. In almost all cases, however, the Tull model
was slightly the better.' A reduction in the damping of the simple
rnodel would have improved agreement with the servo and table 6.2

can be used to illustrate this and other points.

In table 6.2 it can be seen that where transient preésure feedback
was used, it made a very significant éontribution to the damping ternm,
(B'), sometimes far outweighing the other terms. Thus if the viscous
damping coefficient were reduced, even to half the value actually .
used for the computer simulations, the effect on the term B' and
consequently upon the behaviour of the model would be in many cases
quite small., It can theréfore be argued that better all~-round
correspondence between servo and models would have been obtained if
the value for viscous friction coefficient, (b = 6.7 1bf/(ft/s))
established in section 4.1.5, had been used, The figure actually
used (b = 13.0 1bf/(ft/s)) was édOpted in section 6.,1.7. There is
also slight evidence to support the use of a load devendent damping
coefficient, as discussed in section 4.3.3, in that the computer
results for large load masses were slightly better than those for
sma;l loads. Another point which emerges from table 6.2 is the
' trivial effect on the systen's dynamic behaviour of the relatively
high piston leakage which occurred in the experimental servo.

The importance of correct selection of valve coefficients for
a linear simulation can also be illustrated with the aid of table 6.2.

Clearly the value of ¢, directly influences the open loop gain and

1
therefore the system's stabllity and speed of response., On the other
hand o5 which occurs in the terms h' and g', could be estimated
wrongly or even omitted altogether, without seriously decreasing

the usefulness of the model. Inspection of fig, 6.12 shows that

the value for c selected, favoured moderate and even large



fluctuations of valve opening and flow rate. To simulate smaller
perturoations a lower value of c, would be necessary, A reduction
in open loop gain in this way would improve the agreement between
the simple simulation and the servo for the small amplitude harmonic
response tests. In that case, curve SO2 would approach E02 and
curve 307 would approacﬁ EO7.

As explained in section 5,2,2, the open loop Bode plots for
the servo and for the full simulation were derived from closed loop
results, and therefore the deviation (\Ki - \X;) amplitude was not
constant throughoyt, This does not affect comparisons between FO
and EO curves, but explains the relativeiy large deviations between
the simple simulation (S0) and the servo (EO) Bode plots at low
frequencies, In these cases the servo was operating with extremely
small deviations and therefore small valve openings., Under these

circumstances a smaller value of ¢, applies and consequently the

1
SO curve at low freguencies should be lowered, thus improving
agreement with the servo behaviour.

The linear model might have been expected to break down when
valve flow saturation occurred. Inspection of the relevant step
responses, 336 to S$S15, shows that in these cases cdrrespondence'with
servo response was still close, This suggests that simulation of a
system with extreme valve saturation could be effected, if the linear
model were simply modified by the addition of limiting for large
valve input signals. An example of a system which wdgld’require
this modification if the rotation of a powered limb joint through
say 1000, in wnich the valve would be fully open for perhaps 950
wﬁile acting c&ntinuously for deviations of % 50. In section
3.3.1(f) the effect of large steady load forces was discussed. In
such cases it would be ﬁecessary to allow the valve coefficient ¢

1

to have different values for exhaust flow and for supply flow.
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This modification could easily be introduced to the simple model.
Both Shearer (3) and Burrows and ¥Webb (57) justified the
use of linearization by reference to the fact that pressure
fluctuations in their systems were always small, In view of the
large pressure fluctuations which occurred Auring the present step
response tests, the accuracy of the simple simulation is of
particular significance. It was noted in section 5.1 that the
maximum pressure variation in the controlled chamber was almost 80%
of the possible variation. 1In the step response tests described in
ref. 37 the corresponding figure was approximately 20%, and in the
frequency response tests in ref. 3 the pressure variation was about
25% of the maximum value, Large pressure variations cause departure
from linearity in two ways:
(1) The operatiﬁg point on the valve characteriétic moves
well away from the quiescent pressure curve (i.e. term
d' in eaqn. 5.41), and
(ii) The "bulk modulus" or "stiffness" of the air departs from
its quiescent valve (temm c¢' in eqn. 3.41).
Tne observation that the linearized equations cope effectively‘with
large pressure swings indicates that full simulation éf thé valve

characteristics will rarely be necessary.

7.2.5 The Use of Static Valve Characteristics under Dynamic Conditions
In section 4.2 the measureﬁent of' the steady state valve
characteristics is described. Tnese figures were obtained in the
presence of sufficient dither to reduce hysteresig to negligible
proportions. These characteristics were simulated as closely as
poésible for thé full simulation and were used for the measurement
(shown in figure 6.12) and ¢, for the

2

simple simulation, The close fit between servo behaviour and the

of appropriate values of cy

behaviour of both models suggests that the dynamic behaviocur of the



valve is very similar to its static behaviour, over the frequency

range encountered., This runs counter to the conclusions in the

(37)

(25) that

paper by Burrows and Webb and in Burrows' thesis ,

static characteristics did not apply under dynamic conditions,
This conclusion(was reached because, in a small perturbation analogue
computer model, the valve coefficient (01) had to be reduced to
betwe?n 1/3 and 1/5 of the statically measured value, to achieve a
reasonable it with the actual behaviour of a low pressure on/off
pneumatic servo., An alternative explanation for this discrepancy
is advanced below.

A four-way, open-centre flapper/nozzle valve was used in their
case and it appears likely that its flow characteristic was
unsymmetrical about the quiescent position*. This means that a very much

lower figure Tor the valve coefficient ¢, would be appropriate for

1

flow from ine actuator to tae exhaust,than that for flow from the

supply to the actuator. In the absence of exhaust flow characteristics,
the supply flow curves were probably used in isolation and consequently
the higher figure for ¢, was selected, An average figure for c, between
the exhaust and supply values would probably be about one third of that

.actually used and, as mentioned above, this is the order of the

correction required to explain the discrepancy encountered,

“ This can be seen in fig. 6.6 of ref. 25. The quiescent (zero flow)
actuator pressure was 54 lbf/inzg, i.e, the quiescent air gap was
almost 0,010 in., Clearly a change of +0,005 in, results in a much
smaller mass flow change than does a change of -0.005 in,
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CHAPTER 8 THE EXPERIMENTAL FLUIDICALLY CONTROLLED
POSITION SERVO .

In the final phase of this project the electro-pneumatic
servo, described in Chapter 2, was extensively modified, A control
system using discrete {luidic elements, to give pulse width modulated
output signals, was developed, The P,VW.l. output was chosen in
preference to an anélogue output signal in order that the servo-
valve, the most expensive item in the original servo, could be
omitted., In fact,'two pneumatically-signalled two-way on/off valves
replaced the electrically-signalled three-way spool valve, The load
position was measufed using a specially developed fluidic displacement
sensor, with analogue pressure output. The low friction linear
actuator and load carriage used were similar to those used for the
electro-pneumatic servo.

The general layout of the fluidic servo is shown in fig. 8.1

and individual components are described below,

8.1 The Displacement Sensor

A sensor operating on the interacting-jets brinciple was used
to measure the linear displacement of the load carriage., The output
from the sensor was a‘fluidic pressure in analogue form and
displacements up to almost 3 in, were measured.

Fig. 8,2 illustrates the intera.cting—jets principle which is
commonly used in devices which simply detect the presence or absence
of an object at a particular location. Two in-line o?bosed air jets
interact in a plane near the discharge nozzle of the weaker jet, |
causing a relatively high back pressure at that nozzle. An obstruction
betweeﬂ the jets upsets the jet interaction allowing air from the right
hand nozzle to escape more easily, resulting in the output sigﬁal

pressure dropping almost to zero. One advantage of this type.of sensor

1

1
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is that the output signal is composed entirely of filtered supply air
vihereas with other designs the output air can become contaminated with
particles from the environment of the sensor.

The 'VWedge' Sensor developed for the fluidic servo consisted
of two components: |
(a) A standard commercial interacfing—jets object detector, of the
type shown in fig. 8.2, which was held in a fixed position, and
(v) A steel plate, with one edge slightly inclined to the horizontal,
which was attacﬁed to the actuator piston rod whose horizontal
displacement was to be measured,
This plate or wedge was positioned in the gap of the sensor so that
movemen§ of the plate resulted in progressive interruption of the
jets. This principle is illustrated in fig. 8.3. The sensor was
moulded from Araldite and the nozzles were nominally rectangular,
The inclination of the wedge and the height of the sensor body were‘
ad justable, enabling the sensitivity and range'of the device to be
altered. Fig. 8.4 shows a photograph of the complete sensor.

Details of the sensor and calibration curves appear in

section 9.1.1

8.2 The Oscillator

A Pulse ¥idth Modulator, standard in electronic circuits, uses
a continuous input signal to éontrol the widths of a train of constant
frequency pulses, which constitute its output. Thus ideally the
mark/space ratio of the output varies from zero to infinity as the
input varies from maximum to minimum, Such a device requires a
coﬁstant frequenéy oscillator to provide a triangular carrier wave
which is then modulated by the input signal. The linearity of the
device is a function of the linearity of this triangular carrier.

A very simple fluidic oscillator can be constructed using
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an or/nor gate and a capacitor as shown in fig. 8.5. With no signals
at the control ports, air flows to the 'nor' output, 'charging' the
capacitor C. Thus the control signal pressure increases until it is
sufficiently high to switch the {low through the element to the 'or!'
port. At this point the capacitor ‘'discharges' until the control
port pfessure is sufficiently low to allow the flow to switch back
to the 'nor' output. Thus the oscillator functions because of
inherent hysteresis in the element, The maximum and minimum pressures
of the output waveform are controlled by the switching levels of the
element and the frequency depends upon the volume of C and the 'sizes
of the interconnecting pipes.
The results of tests on this oscillator appear in section 9,1.2
but it was not used for the fluidic servo as the mean pressure level
of the output waveform proved to be too low for comvatibility with the
remainder of the control system, )
Tne alternative oscillator design which was adopted is shown
in fig. 8.6. In this case a bistable element and two feedback
capacitors, C, and C

1 2?

bistable element switched when the differential pressure across its

were used, In this case the flow through the

control ports reachea a certain value. Again the operation depended
upon hysteresis in the fluidic element and the frequency of
oscillation was controlled by the Siées of the capacitors.and pipeéo
Bean-deflection elements mouwlded in Araldite were used in
both oscillators and details of these and the capacitors are included

in Appendix 4. The elements and a capacitor can be seen in fig. 8,8.

8.3 The Amplifier

Fig. 8.7 shows the complete fluidic control system, including
the P.Y.}¥, amplifier which cohprised a comparing element, a signal

biasing stage and two Schmitt triggers. (Component data appears in
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Appendix L4.) The comparing and signal biasing stages were
constructed ITrom three single-stage beam-deflection proporiional
amplifiérs. The purpose of tie first proportional amplifier PA]
was to generate the deviation signal on which the system's operation
depended ané the viasing stage enabled the valve overlap and
underlep to be adjusted or eliminated, as required. At the Schmitt
trigazers the output signals {rom the biasing amplifiers were
compared with éhe triangular carrier wave from the oscillator, so
that when the pressure at port £ exceeded that at port e, the output port 1
was pressurised, while when the pressure at f fell below that at e,
port 1 was exhausted and port k pressurised,

Initial setting of the system was as follows:
s

With the command position and actual position set egual, valve R2

was adjusted so that the pressure at input £ of Schmitt trigger S1
was just greater than the maximum level reached by the carrier signﬁl
at e. Similarly R3 was adjusted to make the pressure at pert £ of
52 just exceed the carrier signal peak pressure at e, Thus in this
condition both on/off valves remained closed.

mxamining the behaviour of the supply side, a small increase
in the command signal pressure to PA1 resulted in a fall in the
pressure to port f of Schmitt trigger 52 to a level between the
maxinum and ninimum pressures reached by the carrier signal at e,
Thus the Schmitt trigger output switched from 1 to k as the carrier
sigral pressure exceeded the pressure on port f and the diaphragm
valve V2 opened, HRach time the carrier signal fell again, the Schmitt
output switched fromk to 1 and the valve closed, Thus the time for
which the valve remained open (assuming instantaneous valve movement)
varied linearly with the pressure on f, provided that this pressure

was between the maximum and minimum pressures reached by the carrier

wave, In the presence of a large command signal pressure to PA1, the

99



output pressure from port d of PA3 fell below the minimum level of
the oscillator outéut and port k of 32 remained pressurised
continuously. 1In this case the supply valve V2 remained opén and
the system was saturated., In a similar way the exhaust valve (V1)
opening was modulated when the cormmand signal fell below its
equilibrium position. Referring to fig. 8.7, in the closed loop
system the sensor was connected so that its output signal pressure
increased when the loéd carriage moved to the left, i.e. negative
feedback was ensured, The amplifiers and a Schmitt trigger are shown
in fig. 8.8. |

8,4 The Valves

Two single stage valves were employed to control the supply
and exhaust flow to the differential actuator. The vélve~actuators
were diaphragms which operated against light sPrings,4enablin5 them
to e operated by very low pressure signals. Positive action was
ensured by switching the control pressure from one side of the

diaphragm to the other, while the first chamber exhausted to

atmosphere, when reversal was required. The valves were of the

200

poppet type with spherical plugs and seats. Data on these valves appears

(=0

n Appendix 4 and fig. 8.8 shows a photograph of a valve,

8.5 The Actuator and Load

A low friction differential actuator and load carriage, of
similar design to those described in Chapter 2 and shown in fig. 2.2,

were used,

8.6 Air Supplies

Low pressure air was supplied to the contrcl system from

three separate circuits, indicated (&), (B) and (C) in fig. 8.7, in

order to eliminate unwanted interaction. These circuits each included



a regulator and a reservoir of approximately 300 in3 capacity.
The actuator air supply arrangements were as described in

section 2.2.5 but in this case the compressor worked at 100 1bf/in2g.

8.7 Pressure Transducer

A strain gauge pressure transducer together with a
preamplifiersand a storage oscilloscope fitted with a Polaroid camera
were used for dynamic pressure recordings. This was a low volume
transducer using semiconductor strain gauges for maximum sensitivity
and details are included in Appendix 4. This was not the ideal
transducer for low pressure measurements such as are encountered

in fluidics, but a more suitable device, such as a pressure sensitive

P

ransistor, was not available. The noise content of the pressure
recordings which can be attributed to the pressure transducer itself
can be judged from many of the figures in Chavter 9, in which

atmospheric pressure traces are included (e.g. figs. 9.2, 9.3 etc. ).
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CHAPYER 9 THI TLUIDICALLY CONIROLLLD SERVQO - TESTS
SSULTS  AND  DISCUSSION

H

>
Tests on individual components, sections of the system and

finally on the complete system are described and the results are
presented and discussed.

9,1 Tests and Results

%.1.1 The Vedge Sensor

The displacement sensor incorporated a Plessey type IJ-1%
object detector, The thickness of the interrupting wedge was 0,12 in,

3

and its angle of inclination with the horizontal was 3.3 x 10 7 radians,
This represented a height of about 0.01 in, in a stroke of 3 in, The

gap vetween the sensor nozzles was Q.4 in. and the wedge was

positioned approximately mid-way between them. The nozzles were
nominally rectangular, 0,040 in, wide and 0,020 in. high, but
examination under maénification shgwed that the exit orifices were

very ragged and ‘far from rectangular. The air consumption of the
sensor, when loaded by amplifier PA1, was O.20ft?/min (free air) with
the supply preSsure at 3 1bf/in2g.

(a) Static calibration

The displacement sensor was calibrgted in position, with the
remainder of the fluidic circuit connected as in fig. 8.7. The
valves were not connected and the load carriage was simply positioned
by hand.

Fig. 9.1 shows the static calibration curve with the supply
pressure at 5 lbf/inzg and with the command pressure on PA1 maintained
at 630 mm W.G. throughout. In addition curves for supply pressures of
7 and 2.5 lbf/inzg are shown, though only a few, more widely spaced
points are included in these cases, Continual adjustment of wvalve R1

vas necessary to maintain constant command pressure as the sensor

* Now marketed by British Fluidics & Controls
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displacement varied., (For example, in one case the command pressure
was set at 630 mm ¥W.G. with the load carriage in its extreme right
hand position. The carriage was then moved to the extreme left hand
position and unless R1 was adjusted, the command pressure rose to
730 mm W.G.) No hysteresis could be detected in the operation of
the sensor,

(b) Dynamic response

The dynamié behaviour of the wedge sensor is illustrated by
the recordings shown in fig. 9.,2. Tig. 9.2(a) shows the output
pressure from the sensor when a plate was first interposed quickly
by hand, between the sensor nozzles,'and then removed again., It
can be seén that in the first case the rise time was about 15 ms,
while for output pressure increase, the rise time was less than Sms,
A high frequency ripple is evident on the sensor signal in the absence
of the plate betweén the nozzles. This is caused by the interaction
of the two jets and closer examination showed that a major component
was at a frequency higher than 1 kilz. There was also .a considerable
random content.,

For figs. 9.2(b) and (c¢) a twin-beam oscilloscope was used to
give simultaneous reéording of the Wedge Sensor output pressure and
the wiper voltage from a potentiomgtric displaoement sensor (of the
type described in secfion 2.2.3). In case (b) the lpad carriage (to
which both sensors we}e connected) was moved approximately 1 inch,
as quickly as possiblé, by hand. In case (c¢) the troiley was moved,
again by hand, in roughly a sinusoidal manner., As is to be expected
from recording (a) and the static characteristic in fig. 9.1, the
fluidic sensor output corresponds closzely to that of the
potentiometric sensor, apart from the presence of the noise discussed

above, Tne third trace in fig. 9.2(b) shows the output from the wedge
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sensor when measuring atmospheric pressure. (In this case the
vertical positioning is not significant since the oscilloscope shift
control was used to position the trace.)

9.1.2 The Oscillator

The two oscillator designs described in Chapter 8 were tested
while driving Schmitt triggers as in fig. 8.7.

(a) The 'Bistable' Oscillator

The output pressure from the oscillator shown in fig. 8.6
was recorded for supply pressures 5, 4 and 3 lbf/inz. The waveforms
are shown in fig. 9.3, It can be seen that the output ampiitude
decreased and the frequency increased as the supply pressure was
lowered. ZReference to the atmospheric pressure level, included in
each case, shows that the mean pressure of therutput oscillation
also fell with the supply pressure. A supply pressure of 5 lbf/inzg
was used for the oscillator in later tests on the complete fluidic
servo and fig, 9.4(a) is a second recording at this pressure, showing
more cycles of the output waveform to enable study of its long term
'stability. This point and others are discussed in section 9.2.2.

(o) Tae 'KOR' Oscillator

Fig. 9.4(b) and (c) shows the behaviour of the simple
oscillator of fig. 8.5 for 5 1b£/inzg supply pressure, when fitted
with two different feedback cépacitors. Again an atmospheric pressure
trace is shown in each recording and it can be seen that the mean
pressure levels are considerably lower than for the 'Bi;table'
oscillator (e.g. fig. 9.4(2)). |

9.1.3 Proportional Amplifiers

Three different proportional amblifiers were used in the
comparing and signal bilasing stages of the control system. Amplifiers
PA2 and PA3 were required to operate with one of the control pressure

signals constant, and were tested in that condition, the control
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vressure being adjusted by displacement of the load carriage, The
resultant static characteristics are shown in fig. 9.5.

The requirement for PA1 was more demanding since, in that case,
both éontrol signals could vary. The input differential pressure level
for the static calibration test on PA1 (fig. 9.6) was varied by moving
the displacement sensor blade and when necessary, by adjusting
restrictor R1 also. The Common }Mode Rejection of PA1 was not studied
in detail but it was observed that the output pressures at ports a
and b did not remain constant when the input differential pressure
was maintained constant, (by adjusting R1) for different sensor blade
positions. The implication of this is that the two curves in fig. 9.6
are only typical curves and in fact, two "families" of curves cculd
be drawn, each pair corresponding to a different constant control
pressure on (say) port i.

9.1,4 Schmitt Triggers

Two identical Schmitt triggers were used to generate the
output pulse trains which were used to signal the control valves,
No hysteresis could be detected in the Schmitt triggers, using water
columns for pressure measurement, Switching actually occurred when
the pressure on port f was slightly lower than that on e, in both 51
and S2. The performance of a single Schmitt trigger was investigated
as follows:

A Schmitt trigger was éonnected to the oscillator as shown
in fig. 8.7, but a variable pressure controlled by a resfrictor was
fed to the second control port (f). The output pressure pulses at
port 1 ﬁith the Schmitt trigger output dead-ended (i.e. connected to
a éressure transéucer only) were recorded for various settings of the
restrictér. The mark-space ratio of this output was measured in each
case. As the pulses were not perfectly squarc and the pulse width

showed slight variation from cycle to cycle, the technique adopted
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was to teke the average width at mid-height for several successive
pulses. The results of these tests are plotted in fig. 9.7(a) and
in (b) specimen recordings of the output waveform are shown.

9.1.5 Complete P Amplifier

Initial setting of pressure levels in the system was
described in section 8.3. Fig. 9.6 shows that the outputs from
amplifier PA1 were unsymmetrical and equilibrium pressures were
selected in this case, so as to utilise the most linear portions
of the characteristics., Approximate initial pressure levels at these
ard other points throughout the system are shown in fig. 8.7. These
levels, at which both valves were just held in the 'off' position,
were used for the tests desoribed below,

To investigate the behaviour of the complete amplifier, the
pressures at ports 1 of the two Schmitt triggers were recorded in turn,
for a number of positions of the wedge sensor blade. The setting of
valve R1 remained constant throughout. For these tests the only load
on the Schmitt trigger under test was the pressure transducer, i.e.
the output 1 was dead-ended and output k was open to atmosphere.
Specimen output pressure waveforms from the Schmitt triggers are
shown in fig. 9.8 and the mark—spacé ratio was measured in each case,
The technique described in section 9.4 was adopted for this measurement
and the results are shown in table 9.1. The variation of mark-space
ratio with the differential pressure across PA1 is shown in fig. 9.9.

When the sensor was included in the system, the dependence
of mark-space ratio upon sensor position was as in fig. 9.10. The
reasons for the shapes of these charaoteristioé and for the degradation
of-fig. 5,10 relative to fig. 9.9 are discussed in section 9.2.5.

95.1.6 Valves

The "Norcon" valves used in the fluidic servo (fig. 8.7) had

a flow capacity slightly less than that of the serve valve in the
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Table 9.1 Test Results - Complete PV Amplifier
2
i Displacement Displacement Command Differential Ilark-Space
Sensor Sensor Pressure Pressure Ratio of
Position Qutput pressure (mm W.G.) across PA1 Schmitt trigger
(in.) (mm W.G.) Control Ports| output (port 1)
(mm V.G.)
2.50 285 580 295 1.00
2.40 300 585 285 0.99
2.30 330 590 260 0.89
2,20 345 552 247 0,80
2.10 360 595 235 0,71
2,00 365 600 235 0.71 Supply
1.90 387 600 213 0.50 Side
1,80 410 610 200 0.42 (582)
1.70 435 615 180 0. 2L
1.60 465 620 155 0.10
1.50 480 620 140 0.00 J
. /
1.50 480 620 140 0.00
1.40 490 620 130 0.00
1.39 495 620 125 0. 11
1.37 507 622 115 0.22
1.35 525 625 100 0.47 Exhaust
1.30 537 630 93 0,58 side
1.20 525 630 105 0.41 (s1)
112 550 630 80 0.68
1.10 560 630 70 0.81
P 1.03 572 635 63 0.89
0.92 582 640 58 0.399
0.90 595 640 L5 1.00
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electro-pneunatic system described earlier, The diaphragm actuator
springs vere adjusted so that the valve switched when a pressure of
approximately 250 mm W.G., was applied either to the top or bottom of
the diaphragm. Operation was uncertain at pressures below this
level. Further details appear in Appendix L.

(a) Behaviour of the valve when signalled by Schmitt trigger

A valve, Schmitt trigger and the oscillator were connected as
shown in fig, 8.7 and an independently controlled bias pressure was
fed to port f of the Schmitt trigger. The Schmitt trigger supply
pressure was 2 1bf/in2g and this resulted in an output signal level
of 360 mm W.G. The load presented to the Schmitt érigger by the
Norcon Valve proved to be too great and the output pressure pulsés
were considerably degraded, compared to those observed when the
Schmitt trigger output was dead-ended (e.g. fig. 9.8(a) and (b)).
Fig. 9.8(c) shows the resulting pressure on the top of the.valve
diaphragm for low, moderate and high bias pressures (at port f)
re;pectively. Also shown are reference pressure levels in each case
(atmospheric pressure for traces (i) and (ii) and the maximum Schmitt
trigger output pressure, i.e. 360 mm¥%.G. for (iii)). Thus there is
approximate correspondence between (i) in fig. 9.8(c¢) and (iii) in
fig. 9.8(b) and between (ii) in fig. 9.8(c) and (i) in fig. 9.8(a).

The step response of the Schmitt trigger/valve arrangement
with the same supply pressure was observed separately and a rise time
of approximately 60 ms., for the valve drive pressure signal was
récorded. In view of this, the poor quality waveform, illustrated
gy fig. 9.8(c) for a carrier frequency of approximately 20 Hz, is
noé unexpected.' |

(b) Small Valve

The tests described above indicated that in order to utilize

the output from the P amplifier, a valve actuator which demanded



considerabl& less flow from the Schmitt triggers was required. No
suitable valve with flow capacity comparable to that of the Norcon

valve was available but for comparison the behaviour of a small
single-stage "Notgren" diaphragm-operated valve {see Appendix L)

was studied. In this case the diaphragm chamber volume was smaller

and consequently the Schmitt trigger output waveform was hardly

affected by it. A test similar to that conducted on the dead-ended
Scnmitt trigger (desc?ibed in section 9.4) was performed with the
iorgren" valve connected to port 1. In this case the mark-space

ratio of the valve input signal was not calculated but the resultant
controlled flow through the valve was measured, using a float-type

flow meter. For this test, air at an arbitrary pressure of 15 lbf/inzg
vas supplied to the Norgren valve, The supply pressure to the Schmiti
trigger was reduced to 0.9 lbf/inzg.in order to make its output pressure
compatible with the valve, The meter float position fluctugted slightly
in a_random fashion but a mean flow rate was measured for several steady
control pressure levels {on port f). These figures are plotted in

fig. 9.11(a). Specimen waveforms for three different control pressures
are shown in fig. 9.11(b).

%.1.7 Tne Complete Fluidic Servo

The closed loop system was connected as shown in fig, 8,7
i e . 2 . .
with the supply pressure set at 80 1bf/in“g but satisfactory operation
was not achieved, The behaviour of the system {or two different

comnand positions was observed.

Carriage in 2,25 in., position

A command pressure of 480 mm W.G. was applied to PA1., The
uﬁloaded carriége did net maintain a steady position but oscillated
randomly within a zone of * 0,2 in. about the command value. A large
and irregular component of this oscillation was at about 5 Hz. The

valve V1. could be heard exhausting in a random fashion., ‘When a step
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command was fed to the system requiring the carriage to return to
this position from elsewhere in the stroke, it did so but on reaching
the required position the random behaviour described above recurred,
The stiffness, estimated by leaning on the load carriage, was high

in both directions and the valve had approximately zero lap. The
addition of a load of 5 kg. to the carrisge resulted in large limit

cycles,

Carriage in 1,4 in. position

ihen a command pressure of 610 ma W.G. was applied to PAl
the system behaved in an even less satisfactory manner, Large réhdom
oscillations abkout the desired position were observed and at times
the unloaded carriage moved rapidly o the O in. position, striking
the end stop violently in the process. On these occasions the
carriage recovered its original position some seconds later. Although
conly the command signal pressure had been changed, a large dead zone,

between the 0.9 in., and 1.7 in. positions, was now observed,

9,2 Discussion of Fluidic
Servo Results

* The tests described in Chapter 9 show that while the
fluidically-controlled position servo using P.W.M., described in
Chapter 8, is possible in principle, a certain amount of development
and refinement is required fbr most of its components. The results
of these tests are discussed below, and a number of suggestions are
made for improving the performance of the systen,

The selection of supply pressures for the various components
was to some extent arbitrary though certain minima were set by the
components selected, e.g. the valve operating pressures., Another
factor operating in this case was the absence of pressure transducers

canable of monitoring very low pressures, It i1s quite possible that

o3
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lower pressures might be used if minimisation of air consumption
7 . - . . -
and/or audible noise were required,

9.2.1 Disvlacement Sensing

Yinen development of this fluidic servo commenced, no existing
fluidic analogue displacement sensors could be located, Since then,
however% a number of devices have been marketed (33) and others have
been developed and tested (29).

The scatter of experimental points oa the Wedge Sensor
characteristic in fig. 9.1 was probably due to the irregular shape
of the sensor nozzles, a feature which is of no consequence in the
nommal operation of the device as a two state object detector. No
investigation of the flow pattern around the sensor blade was conducted
but the good repeatability and absence of hysteresis which was observed
suggest that the flow is s?able. It is likely that good linearity
would be achieved with carefully made and suitably shaped nozzles,

A more sensitive pressure transducer would be required for
further investigation of the noise content of the sensor output signal,
but its frequemcy is sufficiently high to cause no embarrassment in
most applications.

The Venturi Back Pressure Sensor described in reference 29
snowed great promise and in view of its air consumption, which was
less than 20% of that of the Wedge Sensor, it may be that further
development of +that déevice WOula be more rewarding.

9.2.2 0Oscillators

fhe shape of the waveform from the 'Nor' oscillator was of
similar quality to that from the 'Bistable' oscillator but the former
wés not used in-the P.W.M, system as its minimum output pressure was
almost as low as atmospheric pressure, This would have meant the
proportional amplifiers being required to operate at these low pressures,

i.e, well outside their linear ranges. This low pressure output signal
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vas a function of the switching pressures of thé particular OR/NOR
element used and might be corrected by the use of an alternative
design.

Capacitors for the 'Bistable' oscillator were selected f'rom
those available, so as to give an operating frequency of about 20 Hz,
Thg use of unequal capacitors resulted in the slight lack of symmetry
for increasing ani decreasing pressures, seen in fig. 9.3.

The selection of carrier frequency for a P,W,M.. servo has
to be a compromiseﬂ A high frequency is desirable so that the
actuator will not respond to the pulsations in supply and exhaust
flow, and yet the.operating frequency must be within the dynamic range
of the valves used. For example, in fluidic missile direction control
systems, where pairs of opposing jet reaction nozzles emit pulse-
width modulated gés flows, it has been suggested that the missile
inertia smooths out the carrier ripple if the carrier frequency is
more than twice the natural frequency of the missile (69).

It can be seen from figs. 9.3 and 9.4 that the output
waveforms from the two oscillators tested were not truly triangular.

A lumped-parameter, R-C approximation suggests that charging and
discharging in such systems is exponentiél. The oscillator output
signals shown in figs. 9.3 and 9.4 give the general impression of

being made up of the initial segments of a series of exponential curves, °

The behaviour: of the 'Nor' oscillator in fig. 8.9 was also
-obsérved in the preseﬁce of a variable restrictor either in line A or
in 1lindk B, In each case the shape of the output oscillation was
progressively worsened and its frequency decreased as the restrictor
was closed, In.fact, the output became less triangular and more
obviously 'exponential' as the restrictor was closed. Oscillation
cezsed altogether when excessive restriction was introduced, These

effects are as expected Tor the linearized model described above and



(32)

are also evident in results presented by Flood . In that case
restrictors were introduced to a 'Bistable' oscillator, similar to
that shown in fig. 8.5, at points D and E., The purpose of these
restrictors was to attenuaté a large unwanted high frequency
component (about 250 Hz) which was present in the output signal.

Tne restrictors had the desired effect but in fig. 5 of reference 32,
the 'side' effects on output shape and frequency mentioned above are
also evident., .

The high frequency distortion referred to above was not present
in the output signéls.from either the 'Nor' or the 'Bistable!
oscillator. Some noise is present in the recordings in figs. 9.3
and 9,4 but reference to the atmospheric pressure traces therein
shows that this was probably due to such effects as "pick-up" on
connecting leads. This was minimised but was inevitable in view
of the low sensitivity of the pressure transducer used (§ee
section 8,7). Independent tests on the transducer showed that
pressure fluctuations of the magnitude and frequency observed by
Flood would certainly have been detected had they been present. A
possible explanation for the purer waveform observed in the present
case lies in the fact that the components used in the two cases were
different. For example, the amplitude of the triangular waveform
presented in reference 30 was over three times greater than that shown
in fig. 9.3 wnile the supply pressure was lower in the former case,
Tnus the loading conditions of the fluidic elemen§§ were different and
the reduced bore at the element control ports and capacitor connectors
may have served the purpose of 'shaping' resistors in the present case.

' The wavéforms shown in figs. 9.3 and 9.4 ha&e a good basic
shape but there is- some inconsistency in amplifude, from cycle to cycle,
This can, alternatively, be regarded as a random frequency variation

and was found to amount to approximately ¥4% around a mean frequency,
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in the tests on the 'Nor' and 'Bistable' oscillators, Remedies for
this were sought including the use of various supply pressures,
replacement elements, various restrictor and capacitor combinations,
buffer elements and two stage oscillators, but no improvement
resulted. A similar fluctuation was noted by Flood. The supply
pressures was also examined but found to be free of distortion.

It therefore appears that the cause was poor repeatability'in the
performance of the f{luidic elements making the control pressure
levels at which switching occurred vary. In a P.VW.M., application

small carrier amplitude variations may be acceptable, provided long

term stability is maintained, since P.¥W.i. is essentially an

V]

veraging process.

5.2.3 Procortional Amplifiers

Improving the performance of the PW amplifier depends upon
imoroving the linearity and particularly the common mode rejection of
the comparing and sigﬁal biasing stages. Poor common mode rejection
at amplifier PA1, as observed in section 9.1.3, affects the
verformance of the closed loop servo adversely., Suppose the system
were set up for zero valve lap, with the command and actual positions
equal at some particular value., If, when command and actual positions
are agéin egual but at some new value, the output signals from PA1 have
decreased instead of remaining constant, the result is that there will
now be valve cverlap. This explains one aspect of the behaviour of the
fluidic servo described in section Oe1aTe Also-the open loop gain of
the system will vary according to command and actual position, if the
output pressures from the comparison stage depend on anything other
thén the applied differential pressure.

These problems may be solved by the substitution of a multi-

stage Operational Anplifier,of the type that is now commercially

m

available, for the proportional amplifiers in the fluidic servo., Such



a device could be expected to have a more linear characteristic than
the proportional ampliifiers used here and also to suffer less from
interaction between input signals. A single operational amplifier
could be arranged to compute the deviation and add the carrier signal
to it, leaving the Schmitt triggers for bias adjustment. Operational
amplifiers of this type are however expensive. The method of using.
two separate output pressure signals t'rom amplifier PA1 contributes
to the common mode rejection problem and this would be improved,
though not eliminated, in a system using only the diftf'erential
pressure acrcss the outpﬁt ports.

9.2.4 Schmitt Triggers

These particular bistable elements were chosen because of -
their negligible hysteresis., Hysteresis limits the linear range of

(32) and fig. 9.7 shows that this

mark-space ratio with input signal
linear range, for the Schmitt trigger alone, was certainly f'rom
0.05 to 0.95 and probably bpetter.

9.2.5 The Complete PiM Amplifier

The behaviour of the complete amplifier is shown in fig. 9.9.
A number of factors contribute to the deviation of this curve from
the ideal, i.e. a straight line passing through the origin, limiting
at a mark-space ratio of 1.0,
(a) The dead zone at the origin could be eliminated by
careiul adjustment of the bias on restrictors R3 and RZ’
(b) The characteristics of all three amplifiers in tne systenm
showed a characteristic 'S' shape which is reproduced in
the overall behaviéur.
(c) Tne slope of the characteristic of the exhaust side
amplifier (PA2) at its operating point was ceurl 'mratly
steeper than that tor PA3 (supply side). This resulted

in the higher gain tor the exhaust side seen in tig., 9.8.

o2
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The use of matched amplifiers (PA2 and PA3) over only
a limited part of their characteristics would result in
a great iﬁprovement in overall linearity.

The variation in outpﬁt pulse width from cycle to cycle which
was observed was probably largely due to the fluctuation in the
oscillator frequency discussed earlier., This explanation could bve '
verifiedlby simultaneous observations of these two signals,

The above observations apply also.to fig. 9.10 but an
additional factor contributing to the errétic nature of these readings
was the behaviour of the sensor itself. As discussed earlier, the
sensor static test results showed considerable scatter avout a mean
curve., A particularly noticeable discontinuity occurred at a
carriage position around 1.2 in. to 1.4 in, in fig., 9.1 and this
has a clear effect in fig. 9.10.

9,2,6 Valves

A serious deficiency in the fluidic control system was the
poor dynamic performance of the on/of{’ valves when signalled by the
Schnitt triggers.

. The Norcon valves were chosen {or their low operating préssures
and small diaphragm chamber volumes but the latter proved to be too
large for the relatively low air flow generated by the Schmiti triggers.
This is illustrated in fig. 9.8 where recordings (a) and (b) show the
Schmitt trigger output pressures when operating into a pressure
transducer of approximate volume 0.25 x 10° mn® while (¢) shows the

extent to which the pulses are degraded when a Norcon valve is being

driven by the Schmitt trigger. In this case two valve actuator

3

-

2

2
chambers of approximate volume 11 x 1O5 mn” and 6 x 107 mm

respectively were being alternately pressurised and exhausted.

A low pressure actuator has recently been developed for an

(22).

existing range of pneumatic on/off valves by Kay Particular



attention was paid in the design to minimising the diaphragm
woverent and air space, and very good dynamic response is claimed,
Tne valve is a two-stage device in which the low-pressure diaphragm
.

positions 2 popvet-type pilot valve which controls the high pressure
air which in turn is used to position the main spool. Reference 22
also describes a compatible, bi-stable switching arrangement
(xnown as a "Jet Receiver" and "Venturi Block"). With this system,
rapid switching of the valve pressure from positive to sub-
atmospheric levels is possible, in response to fluidic input
signals., In this case only one side of the valve diaphragm is
signalled.

A Key valve of this type has been examined and the volume

of the a

3

propriate diaphragm chamber was found to be approximately
4.0 x 103 mm5 and the diaphragm diameter was 50 mm., This valve was
designed to operate at extremely low signal pressures, i.e. between
50 and 500 mm W.G. fThus if such valves were operated from the

. . ~ . . M S . PR
xisting Schmitt triggers, from which very much greater signal

[$]

pressures are available, the area of the actuator diaphragms could
be reauced by a factor of about ten., Thus a reduction in chamber
volume to the level of that in the small Norgren valve (see
section 9.1.6(b)) is possible. The volume of the second actuator
chamber was found to be 18 x 'lO3 mmj. This could be reduced to a
ccmparable size to the first chamber discussed above, by the use of
the smaller diabhragm and other fairly simple modifications., Nodified
Kay valves could be incorporated into the ﬁresent fluiaic servo and
a great improvement on the response typified by fig. 9.8(c) should
result, »

A cuantitive estimate of this improvemeunt in performance is

not possibl

@

in the absence of a model of +nhe process of pressure

increase and decrease in the valve chambers, This process is

2

4

27



convlicated by the facts that:

(a) The chamber volumes vary as the diaphregm moves,

(b) The Schmitt trigger flow/pressure characferistic is

highly non-linear.

(¢c) The connection is via a pipe and connectors which

constitute distributea non-lineay resistance.
In Appendix 8 a very simple model is developed, based on a number
-of approximations., This model confimms that the resistance of the
connection between the Schmitt trigger and the valves, and the
volumes of the valve actuators, must be minimised, A compromise
has to be reached between the conflicting requirements of small
air space for low capacitance and large flow paths for low resistance.
The model also shows that a low output impedance is desireble for
the driving element. This means that the Schmitt trigger outvut
pressure should be independent of the flow which is taking place.
The mass of the moving parts of the velve should be minimised, and
careful matching of the Schmitt trigger output pressure and the
switching level of the valve is also necessary, in order to ensure
that no more air than is absolutely necessary has to be evacuated
when reversal is subsequently required.

A further possibility is to replace the Schmitt trigger by
the switching arrangement designed by Kay. The dynamic behaviour
of ?he complete Kay system has not been determined but in one
application, where high speed valve switching was required, a val&e
was continuously cycled, with full opening and closing, at 150 Hz.
In order to achieve this, the valve was modified so as to restrict
its movement and the diaphragm was éupplied with air at 0.5 1bﬁ/in2g
pressure from a specially designed jet-pipe type valve. The jet-
ripe was oscillated mechanically through a crank driven by a

(66b)

syncaronous motor It therelore seems possible that
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oscillation at the frequencies required for a P,W.M. servo, i.e.
20 to 4O Hz say, ma& be achieved using modified Kay valves and
possibly by replacing the Schmitt triggers with the compatible
switching arrangement mentioned above, or with some development
of it.

The results of the tests on the small Norgren Valve, shown
in fig. 9.11(2) illustrate an important point. Distinct saturation
of this mark-space ratio/bias pressure curve is evident whiie, on
the other hand, the Schmitt trigger is shown by fig. 9.7(a) to have
a linear characteristic. The explanation of this difference lies
in the ron-linear flow/opening characteristic of the valve itself,
The sensitivity for small openings for a poppet valve is high,

i.e. & large proportion of the maximum flow occurs for small
openings. Thus for short opening times, when the pulse shape
deteriorates, the valve does not even reach the fully open position
yet considerable flow occurs, vAt the othgr extreme, when the valve
is open for most of the time, it never reaches the fully closed
position. This small valve movement at the insensitive end of its
flow characteristic reduces the net flow very 1ittle.

The random dithering of the flow meter reading in this test,
mentioned in section 9.1.6, was probably caused by fluctuation of
the nominally constant mark-space ratio of the valve drive signal
which in turn was due to oscillator waveform variations. This
fluctuation can be seen in the specimen trace, fig. 9;11(b). The
fact that this random flow fluctuation could be detected may mean
thatAa higher carrier frequency will be required for the servo.
Tﬁis of course éepends upon the nature of the actuator and the load
which is to be positioned, -

Using a P.VW.W. amplifier derived from that shown in fig. 8.7,

together with a similar small Norgren valve, Sieh and Creek (70)
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controlled the velocity of a small commercial linear actuator,
Using a carrier frequency of about 30 Hz they found that the unloaded
piston moved smoothly at a constant speed,which could vbe accurately
pre-set by a bias restrictor. This indicates that the smoothing
éffect of this loading arrangement was sufficient to eliminate all
trace of the 30 Hz valve pulsation, as well as any random content

as described above, from the final piston speed,

9.2.7 The Closed Loop System

The behaviour of the complete fluidic servo was unsatisfactory
but this was not uﬁexpected, in view of the shortcomings in the
performance of’ almost all its component parts, which are discussed
above., In fact, the closed loop observations in section 9.1.7
reveal only that the concept of the system is sound. The occasional
eccentric behaviour of the system, in lurching suddenly to one end
of its stroke, mentioned in section 9.1.7, illustrates a general
point. A feature to be avoided in designing a component for a
feedback system is any reversal of slope in its characteristic.

For example, when beam-deflection proportional amplifiers were being
developed, it was found that in early designs the input-output curve
"turned over" at its extremes, i.e. had a negative gradient after
the ine?itable saturation. If a component is allowed to operate
under such a regime, the result is positive feedback. The character-
istic of the Wedge Sensor (fig. 9.1) includes such a reversal of
slope for carriage positions between 1.2 in. and 1.4 in. The
eccentric closed loop behaviour mentioned above’occurred vhen the
load carriage was in the vicinity of this discontinuity.

| The sigﬁal biasing stage (PA2 and PA3) in fig. 8.7 was not
used to amplify the deviatiop signalsbut only to adjust the signal
level in order to control the valve lap., With careful selection of

operating pressures these two amplifiers could be omitted, at the



expense of reduced versatility in the system.

h) Stabilization

A further problem which will have to be solved before a
fluidic servo becomes operational is that of stabilization. For
exanple, Kent and Lenaerts (27) noted that excegsive friction in
their fluidic servo detracted froﬁ its performance. On the other
hand, had an actuator and displacement sensor with less friction
been used, stability would have been inadeguate.

A number of approaches are possible. The digital compensator

(31)

proposed by Taft and Nawaz is particularly attractive since in
the present system a pulse width modulated signal is already
available., This method, which modifies the pulse train, can easily
provide certain forms of compensation which would be difficult to

(1)

produce in any other way Alternatively, shaping can be carried
out on the analogue signal using passive pneumatic R-C circuits,
Transient pressure feedback as used for the electro~pneumatic servo,-
described in the early chapters of this thesis, sﬁould be relatively
simple to arrange., Bleed signals from the actuator chambers, suitably

shaped by a C-R circuit could be used, particularly if an operational

amplifier were included, for summation of command and feedback signals.



CHAFTER 10 FINAL DISCUSSION AMND  COMCILUSIONS

10,1 Hinal Discussion

Discussions of many points have been included in Cﬁapters 3
to 7 and 9 and these will not be repeated here.

In Chapter 3, it was established that findings from the
experimental servo, incorporating a three-way valve and differential
actuator, were applicable to a four-way valve/balanced actuator
system. The only excertion was that there was no configuration
of a three-way valve system equivalent to a four-way valve system
with off-centre piston, lHowever, linearized equations for an
equivalent four-way valve system, for variable piston position,
were developed and it is known that the mid-position represents
the worst sﬁabilié& case,

A number of methods of stabilizing pneumatic systems were
discussed, including some which feduce the static stiffﬁess of a
system. Such methods may be acceptable in hydraulic systems, where
the high bulk modulus of the working fluid confributes to the
stiffness of the system., They would not, however, be useful in a
pneunatic system, where one purpose of the stabilization is to enable
the use of high loop gains, in order to increase the system
stifiness (10).

The Impulse Tests and other tests, described in Chaptef L,
yielded information avout the behaviour of individuai compoﬁents,
which was subsegquently used in the computer simulatioﬁs,and also
suggested arezs in which improvements in performance could be sought.
Two approaches exist for dealing with friction in pneumatic systems.
Fi?st, friction can be minimised in a number of'ways. These include
the omission of sliding piston seals, the use of air bearings or
recirculating ball bearings, the development of PTFE type seals and

the use of rolling seal piston diapbragms. Alternatively, a good



and simple model for the remainder of a pneumatic system has now
been developed, enabling attention to be focused on the simulation
and study of the effects of unavoidable friction, for example in
systems where air leakage is completely unacceptable,

The use of dither complicates what can otherwise be a very
simple system and also adds a sigﬁificant non~-linearity to the valve
characteristic., Only one other commercially available servo-valve
has been found; This is the valve used in reference 27 and
manufactured by The Glarban Corporation U.S,A. This is a single-
stage flapper-nozzle valve suitable for hydraulic or pneumatic use
and is available %ith fluidic or electrgc actuation. Little
information on the performance of this valve, and particularly of
its hysteresis, is known. This type of valve can only be used if
valve leakage can be tolerated. Improved servo-valve design would
contribute a significant advance. Pﬁlsed operation of electrically
or pneumatically signalled on/off valves offers another alternative.

The behaviour of the experimental servo ﬁﬁder varioﬁs
conditions was recorded and discussed in Chapter 5. In élmost all
cases this behaviour could be simply explained by reference to
linear eqﬁations and root loci., Transient pressure feedback was
found to be more effective for stabilization than velocity'feedback.
The time constants of the pressure feedback high pass filter used
for the tests in éeotion 5.1 and 5.2 were large and the valuesused
for the tests described in sections 5.3.1 and 5.3.3 are’probably
more practical values, This'gave a fairly rapid recovery after
load force application as shown in fig. 5.6,

The form of the static valve characteristics and effective
methods for their simulation wére discussed in Chapter 6. The

three-dimensional surface of fig. 6.10 offers a useful aid to
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visualization particularly in view of the concluéion reached in
Chapter 7, that this also represents the valve's behaviour under
dynamic conditions.

One of the most important cquations developed in Chapter 3
is eqn. 3.41 (éee also table 3.1). This linearized equation, which
tekes account of many system parameters, was shown in Chapter 7 to
give a good representation of the Behaviour of the experimental
servo over a wide range of operation conditions. The form of this
equation is particularly useful in indicating the effects of various
system parameters. This is illustrated by table 6.2 in which
coefficients, evaluated for the purpose of the simple simuiation,
can be compared and their relafive importénce assessed, This
equation can be used with confidence for subsequent studies of the
effects of such things as stabilizing strategies, actuator friction
and valve saturation,

It was noted in Chapter 7 that the least effective aspect
of the present simulation was its representation of small‘perturbations
ébout the equilibrium position., It has been pointed out that a servo

(72)

system spends most of its life dealing.with small movements and
this is a topic which has received considerable attention in
connection with hydraulic servos (72’ 73, 7A). Martin (7A) found it
necessary to use a digital computer for his investigation of the
threshold benaviour of hydraulic servos, to eliminate unwanted machine
effects which were introduced by analogue computer simulation. The
behaviour of pneumatic servos under these threshold conditions is
worthy of further study. The relatively high piston leakage in the
experimental servo made a negligible contribution to damping, but

its effect on steady state errors was not investigated, though this

would be of interest,

In the experimental electro-pneumatic servo, valve laps were
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set closelto zerc throughout., In a computer study, Botting et al (10)
shoved that careful selection of supply underlap together with exhaust
overlap, in the presence of some quiescent exhaust leakage, improved
the performance of a pneumatic servo in a number of ways.
(2) The quiescent pressure in the actuator chambers
was increased, with resultant increase in natural
freguency and bandwidth,
(b) Provided that the inlet underlap and exhaust overlap
were not excessive, the static stiffness at the
aotuatdr was not reduced too much.
(c) Quiescent power loss was held within reasonabie
limits by the exhaust overlap.
(d) Limit cycling due to stiction was damped out,
probably due to the resultant reduction in the
slope of the valve characteristic over the region
of the limit cycle amplitude,
It was concluded that the best compromise between (2) and (b) was
achieved when quiescent actuator pressures between 0,5 and 0,8 of
supply pressure were used.
For the fluidic servo described in Chapter 8 two major
changes vere made, First, all electrical elements were replaced
and secondly pulse-width modulation of on/off valves was used.
Tnese two changes were independent and indeed the use of P.W.M.
with electricaliy operated on/off valves may offer the most
satisfactory compromise in view of the absence of an adequate,
commercially aveilable servo-valve and the ease with which
electrical signals can be processed.
(58)

It has been said that "compelling reasons" must exist

{or the preference of fluidic systems over alternatives, in view of

their relatively high weight and low efficiency. The latter results
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from the continuous flow which fluidic devices demand, In cases
where fluidic systems have been preferred, it has usually been as
a result of their good environmental stability or high reliability
or where simplicity due to the elimination of interfaces has
resulted,

The performance of the fluidic servo was discussed in
Chapter 9, and it is clear that a considerable amount of further
work is required before an operational fluidic servo is produced.
A number of the developments suggested in Chapter 9, and summarized
in this Chapter under "Conclusions", can be investigated at fairly
"low cost. In the light of those results, a decision on &hether

further work is justified will be possible.

.10.2 Conclusions

A low pressure electro-pneumatic linear motion servomechanism
has been buiit and tested enabling effective models of many aspects
of the behaviour of such systems to be constructed. The results from
the exverimental system, which included a three-way valve and differential
actuator, have been shown to be relevant to systems using four-way
valves and balanced actuators.

Two distinct models were studied, using analogue computers.
In one case the valve characteristic was simulated using an empirical -
expression by MacNavghton. This was better for this purpose than the
theoretical isentropic expression, in addition to being more easily
simulated., 1In the second case a single straight line was substituted
for the family of non-linear curves, which constituted the full valve
characteristics. The linearised equation (eqn. 3.41) for the system
which resulted, was presented in a form which is particularly
convenient for assessing the effects of individual parameters on

performance (table 3.1). Step and harmonic response tests
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were conducted in which wide variations in system parameters occurred.
Both the simple and full simulations modelled these fluctuations

ctlosely. On the evidence of these results, the simpler model is
sufficiently accurate for maAy purposes. Thus the very simplest analogue
computer can be used. Care must be taken over the selection of the

valve flow coefficient (01) and it will improve accuracy if this

guantity is varied under certain conditions, for example for small
perturbations of the system. The poséibility of adding a limiter,

for simulation of systems in wnich flow saturation occurs for long

periods has been discussed.

Transient pressure feedback was found to be very effective
in stabilizing the experimental servo, Velocity feedback was much
less useful since it resulted in sluggish behaviour. These effects
have been explained by reference to the root locus diagrams of
linearized models.,

The agreement between system and models demonstrated that
valve characteristics determined under static conditions can
confidently be used to represent the dynamic situation. An instructive
model of the valve characteristics, as a three-dimensional surface
drawn to isometric axes, was developed.

The experimental servo was carefully designed to minimise
friction and to focus attention on other aspects of the system's :
behaviour, Tests on the actuator and load, and also the simulation
studies on the closed loop servo, showed that in this case an
assumption of viscous friction gave a good representation of actual
conditions. One of the ways in which friction was minimised was by
ailowing some air leakage past the piston and piston rod. If this
is tolerable, friction is greatly reduced. Existing pneumatic
actuators are mostly constructed for rugged industrial duties and

such devices are totally unsuitable for position control, due to



their high and inconsistent friction forces. In cases where leakage
is intolerable, the investigation of composite PIFE seals is proposed,
Actuators with rolling éeals have begn shown to have low friction and
good Qurability and further investigation of these devices for servo
applications is recommended.

Current models for friction in sliding seal actuators are
inadequate. The existence of simple and effective models for the
remainder of the pneumatic system enables attention to be directed
at this problem in future.

The loaded actuator was isolated from the valve for ."Impulse"
Tests. A value for the polytropic exponent of expansion and
compression (n = 1.28) was established from these tests, enabling
earlier models, based upon the assumption of either isothermal or
adiabatic conditions, to be further refined.

The electro-pneumatic servo-valve used showed an intolerable
amount of hysterésis. For this reason a large high frequency dither
signal was introduced which had thg effect of adding a significant
non-linearity to the valve characteristic.

An alternative all-pneumatic system in which the servo-valve
was replaced by on/off valves driven by pulse-width modulated signals
was built. Tests showed that satisfactory operation of such a
fluidically controlled servo depends upon the solution of a number
of problems.

(a) A displacement sensor with a linear characteristic

is required, This may be accomplished by further
development of the interacting-jets ("Wedge") sensor
used in these tests, or by using an existiﬁg back~
pressurs sensor (29).

(b) A number of aspects of the performance of the fluidic

control system would be improved if a multi-stage

(%)
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operational amplifier replaced the single-~stage
proportional amplifiers which were used. A more
linear system without interaction between command
and feedback signals should result., Also the
dependence of valve lap upon load position should
be reduced or even eliminated.

(¢) Improved valves are required., This is a serious
problem which may be solved by @he use of an
alternative valve design in which the valve-actuator
volume and élso the inertia of moving parts have
been mininmised, |

(d) The existing Schmitt triggers are adequate but,
depending on the action taken on (c) above, an
alternative bistable switching arrangement by

Kay (22) may improve performance.

(e) Random fluctuation of the amplitude of the oscillator
output signal is acceptable provided that it is
effectively smoothed by the servo load, If this
is not the case alternative digital elements, having
more stable switching levels, will have to be sought.,

(f) Stabilization will be required and analogue and
digital techniéues which may achieve this. have been
suggested,

A nuzber of these developments can be fairly easily investigated
to enable a decision to be taken on the advisability of undertaking
further work,

~The producfion of an electrically or fluidically controlled,
low pressure pneumatic position servo, with adequatle performance and
reliability, for example, for industrial applications, requires the

\
development of improved components.,
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APPENDIX 2 NUMFRICAL VALUES TFOR PARAKETERS OF THE &

CNEUMATIC  SERVO  AND  DITATLS  OF DHAPIF IC3

CODE_ FOR _ TusT5  TH  CHAPTERS 65 D 7

1RO~

LECTE
ATTON

1,23 x 107%¢%

Piston Area A =
Amplifier Gain KA = 590 mp/V
Feedback Potentiometer Gain Kb = 2 x (applied voltage) V/ft
Inherent Piston Leakage L, = 1.3 x 1077 (ft3/s)(1bf/ft2)
air volume measured at 64.71bf/in2a

‘Polytropic Exponent - n = 1,28
Constant Chamber 1 Pressure P, = 6L, 7 1bf/in2abs. = 9300 lbf/ftzabs.
Valve Exhaust Pressure . . P, = 147 1bﬁ/in2abs.
Valve Supply Pressure P, = M7 1bf/in2abs.
Gas Constant - R = 53,3 ft 1bf/1bR
Average Air Temperature T = 525 R
Air Density at D “ 3

6lre7 1bf/in"abs. P,, = 0.336 1b/ft
Adr Densityﬂa? 5 3

14.7 1bf/in abs. 0,076 1bf/ft
Load Carriage Mass 8.67 1lb.
Piston Diameter ' 1.5 in,
Piston Rod Area 0.05 ipz.
Left Hand Actuator : 1.15 ind. = 0.67 x 10 £t
Chamber Clearance Volume for closed loop tests (Chapter*5)

and 0.73 ind. = 0,422 x 107Ft)
for Impulse Tests (Chapter 4)

Valve Dither Current _ +110ms (peak) at 200 Hz.

Pressure Feedback Constants hp and'Tf variable, Four
dlfferent settlnvs of the variable
feedback potentiometer (fig. 2.5)
were used {or the wain step and harmonic
response tests, These are shown in the

table overleaf.

T )

(3



Table A2.1 - Transienl Pressure Weedback Data

Potentiometer Coefficient - Time
Setting Resistance to measured Constant -
(arbitrary be added to experimentally calculated
scale) n9.€§;i3 . (Kpr mAftzlbf_1x1O~2) (7fpS)
0 93 3.7 1,69
5.5 b)Y 7.50 0.75
7.5 15 - 10.6 0.55
10 0 18.75 0.293

lNote on identification of tests and records in Chapters 5 and 7

Tests and records are identified as follows:

Electro-pneumatic Servo - B
Full Simulation F
Simple Simulation ] S
Step Response S
Cloéed Loop Harmonic Response H
Open Loop Harmonic Respoﬁse 0
Individual Stgp Tests 1 to 33
Individual Harmonic Tests 1 to 7

For example, ES21, F321, S$S21 refer to step tests with

the same parameters, conducted on the servo, the full and the

simple simulation respectively.

Tables 5.1, 5.2 and 5,3 show full details,
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APPENDIX 3  FURTHIR WORK ON ACTUATOR AND LOAD FRICTION

A3.1 Drift Tests

The "Drift" method of measuring friction forces for a
differential actuator, as outlined in section 4.1.6, is interesting
as it enables measurements at very low velocities to be made, for
which no easy alternative method is available, 1In particular it
enables steady velocities to be achieved when forces less than the
'stiction' or starting friction forces are applied. This is because
the arrangement (fig. 3.2) is 'self-balancing', i.e. the driving
force falls as the velocity increases, in order to allow the
necessary leakage flow past the piston (or through a by-pass
channel)., The method was used by Rashid (63) to obtain the friction
characteristic of the actual actuator used in the electro-pneumatic
servo, described in this thesis. A graph from reference 63 is
reproduced hére as fig. A3.1 illustrating the results obtainable
by this method., The extremely low piston speeds used should be
noted, Fig. A3.1 shows the re§u1ts of tests on the actuator in
which the only load was the piston and piston rod, and is therefore
not directly applicable to the present tests in which a load
carriage was attached,

This method would also be applicable to actuators with low
inherenf leakage, since a piston by-pass path can be deliberately
introduced. It does, however, require the friction to be independent
of piston position, in order that an equilibrium velocity can be
reached, and this condition is unlikely to be met by mass produced,
industrial actuators. It 1s intended that the 'Drift' method will
be.used with a number of prototype actuators currently under
construction, in which various composite P.T.F.E./Rubber seals are
being incorporated,

Fig. A3.2 shows the results of tests on the unloaded actuator
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in which the saturation velocities of the piston were measured for
varicus driving forces. Steady differential pressures were maintained
across the piston to provide constant driving forces. It can be
seenlthat the experimental points fall very clese to a straight line
and .that therefore the assumption of viscous damping under taese
conditions is valid., ¥From the straight line in fig. A3.2 the viscous
friction coefficient for the actuator without any load can be
calculated as 5.6 1bf/(ft/s).

A very good overall picture of the friction/velocity
relationship can be obtained by combining the low velocity Drift
Test results with those from Saturation Velocity Tests (i.e. by

combining figs. A%.1 and A3.2).

A3.2 Commercial Actuators

Also in reference 63, a number of commercial actuators were
compared with the low-friction actuator used by the present author
in the electro-pneumatic servo. These results were not directly
comparable since, due to the availability of equipment, the piston
dismeters were all different - i.,e., 1 inch, 1% inch, 2% inch
compared to 1% inch. The manufacturers of the actuators used were
asked for friction figures for different sized actuators but were
unable to offler any guidance., In order to introduce some
comparability a crude 'correction can be applied as follows.

It is common industrial practice to allow a certain fraction,
typically 15% or 20%, of the maximum thf;st from an actuator, to
overcome actuator friction. Thus the implication is that friction is
préportionai to éiston area. The figures from reference 63, table 6,5,
are therefore scaled in the inverse ratio of their areas, for
comparison with the 1% inch diameter actuator. These figures appear

in table A3.1. It is not suggested that these figures are other than



coarse approximations but it is apparent that:

(a) If a little leakage is tolerable (actuator (i)) the friction in
sliding piston actuators is greatly reduced,

(v) The relatively high friction forces for cases (i) and (iii) are
explained bj the fact that these actuators were made for use on
arduous industrial tasks and therefore the highest priority in
design was given to efficient sealing, durability and low cost.

(¢) If zero leakage is imperative, the rolling seal type actuator (iv)
offers considerably less friction than sliding rubber seals (ii)
and (iii). (The reliability of the rolling seél actuator was
demonstrated by the fact that a wear test was stopped after over

9 million strokes at which point no seal damage was observable,

Table A3.1 Friction figures from reference 63, table 6,5 -
corrected (see text) for comparison with the actuator
described in Chapter 2

Approximate Corrected Figures

Piston for 1% in, diameter
Actuator Seals Dla@eter Coulomb Viscous Static
(in,) | Youlor _vasoc _Jtat
Friction Friction Friction
(1bf) Coefficient | (Stiction)
(1be)/(£t/s) (1bf)
(i) "Feedback" Labarynth 1% 0.18 5.6 0.9
(actuator used
by the present
author )
(i1) "Kay™" Neoprene, 14 6 19 6
cup-type and
'0' rings
(iii) "Naxem" High Nitrile 1 7 19 8
Rubber,
U~-section
(iv:) “Bellofrem™ . Neoprene, . 2% 1.0 L 1.4
Rolling
Diaphragm




A3.3 Saturation Velocity Tests

These tests were conducted to investigate the effect of
load mass variation on the total actuator and load carriage friction
in the electro-pneumatic serve. A second test rig was used for
these tests, since the original was no longer available (actually
the fluidic servo test rig was used here). The only difference
between the designs was that the actuator used for this test had
slightly less {riction at the rod bearing (a ball race replaced the
original nylon bush),

Referring to fig. 3.1, a constant low pressure was applied
to chamber 1, to which an additional large reservoir had also been
connected, Chamber 2 was open to atmosphere. The load carriage was
held at the extreme right hand position and then released. The load
displacement and the pressure P1 were recorded for the ensuing
movement., The pressure in chamber 1 and the resultant saturation

velocity were measured from the recordings. A specimen recording’

: Pressure in '
Chamber 1 Load Saturation
at Saturation kass Velocity
Velocity (1b) (£t/s)
(in ¥ercury) ‘ -
8.4 0oy g%riage 1.40
attached)
8.4 11.0 o 1425
8,41 22,0 ' 1.13
8,4 33.0 1,03
8,[{. ' w+-0 Oo 98
8.4 55.0 0.95
8.4 66,0 0.85
8.4 77.0 _ ' 0.85
8.4 88.0 0.80

Table A3.2 Saturation Velocity Test Results




““Velocity

-fsaﬁdratioﬁ

)

(a) sample Record

showing (i) piston position

(ii). chamber pressure - .- . .|
Calibration® -~ . - R ¥
' Position: stroke = 2,9 .- ..t

Pressure' 1 1n mercury/d1v131on

Time: 50 ms/a1v151on

K

shOW1ng plston p031t10n
for 1oads of 88 66, AA

(c) Varlatlon of rrlctlon Wlth
Load Mass '

f>< Correspondlng point f Prom . fl
A3.2 (dlfrerent actuator K

. » i L S Y Load Hass (lb) : P
@] 20 - 4o i b L / .
Fig. A3.3 . Saturation Velooity Tests ' .- N




is shown in fig. A3.3(a), and the effect of mass variation on
saturation velocity can be seen in fig. A3.3(Db).

In the case of the large load tests it was not certain that
the carriage reached full saturation velocity before striking the
end~stops, though inspection of fig., A3.3(b) shows that it probably
did. It was however clear that there was a distinct difference
between the maximum vélocities for different loads and fig. A3.3(c)
indicates this trend, Results are shown in table A3.2. It can
be seen that the saturation velocity fell by about 35% from minimum
to maximum loads.

.

A single point, replotted from fig. A3.2, is also shown in

fig. A3.3(c). This illustrates that the present actuator had slightly

less friction than the one used in the main experimental rig.

These results are discussed in section 4.3.3.
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APPENDIYX 4 DETATLS OF BXTERILLNTAL APPARATUS

M.,1 The Tlectro-Pneumatic Servo

(a) The Actuator was manufactured by Bristol Control Ltd. (since

acquired by Feedback Ltd.) and had a modified piston rod seal.
The ball race was replaced by a nylon bush.

(b) Pressure Feedback The pressure itransducer was a Solartron Lid.

NT4 313,
A second transducer of the same type was used to monitor the
pressure in chamber 1.

(¢) The Servo-Valve was an Elliott Bros. Ltd. (I/AC Division) type 610

and is shown in fig. ALk.1. The valve was designed for use with

=

hydraulic fluid and most of the following data, supplied by the

menufacturer, relates to its use with oil.

Input: +400mA d.c. (Valve coils in series),
3.2,
Output: - 2 gallons/min. at 1500 lbf/in2 valve

pressure drop (DID 585 Fluid)

Ports: Flow area varies linearly with spool
movenment
Filtration: 10 microns
Hysteresis: 6% of rated current ) Dither recommended
to
Threshold: % of' rated current ) reduce these

Vaelve Position Transducer: Integrally mounted inductive "pick-off"
(series L0O00), of the inductive bridge
type, giving an alternating output
proportional to valve spoal displacement

when supplied with 2.Co
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AL .2 The IMluidic Servo

(a) FPluidic Components (see figs. 8.5 to 8.8)

B3l

A1)
ra2 ;
PA3
0R/110R
c1

c2

s1 )
2 |
Piving

Bistable. Plessey Fluidics type BS.
Proportional Amplifiers, prototypes manufactured by

Flessey 7.R. Ltd., Taplow, Bucks. (Development now discontinued)
HMoulded Araldite type

Proportional Amplifier G.E. type AW 32,

Plessey type ON.

3

Capacitor, Volume = 127 x 10j mn

3

i

Capacitor, Volume 31.2 x 103 mm
Schmitt triggers. Corning Fluidic Products, gquoted
hysteresis 0.5% of supply pressure. Characteristic shovin
in fig. Ab.2.

4 mn i.d. throughout, except the Schmitt trigger inputs which

were 3 mm i.d.

(b) Pressure Trensducer and Amplifier

Sensitivity of transducer and 7.5 x 10~

3

mv/mn .G, over the.range

amplifier: . . 0 to 1000 mm W.G. i.e, 1 mv represented

133 mm V.G,

Bther BP11 transducer (0-2000 1bf/in”)

Type:
and 3x20 amplifier.

Dynamic Response: An independent test showed that the
transducer responded completely to a
sudden (faster than 1 ms) pressure
chanée of 1000 mm W.G. in 2 ms or better.

(c).Qg/off Velves (figs. A3 and :8.8)

(i) Morcon Ltd. tywpe 420 DP "Pilot Valves", modified by drilling out

the orifice to C.070 in., diameter in order to increase the flow.

Diaphragn diameter: 1.8 in,

Diaphragm movement: 0.015 in.

e

=
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3.0

Pressure
{0/
\101./ 1n2g)2'o \\ )
A Th—
!

1.0 it R -

0.10 0.15

b

a

0.05

—_—
Flow (ft?/min, free air)

Supply Pressures: (a) 3 1bf/in%§

(b) 5 1bf/in2g

(¢) 10 1bf/in2g

Fig., AL.2 Schmitt Trigger Characteristic

_o_l/“n

6 mm

6mmij: ¢ :

:
I
5 mm

%6 mounting holes
on 7" centers
22 mm

(1 Cap
(2 Diaphragm
(3) Rivet
! (4) Spring
() Body
{) Nozzle
7 Felt Filter

Orifice

Fig. 44.3 Norgren Valve




Flow: 3.0 ftj/min, free air, with supply at
50 lbf/inzg and exhausting to atmosphere.

Normal Use: ‘ As first staée of a fluicdically signalled
hydraulic directional control valve.

Chamber Volumes: The volume abové the diaphrasgm (valve closes
vhen pressurised) was approximately
™ x_103 mm3 and below (valve opens when lower
chamber pressurised) was approximately
6 x 10° mm3.

Input: . Differential pressure, adjustable according
to spring fitted.

(ii) Norgren Fluidics Ltd. type 5DA 010.

Actuation pressure: 75 mm W.G.

Diaphragm chamber volume: 0.3 x 103 mm3 (approxdmate)
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APPENDIX 5 STATIC LEAKAGE TESTS

A5,1 ‘The Pneumatic Actluator

In Chapters 3 to 6 a laminar piston leakage coef[icient was
used for the actuator which formed part of the electro-pneumatic
servo. The evidence for this is presented below.

A5.1.1 Description of Tests

The circuit arrangement for these tests is shown in fig. Ab.1.

Test I A constant pressure (P1) of 50 1bf/in2g was maintained in
the right-hand chamber and the pisfon leakage flow rate
was measured using {loat-type meters for different values
of’ P2, the pressure in the left-hand chamber. This test

. was carried out for two piston positions, on either side
of the mid-position, i.e, the 1 in. and é in, positions on
the scale shown in fig. A5.1 (and also in fig. 3.1). The
resultant graeph is shown in fig. A5.3 (1line 04).

Test II  The test was repeated with the ﬁiston in the two extreme
positions, i.e. the O in., and 3 in. positions (1ines 0C
and OB in fig. A5.3).

Test ITT Simiiar tests were carried out at the 1 in. position, for

P, = 40 1bf/in2g and P, = 60 1bf/in2g (Pig. A5.4.).

1 1
Test IV  The leakage flow rate was also checked with the pressure

differential and flow in the opposite direction, i.e.

P2 > P1. There was no measurable difference in leakage

coefficient.

A5.1.2 Discussion of Resﬁlts

(a) Reasonable, straight lines were drawn through the experimental
points of figs. A5.3 and A5.4, i.e. leakage flow was shown to
be approximately proportional to differential pressure.

(b) Leakage is approximately constant for two positions of the
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piston around mid-stroke and deviates slightly for the two end
positions. In fig. A5.3 the lines 0B and 0C are within 15% of
OA.

(¢) The leakage coefficient varies with upstream pressure as shown
in fig. A5.k. For absolute pressure changes of %155 the change
is less than +10%(1lines 0D, 0OA and OF in fig. A5.4).

(&) As stated previously, the leakage .coefficient can be considered
to be constant for both directions of.flow.

AS.1.3 Leakage Coefficient Calculation

Using line OA in fig. A5.3 as a representative average:

(litres of free air/min)

Slope of OA = 0O.14 5
. (1b£/in”)
_ 0,14 x 14,7 3 2
So Ly = 6.3 %60 % ik wony (f¥/s)/(1ef/187)

(* Air volume measured

7. i 2n
1.3 x 1077 (££7/s)/(10e/t%)* at £1.,7 1bf/in°)

i

i.e, Lb

where L, 1s the leakage coefficient inherent in the actuator design.

£5.,2 Additional Inter-chamber Leakage

A5.2,1 Description of Tests

The needle valve used to provide additional leakage in the
Impulse Tests described in section 4.1.5(b) was calibrated statically
using the arrangement of fig. Ab.Z2.

The flow meter was used to measure the leakage flow rate
(free eir volume) for various settings of the by-pass needle valve.
This needle valve was controlled by a screw thread and seven complete
rotations of this screw were required to move the needle from fully
clésed to fully open, The flow rate measured was the flow pést the
piston plus the flow through the by-pass valve,

The results of these tests are plotted in fig. A5.5.and

fig. A5.6.
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A5,2.2 Discussion of Results

Straight line approximations were drawn through some of the
experimental points over limited ranges of differential pressure, as
shown in fig. A5.6. Calibration curves for the needle valve alone
were produced by subtracting the "fully closed" curve (line OF)
from the other curves in fig. A5.6t Values of leakage coefficients

calculated from the slopes of these lines are shown in fig. A5.7.

45.3 Conclusions (Appendix 5)

(a) A figure for the inherent laminar piston leakage coefficient, for
the actuator used in the electro-pneumatic servo, was established:-
L = 1.5 x 1077 (ft3/s)/(1bf/ft2) (Volume measured at
6L 7 1bf/in2)
This was applicable for the range of pressure differential
encountered in the tests, i.e. %18 lbf/inz.

. (b) It was shown that additional leakage, provided by a calibrated
by-pass valve, could be rega?ded as laminar under certain
conditions of flow and pressure difference (see fig. A5.6).

The maximur additional laminar lezkege was aoout 6% times the

inherent jack leakage.

Ao S
Leakage S
- GLyd Coefficient. ..

.
-

R S RV remnsngrs ememn PUUTRDEPE

Fig. 45.7
Needle Valve
Characteristic

S s S

B LTI s e R SV T

Neédle Valve
setting (rotations)

¢ t P (i

7 . b 5 4 A




266

APFENDIX 6 FRESSURE IN CHAMBER 1

l The analysis leading to eagn. 3.23 includes the assumption
that the pressure (P1) in chamber 1 is coanstant. This assumption
is investigated here. This pressure was recorded throughout the
Impulse Tests of Chapter 4 and spot checké were made during the

closed loop tests of Chapter 5.

A6.1 Analysis

To minimise fluctuation in pressure P,, a large reservoir

19
was connected, as shown in fig. A6.1, throughout the open and
closed loop tests described in Chapters 4 and 5. This "sub-system"
will be considered here,

The piping between chamber 1 and this reservoir offers a

certain resistance to flow and three cases can be considered:-

(a) Infinite Resistance

In this case there is no reservoir and the pressure
fluctuation amplitude, SI}, will follow volumetric

fluctuation, §V,, according to

or . BV,
= Vi

(b) Zero Resistance

Now _fifﬁ_ = _:?VH ___ Wwhere VR = Volume of reservoir 1.
nP1 \ V1 + Vﬁ

Typically this pressure fluctuation would be 0.1% of P1

for the parameters of the experimental rig.
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(¢) Pinite Resistance

In practice the piping represents some finite resistance.

Assuming laminar flow, the mass rate of flow of air along
N s R B o _

the interconnecting pipe = (31 CS(L1 PR ) where

C% = constant.

And by a similar procedure to that used to derive

egqn. 3.12 ard ignoring leakage

Rate of change of _ () (A d‘KO _ Xig; Efl)
mass of air in chamber 1 1a at -~ nP1a at
for small perturbations.
P1 —PR
llence ——e——rem = D where D = =
/ v dt
X’ la D +C
o
nP1a 5
KTD
1 +TD 46.1

where T and X are constants.

This is the transfer overator of a high pass filter and
indicates that at low frequencies of piston oscillation, there is
very sliéht pressure fluctuation in chamber 1, and a phase difference
of 90°, i.e. case (b) above, while at high frequencies, the inter-
connecting pipe acts as a "plug" or infinite resistance, i.e. case (a)
above. The definition of "low" and "high" frequencies clearly
deéends on the volumes, reéistanées, eto.vof the componeﬂts in a

particular case,

A6.2 Experimental Observations

In the Impulse Tests and the Closed Loop Step Zesponse Tests,
described in Chapters 4 and 5, the "sub-system” under consideration
received a damped harmonic stimulus ( B;).

A6.2.1 Impulse Tests

A1 the Impulse Test results recorded in table L.1 were
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studied, together with a number of others which were excluded from
tnat table because of excessive pressure fluctuations in chamber 1
(see the note at the end of section A6.3 below). Fig. A6.2 shows
a specimen trace of the latter type,while in fig. 4.1 a much smaller
fluctuation is seen.
(i) The range of frequencies for the damped transient
oscillations observed was between 2.5 Hz and 10 Hz.
(ii) In all cases pressure fluctuations were small,
e I2% or less in P, (647 1bf/in2 abs. ).
(iii) The maximum fluctuation ever to occur in P, was
15% of the corresponding fluctuation in P,

(iv) The phase difference between P, and piston displacement

1
(.Xg) could not be measured accurately, but showed a
phase lead of P1 on ){o of about 90° in all cases
where an estimate was possible (even with the minute

. . fluctuation in fig. 4.1 a phase lead of about 900 is
just discernible).

(v) There was a slight tendency for the amplitude of
pressure fluctuation to increase with frequency

though no corresponding trend in phase could be

detected,

" 26.2,2 Closed Loop Step Response Tests
.The pressure in chamber 1 was also checked for a number of
the tests described in Chapter 5, The same observations as in
section A6.2.1 above apply. In most cases, when the pfessure in
chamber 2 varied considerably, i.e., for larger load masses, the
fluctuation in P1 was very small. In fig. 5.1, (tests £S32/33)
1

P1 and P2 are shown together and the amplitude of P, fluctuations

was no greater, for larger step sizes and loads.

269



270

Ab.3 Discussion

Referring to the approximate transfer operatdr (eqn-46.1),
the above observations suggest that thefrequénoy, % rad/s is
considerably higher than the frequencies used in these tests,
Therefore the practical résults are considerably nearer to the
zero "resistance" case (case (b)) than to the infinite "resistance"
case (case (a)).

The reliability of the phase information extracted from the
experimental records is confirmed by the observation that, in all
cases, the phase difference between load displacement (wfo) and
variable pressure (PZ) was about 180°. This is as expected for.a
system in which the load is predominantly inertial. (The phase
difference would be’éxactly 180° if the load were solely inertial.)

Thé observed phase difference of 90o between 'X; and P1 |
makes the effec# of the already small pregsure fluctuation,. even
less. In effect, the "stiffness" of the enclosed air in chamber 2
is increased over one half cycle of oscillation and decreased for
This

the following half cycle, if P, is 90o out of pnase with P

1 2°

"cancelling" over one complete cycle minimises the effect which this

fluctuation in P& has on the "stiffness" and hence on the nabural

frequency of the actuator.

The variation (SIH) in P, was also compared with the

1
variation (S‘PZ) in P, for each Impulse Test (section 4.1.2) and
. S P .
a maximum value for ( x 100 ) of 5% was arbitrarily adopted.
p .
2

A6.4 Conclusions (Appendix 6)

1. The effect of variations in the pressure (P1)'in chamber 1
upon system behaviour was shown to be small and was therefore

neglected.
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2. TFor the range of transient frequencies and ampliﬁudes under
investigation, the fluctuations in pressure of chamber 1 were never
greater thnan = 2 of the equilibrium value.

3 A simple first order transfer operator was proposed for

the relationship between piston position and chamber 1 pressure
(eqn. A6.1) and results were consistent with this proposed transfer

operator,
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APPENDIX 7 FULL _STHULATTON - SAMPLE CALCULATIONS
(see section 6.1.8)

Tests FS1 and FS2 - constants a', b' etc. defined in table 3.1.

2 3 3

[5¢ — —
<22 4 0.67 x 10 - 2.21 x 10708t

1.23 % 10 s

<
N

2a

. 10" . '
al = 2.21 x 10 X.2.91 — = 14'8_§_19_E lbft—152
1.28 x 53,3 x 525 x 1.23 x 10

Using b = 13 1bf s e
2,21 x 1070 x 13 -5 ~1
bt = . —5 = 6.80 x 107 1bft7's
1.28 x 53.3 x 525 x 1.23 x 10
9300 x 1.3 x 107! x 2.91 -5 -1
e!' = ZIR : = 1.03 x 10 7 1bft s

53.% x 525 x 1.23 x 1072

: -7 o
proo 9300 x 1.3 x 1070 X3 L) g6 4 4075 1uet”

~53.3 x 525 x 1.23 x 10’2

»

In fig. 3.1 the variable resistor in the pressure feedback

path was set at 93K

So /t'p = RC = 15 x 10'.'6 x (93 + 19.5) x 10° = 1.69s

The. pressure feedback gain for this setting was 5mA/(lb£/in2)

2
-2 - -2 mA £t
So Ko =7 = 347 x 1077 B

Potentiometer settings are shown in table A7.1:-
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Table A7.1 Potentioﬁeter Settings for Tests FS1 and F52
Potentiometer ) Function Setting
input emplitude (in.) 2
! 3 in. 0.350
2 Fixed , 0.267
| omieel . 150
L KK 0.25 0.215
“ P 555,10
5 Fixed 0.300
6 . 0. 361
15- 10 -
c' + £, 5
/ a~ Looo 0.355
8 1. 150 . 0.237
A 15. 103. 10 ’
9 Fixed _ 0.200
-2 :
1 .
10 L -2:%0—0 | 0.170
1
11 0T 0.055
D
3
15, 10
‘12 Kpr - B0, 10 0.104
0.25
14 Kixp 500, 10 0.215
15 Time Base 0.5v/s 0.050
16 Fixed 0.790
b
17 _ —-—-2-‘1-—-3- 0.625
' 15. 10
P )
21 %‘6 (—-2 3.)2 0.021
15. 10
P .
23 %—5 (-’—»--s—‘—g)2 0,122
15. 10
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APPENDIX 8 DYNAVIC RUSPONSE OF AN ON/OFF DIAPHRAGM
. ACTUATED VALVE

In the fluidic system described in Chapter 8, a Schmitt
trigger acted as the signal source for an on/off valve, The

arrangement is shown diagrammatically in fig. AB.1.

A8.1 Symbols for Appendix 8

c tcapacitance! of valve chamber (constant)

D&

m masé‘fiow rate through connection (pipe)

M2 instantaneous mass of air in valve actuator

P1 instantaneous pressure at Schmitt trigger output port
P2 . " " in valve actuator

Pd 'dead ended' pressure from Schmitt trigger

PS pressure at ideal (constant pressure) source

R - gas constant

Rc 'resistance' of the connection (constant)

RS output 'resistance' of Schmitt trigger (constant)
T2 instantaneous temperature of air in valve actuator
V2 instantaneous volume of valve actuatorl

T time constant

A8.2 Analysis

For flow between the source and the valve

For the air in the valve actustor

P2V2 = M2 RT2 8.2

For the source, from the characteristic in fig. AB,2

P, = fn, (m) ‘ 8.3
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Linearizing these equations and assuming the mass of the moving
parts to be negligible:-
Assuming laminar flow between source and valve

- P2) 80’+

Assuming isothermal conditions and constant actuator
chamber volume, eqn. 8.2 becomes
m

P, = ¢ 8.5

Linearizing the curve in fig. A8.2

P, = Py - R.m 8.6

The electrical analogy for this linearized system, shown in
fig. A8.3, represents the Schmitt trigger as a constant voltage

(pressure) source with series resistance, so that

Py = 1 8.

i 1+ (R _+R_)CD
S S C

Here, when the Schmitt trigger switches on, PS changes instantaneously
from zero to Pd and the valve pressure rises exponentially to Pd’ with

.time constant T = (RS + RC)C. 8.8

A8.3% Discussion

Theoretically, the valve opens instantaneously‘when the
actuator pressure reaches Pd;though in practice, P2 must slightly
exceed the valve switching pressure. (The final equilibrium pressure
should not be too high, however, since the air has later to be
rapidly exhausted from the chamber. )

A number of gross approximations have been adopted to derive
the above transfer operator and its usefulness is therefore limited,
It doés, however, illustrate that fér fast valve‘response,

(i) valve actuator chamber volume should be minimised,



!

(ii) the connection should have low resistance,
(i1i) the ideal source characteristic (rig. AB.2) is a
horizontal line, which represents zero output
impedance or R = 0.
A compromise between (i) and (ii) is clearly necessary since

implementing (ii) involves increasing the volume or capacitance of

.

the system.



