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~PTIMIZATION OF . THE PNEUMATIC INTEGRATED 
CIRCUITS WITH JET . DEVIATION, FOR AUTOMATIC 

COMPUTERS AND CONTROLS 

by tbe research team F.P.Ms.- C.R.I.F.- S.A.B.C.A. * 

*The research teaa F.P.Jia.- C.R.I.F.- S.A.B.C.A. includes : 

Professor Ra.oalli>LI..K, Research Ka.Dager ; Ill. jean HUCHANT, Research Engineer at 

S.A..B.C.A. ; Pierre BII:RimllLIN, Beaearch Eagineer at C.R.I.F. ; Roger LA.URENT 

aad lfariwl ClLIIB, w..c;neera at the Deaip Office of S.A.B.C.A. 

F·.P ... 

C.R.I.F. 

Faculri Polyteclmique of Wona - Belgi1.m1. 

c..tre de Recberchea Scientifiques et Teclmiques de 1 1I.odustrie 

des Fabric&tioas lletalliques. 

Soci~ .....,._ Bel.p de Construe: tiona Aerouautiques. 

1hue ~ are effectecl iD. the Laboratory of TechDology, Metrology aad 

Jlllchenical BDpneeriD& of the Faculte Polytechai.que de Wona, with the uteri.&l 

allll fi•w:ial aaaistaace of I.R.S.I.A. ( Inatitut pour 1 1encouragement de ' la 

aecbercbe Scientificp~e dana 1 11Dduatrie et 1 1Acriculture), C.R.I.F. aDd S.A.B.C.A. 

The reali.sati.aa of illtecratecl p~~~~~~aatic circuits for process automatisation, 

frca IDdel.a of l.ocical ~ta with jet deviation, seta a problem of cost 

Ulll bebari.our aptilliu.ti.aa of these circuita. 

'l'his probl• caa be QPI"'&Ched by -.us of electrical hallologies using R-c circuits, 

operatioaal ~iera Ulll, in c:a.ae of c:a.ponents with COANDA effect, or" Scbai.tt 

triggers. 

The present stwly shows how to choose the electrical values of the circuit para­

.etera, to obtain a ciynaic beba.riour aualO!OUS to 'this of the equivalent pne'lllla­

tic circuit. 

The inverse reasoning allows to fix the parameters of a pneuma.tic circuit, homo-

• logous of this of an electronic circuit, and to predict its behariour. 



The pu.raued objective is the creation aDd tile prelimi.Dary study of homologous 

electronic circuits, so as to optiai.ze the choice, the relative position and the 

intercomaeciion allies of the 4iverse fluidic components of the future intep-ated 

pneu.atic circuits. 

To explain our •thod of electric si.aJl&tion of ~tic circuits, the easiest 

way is to take an example. 

1fe sball si.aJl&te the circuit of fig. 1, realizin& an aplifier COIIIpOSed of 2 

ele.ents with jets deviation Pl aDd P2, the second ODe acting as load for the 

first aae. 

1fe first will define the characteristics of the ~tic circuit, which will &ive 

ua the buic IHaUO&Y coefficients. 

To realise the electric circuit, a wjni•• of -..aures -t iDdeed he effectuated. 

STATIC AID DDWIIC CIWW:TKIUSTICS OF THE PMIUIQTIC CilGJIT 

The static outlet characteristic ( fig. 2) gives the outlet flow of the first 

el.aent Qy in tems of the pressure drop in this el-m 1'" x., - "'P y
11 

aDd of tbe differeace of tbe inlet pressures A '"Py • 

1'his characteristic &lao contaiDa tbe load lines corresponding to circuit Y.,1.Yiz• 
These lines are giftll for different Yalues of "Px-1• 

ay choosing the operatin& point at rest J., corresponding to '?x
1 

= 250 - He 
and 6 ~"' 0 , ODe can calculate static coefficients. 

I 

These can be assiailated to electric resistances aDd contain thua only a real 

part, i.e. DO depending on the frequency. 

We define ~ by the relation 'R ""' A 'P /Q ·= A "P j Q,. . p to obtain the 

h~ of the electric resistance R "' U/1 ; then we utilize the following 

p~ectrical hcla3logy : 

~ r : u : pressure_ drop = voltage drop 

Q = I : ... sic flow : current strength 

.Wt ua DOte G( = ~ ..... p: liaSSic flow"' vol-..etric flow x II&IIS density. 

'f' 
r,T 

II&SS density 

.... __ ;) f\'7 Zf-2. OK 
J - -" 1 r'Y'I I-> • 

T = temperature in °K 
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I 

In the CODBidered case, we define 

R'Y -= f S (! ~ Yy) l outlet resistance 

L o ~'7 _l "'f' _ c~ 
. u. . 7-

"R -= -l [ ( 1'x - 'F; ) load resistance 
.S:. r.~ '0 ~ <t. 
..JU( '/ . 1)( = .... -

We aacert&.iD that those .resistaDces are DOthiDg else than the &DgU].ar coefficients 

of the oatlet aDd l.OIId characteristics of fipre 2. 

We caD thus calculate thea about tbe point of rest A.; aa far aa the characteris­

tics are l.iDear or li.Deari&ed. 

1Je obtain here : 

f = 
rro. tbe outlet characteristics of figure 2, we also define ..- ...,..afication 

coefficieat: in pressure between inlet aDd outlet 

~ p s lb(?,.- ':j)J] 
L-~f.A '\5~) ~,. ~ c.lL 

= ~0 -- ~ft. -\-.. ~ '?'1 '/" 0 
"ii'D ""' ... -bo..r ~ 

= .A~~ -""' ;s. t r C;. <y~ < {) 
~Q-- IJJ'" 

Tbe static inlet characteristic of figure 3 gi.-.es t:}le inlet fiow in terms of 

the inlet pressure • It allows us to define an inlet resistance 
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Concerning dyuaai.cal characteristics, we can record the Dlpulsional, indexial 

and frequencj.al responses which allow us to calcul.a.te the paeqatic capacity 

that we define by C.-= [ Q . d'r 1 as in eiectricity, C.. - [-:r:d.r 
~~ u 

The value of a capacity essentially depending on the frequency, we sst aeces-

sarily measure it frca a dynamical characteristic. 

The easiest way to deterai.De. the capacity is, under the circllastances, to utilize 

the U!dexial response which &bes us directly J Q . d 1- cor .t::;,"' 
The inlet illpul.se is · gi ftll by a trigered biatable el .. llt, and we record the 

responses in now and in pre .. ure. 

For an example, to _..ure the Clllltl.et and lHd cap&cities, we apply a pressure 

signal frca 250- Rter up to practically 0- Rter in ~A· and we record in 

'(, ~ n ( fig. 1) a respoase in discharp -..ryiq frca 12 Cl/4
3 /s to 3 aa3 /s ( fig. 

2). 
We shall see later on that the plotted ~tic Bode di.acr• corresponds to a 

sinusoidal Rft varyin& between 250 Uld 150- Rter in 

Let us thus lilait the i.ndexi•l .:rupoase to these two -..lues, which corresponds 

to a response in now varying between 12 ca3 Is and 6 aa3 Is. 

The enlargement of the oscillographic recording at the prefiles projector· allows­

the planimetering and p'nlll j(;) d r ., ~- o"i · 40- .f"' ~ ..,..," _ 

On the other hand, the reapoaae in pruawe -varies bet IR 39,5 Mid 5 - II&-

We thus obtain : 

The inlet caPaCity C.~ ranps &boat 10-15 • 1 which is aecll&ible towards die 

further one. 

We take indeed directly place at the inlet of el-.t P1. 

After having measured sOIIIe characteristic coefficients of the circut, ·1et ua 

establish its electrical homologous. 

Severnl studies of the internal working mechani• of the UIPlifier with jets 

deviation, allow to replace it by the principle diacra- of figure 4. 

2 · \< . ~~ • = • ~...., e<. ;. are pneumatic impedances wherein intervene the pneumatic 

capacities and resistances defined above. 

Let us note that z ";\ is the impedance of the power feeding circuit .' 
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If we express the pressure drop in the left bram:h, then in the right branch of the 

uqllifier, aud if we calculate the differeace between these two terms, we obtain 

an equality wbi.c:h is translated by the equin1ent electrical diagrall of figure s. 
We naturally use the sa.e pae-.->-elec:trical homology as the abovementioued oue • 

The values of the paewatic: c:apac:ities aud resistances calculated above, are di­

rect1y utili.sable by espressinc the followi.Dg equivaleace :J.__ = A J\.. 1 -'~"" .,'-= 1 + 
""·"' 

Unfortunately, thia •:r of Proceecli.ac does ~Y lead to electrical geatuesses 

wbi.c:h are DOt easy to real.ise. 1Je -:r fortunately .W.tiply the resistances by a 

c:oastallt fa.c::t;or ( 10-5) aDd the c:apac:ities by the inverse. of this factor ( 105) 

to keep a c:ircuit equivalent to the fii-at ODe aDd the ele.ents values of which 

are • ~ - A"''S I<.Jl. Kv- -1 't2.. t\JL 'K. • Aol, i X. . . )._- . ) .- ' ' 
C..'(+ <2..: ~ Q..-j~z.r ' C...= ~A ~Sf" 

Let ·ua uote tbatH==·p is an elec:troaic: operational Ul'lifier of Z.Kp: lii'i,'l 

The Bode d:iacraa of this electric: circuit, !Kwologoua of the p--tic circuit, 

is drawed Cllll fipre 6. 

\fe . plot it by dririDc the c:ircuit with a paerator of si.Duaoida1 f'IDlCtions aDd 

rec:ordillg the iDl.et aDd outlet sipala by --.ns of a _,.cope. 

VERIP'ICA.TIDII OF THE IIETIIlD VALlDITY 

To verify the validity of the method, the easiest •Y is to c:a.pare the pueuma.tic 

Bode dia.graa to the Bode diagram of the electric circuit, plotted above. 

To this eDd, we util.i.se a geuerator of paewatic si.Duaoidal fmictions the principle 

of which is given on figure 7. 

An eccentric: wbeel turns in front of a 110zzle aud geuerates a si.Duaoidal pressure 

P2, as far as the ctiaensions of the set are well chosen. 

This si.auaoidal wave is defo:naed by a high frequency uoise that we eliminate by 

a pneumatic: lo...-pass filter realized by a capacity placed between the P2 pressure 

nozzle aud the inlet of the el~t. 

So we obtain a purified si.Duaoidal inlet signal which allows us to p~ot easily 

the pneumatic: Bode diagram by means of pressure captors and of a JDeiiiOsc:ope. 

Let ua note that the amplitude of the iql.et signal .is maintained constant in func­

tion of the frequency, by having the intemal capacity of the UDder pressure 

nozzle P2 varied. 

In the considered example, .;he purified sinusoidal signal 1'~"" is 100 11111 water 

worth f r'?D' point to point 150 to 250 11111 water). 

The other adjustments are 
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~ :sme-atic Bode d.1a&n- we han }W?ttecl 1a drawed OD f:ipre 6. 
We .uc:ert&in that .thia latest .. 1a practic:ally aillilar to tbe electric Bode 

diqna. 

Tbe ...,Utude clifferedCI u of the Tallp of .1 dB Ulli the p!laae T&ri&~ of tbe 

rup of ~· • !he c:n.off frequeacy ia of aboat 25 Bs • 

.. .deduce that the ued ~.,. ia nfficieatl.y 'falld.. 

cowrw•ww 

Th:b ~ .etbod allow a to precleteraiDe the inclezbl, mpuJ.aiaaal Ulli 

frecp•ndal reapaaaea of a ~tic c:irc:uit, u far u we diapoee of ac.e baaic .......... 
1fe diapoee t11aa of an ntz.U,y preciaaa tool, pleasant to utilise, wbich allon 

WI to QP].y to a ~~ c:in:ait the m.eroaa i.afoma~ placel at aar clispos1 

..,. the electrical tbeoriea ~ 

For an napl.e, we C&D detel'lliDe the respoaaes of aar ..--tic c:in:ait-.,.. elec­

trical ~~ea~ures~ ·wbich are, u ~ mon, ..ach euier~ 

We wo cao_, -.,.. atiHsiq the tbeory of electric c:irc:uita_, detemiae the trulllfe 

flmctiOD of Oar electric c:in:ait Ulli clecluce of it .the JM.olocoua ,.._tic circ:1l 

If we -.nt to study· tbe behanour of an ...,ufier with seftl'al. at.apa_, inclwUnl 

sc.e filters_, delq liDes_, d.i&Xtea ~~ ~ it ia ilufficieat to put ill cu~ snen 

circaita of tbe ... ldDd .. this of figure s~ 

Th:b .etbod wo allon to optia:ise an el.ent or circuit -.,.. 'f'U'YiDc electric 

ele.eata_, which ia clearly euier than .odifriDc a pneuu.tic circ:ait board usa 

bly~ 

Let WI wo aote_, to be CCIIpl.ete_, that the sillulatiOD of tbe biatablea Ulli .aao 

stables needs elec:troaic fiip-flopa illstead of operational a.pl.ifiera~ 

To build Ulli optia:ise the illtegrated circuit responding to aay probl•, it is 

sufficient to know tbe sillulation of the ieveral basic ele.eata of tbe circuit! 

aDil to study tbe best RY to connect thea~ 

This briDp ua }lack to tbe study of an electric .. sh circ:ait which_, if it ~ 

tly works_, certifies the workiDg of the graTed pneWULfic circ:uit~ 

'It is thus logical to take up the preliminary designs of tbe integrated pnegu: 

circuits -.,..means of electroll;ic simulations. 

This new method JDUSt allow to attain more rapidly and surely the optimal fom, 

on measure, of the complex and integrated circuits of acy pneumatic autamatisa 
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ON THE THEORY OF PROPORTIONAL FLOW 
AMPLIFIERS 

Milan BALDA 

Engineering College of Prague 

Prague, Czechoslovakia 

It has not been possible to date to derive an amplifica~ion 
equation by purely analytical methods according to which it 
would be possible to calculate the dynamic characteristics 
(dependence of the output flow on the controlling current 
and on the load impedance). The reason for this is the 
complexity of the hydrodynamic conditions especially at ~he 
input of the deflected and whirled up free turb~ent current 
into the receiving opening of the output channel of the 
amplifier (Fig. 1). The flow in the zone of the reception 
opening is infl~enced also by the configuration of the 
channel opening and by its immediate surroundings, which is 
very difficult to express analytically. Thus the only 
alternative is to find a form of expression which agrees 
sufficiently with the experimental results and which takes 
into account the essential phY,sical processes. 

Acceptable results are offered by the following method, 
according to which the dependency of the output flow on t he 
control flow and on the load impedance is expressed and t hen 
all the other hydrodynamic characteristics are derived on 
this basis. 

Only a part of the total current ~ + ~l + ~z + 2~ 
(Fig. 1) enters into channel 1 of a symmetrical amplifier, t he 
remainder are the losses and a portion of the flow enteri ng 
channel 2. The air current ~ entering the ,_output channel 
i s split up into the out put current ~l and the loss current 
Qzl which depends on the load impedance. 

The Bernoull i ' s equati on can be writt en f or the input 
pa~ a-b of the output channe l . As the current ~ ent ers 
t he space at a certain positive pressure whi ch depends on 
t he Pvl, we get 



1 2 L "' 
2 

. 2 ~c .. + P'tn pv1 • 2 ~CW1 + pY1 

wherein the veloci~y c1 as the mean velocity in the section 

F is assumed to be 
a 

and by analogy 

For F ai = Fb and ~ Qtc
1 12fk • (11. F~e ) 1

. the 
Bernoulli's equation can be written in the following dimension-

less form: 

·rhe pressure in .the output channel 1 depends on the 

load impedance 

or 

wherein Ri represents t he inner resistance. 

(1) 

(2) 

The dependenc~ of current ~ on the control current ~ . 
can be derived in the following form: the direction of the 
resulting current is given by the vector sum of the momentum 
of the power current Qk and of the control current ~ 
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" 
and for l" = 90° (as is usually the case) QM I Qk·ttg r. Fr I ftc) 2: 

2 where Hr = Frcr S ... throughput momentum of the control 
current(N] 

throughput momentum of the power current 
(N) 

If there is a linear relationship between Q1 and_ ~l, we get 

1 

I • Q'Q_.._ • [Fd f~c·tg lm. }
2 = 

~-o 

1 -k, 

for the limit value of ~1 , where ~ is a construction constant. 
For the conventional types of proportional amplifiers 

0 . 
( '( max ~ 9 30 aDd Frflk = 1.5) k .

3 
= 2. 

Thus (3) 

where k1 indicates the maximum output current for the case 

where ~1 = 0 aDd zvl =0 

~ .. Q..IQIC l . k3 {o.s ~/Gee) ~ ~~Q~~ 
.o, z..,. • o ~-o, ZY1 • o 

The current ~ is also referred to as bias. In most 
cases Qb = 0 and in this case~= o.70 ••• 0.75 (so called 
flow recovery). 

The following expression can be introduced as the 
internal resistance 

Ri • Pte/ lv1' 
Q.r1•0, Zn • 0 

(4) 
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We obtain the following relation from the equations (1·), 
(2), and ' (3), and (4): 

From which the constant k4 is to be eliminated. From equations 
(1) and (3) for ~l = 0 and Zvl = oo we obtain 

k z 2 
k • 1 - - 1 (ck F~e) 

It- k1 Fa. 

where 

k, ,. . PIM I Pte' 
Qr1"0o ZV1•oo 

is uermed as pressure recovery and represents a further 
char acteristic magnitude of the amplifier. With the coventiona: 
types k2 = 0.40 ••• 0.45 

VIe f inally obtain a planar symmetrical propoJ?tional 
amp l ifier as an equation 

( 6) 
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where J= 1,2 

~- Q.o/~1 
Q.lj:O,Z~•O 

., 
k3 • (tFr I Fk) · tg 'Q ~ rl: 

The load characteristic is calculated f r om the equation 

(7 ) 

The load graph of the CORNING type FD-2511-3-1321 
ampli£ier has been calculated as an example and comp~d 
with the data published in the catalogue. We can gather 
from Fig. 2 that the calculated values (market with a cross ) 
are in good agreement with the experimental data. 



18 

Listing of the notations used in the foregoing 

A 

c 

F 

H 

k 

p 

Q 

R 

z 
~ 

amplification 

velocity 

section 

t hroughput momentum 

constant of proportionality 

pressure 

throughpu't quantity, flow 

resistance 

impedance 

throughput index 

~ angles between the axes of the 

power and control nozzle . 

The 

b 

k 

r 

v 

z 

1 , 2 

deflection angle of the flow 

specific gravity 

indices signify: 

bias 

feed 

control. 

output 

loss 

position or order 

1-1 
/ms-1/ 

/m2/ 

IN/ 

/-/ 

/Nm-2/ 

/m3s-1/ 

/Nsm-5/ 

/Nsm-5/ 

1-1 
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Statische Kennlinien des pneumatischen 

Verstarkers mit freier turbulenter Stromung . 

(in Automatizace ~ /1966/, Issue No. 9, 

p.233-238, 12 Fig.) 
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Theorie der pneumatischen . nach dem Interaktions­

prinzip arbeitenden Stromungsverstarker. 

Acta Polytechnics CVUT, II, No. 2 (1967), 

p.59-68, 7 Fig. 

(in tschechisch) 
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Fig. 1 Course of the flow lines in a symmetrical 

proportional amplifier 
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0,8 

Qrj = 0 
Q . 

0,6 
k 

Ovj 
Qk 

0,4 

l 0,2 

0 

0 0,3 0,4 0,5 

-
Fig. 2 Load ~baracteristics of a CORNING's amplifier. 

The calculated values are marked with 

crosses 
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DEVELOPMENT OF A FLUIDIC OPTIMIZER 

F. K. B. Lehtinen 
NASA Lewis Research Center 

Cleveland'; Ohio .11.S.A. 
P. A. Orner 

Case Western Res~rve University 
Cleveland, Ohio U.S.A. 

Introduction 
This paper describes the application of fluidics to the design of an 

optimizing control system. Single input optimiz.ing (peak-seeking) control 
is one area where fluidiCs may have unique advantages over other types of 
control. Fluidic implementation is especially attractive whenever the 
process quantity to be optimized is proportional to either a measurable 
flow, temperature or pressure. In these cases, a performance index need 
not be computed and a fluidic pressure or temperature transducer can be 
used to interface with the fluidic optimizing controller. 

The optimizer discussed in this paper uses primarily digital elements 
to implement the controller and is designed to use a pressure-to-frequency 
or temperature-to-frequency transducer. as the primary sensing element. 
Presently, fluidic digital circuitry and f.m.-type transducers appear to 
offer higher noise rejection and more reliable operation than do analog 
fluidic amplifiers and transducers. 
Application 

The peak seeking optimizer has many natural applications, one of the 
most significant perhaps being combustion processes subject to environment­
al disturbances. For example, a burner could be statically optimized by 
maintaining stoichiometric temperature in the face of changes in ambient 
air density. It· is feasible in this case to speak of closing the loop 
directly with a temperature sensitive fluidic oscillator. 

An obvious advantage of the fluidic implementation is the ability to 
use process fluids for signal pr~cessing eliminating the need for an auxil­
iary power source. Thts could be crucial if, for instance, one wished to 
control a mobile (or remote) installation where electrical power was at 
a premium (or unavailable). 

The optimizer described in this paper is being studied for applica­
tion to automotive engine control. A project underway in the Systems 
Modelling and Control Group at Case Western Reserve University is address­
ed to the fluidic implementation of fuel injection for automotive engines. 
The optimizer would be used to close a "second level" loop around the 
eng ine by sensing the exhaust temperature, which is closely correlated 
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with the specific fuel consumption (and emission level). The operating 
fuel-air ratio would thus be set automatically for cruise conditions. with 
appropriate logical overrides for "off-design" operation. 
The Optimizing Control Problem 

The control problem considered is depicted in Figure 1. Here. the 
process is assumed to consist of a static nonlinearity having a single 
extremum followed by a linear dynamic lag. The location of · the extremum 
depends upon the value of disturbance u. It is assumed that u either: 

1. changei in a step-wise ·fashion but at a frequency much lower 
than that at which the optimizing controller can respond. or. 

2. changes continuously at a rate much less than the rate of the 
controller output. m. 

The task of the otpimizing controller is to manipulate m so as to keep p 
at an extremum in the face of changes in u. 

Many previous investigators have attacked this same problem. Their 
approaches can be grouped into three main classes: (1) Peak holding types 
types 1.4.6.9.lO.ll.l2.13 •14 •15 (2) Output sampling or incremental logic 

types 3•7•16 and (3) Pe~tUrbation types 2•5•17 •18•19 . Peak holding opti­
mizers. generally being the simplest type to implement. have received 
more attention than the others. In examining various optimizer schemes. 
attention was concentrated primarily on the peak holding types. Due to 
its simplicity it was felt that this type would lead itself more readily 
to fluidic implementation than some of the .others. 
Peak Holding Optimizers 

Figure 2 shows the basic configuration of the peak holding optimizer, 
the distinguishing features being the rel~ and integrator which cause 
m(t) to have a~ a constant rate, either positively or negatively. Various 
schemes have been used in optimizing controller design to switch e(t) 
based on the delayed optimum signal p*(t) so that p(t) is driven to the 
optimum. Some investigators 1•4•11 •13•14•15 have used peak detector cir­
cuits to detect when p*(t) has passed a peak, and thereby reversing e(t) . 
Others 4•9•10 • 12 have used fir9t or higher order derivatives of p*(t) and 
logi~ to determine when to switch e(t). 

The technique chosen for use in the fluidic optimizer is one based 
10 

on detecting the sign of~ and was developed by Broekstra, et. al. 
dt 

The control law for maximizing p can be stated as follows: 

"Superior numbers refer to similarly-numbered references at the end of 
th i s !'a!"@r . " 
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If sgn ~changes from positive to n~ative, switch e(t). 

If sgn ~changes from negative to positive or if sgn ~ 
dt dt 

remains positive do not change e(t). 

If sgn ~ remains negative longer than a certain time Tf' 

switch e(t) at t = n Tf' n ,. 1, 2, . . . This is the "forced­
switching" mode of operation. 

Broekstra has demonstrated that this control law will cause p(t) to 
:onverge to and hunt about the extremum for a rather wide variety of pro-
cess dynamics. 
Digital Fluidi~ Optimizer 

The block diagram of the digital fluidic optimizer employing Broek­
stra's control laws is shown in Figure 3. The process considered is com­
posed of a parabolic nonlinearity followed by a first order lag. Process 
output p*(t) is converted into a pulse frequency signal, fp(t), so that 
computations can be perfonned digitally. The key to the optimizer's 
operation is theA~ computation logic. A digital approximation to~ 

At dt 
is performed as follows. As shown in Figure 4, the bidirectional counter 

· is counted up or down by fp(t) pulses as dictated by the timing logic. 
The count in the counter at the end of the up counting period is pre­
portional to the average value of fp(t) during that time (Tc). Similarly, 
the difference between the counter value at the end of the up count period 

and that at the end of the down count period is proportional to the aver­
age value of fp(t) during the down count period. The difference between 
these two average frequencies is then proporti ona 1 to -Af p and hence ~ . 

.. . t.t _ At 

Note that this · is true for a p*-to-frequency converter whose output fre­
quency decreases with an increase in p*(t). But the content of the count­
er at the end of the down count interval is just the negative of this av­
erage frequency difference. Thus ·~ to detect the sign of the average value 
of~ , all that is r~uired is logic to detect whether or not the bi-

directional c~nter underflowed during the down count interval. If under­
flow occurred, sgn6~ is less than zero. The actual operation of theA~ 

~t At 
computation logic will be more closely analyzed in the next section. 

The sg~ (e) and forced switching logic are simply a logic implemen~ 
tation of the scheme previously outlined. 
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Hunting Loss Analysis 
In order to determine optimum values for sampling rate. counter si ze , 

converter frequency range and integrator gain . a hunting loss analysis 
was conducted for the optimizer with no process dynamics . Morosanov4 has 

analyzed a similar optimizing control system using a harmonic balance 
method. His model includes possible hysteresis in the computation of 
~ but it doesn't consider sampling or quantization. 
dt For the purposes of this analysis. the hunting loss is defined as 

H =I Pmin - Po I p . (1) 

where Pmin- p
0 

is the peak-to-peak amplitude of the Tesulting limit cycle 

about the optimum and -P- is the minimum value of p. It is assumed that 
Pmax is equa 1 to zero. 

The nonlinearity is assumed to be 
p(t) = -~[m(t)] 2 -p

0 
The integrator can be described by 

m(t) = A e(t) 
where e(t) = ~ 1. determined by the sgn (e) logic. The p-te-frequency 
converter is assumed to be linear and can be described as 

fp(t) = fmin - (fpmax - fpm;n> ~ · 

(2) 

(3} 

(4) 

fpmax and fpmin are the bounds of fp(t). Assuming that fp(t} is a con­

tinuous function of time. i.e. fp(t) is much higher than the highest im~ 

portant frequency component of p(t). the up-down counter can be modeled 
as an integrator within a sampling interval. For a cycle starting at 
time t = T with the counter just reset the counter value at the end of a 

X 

period 2Tc is: 

e' (T + 2T ) 
· X C 

(5) 

If Tx occurs Tc seconds before p(t) reaches its maximum. e'(Tx + 2Tc) will 

be zero because fp(t) integrated between Tx and Tc wil l be the same magni­
tude as f (t) integrated between T + T and T + 2Tc (due to the symmetry 

p . X C X 
of the p-m relationship) . Thus. the system must continue on unswitched 
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for another sam~le period (2Tc) . 
To mi~imize the deviation of p from its peak value, the system shou1d 

be able to detect a sign change in ~at the end of the next sampling 
• 0 dt 

interval. Assume that at t = 0, e = +1, m
0 

= 0, p = -p
0 

and the down 
counting portion of the sampling interval has just begun . The counter 
value at the end of the next sampling interval, e'(3Tc), can be found by 
substituting for fp(t) in equation (5) from equations (2), (3), and (4) . 

The result is 

-4~A2 3 
e'(3Tc) = -- (f - fpm,·n)Tc 

. P pmax 
(6) 

In order to detect that~ is less than zero, e'(3Tc) must be less 
dt 

than or equal to minus one pulse . However, a ~ 1/2 count round off error 
can occur during both the up and the down counting interval. In the 
worst case both errors will add, thus e'(3Tc) must be less than or equal 
to -2. Substituting into equation (6), we obtain the constraint equation 

(7) 

The hunting loss can be calculated by substituting for Pmin' p(3Tc). 
H i s then 

(8) 

To insure that the n bit binary bidirectional counter never over­
flows, we wr i te the following constraint. 

(9) 

The design problem is thus to minimize H as given by equation (8) 
with the constraints of equations (.7) and (9) . A simple check shows that 
the solution occurs for both constraints in force as .equality constraints 
with the result that the ·minimum H is given by 

H = -9-
2(2n-l) 

where f ~ f . /f p pm1n pmax . 

_1_ 

1-f p 

( 10) 

For min~mum H, n is made as large as is feasible and fp is made as 
smal l as poss1ble. However, f . should always be much larger than the pm1n 
maximum expected frequency component of p(t) in order for the assumptions 
leading t o equat ion (5) t o be valid . This means that f should equal pmax 
the maximum allowab le counter count rate. Equa t ion (10) i s plotted i n 
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Figure 5 showing predicted hunting loss for typical ranges of rp 
and n. Once fp and n a~e selected, Tc can be found using equation (9) 
and the gain factor, ~A found using equation (7), thereby completing 

d 
. p 

the es1gn . 
Fluidic Circuits 

The optimizer as diagrammed in Figure 3, was implemented fluidically 
and is shown in Figure 6. The process nonlinearity is a proportional 
beam 8eflection amplifier using a single supply-jet and a centered receiver 
for the output. Process dynamics are simulated by a simple restrictor 
and volume combination. The integration is performed by a conventional 
fluidic bootstrap integrator. A pressure controlle~ Jscillator is used 
as the p*-to-frequency converter and is fashioned using two NOR gates and 
a bistable amplifier. 

The fluidic optimizer logic, which accepts fp(t) as an input and 
produces e(t) as an output is shown in detail in Figure 7. It is composed 
of four sections: timing logic, sign p logic, sign e and forced switch-
ing logic, and an eight bit binary bidirectional counter. The timing 
logic causes signal fp(t) to count the counter up and down, and resets 
the counter periodically according to the sequence shown in Figure 4. 
Sign p logic detects whether a counter underflow occurs during the down 
counting interval, and if it does, RS2 is reset indicating p is negative, 
otherwise RS2 is set. ~he sign e and forced switching logic causes drive 
signal e(t) to reverse whenever RS2 goes from set to reset. If ~s2 remains 
reset long enough, PG3 will allow forced switching oscillator OF to 
tr i gger T2 thereby also reversing e(t). 

A worst case design approach was used in designing the optimizer 
logic. Static empirical models of the digital elements were used as a 
basis for this technique. The variation of element output impedance 
curves and input switch point locatl.on was determined for a batch of 
"typical" elements. A trial-and-error approach was then used to check 
whether or not all elements would be able to switch their respective load 
elements under worst case conditions. When necessary, supply pressures 
were adjusted, bleed restrictors added, or parallel elements used to 
insure worst case operation. This approach proved to be effective in pre­
dicting satisfactory circuit performance for frequencies up to about 250 
pulses per second. Details of these circuit design methods are contained 
in reference 20. 
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Most of the logic was fabricated in semi-integrated form to mini­
mize interconnection problems and increase logic speed, especially for 
the bidirectional counter. Figure 8 shows one of •two four-bit counter 
modules used . The module was cast using aluminum filled epoxy in a 
silicone rubber mold. Typical supply nozzle dimensions are .015" by .025'' 
The timing, s ign and forced switching logic (Figure 9) was made using 
individual epoxy elements clamped in a plexiglas matrix, plate, simi lar 
to a method used by Aviation Electric Ltd. Figure 10 is a photo of a 
bread-board version of the entire system including the optimizing con­
troller and process. 
Test Results 

Transient response and hunting loss tests were made of the optimi­
zer. The process nonlinearities used for all tests are shown in Figure 
11 for u(t) =·o and two values of Rpl' The pressure controlled oscillator 
has a characteristic as shown in Figure 12. An attempt was made to obtain 
the smallest possible value for 1P at the sacrifice of linearity, since 
the transducer need not be linear for the optimizer to function properly. 
fpmax was made as large as the counter could handle reliably. Tc was set 
at 1.10 seconds, allowing a small margin of safety to prevent counter over­
flow. 

Optimizer response curves for three different values of loop gain 
and no process dynamics are shown in Figure 13. As loop gain is decreas­
ed, hunting loss decreases as expected; however, response• is slower. In 
all three cases, l(t) was set initially at an off..aptimum value with the 

' loop open at the input to the pressure controlled oscillator. Responses 
started when the loop was closed. For the lowest gain value shown hunt­
ing loss is approximately 2.5 percent. For smaller values of loop gain, 
it became more difficult for the·i~* computation circuit to detect the 

sign of p* in the presence of noise, induced primarily from pulse jitter 
and variations in Tc. This indicates · that to improve performance, more 
effort must be spent on developing stable analog-to-frequency converters 
as well as developing ~ stable low frequency oscillator • 

. Tests were also run for the optimizer with process dynamics, for a 
gain of 1n11 = 0.20 in. H20/ !>:c. Figure 14 shows the optimizer response 
for a first order process time constant of 4.0 seconds. The hunting loss 
has increased to about ten percent. The hunting loss is determined by 
looking at the value of p on the p-m curve corresponding to the extreme 
value of m on the p*-m response curve. 
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Figure 15 shows the otptmizer response in the p*-m plane for a 
value of lml • .040 in. H20/sec. Note that this increase in gain caused 
a further increase in the hunting loss . Figure 16 is a plot of the opti­
mizer response displaying the •forced switching• mode. This simulates 
the case where the process nonlinearity shifts suddenly, placing the 
initial point above the desired static optimum. The forced switching os­
cillator period Tf was made equal to about six Tc. The gain was equal 
to the opt1IIUII gain for the case with no dynamics. 
Conclusions 

This paper has presented a new application of fluidics to automatic 
control systi!IIIS. A breadboard version of a fluidic optimizer and simu­
lated process have demonstrated the feasibility of an all-digital approach 
to optilllfzer desigil. Tbe •in problems in such digital i~lementations 
were found to be analog-to-frequency converter stability and sampling 
clock accuracy. A Method fur selecting optimizing controller design 
parameters has been developed. Future ~rlt will be concerned with the 
application of the opti•izer to •real• processes, in particular, 00111-

bust·lon temperature 111xillrization. 
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Nomenclature 
A - integrator gain 
e - optimizing controller output 
e' - bidirectional counter value 
fp - variable frequency transducer output frequency 

fpmax- maximum value of fp 

fpmin - minimum value of fp 

H - hunting loss 
K~ - coefficient of parabolic nonlinearity 

m - process input 
m

0 
- optimum value of m for fixed u 

n - an integer 
p - variable to be optimized 
p* - delayed optimum signal 
Pmin - minimum value of p during huntin9 

Pmax - maximum value of p during hunting 

P0 - optimum value of p for u fixed 

P - minimum value of p for any u 
S · - Laplace variable 
t -~~ 

Tc - optimizer counting interval 

Tf -forced switching oscillator period 

T~ -value oft at the beginning of a co~nting interval 

T - process time constant 
u - disturbance variable 
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TRANSFORMING OF ELECTRIC SIGNAL INTO 
PNEUMATIC . ONE USING FREE FLOW "FLUID 

AMPLIFIER BASED ON THE HEAT EFFECT 

.And.rzej Proniewicz 

Przedsi~biorstwo Autamatyki Przemyslowejf Warszawa-Falenica 

Poland 

Attempts to use heat produced from the electric eneriY to 
react on the stream of air in the event of Tarbulence Ampli­
fiers have been described in this paper. Two examples of u­
tilizi~ this effect were considered, and desi~n developments 

· ·· of electro-pneumatic converters maki~ use of this effect whose 
introduction considerably widens the range of fluid lo~ic ap­
plications by creatine possibility for an easy alliance with 
the electric systems have been illustrated schematically. 

1. Introduction 

Dependability resultinc from the absence of aD¥ moving mecha­
nical parts and operation unaffected by other environmental 
conditions, ~n particular by temperature variations and ra -
diation of the nuclear or electromagnetic type plus inherent 
ruggedness to external shocks or impacts and the possibility 
for achievi~ considerable miniaturization have led to an in­
tense developoent ~f the fluid lo~ic. 
Parallelly to the carried-on research work and development 
of logic elements constituti~ the central part of this tech­
nique and alone with the first attempts of practical appLi -



~7 . 
cat ions there was al so started a search for the meterinc, 
transducing, ampl ifyi~ and other type of elements as an 
indispensable compl ement to the system. An important ele­
ment compl ementary with regard to each fluid lo,ic system 
is the electro-pneumatic tran•ducer or converter. It ena­
bles the receiving of information transmitted by aid of 
electric signals /which fact is especially important where 
greater distances are involved/ and allows only those phy­
sical quanti ties to be admi t ·ted to the pneuma tic computer 
system that can be measured on the electrical way xl. 

2. Electro-pneumatic converters - a brief survey 

In view of its specific requirements the flUid logic calls, 
on one side, for different methods of conversion of elec -
tric signals than those used in the medium-pres8ure pneuma­
tic techniques crea ting, on the other side, quite new pros­
pects for the future. Introduced in the classical medium • 
pressure pneumatic techniques, electro-pneumatic converters 
are based on the principle of magnetic reaction the electric 
current exe.rts on the movi~ me c~anical parts. In turn, these 
mechanical elements when c~n~i~ the value of the pneumatic 
res i stance in the flapper-nozzle arrangement modify the cas-· 
cade pressure. There are known various modifications of the 
cons t ruction and developments built mostly with an incorpo­
ra ted movi~ coil. In addition to these converters, also 
electro-pneumatic cut-off valves are encountered in which 
the moving coil-controlled ma,netic core blanks off r opens 
the seat of the valve. Trials to introduce the above des -

~ 

cribed methods to produce the desired deflection of the stream 
do not bri~ the expected results since by introduci~ the 
movi ng elements they essentially eliminate the basic advan­
tage offered by the fluid lo,ic, notably its high operatinc 
reliability, and reducing . the components in s ize is then a 

xj This applies to measurement of such physical quantities 
as f or instance magnetic f ield intensity, radiation or de­

. te r mination of t he chemical comp osition of gases. 



more difficult task. When providi~ this brief survey of 
the methods for convert~ the electric signals into pres- · 
sure signals it is notewortqy to emphasize as well the at­
tempts made to deflect a current-conductinc streaa, as for 
instance the stream of mercury or molten metal with elec­
tric current flowi~ therethroU&h, by actinc on this fluid 
conductor with an electroma.netic field. 
ThOU6h possible to be employed also in the fluid lo6iC, the 
electromagnetic dislod6inc of the ionized stream of cas seems 
to be of ~ittle practical value because of the arisi~ ne­
cessity to introduce additional ·ionization equipment alo~ 
wi~h h16h control potentials. 

Apart from the converter devices built on the principle of 
electroma6netic action exerted by tbe electric aurrent it 
is also possible to take advanta6e of the thermal action of 
the electric current. Two pronciples may be dist~shed 
i~ this specific case: the first based on the heat~ of me­
chanical parts which when chan6in6 in their dimensions dis­
turb the flow, or another one based on the heatinc of the 
stream itself /direct actioD/. 

3. Direct thermal action of the electric current exerted on 
the flowing streaa of air 

3.1. Heatinc of air stream 

considerations as set forth in this Chapter and relatin6 
to the pneumatic elements can essentially be widened to a 
great extent also to fluid elements where the liquid is uaed 
in the capacity of the workinc medium. The effect exerted 
by the heatin6 process on the value of output ·pressure ma~ 
be observed with regard to both TUrbulence Amplifiers5/,o/, 
as well as Coanda or Wall A~tachment Devices l/, 2/,3/,4/. 
considerations continued hereinafter are restricted to the 
Turbulence Amplifiers only and they cover the two most sim­
ple cases: 

the input of heat to the laminar flow stream at its free 
flowing part, and the utilization of the effect of chanc­
inc specific ~ravity of the flowinc air, and this of the 
growing flow losses due to higher stream viscosities. 
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the input of beat applied to tbe ·streaa near the point 
of transition from the laainar to turbulent flow at its 
part restricted bJ the input nozzle of a constant cross 
section, and the utilization of the effect the cban:inc 
viscosit7 of the flowi~ air exerts on the character of 
the flow of streaa. 

~ - interaction of the electric current, tbroucb beat 
effect, oa tbe l••inar flow of the streaa is in reali t1 

a IIUCh aore . coaplu: probl•· ·aad coa.eists in the autual in­
terference of the ch&D&illc specific p-avi t1, viscosi t7 and 

otber tberaod¥aaaical p.beAoaeaa. 

Pic. 1. abo1nl tbe l&Tout ot a Turbulence Alliplifier /with no 
control Jet(. !he .uppl7 air is fad at a pressure Pz to 
the port 1 troa where it tl.oa out crea t~ a stre&lll. 2/wi th 
parametera · suitablJ selected the loss in pressure ma7 be not 
verr hiP/. 
Fi&• 2 /curve t • 22°q{ abowa the suppl7 characteristic p • . a 
• f/Pzl ot such a TUrbulence All:plitier aeaaured under aa • 
bient .rteaperature conditiou. It we put now the device teS:. 
ted over to the surrouncliAce of an other temperature it will 
be seen that the suppl7 characteristics plotted for the in­
dividual V&rJillc teaperatu:na w1l.l &reatl1 differ- from each 
other. fic.2 &howe the faail.J ot aupplJr characteristics 
plotted for ~ioua &abient teaperature values. Durin& fur­
ther continued testa, the air was heated b7 feedin& electric 
ener&r to the resistance element. 
For sche.matical presentation of this experiment refer to Fi&• 
'· Fie. 4 U.O• the faail7 o~ the suppl.J characteristics 
plotted for a r&A&8 of coABtant ·electric current values fed 
to the beater eleaent. 
Ratin&s ot the electric current needed to transfora the tem­
pera tun ot the streaa can be found bJ comparin& the supplied 
energ- w1 th ·the produced heat transferred upon the stream:· 

/1/ 

where: cp - specific beat of air at constant pressure 
related to the unit of volume f 
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k - efficiency of th~ eletric ener~-to-stream 
heat conversion /1 - k dissipation of ther. 
mal ener~y/ 

N • watt~e of the electric current supply 1 
S - stream cross-section, 
v - mean rate of stream flowa 

~T - mean increment of stream temperature. 

In our ·Simplified type of calculations, we shall not consi­
der k and Cp as a fUnction of the vary~ temperature. As -
suminz furthermore that the workinz overpressure values do 
not differ much from the atmospheric pressure, phenomena tes­
ted may be considered to take place at a constant pressure. 

Now, dire~ardinz air density variations and the outflow los­
ses we can deduce the rate of stream flow from the followinc 
relationship: 

v=V 2pz ' 
. 1 

where: v- mean velocity of stream outflow, 
Pz• supply pressure, overpressure1 
q - specific mass of a1ra 

ay puttin& /2/ under /1/ we arrive finally at: 

/2/ 

From the relationship /3/ it results for instance that in 
order to heat up the stream of air outflowin, from an 0.4mm 
dia nozzle,and supplied to this nozzle at a pressure of: 
500 N/sq.m, to a temperature of 100°c, we must feed in a 
continuous manner ~he supply of electric energy correspon­
ding in terms of power to an approx. 0.2 W electric current 
with the heat . efficiency assumed to be 10o% /k • 1/. 

3.2. Conversion of . analogue electric signal-to-pneumafic 
pressure signal type 

The initial part of the supply characteristic /highly 
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reproducible ranf;e of laminar flows; shows a step- down ten­
dency as the value of watta~e rises. It promises t he po s­
sibility of buildi~ a current converter of a conti nuous 
operation type. 
If the supply parameters are now selected so as to r emain 
stable, e.g. in a sequence of 750J 500; }80 N/sq.m / below 
the critical value of the Reynold's n~ber; and the value 
of current fed to the heater coil.is suitably changed t hen 
we shall be able to obtain the control characteristi cs. 
SUch characteristics plotted by way of experiment are sho~~ 
in Fi~. 5. 

An element of the follow~ parameters was oubjected to t es­
ti~: 

Inlet nozzle diameter 
Distance between nozzles 
pressure supplied in the order 
of sequence: N/sq • .m -••••••••• 
Kanthal coil of a pressure: 

d=0.3mm 

1 = 5 mm 

Pz= 750; 500; }80 
R = 14 Ohms 

In order to be able to compare better the individual results 
of t he test, the followi~ reduced function was built up: 

-Pa ==fli/ 
Pai=a 

Diagrammatically, this function is shown in Fi~. 6. 
The foilowing mathematical equation gives in some way its 
Approximation: 

Pa 1 -=..:........:--- - -....!...--=-pa 1+ct·2 
i•o 

/4/ 

where: 

/5/ 

The relationship as shown in /4/ provides a s i mplified sta­
tical eharacteristic of the converter shown diagra~~atical­
ly in Fi~. 3, and it says t hat the effect· of current varia ­
tions with regard to t he ou tput pres sure will be t he more 
clearer the gr ea ter is the nuuer ical value of the coef f i cient 
c . the coeff ici en t c depends i n its turn on the r esi s tance 
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of the electric element R, and on the second power o~ the 
supply p.ort diameter d and square root o~ the supply pres-· 
sure PJ it is moreover dependent on the properties o~ the 
workin6: medium and on the efficiency of' heQt transmission. 

3.3. Descrete conversion of' electric signals to pneumatic 
pressure si;lials 

Another part of' the supply characteristic covers the range 
of turbulent flows, and shows a · tendency to step up alo~ 
with the rise of temper~ture. This is chiefly so because 
of the orderi.D.6: process taki~ place in the turbulent streaa 
and proceedi.l16: parallelly with the ~rowin~ viscosity of' air. 

'.7hen the supply pressures are selected so as to remain con­
stantr, e.g~ in the followi~ order of' values: 4500J 5000a, 
6000 Njsq.m /the values correspondi.l16: to turbulent flows 
a t normal ambient temperature;, and the output pressure is 
measured while the electric current is fed to the heater 
coil then the outcome of this procedure will give as a re­
sult the control characteristics. Such characteristic cur­
ves are shown in Fi~. 7, and they are typical for the relay 
ty pe equipment. 
~s l ong as no electric energy supply is fed to the conver ­
t er, the flowing stream will have a turbulent character 

n ac count of a remarkable spaci~ between supply 1 and the 
o tput 4 there comes t ·o an intense mixing of the unordered 
t r bulent stream with the envi ronmental atmosphere and high 
fl o.-, l osses associated therewith a re suffered. Accordingly, 
the output pressure Pa takes on a value which is much lower 
t~zn the supply pressure Pz• 

f now the voltage source i_s connected to the electro-ther­
oal element 3, then similarly to the previous process, the 

X/The turbulent character of the stream flow for t he nozzle 
of a predetermined bore may be obtained with much lower 
v lues of the supply pressure tha ":. this would result f rom 
1ekr by suitably shaping the f orm of the supply chamber. 
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electric ener:r · converted into heat will be transferred upon 
the stream whose temperature will rise respectively. This 
ch~e of temperature will be followed by a number of other 
modifications in the stream parameters includin~ those of 
viscosity. The increase in the stream temperature will cause 
a rise in air viscosity and conformity of the stream whose 
losses will in this connection be lower. 

With the very in·stant the predetermined temperature limit 
. is exceeded, the turbulent stream chan~es to a laminar flow 
stream and the output pressure accepts the maximum value p 

a 
~ A further increase in the temperature wil+ render that 
the process starts to take on a typical character as in the 
event of laminar flows and the output pressure will begin 
to drop somewhat. 

Fi~. 8 shows a modification of the subject device. In this 
specific case, the thermal ener~ is supplied thr~ugh an in­
let nozzle of a constant cross-section. The parameters of 
the stream will be chosen so as to keep the stream turbulent 
at the normal ambient temperature. As for ~he practical em­
bodiment of this device, the chanze-over ;switching/ stage 
should be preceded by a preJ.iminary stai:e at Which the cur­
rent does not react on the character of the flow and the 
value of pressure is k:ept constant at the output until the 

converter is changed over. 

Fig. 9 shows the reduced static characteristic of the ajm 
converter, obtained by experimentation. 

Fig. 10 shows responses measured durin& the preliminary 
tests~ relating to unitary steps and preset by switchi~ 
on or off the supply of .electric current. 

4. conclusion 

converters built accordi~ ·to the above described principle 
of direct thermal interaction of the electric current on 
the stream stand out for simplicity of design, small over­
all dimension~and high durability features. Their dynamic 
properties may be suitably adjusted by changing structural 
parameters as require : With avera~e parameters in view 
the transmitted frequency is approximately 5 cjs. The level 
of the electric control signal, a s it results from relation-
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ship/,/, depends to a great extent on the structural para­
meters ot the Convert~r. This is why, in some devices with 
larger tran.sverse dimensions of the supply ch<:>.nnel an.d with 
higher supply pressure values there arises a necessity for 
buildi~ a two-sta~e converter in which a miniature electro­
pneumatic converter controls the operation of the Jet Ampli­
fier. 
Tnis is especially importan.t where a very low power control 
signal, as for instance the electric si~nal received from 
a miniature transistorized system is available; 
The arrangement, called analogue, features a hi~h reprodu­
cibility of results. The discrete converter, on the other 
hand, exhibits a much lower demand for electric power to ac­
tuate the control si~nal. 

5. Figul'es 

Fig.l: Flow of the main stream in a Turbulence Amplifier, 
2: . supply characteristics of· the Turbulence Amplifier 

measured at various environmental temperature values; 
3: Layout of the analogue electro-pneumatic converter, 

' 
4: SUpply characteristics of the device shown in Fig.3 

measured at constant electric current values flow­
ing thro~h the heater coilt 

5: control characteristics for the laminar flow ran.ge 1 

6: Reduced control characteristics; 

7: Control characteristics relating to turbulent flows, 

8: Layout of a d~screte converter, 

9: Reduced characteristics of the discrete converterf 

10a Response to unitary . step preset by switchib~ on or 
off the electric current supply. 
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PNEUMATI MEMBRANE LOGICAL ELE MENTS 

Henryk J.Leskiewicz, Jan Jacewicz, Mariusz Olszewski 
Technical University of Warsaw, Poland 

1 • Introduction 

Pneumatic control of production processes is nowadays 
applied widely as well in plants which are already automati­
cally controlled as in those industrial processes which are 
starting to be automatically controlled. 

As the main causes of the large range of applications 
may be mentionned a low price of pneumatic automatic control, 
its reliability and easy understanding of action by a low­
skilled staff. 
The resistance of pneumatic automatic control against radio­
activity results sometimes also in their choice. When it was 
already decided that automatic control of a given process has 
to be pneumatic, and the process is of the kind which may be 
controlled by logical elements, there are two main kinds of 
those elements to be chosen, and namely, elements with moving 
parts, such as spool or membrane elements, or elements without 
moving parts, then pure fluidics. 

Elements with moving parts work with higher air pressure 
than elements without moving parts, and they do not use supply 
air in steady states, i.e., when waiting for their action, 
unlike elements without moving parts which take supply air 
continually. 

In both types of pneumatic logical elements a number of 
principles of action as well as various designs were deve­
loped. For automatic control of a given industrial process 
besides a logical block consisting of logical elements, 
a great number of sensors, transducers, transformers, 

amplifiers, signal generators, punch-tape readers, and other 
auxilliary equipmen• are used. The equipment is included in 
a system of elements for pneumatic control together with 
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logical elements. The choice of logical elements affects 
usually ~he design of almost all elements of a system in tnis 
way that the accepted principle of action and individual 
design parts of those logical elements are used in other 
auxilliar,y elements of a system whereever possible. This 
i ncreases the impo~ance of choice of a principle of action 
and of a design of l ogical elements, thus they constitute 
a ·basis of the wuole pneumatic au~omatic control system. 

The new pneumatic logical elements are presented below, 
and an attempt is made to justify the choice of, as well, 
a principle of action, as of design. 

2. The choice of a kind of elements 

Pneumatic logical elements are mass products. This fact 
is quite essential for research on pneumatic logical elements. 
Thus the designed logical elements should be suitable for mass 
production, both for designing features and chosen materials, 
and on the other hand, they should find easil;r a wide appli­
cation. 

The following factors were taken into consideration: 
1 • membrane elements do not require so b.igb. air quality as 

pure fluidics, which. results in bette~ reliability of 
membrane elements in spite of their moving parts, 

2. membrane elements have about a hundred times b.igher signal 
value than pure fluidics, which allows to avoid· some pre­
ssure amplifiers in a system, 

3. membrane elements may not use supply air in steady states, 
whereas pure fluidics, independently of their state, use 
continually supply air, 

4. due to the lack of suitable production technology the 
expected lower price of pure fluidics elements than that 
of membrane ele~nts has not been reached yet, 

5. generally larger dimensions of membrana elements compared 
to those of pure fluidics are not of a great importance in 
stationary applications in which pneumatic logical elements 
ar e applied mostly. 

From this reasons, and due to some additional conSiderations 
pneumatic membrane logi cal elements were chosen. 
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3. The princinle of free membrane 

In traditional pneumatic elements of automatic control, 
as well as discreet as analoque, the used flat membranes had 
always disks. stiffening the central part of a membrane. When 
membranes had to be connected with each other forming a mem­
brane block, it was done by connecting stiffening disks of 
successive membranes. A stiffening disk placed on a membrane 
was also used as a throttle plate. 
Stiffening disks had two disadvantages though. First, they 
increased diameters of membranes since their stiffened part 
did not ·participate in flexions, and consequently it resulted 
in the increase of a diameter of the whole device. Second, 
a stiffening disk added its own mass to the mabs of a mem­
brane, strongly lowering self- oscillation frequency. With 
a membrane block, the mass of stiffly connected stiffening 
disks deteriorated still more the dynamic properties. 
In order to avoid that disadvantageous influence it was de­
cided to do without a block of stiffly connected membranes. 

It has resulted in using exclusively free membranes,i.e. 
fastened only on their edge and not connected mechanically 
with anything in their central part. 

Introduction of the principle of free membranes brought 
about, when compared to membranes with stiffening disks, 
a marked decrease of diameters of logical elements and the 
improvement of dynamic properties. 

As presented below, this principle imposed a kind of 
logical functions which may be realized by so designed 
pneumatic logical elements. 

4. The principle of feed-back force from supply air 

In membrane pneumatic logical elements, when input 
signals disappear an element should come back to its former 
state; on the other hand, the appearance of input signals 
should switch an element, /i.e. change its output signal for 
a second of the two values which this_ signal may take/, when 
those input signals ext ~ed a definite pressure value, called 
a switching value. 
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For ·this purpose some designs apply suppor~ pressure, 
having ~ intermediate value between the two values of a used 
binary signal or springy parts. 

The above dlScussed principle of free membranes ~esults 
in small dimensions and small movable masses thus, in 

designing, it permits to obtain an adequate feedback force 

J 

i n a logical element from the entering supply air coming into 
an element. This force is. effected on properly shaped moving 
awit~hing parts of an element. 

·l'ne ap"91ication of a feedback force from supply air 
allows to avoid springy parts which limit permitted number 
of acti ons of an element. 

2 . The principle of el.imination of pneumatic resistance 

Pneumatic resistance found a wide application in 

pneumatic ~alogue control, being used mainly to form 
~neumatic cascades. 
~hen is has become to be applied together with a cascade in 

some designs of discreet control. 
In discreet control however it is possible to do without 

.;meumatic resistance.· It has the advantage of avoiding 
' ncreased demands for quality of supply air. Pneumatic 
~e si stance should be periodically examined and cleaned. The 
?r i nc ipl e of elimination of pneumatic resistance increases 
:;·.e rel iability of control. 

~ · l'ne desi gn of elements 

It i s known from the theory of logi cal systems that there 
~ s a number of f ull systems . of logical elements , i .e. such 
3e~s of bas i c elements from which any complex l ogical system 
'an be built . 

For a given complex logical system t he mini mum possible 
2umber of elements used f or i ts construction will be different 
dependi ng on a chosen full system of basic elemen~s • 
.::>ometimes i t becomes advantageous to use a "over-stiffened" 
system, i.e. when any addit ional element i s added t o a f ul_ 
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system, what however increases the number of basic elements, 
but at the same time mostly facilitates the synthesis of 
complex systems and decreases the total number of the used 
elements. 

It might be possible for -a group of applications, ·when 
examining their logical systems, to search such a full or 
"over-stiffened" ' system which. would offer the minimum wear 
of basic elements to construct a given kind of systems. 
Another way of searching an optimum set of basic elements is 
made by designing such. elements, when the design imposes 
generall~ the kind of logica~ fun,ctions '!1.!-:i.ch can be realized 
by those e~ements. Then the search is made among those 
functions to find a full or "over-stiffened" system. 

The second way was chosen, and the design /Pig. 1,2,3 and 
4/ was conditionned by the above discussed three principles, 
i.e. the principle of free membranes, the principle of 
feedback force and the princip~e of elimination of pneumatic 
resistance. 

Pig. 1 shows three membranes placed freely in a shell. 
:he shape of a shell and the position of free, flat membranes 
~ responsible for the fact that the membrane beneath the 
~hamber where pressure is introduced strains downwards; but 
the membrane in the chamber itself only adjoins against the 
shell which is over it. 
If now pushers not connected mechanically with anything else, 
as shown in Pig. 2, are placed among free membranes, then 

bringing pressure to any chamber will always cause the strain 
downwards of the lowest membrane. The strain will appear also 
when pressure is brought to some, or even to all the chambers 
simultaneously. 
Fig. 3 and 4 show the principle of action of the lowest 
membrane on a switching plate nad a pusher. Pig. 3 presents 
a solution for an OR-function; and Fig. 4 for a NOR-function. · 
Each of those figures show two states, and namely, the state 
"a" /Fig. 3a and 4a/, when the lowest membrane remains without 
strain, and a switching plate by the feedback force from 
supply air switches a switching set into its higher position, 
and the state "b" /Fig. 3b and 4b/, when the lowest membrane 
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is strained .by force which has exceeded the feedback force an 
switched . a switching set into its low position. 

Since the strain of the lowest membrane is connected 
through .an OR-function with the appearance of pressure in indi­
vidual chambers of free membranes, it is evident that l!'ig. 3 
presents ·a switch~ set of an Oli-element, because together 
with the strain of the lowest free membrane there appears the 
:free supply pressure on the output. Consequentl;y l!'ig. 4 
presents a ,NOR-element, since with the strain ot the lowest 
free membrane the output is connected to atmosphere. 

As presented in l!'ig. 3 and 4, the output channel of an 
element, when not being connected to supply air, is connected 
to atmosphere, which secures de-aeration of signal line in 
passing from a binary state "1" to a binary state "0". 

?. 'Assembling an element 

For technological reasons the construction was restricted 
to four-input elements. All parts of an element /Pig. 5a/ are 
placed quite loosely into a cylinder, without any mechanical 
connections. 
Establishing position of individual parts of an element is 
made possible b;y the stripes o:f membranes ? and the seal 8 
inserted in appropriate holes o:f the bed 1, of the segment 2, 
of distance rings 3 and the cap 4. 

The moving parts, such as the pusher 6, the switching 
plate 9 and the intermediate pushers 5 move :freely within 
chambers of i.Ddi vidual rings. Connecting individual chambers 
to an appropriate channel, one o:f the four placed at 90° 
channels of the input signals, is made possible b;y radial 
passages in the distance r~s 3 and the cap 4. Those rings 
are turned properly during assembling and they connect a 
chamber to an appropriate channel. All individual inter.o.al parts 
are fixed by pressing only the clo"sing cap 4 into the cylinder 
10, and then the bed 1 leans against a lower stripe of the 
cylinder /Fig. 5a and 5b/. 
The closing cap is being pressed until individual chambers are 
completely tight, and the switching set operates smoothly. 
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'An element is assembled on an assembling stand, what 
facilitates a quick controlling of tested parameters. Thanks 
to the presented design and the way of assembling it is 
possible to introduce a full assembling automation on an 
specially designed stand. 
Elements of OR-function and NOR-function are assembled mostly 
of identical parts. There is only one difference ill design 
betweeD. the two kinds of elements. It consists of differeD.t 
dimensions of the bed 1 and ·the pusher 6, and iD. the 180° 
differenc-e iD. turning of the segment 2. 

B. Used materials 

Individual parts of an element can be made of different 
uterials and by different methods depending on maker's 
possibilities 8ll(l the requirements of e:z::ploitation. 

It seems extremely advantageous to form parts of an 
element by means of a pressing technique. There are two methods 
of forming parts, and namely, of metal, or of pressed plastic 
material which reaches its final state by a thermal treatment. 
Blastic parts are made of oil-proof rubber within the 
temperature range of -50° Cent. and +120° Cent., what covers 
practically the whole range of needed temperatures. 

There are tests being made in order to replace rubber by 
a more suitable material. 

9. Realized logical functions 

It may be concluded from the above described switching 
process of elements that their basic types realize OR-, or 
NOR-functions. 

/1/ 

Using air ~upply chanel to bring an additional input 
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signal x
0 

makes possible to realize the following runctioD$ 

/2/ 

The fact that both types of elements can be made as four-, 
three-, two-, or one-input, allows to realize all particular 
cases of the given equations. 

In the case when a supply channel is not used for an 
additional signal x

0
, elements have a signal "1" taken 

directly from supply. In such a case they are called "active" 
elements. 
An output "O" signal is always obtained by direct connection 
of output to atmosphere. 

'1o-. Some teclinical ·data 

The elements made for testing purposes in the Chair of 
Mechanical Automatic Control at the Technical University of 
Warsaw were of aluminium yet, and not of a plastic material. 

Their technical data are as follows: 
supply pressure Ps = 100 .;. 140 m;m2 

pressure of signal "1" 

pressure ·of signal "O" 

overload pressure 
flow /when A p = 100 FJI/m2/ 

0,8-:- 1,0 p
8 

0 -:- 0,2 p
8 

200 FJI/m2 

Q ~ 0,28 dm3 /s 
external dimensions a~ weights of cylindrically shaped 
elements 
one-input element (6 20 x 12 mm · 0,10 N 
two-input element (6 20 x 15 mm 0,12 N 
three...;input element (6 20 x 18 mm 0,14 N 

four-input element (6 20 x 21 mm 0,15 N 
tested switching number of an element 108 
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11. Laboratory tests of static properties 

If pneumatic logical elements with moving parts are 
"active" elements, they, as i~ is generally known, have 
practically unlimited logical amplification. 

Investigating a number of systems built of the above 
presented elements, even of ABO-function /which are semi­
passive elements/, no difficulties were encountered with 
unsufi'icient logical amplif1.cation. 
The next, after logical ampli:rication, and the essential 
static property of pneumatic logical elements, is their 
switching zone. 

Laboratory tests have pointed out tb.at between a 
switching zone and the zones of tolerance of signals "O" and 
"1" there are tightening zones, which cannot be included to 
zones of tolerance of signals. That is due only .to the fact 
that within a tightening zone air leakage is too high for 
steady states. 

The typical results of laboratory tests of static 
characteristic of ~petition element are presented in Fig. 6. 
Hysteresis loop consisting of two switching branches, from "O" 
to "1", and from "1" to "O", might be di:rferent in different 

elements, and it is differently placed. Those factors are 
without any importance if the hysteresis loop is placed within 
a switching zone, yet I ZODI! c, 7ig. 6/. 

On account of the use of supply air in steady states 
tolerance zones of signals /zoms a and c, Fig. 6/, and 

tightening zones /zone c, Pig.· 6/ should be distillgu.ished. 
If this distingushing is not necessary, tightening zones may 
be then regarded as an anlargment of tolerance zones of 
signals. In this case signal tolerance becomes 30 per cent. 

12. Experimental determination of gynamic properties 

Dynamic properties of an element of repetition were 
presented in Fig. 7 in the form of a step-function response 
calculated from the results of laboratory tests. 

It is difficult to obtain a step function response 
directly from an experiment. An indirect meas~emeJl..t was made 
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in this way, that giving on input the same step function 
several ~imes, the times between the appearance on input arid 
output of the same pressure were .measured. So obtained times 
for different~ pressure values were used as abscissa of a step 
function response. In this way the imperpection of ~he 
realization of a s~ep function was partially corrected. 

As show in J'ig. ? the total time of switching is below 
2;5 mil. sec. 

Dynamic tests of ID1ll ti-input elements and the apropriate 
theoretical considerations have not come to an end, yet. 
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Fig. 1. Undeflected free membranes in schells. 

Fig. 2. · Deflection of free membranes with free pushers by 

pressure in a chamber /marked with an asterisk/. 
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Fig. 3a. Switching system of an OR-element by an undeflected 
lowest free membrane. 

I y 

Fi g . 3b. Switching system of an OR-element by a deflected 
lowest free membrane. 
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Fig. 4a. Switching system of a NOR-element by an undeflect;ed 
lowest free ·membrane. 
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Fi g . 4b . Switching system of a NOR-element by a deflected 
lowest f ree membrane. 
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Fig. 5a. An OR-element while being assembled. 
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Fig. 5b. An assembled OR-element. 
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Fi g . 6 . Static characteristics of a repetition element: 
a/ a zone of tolerance of a signal non, 
b/ a tightening zone, 
c/ a switching zone, 
d/ a tightening zone, 
e/ · a zone of tolerance of a signal n1". 
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Fig. ?. Step function response of a repetition element. 


