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ABSTRACT OF THE DISCLOSURE

A fluidic circuit for developing a differential pressurized
fluid signal representing the integral of an input signal.
The circuit includes a fluidic operational amplifier com-
prising a forward network having a high gain and a feed-
back network connected from one of the outputs of the
circuit to two inputs thereof. The feedback network in-
cludes a passage including a fluid resistive element and a
passage including reactive-resistive elements for defining
an impedance transfer function of a form for generat-
ing a pressurized fluid signal characterized as the output of
a differentiator circuit with a lag. The high gain of the
forward network increases the integration time constant
over that produced in the absence of such operational
amplifier. The addition of a fluid amplifier in the feedback
circuit further increases the integration time constant
multiplication factor.

e R R R .

Our invention relates to analog-type fluid amplifier cir-
cuits, and in particular, to fluidic integrator circuits hav-
ing a large integration time constant.

Circuits employing the recently developed fluid con-
trol devices having no moving mechanical parts and
known as fluid amplifiers or fluidic devices have many ad-
vantages over analogous electronic circuitry. In par-
ticular, the fluid amplifier is relatively simple in design,
inexpensive in fabrication, capable of withstanding ex-
treme environmental conditions such as shock, vibration,
nuclear radiation and high temperatures, and the no-
" moving parts feature permits a substantially unlimited
lifetime thereby achieving long periods of uninterrupted
operation. These devices may be employed as analog and
digital computing and control circuit elements, and also
as power devices to operate valves and the like. The
analog-type fluid amplifier is commonly referred to as the
momentum exchange type wherein a main or power fluid
jet is deflected by one or more control jets directed lat-
erally at the power jet from opposite sides thereof. The
power jet is normally directed midway between two fluid
receivers and is deflected relative to the receivers by an
amount proportional to the net sideways momentum of
the control jets. This device is therefore commonly de-
scribed as a proportional or analog device and may be
operated by employing either incompressible fluids such
as liquids or compressible fluids such as gases, including
air. Our invention is directed to the analog-type fluid am-
plifier and particularly to the application of this amplifier
in an integration computing circuit for performing sys-
tem control functions. An example of a fluidic integrator
circuit is itlustrated in U. S. Patent No. 3,155,825 to W. A.
Boothe and assigned to the same assignee as the present
invention. In this prior art fluidic integrator, a true or
pure integrating transfer impedance function

AP, _K
AP; 8
(where S is the Laplace transform and X is a constant) is
obtained. In many applications a pure integrating transfer
function is not essential and the frequency-gain character-
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istics in the frequency range of interest of a circuit con-
ventionally described as a lag-lead circuit may provide
a reasonable approximation of pure integration. One ad-
vantage of the fluidic lag-lead circuit over the pure integra-
tor circuit is the reduced number of fluid flow impedance
elements to thereby obtain a more simplified and inexpen-
sive circuit.

Therefore, one of the principal objects of our inven-
tion is to provide a fluidic circuit having the characteristic
of a lag-lead circuit over a frequency range of interest
to thereby obtain a reasonabls approximation of a pure
integrator circuit.

A disadvantage of known fluidic lag-lead circuits is the
relatively small integration time constant obtained (i.e.
a relatively high frequency lag break on the frequency-
gain Bode diagram representation of the closed loop cir-
cuit) resulting in the pure integration function being ap-
proximated for a frequency range centered at a high fre-
quency (small computing time) and thus providing an
integrator circuit inadequate for many applications.

Another object of our invention is to provide a fluidic
circuit having the characteristics of a lag-lead circuit over
a frequency range of interest and having a relatively low
frequency lag break and corresponding large time con-
stant to thereby obtain a reasonable approximation of a
pure integrator.

In the electronics field, integration is normally accom-
plished by employing a high gain operational amplifier
and series capacitor as a feedback element. The effective
capacity of this combination is the capacitance of the
series capacitor multiplied by the loop gain of the oepra-
tional amplifier. Very large integration time constants can
thereby be obtained with practical sized electrical com-
ponents.

Passive capacities are obtained in fiuidics circuitry em-
ploying compressible and incompressible fluids by utiliz-
ing fixed volumes and hydraulic accumulators, respec-
tively. Unfortunately, the fluidic capacitor has the char-
acteristics of a shunt capacity (capacity to ground) and
thus cannot be used in conjunction with an operational
amplifier to obtain an integrator in the same manner as
its electronic series capacitor counterpart. Known methods
of integration employing passive fluid flow reactive ele-
ments are (1) integration in a volume, but this requires
very large volumes to obtain long integration times, (2)
operational amplifier used in conjunction with a fluid in-
ductor, not very practical for compressible fluids because
of the small value of fluid inductances that can be ob-
tained, and (3) operational amplifier used in conjunction
with a volume and positive feedback, this obtains the de-
sired long integration time (large time constant) but is
rather sensitive to gain variations due to the positive
feecback. Thus, there is a need for a fluidic integrator cir-
cuit having a relatively large integration time constant and
a high degree of insensitivity to gain or other parameter
variations but employmg a passxve fluid flow reactive ele-
ment of reascnabie size.

Therefore, another object of our invention is to pro-
vide a ﬂu1d1c circuit which achieves a desired multiplica-
tion of a time constant formed by a passive fluid flow
reactive element of reasonable size to obtain a fluidic
integrator circuit having a large integration time constant
and a high degree of insensitivity to gain or other
parameter variations.

A more. specific object of our invention is to provide a
negative feedback fluidic circuit including a particular
feedback network to obtain the multiplication of the time
constant.

In carrying out the objects of our invention, we pro-
vide a fluidic integrator circuit comprising an operational
amplifier having a feedback network for developing two
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pressurized fluid signals. The two fluid signals are devel-
oped in two fluid passages wherein the first passage in-
cludes fluid flow resistive and reactive elements, and the
second passage includes a resistive element. The difference
between the two signals is characterized as the output of
a differentiator circuit with a lag and is supplied as an
input to the worward network of the operational ampli-
fier in negative fesdback relationship. The integration
time constant, as determined by the elements in the first
feedback passage, is increased by a factor proportional to
the gain of the forward network to provide a reason-
able approximation of a pure integrator over a wide fre-
quency tange. An analog fluid amplifier may be inserted
in the feedback network between the two feedback pas-
sages and the input to the forward network whereby the
integration time constant is further increased by a factor
proportional to the gain of the latter amplifier.

The features of our invention which we desire to pro-
tect herein are pointed out with particularity in the ap-
pended claims. The invention itself, however, both as to
its organization and method of operation, together with
further objects and advantages thereof, may best be
understood by reference to the following description
taken in connection with the accompanying drawing
wherein:

FIGURE 1 is a diagrammatic representation of a pre-
ferred embodiment of a fluidic integrator circuit con-
structed in accordance with our invention;

FIGURE 2 is a block diagram representation of the
circuit illustrated in FIGURE 1;

FIGURE 3 is a Bode diagram (gain versus frequency)
of our integrator circuit illustrated in FIGURE 1 and

FIGURE 4 is a diagrammatic representation of a sec-
ond embodiment of the feedback network shown in FIG-
URE 1.

Referring now in particular to FIGURE 1, there is
shown a plurality of analog-type fluid amplifiers and as-
sociated passive fluid flow impedance elements intercon-
nected to form a fluidic operational amplifier employing
a differentiator and lag circuit in a negative feedback net-
work thereof. Each of the fluid amplifiers may be of the
conventional type provided with at least two input con-
trol fluid passages, an input power fluid passage and two
fluid receiving passages. The fluid amplifiers designated as
a whole by numbers 5, 6 and 7 are serially connected in
the forward network G of the operational amplifier such
that the fluid receiving passages of one stage are in com-
munication with the input control fluid passages of the
next. succeeding stage. A fourth analog fluid amplifier 8
may be connected in the feedback network Hg, as illus-
trated. The fluid amplifiers and impedance elements are
preferably all formed within a single structure but may be
formed in separate, externally interconnected structures,
if desired. As exemplary of the various amplifiers, the
first stage amplifier § (which also functions as a sum-
mer) includes an input power fluid passage comprising
power fluid inlet (passage) 18 terminating in a nozzle 11
for generating a continuous power jet of pressurized fluid
when inlet 1¢ is supplied from a source (not shown) of
relatively -constant pressurized fluid. The supply pres-
sures of the power fluid may be equal in each of the ampli-
fier stages or may be of increasing magnitude in succes-
sive stages. A first pair of input control fluid passages
comprise input signal control fluid inlets 12 and 13 ter-
minating respectively in opposed nozzles 14 and 15 to pro-
vide control jets of pressurized fluid directed laterally at
the power jet for causing a proportional deflection there-
of by momentum exchange, the degree of deflection being
determined by the differential pressure AP; of the fluid
supplied to inlets 12 and 13. In the most general case, the
fluid signal applied to control fluid inlets 12 and 13 is a
push-pull pressurized signal supplied from a source (not
shown) of variable pressure such as the output of an-
other fluidic circuit and represents the signal to be inte-
grated by our circuit. A second pair of input control fluid
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passages comprise feedback signal control fluid inlets 16
and 17 terminating respectively in opposed nozzles 18
and 19 to provide a second pair of control jets of pres-
surized fluid directed laterally at the power jet for causing
a proportional deflection thereof by momentum exchange.
The two fluid receiving passages 20 and 21, commonly
described as fluid receivers, are often separated by a cen-
ter vent passage (not shown) and a pair of side vent pas-
sages (not shown) may be positioned .intermediate the
receivers and control fluid nozzles. Fluid receiving pas-
sages 20 and 21 are in communication with respective
control fluid passages of the second stage amplifier 6. In
like manner, the receivers of the second stage amplifier 6
are in communication with the control fluid passages of
the third stage amplifier 7. Receivers 22 and 23 of the
third stage amplifier 7 are respectively in communication
with output fluid passages 24 and 25 which provide the
differential pressurized output AP, of the integrator.

The feedback network H; comprises one (or two)
fluid passages in communication with fluid receiving pas-
sage 22. In the case of a single passage 26, such passage
branches into two separate passages 27 and 28. Passages
27 and 28 each include a passive fluid flow resistor -ele-
ment 29 and 3¢ (herein designated R) in the form of fluid
flow restrictors of equal predetermined size (to provide
equal resistance to fluid flow). Passage 27 further in-
cludes a passive fluid flow capacitor element (herein
designated C) in the form of a conventional hydraulic
accumulator 31, e.g., a pressure vessel with a moveable
septum, such as a rubber diaphragm separating a liquid
from a gas, or a fixed volume for providing a means for
storing the energy of the fluid as potential energy. The
fixed volume is employed when the fluid is a compressible
gas and a hydraulic accumulator is used with an incom-
pressible fluid such as a Hguid. The electronic equivalent
of an accumulator or volume is a capacitor connected to
ground. Feedback network H; may also include an analog
fluid amplifier 8, as shown, primarily for purposes of
isolating and impedance matching the RC time constant
network and the input impedance of summer amplifier 5.
In addition to the passive fluid flow resistors and capaci-
tor in the feedback network Hj, fluid flow restrictors 32
and 33 (designated R;) of equal predetermined size (and
resistance) are employed in the input signal control fluid
inlets 12 and 13 of a input network H; of the integrator.
Our integrator circuit is thus seen to comprise a relative-
ly simple circuit comprising a plurality of analog-type
fluid amplifiers and five passive fluid flow impedance
elements.

FIGURE 2 is a simplified block diagram of the fluidic
integrator hereinabove described wherein the convention-
al control system terms G, H; and H; represent the trans-
fer impedance functions of the forward, feedback and
input networks, respectively, and the differential symbols
for the input and output signals have been omitted. The
transfer function for a negative feedback operational am-
plifier is:

P, Hif GH; )
P, H\1+GH; (1)
It is assumed that the feedback and input networks H;
and H; are fluidically isolated from each other and that
the feedback network has the characteristics of a differ-
entiator circuit with a lag whereby:

g7 8 <
Hi=11 7% Ro+

and g is the blocked load gain of any fluid amplifier in

the feedback circuit; T is a time constant T=R,C where
RRE,

R+R,

(2)

where

Ry=
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and Rn is a control input resistance of the feedback am-
plifier. R, is a control input resistance of the first stage
amplifier 5 and R, is an output resistance of the feedback
amplifier, if employed.
The transfer function of the input network is:

_— Rc

T RitR. (3)
where R; is one of the equal resistors 32, 33 added to
the input signal control fluid passage 12 and 13 of the first

stage amplifier.
The expression H/H; in Equation 1 thus becomes:

H; (R,+R,)(1+TS)
H; (Ri+Re)gTS 4)
The open loop transfer function GH; is given by the
expression:

H;

GogoReT1LS
OIS U+ TS (BT R ()
wherein the forward network transfer function G has the
form

| GH=

A

1_—]— TS
and Ty, is a time constant added to stabilize the closed
loop. Referring to Equation 1, it is apparent that if GH;
is much less than (<<) 1,

Po

and if GH;>>1
P, _H:
P, H;

Referring to Equation 5, it is apparent that GH; ap-
proaches zero when S approaches zero, and over a first
range of frequencies the gain of GH; is directly propor-
tional to frequency (i.e., has the characteristics of a dif-
ferentiator circuit). Thus, there is a first range of fre-
quencies from zero to an upper limit determined primarily
by

GogoR:T

R+ R,

where the open loop gain GH;< 1, and a second range of
frequencies determined by

GOgORGT

Ro+R.

and T and Ty, where GH;>1. The transition point between
these two ranges of frequencies is the frequency at which:

GogoRcT‘S —
(AFT8U+T8) (Ro+Re) (6)

In a fluidic system employing current state of the art
fluid amplifiers, the lower frequency where GH¢=1 is
very much lower than 1/T or 1/Ty, hence the lower cross-
over frequency, v, for GH; is

_ R,+R,
T GogoRT

a 1t follows thaf for frequencies w<<w;, GH;<1 and

Py
F;~H i,
For frequencies v, <<w<wy, GH;>1 and

Po__Hi_(Ro—l_Rc)(l"‘—TS)

P H: (Ri+EBo)gTs

Thus the cross-over frequency «; also represents a first
downbreak or lag in the closed loop transfer function
Po/P; and 1/w; is the integration time constant in our
integrator circuit.

Knowing the expressions for the closed locp transfer
function P,/P; on both sides of the lower cross-over fre-

GH; 1
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quency w;, the gain versus frequency plot for both the
closed loop integrator circuit P,/P; and open loop circuit
(GH;) may be obtained as illustrated in the Bode diagram
of FIGURE 3 wherein the second downbreak or lag in
P,/P; is a secondary effect occurring at the higher cross-
over frequency for GH; and has been ignored in the above
analysis.

The closed loop transfer function for the integrator cir-
cuit is thus:

P, HiG,(14T8)
P; GogoRoTS
14 Jodolte” M
( TR, R, (7)

wherein the only approximations are that the pairs of
amplifier impedances Ry, R, and R, and external imped-
ances R and R; are each balanced and a second lag break
in P,/P; occurs at a sufficiently high frequency that it
may be neglected. As seen with reference to Equations 3
and 7, resistors R; are a factor in determining the magnitude
of the input network transfer function Hj, and their re-
sistance is chosen as a vernier adjustment to set the de-
sired final gain for the closed loop P,/P;.

If the same resistor R and capacitor C were used to
perform integration without the use of an operational am-
plifier, the transfer function would be

1

1478
where T'==RC. Therefore, the use of an operational ampli-
fier and a differentiator circuit with a lag in the negative
feedback portion thereof, in accordance with our inven-
tion, has the effect of increasing a time constant (formed
primarily by passive fluid flow elements R and C of reason-
able size) by a factor of

GOgORO
R+ R,

to obtain a large (integration) time constant 1/w, in the
denominator of the lag-lead transfer function P./P; of
Equation 7 and thereby approach a pure integrator. In
the case wherein feedack amplifier 8 is not used, the in-
tegration time constant multiplying factor is reduced to

GoR.
R+R,

In this latter case, the output ends of passages 27 and 28
are connected to nozzles 19 and 18, respectively.

Since Equation 7 is a negative feedback transfer func-
tion, it is apparent that the large integration time constant

1 GogoRT

wl_ R0—|—Ro

is relatively insensitive to variation in gain or other param-
eters as compared to the known method for obtaining
long integration times by employing an operational ampli-
fier with a volume and positive feedback.

Our negative feedback integrator circuit, as derived
by the mathematical expressions hereinabove, is imple-
mented in its preferred embodiment by the fluidic cir-
cuit illustrated in FIGURE 1. It can be appreciated that
the forward network gain G, is the largest factor for
increasing the integration time constant although the feed-
back- network gain g, is also significant. The integration
time constant may be increased by a factor of up to 20 for
operational - amplifier comprising three current state of
the art fluid -amplifiers in the forward network. As one
example, an integration time constant of approximately
2.0 seconds is obtained for the following reasonable size
passive elements: C is a volume of 10 cubic inches and R,
which is preferably a restrictor of the laminar flow type
(such as a capillary tube), has a resistance of 105 sec-
ond/inch?. With our integrator circuit employing the same
size passive elements and three fluid amplifiers in the
forward network, an effective integration time constant of
40 seconds in achieved. Although some increase in the in-
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tegration time constant is obtained by increasing the
resistance of the fluid flow resistors R, a limit is soon
reached with this approach since a high resistance re-
quires a very small flow passage through the restrictor.
A second embodiment of the feedback network H; in
FIGURE 1 is illustrated in FIGURE 4. The mathemati-
cal analysis of this network is similar to that employed
with respect to FIGURE 1 with the obvious difference
being that the time constant T is now of the form L/R,
wherein L represents the inductance of series connected
fluidic inductor 31’. Inductor 31’ may comprise a long
length’ of tubing, preferably arranged in a helix as illus-
trated for compaction of such device, to impart a greater
inertia to the fluid flow therethrough and thereby obtain
a delay response to changes in fluid flow. Since inductor
31’ also has some resistance to fluid flow, the resistors
29 and 30 are not balanced (equal) in this case, but
the sum of the resistances of inductor 31" and resistor
29 is made equal to that of resistor 30. It can be ap-
preciated that with both the FIGURES 1 and 4 embodi-
ments of the feedback network, the difference signal ob-
tained at nozzles 18 and 19 is characterized as the output
of a differentiator circuit with a lag as indicated in
Equation 2.
Having described two embodiments of our negative
feedback fluidic integrator circuit, it is believed obvious
that modification and variation of our invention is pos-
sible in light of the above teachings. Thus, the feedback
network H; may include any number (including zero)
cf fluid amplifiers but in the most general case would
include only one amplifier. Further, the forward net-
work G may include any number of fluid amplifiers as
determined by the effective integration time constant
desired. In most cases, it is preferred to increase the
number of amplifiers in the forward network to achieve
a larger increase in the integration time constant since
this also provides a larger closed loop gain whereas
increasing the gain in the feedback network merely in-
creases the integration time constant without affecting
the closed loop gain. Also, a two control input ampli-
fier 5 may be used instead of the illustrated four input
device by employing four appropriate fluid flow summing
resistors -and two summing junctions for summing the
signal to be integrated and the feedback signal into the
two control fluid passages adjacent their associated op-
posed control nozzles. Finally, a second feedback net-
work, identical to the first, but connected from receiver
23, may be employed in cases requiring extreme linearity
and insensitiveness to power fluid supply pressure. It is,
therefore, to be understood that changes may be made
in the particular embodiments of our invention described
which are within the full intended scope of the invention
as defined by the following claims.
‘What we claim as new and desire to secure by Letters
Patent of the United States is:
1. A negative feedback fluidic integrator circuit hav-
ing a Jarge integration time constant and comprising
a fluidic operational amplifier comprising a forward
network having a gain G, and a feedback network,

said forward network including at least one analog-
type fluid amplifier having a first input adapted to
be supplied with pressurized fluid signal to be in-
tegrated,

said feedback network comprising a first fluid flow
- passage including fluid flow reactive and resistive

elements and a second fluid flow passage including
only a fluid flow resistive element R, said first and
second fluid flow passages each having a first end
thereof in communication with a common output of
said forward network for defining a feedback net-
work impedance transfer function of a form

KT8
1+748
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for generating a pressurized fluid difference signal
characterized as the output of a differentiator -cir-
cuit with a lag, and

said forward network having a second input in negative
feedback communication with the output of said
feedback network for defining a closed loop im-
pedance transfer function of a form

Ko(14+T8)

1+ G, KT8
to thereby produce an integrator circuit having an
integration time consiant which is greater than the
integration time constant produced with the same re-
active and resistive elements and without said
forward network by a multiplication factor

GORO

R+R,
where R, is a control input resistance of said analog
fluid amplifier.

2. The fluidic integrator circuit set forth in claim 1
wherein

said forward network comprises a plurality of serial-

ly connected analog-type fluid amplifiers to increase
the forward network gain G, and thereby further
increase the integration time constant multiplica-
tion factor and also provide a larger closed loop
gain of the integrator circuit.

3. The fluidic integrator circuit set forth in claim 1
wherein

said feedback network further comprises an analog-

type fluid amplifier having the control fluid inlets
thereof in communication with second ends of said
first and second passages, and having the fluid re-
ceivers thereof in communication with said forward
network second input to thereby further increase
the integration time comstant multiplication factor
by a quantity directly proportional to the gain of
said feedback network fluid amplifier.

4. The fluidic integrator circuit set forth in claim 1
and further comprising

a fluid flow resistive element input network in com-

munication with said forward network first input
and fluidically isolated from said feedback network
for setting a desired gain for the integrator circuit.

5. The fluidic integrator circuit set forth in claim 1
wherein said fluid flow reactive element is a passive
shunt capacitor comprising a hydraulic accumulator in
the case of the fluid employed being an incompressible
fluid and a fixed volume in the case of the fluid being
a compressible gas, and the resistive elements in said
first and second passages have equal resistance to fluid
flow,

6. The fluidic integrator circuit set forth in claim 1
wherein said fluid flow reactive element is a passive
series connected inductor comprising a long length of
tubing, and the resistance of the resistive element in
said second passage is equal to the sum of the resistances
of the resistive element and inductor in said first passage.

7. A negative feedback fluidic integrator circuit having
a large integration time constant and comprising

a fluidic operational amplifier comprising a forward

network and negative feedback network,
said forward network comprising a plurality of
serially connected analog-type fiuid amplifiers,
each of said fluid amplifiers provided with
means for generating a continuous power
jet of fluid, a pair of fluid receiver means
downstream from said power jet generating
means for receiving fluid from the power
jet, and a pair of opposed control means
for controllably deflecting said power jet
relative to said receiver means,
the pair of opposed control means associated
with the first fluid amplifier in said forward

G K=
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network ‘adapted to be supplied with a dif-
ferential pressurized fluid signal to be in-
tegrated,
said feedback network comprising first and sec-
ond fluid flow passages each having their in-
put end in communication with a first receiver
means of the last fluid amplifier in said forward
network,
said first passage including passive fliud flow re-
active and resistive elements,
said second passage including only a passive fluid
flow resistive element for defining a feedback
network impedance transfer function of a form

KS
1+T8

said first fluid amplifier in said forward network
further provided with means for further con-
trollably deflecting the power jet relative to the
receiver means in said first amplifier, and

said first and second fluid flow passages of said
feedback network having their output ends in
negative feedback communication with said
further controllably deflecting means associated
with said first amplifier for supplying a pres-
surized fluid signal generated in said feedback
network to said further controllably deflecting
means to thereby produce an integrator circuit
wherein the integration time constant as de-
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termined by the reactive and resistive elements
in said first passage is increased by a factor
proportional to the gain of the said forward
network, and the negative feedback relationship
renders the resultant large integration time con-
stant relatively insensitive to gain and other
parameter variations.

8. The negative feedback fluidic integrator circuit set
forth in claim 9 wherein the fluid flow resistances of
said first and second of said passages of said feedback
network are equal.

9. The negative feedback fluidic integrator circuit set
forth in claim 9 wherein said further controllably deflect-
ing means comprises a second pair of opposed control
means for controllably deflecting the power jet relative
to the receiver means in said first amplifier.
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