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DESTGN OF A S 00 ITMA

FLUTLTC OPERATIONAL AMPLITTER

Tl Mohamed Snaelk

¢

Two near-nrtimal designs o a fluidic operatioe &
amplifier sy o commercially wveilable casceded |1 o-
portizcnal s CoaAre nresentoed. Ine characte o o0 g
ot ine five-sicy > proportional amplifier were experi-
mentally determicod in a previous study. Both designs
utilize forward path compensation instead of the couin-
ventional feadoack path compensation and have a ao -

C‘

response for low and moderate frequencies. The f1 %

or basic design is virtually ovntimal assuming 0n &

particularly simple model of the five-stage amplifiar,

The second or modified design is virtually optimal for-

a model which better represents the measured behavior,
but at frequencies above which the data was taken 1s

expected to be inferior,

The basic operational amplifier was tested for static
gain characteristics and frequency response. The results

are of qualitativé usefulness only due to fabrication prob-

5

lems with the input and feedback resistances. Magnitudes -

and phase lag of the ¢losed loop gain is also predicted
up to a frequency of 1000 Hz. and compared with the ex-
periment. Design details of the modified model are pre-

~sented but the design was net actually fabricated.
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ABSTRACT

Two near-optimal designs of a fluidic operational
amplifier using a commercially available cascaded Dro -
portional amplifier are presented. The characteristics
of the five-stage proportional amplifier were experi-
mentally determined in a previous study. Both designs
utilize forward path compensation instead of the con-
ventional feedback path compensation and have a good
response for low and moderate frequencies. The first

or basic design is virtually optimal assuming on a

particularly simple model of the five-stage amplifier.

The second or modified design is virtually optimal for

a model which better represents the measured behaviour;,
but at frequencies above which the data was taken is ex-

pected to be inferior.

The basic operational amplifier was tested for static
gain characteristics and frequency response. The results
are of qualitative usefulness only due to fabrication prob-
lems with the input and feedback resistahéés, Magnitudes

and phase lag of the closed Toop gain is also predicted

periment. .DQSigm1d€tai1§_0f-fhagmgdjfi2dmmode]%apebpheﬁ

sented but the design was not actually fabricated.




NOMENCLATURE

A Area of cross-section

C Compliance

C Compliance of volume at control port
C Compliance of volume at output port

Partial compliances of tube in load Ya]
d Diameter

E Energy
F Correction factor for transfer characteristics

of proportional amplifier

f Fundamental frequency (Hz)

f Natural frequency (Hz)

g Gain

1 ” Inertance

1 Inertance of hypodermic tubes at control ports
I Inertance of hypodermic tubes at output ports
Inertance of tube in load Ya1

m Mass

P Pressure

P. Inside pressure

P . _Qutside pressure .

Pic Inside pressure at control ports

P,  Outside pressure at output ports

(Pi)a ACtuaI inside pressure




(P1) 4
Q

Qa

Uig

Ideal inside pressure
Flow rate

Actual flow rate
Ideal flow rate

Resistance

Resistance of hypodermic tubes at control ports
Resistance of hypodermic tubes at output ports
Resistance from input to summing function

Defined separately for conventional and basic
designs (see figures 4 and 6)

Defined separately for conventional and basic

designs (see figures 4 and 6)
Feedback Resistance

Laplace variable d/dt

Delay time

Time, thickness

Volume

Velocity

Width
Admittance

Actual load admittance

Actual Toad admittance used in determining

~transfer characteristic

A second actual load not containing a volume

Output admittance of operational amplifier




Yi Input admittance of operational amplifier

z Impedance

z Output impedance of amplifier

Greek Symbols

T Time constant

W Fundamental frequency (rad/sec)
W Natural frequency (rad/sec)

4 Damping coefficient

P Density of air

v Dynamic viscosity of air

) Kinematic viscosity of air




1. INTRODUCTION

A proportional amplifier is a constant flow device
in which control inputs proportionally divert fluid from
one port to another and can be built as a pressure amp-
lifier, flow amplifier, or power amplifier depending on
the operational needs. Cascaded stages of such elements
are capable of exceedingly high pressure gains and are
used with feedback to produce operational amplifiers, sum-
ming circuits, integrators, etc. The virtue of this feed-
back design is excellent linearity and saturation with a

relatively high output admittance and gains which are vir-

tually independent of supply pressure for wide variations.

The usual approach is to sharply reduce the amplitude
of the feedback signals at high frequencies by inserting
large volumes in the feedback path as shown in figure 4.
The response of the pressure using this approach is good
for very small input amplitudes and slow input of change.
For other than these conditions, however, the ampTlifier

saturates andfihe results do not hold.

The feedback volumes also prevent the linearized be-

haviour from approaching the 1dea'fzed“0ptfmqu The most

significant conclusion is that-all rate-1imiting effects
can be virtually eliminated by removing all dynamic ele-
ments from the feedback path and instead placing them in

the forward path. This is the apporach used in the design

_5-




of the Basic Operational Amplifier (see figure 6). The

only dynamic element i1s a blocked resonance tube placed

in the forward path. To understand this consider a step
input to the operational amplifier. The step is drasti-
cally reduced by the shunt resonator tube, creating a

wave in the tube which heads towards the blocked end. The
attenuation is such that the output of the cascaded amp-
lifier is a delayed step of the proper steady-state amp-
litude (no transient saturation!) since the proportional
amplifier is ideally a constant gain with time delay T.
This change in output pressure is transmitted around the
feedback Toop to the resonator tube arriving just as the
initial wave returns from the blocked end where it was
reflected. The two step changes then precisely cancel one
another and no further changes occur. Thus the overall
response is the theoretical ideal with no saturation ef-
fect. (Except of course when steady-state involves satur-

ation.)

The characteristics needed for the optimization are
the input and output impedances of the gain block and its
transfer characteristics which include gain and phase in-
formation. A General Electric model AM-12 five-stage pro-
portional fluidic amplifier advertized by G. E. to have a

blocked gain of 2300 and a phase lag of 0.2 degrees per Hz

is used in the design of the operational amplifier. The




characteristics as measured by J. Bo;)arai“r are shown in

figures 13 to 16, 19 and 20.

As seen?m figure 26, the phase lag of the loop gain
of the cascaded amplifier does not increase linearly with
frequency. Furthermore the prospects for a good response
of this design at quite high frequency is poor. These
facts combine to suggest a modified compensator which is
nearly optimum. This modified design results from a sec-

ond transfer function representation of the cascaded amp -

lifier.

Experimental tests were conducted with the Basic
Operational Amplifier. Static gain measurements and fre-
quency response data were taken. Unfortunately, phase
information could not be secured due to excessive noise,
and the magnitude data was seriously marred by erroneous
values of the input and feedback resistances, which varied
severely with different applications of wvacuum grease and
different clamping arrangements. Magnitude and phase of
the closed-loop gain are predicted for the Basic Design of

the Operational Amplifier,

1LfiBopa"rai, J. S., "Measurement of Dynamic Characteristics
of Five-Stage Proportional Fluidic Amplifier", M. S. Thesis
Lehigh University, Bethlehem, Pennsylvania, 1972.
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2. CHARACTERISTICS OF THE CASCADE AMPLIFIER

2.1 Introduction

The dynamic characteristics of the five-stage pro-
portional amplifier (General Electric model AM-12) were
experimentally measured at the Lehigh University labora-
tory by Boparai. The circuitry as used in the experi-
mental determination is shown in figure 1(b). Calibrated
flow resistances (bundles of hypodermic tubes) were
placed at two control and output ports and pressure mea-

surements were made at the two ends.

In the evaluation of the input and output admittances
Boparai neglected the effects of the inertance of the hypo-
dermic tubes and the compliance of the-volumes at their
two ends. In this chapter a correction is derived. To do
this the time constants are evaluated from first princi-
ples and then compared with experiment. The output ad-
mittance is also roughly corrected for cross-talk and for
operating conditions for which the operational ampjifiﬁr

is to be designed.

2.2 Determination of the Time Constants and . .. ..

Self-Admittances

The approximate electrical analogy of the experimental

apparatus used in determining the characteristics is shown

-8-




in figure 1(b) and its associated bond graph in figure 2.

From the bond graph one obtains

P
VR = —Jd—— [ 2.1 7- 1,5 (2-1)

1+ TS~ P,

where R is the resistance of the hypodermic tubes

o
T]-*R-

This equation is in effect a correction on the one used by

Boparai which is

YR = =2 - 1 ; (2-2)

The inertance I of the hypodermic tubes can be obtained

from the energy equation

3nmtr - ,

where n is the number of hypodermic tubes (196), and the
~ 4

£
I

ct

- Wa)
ue

or~eﬁw3mnesu1tsfromassuming a parabolic velocity
_profile across the tubes. The value of the cdmp]iancé is

given by C = % for isothermal flow | (2-4a)

¢ = %F for adiabatic flow (2-4b)

-9-




where P is the mean absolute pressure and V is the volume.
Isothermal flow was assumed in actual calculations. The
time constants for both the control and output sides at
zero flow can be obtained by using the value of the re-

sistors at zero flow from their calibrations.

When the external circuitry from either end is iso-

lated from the amplifier by blocking the connecting port

(Y = 0), equation (2-1) gives

P
0O _ 0 0. 02
p-]T =1 + TZS + T]TZS (2-5)

Figures 17 and 18 show Po/Pi using time constants at zero
flow evaluated by using the values of inertance from eq.
(2-3) and compliance from eq. (2-4). These values of
Pa/Pi are compared with experiment which consisted of mea-
suring Pb and.Pi on both the control and the output cir-
cuits at.variaus.frequencies and values of3T1 and T, Were
selected by trial and error to best suit the data. The

time constants with flow can be obtained from

. o R®

I
f-i
w0

"
—
o

ngxJ

- T2 T

where T; and R° are the values at no flow cohditions.

-10-




The experiment for the output admittance was per-
formed for one-sided excitation only (not push-pull) and
is shifted to the right to correct approximately for 17%
cross-talk and for the no flow conditions. The admit-
tance can then be evaluated using eq. (2-1) employing the
experimentally determined time constants and is shown in
figure 19. A similar correction using the same equation
is applied on the input admittance of figure 20 to obtain

the modified input admittance shown in figure 21.

2.3 The Transfer Characteristics

The experiments for the magnitudes of the pressure
ratio Pio/Pic were run again at the same frequencies and
1S shown in figure 24. This would have been the transfer
characteristics if the load had been ideal, but the actual

load as seen by the output ports comprises of variables

more than just a resistor and is shown .in figure 3(c).
P

From the bond graph the impedance Of“fﬁé load as seen from

the left is
R
¥a]‘ ACGS IOS IOC352 I4C3s I4C4sf
R R
+ 0 5t 0 —rt = 1 7]
IOI4C3S IOI4C45 IOI4C3C4S
(2-6)
where

-11-




a =1 + — + + +
S 2 2 ? 2
0 IOCOS IOC3S IQCBS chqs
+ RO + RO + ] + ] z-
3 3 4
1014C3s I Iacas 1014C0C3s Iolacocds
+ ] 7
IOI4C3C45

The variables CO and I0 have been evaluated from the ex-

perimentally determined time constants, and C3, C4 and 13

from equations (2-3) and (2-4a). The actual load is plot-

ted in figure 22. For any load Y, (see figs. 3(a) and (b)).

d a d
Qg = YiglPT) i

(Pi)jq = (P1), + Pq

R pf
where Q¢ = 5=
f L

From the above one obtains

(P1’)1.d Ya + 1/20

(P'i)a Yid + 1/ZO'

-12-




This experiment was performed under blocked conditions

Yid = 0
(Pi).
1d _
F =1+ Y Z (2-7)

where F is the correction factor to be applied to the
transfer characteristics of figqure 24. The correction
factor has been plotted in figure 23 for frequencies at

which the data was taken. The corrected transfer char-

acteristics are shown in fiqure 25.

As a check the magnitude ratio of inside pressures
at the output port to that at the control side were mea-

sured for another load Y , shown in figure 3(d) from which

one obtains

- o ] ” o
Y, =Cs [1+ ——e e ] (2-8)
Az 0 J‘+'12$ + TTTQSZ

Ya2 is plotted alongside Y31 in figqure 22 and the trans-

fer characteristics have been corrected for using the cor- :

~rection factor F evaludted withYaZFrom‘ed.'(2¥7).Hefé
only the magnitudes have been checked and the same corrected

phase as obtained with Ya] 1s u$ed. The magnitude in-

formation is seen to agree fairly well.

-13-




3. DESIGN OF THE OPERATIONAL AMPLIFIER

3.1 Conventional Design of Operational Amplifiers

The usual design of a fluidic operational amplifier
in figure 4 employs volumes in the feedback path. These
volumes serve to attenuate the feedback signals at high
frequencies which is essential to achieving stability of
the circuit. Let us assume the nominal representation
for the fluidic amplifier, which is a constant gain g
with time delay T and a real constant input admittance
Yi and output impedance Zo‘ Then the overall pressure
characteristic is

) - (1 + R2R3CS) - . 5

Ta (R1-+;§; + Yi)RQC(R3+Zﬁ+R320Y0) + (R3+Razovo+zo)c
a =1+ (l—-+rl=¥”Y)(R~+Rv+Z )+Z Y [T+(l—+l—+Y )
o Ry Rf'” 1iY2 73 %07 foo - R, R{ i

(R2+R3)]fw~wm

The right-hand term in the numerator of eq. (3-1) repre-

sents the direct pressure transmission through the feedback

-14-




path and uvsually is quite negligible. To simplify our
considerations, let us set R] = R{ and YO = 0 and define

R = R2 + R3. For stability it is necessary that
at > gT

To keep as high a frequency response as practical we em-

ploy the value

Now eq. (3-1) becomes

P
which shows the desired behaviar;ﬁg

o~
-

_. B_ as s > 0
R,

With the same approximations and values of the par-

ameters the flow emanating from the five-stage amplifier is

PoC wR T, 2T§ * (3-4)

B B
2e s

Our concern is the right hand terms in the numerators
of eqns. (3-3) and (3-4). The lead term in the pressure

relation can be eliminated by setting R = R, i. e. Ry = 0.




This however would force the time constant in the flow

relation to become very large, since from equation (3-2)

o

R.C = gi ’ (3-5)
2 2 (g_ FY.)Z
R] 1770
2R2
(where it has been presumed that R > 1) and ZO is not
]
too large. This is nevertheless the most typical design.

The response of pressure with this design is good as
seen in eq. (3-3) and the flow response is of no conse-

quence if linearity holds. The physical volume which gives

the C is very large but usually this is tolerable. For
other than the tinijest input amplitudes or the slowest of
input rates of change however, the fluidic amplifier sat-
urates and these results do not apply. The compliance
volume has to be changed to its new steady-state pressure
before equilibrium is achieved. Eq. (3-4) would have this
occur fairly quickly because of an enormous flow Q, - In
fact, however, the flow Q, saturates usually at a small
fraction of the linear-model value and the volume is
vchanged and equilibrium achieved at a much slower rate.

The response is said to be Severe]y rate-]imited or amp-

a... ,,,,,,,,,,,

Titude dependent. .

The critical time constant RZC can be reduced, short-

ening the charging process by introducing_a non-zero'R3.

-16-




p
The lead term in 53 hurts, but in the Timit R3 = R(R2=O)
]

the lead term vanishes again.

o
e

_ g 1 (3-6)

Q-0

o Ry e I8
-1S
2e

1
cned
wmad

(3-7)

The associated compliance is

- gT
C = 5% Z)

which could be either smaller or larger than with the con-
ventional design depending on the ratio ZO/R. The steady-
state input and output impedances is the same with all de-

signs.

This design clearly is superior to the conventional
one largely because the saturation problem is virtually

eliminated. In simple terms the improvement results from

the need to charge the compliance to only a tiny fraction ~~

of the pressure~neededwﬁanwthe~eenventionaiwdes$gﬂ¢www%th~
-éihis_spurutowandmstrikingly improved design, a nearly opti-

mum design is presented in the next section.

-]7‘.




3.2 Basic Optimal Design of the Operational Amplifier

The nominal representation of the five-stage ampli-
fier is a constant gain g with time delay T, and real con-
stant input and output admittances Yi and I/ZO respectively.
It is well known in control theory that feedback placed
around a pure delay cannot hasten the response. The opt-
imal design gives a closed-loop response which is itself
a pure delay of the same time T but a different overall

gain as desired. This then is a goal of the actual closed-

loop design. Were this the only goal, however, there
would be no point in using feedback at all since it could
be achieved simpler with a pressure divider cascaded into
the five-stage amplifier. We wish however to vastly in-
crease the output admittance, that is to render the cir-
cuit insensitive to wide variations in load. Decreasing
the input admittance also is desirable. Finally we wish

to increase the linearity of the circuit.

For the moment let us fOrget,conéiderations of flow
(pﬁrtly by blocking the load) and attempt to achieve the
desired gain characteristics using feedback path compensa-
tion and alternatively forward path compensation. Refer-
"Hrihgtoffgufé 5'itéan be seen that the necessary feed-

back compensator is

-18-




which is impossible since it requires an anticipator,

a time advance. The necessary forward path compensator,

however is achievable.

6(s) = & — 1 —— = K pruike TS+ (kk)2e 8T8+ (ki) 3
9 1-kke™'? g

e'3TS+....]

. K
kK = 1 - =073

The choice G(o) = 1 is not practical since g >> K the
value of kK is virtually one, and the step response of

G(s) is the staircase function shown in fiqure 5(d).

This staircase function suggests a travelling wave
device, in particular a resonating blocked-ended tube.
The impedance (ratio of pressure to flow) with a round-
trip wave delay of T seconds is (from standard methods)

as seen at the driving end.

- . -Ts
7 = 7 Coth 1S = 7 1.+t e
L = ZC Coth 7 ZC']_ TS

where Z_ is the characteristic impedance of the cross-

section.

v g,.p; h

Now we add a flow resistor in»sérieswat»theudriving

end with resistance equal to Zc’ the net impedance then

becomes

-19-




-Ts 27
7 =7 +37 1L *te

C
¢ c e-T? ) : -Ts (3-8)

1).

n

which is of the same form as G(s) (with kK

This tube is incorporated into the circuit of the
operational amplifier as shown in figure 6, as the only
nominally dynamic element. The circuit is not ideal,
however, because the various impedances and the gain g

are finite. The transfer function from input to output

pressures can be shown to be

e R Z
o _ 41 -Ts  To
e, TR B L9 - g1+ Ry(Y + ¥))]

Y R Y
& = [g - g b]e Ts 4 (Y; + -2-9-)Rb +r

; R R
= T7 (R +i 2 2 L7 ]
= [ZO+(R2+R4)(1+ZOYO)] + (R{ +.ET)[R4(1+ZOYO)+ZOJ

Il

R, R Z VA
r =1 +-R—_T +;§T)(] + Zoxo) + R] + R

The requirement kK = 1 corresponds to settling the delay

term in A equal to zero, that is

R, ' q ) | o
c —

Rb c Z

For our particular design we choose

Rf = R] = 0‘.1R4

-20-




.__(..)_: -]O ] g Rb
i ZYi r
1+ — + L
YC g

The left hand terms in the numerator and the denominator

represent the non-ideal effects of finite gain and im-

pedances. The right hand term in the numerator repre-

sents the direct transfer of the input to the output

through the nominal feedback paths. Since g is very

large and the magnitude of the putput impedance Z does

not exceed R] the first term in the brackets can be seen

to be trivial.

To make the middle term in the denominator no greater
than a one percent effect, we require

Y.

il < 5%,

‘The same restriction on-the right hand term is ~—~

g , .
"< 300 |

_27-




From the data the magnitude of Yi is about 0.4 ins/lb.sec.
giving YC > 80 ins/lb.sec. A much larger value of YC can-
not be tolerated however since it would require an exces-

sively large cross-sectional area. The value

_ Area _ . 5
YC o 86.2 in"/1b.sec.
was chosen corresponding to a diameter of 0.406 inch.
Another physical difficulty is making resistors with small

resistances. Since Rb 1s essentially fixed at this point,
making the smaller of R] and R2 as large as possible 1is

satisfied by giving them the same value or R] = R2.

The Toad admittance Y0 has been selected as zero since

this is the easiest condition to achieve. MWith all these

conditions assuming g = 2500, we have

R, = 29 - 53 ¢ 1b.s§c.= 3ZO,+.31R

: 1
C in '

]!7381b.s§c.; r = 24.4
in

Therefore R]

The resistance can be achieved with adequate linearity.

Considering Z, and Y, as real numbers (they actually
"-érefcompTex numbers, frequency dependent) the overall

gain becomes
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0 . 1p e % - 0.0029() - ¢ '*)
ei 1 + 0.0094 + 0.0049

Which is quite close to the ideal of -IOe'TS. The input

admittance 1is

Q;

] |

"
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~
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wn
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~N
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+
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1
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=
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|
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wn
-+
o
P
o

1 r0.65¢ TS + 0.35] = 9.376e 5 + 0.202 in
i R] ] ) ) ) ]b.SEC.

O
-

12

g0

The output admittance 1is

Q0 B .'A/Zo

o v o o R R T
(Y+Yi)[R2+R4+(ﬁT+’§?)R4] £1 4

€0 z,[0.908

1-e715) + 0.0065]

(

The principle virtue of an operational amplifier is its
large output admittance relative to the input admittance.
The ratio actually is very large, however, only for Tow
frequencies (and cehtain high frequencies). For zero’fﬁe-

quency

() © 0.00657, 90 15 5ec.

% R o qn?
0.
w=0
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It is useful conceptually now and practically later
on to view the operational amplifier in the feedback loop
form. This is possible if the very small second term in
the numerator of the gain characteristic is neglected
(corresponding to neglect of the signal propagated from
input to output via the feedback resistor channel). The
open loop gain is for Rf = R],

-Ts _ge-Ts ) e-TS

b g(]-e'TS)

o
|
fsté
<<
4+
-
St
P
o
+
1
¢
-
P o)

when Y is the admittance of the shunt controller (recip-
rocal of the Z of eq. (3-8) when the nominal parameters

are assumed). The forward path gain is

R

t
f=ty
R,

The c¢losed TGOp then becomes

& _Ryg . F Ts R

where the substitution YcRb = 29 has been made. This agrees

with the éar]ier result.

"To simplify further investigation consider the open'.
loop gain to be the ratio of two terms. The numerator is
the forward path transmittance of the five-stage amplifier,

- which for the nominal model has a Nyquist frequency response
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as shown in figure 25. The denominator predominantly

represents characteristics of the feedback path and com-
pensation (plus a relatively small influence of the in-
put and output admittances of the five-stage amplifier.
For its nominal model the Nyquist plot is also a circle

of radius g but centered at +1 (see figure 28). The ratio
of the two circles is a straight line with real part of
-%. This is of course the M-circle which gives a closed

loop frequency response of magnitude ratio unity at all

frequencies.

The actual transmittance of the five-stage amplifier

(hOt known very precisely) is plotted in figure 25. The
denominator of the actual open loop gain also differs from
its ideal model, largely because of inertance in all of
the nominally resistive elements, but because of the com-

pliances between the control ports and the resonance tubes.

The inertance of resistors RT’ R{, R2 and R4 have in-

ertances proportional to their resistances. That is, all

have impedances of the form

S R
L= 757 1

With the same time constant T = 1.0 x 10'4 secs. _This gives
a break frequency of 1590 Hz. The consequent Nyquist plot

of Ry which depends somewhat on the dynamic values of Z_ is
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given in figure 29.

The admittances Y should be modelled more closely

than in the nominal model by

Y
C

Y = Cs +
1 + 1 5 + tanhjﬁ
p 2

where'rp is the inertive time constant of the porous disks.
According to Anderson*. The break frequency of sintered

porous media (which presumably depends largely on the void

fraction) should be about 4000 Hz, giving tp = 0.4 X 1074

secs. The compliance C 1is

. 5
_ volume _0.0141 _ -4 1in
¢ = 3bs. pressure  14.7 3.53 x 10 16

The term Y is plotted in figure 30, and the product YR, in

figure 31.

The corrected Nyquist plot of the loop gain is given
in figure 32, is seen to differ from the straight line ideal
in a minor way below about 1000 Hz and probably to vary sub-
stantially above 1000 Hz (since the actual characteristics
of the five-stage amplifier were not measured above 1000 Hz).

The assumption of the ideal model has been made with g = 2500,

—T=3.06 x 107% sec., Y, = 0.4 in”/1b.sec., Z, = 1.45

1b.sec?/in>

TAnderson, John E., "Acoustical Impedance Characteristics of
Sintered Stainless Steel", Journal of Acoustical Society of

America, Vol. 36, No. 5, May 1964.
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The measured phase angle of the five-stage amplifier

increases more slowly for low frequencies than for moder-

ate frequencies. Further the prospects for good response
at quite high frequencies are poor. These facts combine

to suggest a modified compensator which is more nearly

optimum as described in Chapter 5.




4. EXPERIMENTAL STUDY

4.1 Design Details of the Operational Amplifier

The resistance values R] = R{ = R2 = 1.738 lb.sec./‘in5

and R4 = 17.38 Ib.sec./"in5 are large enough to permit prac-
tical construction using etched metal laminates, compatible
with the basic construction of the AM-12 amplifier. The
shunt resistance R, = 0.0116 Tb.sec./in> is much too small

and resort was made to sintered porous plates.

The etched metal laminates chosen are all 0.003 inch
Berylium copper shown full size in Figure 11. The re-
sistors R4 are single channels 0.003 inch deep, 0.0528 inch
wide and 0.80 inch long. The resistors R], R{ and R2 are
comprised of three parallel channels each 0.003 inch deep,
0.066 inch wide and effectively 0.300 inch Tong. The chan-

]
corrected by plotting flow and equi-pressure lines. The

nels for:RT and R are actually bent, but their length was

resistance values can be checked by using the formula

- 12u%

in which t is the depth, & the length, w the width and n

the number of para]]elwéhannels.
simply from the assumption of parabolic profiles and negli-

gible edge effects (w >> t). The flow becomes fully devel-

oped in an exceedingly short distance for pressure drops
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in the range of interest.

The inertance of the resistances can be derived as

3pl

1 = =£=

nwt

where the factor 3 results from the parabolic profile
(the factor would be unity for a slug profile and the
kinetic energy equals % IQZ). The time constant for the

resistance thus 1is

= = = = -4
T =7 a) 1.00 x 10 sec.

and the associated break frequency 1is

f, = =— = 1590 Hz

1
b 21T

at which the pressure drop leads the flow by 45°. The fre-
quency interestingly is independent of w, % and n and ap- |

plies to R, as‘well as Ry, R] and R,.

The porous plates were supplied by Alcan Metal Powders,
Inc. They are %" thick and formed from bronze particles.
‘The resistance to flow per square inch was supposed to equal

the surge impedance of air, pC, as desired, but measure-

ments using a special rig revealed that the resistance was

slightly higher. To compensate, the area of the p]dte ex-
posed to flow was made a little Targer than the area of the

resonant cylinder.
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The equation L 0.0116 lb.sec./in5 gives a cyl-

A 3
inder area A of 0.406 inz. The length of the cylinder,
chosen (in the basic design) to give a one wave delay time
T/2 1s 2.02 inches. The inertive break frequency for the

porous plates 1s approximated at 4000 Hz as stated in sec-

tion 3.2.

The original design of the entrance to the control port
is shown in figure 12(a). The operational amplifier pro-
ceeded to screech violently at one or more high frequencies.
The solution is shown in figure 12(b). The explanation is
that even a tiny coupling between the dynamic head of the
exceedingly weak fluid jets emanating from the passages of
the resistance R2 and the control port pressure can give a
loop gain exceeding unity at high frequencies and phase

lags. The coupling is virtually eliminated by the redesign.

The schematic for the static gain characteristic test
is shown in figure 8. The power jet entering the supply
port (not shown) was maintained at 10 psi. In order to
maintain<a virtually zero pressure.at . the control ports,
ztﬁé-ihp;t to ﬁhe;feSistances R] were.kEpt.atﬁan~average
pressure of -0.3 psig. The bthér th'ihputS'TEédTng to vé~
sistances Ry were open to atmosphere. The differential

1
~output pressure was measured for various input differential




pressures. The plot is shown in figure 34. This is of

course a "push-pull"” operation.

The results show a pressure gain of 7.7 in the linear
range which is lower than the value for which it was de-
signed. The reason for this could be largely due to the
buckling of the etched Berylium copper plates which would
bring about two effects. The first would be to allow flow
frua one channel to another. To avoid this, vacuum grease
was used which caused blocking of the resistances. The
other and more important is that the values of the re-
sistances are inversely proportional to the third power

of the thickness (see section 4.1) and a slight buckling

effect could drastically change their value. In addition

the width of the resistances would also tend to increase
with buckling. The values of these resistances could not
be ascertained, therefore, as the buckling would depend

on the manner the plates were clamped.

4.3 Frequency Response of the Operational Amplifier

The schematic for the frequency response test is shown

in figure 9. Semi-conductor strain gage pressure transducers

were used because of their high sensitivity and sma1] size. =

A Tetronix Q-plug—in unit was'USéd to observe the input and

output signals and a Wave-Analyzer (not shown) for measure-

ments of magnitudes of the pressures. Here too, as in the
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static gain test, the input pressures were maintained at
an average of -0.3 psig and the supply pressure at 10 psi.
The pressure transducer (or dummy transducers) served to

block the output ports.

Pressures at the input and output ports were mea-
sured at various frequencies and their magnitude ratio
plotted on a linear scale as shown in figure 35. The
response suffers a dip at about 300 Hz which would be ex-
pected at low frequencies since the basic design assumes
a linear increase in phase which 1s not so. The phase lag
of the cascade amplifier increases slowly at low frequen-
cies and more rapidly at higher frequencies. The dip 15
followed by a resonance at about 700 Hz compared to the
predicted value at about 900 Hz (see figure 33). The gain
up to 1200 Hz is about 4.2 which is fairly lower than the
designed value of 10. This disagreement as discussed in
section 4.2 is largely due to the resistances not being of
the calculated value. The second and third resonance occur

at about 1500 Hz and 2950 Hz which would be for a phase lag

of 540° and 900° respectively.




5. MODIFIED OPTIMAL DESIGN OF THE OPERATIONAL AMPLIFIER

5.1 The Modified Mode]

The measured pressure gain of the cascade amplifier,
figures 25 and 26 shows approximately a constant magnitude
but the phase lag does not increase linearly with frequency
as i1t does in the basic model. Rather the phase lag in-
creases slowly at low frequencies and more rapidly at higher
frequencies. In consequence the closed-Toop frequency re-
sponse of the operational amplifier design assuming a lin-
ear increase in phase, suffers a dip followed by a reso-

nance (since a mean delay time T was chosen).

The measured gain characteristic can be represented

(to within the unfortunately large experimental error) by

52 - ZCwnS + wﬁ
S + ZCwnS + wn

This transfer function, with two complex zeroes in the
right-half plane placed symmetrically opposite two complex
poles in the left-half plane, produces a circle for its
Nyquist plot just as does thé nominal e'TS. Its main dis-
advantage is that as w > « there is only one revolution
~of the circle. The data'can be well matched since it ex-
tends to less than 180° lag but we know from prior con-

siderations, c]osed-lodp experimental results and informal
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independent reports that the phase lag makes considerably
more than one revolution before the amplitude becomes sig-
nificantly attenuated. Its assumption as the basis for
optimal design should work well up to 1000 Hz or possibly
2000 Hz, but opens the real possibility of higher frequency
instabilities. Such instabilities should be damped without
significantly impairing low frequency behaviour, however by
introducing quite small volumes at the summing functions.
Since the interest is in demonstrating the potential of

optimal design techniques, the use of the modified model

seems appropriate.

The series compensator (see figure 7(a)) which gives the
least integral square error in response to slip areas is
merely a constant for any system with unity gain, regard-
less of how the phase lag increases with frequency. When
placed in the unity feedback form of figure 7(b) the optimal
forward path compensator becomes

2 2

s + 2tw s + wf
St ootuns n

g + Zw,S

Note the cancellation of thé right-half-plane but not the
left-half-plane singu]arities of Gf(s), common to optimal
controllers. The closed-Toop response can be seen to be

directly proportional to Gf(s)'as desired.

The desired compensation GC(S) can be achieved by
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using a shunt admittance similar to and substituting for
the resonance tube of the basic design of section 3.2.

An inertance is added to the resistance and the resonator
tube is charged to a simple compliance as shown in figure

7(c). The admittance of this combination is

v = Cs
- 2
1] + RCs + ICs

The resonant frequency 1//IC is set at w, which is the
m/T of the basic design. At the resonant frequency it
is desired to have the admittance to be the same as in

the basic design which was labelled Zc’ so that

R = ZC
2%
C =
ZC wn
oz,
I = 5=
Zéwn N~

For £ = m/4 the compliance C requires precisely the same
volume as did the resonant tube although of. course a shorter

and fatter geometry would more nearly approach the lumped-

element ideal.

'f””mWThé”Vé]UESUWHTCh”bESt”th“the'datamaS 5h0wn”in'figure
26 is about f = w /2m = 1130 Hz and ¢ = 0.33, fortunately

requiring a smaller volume of 0.118 1n3. Since ZC = 0.0116

1b.sec./1’n5 as before one obtains C = 0.00802 in5/1b. and
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rl

z 2.48 «x 10'6 lb.secz/ins. Since the inertance of the

porous disk is about 0.46 x 10"6 1b.sec2/in5, an added in-

ertance of about 2.02 x 10"6 lb.secz/in5 1S needed.

5.2 Design Details of the Modified Model

The modified design requires an added inertance of
2.02 x 10°% 1b.sec®/in>. This can be achieved with one or
two parallel modest size holes in a disk inserted between
the control port and the porous plate with sufficient space
on either side for distribution of the flow. This was not
actually carried out with the proper design (it worked pre-
dictably with an improper design which followed an analyti-
cal slip). If it is done with one hole in a very thin disk
(say < 0.016 inch) the inertance is about 4 x 0.613p/nd
giving the diameter d = .044 inch. The diameter should in-
crease if the disk is thicker.

The desired volume of 0.118 in3 results from a length

of 0.91 inch; since the length is of the same order as the

diameter of the basic cylinder the cylinder area need not

be changed.
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6. SUMMARY

The purpose of this study was to design a nearly
optimum operational amplifier using a commercially avail-
able cascaded proportional amplifier. It was shown that
to achieve an optimal design it was only possible to have

forward path compensation, unlike the conventional design

of operational amplifiers.

The transfer function of the loop gain of the gain
block was represented nominally as a constant gain and
time delay for the Basic Optimal Design. The actual trans-
mittance however shows that the phase lag does not increase
linearly with frequency. It increases slowly for low fre-
quencies and then rapidly for moderate frequencies which
would cause a drop in the gain at a certain low frequency
and then a resonance. This predicted behaviour was seen
in the experimental results. Moreover the prospects of
a good response of this design are poor at high frequen-
cies. These together suggested a modified compensator.
The gain characteristics of the proportional amplifier were
therefore represented by a second transfer function which

also has a circle for its Nyquist plot just as the nominal

representation of time-delay.

The compensator of the Modified Model uses a shunt ad-

mittance (similar to the resonance tube of the Basic Design)
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with an added inertance. The experimental testing of the

modified model was not carried out with the proper design.
However, it worked predictably with an improper design
(which was due to an analytical slip) which gave an in-

dication that this design could well achieve a very near-

optimization of the operational amplifier,

Both static and dynamic data are marred by feedback
and input resistances different from the design values.
The deviations were not directly measurable and apparently
resulted either from undesired leakages or blockages (the
latter by the vacuum grease) or warpages. Their severity,
obvious from the unbalance and error in the static gain
measurements, renders the dynamic experiments of quali-
tative significance only. It is hoped that corrections
will be made in the future to demonstrate the usefulness

of the concepts presented herein.
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