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~overall improvement in the engineer's ability to monitor and process information.

1. INTRODUCTION

The use of microprocessors in advanced control schemes has resulted in an

Uti]izing the microprocessok requires interfaces between the system to be con-

trolied and the contfd]ling processor. [If the plant to be controlled is mechanical,
mechanical-electrical transducers are requifed for feedback information and
electromechanical transducers are requiréd for output actuation. This report
deals with ;he introduction of a new electromechanical transducer. The medium of
mechanical actuation is air; therefore, the device discussed herein is an | 1
eTectropneumatic converter. .

Pneumati;'systems offer the advantages of high power, fast response, and
economical control harcware. The electropneumatic converters that have been de-
veToped so far have tended to be quite‘slow and expensive. What is needed is a
low cost, low electrical power consumption, high speed transducer to take
advantaﬁe of'the benefits of low cost and reliability which could be obtained
with an electropneumatic control system.

An electropneumatic system can be a low cost control system. Because of
advances in semiconductor technology, electrical signals can now be processed
extens#vely at a low cost. The technology to convert air under pressure to
mechanical actuation is a refined art, and ;he hardware is available and inexpensive.
Therefore, a requirement for the electropneumatic transducer is to devise a
minimumdcost device to keep the total system cost low.

Another requirement for thé converter is reliability. Reliability is an
inherent chardcteristic of pneumatic actuating hardware. Therefore reliability
of the converter is requirgd‘to avoid the possibility of a weak 1ink in the system.
This can be achieved'through simplicity of design and a minimum of moving parts.

Low electrical power consumption is a desirable feature for a new design.

If the power consumptidn is low enough, the converter could be attached directly




to the output of an inexpensive low-power electrical signal source. This
electrical sigha] source could be the digital to analog output port of a micro;
processor, This would eliminate the need for expensive electrical power ampli-
fication. An additional benefit of low electrical power consumption is an
application where an onboard power Supp]y is required. A device which uses low
power could save additfoha] weight and expense through the use of a small power
supply. |

A final design consideration is speed of response. The microprocessor used
to control the system is a very high-speed device. Pneumatic to mechanical hardware
is capable of fast response when the volumes are small and air pressure is high.
The interface device should also be as fast as possible to maximize the control
capabf]ities of the processor. |

The general design plan for a system that fulfills these requirements is now
given. A low electrical power consumption electromechanical component is required.
The mechanical output of this component will then be converted to a low-level
préssure signal. This low-level pressure signal will then be amplified to a
usable Tevel.

The device chosen for the electromechanicai conversion is a piezoelectric
bender element of a bimorph construction]. The mechanical-pneumafic'conversion
uses the bimorph as a flapper centered between two nozzles. The device chosen
for the pneumatic amplification is fhe laminar proportional amp]ifierz.

A piezoelectric bimorph provides a displacement for a given applied voltage.
This steady-state relationship between the voltage input to the bimorph and its
output displacement is nearly proportional. The bimorph has very low electrical

power consumption and a fast response. The reliability of the bimorph appears

]App]ication Hote, Piezoelectric Bender Elements, Piezo Products Division,
Gulton Industries, Inc. (1978). :

2F.M. Manion and T.M, Drzewiecki, Analytical Design of Laminar Proportional
Amplifiers, Froc. HDL State-of-the-Art Sympcsium, Vol. 1, Adelphi, MD (Oct. 1974).




to be quite good. And laetly, in quantity, bimorphs are relatively inexpensive.
This general information is encouraging enough to explore incorporating a piezo-
electric bimorph as the major moving-part, electromechanical component in an
electropneumatic converter.

While the piezoelectric bimorph can ohtput a sfeady—state'displacement for an
applied voltage, its output force capability is limited. Static and dynamic
fluid flow forces, due to the air flowing in the nozzles,Ashould be minimized.
This minimizes the load forces which would interfere with the displacement due to

the applied voltage. As a result, a low supply pfessure and small nozzle diameters

are necessary to minimize flow forces. This results iﬁ small pressures produced
downstream of the nozzles. These low-level pressure differehces can be amplified
to a usable level using laminar proportioha] amplifiers.

The laminar proportional amplifier (LPA) is a no-moving-part pneumatic
amplifier. It is capable of high gain and high bandwidth. The LPA can also
operate a very low supply pressures. Because it operates'in the laminar region,
the LPA has high output fidelity and low noise. The use of a piezoe]ectrie
bimorph, functioning as a flapper between two nozzles in conjunction with cascaded
LPA amplifiers, to amplify the low level pressure difference avai]able down-

stream of the nozzles, results in an attractive solution to the electrop:eumatic

conversion problem.

2. CONCEPT OF VALVE DESIGN
Figure 1 is a schematic drawing of the proposed valve concepts3’4. The

valve uses a piezoelectric bimorph element centered between two nozzles. This

3C.K. Taft and B.M. Herrick, A Proportional Electro-Fluidic Pneumatic Valve
Design, 20th Anniversary of Fluidics Symposium, The American Society of
Mechanical Engineers, Chicago, I1linois (1980).

4C.K. Taft and B.M. Herrick, A Proportional Piezoelectric Electro-Fluid Pneumatic
Servovalve Design, 1981 Joint Automatic Control Conference, The American Society
of Mechanical Engineers, Charlottesville, Virginia (1981).
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flapper-valve arrangement is pressurized in a chamber by a supply pressure Psl'

The pressures, P] and PZ’ downstream of the nozzles depend on the location of the

bimorph relative to the nozzles.

With a voltage applied to the bimorph as shown in Figure 2, there is a result-

' ing piezoelectric effect which causes the bimorph to deform in such a manner that

it will be closer to nozzle 2. The new position of the bimorph results in a
difference between the restriction at the entrance to each of the two nozzles.

The deflection-shown in Figure 2 causes the flow area at the entrance to nozzle 1
to increase and the flow area at the entrance to nozzle 2 to decrease. This will
cause tne pressure downstream of nozzle 1 to be higher than the pressure downstream
of nbzz1e 2. Therefore, there is a low-level pneumatic signal available at the
output of the nozzles. The pneumatic pressure difference is proportional to the

electrical input signal for bimorph to nozzle distances less than about one eighth

‘of the nozzle diameter.

This pressure difference is then applied across the input ports of an LPA

‘While the flapper-ﬁozzle configuration produces a small pressure differencé, tais

difference can be ahplified by using several of the LPA amplifiers cascaded- together.

- Figure 3 illustrates how an LPA operates. A-jet-of fluid flows from the - -

supply nozzles and traverses a distance where it is separate by a splitting wedge.
With zero pressure difference applied to the control ports, the jet is unaef1e¢ted '
and assumes the centered position. The same amount of fluid enters each output
port which then results in a zero ohtput pressure difference. When a small

pressure difference is applieq across the jet in the vicinity of the control

region, the jet will deflect. The deflection will cause a pressure difference at
the output ports. The gain of the amplifier is controlled by its internal geometry.
That is, a small jet deflection at the supply nozzle can become substantial at

some distance downstream. Typical state-of-the-art amplifier designs result in a

pressure gain of ten when the output ports are blocked. These amplifiers can
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~ then be cascaded in series and parallel for impressive system gains in pressure

and flowz.

The piezoelectric bimorph and the LPA's must now be combined in some way to
meet a set of design requirements. For a given application there are several
factors that can be varied to change the valve system's outbut characteristics to
suit the application. Examples of output characteristic§ which can be varied
are system sensitivity, bandwidth, pressure, and flow. These factors are all a
function of the size and physical characteristics of the piezoelectric bimorph
chosen and the size, element thickness, and supply pressure used in LPA assembly.

The LPA is made up of a seriés of laminations stacked on top of each 6ther.
The number of laminations used in each stage of amplification defines an
important design parameter, the supply nozzle aspect‘ratio. The aspect ratio is
the supply-nozzle height divided by the supply-nozzle width. Varyirg the aspect
ratio will change the static and dynamic response of the ampiifier stage. The' |
aspect ratio is one of the easiest design parameters to vary and which defines
the amplifier's characteristics.
| Certain qualitative design objectives for an eléctropneumatic converter can
be noted. A given application will require certain output pressure and flow '
levels. These output characteristics are a function of the LPA design. A matched
set of complimentary LPA stages is called an LPA gain block. The gain block may
be assembled with each stage arranged in series with the stage'before it. It
is also possible to arrange a gain block design with some of the stages in
parallel with each other.

The series'design will maximize the pressure gain that can be obtained.
However, the flow level will be relatively low. This will be due to the use of

amplifier stages with successively smaller aspect ratios. The use of a smaller

2F.M. Manion and T.M. Drzewiecki, Analytical Design of Laminar Proportional

Amplifiers, Proc. HDL State-of-the-Art Symposium, Vol. 1, Adelphi, MD (Oct. 1974),




. aspect ratio at cach level of amplification is desirable for proper ampliier.

input-output impedance matching and to maintain laminar flow with in thg amplifier
stages that opérate at higher supp}y pressures. |

A series design, with some or all of the amplifier stages within the gain
biock consisting of identical amplifiers in parailel, will increase the flow
through the system. This particular staging techniquekis shown schematically in
Figure 4. The complete set of amplifiers comprising stage 1, stage 2, and stage 3
are all in series with each other. Ampljfiers U2 and X2 are in parallgl with
each other, and the amplifiers U3, X3, Y3 and Z3 are also in paralle) with,each
other. The system of Figure 4 will deliver a higher flow ét any given output
pressure when compared.to a sfmilar system which is arranged without the additional
parallel amplifiers; but this will occur at the expense of pressure gain. This
reduction in pressure gain is due to decreased amplifier input fesistance between
each series stage. |

In addition to designing an overall gain block which is capable of delivering
the required output flow and pressure levels, each amp]iffer in each stage must
be designed separately to match the amplifier before and after it. This is
accomplished by impedance matching each stage of amplification along with matching
jet deflection from one stage to the next. This matching is necessary to assure
that in all stages the 1aminar jet will sweep the same angle for a given input.
This will prevent premature saturation of the gain block system.

Alsa, each stage of amplification must be checked for speed of response.
Considering the requirements discussed above, one would usually desire to build a
system which is as fast as'possib1e. This is accomplished through proper choice of
both the LPA gain block and the piezoelectric bimorph. A smaller bimorph generally
results in a faster transduction of electriéal énergy to motion at the end of the
bimorph. As the length of a bimorph i§ reduced, the motion of its end diminishes,

and overall system sensitivity is reduced. This may be compensated for by
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additional stages of amplification, but will result in reduced overall amplifier '
gain block bandwidth. This reduction in bandwidth is caused by increased signal
~path length and lower bandwvdth found in low supply pressure amp11f1ers which are
" required to amplify the reduced output at the nozzles. There is an optimum
obtained by trading off bimorph size for the number of amplifier stages.

Finally the static and dynamic fluid forces have to be calculated. Any
significant force on the end of the bimorph will degrade its motion. A maximum

dynamic flow force coupled with a maximum static presSure area fofce has to be

. determined. Thus based on a tolerable méximum flow force, a corresponding maximum

supply pressure to the bimorph can be seHected. The bimorph supply pressure must

then be less than this maximum value.
The above design requirements demonstrate the need for a comprehensive mathe-
matical model describing the behavior of}the valve system; With a sufficiently
descriptive model, a designer could take a set of sbecifi" design requirements
and use the model to decide if a given b%morph LPA system can meet those requ1re-

ments. This approach to problem solving would both save time and give the designer

more insight into how the system works. ! v

The tdtal valve system is broken down into two subsystems. The first
subsystem is the eléctromechanical system consisting of the electrical connection
to the bimorph and the piezoelectric bimorph itself. The second subsystem is the
mechanical-pneumatic system, which consists of the nozzles and the LPA gain block.
The coupling between the two systems is the motion of the end of the'bimorph and
the fluid forces on it. Section 3 willbdeal with the development and verification
of the electromechanical model. Section 4 will similarly deal with the development
of the fluidic model. These two models can then be used with computer simulation

to develop a prototype design which will thenlbe built and tested.




................

3. DEVELOPMENT OF THE ELECTROﬁECHANICAL MODEL
* A dynamic model describing the output motion of the end of the piezoelectric.

bimorph for a given electrical input is required. This model wil} enable the

designer to select a bimorph and determine if it is suitable for the design

requirements that are presented. Before a model can be developed, some general

background information on piezoelectric materials and their properties is necessary..

This wil!‘make the different components of the model easier to understand.

3.1 Piezoelectric Background Material

Certain materials generate an electrical charge»when they are deformed..
This effect was first discovefed by the Curie brothers in 1880. It was also
discovered that this is a reversible effect and, therefore, if d'charge is applied
to one of these materials, deformation will occur. ‘Basic research in this field
was performed by Cadys, who determined that the electrical polarization of the
substance was proportional to its strain and that the effect was sign sensitive.
This effect was called the piezoelectric effect, and the materials which exhibifod
this effect were called piezoelectric materials. It was determined that the piezo-
electric effect could only occur in materials that had anisotropic crystal

structures.

The piezoelectric effact must not be confused with a similar but fundamentally
different effect called electrostriction.,rThe electrostriction effect occurs in
all solid dielectric materials. It is a reversib]e effect. which makes {t

similar to the piezoelectric effect. The difference occurs because the electrical

polarization caused by electrostriction is proportional to the square of the strain..

This causes the effect to be sign insensitive. Electrostriction is also smaller

in magnitude than piézoelectricitys.

. e - -_— ——

sw.G. Cady, Piezoelectricity, McGraw Hill Book Co., New York, 1946.

6S.Y. Lee, Piezoelectric Actuators for Fluid Control Applications, Eng. Proc.,
Fluid Control Systems, Pennsylvania State Univ., (July 1965), p. 45.
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The two groups of'piezoelectrig materials which are the most significanf and
useful are the nétura] and synthetic crystal group and the polarized ferroelectric
ceramic group. The crystal group is comprised_of materials such as quartz, lithium
sulfate, and rochelle salt. The ferroelectric ceramic gorup is comprised of
materials such as quartz, lithium su]faté, and rochelle sait. The ferroelectric
ceramic gorup is comprised of materialé Such as barium titanate and lead zirconate
titanate. Before any comparisons can be made of any specific examples within these
groups, definitions of the genéral piezoelectric parameters are necessary.

Two main families of constants pertinent to the piezoelectric effect are
the g coefficients and the d coefficients. The g coefficient is the ratio of the
electrical field strength produced divided by the stress applied. The d co-
efficient is the ratio of the electrical charge generated divided by the applied
force. The nomenclature developed for these coefficients requires a two-digit
subscript. The convention used states that the first’subscript shoﬁld indicate
the electrical signal field direction and the second subscript the stress
direction. Convention also states that the 3-direction is parallel to the
direction of piezoelectric polarization of the material. Figure 5 illustrates
the coordinate directions and rotations7. Since normal and shear stresses can be
applied, six direcfions are specified.

The constant that rela.es the d coefficient to the g cdeffi;ient is called
the absolute dielectric constant, «. The absolute dielectric constant is the
ratio of the g coefficient divided by the corresponding d coefficient. The
magnitude of the dielectric constant gives an indication of the'electrical
-capacitance and dielectric properties of the material. |

The product of the g coefficient, the material's elastic modulus, and the d
coefficient is the dimensionless parameter, K2. which is defined as the square of

the coupling coefficient. The coupling coefficient is a measure of the electrical

7E.G. Doeblin, Measurement Systems, McGraw Hill Book Co., New York (1975).
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energy available for a mechanical input. The magnitude of the coupling coefficient
is indicative of the relative efficiency of various piezoe]ectric materials.

. The piezoelectric effect is relatively independent of ﬁemperature. There is
a temperature, though, above which the piezoeiectric effect disappears. This
temperature is called the Curie point. The Curie point generally occurs at a
temperature which resu]ts»in a crystalline change of phase. This bréaks down the
anisotropic crystalline structure_qbserved in piezoelectric materials. It is this

'change of phase which destroys the material's ability to exhibit the piezoelectric

effecta.

Now that general piezoelectric parameters have been defined, several materials
may be examined for their desirability as the material which willbcohpriSe the

electromechanical component of the converter. Table 1 lists several piezoelectric

mate-~ials and their properties.

TABLE 1. PIEZOELECTRIC PARAMETERS FOR SELECTED MATERIALS®

d g € E K
Dielectric Elastic Coupling Curie
Coefficient Coeffic1ent Constant Modulus Coefficient Pt.
xlO']2 xlO xlO’]] xlolo ¢
meters volt-meter farad newton
volt 7 newton meter meter \
Rochelle
Salt -165 - =93 200 1.93 0.5 45
Quartz -2.3 . .5.8 4.5 8.0 0.1 550
Lithium
Sulphate -16 -175 10.3 4.6 . 0.36 75
Barium » '
Titanate -148 -16 1150 11 0.51 125
Lead Zirconate o
Titanate -180 -11 _ 2000 6.0 0.34 330

e . o e = b e A -

Bw P. Mason, Piezoelectric Crystals and Their Applicat1on to Ultrasonics,

Van Nostrand New York, (1950).
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Examining the d coefficient provides an opportunity to compare the motion
cutput for an applied voltage. Roché}le salt, barium titanate, and lead zirconate
titanate all have relatively high d coefficient values, indicating they would
brovide a large displacement for a given applied voltage. This property would
be advantagéous in a flapper design.

The dielectric constant for barium titanate and lead zieconate titanate is
reiatively high. Since the dielectric constant is a measure of a material's
resistance of rupturing with an applied elecirical field, both barium ;itanate
and leéd zieconate titanate would have relatively high allowable input voltages
which would resuit in larger displacements. |

Finally the maximum operating temperatiures of {he materials are examined. A
high maximum operating temperature is desirable for many applications. Normal

military specifications, for exampie, require a maximum operating‘temperature of
83C. Quartz shows a maximum operating teﬁperature of 550C. This is more than
sufficient fof most applications. Lead zirconate titanate has a Curie point of
330C. which would make it also acceptable in most applications. Barium titanate.
has a Curie point of 125C, thch wou]d_makg it a borderline material in military
applications. Rochelle salt with a Curie point of 45C makes it unacceptable for
military applications. | |
Considering their sensitivity, dielectric constant and Curie point, barium
titanate, lead zirconate titanate, and similar materials are cﬁosenAby piezoelectric
manufacturers as the materials for produ;tion of piezeoélectric manufacturers as
the materials for production of piezoelectfic motors. Barium titanate and lead
Zirconate titanate are members of the polarized ferroelectric ceramic group of
piezoelectric materials. This group is different than the crystal group in that a
processing procédure must be used to give them their piezoelectric prdperties;
The word ferroelectric is derived from a dielectric analog Y with ferromagnetic.
This will become obvious after the processing procedure of the ferroelectric

ceramic group is explained. Ferroelectric ceramic substances are polarized by

[\ WA

g m n
e

~ aima e s

N

.

.
PN




L

17

applying a strong electrical field while heating the substance above its Curie
point and then cooling it below the Curie point with the electrical field still
appliedg. 'The Curie point in tﬁis particular case is the temperature at which

a polarized ceramic ioses its uniform'polarization and assumes random polarization.
At this temperature there is a breakdown in the piezoeléctric properties of the

material.

It is not necessary to raise the temperature of a ferroelectric ceramic to

~its Curie point to polarize it. However, fully polarizing a ferroelectric ceramic

requires a mﬁch lower electrical field strength if the temperature of the material
is raised above its Curie point.‘ The polarization process is more easily understood
if the ceramic is considered to be comprised of a set of randomly polarized domains.
Therefore an electric field applied to the ceramic will resuli in én alignment of
these_domains. A stronger electric field will cause more alignment t6 occur.

There is also a strain and resulting change in dimension that occurs as a result

of the applied field. The observed strain of a nonpolarized ferroelectric ceramic
is proportional to the square of the applied electric fie]d.‘ Since thebstrain is
also sign insensitive to the applied electric fie1d, the effect observed here is

electrostriction and not the piezoelectric effect. Since the ceramic retains some

‘polarization after an electric field has been applied to it, some hysteresis in the

steady-state relationship of electrical input versus displacement output should be
observ;d: This fs analogous with any type of hysteresis observed in ferromagnetic
materials and the reason the material is called ferroe]ectrice.

bnce an electrostrictive material is polarized, it develops a sensitivity to
bidirectional signals. A]so the observed strain is proportional to the applied

field in each single domain of the ferroelectric ceramic crystal. This then

95.0. Doeblin, System Dynamics: Modeling and Response, Charles E. Merrill

Publishing Co., Columbus, OH (1972).

'GS.Y. Lee, Piezoelectric Actuators for Fluid Control Applications, Eng. Proc.,

Fluid Control Systems, Pennsylvania State Univ., (July 1965), p. 45.
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indicates that a pure piezoelectric effect is observed in these polarized materialslo.
This results in input-output characteristicsvsimilar to those found in more
traditional piezoelectric materials. - Because of this similarity, the same modeling
equations that govern the characteristics of piezoelectric materials can be
applied to ferroelectric ceramics.

It is now desired to produce a maximum displacement for a given applied .
voltage Th1s can be accomp11shed if the bimorph method of construction is used.
Figure 6 is a cross-cection of a piezoelectric material with a bimorph constructfon.
Two sheets of material which exhibit piezoelectric properties are e§Ch plate& on
" one side with a layer of nickel or silver. The sheets arc then bonded to a brass
shim%to form a bimorph. This same concept may also be exténded to mhlti]ayered
piezéelectric sheets resulting in a multimorph. The multimorph wil]yproduce a
]argér displacement for an applied voltage but consumes more power.

{The opposing polarities of the two sheets of piezoelectric mater1al, indicated
by F{gure 6 demonstrates that this bimorph is to be connected in ser:es with the
poweﬁ supply. If the polarities of the two sheets were a]1gned then the blmorph
woulq be connected in parallel to the power supply. A sgries connection requires
twicezthe voltage to output the same force or displacement as a parallel connection

but o;ly half the charge. For this reason a bimorph connected in series to the
power suppl: wi]l‘have a steady-state input impedance of four times the impedance
of the parallel connection. ' |

To further increase the output motion, the bimorph is configured as a bender
with the piezoelectric expansion in the length expander mode. The pertinent
piezoelectric coefficients in this mode of operation are the 933 and the d31 co-

efficients, Therefore, when a voltage is appliéd to the bender, one piezoelectric

component expands while the other contracts. This causes the composite to bend

IOP . \nderson, Theory Ferroelectric Behav1or of Barwum Titanate, Ceramic Age,
570+;, (1951), pp. 29-30, 33, 53-55.
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like a bimetalic strip. This bender is then used as a flapper in a flapper-nozzle

design.

An electromechanical model of the bimorph bender can now be developed and
analyzed. .The bimorph can be represented by an equivalent mechanical circuit and
an equivalent electrical circuit. The two circuits are then combined to provide

an overall model relating the motion of the end of the bimorph»to the electrical

input.

3.2 Equivalent Mechanical Circuit

The first mode fransverse motion of the bimorph is modeled as an ideal
spring-hass-dampef system. Figure 7 shows the bimorph's equivalent mechanica”
circuit assuming that the motion of the end of the bimorph is nearly in a straiéht
line.. This model has been found to be sufficiently accurate for the first mude of

vibration of the bimorph.

Summing the forces on the mass element in the X-direction gives
MX(t) = -KX(t) - BR (t) - CV(t) + Fy(t) . 3 (1)

The mass, M, of the system is an equivalent mass foUnd by matching the
frequency of the first mode of vibration for a cantilever mounted beam to that of
the simple system shown in Figure 7. The spring constant, Ks' is a parameter
which relates the force necessary to produce a given displacement at the end of
the bimorph. The damping con§tant, B, describes a force proportional to the yelocity
of the end of the bimorph. The product, C]V, is a coupling force between the
mechanical circuit and the elecfrical circuit. Finally Fx(t) is an external forcing
function to represent the fluid flow forces acting on the bimorph in the X-direction,
Taking the Laplace transform of equation (1), setting the initial conditions
equal to zero, and solving for X(S) yields

FX(S) - C]V(S)
Xs) = -5 : (2)
MS®™ + BS + KS '
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Figure 7. Equivalent Mechanical Circuit




3.3 Equivalent Electrical Circuit

Figure 8 shows an equivalent electrical circuit for the bimorph driven
by a voltage source. The bimorph is modeled as a capacitor, CT, with a leakage

resistance, RT’ between the electrical contacts. The current source, K_, pro-

q
portional to the velocity of the end of the bimorph, is a result of the charge

produced when a piezoelectric device is deformed. The product in, is the coupling

~ between the electrical system and the mechanical system. It is assumed that the

system is driven by an external voltage source, VA' along with an external series

resistor, RA' The series resistor will be used to modify the frequency response

characteristics of the bimorph. .

Summing the currents at nodé V gives

v(g) (8 - V(e)

KR (4 av(t)
Kk (t) - Cr —q¢ R

0. @
o (3)

Taking the Laplace transform of equation (3) setting the. initial conditions

equal to zero, and so'ving for V(S) gives

VA(5)
KqSX(S) + —Tqr——

v(s) =

1, ]
CoS + |om + o
T {RT RA]

(4}

Substituting equation (4) into equation (2) and solving for X(S) results in

CRS + 1 T R,
FR(S) =] - Vald) K (R, + R,J
HS) = e e A( I 3 (5)
CMR C.BR +\M C{K. +CiK )R +B
§3 T 462 _]:___%__ +5 ' Ts . 1°q +1
I I S e L
‘where
" .253{_?._ (6)
ATTT
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3.4 Experimental Verification

Experimental verification of the mode! was desired to determine its
accuracy and resulting suitability for design work. A photo intérrupter was used
to measure the deflection of the end of the bimorph resulting from an electrical lw\:g
input. The bimorphlused to verify the model wasvof a larger size than the element l
which was eventually used in the valve. - It was necessary to determine the electro-

mechanical system parameters, CT’ M, KS, B, C], K_, to properly apply the model.

q |
The physical and material properties of the test bimorph are given in Table 2. v
These properties were used to predict the electromechanical system parameters.
TABLE 2. PHYSICAL AND MATERIAL PROPERTIES OF LEAD ZIRCONATE TITANATE CERAMIC ’ e
BIMORPH USED FOR MODEL TESTING : )
. /,'"‘__ I
Property ' o Measured Value R
Length, L 4.3x 102 m .
. <
Width, W 1277 x10%m
Thickness, T 4.9 x10%m ;
Nickel plate thickness, t] - 1.52 x 10 6 , S ;
Lead zirconate titanate thickness, t, - 1.93x 1074 m )iif
\:' :
Brass shim thickness, ty e 1.03 x 1074«m P O Y
Density, « 5.8 x 10° kg/m’ | '
Piezoelectric charge ' -10 ’ _ 5k
coefficient, dj; -1.8 x 10 m/v .
Piezoelectric voltage -2 .ﬂ
coefficient, 93 -1.1 x 10 © v-m/N i
Nickel elastic modulus, E] n 2 =3
(see Appendix A) 1.26 x 10" " N/m :
Lead zirconate titanate n 2 Do
elastic modulus, E, 1.09 x 10" N/m L
Brass elastic modulus, E3 9.0 x 1010 N/m2 f ’
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Lead zirconate titanate was chosen as the fgrroelectric ceramic material
used to comprise the bimorph. It was chosen‘Becausé of its high d3] coefficient,
high dielectric constant, moderately high coupling coefficient, high max imum |
.operating'tanperature, and cohmercial availability in bimokph bender form. A series’
connection was chosen because it allowed a simple electrical connection.

The value of the system spring constant. Ks' can be predicted using beam
theory from an expression re]ating the défléction, A, at the free end of a

cantiiever mounted beam to a force, F', appliéd at its end.

This can be used to obtain an analytical expression for the system spring

constant,
: « B o 3EL

Fiéure 6 illustrates that the material compfising the bimorph is‘not Uniform.
Instead, there are laminations of material runhing lengthwise down the biﬁorph.
An equivalent system spring constant is calculated by creating an equivalent beam
with a uniform modulus of elasticity and a resulting equivalent width. Equation (9)
- can then be applied to obtain the spring constant.
The equivalent width of a lamination varieé proportionally with the material's
elastic modulus. Therefore,

£

Wey = Wig) o o ()
E, | |

Mg, = W(E) . and | ~(10)
E -

Mgy = W(ED) (1)

The moment of area of the beam of Figure 6 is given by
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Substituting the properties of Table 2 into equations (8),(3),(10),(11), and (12)
results in an analytically determined system spring constant of Ks = 310 N/mQ ;
The system spring constant can also be measured to verify this calculation.

» can be determined by measuring‘

Recalling equation (1), the spring constant, KS
the displacement due to a steady-state force at the end of the pimurph with the
terminalS short circuited. The steady-state conditions'would require that £ = i
= 0, and short circuiting the terminals would make V = 0; therefore, equation (1)
becomes KSX ='Fx., This can be measured experimentally using a photo interrupter
to measure displacement and a Celsco force transducer to measure force. This re~ . bﬁ
sulted in an experimentally determined system spring constant of, Ks = 290 N/m.
Another system parameter, the effectfve mass of the bimorph is obtained by
solving the partial differential equation for the first resonant frequency of a
cantilever mounted beam modeled by.a di#tributed parameter technique. This first
mode natural frequency is set equal to the natural frequency'obtained with thé
single lumped parameter approximatjgp The bjworph sAeffg;fiygwggfngggwfggn be
found in terms of known system paraheters.
The first mode natural frequency of a cantilever modnted beam modeled by a

distributed parameter technique is given by Den Hartog‘l

|

m

LI | (13)

= 3.52
N L

3

v/

=

A

The natural frequency obtained from the single lumped parameter approximation is

given by

o]

U (14)

J.P. DenHartog, Mechan cal Vibrations, McGraw-Hill Book Co., Inc., New York
(1956).

1R
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Setting equations (13) and (14) equal to each other and using equation (8) results
in an expression for the equivalent mass of the bimorph.
M=0.202M ; . | (15)

where
‘ My = oLWT . , (15)

With the density of the bimorph giveniin Table 2, the effective mass of the
bimorph is calculated to be M = 3.8 x_10'4 kg. |
Evaluating the systom damping is not as easy. Experience has shown that it
is fairly small relétivé'to the other terms. Experimental methods will be used
~ to determine the damping coefficient and the effective bimorph mass, M. If
equation'(s) is solved for Ry = 0.0 and Fx(S) = 0.0, the resulting characteristic

polynomial is given by

| M 2.8
SR TS+ -S+1=0 . (17)
Kg Kg ‘
This is of the form |
1 2, 2t | '
s+ &£s5+1=0 , (18)
;)N7- (AIN .
where ——
Ks :
T/ W (19)
» r = ___§:: . ' (20)
Z/MKS , '

he natural frequency and the damping ratio can be obtained from the experimentally
measured step response of the system. Since Ks is known, then both the mass, M,
and tpe damping coefficient, B, can be determined.
_ Figure 9 is the step response of the system with RA" 0.0 and Fx(t) = 0.0.
From this figure the damped natural frequency, “go is seen to be wg = 880 sec'].
Also, using logarithm decrement the damping ratio, r, can be shown to be - = 0.005.

The natural frequency can be determined from the following relationship,

ay * gl - K ) (21)
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Figure 9. Measured System Step Response . .
RA = 0.0M.
Fx(t) = 0.0N
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~ Since the damping ratio is so small, thé natural frequency is essentially the

same as the damped natural frequency and uy = 880 s".

The measured effective

mass, M, of the system is then calculated to be M = 3.8 x 10'4 kg. The analytically

calculated mass usihg equatioh (15) is M= 3.8« 10'4 kg, which agrees with the

measured value. The system damping is also calculated to be B = 3.3 x 1073 N-sec/m.’
Equation (2) shows that the niezoelectric force constant, Cl’ can be calculated

by dividing the product of the spring constant, Ké, and the steady-state dis-

placement, X, by the applied voltage, V. Also the steady-state displacement, for

an applied voltage, at the end of a bimorph with a series electrical connection,

is given bylz.

L2 |
The piezoelectric force constant, C], is'expressed by
‘ -K X | ,
c] = —"v"" ’ (23)
2

L

(24)
For the bender of Table 2, C] is then calculated to be C] = -8.6 x 10"4 N/v.

The piezoelectric force constant can be verified experimentally. Figure 9
shows that for an applied voltage of 14 V, the steady-state displacement is measured
to be 4.0 x 10'5 m. Applying equatioh (23) results in a measured piezoelectric
force constant of C] = -8.3 x 10'4 N/V. This compares favorably witﬁ the predicted
value of C]. |

The piezoelectric back current constant can be calculated from a knowledge

of the piezoelectric bimorph's properties as a generator. The amount of charge

produced is proportional to the applied force. This relationship is given by]2
2
0= 25

lzPiezoceramic Design Note, Gulton Industries, Metuchen, New Jersey, (1978).
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Equation (1) shows that, in the steady state with X = X = 0 and the bimorph open
circuited, the applied force is given by

FX = KSX + C]V

- (26)
The voltage potential across the plates of the bimorph can be calculated using
Equation (25), (28), (29), (30) and is given by

= 3FL
where the various parameters are defined as
q = CTV ’ (28)
. LW
CT = € T (29)

e = d3;/93

(30)
Substituting equations (27) and (26) into equation (25) resuts in a relationship

for the charge produced for a given‘displacement of the end of the bimorph.

o

K 7,2

9.3 s L

X“ 2T 3c Lo 2% @3N
e i k1]

Since L, W, and T change very little with the applied force, the piezoelectric back
current constant is given by

q .3 K. 7l 2
K =3=23 L
A i )

Substituting in values for the test bimorph parameters results in a piezoelectric
back current constant of Kq = 7.1 x 107 5%5.

The electrical parameters can also be determined analytically.

The
capacitance of the bimorph, C;» can be calculated by combing equations (29) and (30),

T \»‘/:\ ‘-/‘..A ’4_'-:-4 '

30
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d3]LN
C ‘=
i T 93]]
The capacitance of the test bimorph is calculated to be CT = 2.7 x 10'8F. For the

(33)

purpose of the model, the resistance of the bimorph, RT' is assumed to be infinitei
RT was measured to be»greater than 1010 ohms, whiqh is very large compared to
RA, so this is a good assumption, | ‘ |
The electrical paraheters. CT’ RT; aﬁd RA’ can be verifie& experimentally.
The values for the supply resistor, RA’ and the ferroelectric materials leakage re-

sistance, RT’ can be measured with an ohm meter. The bimorph capacitance, CT’

~can be measured as any ordinary capacitor with the motion of the bimorph constrained.

The measured value for the bimorph's capacitance is found to bé,'C, = 3.0 x 10'8F.

~ The leakage resistance, Rys is so large that it is assumed to be oben circuited.
'The_supply resistor, RA’ is changed to vary the frequency response characteristics

of the bimorph. A1l of the measured and the ané]yticaliy‘predicted system parameters

are summarized in Table 3.

TABLE 3.  MEASURED AND ANALYTICALLY PREDICTED ELECTRO-MECHANICAL SYSTEM PARAMETERS

Analytically Predicted

Parameter Measured Value Value |
"System'sprfng“constant;”Kgfﬂ‘*‘""W“?QO*N/m“- 310'N/h 7"*’“*“ﬂ”4“<m‘4-4 -

Effective mass, M 3.8x10°% kg 3.8x 107 kg
System damping, B 3.3x1073 N/m 5x1073 N/m (estimated)
Piezoelectric force -4 . ;4 '

constant, C] -8.3x10 " N/V - -8.6x10 7 N/V
Piszoelectric back -4

current constant, Kq ' - 7.1x10" A-s/m
Bimorph capacitance, ¢ 3.()x10'8 F - 2.6x10'8 F

Equation (5) is then simulated on the computer for FX(S) = 0.0 and VA(S)

= —%-. a step voltage input. The step response of the system is examined

analytically predicted system parameters. The anlaytically determined computer
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output is then}compared with experimentally determined data. Comparisons between
the experimente1 data and the analytical data, for various values of the supply
resistor, are shown in Figures 10, 11, 12, and 13.

The c]ese match between the analytical data and the experimental data sdggests
that the model'is”sufficiently accurate for design work in the frequency ranga
less than the‘first mode of resonant vibration. This mode! will be applied in

Section 5 in the design of an electropneumatic converter.

4. DEVELOPMENT OF THE FLUID MODEL

A f]u1d model descr1b1ng the output pressure difference of the LPA for a.
given lnput mot1on of the end of the piezoelectric bimorph is needed to match
a gain block with a flapper-nozzle system. This is accomplished by combining an
equivalent steady-state resistive model for the nozzles with a model for the LPA.
A set of static design equations for the LPA is then used to desigk the LPA gain
block. Finally the gain block is>checked for speed of response. In thlS manner

an LPA system can be matched to the nozzles.

The effect pf static and dynamic fluid flow forces on the dynem1c response of
the bimorph is also important. Increasing the cupply pressure to éhe bimorph
chamber causes.fiow forces to be exefted on the bimcrph. Therefore, the bimorﬁh
supply pressure should be reduced to a level that maintains system stability.
This problem is approached analytically with a control volume analysis of the
f]apper-nezzle reqion.

The goals of the fluid model are twofold. The first goal is to demonstrate
that higher supply pressures to the bimorph will result in a potential!y unstable
dynamic response. This will occur because of the static and dynamic fluid flow
forces, which increase with higher bimorph supply pressures. The other 70al
will be to design an amplifier system capable of a given output pressure and flow

with a given system banuwidth.
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1 Large division horizontal = 1.0 x 10"%s.

1 Large division vertical = 9.1 x 107 m.

System Step Response

Figure 10.

(a) Simulated and

R, = 0.074M., F_(t) = 0.0

(b) Experimeatal
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Figure 11. System Step Responses: (a) Simulated and (b) Experimental;

RA = 0.142M2, Fx(t) = 0.0
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The flow forces exerted on the bimorph can be calculated using the momentum

equation applied to the control volume comprising the air between thr bimorph and

the nozzle. Figure 14 illustrates this control.volume along with the necessary

dimensions. Applying the momentum equation for the forces on the control volume,

including the force, F, exerted on the control volume by the bender, results in

Fo P, -p) el b Twed TTem . (34)
2 1 e, Ic.s. -

This vector equation is then rewritten for the force, Fx, exerted by the

fluid on the bender in the direction of the motion of the end of the bimorph.
. F. - ird v 14! {
F=Fy= (P] - Pz)“r + [+IN]Lb] - szbZ’ + ‘+ WVy = WoVy| - (35)

Neglecting compressibility, neglecting the rate of change of volume of the control

volume due to the motion of theiend of the bimorph, and applying. the principle of

' I
continuity to the control volume of Figure 14 yields

2i =Moo = W (37)
Imcompressible flow will be assumed because of the low operating supply

pfessures and low velocities. Using the incompressible flow equations from

Anderson]3:results in , :
Wy = C oorlu + X) VE PGP (38)
Wy = C, . orlu - X) V2P = P70 (39)
Vy = J?(PS] - Plj/. R and ' (40)
v, = 2 TEN L | (41)

Substituting in for each component in the momen tum equation results in

B.W. Anderson, The Analysis and De51gn of Pneumatic Systems, John Wiley and
Sons, Inc . New York, (1976).
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vy = 2, or(u + X)(Pgy - Py) s ' (42)
WV, = 2, ~r(u - X)(Pgy = Py) - (43)
Wilpy = Co oLpymr(u + X) V2(Pg - Py)/c , and (44)
Wolpo = Caslpor(u = X) V2[Pgy = PoJ/c . | (45)
. where
Ly =Llp *u+X | - (46)
Lyp =Ly *u=-X . o | (47)

Taking the partial derivative with respect to time of equations (44) and (45)

results in

%; (WyLpy) = (Cq oLy wr 2Py = P507%) K + | (48)
+{Cq s (u+ X) ;§1PS]'- PI7E) K +
]v
- (Ce by “r(u + X) ( ) P.‘ -
§ Wabyy) = = (Cq ey ~rV2TPg; - P77) R + (49)

(C, <=rlu = X) V2[Pgy = P)/5) & +

. . 1
- (€ shyp Tl - X) (e )Py
since S1 2
L, >> u + X‘ : . (50)
St |
and max
L, >> u ‘;xi . : (51)
b e
X=X nin

Therefore, the second position rate term in equation (48) and (49) is neglected.

S
vd
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McCloy and Martin state that the pressure rate term is small in comparison with the _

remaining term, so it is also neglected]4.

Making the final substitution into the momentum equation results in

A
Fy = (Py - Py) 1r2 *Co Ly (VP TPT5 + 2P S P5) R+

+2C, r +(u+ X} Py = Py) - (u - X)(Pgq - Py) (52) -
- . - J
The pressures P] and P2 must be known before the momentum equation can be S
solved. A steady-state fluid model is first analyzed to determine these two //./;;‘
pressures. Figure 15 is an equivalent resistive circuit for the nozzles and the
LPA input.
Using the principle of continuity at the PC] node and the PCZ node, respectively, -
results in | 5
- \
Wy = Wo + Wpy (53) \
wz = we = wAz . » (54)
Using the equations developed by Manion and Drzewiecki2 for the LPA input
results in an expression for the jet entrainment flow,
= 5) - _
We LQe s (55)
where _ -
C.B.11/3
1.651 0°C 1
e e L R -3 10 (56)
and - . ) - |
Q = thbs BT (57) X
NR = (bS/J) Ve s * v /O . (58)
]40. McCloy and H.R. Martin, The Control of Fluid Power, John Wiley and Sons, Inc.
Hew York (1973). ' -
2F.M. Manion and T.M. Drzewiecki, Analytical Design of Laminar Proportional
Aiplifiers, Proc. HDL State-of-the-Art Symposium, Vol. 1, Adelphi, MD (Oct. 1974).
"*~F--
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Solving for the LPA inbut channel resistance2 resu}ts_in

- ( -
24 X C B : .
R = —Cc9d 19174+ €12 4035/ R, (59
C BoN, {B ° s
c R |¢ |
where
PS '
R = T ' ' (60)
s
The LPA vent resistancez,_RV, has been found to equal
= 3.0 RS - (61)

Returning to Figure 15 and solving for the flow escaping from the vents, on

side 1, results in

c1 = Pa |
W z | ’ (62)
Al l Rv J .
where ‘ ‘ _
Rc
P = P] - B-N] . (63)

Substituting equation (63) into equation (62) and solving for the vent flow

using gauge pressures results in

p.) [R
1 C
Way = 15— 0« 5 W (64)
. Al Rv lRVJ 1
Similarly, , .
w2, % W ' (65)
Az Rv § le 2 . .

Sutbstituting equation (64) and equation (66) into equation (53) and equation

(54), respectively, results in

' li} Nl U, =0 (66)
( v; \va e ,
{ R }- ’p] ,

W, !1 o ) R;- po- W, =0 -~ (67)

Equations (52), (66), and (67) describe the fluid flow forces, FX’ exerted on

the bender by the nozzles and the pressures, P] and P2, downstream of the nozzles.
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These equations are a set of nonlinear differential equations which can be linearized

about an operating point and then applied to the mechanical model. Rewriting ' f fl}:g
equations (52), (66), and (67) by substituting for the control flows and separating E’:// -
the inputs, X, X, from the outputs, P], P2, FX‘ results in ; gﬁ
[y
l/.
t
Ni (P]o X) = A] (u + X) VPS] ; ] - A3 =0 , . (68)
Py (Pys Pos X, R) = Ay (Py = Pp) + Agk (FPgy =Py + VPgy = Pp) +
+ A6(+ (u + X)(PSI - P]) - (u - X)(PS] - PZ))’ (70) ' |
. . B
where L
R : '
Ap = Cgoemrfl + -- 2/o , (1)
e Ry | |
A2 = o/R, R (72)
A3 =W, ., ' (73)
A, = mrl S (78)
4 ’ , ‘ - ‘
Ag = C, oL, mr V25 , (75)
L Rg=xar o N ¢ () B
_Linearizing equations (68), (69), and (70) about ¥, - P, = 0, X = 0, X=0
“defines an operating point where the bimorph is stationary and undeflected and the '
laminar jet is centered. Solving for this point results in 3 o
A Psy = Prg - APrg = A3 =0, (77) oo
. r
A]U V/ﬁ-s-‘ Pz - A2P20 - A3 - 0 . Y ‘ ) (78) :‘,-/;(\\/{- ‘I/‘
- N
F 0 K (79) N

X
Because of symmetry at the operating point which can be noted in equations (77) . "

and (78), the'operating point bias pressures, P]é and PZo' are equal.
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~ Solving for the input bias pressure from equation (77) or equation (78) results

in an equation in quadratic form,

R, Y4
A2 2P ~|-(A2 2+])P +(;—2——2--PS])=0 ~(81)
14 v | _

Solving equation (81) results in an expression for the'amp1ifier bias pressure
for a given bimorph input pressure. Linéarizing'equations (68), (69), and (70)
! about the defined operating point, using a Taylor series expansion, and neglecting

the higher order terms, results in

L ~ aW3 W3
% Wy (Po + 6Py, Xt sX) = Wy (P X ) + -FT 6P1 s X = 0, . {82)
| 0 0
|
|
| W, ’ oW, ' .
| Wh (P + 6P,, X +68X) =W, (P., X )+ "2 &P,+ 21 X =90, (83)
é 2 Vo 2> "o 2V0 o 2 -
| EFE X
1 o 0
f Fy(Py + Pys Py + 8Pyy X + 8K, Xo + X) = Fy(Pgs Xgs xo) +
| aF oF oF oF, |
X X X ok e _
+ "a—P-i‘ .GP] + ﬁ,—z- 6P2 + Y X + ; l X (84)
0 0 0 ) .
where
6P] = P] - PO ’ (85)
6P2 = P2 - PO ’ ’ (86)
X=X - X, =X, (87)
X=X - Xo =X . (88)

Evaluating equation (82) and solving for the pressure at nozzle 1 results in

o w? . AP + Aup, + 28 p2x
Py = L ; : | (89)
1 Aju + 2A P .
| 1 2
T R P - iq; » ‘/
el P L i




-
———

Similarly, evaluating equation (83) and solving for the pressure at nozzle 2
results in _ -
| 20,up? - 28,9 + Ajup, - 2A,P%
P, = 2 x (90)
2 A]u + 2A2P ’
where ‘

P= /Py - P,

51 (91)
Evaluating equation (84) results in a linearized expression for the system
fluid flow-forces.

2. 2
Fy = (Ay = Agu)(Py - Py) + 20, PC X + 2A; P X - (92)
Substituting equations (89) and (90) into equation (92) results in a final

expression for the linearized system fluid flow forces as a function of the position
and the velocity of the end of the bimorph

2 !
[aa, P2 (A, ~ ALu)
I 4~ "6 2
Fy l T + 2AP J X + [ZASP] k (93)

Taking the Laplace transform of equaéion (93), setting the initial cond1t1ons'
equal to zero, and solving for FX(S) gives

Fy(S) = X(S)(Cp + &58)

(94)
The constant C0 is the fluid system spring constant and cz is the fluid system
damping coefficient.

45

2
4A.P [g - A uJ
1P 1Ay - A oy o2
€ ® Fuv iy * 2RgP"

(95)
Cp= 24P . (96)

Substituting equation (94) into equation (5) and solving for X(S)/VA(S)
- gives

' . (97)
A S3 . ¢ 3] 2, Te6 = Cots - Fa S+
T..._C_O.c: .T....c rs

0 4J 1-C.C

0°4
where




\\_
6  F =
CTR o
s .
4 K_° 33)
s
Ry C
T "1 :
C R : - (100)
5 Ks RA * RT . .,
CMR . | .
C6 =X ' o (101)
s :
CTBR +M ‘
C7 = X R (102)
s
(CTK +C,K )R+ B -
_ S 1°q a9
C8 = Ks . (103} |
It has been experimentally determined that increasing the supply pressure to N
the bimorph has a destabilizing effect on the system's dynamic response. Equation -
(97) will be used in Section 5 with specific LPA‘and bimorph parameters to demon- o
strate that this is a result of the static and dynamic fluid flow—forteS'exerted
on the bimorph by the nozzle. .i‘
Equations (89) and (90) can be used to predict the pressures, P] and Pz, which -
are output from -the flapper-nozzle and are the input 9 the LPA. Once P{ anrt z/f
P2 are known as a function of the flapper-nozzle configuration, a set of LPA design _ {

equations can be utilized to amplify this pressure signal to a usable level. The Sy b
LPA design equations are a set of steady-state design equations. The LPA design o
method used to devise an LPA gain block is to design it statically and then go back

and check if it is fast enough for the intended purpose.
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The steady state LPA design

Reynolds
number,
dimensionless

Modified
Reynolds
number
dimensionless

Supply
préssure,
mm Hg

Supply flow,
LPM

Supply nozzle fluid
resistance,
mm Hg/LPM

Amplifier input
resistance,
mm Hg/LPM

Amplifier output
resistance,

mm Hg/LPM

Aspect radio
dimensionless

Gain,
dimensionless

These equations will produce results in the units shown if bS is given in mm,

To maximize the gain of the amplifiers, the modified Reynolds number, Né, is chosen

G

p

equations for pneumatic application are given by

i

]

(bs/v)/2|PS - PVJ/D

MR
2[}_+ 12
g
v Yof Yof
oM 12111 0.5]2
12061 |o BS ’

0.50 Rs

h /b

5SS

oo 1111+ Pt

Py

P.
A_l

as large as possible while keeping the LPA in a laminar region.

lsHarry Diamond Laboratories Staff, Technical Sheet FC-104, U.S. Army Harry

Diamond Laboratories, Adelphi, Md (1977).

(104)

(105)

(106)

(107)

(108)

(109)

(110)

(111)

(112)

The maximum modified
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Reynods number, Ng, for laminar flow in the LPA has been determined by Manion2
to be 120.- For maximum gain, each stage of amplification will then operate at a
supply pressure that will result in a modified Reynolds ndmber of 120.

The dynémic range of an amplifier is defined as the rétio of the largest
input to the smallest input to the amplifier that gives uniform gain. For
maximum dynamic range, each stage of the LPA gain block should saturate at the
same time. This means that for'a given pressure difference input, each jet in
each stage should sweeh the same angle. This will prevent prématufe satufation
of the entire gain block due to saturétion of an intermediate stage. This can be
accomplished, as shown below, utlizing the LPA design equations‘ﬁ.

If the gain block is considered to be comprised of N stages‘of amblification;
tﬁen the output pressure of the N stage equals the input pressure to that stage

multiplied by its gain. Therefore,

| PQ (N=-1) = PO(N)/Gp . , (113)
Moreover, since the supply pressure is linearly related to the output
pressure]6 _ o
Ps (N-1) = PS (N)/Gp . | (114)
Equation (106) gives, ‘
Ny (N=1) 2 2
. R 1 0.5 2
PN 1) =4 (Fg—) Gary) (6 vy (115)
and ( \
N& (N)12 ) 2 0.5 2 f'
PS(N) =4 l -—]—2~0- 3 N ES———(NTJ = GpPS (N-]). (”6)

If all N stages of amplification are assumed to operate at the same modified
Reynolds number and ea¢h stage has the same nozzle width, then the optimum aspect

ratio for maximum dynamic range is derived by combining equations (115) and (116).

2F.M. Manion and T.M. Drzewiecki, Analytical Design of Laminar Proportional

Amplifiers, Proc. HDL State-of-the-Art Symposium, Vol. 1, Adelphi, MD (Oct. 1974).

]°T.M. Drzewiecki, A Fluidic Audio Intercom, 20th Anniversary of Fluidics Symposium,
The American Society of Mechanical Engineers, (1981).




This is given by

olN) . a1 ,

T = 0.3 (m7)
where

Gp = 10.

These are generally good assumptions because the modified Reynolds number, Né, is
usually fixed as high as possible, while still remaining in the laminar region,
to maximize the amplifier's gain, Also the nozzle width would remain constant if
identical amplifier laminations were used for each stage. Therefore, the easiest
design parameter to vary to satisfy equations (114), (115) and (116) is the
aspect ratio since this can be adjusted by adding or taking away amplifier

laminations.
When apply1ng eqaation (117) it is important to note that there are limitations ;/3‘
on the size of the aspect ratio. Drzewieckil6 has determined that amplifiers with , -,;t

an aspect ratio of less than 0.3 have reduced gain due to v1scous losses. There-
fore, allowlng o(N) = 0.3 as the smallest allowable aspect ratio for the final
stage of amplification, the optimum aspect ratios of a gain block can then be . ’ 2;,
calculated. This results in aspect ratios of o(N) = 0.3, o(N-1) = 1.0, o(N-2) =
3.3, o(N-3) = 11.1, etc. Aspect ratios for gain blocks of more than three stages A
are too large for practical purposes. Therefore, a gain block of three stages is
the largest practical size which can be built if the same amplifier jaminations
are to be used for each stage and the system is to have maximum dynamic range.

If more gain is required of a system than can be achieved from just three

stages of amplification, the supply nozzle width can also be varied to design a

gain block with maximum dynamic range. Each supply nozzle width would have three
stages of amplification associated with it. These three internal stages would

have aspect ratios calculated uéing equation (117). If an aspect ratio becomes

]6T M. Drzewiecki, A Fluidic Audio Intercom, 20th Anniversary of Fluidics : — -
Symposium, The American Society of Mechanical Engineers, (1981). _ . T




PRV Y STIMWAALIRE LAWY X P W MM Ith MO PR ‘. L

‘e . rl.
Y S ARDOTNAL  OTURA 53 WA

PRI A R PPN [ ]

" e Y e

e '

too large'or too small for practical purposes, equation (116) could‘be used to
calculate a new optimum supply nozzle width, and the staging could continue.

An example of this would be if four or more stages of amplification were
necessary for a given application. This example would require the designer to
pick an initial supply nozzle width, bs,sand use'that“value for the -first three

stages of amplification with o(N) = 0.3, 0(N-1) = 1.0, o(N-2) = 3.3 To maximize
the dynamic range of the next set of three amplifier stages, the aspect ratio of
the (N-3) stage is chosen to be o(N-3) =-0.3. -Applying equation (116) to this

results in an expression for the supply nozzle width ratio for this next stage.

b (m) ..
5;73777' =0.03 . (118)
The number of three-stage amplifier sets under con51deratlon in equatton (118) is T
designed by m. Stages (N-4) and (N~ 5) can then be des1gned wzth a(N 4) = 1 0, an R
g(N=5) = 3.3. This process “can cont1nue in this manner unt11 enough ampllfication ' /

has been realized. The disadvantage with this approach is_that the physical

size of the amplifiers becomes large quickly, making a large gain-block prohibitive.

Therefore, other tecnniques for designing a gain block with more than three stages

is necessary

Large gain b1ocks can be fashvoned in a manner whlch p]aces less of a
penalty dynamic range and stresses other factors wh1qn may be important to the
system design. The two best methods for this type of design are a self-staging
technique and a common-sense approach which uses a knowledge of the innutﬁsignal
size and avoids a ga1n block that saturates for those inputs. _

The self—staged ampl1f1er gain block is a set of 1dent1cal amp11f1er stages
cascaded together The advantages of se]f—staglng are s1mp11c1ty qf design and

the ability for increased gain.‘ There is only one pneumatic supply in a self-

staged gain block and, therefgre, no need for drbpping resistors to supply each
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separate stage. The resolution of the LPA is sufficiently.high so that an
amplifier may be self-staged many-tihés before any significant reduction is output
resoltuion is detecfable. The disadvantages of a self-staged amplifier are a
lower dynamic range, since the first jet in the_gain block will sweep a much
smaller angle than the last jet, a sma]lgr usable frequency range, and 1ower gain

per stage due to a poorer input-output impedance match.

The final approach'to LPA gain block design is for special purpose amplification.

Occasionally, achieving maximum dynamic range is not as important as another de-
sign criterioh. The designer may desire to operate each stage at as high a sup;ly.
velocity as possible to minimiie transport delay. The designer may also choose to
design LPA stages with an improvedAinput-outpuf impedance match. This may be
necessary to maintain reasonable gain within a gain block with many parallel
stages. In any case, the approach used to devise a special purpose amplifier is to
idenfify the characferistics which are most important in the design. The gain
block is then designed analytically and the trade-offs for the speciél purpose
app]icationvare examined. If thé tfade-offs are acceptabie,vthe deSign is used.

The LPA gain block system is de;ighed using one of the approaches described

.above. Once an approach has been selected, the next points of interest are

static gain and frequency response.-.The static gain of one stage of amplification
is given by equation (112). The total gain of the gain block is thé product of
the gains of each stage. The output pressure difference of the gain block is then
the input pressure difference tiﬁes.thé gain,

The input pressure difference, for a given bimorph displacement to the gain

. block, can be derived by combining equations (89) and (90). This results in an

equation describing the input pressure difference to the gain block for a steady-

state position of the end of the bimorph.
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1 2 " -
. ) ‘ . . : . \’
The pressure difference output of the nozzle for an input deflection of the N
end of_the bimorph, expressed by equation (119), can be used to design the first ) ,l
stage of amplification. The linear pressure recovery fo an LPA stage is given
by Drzwiecki to be 7
Por - pozl =0.70P, , (120) .
: - 'max . N
where N
( _ a ‘
[Pm - Pon y GP[pil - PiZ)_ | tiz1)
J .

It is important that thé'maximum input pressure difference_is matched to the

amplifier gain block to avoid saturation in any of the stages. The supply pressuré, |

P, to an amplifier stage is given by equation (106). Equation (106) also shows |

that the supply pressure, Ps, is inversely pfoportional to the squ;re of the s

aspect ratio; the most easily varied design parameter. Therefore;tfor a given

input pressure difference, the first-stage aspect ratio may be varfed to achieve

a matched first-stage amplffier, where a maximum sweep of the first stage jet is

realized”and"the”émplifjer gain,block does not saturate. ... o o)
Each additional stage is designed using an optimum dynamic range staging

technique, self-staging technique, or a special purpose technique. The gain of -

the system is then calculated using equation (112) for each stage. . ?7y‘
Equation (112) states that the single-stage gain of an amplifier is a function - !

of_the blocked load gain, GPB’ the amplifier‘s output impedance, RO’ and the impedance

of the load, RL‘ In a cascaded network the ﬁoad impedance of the (N-1) stage is

equal to the input impedance of the (N) stage. The blocked load gain, GPB‘ of LN

standard LPA amplifiers varies between 9 and 10 per stage. With this information,

]7T.M. Drzewiecki, A Fluidic Voice Communication System and Data Link, Ph.D.

Thesis, Naval Post Graduate School, Monterey, Ca. {March 1980). '/
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one may use equations (108), (109), (110), and (112) to calculate the gain of an
LPA gain block. - |
The final consideration of the amplifier system is its frequency response.

The phase response component -of the system frequency response is general]y dominated
| 2,16,17,18

by signal transport lag between stages . The phase lag is derived by

caléhlating the time for propagation of the signal through the amplifier system.
The magnitude response of the system has been determined by Drzewiecki
and a guide for the uppér limit of the usable frequency range for uniform gain of

Z-identical, self-staged amplifiers is given by

f = 0.03 Eg-zi ¥ . (122)
Equation (122) demonstrates that self-sfaging an amblifier, with Z > 1, will result
in a lower usable frequency range than the single-stage amplifier would, The
techﬁique for calculating the usable frequency range for an LPA gain block is to
calculate the usable frequency range for each stage‘of amplification. The dominant
stage would be the stage with the lowest usable frequency range; this frequency
value can be used aé a guide to the usable range of the entire gain block. A

more exact representation of the dynamic behavior of the LPA can be made by examining
2 16,17,18

the work of Manion and Drzewiecki® and Drzewiecki and apblying one of the
models presented in those papers to each stage of the gain block. Once the

gain as a function of frequency for each LPA stage is determined, the overall

LPA gain block frequency résponse can be calculated. This i$ the product of the

gains of each amplifier stage as a function of frequency.

2F.M. Manion and T.M. Drzewiecki, Analytical Design of Laminar Proportional
Amplifiers, Proc. HOL State-of-the-Art Symposium, Vol. 1, Adelphi, MD (Oct. 1973).

T.M. Drzewiecki, A Fluidic Audio Intercom, 20th Anniversary of Fluidics Symposium,
The American Society of Mechanical Engineers, (1981).

]7T.M. Drzewiecki, A Fluidic Voice Communication System and Data Link, Ph.D. Thesis,
Naval Post Graduate School, Monterey, Ca. (March 1980).

T.M. Drzewiecki, A High-Order, Lumped-Parameter Jet-Dynamic Mode! for the
Frequency Response of Laminar Proportional Amplifiers, 20th Anniversary of
Fluidics Symposium, The American Society of Mechanical Engineers (1980).
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The magnitude response may also exhibit & pronounced resonant peak at a fre-
quency less than the frequency calculated by equation (122). This phenomenon

is explained by Drzewiecki]7’18

as a result of 1interral acoustic feedback. The
mechanism of this feedback is described as follows. As the laminar jet oscillates
within the LPA geometry, there is a spilling of flow to one side and then to the .
otﬁer. The flow spilled to the vents is radiated acoustica]Ty to the control =
region where it may combine with the control signal in the form of positive feed-
back. When the control input frequency equals the acoustic feedback frequéncy,
one would expect that there would be an increase in the amplifier's gafn. To
determine the feedback frequency, one must first note that the jet deflection
travels at one-half the average jet particle velocity. Therefore the signal is
delayed by twice the jet transport time, T', and the following equation can be
written for the period, , of the acoustically caused oscillation. Note that
travel time to the splitter is T', but the feedback signal returns to the control
region at the speed of sound. One complete cycle occurs in T s, where a delay,

T', is experienced for a deflection in one direction and a delay, T', is

experienced for a deflection in the other direction.

1. _ o . '

si= 2T, (123)
where

UA = CdePS/; . - (125)

The frequency of oscillation due to internal feedback can be calculated from one

over the period and is given by
b
Naval Post Graduate School, Monterey, Ca. (March 1980)}.

]dT.M..Drzewiecki, A High-Order, Lumped-Parameter Jet-Dynamic Model for the Fre-

quency Response of Laminar Proportional Amplifiers, 20th Anniversary of Fluidics
Symposium, The American Society of Mechanical Engineers (1980).

T.M. Drzewiecki, A Fluidic Voice Communication System and Data Link, Ph.D. Thesis,




Fe=V/T . _ | (126)
Equation (126) can then be used to calculate the frequency at which resohant peaks
from the acoustical feedback do occur, Equation (126) will be applied in Section 5
to calculate acoustically caused résouant peaks in the frequency response of the
working prototype.
The fluidic modeling in this section has two main purposes. The flow force

modeling is important because it will be used to show that increasing the bimorph

supply pressure has a destabilizing effect on its dynamic response. The equivalent

resistive fluid circuit analysis coupled with the LPA design equations allow the
design of an LPA gain block with outpuf characteristics that match the design

intentions. Using the results of this section and Section 3, one can design and
build an electropneumatic converter. The analysis, construction, and testing of

a prototype design will be discussed in the next section.

‘5. DESIGN AND TESTING OF A VALVE SYSTEM ‘

The equatinns developed in Sectiu... 3 and 4 can now be used to design a valve
system. A summary of the important physical proper 'ies of the prototype valve
system is provided in Appendix A for refn-ence. Once a valve systum has been

designed analytically, a working prototype is built. The working prototype is

then tested to demonstéatémtﬁémlalidlfywa'the design equations. The experience

gained through this process results in design changes that will give a better

system response. These design changes are discussed in Section 6.

5.1 Analytical Design

The first step in designing a valve system is to identify what is
important in the intended design. The static and dynamic response of the system
is a function of the LPA gain block and the flapper-nozzle component. The re-

quired response of the system can be determined from a knowledge of the intended
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system application. Once the valve's input and output requirsménts are identified,

- a system can bé designed.
The most important asp. . of building the first working prototype of a new

design is to demonstrate that the idea works. It is also desirable to show that

an organized method exists for‘improving that first design; in this case that

" means verifying the design equationvof Sections 3 and 4. Once scme .. fidence in

the design equations has been established, these equationé may be usad for de-

signing new prototypes for specific applications. .
Since the LPA defines most of the output characteristics of the system, de-

signing fhe LPA gain block is usually the initial analytical step in designing a

~ valve system. Before the LPA gain block can be designed however, certain

flapper-nozzle parameters must be assumed. This is because there are also certain-

desiyn limitations placed on the bimorph. The diameter of the nozzles should be

as QmaIT as possible to minimize the fluid flow forces. The diameter of the

nozzles will then limit the minimum width of the bimorph. The generally accepted

industry standard for the'smallest diameter nozzle, to avoid clogging, is D =

4m. |

8.6 x 107 m. Using highly filtered air this dimension could be reduced further.

To insure a good overlap of the bimorph and the nozzle, the bimorph width is

3 m. Also the bimofph is commercially ;vai]able

then chosen to be W = 1.4 x 10°
in a single standard thickness. That thickness is given to be T = 4.9 x 10'4 m.

With the wfdth and the thickness of tha bimorph specified, the only re- ’ T
maining bimorph design parameter is its length, L. EquationsA(lB) and (16) show
that the firet mode natural frequency of the bimorph is proportional to one over
its length squared. Since speed of response is an important design criterion,
it is desirable to reduce the length of the bimorph as much as possible. A
shorter bimorph, though, will result in a reduced output displacement for a‘given

applied voltage. The smaller displacement will result in a reduced pressufe

difference at the nozzles. This will require additional pneumatic amplification
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to raise the pneumatic signal to the level pbtained with the Tonger bimorph.
The additional pneumatic amplification can be delivered with more LPA stages.

The larger gain block will have a slower frequency response. This reduction in

frequency response is caused by increased signal path length between elements and

a lower bandwidth found in low supply pressure amplifiers which are necessary
to amplify the reduced output of the nozzles. There is an optimum obtained by
trading off bimorph size for number of amplifiervStages.

The cptimum length for a bimorphlis therefore a function of the gain block
used. The ga{n b]ock_describes the output characteristics of valve system and. |
will therefore vary with the intended application. For the purpose of testing
the design equations and building a working prototype'of the system, it is not
necessary to specify the gain block first. Thefefore a bimorph with a practical

length, resulting in a moderately high frequency response and a moderately high

“output displacement, is chosen. That length is chosen to be, L = 1.5 x 1072 m.

The natural frequency of a bimorph of this léngth is, wN = 1050 Hz, and its maximum

output displacement for a 15 V p-p input is «5.0 x IO"6 m., Once the'validity_

of the design equations is shown, a designer could optimiie the length of a bimorph

for a specific LPA output requirement.

Once the bimorph is _chosen, its specific and physicalvmaterial,propertiesﬂﬁw

are defined. These properties are given in Table 4. The equations developed in
Section 3 are then applied to analytically predict the eTéCifomechanical system
parameters. The results of these calculations are shown in Table 5.

Now that the bimorph has been chosen and its propekfies are identified, an
LPA gain block can be designed for pneumatic amplification of the pressure signal
generated_dowﬁstream of the nozzles. A standard Corning made LPA gain block is
chosen to verify the analysis. The resulting output of this gain block is used to
verify the design equations and show their usefuTness for developing an improved

design for future application. The burposes of this prototype design and working
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TABLE 4. PHYSICAL AND MATERIAL PROPERTIES OF LEAD ZIRCONATE TITANATE CERAHIC

BIMORPH USED FOR WORKING PROTOTYPE

Brass shim thickness, t3

“Density, o,'

Piezoelectric charge
coefficient, d3]

Piezoelectric voltage
coefficient, 931

Nickel elastic modulus, E]

Lead zirconate titante '
elastic modulus, 52

Brass elastic modulus, E3

Property Measured Value
Length, L 1.5 x Isz m
Width, W 1.4 %103 m
Thickness, T 49x10%m
~ Nickel plate thickness.-t] 1.52x 108
‘Lead zirconate titanate thickness, 1.93x 107 m

1.03x 10 m
7.5 x 10° kg/m°

1-1;8 X 10'19 m/V

{
-1.1 x 1672

1.26 x 10! N/m?

V-n/N

1.09 x 10" N/m?
9.0 x 1010 N/m2

TABLE 5. ANALYTICALLY PﬁEDICTED SYSTEM PARAMETERS USED FOR WORKING PROTOTYPE

Parameter

Analytically Predicted Value

System spring constant, Ks

Effective mass, M

System damping, B

~ Piezoelectric force

constant, C]

Piezoelectric back
current constant, Kq

Bimorph capacitance, CT

© 832 N/m
1.9 x 1070 Kg

5 x 10”3 N-s/m (estimated)

2.8 x 1074 Ny

-2.3 x 107

1.1 x10°%F

A-s/m

e
g




model are to demonstrate that the device does work and that the design equations

do predict its response.

Therefore an amplifier system with a three-stage preamplifier and a single-
stage output amplifier is chosen for the design. A three-stage preamplifier is
chosen because it would have sufficiently high bandwidth and sensitivity to detect
and amplify the low pressurea signal coming frdm'the nozzles. The three stages of
the preamplifier are self-staged. Each stage is a standard LPA design with its
necessary geometric properties given in Table 6. The‘jet deflection angle of.the
amplifier is then designed to match the_jet def]ecfion of the output stage of

the preamplifier as closely as possible.

TABLE 6. LPA PREAMPLIFIER GEOMETRIC PROPERTIES; STAGES 1, 2, AND 3

Parameter

Numerical Value

Supply nozzle width, bS
Supply nozzle height, hS
Aspect ratio, o

Average control channel  _
width normalized by bs’ B

Control channel length
normalized by bs’ Xc

Discharge coefficient, Cd

Momentum flux discharge
coefficient, C“

Blocked load gain, GPB

3.75x 1074 m
1.5

2.75

10
0.7

0.65
9.0

Adopting the convention that stages 1, 2, and 3 are the identical pre-
amplifier stages and stage 4 is the output amplifier stage makes for simpler
reference when discussing static gain and frequency response. Equations (115)

and (116) are combined so that the output amplifier stage, stage 4, can be matched -
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with stage 3, the last preamplifier stage. The modified Reynolds number, Né, is
held constant, at its highest value whick ~rnduces laminar flow, for all stages
of the amplification. This corresponds to a modified Reynolds number of Né = 120,

Therefore, solving for the fourth stage aspect ratio results in

X L
o(4) = FEUW o(3) , ﬂp]ﬂ . (127)
-4

The preamplifier parameters are bs(3) = 2.5 x 100" mand o(3) = 1.5 frem

Table 6. ' The output amplifier is block loaded for measurement purposes and there-

4 m is employed

fore Gp(4) =10. A sténdard LPA amplifier with bs(4) = 5.0 x 107
in the output amplifier, and the aspect ratio of this stage is calculated to be
o(4) = 0.24. Viscous losses reduce gain for amplifiers with an aspéct ratio below
0.3; therefore, some dynamic range is sacrificed to make 0(4) > 0.3.'4The standaﬁd
thickness of the laminations require that the minimun éspect ratio of the fourtn
stage be o(4) = 0.5. If the fourth stage is used to drive a load, Gp(4) would
decrease because of the reduced output resistance, and the optimum value of o{4)
would have to increase. This situation results in a better match between the
third and fourth stages. ‘ | '

Now that the gain block is defined, the overall static gain can be calculated.
Equation (112) gives the gafn of an amplifier stage as a function of its blocked
load gain, the amplifier output resistance, and the attached load resistance. In
a cascaded amplifier gain block the load resistance of the (N-1) stage equals
the input resistance of the (N) stage. For the prupose of measurement the final
amplifier syage'wi1l be blocked and its load resistance will be fnfinite. This
will cause the gain of the final amplifier stage to equal its blocked lcad gain.
The blocked load gain of each stage in the preamplifier is given in Tabie 6 as
nine. The blocked load gain of the final amplifier stage is given to be ten. This
increase is due to an improvement in the design of the final amplifier staye

over the preamplifier stage. Therefore, writing the gain for an intermediate stage

of amplification within the gafn block results in
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Gpg(H-1) | | L
Gp(N-]) = ——E(N—_-]-)- . N (]28)
TR |
The ratio of the output resistance to the input resistance can be solved, using

-equations (109) and (110).

RO(N-]) 0.50 RS(N-I) . : -
RN T OS5 RN)T h (129)
Applying equation (108) to equation (3) resu}ts~in a more generalized
expression, _ _
RO(N-I) o(N 2 bS(N) 3
—W = 0.667 STN= m . (130) ‘
For the first two stages of aﬁplification within the preamplifier,
R, (1) ) .
R " 0.677 , (131) -
Ro(z) . ) . - v‘,!lj‘
R—i-(_sT = 0.677 , {(132) ) .
Stage three of the preamplifier is connected to the fina1‘stage amplifier and ' "\/‘ 
results in a resistance ratio of /o
_ P
R (3) Y2 [b_(4)]3 <
0! _ o4 S . , DR
Ry = 0-677 lgfggj {bs(3 ; (133) -
with o(4) = 0.5 and bs(4) = 5.0 x 10'4 m, equation (133) is solved. L
R,(3) . } ﬁi
_ﬁ;TZT =0.59 . : . (134) a
v . 1
The total system gain with the last stage blocked is given by ) i
. ‘
i
o . Gea1) Gpg(2) Gpg(3) Gpg(4) (135) .
Pt (1 + 0.677)2 (1 + 0.659) oo
iV
6. = 1R&N ‘ 1116\ i
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“mediate calculations will have to be made to develop values for the Aj coefficients
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To calcu]ate the output pressure difference of the gain block, one must
determine the input pressure difference. The static output pressure difference ~.

is therefore the static input pressure difference mutliplied by the total LPA

system gain given by equation (136). The input pressure difference to the LPA

gain block, for a displacement of the end of the bimorph is given by equation

(119). To calculate the final system output pressure difference several inter-

which are usad by equation (119).
The first stage amplifier is operated at a modified Reynolds number of Né = 90
to insure laminar flow. This results ina supply pressure and a supply flow given ' L

by equations (106) and (107) respectively, to that stage of amplification. This

is given by
P(1) = 531 N/m® B £
-6 m3 . )
05(1) =1.95 x 10 - - ' (138)
s

Equations (55) and (56) are then used to calculate the mass.entrained flow.

Wy = 5.21 x 1078 kgss . (139)\

The Reynolds number is found using eqﬁation (105). Then equation (59) is solved\

for the control channel resistance using the Reynolds number and the values liste

in Table 5, L
. ;_,7",
N = 500 , | (140) e
R, = 6:05 x 107 X i (141)
’ sm ,
The vent resistance is calculated from equation (61) to be f "
“':“ -
= 8 ._l(.g. : /‘ -
R, = 8.16 x 10 i (142) /o
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With these values and with the density of air p, equal to 1.2 kg/m3, the nozzle
-3
m

radius, r, equal to 4.32 x 10'4 m, the nozzle length, Lb’ equal to 6.35 x 10

13

the nozzle entrance cbefficient, Ce = 0.85 ", and the nozzle underlap, u = 3.81 x

1070 m, one can calculate the Aj coefficients. These coefficients are solved

using equations (71) through (76) and are given by

A =102 x1073 K o (143)
Ay=1.47x107 ms o (144)
Ay =5.21 x 1078 K , (145)
A, = 5.86 x 1077 m’ . | (145)’
A5=113x105m . (147)

=2.31x103m . . |  (148)

The supply pressure to the bimorph, Ps]' must now be calculated to deliver

an input to the gain bloék which will maximize the system sensitivity but will

not saturate the LPA gain block. To do this a bimorph supply pressure, PS]’ is
assuméd. Equation (81) is used to derive the first stage amplifier bias pressure
for the assumed bimorph supply pressure. The intermediate value of P is then
éa]cu]ated with equation (91). The expression relating the pressure difference
at the nozzles to the deflection of the end of the bimorph is then given by
equation (119). The steady-state deflection of the end of the bimorph for’an
applied voltage is then given by solving equaticn (97) in the‘steady-state.

This results in

x=25_ (149)

]38 W. Anderson, The Analysis and Des1gn of Pneumat1c Systems, John Wiley and

Sons, Inc., New York, (1976).
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The values of the Cj coefficients can be determined using equations (98) through
(103). Substituting for VA the maximum voltage to be delivered to the bimorph
results in its maximum displacement. Using equation (119) one can determine the
maximum pressure output of the noézles. Multiplying this by the LPA system gain
fesdlts in an expression for the maximum output pressure difference bf the system
for the maximum input voltage. This pressure difference is then checked against
equation (120) in an optimally designed gain block to determine if the gain block
has saturated. If the gain block is not optimally designed, the possibility exists
that an intermediate stage could saturate prematurely. If the.gain block has
saturated or is significantly below saturation, the bimorph supply pressure is
adjusted up or down to compensate for this.‘ This iterative process is repeated
until a satisfactory supply pressure to the bimorph is determined.

This technique is applied to the LPA gain block already developed. After

several iterations, the supply pressure to the bimorph is calculated to be

Py = 36.0 N/mé (2.7 x 10”! mm Hg) . (150)

This results in a first stage bias pressure, calculated with equation (81) of

-1

P, = 34.0 N/m® (2.56 x 10”7 mm Hg) . (151)

The intefmediéfé value b%'P isﬂihén ca]cuiéted using equation (91)

- P = 1.41 V N/mP ' (152)
The expression relating the pressure difference output of the nozzles for an input

motion of the end of the bimorph is given by equation (119) and is shown below.

P

Py « ’
1 2 _ 5 kg
5 2.le 10 52 2 (153)

The maximum steady-state deflection of the end of the bimorph for a maximum
steady-state applied voltage of 14 V is given by equation (149). To solve this
equation the values of Table 5 are substituted into equations (95), (96) and (98)

through (103) to solve for the C. ~aaffiriante with 0 = N

o
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] I |
Co = 1.06 x 1075 (154)
c2=3nxlo@—- | (155)
= ~3m R
¢=t20x10730 (157)
Cs = -3.36x 107 mv (158)
Cg = 0.0 3, (159)
C, = 2.8 x 10'8 2 | (160)
Cg = 6.01 x 106s .. | (161)
| Solving equation (149) results in |
x{ =s5.0x10°%m . (162)
' max

Substituting equation {162) into equation (153) results in an expression for the

- maximum pressure difference output of the nozzles for the maximum input voltage of

15 V.

(Py = Pp)| = 1.0 W/mZ (7.6 x 10°3 mm Hg)
max . '

With a total LPA system gain of GPt = 1650, the output of the LPA gain block for
the maximum output voltage is yiven by

{P]0(4) - P20(4)]|max = l.§6 X 103N/m2 (12.5lmm Hg) .  (163)

With the fourth-stage supply pressure at Ps(4) = 2.13 x 103 N/m2 (16 mm Hg)
calculated from equation (106), this much bressure recoveky should cause the
final-stage amplifier to operate in its nonlinear input-output region. However,
the experimental results which follow show that this is not the case. For this
particular LPA stage there is inght?y better than 70% pressure recovery, but

this should not be assumed in future designs.
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Now that the system has been designed statically, it should be checked

dynamically. Equation (122) fs used to check the frequency response of the
amplifiers. For the preamplifier, with Z = 3, the upper limit of the usable
frequency range of the final stage‘amplifier; =1, is found to be 2400 Hz.

The natural frequency of thebbimorph is given by equation (14) and is{ca]cufated
to be 1050 Hz. To determine other freguencies that might give distortions in the
mgnitude response, equation (136) is used. Applying this equation to the final

stage amplifier shows that a resonant peak might be expécted at Ff = 620 Hz be-

“cause of internal acoustic feedback. This resonant peak is later noted in the

experimentally determined system frequency response. The magnitude of the peak
is unknown, and this is an aspect of the LPA which is now undef additional in-
vestigation]7’]8. .

The results of this dynamic check suggest that a reasonably flat magnitude
response out to just below the resonant frequency of the bimorph can be expected
from this system. The external series resistor, RA, can be'chénged to vary the -
system's frequency response. This may help to further extend the usable frequgncy

range of the valve system,

A final point to be considered in the analytical design is if the LPA gain

block is necessary or if it is possible to increase tne bimorph chamberﬁsupply,mwgf”;;A,a,,_,ﬂ,,"

pressure until the sane pressure difference is avai]able'downstream.of the nozzles,
as was available at the output of the LPA. The gain block is necessary because

the bimorph is very limited in its output force capability. Any significant
bimorph chamber supply pressure will cause the electromechanical system to

exhibit a poorer frequency response because of the destabilizing flow forces.

]7T.M. Drzewiecki, A Fluidic Voice Communication System and Data Link, Ph.D.
Thesis, Naval Post Graduate School, Monterey, Ca. (March 1980).

]BT.M. Drzewiecki, A High-Order, Lumped-Parameter Jet-Dynamic Model for the

Frequency Response of Laminar Proportional Amplifiers, 20th Anniversary of

Fluidics Symposium, The American Society of Mechanical Engineers (1980).
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This can be shown analytically if the characteristic equatibn of equation‘(97)'is
examined. This is given by

c
6 3 3,.2
G—c)s™ * =)™ + (

C8 - C0C3 - CZC4
1 - COC4

)s +1=0. (164)

Equ;tion (164) is nonlinear with respect to the‘bimorph supp]y pressure, Psl'

A root locus can be plotted for equation (164) by varying PS], ca]éulating all

the intermediate steps and finding the roots of equation (164). This root locus .
is shown in Figure 17 for R = 0.0. Figure 16 shows that as Psl is increased, |
there is a destabilizing effect on the system's response. For this reason,bthe

-1

bimorph supply pressure is chosen to be Ps] = 36.0 N/mz (2.7 x 107" mm Hg), which

results in an insignificant change in the dynamic behavior specified by equation (97).

. 5.2 Prototype

A prototype model of the valve system’was'fheﬁ'constructed'using the
dimensions outlined in the analyticaldesign section. An assembly diagram for
the deéign is shown in Figure 17. The protot}pe was builﬁ attempting to simplify
its construction, minimize volumes to minimfze fluid capacitance, and minimiée
passage lengths for reduced signal propagation time. This resulted in a device
which was inexpensive to buf]d and which delivered makimum bandwidth.

The assembly diagram of Figure 17 shows the|construction of the housing
containing the flapper-nozzle and the first stage of pneumatic amplification.
Only the first LPA stage is shown to avoid confusjon. The diagram also contains
lines which are drawn for the purpose of flow visualization.

The two pneumatic inputs to the flapper-nozzlé housing are the supply pressure
to the bimorph and the supply pressure to the LPA gain block. The flow through
nozzles is controlled by the_position of the end of the bimorph. Figure 18 shows
the bimorph deflected with more flow entering one nozzle than the other. The

relative amount of flow is indicated by the thickness of the line used to‘re-
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Figure 17. Assembly Drawing of Valve
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present that flow. The outputs of the two noz;les are then chapneled up through
several laminatiqns to the LPA lamination where these ouiput pressures are used

'as the control input. The controls deflect the laminar supply jet, and a resulting
output pressure difference is available at the LPA output ports. ‘The output of
tnis stage is then available to be channeled up to the input of a second LPA
staqe.' This process is repeated for four sfages of amplification in the working

prototype.

5.3 Testing and Verification

The valve system is tested both statically and dynamically to determine
the accuracy of the design equations used. The static inbut-output relationship
for the system is shown in Figure 18. The system has a linear operating region
of + 7.0 volts abbut 0.0 volts with a system sensitivity of 1.2 ﬁ 102 N/mz-v,
(0.9 mm Hg/V). This result'compares favorably with the expected sensitivity of
1.1 x 102 N/mz-v, (0.8 mm Hg/V). The expected sensitivity is derived Sy
dividing the maximum output pressure difference of the gain block givenvby
equation {163) by the maximum inputivoltage of + 7.0 volts.

Figure 18 also demonstrates that the system output exhibits hysterasis.

The hysteresis is an inherent characteristic of the bimorph caused by the polari-
zation of the crystal resulting from the applied supply voltage. The cause of
this effect is explained earlier in Section 2. ‘

The frequency response of the system was measured for a bendér series re-
sistance of Ry = 0.0 ohm. The results of that test along with the analytically
predicted response of the system afe shown in Figure 19. There are éome incon-
sistencies between the measured and the predicted response on the magnitude plot.
The most noticeable inconsistency is the difference in the size of the resonant
peaks. The measured resonant peaks are smaller because the pneumatic input to

the preamplifier is so large, for the electrical input magnitude chosen, that
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the preamplifier Eaturatos This saturae1on occurs, by design, for relatively

small e]ectr1ca1 1nputs at the resonant frequency to obtain the maximum gain and

bandwidth in the operating frequencies. A way to reduce this effect wou]d be

to place the bender resonance beyond the amplifier bandwidth 1imits. The LPA

would then ff]ter>the resonant frequency of the bender and eiiminate the saturation.
Figure 19 demonstrates that the system amp]ftude versus freqeuncy response

_ exhibits a resonance at 650 Fz. This resonance is a result of internal acoustic

feedback in the fourth-ctage amplifier. 7o analytically predict the frequency of

maximum gain due to this phenomenon, equation (126) is utilized. With the amplifier

-3 m, the nozzle discharge co-

efficient, Cd' equal to 0.7, the amplifier supply pressure, Ps’ equal to 4.8 x 703

nozzle to splitter distance, xsp’ equal to 4.0 x 10

PA, and the density of air, p, equal to 1.2 kg/m3,’the frequency of the jet
oscillation, 1/T, is calculated with equation (126) to be 620 Hz. This compares
favorably with the 650 Hz resonance peak of Figurev19.

A comparison of the phase angle Versus.frequency plots of Figure 20 shows good
agreement between thz measured response and the calculated response. If 90°
phase lag is the cutoff point for the usab1e frequency range of the system, this
system has a usable frequency range from a DC level to 140 Hz.

If magnifude’information is important in a sysfem design, then sending a
constant amp]itude signal within the bandwidtr of this device will result in
minimun magnitude distortion of the input signal. This results because the
system phase lag is due almost entirely to a transport delay due to the pneumatic
signal path length. A series resistor mayvbe added to the bender electrical supply
to flatten the magn1tude response over a greater frequency range. Figure 20.
revea]s the measured and predicted response for a series resistor, RA = 0.2 mp.

The plot shows that for a tolerance of + 3 db of magnitude distortion, the system
exhibits a nearly flat amplitude versus frequency response and a linear phase

angle versus freguency re]ationshib up to 1000 Hz.
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The test data indicate that the valve design does work. The data also

indicate that the static and uynamic results are close to those predicted by the

design equation. Now that a working prototype has been built, obvious improvements

can be made. One improvement is to reduce the pneumatic signal path length.

This should shorten the pneumatic time delay and imprcve the system's phase
response.‘ Another improvément would be to reduce the dimensions of the bimorph.
This would improve the magnitude response of the system. A shorter bimorph would
result in a reduced motion at the end of the bimorph for an appiied voltage. This

can be compensated for with an improved amplifier system. The amplifier system

can be designed so that all stages operate at a high supply pressure. A high supply

pressure results in a'high supply velocity. Equation (122) shows that a gain block

with a high supply velocity will exhibit improvéd magnitude versus frequency
response. A high supply velocity also will reduce the time required for pneumatic
signal propagation through the gain block. This should further improve the phase

response of the system. The final section concerning future considerations,

.analaytically develops a design that snould exhibit an improved response.

6. FUTURE CONSIDERATIONS

Much can be learned about a design once an initial brototype has been built.
Now that the original design has been shown to work and the design equations |
correctly predict its response, a new design can be devglobed using those
equations. The new désign should extend the usab]e_frequency range of the device
through a better choice of the biezoelectric bimorph and the attaéhéd LPA gain
block. A summary of the important physical properties of the new protctype valve
valve system is provided in Appendix B.

The new design objective is to improve the frequency response of the system.

This is accomplished by reducing the -dimensions of the bimorph and the LPA.

Again, the width and thickness of the bimorph is fixed due to the specified
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minimum nozzle diameter (D = 8.6 x 10'4 m) and the availébflity of standard bimorph
sizes. Therefore the only remaining bimorph dimension that may be picked is its
length. The length of the bimorph should be reduced'as much as possible to maximize
the frequency response. However, too short a bender will cause the nozzle output
pressure signal to be so small that detédfiug it with the first stage amplifier

will be difficult. To calculate a reduced length for the bimorph, a first-stage
amplifier must be assumed. Then, with a knowledge of the gain and dynamic range

of the first stage amplifier, one can calculate a suitable smaller bimorph length.
This situation requires a certain feel for whatlmight work best in the first-

stage amplifier. | ‘

Because it is desired to improve the frequency response of‘the‘system, the
first stage amplifier is chosen to have a supply nozzle width of bg(l) = 2.5 x 10'4 m
and an aspect ratio of o(1) = 1.0. This results in a maximum supply pressure of |
Ps(l) = 2.13 x 103 N/mz, (16 mm Hg) from equation (106). The usable frequency
range of this amplifier has been increased because of the choice of the aspect
ratio and the supply nozzle width. This maximum usable frequency can be calculated
with equation (122) and is given by f = 4800 Hz.

To determine the smallest length of a bimorph, which would produce a de-
tectable input pressure signal to the first-stane amplifier, one notes from
equation (22) that the deflectins of the end of the bimorph variesvwith the square of
its length. Using the same valve underlap in the design described here as was
used in tne first design found in Section 5 (u = 3.8 x 10'5 m), the pressure
output of the valve varies proportionally with the deflection of the bimorph;
Lhereiore, the pressure output of the flépper—nozzle configuration must also vary
with the square of the bimorph's length. With this knowledge of the first stage
LPA geometry and the relationship between the bimorph's length and the output

pressure difference avai]ab]e at the nozzles, a new bimorph length can be

calculated.
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ldifference available at the nozzles, for a maximum input voltage of 15 V. This

Equation (119) states that the linear pressure recovery for an LPA stage is

70 percent of that stage‘é supply préssure. With PS(I) =2.13 x 103 N/m2 (16 mm Hg),

this corresponds to a maximum pressure recovery of 1.49 x 103 N/m2 (11.2 mm Hg).
It will be assumed that the first stage operates with a gain of 10. This may be
high, because the output is not“b]ocked, but it will ine a good’approximation.

This means. that the maximumvipput preésure difference to this stage is 1.49 «x 102
N/m2 (1.12 mm Hg). Drzewiecki has shown that a dynamic range of 100,000:1 can be
expected %or an LPA stagéfof this design]7 ‘
the largest input to the smal]éSt ihput which gives uniform gain, the smallest

allowable input pressure difference to the first-stage'amplifier can now be
-5

calculated. This is given by 1.5 x 10~ N/m% (1.1 x 10™° mm Hg). Because some

dynamic range in the electrical input signal is desired, the smallest allowable '
inpdt pressure difference to the first stage is arbitrarily increased to 5.0 x

3

107! N/m? (3.8 x 1073 mm Hg).

. Equation (163) gives an expression for the maximum output pressure

expression is for the working prototype of Section 5 with a.corresponding length,

L=1.5x 10'2 m, and a corresponding output pressure difference of I.OI_N/m2

(7.6 x 1073

mm Hg). Since ;he square of the length of the proposed prototype
should vary with the pressure output available downstream of the nozzles, the

characteristics of the working prototype can be used to estimate a minimum length

of the bimorph for the proposed prototype. This corresponds to L = 1.05 x 10'2 m.

The new piezoelectric bimorph physical and‘material properties are summarized in

Table 7.

The equations of Section 3 can then be used to calculate the electromechanical

system parameters in the same manner that they were calcualted in that section.

‘7T.M. Drzewiecki, A Fluidic Voice Communication System and Data Link, Ph.D.
Thesis, Naval Post Graduate School, Monterey, Ca. (March.1980).

. Since the dynamic range is a ratio of
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TASLE 7. THYSICAL AND MATERIAL PROPERTIES OF LEAD ZIRCONATE TITANATE

CERAMIC BIMORPH USED FOR PROPOSED PROTOTYPE

to the flapper nozzle, which giveé a maximum output pressure difference, can be
calcualted in the same manner it was done in Section 5.
The final three stages of amplification are chosen to be self-staged. Even

though self-staging an amplifier three times results in a reduced usable frequency

Property ' : Measured Value
Length, L .' 1.05 x 102 m
Width, W | o 14x103e ”
Thickness, T 4.9 x 10'4 m
Nickel plate thickness, t, | 1.52x 107 m
Lead zirconate titanate thickness, té 1.93 x 10'4.m~
Brass shim thickness, tq 1.03 x 10'4 m | -
Denisty, o | 7.5 x 10° kg/m®>
Piezoelectric charge coefficient, ds; -1.8 x 10']0 m/V Y
Piezoelectric voltage coefficient, 933 -1.1 x ]0;2 V-m/N '
Nickel e]asti;‘modulus, E, 1.26 x 10]] N/m2
Lead zirconate titanate . 1 2 f’
elastic modu]gs, E, : 1.09 x 10 N/m &
Brass elastic modulus, E, 9.0 x 109 N/m? o ?g\:i
/
____Those results are summarized in Table 8. It can be noted Trom these parameters , ‘,Y_gj
that the natural frequency of the bimorph has increased to 2300 Hz. These results w
are useful later in calculating an improved flapper-nozzle supply prgssure. — ’/ff
Since the first stage of the gain block has already been designed and an B
approximate input sensitivity to that stage has been &etermined, it is logical to .
finish the design of the gain blbck. With that completed, the supply pressure
~




TABLE 8. ANALYTICALLY PREDICTED SYSTEM PARAMETERS USED FOR

PROPOSED PROTOTYPE

Parameter o | Analytically Predicted Value
System spring constant, KS 2636 N/m
_Effective mass, M ‘ 1.27 x 107 kg » o /;gf”
System damping, B 5 x 10'3 N-s/m (estimated)
Pigzoelectric force constant, o -4.11 x 10‘4 N/V ‘

. Piezoelectric back current o -4 L

constant, Kq -3.43 x 10 " A-s/m o

Bimorph capacitance, Cf‘ ‘ - 5.0x 10°10 F - : ‘ -/

© range, thé frequency range of each stage is so high that the reduced range is

still very great. The aspect ratio of stages two, three, and four are given to be
o(2) = o(3) = o(4) = 0.6. The supply nozzle width for each stage is given to be o . ';v
bs(Z) = bs(3) = b$(4) = 2.5 x 19'4 m. Equation (106) defines the suppTy pressure _”N;'\
to these stages as PS(Z) = PS(3) = Ps(4) = 5.8 x 103 N/m2 (44 mm Hg). This : 1
amplifier design gives improved magnitude response, with Z = 3, as f‘= 4000 Hz. | s

The total gain of this LPA gain block can be célcualted using the LPA design

equations of‘Section 4 in the same manner as they were used to calculate the :«;/{
total gain of the gain block in Section 5. This results in a total system gain, “;

with the last stage blocked, given by

Gp¢ = 2900 (165)

Multiplying the total gain of the system, given in equatién (165) by the
available input pressure difference to.the first stage given by 5.0 x 10’1 N/m2
(3.8 x 10'3 mm Hg), results in a maximum output pressure difference of the LPA
gain block given by 1.16 x 103 N/m2 (8.7 mm Hg). This value is well within the N
linear pressure recovery of the ]ast,stage amplifier, and the design should work. .

To calculate a better value for the flapper-nozzle supply pressure, the




iterative process of Section 5 is used. After several iterations, the flapper-

nozzle supply pressure, which gives a maximum of 70-percent pressure recovery

to any intermediate stage within the gain block, is calculated to be

Py = 290 N/m’ (2.2 mm Hg) C (166)

s
This results in a maximum steady-state output pressure difference of the LPA

gain block for the maximum input voltage of 15 V given by

1

Poy(4) - P02(4)I = 4.0 x 10° N/mC (3.0 x 10 mm Hg) (167)

| nax
The increased flapper-nozzie subply pressure will not affect the stability of the
system. This can be determined by evaluating the roots of the system's
characteristic equation given by equation (164) and notinQ that they are in the
left half plane.
The design preéented in this section should exhibit an improved frequency
response and greater output sensitivity over the design presented and tested in

Section 5. The improved frequency response is due to a shorter bimorph length and

" an LPA gain block engineered for fast response., The increased gain is a result’

of a better impedance match between individual LPA stages within the gain block.
The final ;esult is an improved system response.

A final consideration for a complete servovalve design is a last stage power
arplifier. The power oufput of the LPA is somewhat Timited by its small size
and the requirement that it run with a relatively low supply pressure so that the
jet remains laminar., Any type of powéf amplifier that mignt be added would have
a’tendency to reduce the bandwidth of this system. This will be true because a
movihg part power amplifier will have mechanical parts. This will require
acceleration forces and some fluid to mechanical force amplification., which will
introduce fluid capacitance. An example of this would be some sort of a diaphragm

amplifier. A relatively large diaphragm may be necessary for sufficient pneumatic
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response but has a higher output power capabilities. An interesting field of
study, forlfuture research, would be the development of a fluidic power amplifier
that would.match an LPA stage. A power amplifier of this type would not only
have application in this project but also in the other areas of LPA resea}ch
where the sensing capabilities of the LPA are uséd in a computer control scheme.
This includes such projects as temperature snesing and contr'oll9 or the use of

20

the laminar jet angular_rate sensor™" in conjunction with the LPA in a complete

computer controlled closed loop system.

]9T.M. Drzewiecki and R.M. Phillippi, Fluidic Thermistors or Fluidic Temperature

Sensing with Capillaries, Engineering for Power, Vol. 99, No. 3 (July 1977).
ZOD:N. Wormley and D. Lee, Development of a Hydraulic, Fluidic Servovalve,
Winter Annual Meeting, American Society of Mechanical Engineers (1980).
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NOMENCLATURE .

Area, m2

Coefficients. used to simplify notation defined as follows for

j=1,2, ...6
Physical Meaning
Equation (if any) Units
, R
Ceemr(1 + 25)V270 - /g/m
' v
p/Rv . ’ - / Mm-S
Wy Jet lentrainment flow ~ ka/s
_nrz - Nozzle Area m?
Ceprwr»’z/p - vkg-m
2Cenr i - m
System damping, N-s
~ Normalized control channel width, dimensionless

Normalized average control cthnel width, dimensionless .

LPA supply nozzle width, m

Piezoelectric force constant, N/
Coefficients used to simplify notation defined as follows for

j=]’2,.0c.8
Physical Meaning

Equation (if any) Units
48, P2(A,-Au) )
- A]u+2A2P + 2A6P Fluid system spring constant N/m
2A5P _ Fluid system spring constant N-s/m
C.R
T 3
L - s /kg
K 5 ,
_1 - m/N

84




[}

(CTKS+C]K9)R+B

Discharge coefficient, dimensionless
Entrance coefficient, dimensionless

Piezoelectric capitance, F

85

m/V

LPA supply nozzle momentum flux discharge, dimensionless

‘ Nozzle diameter, m

Piezoelectric d coefficient, m/V
Equivalent modulus of elasticity, N/m2

Nickel modulus of elasticity, N/m2

Lead zirconate titanate modulus of elasticity, N/m2

Brass modulus of elasticity, N/m2

Force on the control volume exerted by the bimorph, N

Maximum usable LPA frequency, Hz
Acoustic feedback frequency, s']
Force on the bimorph exerted by the fluid, N
Force to deflect bimorph a distance 2, N
Piezog]ectric g coefficient, V-m/N

LPA gain, dimensionless

LPA blocked load gain, dimensionless

Total LPA system gain, dimensionless

LPA supply nozzle height, m

Moment of area, m4




"

Electrical signal field direction, dimensionless
Integer, dimensionless .

Stress direction, dimensionless

Coupling coefficient, dimensionless
Pizeoelectric back current constant, A-s/m
System spring constant, N/m

Bimorph length, m

Nozzle length, m-

Control volume length, side 1, m

Control volume length, side 2, m

Effective mass of‘bimorbh, Kg
Int.ger, dimehsionless
Integer, dimensionless
Reynolds number, dimensionless

Modified Reynolds number, dimensionless

Unit normal vector, dimensionless

Integer, dimensionless

Coefficient used to simplify notation, v 57;7
Bimorph polarity, dimensionless

LPA operating point bias pressure, N/m2
Nozzle 1 pressure, N/m2

Nozzle 2 pressure, N/mz

LPA operating point bias pressure, side 1, N/m2
LPA operating point bias pressure, side 2, N/m2
Atmospheric pressure, N/m2

LPA input pressure, side 1, N/m2

LPA input pressure, side 2, N/m’

LPA output pressure, side 1, N/m2
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LPA output pressure, side 2, N/m?

LPA control channel pressure, gide i, N/m2
LPA control channel pressure, side 2, N/m?
LPA supply pressure, N/m2

Flapper-nozzie supply pressure, N/mz_
Vent pressure, N/m2 |

Charge produced, coulomb (C)

Volumetric jet entrainment flo -, ‘t3/s

Volumetric LPA supply flow, ft3/s

Equivalent electrical resistance, ohm ()
Nozzle‘radius, m

External electrical resistance, o

LPA coﬁtro1 channel resistance, kg-m4/s
LPA input resistance, kg-ma/s

LPA load resistance, kg-m4/s

LPA output reSistahce, kg¢m4/s

LPA supply nozzle resistance, kg—m4/s .
Bimorph Teakage resistance, @

LPA vent resistance, kg-m®/s

Laplace variable, 57!

Bimorph thickness, m

Time, s

Laminar jet transport time, s
Nickel plate thickness, m

Lead Zirconate titanate thickness, m

" Brass shim thickness, m

Nozzle underlap, m

LPA stage

87




LPA stage

LPA stage

Amplifier average jet particle velocity, m/s
Amplifier supply velocity, m/s

Node voltage, V

Control volume fluid velocity, side 1, m/s
Control volume fluid velocity, side 2, m/s
Supply vo]tége, )

Velocity rector, m/s

Volume, m
Bimorph width, m

Control volume mass flow rate, side 1, kg/s
Steady state continuity equatin

Control volume mass flow rate, side 2, kg/s
Steady state continuity equation

Mass flow rate into cont.ol volume, side 1, kg/s
Mass flow rate into control volume, side 2, kg/s

Mass flow rate out of cortrol volu.e, side 1, kg/s

_ Mass flow rate out of control volume, side 2, kg/s

Vent flow, side 1, kg/s

Vent flow, side 2, kg/s

Mass jet entrainment flow, kg/s

Nickel plate equivalent width, m

Lead zirconate titanate equivalent width, m
Brass shim equivalent width, m

Bimdrph displacement, m

Bimorph operating point deflection, m

Bimorph operating point velocity, m/s

88

N

»*




LPA stage.

LPA stage

LPA stage

LPA nozzle to splitter distance, m

LPA stage - |

Number of LPA self staged amplifier‘stages dimensionless

LPA stage

Cbefficient of elasticity, cmz/dyne

Coefficient of elasticity, cmzldyne

Coefficient of elasticity, cmZ/dyne

Deflection of the free end of a cantilever mounted beam from
an applied force;:m

Absolute dielectric coefficient, F/m

 Bimorph damping ratio, dimensionless

Angle, rad

Kinematic viscosity, m?/s
Fluid density, kg/m3

LPA aspect ratio, dimensionless

/9

Period of LPA laminar jet oscillation, s~ =

Bimorph natural frequency, rad/s

Bimorph natural frequency, rad/s
Direction cosine, dimensionless
Direction cosine, dimensionless

Direction cosine, dimensionless
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APPENDIX A -- SUMMARY OF THE PROPERTIES OF THE WORKING PROTOTYPE

A summary of the important physical properties of the working prototype de- .

veloped in Section 5 is provided below for reference.

Flapper-Nozzle Housing

Property _ ' , " Measured Value

Bimorph lengﬁh, L 1.5 x 10 m

Bimorph width, W o | 1.4x 103 m

Bimorph thickness, T ' 8.9x10%m

Nozzle underlap, u . . 3.8« 1073 m

Nozzle diameter, D o 86x10m

Nozzle length, L, _ . 6.35 x.10'37m
Nozzle entrance coefficient, C, _ ' 0.85

Bimorph chamber supply pressure, P 3.6 x 10] N/m2

s o 4
Air density, o , o | 1.2 kg/m3

LPA Gi¢in Block

Stages 1, 2, and 3:

Property “ ' Measured Value
Supply nozzle width, b, 25x10%m
Supply nozzle height, hS 3.75 x 10'4 m
Aspect ratio, o 1.5 ,
Average control éhannel width normalized by 2.75% ' -
b., B St

s’ "¢
Control channel length normalized by bgs X 10
Discharge coefficient, Cd 0.7
Momentum flux discharge coefficient, C0 0.65
Blocked load pressure gain, Gpg 9.0

Supply pressure, P_(1), P_(2), P_(3)

5.31 x 102 N/m2
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Stage 4:}
EIQEESEX Measured Value
Supply nqzzie width, b | 5.0 x 1074 m
Supp]ylnozz]e height, hS ' 2.5 x'10'4 m
Aspect ratio, o 0.5
| Average control channel - | 2.75
Width normalized by bs, BC
Control channgl length normalized by bs’ Xc 10
Discharge coefficient, Cd 0.7
X Mdmentﬁm flux discharge coefficient, Cg 0.65
5. Blocked load pressure gain, Gpg 9.0
Supply pressure, PS(4) 2.13 x 103 N/m2

Figure A-1 is a schematic drawing of the working prototype. Thisvfigure
illustrates the flapper-nozzle housing along with four stages of pneumatic
amplification. The maximum static output pressure difference of the nozzles is

’ given for the maximum static displacement of the end of the bimorph. This
pressure difference is then apblied across the input port of an LPA gain bldck.
The important geometric properties along with the cascaded gain ancd the resulting

output pressure difference of each LPA stage are given.
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APPENDIX B -- SUMMARY OF THE PROPERTIE3> OF THt PROPOSED PROTOTYPE

This appendix provides a summafy of the important physical properties of the

proposed prototype developed in Section 5.

Flapper-Nozzle Housing

Property ‘

Bimorph length, L

Bimorph width, W

Bimorph thickness, T

Nozzle underlap, u

Nozzle diameter, D

Nozzle length,'Lb

Nozzle entrance coefficient, C,
Bimorph chamber supply prpsSure, Psl

Air density, o

LPA Gain Block

Staées 1:

| Property

Supply nozzle width, bs
Supply nozzle height, hs
Aspect ratio, o

Average control channel width normalized by
b_, B
s* "¢

Discharge coefficient, Cy
Momentum flux discharge coefficient, ¢,
Blocked load pressure gain, GPB

Supply preSsure, Ps(l)

Measured Value

1.05 x 1072 m
1.4x1073m
4m
5
4m

4.9 x 107
3.8 x 10°
8.6 x 10°

6.35 x 1073 m

0.85
2.90 x 102 N/m?
1.2 kg/m3

Meésured Value
2.5 x 1074 m
2.5 x 1074 m
1.0

2.75

0.7
0.65
10.0

2.13 x 102 N/m?
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. \1 Stages 2, 3, and 4: |
i Property Measured Value
g Supply nozzle width, b, ' | 2.5x10%m
i Supply nozzle height, h, . | 1.5 x 1074 m
. Aspect ratio, o : 0.6
Average control channel _ ' 2.75
Width normalized by bs’ Bc
! Control channel length normalized by bs’ Xc 10
E Discharge coefficient, Cd _ | 0.7
E ~ Momentum flux dischérge coefficient, C, ‘ 0.65
o ! Blocked load pressure gain, Gpg 10.0
: Supply pressure, PS(Z), Ps(3), Ps(4), 5.8 x 103 N/m2

I Figure B-1 is a schematic drawing of the proposed prototype. This figure

‘ illustrates the flapper-nozzle housing along with four stages of pneumatic
amplification. The maximum static output pressure difference of the nozzles is

! . given for the maximum static displacement of the end of the bimorph. This
pressure difference is then applied across the input ﬁort of an LPA gain block.
The important geometric properties along with the cascaded gain and the resulting

o —gytput pressure difference of each LPA stage are given. T T
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ATTN J. HEDEEN
ATIN W. POSINGIES

1625 ZARTHAN AVE

MINNEAPOLIS, MN 55413

HONEYWELL, INC

ATTN RICHARD STEWART, MS 200
1100 VIRGINIA DRIVE
FT WASHINGTON, PA 19034
HUGHES HELICOPTERS

DIVISION OF SUMMA CORPORATION
CENTINELA & TEALE STREETS
ATTN LIRRARY 2/T2124

CULVER CITY, CA 90230

JOHNSON CONTROLS, INC
ATTN WARREN A, LEDERMAN
ATTN GEORGE JANU
MICHIGAN —— ——
MILWAUKEE, WI 53201

LEEDS & NORTHRUP CO

ATTN ERNEST VAN VALKENBURGH
NICKERSON ROAD
NORTH WALFS, PA 19454

MOORE PRODUCTS COMPANY .
ATTN R. ADAMS
SPRIMG HOUSE, PA 19477
MARTIN MARIETTA CORPORATION
AEROSPACE DIVISION
ATTN R, K. BRODERSON,
PO BOX 5837 ‘
ORLANDO, FL 32805
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DISTRIBUTION (Cont'd)

MCDONNELL AIRCRAFT COMPANY

CUIDANCE & CONTROL MECHANICS DIVISION
ATTN ROYAL GUENTHER

ST LOUIS, MO 63166

MCUONNELL DOUGLAS ASTRONAUTICS CO
PROPULSION DEPARTMENT

ATTN V. E. HALOULAKOS (A3-226)
ATIN J, D. SCHWEIKLE (A3-226)
5301 BOLSA AVENUE

HUNTINGTON BEACH, CA 92647

NATIONAL FLUID POWER ASSOC,

* ATTN JOHN R. LUEKE

DIR OF TECH SERVICES
3333 NORTH MAYFAIR ROAD
MILWAUKEE, WI 53222

NECS, INC

3711 AIR PARK RD
ATTN A. J. OSTDIEK
LINCOLN, NE 68524

NORTHRUP CORP, ELECTRONICS DIV
ATTN DESMOND NELSON,
SENNIR ENGINEER
ORGN C3133, W/C
2301 #. 120TH ST
HAWTHORNE, CA 90250

PLESSEY AEROSPACE LTD
ATTN A. ROSENBRRG
1700 OLD MEADOW ROAD
MCLEAN, VA 22102

ROCKWELL INTERNATIONAL CORPORATION
COLUMBUS AIRCRAFT DIVISION, PO BOX 1259
ATTN MARVIN SCHWEIGER

ATTN LOUIS BIAFORE

4300 E. 5TH AVENUE

COLUMBUS, OH 43216

SCIENCE & TECHNOLOGY ASSOCIATES, INC
ATTN DR. T. DRZEWIECKI

1700 N.. MOORE ST., SUITE 1920
ARLINGTON; VA 22209

SIKORSKY AIRCRAFT

" ATTN J. R. SOEHNLEIN

NORTH MAIN STREET
STRATFORD, CT 0660z

‘PELEDYNE BROWN ENGINEERING
CUMMINGS RESEARCH PARK
ATTN MELVIN L. PPICE, MS-44
HUNTSVILLE, AL 35807

TRITEC, INC

ATTN L. SIERACKI (2 COPIES)
PO BOX 56

COLUMBIA, MD 21045

UNITED TECHNOLOGIES RESEARCH CENTER

ATIN R. E. OLSON, MGR FLUID
DYNAMICS LABORATORY '

400 MAIN STREET

E. HARTFORD, CT 06108 .

VOUGHT CORP |
PO BOX 225907 |
ATTN KELLEY FLING - |
DALLAS, TX 75265 |

[

US ARMY ELECTRONICS RESEARCH

& DEVELOPMENT COMMAND
ATTN COMMANDER, DRDEL-CG
ATTN TECHNICAL DIRECTOR, DRDEL-CT
ATTN PUBLIC AFFAIRS OFFICE, DRDEL-IN
HARRY DIAMOND LABORATO$IES
ATTN CO/TD/TSO/DIVISION DIRECTORS
ATT® RECORD COPY, 81200
ATTN HDL LIBRARY , 81100 (3 COPIES)
ATTN HDL LIBRARY (WOODBRIDGE), 81100
ATTN TECHNICAL REPORTS] BKANCH, 81300
ATTN LEGAL OFfICE, 97000 .
ATTN CHAIRMAN, EDITORIAL CGMMITTEE
ATTN CORRIGAN, J., 20240
ATTN CHIEF, 13000
ATTN CHIEF, 13400 {20 COPIES)
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