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ABSTRACT

The work reported here shows the developwment of an analycical
wodel for one type of pressure traseducer that is used in nuclear
power plants. It is a Foxboro EI3DM force balance tranaducer with
applicacrions for flow, level and low pressure measurements.

The model is based in studving the prcopagetion of mechanical
vibratione through the mechgnical linkages of the transducer. The
elactronic circuit of the tramsducer is responsible for the feedback
force that balances the system, and it wae congidered in the model.

The fregquency response as predicted by the model was compared
with three sets of experimental data. The results showed good
agreement in the regiom of analysis=.

The non-linear behavior of the transducer is explaioed, and
the conditions for linmear responss are discussed.

Twe 'in-situ' tests were developed for the trsnsducer. One
can be performed remotely, doring normal operation of the plant. The
nther'teqyires access to the transducer. The tests allow ome to
obtain the gtep regponse of the transducer.

Neither of the tests require scceay to the presgure line.
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INTRODUCTION

1.1 General Comsiderations

The cptimum values of all variables of a puclesr power plant,
and the limits that they can reach during transient conditions are
determined during the design phase of the plant. In otrder te menitor
the variables and to assure that thevy do not exceed the safety
limits, process inatreomentation ig instelled in the plant. Process
instrumentation includes the devices that are used to conmvert the
mea2sured proceds variable into an electrical signal, which is more
suitable for manipulation. These devices are called trausducera*.
and can be veiwsd as physical ioterfaceas between the variable being
measured and the information that we receive.

The faer that the response of the transducers is not
inatantanecus means that the information received from the transducer
does not necesgarilly represent the actual atate of the variable
aseociated with it. The tiwe interval between the instant in which
the process variable reaches & given value, and the instant in which
the transducer indicates that the value was reached is defined zs the
response time of the transducear. In nuclear powsr plants the
response time isg particularly important for transducers that are pavt

of the protective syatem.

* In the existing liverature these devices are also called a
SenS0T Or 4 transmitter.
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Because of the adverse enviromment in which Bome transducers
are located, their response time may deteriorare during the lifetime
of the plant and endanger a safety.action during tramsiemt conditioms.
Ta avoid this the Muclear Repulatory Commission, im its Begulatory
Gaide 1.118 {1}, recommends that, "Safety system response time
measurements shall be made pericdically to verify the cverall response
time {assumed in the safety enalysis of the plant) of all portions of
the system from and iacluding rhe sensor to operatiomn of the
actuator.” It alsc statee that, "Where_the entire set of equipment
from sensor to activated equipment cannot be tested at once,
verification of system response Lime may be accomplished by measuring
the response times of digcrete portinns of rhe systenm and showing
that the sum of the response times of all portions is equal to or
less than the overall system requirement."

According to the second statement the required response time
measurement can be iivided in two parte: one comwprising the portion
of the system from the ﬁ;ccaas to thelsensof output, and the other
comprising the portion of the system from the z2ensor output to the

operation of the actuaror.

1.2 Presentation of the Problem

The electrical output of the tranducer i1s easily similated,
but practical ways of measuring the reeponee time of the transducer
require new technical developments. Considerable interest exists in
daveloping practicel mefhuds for response time measurements of
trensducers, especially oethods that allow the measurements during

normal operation of the plant, with the trapsducer 'in-szitn'.
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The process instrumentation of a muclear power plant is
mainly designed to monitor state variables such as flow, level,
presgure and temperature (2). Since the weasurement of flow and
level iz usually done with differential pressure transducers, the
process instrumentation consists basically of temperature and
pressure Lransducers.

In addition to monitoring state variables, temperature and
pressure transducers are important tocls for surveillance and
diagnostic measurements (3,4,5,6). Becsuse the vibration of
mechanical components create pressure fluctuationg, particalar
importance ia given to pressure transducers. It has been shown that
low-level aignals {noige) from pressure transducers contain important
information for reactor vibration momitoring systems (7,8,9,10).
Low-level signals can also be used to monitor the reasponse time of
transducers (11). In order to interpret the information contained

e . L

in law-level signals it is desirable to develop mathematical meodels

for the system and for the transducer that is being used to collect

the information. 4 mathematical model is important because it gives

puidelines to interpret the messured information.

1.3 BReview of the Work Performed

The wotrk reported here shows the development of ap analytical
medel for one type of pregsure transducer that 15 used in nuclear
power plants. It is a Foxbero EL13DM force balance transducer with
applications for flow, level and low pressurs measurements. With

winor modifications the amalytical model developed here can be
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extended to the other models of Foxboro transducers.

In addition twe 'in-situ' tests were developed, and are
preacnted here. The firsg one i5s remote, and can be performed during
norme]l ¢operation of the plant. It provides the response of the
transducer to & increasing step in pressure, and can be used to
monitor the dynamic response of the transducer. The second test
requires accesr to the traneduocer. It allows one to obtain the
necessary information to predict the respouse of the transducer to an
increasing and/or decreasing step in pressure. HNeither of the tests

Tequire access to the prespssre eensing line.

1.4 Pricr Related Work

Pressure transducers can be divided into two classes, motipn
balance a#nd force balance, TFor both classes, a differentizl pressure
actoEs the two sides of the sensing element cauvges a Jisplacement.
The sensing element is the part of the transducer thar is in contact
with the pressure line. In moticn balance transducers, the
electronic system generates an electric siguel thet is proportionsl
to the di:plhcement of the sensing element. In force balance
transducers the mlectronic system generates a force that balances the
differential pressure, and cancels the displacement.

Dynamic models have hbeen developed previously for mortionm
balance preasure transducers. In general the sensing €lement is
agsumed a8 a lumped mase with an effective ares. The ares mltiplied
by the differential pressure results in a force that causes the mass
to be accelerated. For normal conditions of operation the

displacement is propeortional to the differential pressure, a

b g e R
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gituation similar teo & spring under the action af a force. -This
justifies the imclusion of 2 term proportional to the displacement in
the dynamic equation for the element. The 'spring' conastant is 2
function of the elastic properties of the sensing element., Usually
the zensing element is filled with some viscous fluid. The function
of the fluid is to damp the moticn of the element, making it less
sengiltive to mechanical vibrarions. The damping motion requires that
& term proporticnal to the velocity be inciluded in the dynamic
equation of the elament.

The simplest dynamic model for the sensing elewent of a

motion balapce traneducer is:

9
1 d—“g-il + i‘é%t-}— + Kx(E) = AP(E) (1-1)
dr

where x iz the pnsifinn of the element, I is its inertia, C is the
égééing coefficient, A is the effecrive area and F is the -
differential pressure,

.The model described by Equation 1-1 is given in reference 12,
and used by Jooes (13), Cain (I4) 2nd Hunt (15) in studying the
dynamic behavior of pressure transducers. He work was found in which
the propagation of the mechanical vibrations through the linkages of
the transducer were tsken into account. Abdullsh and Finkelstein
(16) vsed the lumped model described by Equation 1~] to study the
dynamic behavior of different gsensing elements. They elsoc explazin
how to model individual compenents of an electric and/or magnetic

circuit.
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In force belance transducar: the balancing force iz a
feedback action generated by the electromniec part of the transducer.
Therefore, the.dyuamic regponee of the transducer ie stromgly
dependent of the electronic circuit. No work was found in which the .
glectronic part of a pressure transducer was analyzed as a system.

Regarding 'in-situ' tests of pressure transducers, low-level
measurements have been suggested as a methed te wmonmitor the response
time {17). Wu apnd Ozyang have ured low level signals to estimate
the time constant of one pressure transducer. To a first repert
{18), an ARMA mode] was found adequate to characterize the tranmsducer,
and the rime conatant was ectimated as 8.6 meec. In a second report
{19), a correction was made, and the time coastant wag esrimared zs&
I.B mgec. The transducer uszed in the analyzie was a Rosemount wodel
1152GF (a explanation of Rosemcunt traneducers is given in Appendix'
A). The Rosemount Company specifies that the time copstant for the
transducer in reference is "vontimuously adjustable between .2 znd
1.67 sec,"

Foster et al, (20) bave developed vne method for 'in-situ'
meagurements of the respomse time of pressure tranmseducers. The
method requires that a tamp input be applied to the sensing line, and
in maclesar plants it car be performed only during shutdowm periedss
No work was found in which & large signal is used for remote tests of

pressure transducers.
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GHAPTER 2

DESCRIPTION OF FOXBORO FRESSURE TRANSDUCERS

2.1 Introductionm

Fressure transducers can be divided into two classes, motion
balance and forve balance. Both bypea provide preseure readings by a
twoe step process. In the firet step they transform a differential
pressure existing across the traneducer into p displacement. In the
second step they convert the displacement into an electrical signal.

The characteristic of force balance transducers is that they
vse the elecgtrical signal to create a force that halances the
pressure, cancelling the displacement. In motion balance transducers,
the displacement remains while the trensducer is under the action of
the differential pressure.

The Foxbore pressure transducers used ia the nuclear industry
are of the force balance type. Table 2-1 gives & list of the

different wodels and their applicatioms.

To explain the pperation of the transducer we divide it into
two major systems:! mechanical and electronic. The function of the
mechanical system is o traoeforme the differemtial pressure inte a
dizplacement of a2 ferrite detector that sctivates the slectrical

system. The function of the electrical system is to generate 2 DC

current cutput signal.

2.2 HMechanical System

The mechanical system may be divided in five subsystems:

genging element, C-~flexure, force bar, vector opechanism and lever
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Table 2-1.

Foxboro pressure transducers

model

application

sensing element

E1lAR
ELIAL
EllAM
E1L1DM
El1GH
E 11GM
E13DH
E 13DL

EL3M

absolute pressure
absolute

absolute
differencial
g4uge

gauge

differantial

diffaerential

differential

bellows
digphragm
diaphragm
ballown
Bourdon tube
bellows

diap hragm
diaphragm

diaphragm
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system (these names are the same as used by The Foxboro Company in
its technical specificationsj.

Figure 2-1 is a schematic disgram for the transducer model
E13IM. It iz a differential pressure transducer, with applications
far flow, level and low pressure weasurements. It will be uwsed to
explain how the pressure signel is tranmgmitted through the mechanical
linkages to activate the &lectrical system.

The major difference between model E1JDM and the other
Foxboro models iw the sensing element. The senzing element for model
E13DM is the diaphragm (D) shown in Figure 2-1., Detaila of the
diaphragm are given in sectiop J.2.1. Other sensing elements are
shown in Figure 2-2.— The seneing element is subject to 2 high
pressure on one side (H), and a low pressure on the other side (L}.
The.pruduct of the difference in pressure and the effective area of
the diaphragm resmlts in & force that is transmitted through s small
bar to a flexural system called the C-flexure,

The funetion of the C-flexure, shown in detail in Figufe
23, is to traoemit Ehe force to the force bar. The comhiﬁatinn of
the sensing elemenc plus the C-flexure form a system called the
capeule.

. A diaphragm (A) attached to the structure of the tramsducer
as showvn in Figure 2-1 works as a fulcrum poipt about which the
force bar rotates to transmit the force to the vector mechanism.

The rotation is clockwize for increasing pressure.
The length of rhe upper part of the force bar is greater than

the length of the lower part. It thercfore acts as a reduction
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gystem in the senee that the force that is transmitted is only a
fraction of the force that acts on the lower end. The value of the
fraction is given by the ratic of the lower length divided by the
upper length.

The wectoer mechaniam, shown in detail in Figure 2-4, may be
divided into three sections: upper-outer defined by the section
compriging pointe T, R, ¥, V' and T'; upper-iomer defined by aection
22', and lower defined by section 52, PFoints T and T' are fixed
polnts attached to the structure of the transducer. Point R ig a
point that is selected at the time of inatallation of the transducer, |

and is responsible for the spap of operation., Point R is adjusted by

turning a screw that moves 4 mechanical system that slides on the
section VT, shown in Figure 2-4%a, of the mechanism. Omce the
transducer has been calibrated point E remaine the same until a new
calibration is performed. Since pointe T, B and T' are fixed, the
upper-outer section of the vector mechanism remains rigid during
operation of the transducer. |
The upper-outar section of the mecbanism is comnected to the

upper—inner section by & plate welded on top of both sections. Thias

plate is very thin, and the resson for its thinness is to allow
it to bend, creatimg & hinging poiunt for the upper—-inner section.

As shown in Figure 2Z-4b there are three forces acting on the
mechanism: 4 horizontal force K, applied &t point 5, a vertical
force F, spplied at point Z, and a force F. which is transmitted to
the structure of the transducer through the upper-outer section.

During steady state operation the resultant of the three forces is !
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zero, the mechznism remains in equilibrium, and the forces Ev and Eﬁ
are related by: F =+ E tanf. For small values of 8, tang may he
approximared by ¢, and the relation between F, and F, becomes linear.
Furthermore, since § determines the variation of F, for & given
variatiem of Fh, and since its value is adjustable, then it is used
as a span adjuster for the tranaducer.

An increase in pressure rotates the force bar ino the |
elockwise direction cesuging an increase on the horizontal force %1.
This incressing force unmbalances the systew and cauvses the lower
gection to move to the right. Due to the constraiot imposed by the
upper~outer section, the npper-inner section is forced to underge &
counterclockwise rotstion. This cauges an increase on the vertical
force F, that acts on point Z, which is the foree that the mechanism |
transmits to the lever system.

The connection betwesen the vector mechanizm and the lever

system 15 made by e thin plate. The plarte iz thin enouwgh to avoid

changes in the vertical force that is trapsmitted (its beading is

pegligible}, -

The lever system is a structure that rotates when under the
action of & torque. The ferrite disk and the support of the feedback
coil are part of the system. Also included is & counterweight that
balances the weight of the lever system to allow the installatiecn of
the transducer in the horizental position. As can be seer in Figure
2=1, point P ig the pivoting peint for the lever system., During
steady state operation the lever gystem is under the actior of

several forces, in such way that the resultant mowent is zero. The
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forces acting on the lever system are: & force dne ro a spring
attached at the end of the system which ig used for zere adjustment
of the transducer, a magnetic force that is generated by a current
that paeses threugh a coil pleced iep a magnetic field (feedback ceil

in Figure 2-1), and rthe force thet is transmitted from the vectar

mechanisa,

In addition, there is & moment that is gemerated whe;.the
system leaves its equilibrium poeition. This moment is due to the
physical arrangement of the pivot point P, that is formed by thin
plates in a cruciform configuration, as shown in Figure 2-5,

When the force transmitted from the vector mechanism
increases, the resultant moment actiog on the lever system is no
longer zero, and the system undergoes a counterclockwise rotation
about point P. As the lever svysrem undergoes the counterclockwise
rotation, the ferrite disk approaches the detector, decressing the
gir gap that separates them. 8Since the detector and the ferrire disk
compose 3 differential transformer (as explained in section 2.3), the
displacement of the ferrite disk is sn acticn that actuates the
EIEcF;icnl system of the transducer. The action of the elsctrical
system ig to increzse the current that flows through the faedback
coil., The increase in current causes the wapnetic force to increase.
The moment due to the magnetic force is negative and causes the

ferrite disk to return to its equilibrium position.

45 seen in Figure 2-1, the wotion of the lever system is

restricted in both waya, It is restricted io the counterclockwise

direction by a stop located underneath the force motor, and in the




s

T

ol

17

to ferrite disk 2 to vector

= \11 mechanisn
3 [

ctructure of the

/ transducer
-

Figu.re 2-5-. .Pi.v;ting”;;din'i 'ﬁrmatinn




e ————

I\..J

18
clockwise direction by the physical preseuce of the structure of the
transducer. This means that the displacement of the ferrite disk,
and consequently the air gap betweer the disk and the datector are
bounded. Furthermore considering the air gap that exists when the
ferrite disk is at the equilibrium position as reference, the
difference between the raference gap and the minimum gap allowed is
not necessarelly the same a2s the difference between the reference and
the maximom gap allowed.

4 change in the air gap triggers the ¢lectrical system in
such a way that a decrease in the gap size increases the outpus
signal of the tramsducer. Consafquently the minimum gap is associlated
with the highest positive gradient of the output signal, and,
conversely, the maximum gap 15 associated with the highest negative
gradient. (This observation will be important in the discussion of

the remote test procedure for the transducer. See chapter 6).

2.1 Electrical System

Foxboro pressure tranaducers afe.available with two different
electrical systems, ane to generate a DC current signal between & and
20 mA, and the other to gemerate a DC current signal between 10 and
50 mi, Both systems are used in nuclear power plants. Since the
transducer available for experimental work has an outpuf current
signal between 10 and 50 mA, this is the system analyzed here
Figure 2-6 ghows a2 diagrem of the system that operates between 10 and
50 mA. It is divided into seven subsysatems: power supply, receiver
load, detactor, oscillater, tectifier, amplifier and force motor.

For purposa of illustrating the circuit designed to operate between &
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and 20 mA 13 shown in Fipure 2-7.

The power supply works s a current generator, in the sense
that itz fupction 1& to generate the current that the system
requires.

The teceiver load is 2 resictance which is used to transform
the eurrent that circulates through the system imto a voltage eignal.
The total resistance of the load must be about 600 plms, and can be
composed of one or more resistor elemenfs.

The detector consists of two ferrite cores, ane ferrice disk
and two coile arranged as shown in Fipuze 2-8. The two ferrite cores
end the ferrite disk, combined with the existing air gaps, form two
magnetic circuits that together form a differenmtial transformer. A
change in pressure causes a displacement of thF ferrite diak.
Therefore the air gap and the inductive coupling of the upper circuit
are variable, The sgir gap and the inductive coupling of the lower
girecuit are -constant. . — -

The primary coil of the transformer i3 the ¢oil between
points A and B in Figure 2-6, and the secondary cepil is the one
between painte C and B. The secondary coil is wrapped on the ferrite
cores in such a2 way that the portion on the upper core has a polarity
oppo&ite to the polarity existing in the lower core. With thias
configuraticon, equal effective air gaps in both magnetic circuits
tegult in zero net current induced om the secondary coil. Any chanpge
in the upper air gap generates an error signal that is used to induce
corrent in the secondary coil. The induced currant determines the

amplitude of the AC voltege in the oseillator system.
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The oscillator is vomposed of an amplifier, a feedback system
and a4 selector system which is responsible for the frequency of
oscillation. The amplifier is the transistor Ql. The feedback
system is the differential transformer thar composes the detector.
The selector system is the capacitor CZ and the primary coil of the
detector, *hat together form a eireuwit LG, The AC current induced
in rhe secondary coil enters the base of the transistor, is amplified
and fad back through the differential transformer. The AC current
creates an AC vaolrage at the collector of the tramgister Ql. The AC
voltage ie the input for the rectifier system. The frequenmcy of
os¢illation, according to Foxboro, is not critical, and is
approximately 4 Khz.

The rectifier is vomposed of a transformer, two diocdes and
one capacitor. The traneformer and the twoe dicdes form a full wave
rectifier, with the capacitor scting as a filter to emooth the
output. The cutput of the rectifier system iz fed inro a DC
amplifier, which resulés-in the iﬂ tﬁ.Sﬂlmﬁ DG signal that is the
cutput of the transducer.

The DC amplifier is basically s Darlington amplifier (21},
composed of transistors {2 and Q3. The diode-resistance nerwork, at
the base of Q2, provides, according fo Foxboro, an #qual reaponse
time upscale and downecale,

The force motor is the feedback coil shown in Fipgure 2-1, It
consists af two coils connected in series with the output of the DC
amplifier. The coils have different lengths, and are placed in 2

magnetic field in such way that the DC current passing through the
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coils penerastes & magnetic force. This im the force that balances the
syatem and returns ferrite digk te its original positian.

The length of e2ach coil, and the force that it gemerates, can
be assumed proportional to its resistance. One coil has a resistance
of 131 olme, snd the other 47 phmse.

Ae ghown in the Table present om Figure 2-6, the coils can be

arranged in 3 different ways, according to the range of operation of

the transducer. For the operation identified as "high' the 2 voils
are connected to give a force equivalent to the force of a coil with
resistance 173 ohms. TFor the operation identified as 'medium' the
aquivalent resistance is %9 olws. For operation '"low' the resvltant
force 15 equivalent to the force of ove coil with resistance 421 ohms.
{This information will be important for discussing the remote testing
of the cransducer. See chapter 6).

The tranaducer used for experimental work had the following

jumper positions: 1-2, 3-4, 5-6 and 7-10 (see Fipure I-6). These

positions correspond to a force motor with an effective cail of 173

ohma.

IMBTIT. -
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CHAPTER 2

DEVELOPHMENT QF THE MATHEMATICAL MODEL

3.1 Introduction

The development of a mathematical wmodel is an essential part
of the dynmamic analysis of a system. 1In low-level measurements the
model gives gaidelines for & proper interpretation of the results. In
larpe signal analysis it allows a prediction of the responae of the
aystem to any anticipared input.

The mathematical mndel developed in this chapter is based on
the agsumption that the transducer is a limear system. As will be
explained in chapter 5, the response of the transducer to 8 large
signal perfurbatiun is different Erom the response to a small
perturbation, but a linear model and an adequate divisiom of the
transducer into subsystems will allow prediction of the response for
both amgll_and_lqgge;gi;nq1§- L

Te know the dynamic behavior of a linear system, it is
aufficient tn:uhtaiu its trapnsfer functicn. The transfer function of
the transducer cian be agsumed to be a combination of the transfer
functions of several subsystems, =ach ome with its own dynamic
characteriatics. TFigure 3-] ghows the adopted division of the
tranaducer and the input and output signals for each one of the
gubsystems.

Io order to determing the transfar Function for each
mechanical subsystem, au analysis is performed to determine ita

vibrational behavior when under the actioo of a system of forces.
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The basic squitions wsad for the analyais are derived in detail in
Appendix B.

In this chaprtar the varizble Sulx,y,z} represents the
displaced position of a point thet was originally ar position {(x,y,z).
The origin of the adopted coordinate system i shown in Figure 3-],
The symbol 4 is used t¢ indicate that the analysisz ia performed
considering variatlons from equilibrium peositions. In order to obtain
the final agustions in a comprahensible form, the coordinates of the
points used in cthe development of the model are as follews. If the
point will be present in the final equations thenm it is given &
sequential mumber, for example (xi*yz,zzl. Rowaver, if the poiot is
used only for development of the final equations, them it is given a
Ietter, for example {xﬂ,yn,zal. If gt & given equation du is not a
function of one of the coordinates, then that coordimate will be
omitted. Also, the following nomenclature is adopted in this chapter:

A = cross aecrtional area

E = glaaticity modulus

p = deusity

L = length

I = ipertiz moment of area or inertia moment of maas

{whichever gpplies to the equation)}

¢ = congtant used to simplify the presentaticn of the

equationg

d, ali,j),b(i,3) = simplified representation for known

paramete2rs and coefficierts that are

functiong of the Laplace varighle s.




L

- ——

28

EiEB} = unknown cosfficients or functiouns of s that need to be

determined

Due to the complex geometry of some parts of the mechanical
system, some zssumprions are made, In thig chaprer the gesumptions
are mentionad, but not discussed. The effects of the assumptions made
are discussed ip Chapter 4.

Unless otherwise specifiad, all the examples and relations
daerived ipm this chapter will be based on an assumed increase in the
preasure at the high pressure chamber of the transducer {identified by
H on Figure 3-1)}.

ne ta the complexity of the electronic part of the transducer,
it is oot analyzed theoretically. Rather, an experimental avalysis ia

presented to provide an empirical mwodel.

1.2 Mathematical Study of the Mechanical Subsystems

3.2.1 Sansing elament

The sensing element for the model E13DM is a diaphragm system.
A5 shown io Figmrte 3-2, it is composed of two external corrugated
disphragms welded at the boundery te¢ s backup plate. The backup plate
is very thick and can be agsumed as rigid and static. The two
diaphragms are conmmected in the center by a spacl. In order to
protect the diaphragms from overranging, the backup plate is mechiped
to have a surface that adjuats to the disphragm corrugaticos. During
normal operation there im a smsll distance separating tha diaphragms
and the backup plate. The internal space of the element is filled

with a viscous silicone fluid which is transferred from one side of
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the backup place to the other through the gpace between the spool and
the plate., The viscosity of the Eluid and the dimensicns of the space
available for transference of fluid ara chosen to tesulr in a proper
daoping of the response. According to the informaticu received from
The Foxborc Company (see Appendix C) the spool has a diameter equal to
13.6 m@, An snmular ring .7 mm wide sepsrates the spool from the
backup plate. The intersal space filled with the vigscous fluid has 2
voalume between 5 and 6 ¢m3. in the standard diaphragm the kipmematic
vigcosity of rhe fluid is 5%10 *n?/sec, The diaphragm is opticaslly
available with a fluid with viscosity equal to 22*10-#m2f:ec.

For reasons that will be explaiped in sectign 4.4 the effect

of the natural frequencies of the corrugated diapbtagm can be

' neglected. With this assuumpticn, the sensing elament may be assumed

to be a rigid system with a set of springs aad dash pots (for damping
of the motion) connecting it Eo the backup plate. Thia model is
illustrated in Figure 3-3., For this model we define the Ecllowing
effective coafficienta: Ehe is the value of Lhe overall spring
geastant, C.E is the value of the overall damping coefficieat, ISE is
the value of the potal inertis of the system, sand Aae iz the effactive
area of the disphragm. The dynamic equation deseribing the motion of

the ceatrazl portica of the element is:

dzﬁulit] du  (x)
1 + C + R Su.(t) = -A &P(t) + &F,(¢) {3-1)
e 1 ga 1

aa aa
dtz dt

where Gul is the displaced position of the element in the x directica,
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&P is the variatior in the differential pressure Ph-Pl and GFI is the
variartion in the reacticnm force being applied by the feedback system
of the transducer. The subindex 1 idenrtifies the sensinpg element as
the firar element of the mechanical aystem.

It hae been shown that when a pressure is applied to a
corrugatad diaphragm the displacemeat of the ceatral porticon of the
diaphragm is linearly properticnal to the applied pressure if the
ratio {displacement/diameter of diaphragm) is lower thea .02 (22).
This behavior is Znalogousa to the behavior of a spring, in which the
diaplacenent is proportional to the Force and is the reason for the
term Kseﬁul in equation 3-I.

In order to cbtain an empirical vai;e for Kse an experiment
waa performed in which preasure was applied on one side of the
diaphragm to measure the displacement of ite cenotral portiom. The
result of the experiment ie shown in Figure 3-4. Since the design of
the transducer is such that the displacement of the central part of
the diaphragm never exceeds .05 mm (The reason for this will be
explaizged im secticn 5.2), we can use the linear porticn of the vesult
shown in Figure J-4 to determine the value of Kae' A least squares
fit of a3 straight line for the points with displacemeat lower than .5
wn redvlted in a value of Kse equal to 2.33*1ﬁ?*ﬁhe H/m, when A o ia
expressed io nz.

The wvalue af ﬂse was obhtained from an experiment where a force
was applied &t a point on one gide of the dizphragm and & pressure waa
applied on the other side, The predsure was adjusted until the

central point of the element returned teo the positien cccupied before
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the application of any force. The reault of the experiment is shown
in Figura 3-5, and resulted in a valus of Z.E*lﬂ'jmz for &ae' With
this value for Ase the value for Kse is 5.6ﬁ*lﬂﬂ B/m.

The damping coefficient in the model described by Equaticn 3-1
ia due to the viscrue fluid that fills the internal space of the ele-
ment, and slows down itz motion. Besides damping the motion of the
element the viscous fluid also contributes to the effective imertia of
the element. When the element 1a decelerated a pew velacity profile
is developed within the space available for tramsfer of fluid. Im
order Lo develop this new praofile, a force is necessary to overcome
the shear forces existing between the fluid and the wall of the hele
where the fluid flows., The other contribution for the inertia of the
element ia the mass of the spool that is accelerated during & fran-
sieat.

Laplace trapsforming Equatien 3-1, the equatiom degcribing the

motion of the element, gives:

Gul{sl = h{l,1)8P(a) + bfl,Z}GFlis} {3-2)
where b{1,1) = —&EEI(IEQSE +C 9t Kse}
2
snd  B(1,2) »  1/I_ s* % C_s+K )

Since a theoretical determination of the damping coefficient
iz impractical, an experiment waz pecrformed to detarmine itfs value,
apd the value of Iae. The experiment conelated of displacipg the
diaphragm from its equilibrium position with subsequent ralease. It

wa3 parformed with the disphragm rewmoved from the tranaducer and
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inatalled in a system made of plexiglazs that simﬁlated the two
pressute chambers of the transducer. The section simulating the low
pressure chamber was open to the atmosphere. The syatem wasg
pressurized with helium tg create the displacement, and suddenly
depressurized. The regult of the experiment is ahown in Figure 3-6.

Wa note that according to Figure 3-6 the motion of the sensinmg
glement is very slow when compared with the mortion of a single
corrugated plate. The reason for the alow responee ia that there is a
viacous fluid cthat Fillg the internal space of the element. The
purpose of the viscous fluid is to damp the motiom of the elemenc, but
it also inersases the inertiz of the system,

The perturbation spplied to the element is a negarive step.
For this negative step in preasure and no reaction fores (&FIHG},

Equation 3-2 given:

uy(e) =6 [1 - ] o (3-3)

(8,-- 8,)

where El 15 a constant and a, and s, are the rootas of

= 32.{ C g +K = D
ag as se

A least sguares fit of Eguation 3-3 to the result shown in
Figure 1-6 resulted in CBE equal to 3.?E*lﬂﬁﬂse:fm and Ise equal to
5.63*102H5Ec2fm.

The initial sudden decrease present in Figure 3-6 was
attributed to the elazatic properties of the plexiglas ring used o
hold the diaphragm. The affect decreased considerably when lesa

preasure waa applied to the system.
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The experimental work was performed with the dizphragm removed
from the transducer, and repeated with another diaphragm recently
bought from The Foxboro Company. The pew diaphragm was of the same
type as the ome installed in the transduéer. The result obiziped wich
the new diaphragm was very similar to the result obtained with the

original one.

3,2.2 Flexural system {C-flexure)

The flexural system is composed of 6 beams arraznged in a
symmetrical geometry. For purposes of analysis the flexural system is
divided into elements, with ezch beam a5 an element. The division is
shown in Figure 3-7, where the encircled mmber is used te idemtify
each element. Since the nmumber 1 was used to identify the sensing
element (diaphragm), the first element of the flaxural system is
defined as element mumber 2, Figure 3-7 alsc shows the coordinatesa of
the extremes of each element. According to the sdopted coordinate
syastem {see Fignre 3-1), the flexural system is located on the plane
of copnatant Y, equal te Yy Figure 3-8 shows the forces Chat ackt on
each element. The parameters for the flexural system are given on
Table 3-1.

Element oumber 2 is the beam that connects the Flexural system
to the spool of the semsing element. It is very small, and during
transients it can undergo longitudinal vibrations.

Using Equation B-12 from appendix B the motion of a cross

section plane originally at =, in Laplace domainm, is giveo by:

INBTITI -2 e e o -
o TONI-EE AR ARE g
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Parameters for flesural aystew

General: Macerlal. + + ¢ & & 4 = &

-
Elasticity Modulus (E). .

*
En:itr(p]a,q.-----

ThickDass + + « = =« & =

Elesmnat ounmber 2

L-ngl:h{l.z}.......

Lross sectional atea {Azl
Flament oumber 3
hnlthELJ}iirilit

Cross sectionozl ares (ABJ

*

Insrtia momentk of drea (Ij}

Elesent mumber &

I‘n!th(lﬂa}ltllll!i

frose sactiomal ares Unﬁ} .

Elexwnt mupbar 5

I‘“thtLE}-illllit

Cross wectiocal ared (15] .

Inertisa momect of ates (15}

Shear Hoduluw (G} . . . . .

—
Geometric Facter (K] . . .

Llewent sumber &

Leageh (Lo} o o o 0 v o o s

Cross sectional arsa “‘6} .

Stainlesy Stexl

1,93%00 ! Hjnt

=
B.%10° Eg/u’

L] 135“

- m n-ﬂ-

- a 3“12 =

a u" 1?-5 xR

.- . 11.4 mm
- | 3 3 1'3 mz

. . 3.6 mm

7.5%1010 ppgl

P 576
- 6.3 o
F 1.2 “2

* from Tef. 23
o from ref, 24
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{GFQ{xj-ﬂjcﬂﬂh[{xdxi}ézq ~ GFZ{xI'a}cnnh[{x‘x3}§ail.

{3-4)

the foreces §F.(x,,s) and 15‘5'2{13,5} are as showo im Figure 3-8a, and

2°

the subindex 2 is to indicate that the parameters are for element

nunber 2.

For the polnts of interest (z,,7,.2,) and (z4,¥,,z5) Equation

3-4 may be simplified as follows:
ﬁuzixz,a} = a{E,Z}GFI(xz,s} + a{Z,S)EFI(xE,s}

5u2{13,s} > b[Z,Z}ﬁszxz,s) + hfZ,E}ﬁFE{xz,s}

whare
eL
gy cogh [——)
€2
af{2,2) = -b{2,3} a -
!Lz
gi E. ainh (—=)
172 e,
anig
“2
af2,3} = -b(2,2) =
51.2
sA,BE.sinh (—=)
172 €y

{3-5)

{3-85)

(3-7)

(3-8)

Element mumber 3 i3 symmetric with respect ta the plame z=0,

and the forces acting on it are assumped to be applied &5 ahown in
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Figura 3-8b. During transients it can uandergo tracsversal vibrationms.
Since the croas sectional dimensiqﬂs are smaller than the

length of the element, the Euler-Bernoulli formulation (25) is

applicable. Equation B-31 from Appendix B is rhe general selutiom for

the vibration of the beam in the ragion where there is no force being

applied:

jacy % ~ iscy z jijsesg z - jacy 2
Euaiz,a) = Blis]e + Ezfa}e + 53{5]e + Bﬂ(s}e

{3-9)

where = prjﬁﬂ
-] c —_—
3 ESIB

and § = ¥-1.
For peint z=0 Equaticn B-3Z from Appendiz B and the symmetry
condition are used bo gbtain:

3
] Guaiz,n}

2E313T - ~6F3(U,=} {31-10)

zm(]

wvhere the negative sign is used becaunse the force is being applied in

the directiorn cpposite to fu.

For paint 2=z, the technique of images iz used, A symmetric
element is assumed to be conomected to element mumber 3 and 2 force
equal to Lwo times the originmal is assuwed. Theo the application of

Equation B-31 gives:




-
L)

33-5113[2,3]
373 3
z

= GFSEZQ,S] (3-11)

2324

Using the condition of comtimuity for ﬁuaiz,s} Equationa 3-10
and 3-11 become two of the four bowundary conditiouns uneeded to golve
Equaticn 3-9., Due to the restraint imposed by element number 4 that
ia comnected to element muwaober 2, we can zs83ume a relative clamped
edge situation, in the sensc that element mumber 3 is clamped by the
element mmber 4. This gives the third boundary counditionm. The
fourth boundary condition is obtziped by assuming symmetry and con-
timicy of rhe firat derivative of Guaiz,s] abour poiant z = 0. The

two last copdirions are mathematically expressed 8s:

aﬁujfz,s}

33 =0 {3-12}

and

36u3(z,s}

P =0 {3-13)

z =10

Using Equatioms 3-10 torough 3-13 as boundary counditicuns fer

Equation 3-9 we obtain:
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6F3(=3,E}

ﬁujiz,s} =] [GFjizﬁ,a}Einujzsinhujz- — sinuafz-zhlsinhua(z-:h}I*

*{sinvaza CGQhUJZ& - cosv.z, sinhvjzh] *

GF3(23,5]
[GFalzﬁ,ﬂ)casuszcuahvjz - ———-E*——-cosU3E2~z#]cushv3f2‘zﬁ}l*

*[ginv,.z, coshv.z, + cosv.z, siunhv.z,]}
374 34 374 1%y
(3-14)

3313(f5c3)3 Y2 [sin2u3z4 + sinh2v3z4]

ﬂ-l:a
9 —_

where Ve = ff

As it was done for element mumber 2 the equation above is
developed for the points of interest [13,33,23} and th,yﬁ,zﬁ} in a

simplified way:

Suglz,,a) = a(3,3)86F,(z,,0) + a(';!',&}-SF_,l(zh,s] (3-15)

Eugfz#,s} - b(J,B]GFE(za,s) + b(3.#}GF3{z&,u) {3-16)

where a{3,3), a(3,4), 5(3,3) and b(3,4) are functions of s pbtained

from Equation 3-14.

As can be seen in Figures 3-8z and 3-8c, the situatiom for
elament momber 4 is the same as for element mimber 2, It undergoes
longitudinal vibrarions. By analogy with elepent number 2 the motion

of alement vumber 4 1s given bry:
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s) ccsh[(x-xs}—iI}
“4

e, g8
Euh(x,a} = !ﬁﬁEa aLA
sinht___g
4

i?'
where o, ¥ J/-EL
& pﬁ

For the points of interest, (x¢??¢=3¢) and

hava:

Euh(xa,s] = a(ﬁ,#JGF&(xa.s} + a(&,S}EF&{xS,s}

ﬁuﬁ(zs,a} - h(ﬂ,ﬁ}ﬁFﬁ(:ﬁ.s} + b(&,S}ﬁFh{xs,s}

where
aLh
g, zoah [-c"—)
alh,4) = -b(4,5) = - .
EAﬁEQ sinh G—Eiﬁ
and
Cg
afh 5} = -b(&4,4) =
EL&
s4,E, sinh G—E;J

{3-17)

(xg.¥5.25), we

{3-18)

(3-19)

{3-207

{3-21}

Element mumber 5 undergoes traneversal vibratioms., Due to the

fact that the cross sectional dimemsions of rhe element are comparable

to the length, the Fuler-Bervoulli formulation is meot suitable.

Tustead, Timoshenko's formulationm is eppropriate (26}, The dysanic

egquations for this formulation are explained in Appendix B, and

repeated here:
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& Béu.f(z, =)
BEyiz g} 5 _ 2 - _
2 EzﬁuSEZ,s} Az, 8)
nsﬁss Eujfz,s} - KGA, ———;;E———-+ KG&S-——-;;——— - EFsz,ﬂ} {3-23)

The parapeters K, G, J and the variable  are defined imn

Appendix B.

We assume that the farces applied on element number 5 are aa
shown in Figure 3-84. For the tegion between points Zg and Ze, whare

there is no force being applied, Equatioms 5-22 and 3-23 are sclvad

using the following procedure:

1- differeptiate Equaticn 3-23 with regpeet to 2, and obtain

k|
2 ifu fz,s) 37 8u _{z,8)
3 ize) az a function of — and ———g-—-—
gz . 3z az
ﬁzﬁwik 5) .
2- substitute *——'—EL*-uh:aiued in atep 1 into Equatiom 3-22
a2z
to obtzin:
3 2 2
a EuSEz,a} KGA5 p s Eﬁusfz,s) KA, + Ja .y :
+ [ - - [ Splz . a) = 0 (3-24)
az3 E515 . EG iz E515

3- differentiate Equatien 3-24 with respect te z and

substiture Déplz,s) from Eguatien 3-23 into the result to
oz q

obtein:
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Eﬂdusiz,sj ) rpSSz Jaz 326u5[z,a] DSSEIKGﬁS+J52]

Ez.!* KG 5515 sz KGEf}IS 5
(3-25)
The general soluticn of Fquation 3-25 is:
d,z -4,z d,z -d.z
du lz,8) =B.(sde 1 + B (s)e 1 + B, (s)e < + B (s)e 2 (3-2%)
5 1 2 3 &
whare
1
Ps? Jg2 o P55 3 g h“5“’*5521 g
{2+ (1) e - 5 e 172 )
g o Ests K& Bsls 515
: /T
2 for o = 1,2

To determine tha comstants Ei (i=1,2,3,4),we peed four
boundary coaditions. The first one i3 obtained by analysing point

z=z_. For poiant Tzg, we uae the same technique used in elemant

5
mumber 3. Assume a2 symmetric beam counected to zleoent number 3 at
paint z aad 8 force with twice the value of GFS(ES,B}- With this
configutation we integrate Equation 3-25 im the interval-sz abwmit Ze

and take the limit as 4z goes to zero, to obtazin:

15+ﬁz
Lim

azr0

Bﬁujfz,n)

{ -KGA - gplz,8)]} = -28F{zg,8)  (3-27)

5 [
zsvﬂz

dgsuming conditicns of aymmetry and contipuity for functions
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Gu5[z,ﬂ] and 6¢(z,8) at point 2=z, and using 4¢(z,8) from Equation
3-24 the following boundsry condition is obtained for Gusfz,s) at
27z
326 (z,8) 7 poat Bbu (z,a) (K& _G+Ja2)
(- 53 ¥ {EJ; " ISCG ) : ] TR 15:A vo~ OFs(zg.8)
az 575 z zazg 57545
{3-28)
Similarly for point 22z, we obtain:
336u {z,s) J32 o 52 Jéuc{z,5) {FA G+Jsz}
[ 5:". - gt ;G ) :: } T T i ie SFslz.s)
Az 373 z=z, 57575
{3-29}

Equation 3-29 iz the second boundary condition thar must he
satinfiad by ﬁusfz,ﬂ}. Te cbtain the two other boundary conditioms we
assume & relative clamped end situstion (as it wes done with element

omumber 3). This condition 1% mathemabically expresgead as:

Bﬁu5(z,s]

- = (3-30)

2‘25

Bﬁus{i;s)

r = 0 {3-31}

z = 2

Using the four boundary conditions described by Equations 3-28

through 2-31 the solutien for ﬁu5[z,u) ig:
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v (s 5)m d.d, {{dlcuuh[dziz—?ﬁ)] A dzcﬁuh[dlfzfjﬁJ]]éF o
L Rl 2 2 2z sinh {d4d.L ginh{d,L 375
{dz ‘dl ]ﬂ5ﬁ55 275 173
i ldlcush[dzfz-z5)] ) dzcnah[dltz-zEJJJEF ee) )
sinh (dst} ginh (dlLS) [
{3-32}

For the points of interest (:5,35,25} and (xﬁ,yﬁ,zﬁ} we have!

Eusizs,n) = a{S,SJEFS{zi,IJ + a{5,5}6F5{=ﬁ,a) {3-1%)
5u5{26,s] = b[S,S]EFs[Zj,n} + b{ﬂ,ﬁ}ﬁFS(zﬁ,BJ {3-34)

where the coefficients sre obtained by comparison with Equation 3-32
when golved for rthe raspactive poines.

Element mumber & meat now be modelled Far the flexural system.
Except for the orientation of the forces element mumber 6 ig similar

to elements 2 and &, and by anzlogy we have:

{E?ﬁfx?,n}coah[{x-xﬁ} c—'] - 8F (X ,s)conh[(x=x,) :—1}

“s & b
Sug(x,s) = TYON T . i
ainh (—)
_ {3-35) |

For the points of interast (xﬁ,yﬁ,zﬁ} and (x?.y?.z?} we have:

~a5E ;\.-;_ICLEARES-

|

Uit as ERFRIETI
IR E. M

INETITuU 1 DU PE B0
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Euﬁfx&.si = a{ﬁ,ﬁ}ﬁFE(xE.s} + a(ﬁ,?]ﬁfﬁ{x?,s} (3-36}
Euﬁ{x?,sl = b(ﬁ,ﬁ)ﬁFE(xﬁ,s] + b(ﬁ,?JGFﬁ(x?,s} (3-37)
where
al
g cosh {(—)
g
g(6,6) = —h(6,7) = - oL f3-38)
BAEEﬁsinh (T}
]
and
N:
a(6,7) = -b(6,6) = {3-39)
sLﬁ
BAEEE ginh ——
Cq

*3.2.3 Force bar
The force bar is the beam system chat traansfers Lthe force from
the flexural system io & vector mechanism. It is supported at
point ya0 by diaphragm (A}, as shown in Figure 3-9, that works as a
fulcrum point. The parameters for the force bar are given on Table 3-2.
The force bar i subject rte three forees that act
perpendicularly to the beam, and under transients it undergoes
transversal vibratioms. According to Equation B-31 from spperdix B

the general solution for the vibratioa of the bar ia:
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Figure 3-9. Forcas actirng on tha force bar
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Table 3-2. Parameters for force bar

Materidl. « = &+ & & & = = * = « &+ +» » 3tainless Zteel

Elasticity Modulus™(E}. . . . . . . .
ﬂensity*{p} e b n e o e e 4 s e s
Length Fofy = = = = = = = = = 2w
length y yg . . . . . . . ..

Cross Sectionel area fA?J s e e

Inartiz Moment of area (1?) . .

1.93%101] n/m?

8.410° Kg/o-
2.2 mm

1159.3 m

164.5 ma>

2.2%10% gn®

* from ref. 23
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Toeyy  AFegy ey -ilfeeyy
ﬁu?[y.n} = EI{s}e + Bzﬁs)e + Eafaje + Eh(a]e
for ¥+ g« - {3-40)
and
Yise, ¥ ~jeac, ¥ j¥ jse, ¥ ~3¥jec, ¥
5u._,{y,=J = 35{s]e + B (a)e + B.{s)e + Bglsle
for y <3<y, {3-41)
ﬂ ———
where c. = Jffl;l and j = +-1.
177

For the ead points of the beam, that are under the action of
forces, we uvse the condition of contiauity for Gu?[y.s] and make uae

of Equation B-32 from Appendix E to obtain the focllowing boundary

conditione:

Hjﬁu?fy,ﬂ]
E?I? 3—3 = ‘EF?{??;G} {3-42)
: 7 .
Y74
Eaﬁu?{y,s)
-E?I? —a'*—:,r— = ‘EF?{FE.Q] {3-41)
r
FE¥g

The remaining boundary conditiona, oecessary to obtain the
funetiana Ei{u} {(i=1,2,...,8), are cbtained by assuming:
I~ there i3 no bending moment being applied at the extremes of

the bar.




L)

2- zero displacement at y'yﬂ.
I- gontimity of oowment at y’ya.
4~ ¢outimity of slope at L

These counditione are mathematically expressed as:

2260 (3,9
7 = ¢
ay
¥=¥4
Bzﬁu?(r,S}
—1 ™~ n
3y
¥¥g
Lim Gu?(y,u} e [
Ay+rD ya-hy
tim Eu?{r,sl =
Ly=0 ya+ﬁy
Hzﬁu?(y,u) _ Ezﬁu?fy,s}
.!-i.III _""_"'"T"_ ':E-.':.III ""—"_"i_
hy+0 ay AysD iy
F oy ¥ b7
_ EEuT(y,s} ) adu,(y,a) -
fim ———— = fim Sy
sy s Ay
¥ Ay ¥ oby
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{3-44}

{3-45)

“(3-46)

(3-47)

(3-4B)

{3-49)

With these conditions, the Final results for Equatiome 3-40 and

3-41 are:
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ﬁF?fyBs}
Eu.‘,(y,n] = —F (costpsing + cospsinhp )

*[sinh¢coeqeas(g-#) + sinscoshqecoshig-e)]

ﬁF?(y?,n] 2 2
e { (ecosh'p + cos'plisinhgcosqgsinhbconsp+coshqeingaingcoshs)
- {coshpsinhp - sinpcasp)[sinhscoshqcos{g—¢)-singcosqeoshig-¢)]]
for ¥,<¥<y, {3-50)
and
ﬁF?(y LB
Gu?{y,s} a r—(cnahqainq + cosqsinhq)*
*[ainhecoaspcos{p—4) + sindcoehpcoship-¢4)] |
0%;(3g,8) 2 2. . .y |
rt—— [(cosh®q + coa q){sinhpcoapainibcosy + coshpsinpsindcoshe)
- {coshgainhg - singcosq)[sinh¢coshpcoalp-4} - mindvospcorhip-3)]} .
for y <y<yg (3-51)
vhere _

Cy* 372

r = EE?I:_,{-*E——] [{:inpcnnp-sinfpcouhp}(cnazq + coahzq}

. , 2 2
+ (ginhgcoehy -~ cosqsing)(cosh' p + cos'p)]

/c.f,u /c:.__.a /c?a
e/ Pl vy and 6=y

For the points of interest (x?,y?,z?} and (xa,js,za] we

obtain;:
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Gu?(y?,s} = a(?,?JEF?(y?,s) * a{?,E}GF?{ya,s} {3-523
Eu?(ys,s} = b{?,?}GF?[y?,s] + b(?,B}EF?{ya,a) {3-53}
where &(7.7) and a(7,8) are functions of s cbtained from Equatiom
3-50, and b{?,7) snd b{7,8) are obtained from Equatiom 3-51,
J.2.4 Vector mechaoism
Figure 3-)0 shows a distorted schematic of the vector
mechanism. Tt shows only the lower and inner-upper parts (the
definition of these parts is given in section 2,2}, which sre the
parts that determine the dynamic behavior of the mechaniasm.
In Figure 3-10, points {xa.ya} and th,yh) are coaneckted Ey a
thio plate with the purpose of allowing bending to occur. The same is

valid for points {xd*?d} and (xa,ye]; and points {xf,yf), and {xh,yh}.

The cother elements of the mechanism can be assumed to be rigid parts.

The parameters for the vector mechanism are given on Table 3-3.
From & dynamic point of view, the part that needs to be
analyzed is the element limited by poinks {xﬂ,jﬁ}, (xd,yd] and
(xg,yg}. This element will be referred to as transferring element.
The forcea acting on the tranaferring element ara Fgfxa,t},
Faiyg,t}. Fa{xd,yd,t}, Fﬂ{t) and Fb(t}. FBExa.t} is the force
transmitted from the force-bar to the vector mechaniszm, FB(y?,t} L8
the reaction to the force that the mechanism tranafers to the next

subsystem, and Fa(xd,yd,t) iz the foree thet is transmitted to the

upper part of the mechanism.
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figure 3-10. Vector Hechanism

114

[



Table 3-3, Parameters for vector machanism

Generzal :

Section

Secrion

Section

Section

Bection

III

v

Mageriale « o ¢ ¢ + v =
Elasticity Hndulua*{E};
*
Density « o « o+ o + =
Thickness + « « o + » &
Lengthe « & = & & + « &
Cross sectional area. .
Inertia moment of area.
Thickness . . + & o « =
Lepgth. & ¢ « « = = = &
Crowe sectional area. .
Ipertiz moment of ares.
Thicknesa « « « « « + «
lengthe =« « » =+ = = «
Croas mecticnal area, .
Inertia moment of area.
Thickness -« s » = = =
Length: =« 2« o« o « « 4

Crpsa pactional darea. .

Inartia moment of area.

Thickness « -« « o ¢ ¢+ »
I.p&ﬂgth- a = #+ W 4 % ¥ 4
Crass sectional ared. .

Toertia moment aof area.

Hi-Span €

2.07%104 ) w/ml

8

3

.3%10° Rg/m°

130w

5.5 mm

1.5 mz

3_ 4

2.1*10 " mm
1. 6um

43.2 m

20,

&,] mn

13 mm

4.8 mm

1.6 mm
2,1%1072 mm
26 mm

2.8 mm

3.2

1. 7%10

I.6m

76,0 mp

i 2

22-0 m2

5.0 om

39

I.P.E

e
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Table 3-3. (Comtimued)
Distances PEPE. Yar e ke e ke e e e 44,0 me
PQPE, ..... - 35.0 mm
Anglea TB(ﬂ] . oo v e e s 025 rad
G mr e e . 184
Eh{ﬁ] P e e r n e e e e e s C.
I 7 T
g (0 .. v e e e e . 045
Td(ﬂ}. e e e e e Vo . « 140
EB(GJ N e nr e woaw oo 055
Tg{ﬂ} e e e Tt %.- +035
Calcttlaraed Parameters
Cle o v v oo o b o v v s a a o =107
Cqe « = = - G e e e e R P §
C3e v v f e e e e e e e e - .0Il m
Chpe + 0 0 4 i e 4 4 e v v r = 403 m
Cge v v v v w s 0 v ww e e ww — L0844
T T
Die e e . 8.45 (Na) !
DI' “ r omom om e om o om omom o ow 013 m2
Dae o v v . e+ 4 om0 oo = JUBE m/H
Ka. e . 2.59 Hm/rad
L I L 2,04 ¥m/rad

* from ref. 23
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To understand the nature of Fa and Fbj we divide the mechanism
into two elements: & transferring element, slready defiped, and a
sapporting one, composed by the upper part of the mechanism. Both
elements are shown ip Figure 3-il. TFigure 3-11 shows two new axia, w
and n. These axis indicate the directiom of the supporting and
transferring elementa, respectively, during steady state conditionm.
To deflect the supporting element from its equilibrium

posirion, & force ia applied at peint {xd,yd}, as shown in Figure

3-1lla. Wa recall thet point (xh,yh} iz a fixed point, and the sec-

tions {xf,yf]{xh,yhf'and (xd,yd}(xe,yel gre thin plates that undergo
bending action. The displacements involved are very small (fractiome
of wmillimeters), therefors the supporting element can be assumed to

be a torsional spring, with the bending mowent expressed as:

M=Fw, =Eo ‘ (3-54)
whers Kh = torsiopal conmstant of the spring

Eh = angle of torsion

Fb = force applied at end of element and required to obrain

the angle of tersion ﬁh'

w, = length of element.

d
The nature of Fﬂ is the same, except that it iz applied to the
transferring element, and the pivoting point i3 now [xa.yﬁ}, as shown
in Figure 3-1lb.
With this explanation we can view Fb as a force being applied

by the transferring elemant on the supporting element, and Fa as 1

forve applied by the supporting element on the transferring element.
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a) supporting element

{*E‘HB]

b} transferring element

Figure 3-11. Division of vector mechanism
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Kh iz a3 funcrion of the atructural properties and peometry of

the supporting element. Once we have obtained Kh we use Equation 334
to obkbain Fb aa a fanctisn of Eh. In order to detarmine K, we agaume

that it isz conatant for both situatioms: static and dynemic. For

steady atace conditions Equarion B-27 from Appendix B m2y be written

aa:

4
mr £009) & pe) (3-55)

iw

At any point different from v, F(w) 1ia equal tec 0 and the

solution of Equatica 3-55 is:

2 3 _
ur(w) = By + Byw + Byw + Bow for 0 < w<w {2-56)
w, (w)] =B, + B.w + B wi + 3 wa for w, < w < w {3-57}
bl | 4 3 6 7 E e
u . (w) 2B, +Bw+B Wl eB v forw K w<w (3-58)
I11 g 9 10 11 e d

The subindexes I, 1T and III are used to identify the sections
shown in Figure 3-1la.
To obtain the coustanta presect in equations 3-56 through 3-58

we have the following boundary conditions:

1- clamped end at «w = {,
2- contimuity of displacement at w = We and v,
3- continuity of slope at w = v and LA

4- contimuity of bending moment at w = v, and LA
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5~ continuity of shear at w = w. and v .
6- relative clamped end at « = w,.

These conditious ara mathematically expresssd as:

uI{w-D} =0 {31-59}
EuI(w}
_-—_3-1; = l] (E-Eﬂ}

w =0
uI(wE) - uII(wf} {3-61)
uII(Ue} - uIII{we} {3-62)
Equw} ) auIIEw} (3-63)

v w = dw w oW
Ve £
EuII{w) BuIII[w}
e e {3-64)
w ivw
=y w ey
e e
3%y () 52 ()

By — =z * Bl — =z (3-65)

oW WO aw vy

£ £

2%, () 3% )

Erili 2 “Enrtia Z (3-66)
aw W o=y o R
& 3
2 (W) 37y, (v

S " Errlin 3 (3-67)

ELY W= wf aw W wf
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Hjun(w:l EauHI(w}
E,. I = E . I . — {3-68)
IT 11 3 IIT 11X k]
oW ¥ =W aw w W
- e
Ju__ . (w)
-—%—— = 0 (3-69)
v wd

To cbtain the last boundary condition needed we vse the
technique of images to iuntegrate Equation 3-55 about point vy Assume
a symmetric element and a force with twice the value of Fh to obtzin:

k!
a “III{w}

Errlin 3 = F (3-70)
aw W -y

With conditions described by Equations 3-59 through 3-70 we
ohtain the constants Bi. (i=0,1,2,,,.11} that substituted io Equations
3-56 through 3-58 give the following displacements for the points Ve,

w and wv,:
a

d
Py "f2 Do
W08 2 TrE Ty 3, T (=70
I'1 1
Fy "éz {jnu | Fp¥s (L 1,
ulw ) = - 2w } + - 1 D (3-72)
12(EIIIII?' T e 12 {EIII} {EIIIII} ;
2
Fow 3b 3
b "d 9 b
ulw,}) = { -} v D (3-73)
d 12{31111111} D, d 12 “3

Tiag o 1Y rre-—u'ﬂ.::-\.lx|:="'_F:'Z'i’“.‘5":"-:-"”-;':"£"'q‘:'5
TITy o e FEETNE
|1us R —— !

o ————
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where
(w L W 1} fw z w 2} W z
D, =9 e " . & £ . f
L e T O T '_EEII:L)
. - fwd ~ HE} . (we - wf) , ¥
e I C i S A
2 Py
Dy = dwe” - Gwgw, + (bw, = Jwp) 5,
ap
1 l 1 2 ¢ 1 1 1
b, = wiD, | - b +w T {— - &} - b
3TV TR T L) e D, e &I ity
b D
4 0
+———{w, -5 [w, - w}
Eqrfqry ¢ P 4 e

Since the displacement u{w.) is very small (see Figure 3-1l1a),

we ciEn zAaume thak:

“-u(ﬂf]
B, = (3-74)
h v
£
and Equation 3-54 can be rewritten as:
u[wf]
N =X8 =Fwv = Kb " {31-75)

Using Bquatioms 3-71 and 3-75 we obtain {(Equations 3-72 and

3-73 will be used lacerl:




¥
{3-76)
W, - W W - W W
d a g2 f £f
12¢E_L ) w | + + |
‘- I1° 'd [EIIIIIII} {EIIIII} (EIII}
& 3w 1. I ?_ W ow, ¥ wow 3w 2. W CI 2o ow W 2
w{d e £ 4 fe+ E( f_)_Ef*__(_ }}
1 E_I
I l:EIII III} EIIIII I'1

Ag is was done for Fb' Fa can also be exprasaad in terms of a
toreional spring constant Kﬁ. To obtain Ka we use the same procedure
as the one folloved to cbtain K. The situation for the tramsfarripg
element is shown in Figure 2-11b, aad the boundary conditiome area:

1- clamped end at uw = 0,

2- continnity of displacement at o = My,

3- cﬂntinuiﬁy cf slope 2t p = bys
4- contimuity of bending moment at u = My s
5- contimiity of shear at u = By .
€- shear equal tao Fa atuy = Mg
The mathematical expressions for these boundary conditions are

analogous to Equationa 3-59 through 3-70, and the fipal result for the

de fleckion of points Y and My of the transferring element is:

Fu Z kT u
b d by
ulp,) =2~ - ! (3-17)
b & {EIvIIvJ {EvIv)
3
Foup Fu
b ! 1 1 2 2 a d
ulp.) = =21 - V f2u - buw, + 6y ) {3-78)
d L [EI?IIv) Eyly b b4 d 3{E?1?}

The subindexes IV and ¥ identify the secticns shown in Figure

3-11b.
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We defipe the torsionmsl angle for the tranaferring element as

being BE. Therefore, for the transferring alement the bending moment

can ba expressed as M = KhBE = Faud' Using the fact that the displa-

cemant u(ﬂB} ia very small we use for ﬁa the same approach as used for

ﬂh in Fquation 3-74, to obtain:

Fu Fu 6y fu
g =-2d4.__2d . d b (3-79)
u{ub}fub : 3“& A vy
(EI?II?} (Evlv}

The dynamics of the vector mechaniasm are now considered.
Since Fs and Fb are forces that are applied perpendicularly to the

transferring and supporting elements, respectively, the dynamic

equations for the transferring element are:

2% (v
H: Etz - Fafxg:t) - FE(xdTFd’t}cuqu{t} -
KI K‘b .
;;{EB{F}‘EB(tilﬂlﬂ?a{E} - ;;{Eh(t}wﬁh{p}]ulan{t} {3~80)
and
azy {e)
" 2 v - Falyg,t) + Fglny, 74, t)einy (€] -

i

X b

u—:{eatp}-eattnm-ra(c}-;;{ahm-ah{pnm-.-dm (3-81)

where Ht is3 the mass of the transferviog element, xE and ya are the

coordigates of its center of mass and 9(p)} are the angles under which

there is no bending moment being applied to the elements.
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In order to chtain the tranafar function of the mechanism, we
have to combine Equations 3-80 and 3-8! to obtzin cnly ope equatiom
relating Faiza,tl, FE{ya,t] and another wariable that is needed to
desacribe the position of the element. This variable wag salacted as
Hg, the angle betwsen the horizontal axis and the line Chat commects
poink {xs,ya} with the center of mase of the transferring element
(point Exg.yg] in Figure 3-10).

With this choice we start by deriving a relation beatween the
geometric quaatities present on Equatiens 3-80 and 3-81 and the angle
8 . To obtain an equation in terms of daviation from eguilibrium we
assume that all quactities can be regarded as made up of an
egui librium portion plus a traasient portion. For example, all angles

can be assumed as

g(r) = 8(0) + 88(¢) {3-82)

and since the values of 38(t) are very small, the following geometric

relationg are acceplad:
cagl@(0) + &60(t)] = coad (D) - 2inf{(0}5R (L) (3-83)
sin[8(0) + 88(t)] = 5ia0(0) + coaf (D)6 (L) {3-84)

Uaing Equatioma 3-82, 3-84 and Figure 3-10 we obtain the

following geometric expressions for the vector mechanism:

ﬁ;%ﬁ sin[¢£ - ah{u}J Gﬁh{t] + PP, sin[q;£ - eh(n} - aetu}]*

Iaah{t} * 5aef:}1 = stEtJ - PP, ainTEEﬂ}GTE(t] (3-B5)




e

[

[

i)

Phpe cns[@x - Bh(ﬂ}] 6Bh(t} + PePd coa[¢£ - Bh(ﬂl - EE[D]]*

lﬁﬂhft) + GBE(E}] = _PBPd coswafﬂiﬁrait} {3-86)

Where P, P, represents the distance between points (xk,yk} aud

).

Ag explained in section 2.2 the upper—cutar section of the

{11’?1
vactor mechanism iz held fixed, therefora, the angle ¢£ is comatant.

Since the displacements involved are small we can approximate ﬂe by

u(wd} B u{we} _ dulw)

] wd - we dw v

The angle 8  can alsao be approximared:

u(wf}

B =
h wf

Using expressionms above for 6  and 8, and Equations 3-71

through 23-73, 3-83 and 3-84 we can relate the variation in Bh as a

 fupnction of the variation in 8.

66, (t) = €88 (1) (3-87)
where
u(wf}
w
‘17 ulw,) - ulw ) fdu(w)
d e
(vd - ueJ dv | . . )




7l

due) o _b% 00 g Fp¥s SN S S R P
dw szIIIII) 1 2 2 (EIIIJ {EIIIIIJ f nl

F.w b
D

and parametery Dg and Bl are defired in Equations 3-7]1 through 3-73.
Siace GﬁE(t], Eﬂsft} and GTBCtl dre the eape, we combine

Equations 3-86 and 3-87 to obtain the variatiom in Be a8 a funcrion of

the variatiom in Eg:

Sﬂe(t] = ciaeg(:} {3-88)
wvhere
o - -PEPd o8 TE{UJ
2 ——— —
¢, PP, cun[¢t-ﬁhfﬂ}] + [Cl+l} PF, cﬂ![¢£-ﬂh(0}-ﬂe{0)1

Once we have cbtaiped Gﬁe as a function of Gﬁz, We uge
Equations 3-B7 and 2-88 tc express ﬁEh as a function of ﬁﬂg.

Before we relate the variation in X, with the variarion in EE
.we need to relate the variation in xa_with the variation in Bg'

Combining Equations 3-85, 1-87 and 3-8B8 we obrain:
Exa{t] -_FJF?E{t] (3-89

vhere

G3 - FF, sLnYB{ﬂ} + ¢ €, PP aln[¢£ - Bh(H}l

+ (6, +1)¢, PP, sinle, -8 (0) - 8, (0]
How we relate the variations im xg and yg with the variation

in BE. From & geometric analysis of Figure 3-10 combined with

Equations 3-B3, 3-84 and 3-89, we obtain:
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and

wherea
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ﬁxg{t} = Chﬁﬁgft) {3-90)
- ﬁﬂ .

nﬁ}rgit] €, g(r.] {3-91)

c, =Cy - PBPg sxnﬁzfﬂ}

E5 = - PBPg cnaﬂg(ﬂ}

Wirth theas relations we return our attention to Equetions 3-B0

and 3-81. To obtain the desired equation relating FE{xB,a], Fa{yg,s}

and Eg(s} we start by substituting Equations 3~%0 and 3-91 for the

values of xz and ys in Equations 3-80 and 2-81. Then we perform the

following stepa:-

1- maltiply Equation 3-80 by caqu(t} and subtract, from the
repult Equation 3~Bl multiplied by sian(t}i

2- usas the perturbztiocn formulation far all parametars present
in the reeuvlt of step 1 that are not constant.

3- use geowetrTic approximations pgivean by Equations 3-83 and

3-B4 in result from step 2 teo obtaim:
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2256 (t)

Ht{[Eﬁcusvdfﬂ}-cjsianiﬂ}] - [Eﬁsiqu(D}+CEcan?de)]ﬁTd(t}} -
t

-—Fﬂ(xa,ﬂ)aiqu{G]ﬁTd(t} + cu&Td(D}EFE{xE,t} - sinfd{ﬂ]ﬁFS(xE,t)ﬁYd{t}

+FB{yg,ﬂ}ceaTdfﬂ}ﬁ?d{t} + sian[D}ﬁFa[yg,t} + cnan{ﬂ}EFE{yg,t)E?d{t}

4
4
- SFE(xd’yd't} + ﬁ;—{ﬂB(PJ"EB{D}]cca[Yd(U]—TafﬂJ}[5Tdft}-ﬁY3(t)]

K K
- Eiiin[Td(ﬂ}-TE(D}]EEB[t} - ;itna[Yd(D}‘YE(ﬁ)]ﬁEB(t}[ﬁYd[t}-ﬁTa{t)]

(3-92)

4~ use the perturbation formilation in Equation 3-80,

5= use the gecmetric approximationsa biven by Equations 3-81
apd 3-8&4 in the result of atep 4 and multiply the result by
cngTd{ﬂ]- |

- nsa the perturbation formulation in Equatiom 3-81.

7- use the geometric approximation ono the regult of step b and
multiply the reeult by siﬂTd(ﬂL

8- subtract the result of step 7 from the result of step 5 to

obtain:
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azﬁa (el
cosy (0)-C.sipy (0)} —B— =
4 3 q 5 2
t

Ht{ﬂﬁ

cns¥d(ﬂ}ﬁFa(x3.t} * sin?d(ﬂ)GFE{yg,t} - ﬁFa{xd,yd,t}

- %{Ea{p]-ﬂsfﬂ]]cos[Td{U)-ﬁ'E{D}]EYE(t}

K K

- ﬁain[*rd{ﬂ]‘?a(ﬂ}]ﬁﬂa{t) + ;‘:—lcushd(n}ﬂstn}}aestr.:-.swrgit}
% %
- ;;{Eh[ﬂ}"ﬁh(pllﬁTd(t} -';;ﬁTd{tlﬁﬂh{t} (1-03)

3- subtract Equation 3-93 from Equation 3I-%1,

10- Substitute &Eh vaing Bquatioms 3-87 and 3-B8 into the

result of atep 9 and recall that ﬁﬁa, and éTa are equal to
88 .
E

11- 4pply steady state condition (the variation of any variable

at time £3Q ig zera).

12- Laplace rransform tha result of step 11 fe obtain:

- {C,simy (0} + Cocouy (0] szdeg{s) -

4 5

- siﬂTd(U} 5FE(xa,s} + coaYd{DFGFB(?Q,S}

o Ky
+ I;d- C,C, *E cos[yg(0) - *rd(lj}]l ﬂﬂzfs} {3-94)

Uging Equationg 3-89, 3-94, and a geometric relation between

539(t} and &8g(c) the following equations are obtained:
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ﬁuai}{a,s} > &xg(s) = a(B.B}EFBIxE.s} + a(E,QJGFEfyg,s} {3-95)
6ua{yg.s] = ﬁygis} = b[E,E)GFE(xE,a} + b{E,E]GFE(Fg,s} (3-96)
wherta
Coeimy ,(0)
alf.g) = _3._?45_.__
&
~G.casy ()
a(s,9) = —2—4—
6
) siwd(ﬂ}
h(8,8) = -[PBPg coa&g{ﬂ} + PgFE ElﬂTg(U}] 6
. coan(ﬂ}
b{%,9) = IPEPE cnaﬁg[ﬁ} * PEPg ElﬂTg(ﬂ]}—"’Eg‘__
dnd .
. 2 K‘b Ka
Gﬁ - HtICAELqu{U} + GSCBETd(ﬂllﬂ +-;F-CIE2 =5 coe [TE[U} - Yd(ﬂ}]

d d

3.2,5 Connection

The connection element is a thin plate that connects che
vector mechanism ko the lever system., Tt converts the force
transmitted from the vector mechapiam into a moment on the levar
system. The situation for the element iz showm in Figure 3-12, and by
analogy with element mumber 5 of the flexural asystem we obtain the

following equaticn for its vibratiomal motipm:




W

Figure. 3-12._ Connection
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cq {GFE(yg.aicoshI(}f-ylu)E':-] - GFS,[?IG.S}CGEh[(F‘Fg};;‘”
fu, (y,g) =
‘9' sﬁgEg al.
sinh{—=)
Cq {3-97)

E,
where ¢, = /_9
g ﬁg

For the point of interest, (xg,]rg,zg} and {xm,gm,zm], ve

hawa:
Gug(yg,sJ = 3[9,9}61?9&9,5) + a(?,lﬂ)EFg(yIﬂ,a] (3-98)
buyly, .8) = b{?,?}GFgfyTs] + h[g.lﬂ)ﬁFg(ylu,s} {3-99)
whare
. al_ .
g coeh {—g—:_l.. . i
o
a{9,9) = -p(9,10) = ' © {3-100)
9L
uagﬁgsmh(—‘:;}
g
2(%,10) = -b{3,9) = ~ (3-141)
al
sﬁ.gﬂgsznh[Tg]

The material of the coonection element was assumed ta be
Wi-Span C (the same as the bending parts of the vector mechanism).

The parameters for the connection are ahown in Figure 3-12.
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3.2.6 - lever system

The lever system is the last slement of the mechanical system.
Figure 3-13 shows the peometry and dimensions for the syatam. Tt is
couposed of a structure that rotates when under the action of a
moment, This moment is the result of the application of three forcas
and a bendig moment. As explained in section 2.2 rhe three forces are:
the force transmitted from the vector mechanism through the
connection; the force due to the spring used for zero adjustments;
and & mignetic forve that is responsible for the balapcing of the
forces acting on the system. The bending moment is generated when cthe
gystem leaves its equilibrium position, and is due to rthe configuraiom
of the pivoting point P showm in Figure 3-14.

Due to rthe dimensions of the system we can dgsume it to be a

rigid body syatem whose dynamics are deseribed by:

_ -3 c e — o N (3-102) .
—~ I "L'{L;} +.0 ) o+ M(t) = ()

where I, = is the inertia moment of wass for the eystem, Y{(r) ia its

counterclockwise rotation angle, € 13 8 damping coefficient, M{t) is

ks
the bending reaction of the mechanism that composes the pivobing point !
P, and 1{t) is the resultant moment applied to the system. TFigure
3-13 show the geomekry and dimensionza for the system.

Bince the displacements involved are very small we can assume

the pivoting point mechanism as a torsional spring, with the bending

woment given by M = Eng , Where Kﬁv is the constant of the torsional

Spring.
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Figure 313, Lever system
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The dimensicns of the pivoting mechanism are shown in Figure
A-14, It material is Ni-Spaaz C.
Using the perturbaticn formailation, we can rewrite Equarien

3-102 as:

2
o Asels) . _g%%isl_ R WCTONEREIY (3-103)

Ls dtz is

Since the lever ayatem ia assumed o be z rigid body system,
to which the ferrite disk 1s attached, we can relate the displacement
gl(t) of the disk with the rotation ¢(t). Using the approximetion giwven

by Egquation 3-83 we obtain:

Se(E) (3-104)

F1F1g sinb),(O)

dplt) =

.ﬂhﬂf&n?ll?lg-isrth&.ﬂi&t;ncgfhgtxﬂenfggigts Eﬁl}%flll and (%lﬂ?zlh}'m_

‘For reasons that will be explaimed in section 3.3-3, 8e(t) is assumed -

positive if the ferrite disk approaches the detector (dowaward

motion).

Substituting Equation 3-104 into Equaticn 3-103 and Laplacs

transforming the result we obtain:

P P, siny., (0}
B (3) = it ib 14 st(s) (3-105)
[g 115 + va + C 551

1

To obtain the value of va we follow the same procedure as the

one used io dealing with the thin platee of the vecter mechanism: uge
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B2
gtatlc condition to determine how mich each plate bends when under the
action of a static force, them agsume thet the bending is the same for
a dynamic force. For each plate m we determine the contributiom va(m}
of the plate to the total coustant Kbv. Using Equaticn B-2B from

Appendix B and the following boundary conditiona {see Fipure 3-14):
L
1- clamped end &c x ™ xp and at y= FP+ _EE_

L
—2

2= free end at x = x +L.  and at y=y -
p P T2
we obtain:

=TI
2 {3-106)

va{m) = -

whera E ia the elasticity wodulus and I iz the inertia moment of area.

Apsociating all three plates gives:

Kp? - va{}} +_Epv[1} +Jﬁpv(3} ' —'“ ; {3-107) —

The ¢btained value far va iz 1.14 Hm.

The main socurce of damping for the lever syatem i3 the

- geometry of the force motor. As seen in Figure 2-1 (see page 103, the

feedback coil combined with the mapnet form 2 'dash pot', with the
igternal space filled with 2ir. Sinmce the air gap separating the
ferrite disk and the detector is very small, the motion of the disk
alsc couwtritutes ro the damping of the motiom.

To determine the effactive dawping coefficient EEB, and the
inertiz womert of the system Iis' an experiment was performed where

the lever system was digplaced from its equilibrium position and them
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relesased. This perturbation is a srep in the moment applied Fo the
aystam. For & step perturbation in the wmoment Equation 3-103 giveas
the following solution for &y{r):

g,t a,t
BIEZ '52211|
St = & {1 - ————5 {3-108)
1 2
where hl L8 & conatant and 8, anod 5, are the roots of:
2
IESB * EEHH * va *
2 —— . 2
L {[r11P13 cosy4(0)] [7) B} 5 ainv (0)) b= 0 (3-109)

The term in Equationm J~i0% thac contains Esp represents the
contribution to the moment due to the spring used for zero adjustment.
Since a spring has a dﬁmping caefficienr, it was found necessary to
ioclude it in the experiment performed to determine ﬂzn' Using the

information present in section 3.3.1 and on Figure 3-13 the value of

o . the ferw containing Fap is cbtained as .90 Km. .

If sw(r) has an underdamped motion, the roots of Equation
3-109 are complex, and can be writtenm as:

s * -2 +(-1)236 Co for o=l,12

where a = 71

— PR 2
o - J/é$v + Ry [ [Py P goost 5 (001" -[P) P paday , (DI} Stey2
Iis 2115

and j = +-1.
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Furthermore, if the motion is toward the equilibriom position, the

final condition is Lim &9(t) = 0. Using this condition SY(E) can be
t-'ll - -]

wrirten as:

sp(E) = A, e 2% -;- pin(bt) + coa(br}) {(3-110)

where A2 iz a constant,

The experiment to determine C,, and Iia was performed using

poaltive and negative ateps for the momept. The positive step was
genefated by moviog the iéver system toward the structure of the

transducer and releasing it. The megative step was generated by |
moving the aystem toward the stopping polnt with subsequent release. I
The rasult of the experiment is showm in Figure 3-15. A least squares i

fit of Eqﬁation 3110 to tie date resulted in a=17.4 sec-l and b=62.3

-1 .
SeC 7, From these values we obtain:

I = 4.9*lﬂ“h Hﬂseci
is
2

- 2
= * .
and. ?15_.;;1? 19 7 Bmsee .

e e ———— o pink - o -

3.3 Transfer Functiona of the Subsystems

The transfer functions shown in Ei#ure 3-1 are now deﬁ&ioped
"to complete the model. The procedure used to obtain the transfer e
functions is discussad in more details in sectionm 4.3.
The transfer funetion iz by definition a2 complex quantity.
Qne way of presenting & tranafer fumction is to show its magnitude as
s function of the complex variable s = a + b, where a and b are teal
and j is =1 . A compuber program wag writkeno to celculate the real

and imaginary parts Eor the transfer fumctions shown in Figure 3-1 at

discrete values of 8. A list of the program is pgiven in Appendix D.
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and phase as function of frequency.

1

Since the frequency responae is the transfér function
calculated at poiacts s=jw the same program was used to calculace the
frequency response,

In transfer function calculatiaons the output of the program is
A list contzining the magaitude of the tranafer function for several
values of a and b. The increment in the values of a ias selected by
the uger. The same inerement i usad for b. For freguency response
caleulations the output is selected by the user. It can be magnitude
of phase. The output of the program is stored in 8 datafile for sub-
sequent processing. An output of the datafile for frequency response
calrulations 1s shown at Che end of Appendix D.

A plotting subroutine developed at the Instrumentation and
Controls Division of the Oak Ridge National laboratory {(27) was used
te read the datafile and comstruct the plots shown in this section and
in segtion 3.5. For resulte of transfer function the plota show the

magnitude as a function of the real and imaginary parts of s. For

.results of frequency reaponse {gectipn_ﬁ,?)_the“plnta show magnitude

3.3,1 Mechanicazl reaction

The mechaniecal resaction considered here is the moment generated
by the rezction of the spring used for zero adjustment. The transfer
function for the mechanical reactionm, GmI{s}. relates the moment
¢created by the spring and the displacement of the ferrite disk. The
spring is atretched when the lever syatem undergoes counterclockwise
rotation and compressed under clockwlse rotation. The magnitude of

the moment is given by the magnitude of the vector product betwean,




b

.

By
the distance from the piveting point to the poeint of application of
the force, and the farce applied by the spring. Since the force of the
spring can be expressed as a constant times 1ts displacement, the

moment due bta the mechanical reaction can e written as:
Tmrit} = _Ksp [xIB{EJ - x13f0}] PllP13 cns¢13{ti {2-111)

The value of Kap‘ the constant of the spring, was abtained by
extending the spring with several suapended masses, and measuring its
¢lopgation. The resulte for such experiment, from which Ksp is deter-
mined &s 115.6 W/m, are shown in Figure 3-16 (the manufacturer speci-
fies Rap a8 122.6 N/m).

Uaing the facst that the variatiom in ¢13 is the same A3 the
variation in ¢, (ase Figure 3-13 on page 79), wve can relate the

displacement of the ferrite disk with the displacement of the spring.

-Using Equations 3-83, 3-104, 3-1ll, perturbation formlatiom &nd

Laplace transform we obtain:

) GTEI(H}' : {!PliPla-cus¢13(ﬂJ]g - [PIIRij gin&ljfﬂ}]z}
G {z) = —/——m——= -}
mr de {a) sp —_—

T TR STAL)

{(3-112)

Using the informaticn present in Fipgure 3-13, the value for

G ig =-23.6 Km/m.
mr

3.3.2 Force motor

The tranafer funcrion for the force motor, Gfm’ relates the
moment generated by the DT current that flews through the transducer

and the current. The current Flows through & coil placed in 4 magne-
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tic field, generating 2 magnetic force. Any change in the current
caujes the magnetic force to change, changing the moment Ethat ia
applied to the lever system, The poment due Lo the forece motor is
given by:

Tfm{t} = _Kfmldn{t} {3-113)

where Kfm is 2 conatant that depends on the mmber of turns in the coil
and cthe sagnitude of the magnetic field im the region occupied by the
coll and Idc{tl is the DC current. The nepgative sipn is used because
an ingreafe in Idc generates a negative momeat {in the clockwiae

direction). The effect of the curreat in the magnetic field during

transients ig neplected.

Using the parturbation formulstion zad Laplace transforming

Equation 3-111 we ohrain:

St_ (s3]
= 'Em [ -
Genf®) * 3T 15 Ren
de

(2-114)

The value of K, was obtained by applying a moment to the

fm

lever system and measuring the ourrent needed to balance the applied
moment. The mowent was applied by compressing the spring used for zereo

adjustment. The rasult for the experiment, from which Kfn was deter-

k|

mined as 3,53*10 ~ Km/mi, is shown in Figure 3-17.

3.3.3 Elactronice

Included on the elactronic part of the transdacer there gre
diodes, transistors and magnetic cores. As seen in the literature

(21,28) a theoretical analysis of such components is very difficult.
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In view of this it was found more practical to perform an experimental
snalysis to determine an empirical tramsfer function for the electro-
olc system {Gell' G , relates the variation in the oukput DC current
with the variation in the position of the ferrite disk.

A firsr estipate of G, was obtained when it was observed
that a atep in the position of the ferrite disk (in rthe dowoward
direction)} generated an increasing output slgnal that for a small time
interval was a linear functiom of the time., With this result it was

assumad that & is inversely proparticnal to &:

ak
£1, (8} C
- dc - B _
EEE(E} TeCa) . (3-115)
where cei is & positive corstanot.

Sinee the fragquency response of 3 sztable ayatem is the
trangfer function calculated ar points 2 = 0 + jw, an experiment was

performed to determine Lhe empitical traunafer function for the

" electronic aystem baged on itw- frequency rTesponse. The purpose of the

experiment waa to determine whether-the sssumption was right or net

and ko determine the value of c&i'

' The frequency response of a aystem can be obtained when the
input and oukput signals are analyzed in the frequency domain. The
convargion of the signel from the Eime dnmai; te the fraquancy domain
i4 uaually performed with the Fast Fourier Transform algorithm (29),

a standard feature of digital computers available for Fourier apalysis.
A experimentz! arrasngement was devised to genmerate a pertur~

bation on the position of the ferrite diak. The perturbation

coneigted aof rotaring an eccentrie cylinder ssated om the upper part
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of the disk support. In order to aveid the feedback effect of the
laver aystem, the support where the disk was wounted was disconmected
from the remainder of the lever Bystem,

A proximitor probe was used to monitor the mokion of the
farrite disk. If was a Bently Nevads model 3106-2800-1%0. It has a
frequency vange from DC up to 10 kHz, and its sigpal was assumed to be
a correct indication of the position of the Ferrite disk,

Sizmce the probe had teo be mounted above the disk support and
gince the output signal of the probe i directly proporticnal to the
air gap separating the probe and the disk support, the measurement of
E%%El-is pogitive if the motion of the disk is in the downward
direction. Therefore, de{t) was adopred to be positive when the disk
wvag below the equilibrium pesition.

The ecceatrie oylinder was roatated with the frequency being
contimiously changed. 4 record of the output From the transducer and
from the proximitor probe wes made and Fourier analized usinog a
Bawlett-FPackard Fourier Analyzer model 5420A. The result of the ana-
lysis 1s shown in Figures 3-18 through 3-20,

Fart a) of Figures 3~18 through 2-20 show the Auto Power
Spectral Demsity (APSD) of the signal from the proximiter praobe {inoput
signal). The APSD gives the power density as a function of frequency.
It ia an indication of how eiach component contributes to the toral
povwer of rthe sigmnal.

Part b) of the Figures ashow the APSD of the DG output curreat

from the electronic system of the transducer.
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The frequancy response is shown in parts c) and d} of the
Figures. According te the technical specificatione of the gignal
analyzer used, the frequency response is calenlated using the raria
between the averaged Croas Power Spectral Deugity (CPSD} and the
averaged APSD of the input signal {(sea references 29 and 30 for more
information about the method).

Due to the fact that electronic equipment can introduce noise
in the nmignals, the coherence function is usaful to determine how mch
of the output 3ignal is due to the input sigpnal. The cohereace fung-
tion is shown in part e} of Figures 3-18 through 3-20.

Figure 3-18 indicates that the magnitude of the fraqueacy
response is counstant for frequencies up to about .036 Hz, after which
it starts to decrease with a ratio of 20 decibals per decade of fre-
quency. Alsg, the phase starts at zero and goes to a velue close to
=30 degrees., The result is rtypical of a first order system with a
pole at p = -lﬂ*.Dﬁﬁ '.-.225 aeckl, therefore, a berter repressutation

for the transfer function GE£ ig:

Cat
G (0) =T 3%

The value of cel was obtained using the calibration curve of
the proximitor and the magnitude of the frequency response. C _ was

el
determined as l.ﬂﬁ*lDEmAJESEcm).

(3-118)
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3.3.4 Lever system

The transfar Function of the lever system, G relates Lthe

Ra'
displacement of the ferrite disk and the moment applied to the lever

system. It is obtained from Equation 3-105 that gives:

sets) _ _ T1if1a 3wy 0)

bt{s) (szlza + 8, + K )

stis] =

{3-117)

Hare we note thst Gla doea not take in acecunt the feedback

affact gensrated by the force motor. It only relatee the displacement
of the ferrite disk with the moment appliad to the system.

A plot for Gin{ﬂ} ia given in Figure 3-2I.

3.3.5 Closed loop transfer functicn for the lever system
The closed loop transfer fuactionm for the lever ayateam,

identified by Gﬁv in Figure 3-1, includes several transfer functions

ls
(lever system, the mechanical reaction, the slectronice and the force
motor). Combining the transfer functioms for all these subsystems we

obtain the overall tranafer fumctiom va 1t relates the variaticn

1s®
in the mutput curreat I,. with the variation in the moment Tor that is
transmitted to the system when there is a change in the differential

presgure beipg applied to the franzducer:

&1, [a) G (a)s {s)
G (s) de &1 ka

- - (3-118)
ovls thr{a] 1. - Gml(a]ﬂlﬂﬁs} - Gf;fsjﬁeifs}czﬂ{s]

A plet for Govls{sj is given in Figure 3-22.

According to Equations 3-112, 3-114, 3-116 and 2-117, Equation
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A-118 cxn he written as:
. : CELPllflﬁslﬂwlh(U] (3-119)
ovls k) 2 ——
ts Lys © 8 [C£s+91131 ¥ EIPC15+KPV Gn:PllPlﬁslnmlﬁ[U}]

IR G B B siod (00 = 6p 0y PryFgsind (00}

where p is the pola of the transfer functiem for the elesctronic system.

Substituting the parameters prasent im Equatiom 3-11% by their

reapective values we obtain:

iz E CEEPllFl.ﬁslnw 14(:” {3-120)
ovls ﬁ-3*1D-453 . 1.5*1ﬂ'231 + 1.8a + 14.

From Equation 3-120 we see rthat Gles has three poles,.

Furchermore, for small values of s the contribution of the first two
terme in the denomxinator i1s pegligible end 2 first approximation for

the firgt pole of Gnvls ia 8, = -14./1.8 = -7.83 sec . The correct

poles uETGuvlg_are:

= 5.3 nec‘l

1
2, = -13.33 + 61.47] sec”’
83 = -13.33 - 61.47§ sec where § = /-1,

3.3.5 Counectica

The traunsfer function of the connection, ch’ relatas the
variation in the moment thst is appliad on the lever syatem with the
variation in the [orce ﬁFg(YB.B). transmitted from the vactor mecha-

aism. To obtain the equation that gives Gcn' we gtart by combining

Equations 3-115 and 3-118 to obtain:
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Sela) covls{S)
Tt (e) €, (s) (3-121)
pT el

Since the laver system 18 assuméd to be a rigid body system,

we can relate Sefs} with ﬂylnfs} by:

P, P, sioy,,{D)
Selp) = Ll 14 14 6?10{31 3-122)
P 10 Binv,4(0)

We can also relate GTPr{s} with ﬁFln(ylu,u}:

u:i.nirm{ﬁ}ﬁ‘ﬂ' ) {3-123)

ﬁtpr{u}_- Pl lﬂ{ylﬂ’s

of 11

Subatituting Eguaticns 3-127 and 3-1I3 into Equationp 3-11l and

rearranging the result we obtain:
Gavls P11f10
Gél{‘}IPllPI& ain?lh{ﬂjl

()1 simy (0)]°

Eyiﬂ{a) - GFlu[ylﬂ,:} {3-124)

Sioce Guq(rln,q? ia the same as Gylu(u), and GFID{?ID'HJ is
equal to EFg(ylﬂ,s} (one ia the reaction of the other), we combine

Equations 1-99 apnd 3-124 to obtain:

ﬁtpr(s) (9,9} P .P linﬁluiﬂ]

11" 10
- a {3-125}
ﬁrgings}

6eal®’ ¢ . (a)[FTF . simp. (0)]%
ovls 11 19 10

Gﬂ{u)[r_ui'—'m sioy,, (0]

~b(%,10}

4 plot for Gcn is piven in Figure 3-23,
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To make a4 qualitative snalyaia of Gcn e hn‘ve that for values
of s lower than 100 (in magnitude}, coefficientz b{9,%} and b(9,10),
developed in section 3.2.5, can be approximated by leHcsz} and
-[I[Hcazi, respectively, where M is the masa of the connection ela-
waent. Expressing the denominator of equation 3-120 as
p353+p232+p15+pu and using the approximations for coefficients b{(9,9)

and b{%,i0}, Equation 3-125 becomes:

-_— 3 p
F10P11515¢1ﬂ(0}[p33 +P23 +P15+pﬂ1

G ate) = —— ) ) 32
[Plﬂrllalnwlﬂ(ﬂ}] (s+p)Hca +(p33 +p 3 +pla+pﬁ]

(3-126)
Bere we note that che poles of & are now the zeros of G_ .
ovls cn
. — 2. =3
*
Algo, sinee the predoct [Plufllslnwlu{ﬂll Hc is about 7#%10 ~ the
comtribution of the Ffirek term in the denominmator ig very smell, and
the poles of Gcn are yery clope to the zeros.
A more detailed analysia showed that the increment used in the
calculationa was mich larger than the digtance between the location of

the first pole and the location of the first zero. This is the reason

why they are not seen in Figure 3-21.

3.3.7 Vector mechanism

The transfer functiom of the vector mechanism, va‘ givea the
fraction of force that is transmitted from the force bar te the con-
nection element. Ta determine va we once agein analyze points that
bave the gsame mation and forces that make a pair actionreaction.
Since 5ug{yg,ni is the same ag Gua{yg.s} and aFg(yg.s} ia the reactiom

ko ﬁFE[yg,a], we yae BEquakions 3-35, 3-98 and 3-125 to obtain:
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§F(y,..a)
- g%/ b(8,8) _
G‘i"l:l.'l{ﬂ} 55(35-3} a {QIIETG TS} (3 12?}
2(9,8) + < - b{8,9)
P, Pyg siow;,(0)

A plot for Gvm ia given in Figure 3-24,

For values of 8 lower then 100 {in magnitude) coefficients
a{9.,9) and a(9,10) can be approximated by lf{Hcaz} and -lf[thzl,
respectively, where Hc is the mass of the coonection element. Ueing

this approach and equation 3-126 we rewrite Eguaticn 3-127 ag:

b{8,8)
ain#lu[ﬂ)]2(l+p]

ﬁm{ﬂ =

[P10P 11
([F P, aimp ,(0)]%(avp)M o

. = b(8,%)

+pyr 0w 54 )}
(3-128}
Since coefficients b({B,8) and b{8,%} are counstants divided by
a same polynomial of order 2 (see Equation 3-96), we couclude that
va i8 a ratio of two polynomiale of order three each.

Comparing Equations 3-126 and 3-128 we nmote that the poles of

G are now the zeros of G .
cn v

3.3,8 Force bar

The transfer function for the f[oree bar, Gfb’ relates the
variation in the force trausmitted to the vector mechsnism with the
variation in the force tramsmitted from the Elexural aystem. To
obtain Gfb we fgllow the same procedure ms the one used in the detar-

mination of € and G_ . Consider the equations that give the same
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Figure 3-24, Transfer function for vector mechanism
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displacement; ﬁuafxa,s} and Eu?(ya,s); and the pair of forces where
one is the reaction of the other: GFT{FE,S} and EFB[xB,ﬂJ. Using

Equations 3-53, 3-95 and 3-127 we abtain:

6F(yg.a) B(7.7)

Geple) = 77 77080 Tal(8,8) + a(8,9) C__ - 5(7,8)] (3-129)

A plor for th is given in Figure 3-25,
The analysis of Gfb is pimilar te the snalysis of G g® 10 Che
region shown in Figure 3-25, th is a ratio of two polynomials of

order three each, and the poles of G#m ara now the zerons of th.

3.3.9 Flexural system (C-flexure)
The tranafer function of the flexural system ralaces the

variarion in the forece that is tranamitted to the force bar with the

variation in the force traosmitted from the sensing element. It iy

" the combinktion of the transfer Bsnctiona of each beam that make up

the ayatem. In a;de; to determine the Fransfer fupction Gcfi for each
beam i we follow the same procedure aa in previous cases., Cousider

the two equations that desctibe the motion of the same point, and make
use of che tramafer function that relates two of the forces preaent in

the equationa. Using Tquations 3-37, 3-52 and 3-129 we obtain:

g b(6,6) (3-130)
cf5 ﬁF[xﬁ,a} al7,7) » a(T,E}Gfb - b{6,7)

G

Using Egquations J-34, 3-36 and 3-130 we obtain:
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. GF[Zﬁ,SJ' b(S,SJ
cfa 5F{25,5J aflb,6} + alé,7)G ~ bf5,6)
cfh

G

Using Equations 3-1%, 3-3) gnd 3-131! we obtain:

) ﬂFExs,a) ) b{4,4)
cf3 ﬁF{xﬁ,s) a(%,5) + a(i,ﬁ]Gcfh - b4, %)

G

108

{3-131)

(3-132)

Vsing Foquations 3-16, 3-18 and 3-132 we obtain:

G b(3,3)
e£2 53(33_5} a4 4) + a{a,s}ccfj - 5{3,4)

Using Equations 3-6, 3-15 and 3-133 we obtain:

GF{xa,a) b{2,2)
cfl * SF(x,,8) " 803,37 + a(3,8)6_, - b{Z,3)

G

(3-133}

(3-134)

‘Combining Equatioma 3-130 through 3-134 we obtain

GF{I? :-SJ =

.t ® 5¥(x,,8) = Cee1fee2% 2% 2085

A plot for Gcf is given in Fipure 3-16.

The analysis of the several components of Gc

£

(3-135)

15 aimilar to the

1

gnalysis of va (see sectiom 3.3.7}. In the region of interest Gcf‘ ia

2 ratio of two polynomiala of order three each, and the poles of

Gcfi-l are the zeros of Gcfi’

(Mg TYTU I 7 FEROG S
I = E M

s pwe P IETOSE Nuc-__r_';.:rzsl
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3.3.10 Sensing element (diaphragm)

The transfer function Gu of the diaphragm gives the relation
between the difFerential pressure being applied to it and the force
that is tranamitted ko the Fflaxural system. It is obtained by com-

bining Equations 3-2, 3-5 and 3-134. The result is:

8B, (x,,8) B(1,1)

Cee = T EP(s} * RED ey o

=51, 2) (3-136)

The plot of Gse is giveo ia Figure 3-27,
For values of » lower than 100, 1o wmagnitude, coefficients

a(2,2) and a{2,3) can be written as:

32

I + =

a(2,2) = - —*
M.,a
2

a(2,3) = 1—2
Hzn

whera Hz iLg the mezes of element mumber 21 deseribed in eection 3.2.2.

"~ — === -With-thig spproach the transfer function for-the diaphragm can

be wrikbten as:

g = bi{l,1}
e 1 l2
-—E{Gcﬂﬁl- T J -b(1l,2)

Hza

{3-1373

From the previous analysis we have that G ¢ 4 be approxi-
mated by a ratioc of two polynomiasls of order three. If z, (i=0,1,2,3
are the coefficients of the polynomial in the numerator, and

?; {i=0,1,2,3) are the coefficients of Lthe polynomial in ctha dencamina-
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tor, G¢f1'1 cin be expreassad as:

(2.~ g 8- + (z,- q, )32 + (x.- q0a + {z_- q,)

6 w382 2~ %2 1~ 91 ¢ g
‘153+q52+qn+q
3 2 1 0

& more detailed analysia showed that the ferms (zl—ql} and

fzn-qn) are negligible. Therefore, the transfer function G, cam be

written as

b(1,1)
3 2
~q38 ", +(22,-29, - J8+(22,-2q,q,)

3 3
Zﬂzfqaa + 9,5 + 9,3 + qu}

g () =
Ba
~b{1,2)

{3-13%9)

Since coefficients b{l,1) and b{l,2) are constanta divided by
a same polynomial of order two, the tesult of Gne ie a polynomial of
order three divided by a polynowial of order five. Figure 3-27 indica-

“tes that G:e hag 3 zeros and 5 poles.

(s

We note here that if the coefficieats af the denominator of

“B(1,1) and b(l,2) were small, the contribution of the terms in 8° and

’h? to the decominator of G.E would be negligible, and Gse would be a

ratio of two polynomials of ordar three sach.

3.4 Overall Transfer Punction for the Transducer

The overall transfer function, G , for the transducer is
overall

the combination of the transfer functioos of each subaystem:

Goverall * Gngncfsfbﬁvuncncuuls {3-140)

A plot for Gnverall is given in Figure 3-28.
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3.5 Frequency Reaponse
Sioce the results present in Figures 3-21 through 3-28 do not
show peaks in the vegion where Real{a) > 0, the transducer gud esch
one of the subsystems are stable systeme. Therefore, their frequency
response curves are obtained simply by substituting jw for e in the
galculationa. The result of such calculations, the frequency response

of each subsystem, 13 ahown in Figures 3-29 through 3-36.
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CHAPFTER &
MODEL VALIDATION

4.1 Introduction

Once we have obtained the equationa that describe the dynamic
bekevior of the transducer, the next step is to validate the model
degeribed by such equations. Due to the fact that the response of
the transducer to large perturbations is different from the response
to amall perturbatiunn it ie & non-linear eystem. However {aa will
be discuseed in chaprer 5}, for a step input of magnitude as large as
15% of the adjusted spen and ramp inputs with ramp rates lower than
30Z of the span per pecond its behavior ig linear. Therefore a
linear wodel is very upeful. In thia chapter we discuss the model
developed in chapter 3, and compare the frequency response of the

mode]l with. experimental results.

4,2 M¥pdel Validaticn

In order to validare the model developed in chapter 3 a
cnmpariaon.is m;dé.;itﬁ ££ree sets of experivental data that are
available for the traznaducer being analyzed., The first two sets are
the frequency responses obtained for twe different trangducers of the
same model as the one used as the reference in this work. These
results were provided by The Foxbore Company. The first set of data
waE taken with a tranpducer {(serial number 2060606} calibrated to
operate in the interval 0 te 100 inches of water. The eecond set wvas

talken with a transducer {(serial number 7032612} ralibrated to operate

between O 2nd 150 inches of water., These senszors have a sensing

FNIHTU- o erreng afe ot LVICHSE NUCLEARED
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alement identified ms 'medium range capsule’ by The Foxboro Company.
Thi=x i= the same type of sensing element as the one in the referance
trensducer used in this gtudy. Io the Foxboro frequency response,
the transducers were submitted to a pressure of 50} of the adjusted
span, with a superimposed simusoidal perturbacion of 5%. The
sinusoidal perturbation wag generated using a current to air prassure
cooverter, and a faster transducer was used as reference. A copy of
the information giver by The Foxboro Company ig given in apperdix C.

The third set of data wee taken in The University of
Tennessee laboratory, and gives the frequency reeponse of the
transducer when correlated with the response of a faster transducer
{a Validyne pressure rransducer model DPI15TL). The experimental
eguipment used to obtain the correlatiom is shown in Figure &-1.
with the 'pressure gource valve' slightly open, the 'bleed valve' was
used to concrel the amount of air in the accumlator, and
congaquently the pressure. The pressure was continucusly measured
useing both traneducerz. The esignals from the transducars were
recorded ueing a four channel Lockheed tape recorder in the direct
mode for subsequent 2nalysis. The anazlysie was performed using the
Hewlett-Packard Fourier Analyzer model 54204 meptiomed in section
3.0.3.

The experimental frequency responses were compaved with the
frequency response obtzined using the model described in chapter 3.
A Bode plot of all four cases is shown in Figure 4-2. There is good
agreement betwean the information given by The Foxboroe Comprany and

the resulre obtained with the model. However, the data obtained at
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the University of Tennessee laboratory agree with the other three
only up to about 2 Hz, after which it starts to diverge.

The reasony for the divergence of the third set of data sre
attributed to two sources: the Validyne trapnsducer that was used as
reference, and the pressure lipes., The result of the zpalyeis
performed with the data taken in The University of Tennessee
leboratery is showm in detail in Fipure 4-3. It shows that there 1is
a wsudden decrease in the power spectral density of the signzl from
the Validyne transducer in the rvegion cloge to 3 Hz. Singe the
signal from the Foxboro transducer does not show the same behavior, it
is believed that the sudden decrease is a characteristic of the
VYalidyne transducer (or a charescteristic of the place where it waa
installed), Therefore, it was concluded that the transfer function
for the signal from the Validyne transducer iﬁ the frequency range of
the aralysis is not conatant. The pressure lines are suspected as an
additional cause for the divergenoce of the result because Lhey were

long (about 3 merers), with many curves, and they wera flexible.

4.3 Discussion of the Calculational Procedure

The model developed in chapter 3 considers the transducer as
a syetem composed of several mechanical elements. Wirh the exception
of the dizphragm and the lever system, all other elements are
comnected to two adjacent elements. The diaphragm and the lever
g§y&tem are connected to only one element each. For each element

there 19 & dynamic equation that deecribes the motion of any point in

the element as a function of the forces acting on the element. For
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each comnecting peint there are twe different equations deseribing
fts motion. For example, c¢onzider elements number & gnd 5 show in
Figure 3-7 {page 39), According to Equations 3-1% and 3-33, the
mation of point (xs,y5>15] can be described as:

ﬁu[rs,a} = b(ﬁ,ﬁ}GFﬁ[rﬁ.s) + b{ﬁ.BJEFﬁ{r5,s} {4-1)
or

Eu[rs,s} e a(5$5}6F5[r5,n] + a[5,E}GF5(rE*s] (4-2)

where T, indicates the coordinates of pniut_(:i,yi,zi}.
Since point [xs,ys,zs} ia unique, Equations &-1 and 4-2 must be
equal. Furthermore, coasidering that the force EFﬂ{rs,u) is the
reaction ko the force GFS(IE,E}, the abpolute values of these tﬂﬁ
forces are the same.

For the [irst and last elements of the mechanical system
there is only one force present in the equatioe of wmotion. The first
element is the diaphragm. It ia subject to a differential pressure
P exiating accross the tranaducer and one force Flfrz,a} that 1s

generated by the feedback reaction ¢of the traneducer. Equatian 3-2

describes the motion of the digphragm:
5u{r2,s} = b(1,1)5P{s) + h[l,I}GFlirz,a} (4=3)
For the lever system (the last element), Equatiom 1-124 may
be rewritten as:

Eu(rlﬂjﬂ] - ﬂ{lﬂ,lu}aFlﬂ(rID,B} {lﬁ'#)
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Combining Equarions 4-1 through 4-4 and all other equaticny
developed in chapter 3, the motion of the connecting points cap be

expreased RE:

1=
n

Ire-

L]

or

=

= p.f + piP

where vectora u, £, g, and matrices A and B are defiped in the next
page-
Defining matrix { as A-B, the vecter f van be determined
as
-1
f = C "géP

b ]

It wazs found that the coefficienrs of the matrices A and B
are such that the direct inversion of matrix C bas numerical problems
(overflow). Since matrices A and B are composed of only two
diagenals, it was found to be more practical to obtain the component
EF{rn,sJ ap 8 function of the component GF{ﬁI_l,B}. Due to the fact
that only the firat element of the vector g is non zera, the
calculation is easily accompliasbed when we atart with the last lipe
of matrices .ﬁ=nnd innd move toward the first line. This was the
procedure ueed in developing the tranefer functions between forces

described in eection 3.3.

The combinaticon of the trapsfer functions between forces and

" Equation 3-118 provide the gverzll transfer function for the

transducer, as given by Equation 3-140.

The pumerical values obtained with the model were used as




—

L

L

=

L

o o

[ =JNN -~ T = B =

=

L 0
(b(1
0

g

'u{ri,l]
ufr,.s)
u{:ﬁ,l]
wlzg,n)
uir,, el
ulz,,s)
u{rg,n}

u(rg.i}

3

u{rlﬂ"}

(a(2,2) a(2,3)

0

a(3,3) (3,4}

o
a

a

2 0

h{2,2) b{2,3)

ald,b) £(4,5)

2
0
0

-0

5(3,3) b{3,5})

L= T — S =

L=

b{&, 4} bi&, 5}

1]
a

a

4]

[V

al5, 5} a(5,5)

0
L+

G
2
o
0

1]
¢

p(5,3) bi5,6}

0
0
a

P{rz.t}]
F{Ij[l]
Flr,.s)
Flrg,s)
Firﬁ,-}
FE:T,B}
Flry,s)
P(r,,a)

F(rlu,I}

o

4
g

alb.6) g{6.T)

a

L= I =

0
o

u .

b(6,6) b{&,7)

D
0
]

Q
o

o

0
a

0

2 o o

Q

al(2,7} a{7.8)

9
0
Q

Q

0

a{B,8) ¢(8,9}
d x(9,93 a(9,10]

L+
0
1]
9
0
0

0

b{7.7) B(T,3)

o

¢

»(1,1)

Q
g

0

&

w -

0

g

(10,13}

=

[ T - T -

D

g 49,9} b{%,10)

131




v

s

L

132
input data to a program developed at the Instrumentation and Controls
Diviaion of the Cak Ridge National Laboratory to fir a transfer
funcrion (31). The result of the fit was a transfer function with
five poles and no zeros. The differance batween the numerical values
obtajned with the model developed in chapter 3 and the fitted
frequency response are lower thanm 1¥ for freguencies up fu 17 Bz,

The fitted poles are given in Tabkle 4=1. The result of the fit is

showe in Figure 4-4,

Table 4=1, Ficted poles for the model

g, " =52.1 EEc_l |
5, = -18.2 = 104,75 nec |
G, = =l6.2 + 106.75 sec”"
T -8.5 - 4,3j sec-l
8 e =§.5+ &.33 secul

4.4 Bensitiviry Analysis

The sensitivity analysis was performed to determine which
parameters have more influence in the dypamic response of the
transducer. The procedure used ip the analysis was to determine the
percent of varietion in the frequency responae per percent of
variation in the parsmeter. To perform the calculaticna the

following expression was usad:
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senaitivity to _ G{jw,pt.lp) - ijﬂ.pja* 100
paramecer 'par'’ Ju

where p Tepresents the original value of the parzmeter 'par'.

Before discussing the results of the sensitivity anelysis it
in necessatry to explain the assumption made about the natural
vibration of the diaphragm. According to reference (26) the first

garural frequency of a circular plate with clamped edge is given by:

f = 10.2 b
Ewaz ph

where a = radiue of diaphragm

L=
|

flexural rigidity

thicknese

o
|

P = density
From reference (32) the deflection of the central portien

of & circular plate uniformly loaded ia given by

4
s = J2
64D

where q is the load per unit area {pressure). Using the information
prezent in Figure 3-4 (see page 33), we obtain that the value of
aﬁfﬁﬁﬂ ia &.3*15-3Hfu?. Since the radius of the disphragm 1z 038 m,
we cbtaip an effective value of D mqual to .77 Fm. Assuming that the
diaphragm canp be represented by one circular plate with an effective
D of .77 ¥m, the first natursl frequency of the plate will be 1.0

KHz, This is well above the frequency ravge of interest. Becauge of
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the assumption made the sensitivity of the frequency response with
respect to the area of the diaphragm is constant.

The results of the eensitivity #nalyeis can be classified
according to three dietinct vegions of frequency., The first region
is for frequencies up to 1 Hz, the second for frequencies between 1
and 20 Hz, and the third for frequencies above 20Hz. Table 4-2 is &
summary of the most important paremeters in the sepsitivity amalysis.
It alsa shows the frequency range where they affect the results most
strongly. The results are shown in Figures 4-5 through 4-21.
additional resules are given Iin Appendix E.

During steady state, the relation batween the output LC
carrent I and the differential pressure P applied o the transducer

im:

A__(y -y )rany (OVF F) sioy, (0)

se P (4-5)
(?3_?a}KEm

I(py = 10 +

As shown in Table 4-2 with exception of the parEMEtar'wlniﬂ}
the parameters present in Egquation 4-5 are the cnea that strongly
affect the respomse of the transducer in the region of low frequency.
The value of ¢1uiﬂ] is very close to 72 , For values close to w/f2
the function sin does not change eignificantly. This is why the
frequency response is not strongly affected by ¢IDEU}.

We also note that for frequencies above 20 Bz a high
pepeitivity in magnitude does not mean that the parameter affacts the
reselts strongly. For these frequencies the magnitude of the

frequency response is very small,
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With reference to the division adopted for: the flexural
aystem (zee sectiom 3.2.2), it wae found that the most significative
result was the sensitivity with respect to the length of the elsment
number 3. The sensitivity for thiz parameter is lower than 1% for the
magnitude, and lower than .23% for the phzge. The semsitivity with
Tespect to the other parameters of the flexural system is abeut 10
times lower.

In order te illustrate the usefulnese of the semsitivity
snalysis we analyse the results shown in Figures 4-1% and 4-22.
Figure 4-1% ghaws the sensitivity of the frequency response of che
transducer with respect to parameter cLs {see page 151}. CES is the
dawping coefficient for the lever system. As explained in section
3.2.6 the value of cls is very small (.0l7 Hmseczl. As a result of
tha small valwe of ELB the motion of the lever systew is underdauped,
a4 seen in Figure 3-15 on page 85, Mathematically the underdamped
motion 18 characterised by a pair of complex polss in the transfer
function of the system (see Figure 3-21 on page 98). The influence
of the complex poles in the overall frequency response of the
transducer is represented by a small peak present im Figure 3-36, in
the region cleose to 18 Hz {sece page 122},

1t may be concluded that 2m increase in CES canses the small
peak shown in Figure 3-36 to decreaese, making the transducer a moTe
stable system. Comverselly, & decrease in GEs causeg the peak Lo
inerepsa, weking the transducer a lese stable system.

In addition to the analysis described we note thar cone

characteristic of the Foxboro pressure trensducer is that a smzll
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displacement af the sensing element implies a large displacement of
the end portion of the lever system (Ehe end portion of the lever
gyatem is definad as the regicn clpse to the position of the spring
used for zero adjustment). Therefore, it ie concluded that a damping
device inetzlled at the epd of the lever system is more efficiant
than the same device installed at the position of the sensing
element.

How we analyze the sensitivity of the frequency response of
the transdycer with reapect to the parameter cel (see Figure 4-22 on
page 154). cei 15 a parameter that 1s prepertional te the gain of
the cransfer function for the electronic system. Since the
electronic system penerates the feedback force, it is understood that
gne way of improving the response of the transducer is to iocrease
the gain of the transfer functiom for the electronic system (which
means to ingreszse Ceil'

To analyse the influeuce-nf Eeﬂ in rhe low frequency region,
we maLe-use ﬂf.ﬁquatiﬂn 3-11% (see page 100}. It wms found that for
sﬁall-valués né ; (in magnitude), the mairn contribution for the
denominator of Equation 3-1I9 is from the last term
EGfmGEiFIIlesin¢14{U)}. This means that for low fIEQuencies the
overzll transfer function for the laver system [Gnvls} may be
approximated by lfﬂfm, which is & comstant. According to this
analysis the change in 9&1 affe;ta mainly the frequency response of
tha transducer in the region of high frequencies {the reglon above
the first break frequency of GUVIB , or abemt 1 Hz). A5 Been in

Figure 4-21 (gee page 154) rhis 2palysis agrees with the result of

the sensitivity analysis.
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4.3 Extension of the Model to Other Foxboro Transducers

The model developed in chapter 3 showed that the dynamic
behavior of the transducer used as the reference in this work depends
mainly of three subsystems: lever system, electronics, and sensing
element. The geometry of the lever eystem it the same for all models
of Foxbaro rransducers. Therefore the effect of the lever system in
the responee of the transducer is expected to be the same for all
models...The effect ﬁé-fhe electronic circvuit depends of the circuit
used. 48 explained in chapter 2 there are two electropic circuits
available for Foxboro pressure tranesducers. One to give an output DC
curtent signal between & and 20 ma, The other to give an output DC
curtent between 10 and 50 mA. The effect of the electronic circuit
alsc depends of the calibration of the transducer. 4s explained in
pection 2,3 there iz a jumper selectien that is adjusted accarding to
the span of operation. The saneing element depends of the model of
the transducer and can be & diaphragm, a bellows or z Bourdon tube.
Each sensing element can affect the response of the sensor in a
different w;y. . o

The sensitivity analysis developed in sectiom 4.4 showed that
the effect of the electronic system in the response of the transducer
igs mainly due te the force moror. The feedback voil is the main
component of the force motor and, as explained in section 2.3, can be
arranged in three different configurations. The effecrive resistance
on the c¢oil cam be 173, 89 or 42 ohms, depending on the jumper
configuration selected. As explained in section 2.3.2 the transfer

function for the forve motor is & constant (Kfm). The value of Efm
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15 given by a constant multiplied by the effective resistance of the

L)

feedback coil. The model developed in chapter 3 predicts that when
the effective resistance of the feedback coil decresses the response

a of the transducer becomes slower, Figure 4-24 shows the frequency

‘ response as predicted by the model for the three effective
resistances of the feedback coil. This behavior, (slower response

a for lower effective resistance in the feedback coil), was noticed in
experimental work with transducers that operate between 4 and 20 md
(33). BSiace the gain of the rransfer functionm is a function of Kﬂn

3 {see Equation 4-5}, the magnitudes shown in Figure 4-24 are
normalized to 1 for ¢comparison. We note here that the results shown
in Fipure 4-24 do not take into acvcount the c¢hangs in the paramater

2 C,, present in equation 3-116.

It 1% understogd that the transfer functioen for the differant

configurations of the electropic system and the dynamic equations for

- the different sensing elemente used in Foxboro traneducers can be

obtaived empirically (as described in sections 1.2.1 ﬁﬁd 3.2.10).
Cnce thésé equations have been obtained the result van be easily
- implemanted in the model developed in chapter 3 te predict the
frequency response of the rransducer.

Comparison between the results shown in Figure &4-7 and
< resul ta obtained with other models of Foxbore transducers showed that
the freguency response does not change very smuch. The main
differences observed were:

7 1- the break freguency changed betwsen 1 and 3 Hz,
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2- the shape of the frequency response, immediately after the
break frequency, indicated a second order system (magnitude
decreasing at ? decades per decade of frequency and phase
going te -180 degrees), or a first order system (magnitude
decreasing with ] decade by decade and phase going to -90

degrees}, depending of the model {33).
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CHAPTER 5

STUBRY OF NON-LINEARITIES

5.1 Iotroductiom

It bas been observed that the response of the Foxboro
trangducer to large signa] perturbetiouns is different from the
responee to small signal perturbatiopns. Therefore the rtransdocer is
g8 non~-linear system. Iq ;his";hapter we analyze the causes of the
non-linear behavior, amd the conditions under which it can ba assumed
to be a linear system.

The tramsducer used in the experimentazl work had an ourput
gignal between 10 and 50 mAk. Once the transducer hangeen calibrated
there is a linear relation between the pressure being measured and
the ocutput signal of the transducer. Alse, for any spam ad justmant ,
the ma;imum difference in the omtput signal of the transducer is
40 mA, and it corresponds to 100X of the adjusted span. Therefore,
once we haye the calibration curve for the trapsducer, we can express
the pressure reading as pressure, output current, or percent of the
adjusted span. In this work the pressure readings are givenm in Lerma

of the adjusted span. The azdjusted span for the trapsducer used was

37.2 kPa.

5.2 Hon-linear Behavior

There sre two csuses for the pon-linear behavior of the
tranaducer. One is mechanical, and the other electricval. First we

analyze the wechapnical cause.

Ag explained in section 1.2, the function of the mechanical
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system is to transform the differential pressure existing across the
digphragm into a displacement of the ferrite disk. This displacement
15 generated by rotating the lever system, and works as anm error
signal that triggers the electronic system of the transducer. The
rotation of the lever system 1s restricted im both directions, in the
clockwise direction by the structure of the trapeducer, and in the
counterclockwvise direction by a stopping point that is installed to
protect the transducer from overranging. Since the rotation of the
lever system is Testricted, the morion of the ferrite disk is alse
restricted. This means that the magnitude af the error sigmal that
triggers the electreonic system is also limited. TthEfﬂtE; if we
define large signal perturbations as any perturbation that causes the
laver sysfem to reach a stopping positicon, then the response of the
tragsducer to & large signal perturbation is limited. 1If the
stopping pesition is reached the response of the trapeducer will be
the same regardless of the magnitude of the perturbation.

To illustrate the limit inffh; 6Qtput of the transducer, an
experiment was pérformed ia which the tfansdu;er was submitted to
five diffe;eg}_?amp inputs. The results of the experiment are shown
in Figures 5-1 and 5-2. From these Figures we conclude that the
transducver is able to follow only ramp inputs with ramp tates wp to
pbout 302 of the adjusted spsn per second.

Te explain the electronic cause for the pon-lipear behavioer
ocf the tramsducer, we use the diagram shown im Figure 2-¢ {sae
page 19). As discussad im section 2.3 the detector comsists of a

differential transformer that, together with rhe oscillator, form a

RE1ITLR O - L
UTDCE P28 7ot ru wog.ay NUE-EAQEs}
T
I




164

pressure e ==—m= =
{3 of span) e e e
R e e e
:_"—ﬁ'——_"'—="h R e e
= Input pressure B =
L =S R aor omtoat S
= e == =i sensor output
W e e e
e e e e .____%
. L. 2. 3. time [seg

pressure

% of span) |=mmE=—ms —— —————= _—

e e T —
e e T
R e
e
e —

e e e ———

— ——

sul —==1 ——--—5:_____:———

.FF"
:E'—_=E'—"'“F'=’-E gansor outpurl ==

pressure

251- T =
e o e e e —
%ﬁi‘? ==
ﬂ. s - —_— frm——r =

T (% of span)-

}'5.

50. =

25,

0.

=

»

¢)

tiee [sec)

Figure 5-1. Response of the transducer to ramp imputs with

vramp rates equal to: a)} 23, hb)
adjusted span per second

29, ¢} 40% of the




0

pressure
{% of span)

75.

== —————}

==t e =

—=E=i="input pressure i
—

—I‘—-_”q;:-—'-_‘:—::__‘—

50,

—

= o ==

25 == cansor output ==
e 50 ==

pressure
{% of span)

75,

50.

time (sec)

Figure 5-2.

1. 2. time {se:f

Response of the transducer to ramp inputs with
ramp rates agual to: a) 125, b) 46BX of the
atjusted span per sacond

165




166
system thet has an intvinsic feedback. The ferrité disk is part of
the differential transformer and i5 mounted onm a screw that connects
it to & supporting plate. The rotacicn of the screw permics
increasing (or decreasing) the minimum air gap that cam exist between
the diek and the top core of the detector {(see Figure 2-8 om page 22).

The primary coil of the transformer is the coil berween
points A and B in Figure 2-6 {see page 19}, and the secondary coLl is
the one between peoints C and D. During steady state conditions the
amplitudes of the AC voltages in the coils are constant, and represent
a saturated condition for the escillator. The saturated conditicn
and the amplitude of the AC voltages are functioms of the position of
the ferrite disk. When the air gap between the ferrite disk and the
detector decreases more current is induced in the secondary coil.
Increesing the current in the zecondary coil ceuses the amplitude of
the AC voltage in the primary coil to increase (because of the
amplifying effact of the tramsistor Ql), and more current ie induced
in the secondary coil. The final stete is achieved when the system
reaches a new saturation condition,

Becauvse of the physicel characteristics of the compouencs
uged in the electronic circuitr, there iz a maximim value for the
current that can be induced in the secondary coil. Thereicre, there
15 an upper limit for the amplitude of the AC voltages.

Experimental work performed with the s£lectronic system showed
that &5 the ferrite disk goes closer to the detector the hipher 1s
the amplitude of the AC voltages, and the highar is the gradient of

the output DC curtent of the tramsdocer. It also showed that the
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maximum gradieat for the DL current was obtained vhen the ferrite
disk was allowed to reach the plastic coating that protects the top
of the detector.

The experiment consisted of applying a step pressure to the
tranasducer azfter Totzting the screw of the ferrite disk as shown in
Figure 5-3., The contimupus line in Figure 5-3 is the sLep response
of one transducer whose ferrite disk was not moved from its original
position.

From the analysis of Fipure 5-3 it was concluded that when
the transducer is submitted to a positive perturbation the mom-linear
behavior is due to the mechanical cause.

For negative perturbations the amplitude of the AC voltages
in the primary and secondary c<oils of the detector deureases, and its
lower limit is zerc. It wasg observed that once the AC veoltages go to
zeTo the cutput DC current of the transducer decresses accoerding Lo

the following relation:

1(e) = (I0) + 20.3e 0% - 20, ' (3-1)

The responee of the transducer for several negative
steps 18 given in Figure 5-4.

During the experimental work it was noticed that the
adjustments made by The Foxboro Company are such that the zllowed
rotation of the lever system for a negative perturbation (for the
lever system to hit the structure of the transducer) i1s about 10

times the allowed rotaticon for = positive perturbation (to bit the
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stopping peint). Therefore it was concluded that for negative
perturbations the non-linear behavior of the transducer is due to the
alectronic part of the system.

We note bere thst the mechznical system of Foxbore
transducers is such that a small displacement 1o che diaphragmw is
amplified to create a large displacemant at the end of the lever
system. The maximum displacement at the end of the lever system
{distance between the structure of the transducer and the stopping
point) is about 3 mm. This correspends to z displacement of about
.1l mn at the position of the disphragm.

During the experiment to determine the empirical transfer
function of the elactronic system (as described in section 3.3.3),
another non-linearity associated with the alectronic system was
found. An attempt wae made to move the ferrite disk sinusoidelly.
The signal from the proximitor probe uged to monitor the morion of
the disk and the output signal of the system were recorded for
subsequent analysis. The analysis was performed using the ssume
Héwlett-Pnckard signal analyzer mentioned in gectiom j-3-3- The
result of the analysis is shown in Figures 5-5 and 5-6. Figure 5-5
revesls that the perturbation consisted mainly of two
harmonics, while the output consisted of about 10 harmenics. A more
datailed amalysis showed that:

1~ When a gimusoidal perturbarion is applied to the electromic
geystem of the transducer, the output signsl iz composed of
several components, harmonics of the input signal. The

firat and second harmonics have about 9B.0 and 1.8% of the
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total output power, rezpectively.

2- If two simusgidal perturbations, one with frequency f and
the ather with frequency 2f, 2re applied simultaneouslly
to the electronie system, the power of che output
component ;ith frequency 2f hes abour 97X of
vontribution from the imput perturbationm with frequency
2f, and 3% from the input perturbation with frequenecy f.

Ag geep in secrion 4.4 the model developed in chapter 3 is

not very sensitive to the paremeters of the electronic system,
and this non-linearity can be meglected when:

1- the input perturbation hes & power spectral densicy clgse
ko 2 constant. In this case the contribution of energy
from the first harmonic to¢ the second harmonic is constant
for all frequencies.

Z- the input perturbation hes a power apectral depsity that

increases with the frequency. 1In this case the contribution

from the first to the second harmonic decreases.
It is important to mention that ia this study the electromic
system was submitted to perturbations that caused its ocutpot to
cscillate with amplitudes of up to I5 mA. This value vorresponds to

37.5% of the =pan of operation of the transducer.

5.3 Conditions for Licearity

It is concluded in this chapter that there are two cavses for
the non-linear behevior of Foxboro pressure transducers. Ove is the
limjtation imposed by the mechanical system of the tramsducer. The

other is the limitation imposzed by the electronic system. The
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mechanical limitation is explained by the existence of a stop that
is installed to protect the transducer from overranging. It is
responsible for the nmon—linear behavior during positive perturbations.
The electronic limitatiopn i1s axplained by the speed at which the
electronic system can discharge. It is responsible for the non-linear
behavior during negative perturbations.

The experimencal work performed with a2 standard transduver
{by standard it is meant that the trapsducer had the same adjustment
as when received from the Foxboro Company) showed that it caan fellow
positive ramp inputs with ramp rates of up 30% of the adjusted span
per second. We call this the ¢ritical ramp rate. As will be
explained in chapter &, for ramp inputs with ramp rate lower than the
critical the transducer ghowed a time delay of about .28 sec.
Therefore, it is 2 reazscnable assumption to uvomsider the transducer
28 a linear system for situations when the pressure perturbation
integrated in 2 time intervel of .28 sec results in a value lower
than 30%*.28/2=4.2% of the adjusted span. The ceorresponding value
for the magnitude of a step perturbation is 152 of the adjusted span.

For negative perturbations the result of the negative step
response showed that for negative inputsa the pinimum gradient on the
output of the transducer is -27% of the adjucsted span per second
{this value corresponds to the minimum value of the derivative of
equation 5-1}. Assuming the time delay of .28 sec we conclude that
the transducer can be assumed a linear system if the negative
perturbation integrated in & time interval of .28 sec results in a

value (in ebsolute value) lower than Z73*.28/2=3.7% of the adjusted
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spani. The corresponding value for the magnitude of a step

perturbation is 12.3% of rhe adjusted span.
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CHAPTER 6

PROPOBED '"IN-SITU' TES5TS FOR FOXBORD

PRESSURE TRARSDUCERS

6.1 TIntroduction

The existing method for response time measuremencs of
pressurg transducers that is accepted by the Muclear Regulatory
Commigsion (NRBC) (34} is described im references 35 and 20. I is a
ditect method of determining response time and conzists of applying
an untermipated ramp to the transducer. The time lag between the
instant at which the variahle reaches a given value and the instant ac
which the output of the transducer is equivalent to that value is
measured. This time lag is defined as 'time delay' (20).

In order to bound the respomnse time of the transducer, two
unterminated ramps are recommended. The first ome {slow) is selected
based on the slowest transient for which automatic protective action
ic required by design. The second one {fast} is selected hased on
the festest tramsient for which automatic protestive action is
required.

The Teason for using two rsmps is that previcus studies
{14,720} have shown that the riwe dalay for some pressure transducers
15 a2 function of the ramp rate. The use of the two ramps is an
attempt te obtain the most conservative value for the time delay.

The time intetval between tests is5 not specified by che NRC.
It only specifies that the program of rests must be such that

"significent chapges in failure rates can be detected before mulriple




[

177
failures occcur”. One problem with periodic testing of transducers
that make part of cthe protective system 18 that some of thé
transducers are inside of the containment and can be ac¢cessed only
during the shutdown pericds of the reactor. Therefore the

measurement of reeponse time for these transducers using the current

method can be performed aonly during the shutdeown of the reactor. The

deve lopment of a remote testing procedure would be very helpful in
testing pressure transducers.

In this chapter a method is presented for remote in-Bitu'
testing the Foxboro force balance pressure transducer. The resulr of
the test can be easily associated with the respunsé of the trapsducer
tc a etep input perturbation. and gives a conservative result for che
time delay of the transducer when'it is submitted teo an increasing
ramp ioput, & second test, which requires access to the tramsducer
is aleo presented for 'ipn-situ' testing. This second test provides
the time delay of the transducer for positive and negative step
perturbatione.

Beither one of the proposed tests require access to the
pressure senaing lines.

In order to help understand the principle of the tests being
proposad for Foxboro pressufe transducers, a brief review of their
operation follows:

1- The pressure being applied to the transducer is unnyeéted

into a force signal that propagates through the mechanical
system to move the lever system (see Figure 2-1 on page 10)

and the ferrite disk.
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2- The motion of the ferrite disk triggeré an electrical

signal that causes a DO current fleowing through the
electronic system to change. The displacement of the
ferrite disk from its equilibrium position is an error
signal.

3. The DC vcurrent, the output of the rransducer, flows

through the feedback woil generating a feedback force thac
canses the ferrite disk end the mechanical aystem to
return to the original position.

Since the DC curreunt is the origin of the forve that balances
the system, then any perturbation ia the BC corrent will upbalance the
system, creating a transient condition for the Eransducer. The
feedback coil is also responsible for the balancing of the syatem.

The ‘in-situ' tests are based oo using the DC current and the feedbeck

coil to disturb the system.

6.2 Remote 'To-situ’ Tast

. The remote 'in-situ’' test is possible because of the
non-linearity in the mechapical part of the transdocer. This
non-linearity iz due to the presence of ap overranging stopping point
on ope Bide and the structure of the trameducer on the other. These
physical parte restrict the motion of the lever eystem, and
consequently the motion of the ferrite disk in both directions,
clockwise and counterclockwise. Since the displacement of the
territe disk is an error signal, a limitation in the wmotion of the
disk implies & limitation on the magnitude of the error signel, which

mekes the system non—linear.
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Experimental work has shown that 2 step change in pressure of
about 15% of the adjusted span causes the lever system to rest at the
stopping point until the feedback moment is strong enough to return
the system fo the original position. While the lever system stays at
the atopping point the magnitude of the error signal is the maximum.
For amy step perturbation im preéssure with magnitude higher than 15%
of the adjusted span the lever sytem goes to the stop position, aand
the response of the transducer can be divided in three parts. The
firet one correspending to the time interval during which the lever
system maves toward the stopping position; the second part
corresponding te the time interval during which tﬁe lever eystem
remains at the stopping position, and the third part of the response
corresponding to the time interval during which the lever system
moves to the priginel positiom, away from the stopping point,

T illustrate the presence of the three regions, a test was
made in which the transducer waz submitted ta a swdden change in
pressure, The initial and final pressure were zet aqual to [ and 69%
of the adjusted span, respectively. -The valua £33 was chosen to
obtain the data in a scale suitable for comparisons with the results
of the 'in-situ' tests. The tesult of the experiment is shown in
Figure 6-1, Tt alsg shows the response af the transducer when the
pressure {corresponding ta &%% of the span) was suddenly removed.

To mpniter the sudden perturbation a fast semsor (a Validyne
pressure tranaducer model DPISTL) was vtilized. As can be seen in
Figure -1, the dynamics of the Foxbore transducer is such that, for
practical applications the sudden perturbstion can be assumed as a

step perturbation.
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An analysis of the result showed that thE‘EEand part of Lhe
etep response gives the blggest gradient that can be present io the
cutput of the transducer. We define this gradient as the critical
ramp tate. The corresponding famp is defined a5 the cvriricel ramp.

If the traneducer is submitted to & ramp ipput with a ramp
rate lower than the ctitical, theo the stopping point is not reached,
and the transduger behaves as a4 linear system. However, if the
applied ramp rate is larger than the critical ramp rate, Lthen the
stopping point is reached, thg transducer becomes non-limear and it
will show the eritical ramp as its output.

1f, for rawp inputs with ramp rate lower than the critical,
the transducer can be zcsumed as a first order aystem then for these
inputs the time delay is constant. However for ramp inputs with ramp
rate higher thap the (ritical the time delay is expected to increase,
because the output of the transducer is the critical ramp (see
Figures 5-1 and 5-? on pages 164 and 165, respectively). The
waximum time delay is obtained when the transducver is submitted to &
‘step perturbation (& ramp with ramp rate equal to infinity). The

time delay for the step is the time lag between the application of

the step and the time necessary for the critical ramp (output of the
transducer) to reach the desired value.

In order to show that this concluaion 185 correct, a set of
experiments was performed in which the transducer was submitted to a
series of positive ramp inputs, starting at 0% of the adjusted span.
The time delay measured was determined as the rime lag between the

instant in which the pressure reached 37.5% of the span, aund the
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instant in which the cutput of the tranaducer reached the value
corresponding ko 37.5% of the span. The value 37.5% correzponds to
an cutput current eignal ¢f 2Z5mA and was chosen for two reasoms: to
allow eagy reading on the strip chart recorder used and to allow the
application of rampe with high gradient without damaging the Validyme
transducer used as 2 reference. The results of the experiment are
shown in Figures b6-2 and 6-3, where it is clear that the step
response gives a conservative value for the time delay.

Since the principal characterietic of the step perturbation
iz that i1t csuses the lever aysteam to veach the stopping point, there
i5 8 remote way of achieving the ssme condition: removing the DC
current that flows through the transduycer. When we remove the DC
curtent we alap rempove the moment that balances the system, and the
lever system moves to the stapping point.

When the power is turned back om, the lever eystem will be at
the stopping position, and the magnitude of Lhe error gignal ie the
maximum possible. Since the error ;ign;l is the maximum, the DC
current increases 1n the same way as in- response to the atep
perturbation.

We note that the feedback motor and the power asupply are
connected in series (see Figure 2-6 on page 1%). Therefore, the
simplest way to remove the current i1s to remove the power that is
being supplied to the circuit.

The remote ‘in-situ' test is as follows:

l- ¥ith the transducer subject to a pressure equal to or

higher than 15% of its span, remove the power being
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supplied to it (open the circuit)

2= Wair about 10 seconds for the cvomplete discharpge of the

electronic components.

d- Turn on the power beimg supplied to the tramsducer and make

a2 record of the output signal.

Te show the similarities of the step and remote test
responees, &n experiment was performed in which the trapsducer was
subzitted to 2 sudden perturbation. After reaching the new steady
state mituvation the remore test was perforwed. The result of the
test 15 shown in Figure 6-4, where the Btep respomse ig superimposed
for comparison.

The initial part of the remote test trapsient is influenced
by the electronics of the transducer. When the power 15 firat
applied to the electromic circuit the amplitude of oscillétian in the

ogscillator is null (see Figure 2-6 on page 13). Then a current of

- ~-about J mA starts to flow through the wircuit. When the oscillator

iz activated the current starts Lo build up, and sfter it reaches the
paximum gradient the transducer responds exactly as it does when

submitted te a step perturbation.

6.3 Locval '"Ta-situ' Test

-

As explained in section 3.3.2, the force motor produces a

negative moment thar is given by Kfmldc’ where Idc i8 the value of
the IC current. Kfm is a constant that depends on the number of
turns inm the feedbacvk coil and the magnitude of the mapgnetic field in

the region occupied by the coil. Considering that the resistance of
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the coil is R, the constant Kfm can be written as‘KbR, vhera Kh is
another c¢enstant. Therefore, the magnitude of the moment that
balznces the system can be rewritten as Kbgldc' The locsgl 'in-situ'
test ie bgsed in changing the current that flows through the
transducer vhile maintaining the moment required to balznee the
system, If we change R from R to R', to have the same moment the
current will change from Idc to I‘dc, with Rldc = R'I'dc

Assuming that the electronic circuitb of the trapsducer is
adjusted for operation at the condition identified by 'high’ in
Figure 2-6 on page 19, the totsl resistance of the c¢oil is equal to
173 ohms. If during an equilibrium situation we short éircuit points
? end &, tha DC corrent will flow ooly through the coil with
resistance 42 phms. This means that & new equilibrium state will be
establiched with the value of Ihc equal to 173/42 times the original

value, 3Since we removed part of the feedback momen:t, the lever system

will move toward the stepping point, amd the perturbaticn can be

.';\__
a2psociated with the response of a positive step i?EEEEUHhen the
: ‘\,__| — e P

T ol ol N

cunnecfiun Eethen points 2 and 4 ie open, éhe current flows again
through an effective rastance of 173 ohms. Since the decrease of the
current ig oot instantan=zous, the situation is such that the feedback
moment is higher than the one required to balaoce the system., Then

the lever system moves toward the structure of the transducer, a

] - - - "’F_F.n . + ) = e,
gituvation that can be associated with & negative atep in pressqggL;;}
"\‘ _'___,_——-_"T__=_-=-'

-

The local 'in-situ' test was performed with the transducer

available for measurements under the follewing conditioms:

. -t
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1- the transducer was sel to operate at cénditian "high'
{resistance equal to 173 ohms).
2- no pressure was applied to the transducer {which
represents an output current equal to 10 mad},
}- ar time TO points 2 and 4 wheré short-circuited.
4= At time T1 the connection between points Z and 4 was

Temoved,

The results obtained with the locel 'io-situ' rest are shown ino

Figure 6-3. 1In order to compare the resvlts with the step response,

the later is suparimposed ipn the same figure.

6.4 Interpretation of the Remote Test

Thé work developed in this section is based in experimental
resules obtained with two Foxbore transducers. Eoth are mode]l E13DM
and were ua_li.bral:ed to the same sparn of pressure. The calibrarion
curves are givep jo Figure 6-6. The first transducer (serizl mumber
3010955) will be referred to as sensor #1 and the second (serial
number 30328B2) as sensor #2. Sensdr #;:was the one used in the
comparison of the repults described in sectionm 4.2,

In the first stage of the work ir was noticed that the
response of sensor #? was much slower than the response of sensor #1.
The response of both sensors to the remore 'in-situ' test ig shown in
Figure 6-7. A physical ingpectien of sensor #2 revealed that the
ferrite disk had broken, anmd the disk had been replaced. It was
concluded that during the Teplacement the disk was not properly
positicned. The position of the disk waze readjusted and a new

valibration was performed. The calibration curve for the transducer
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remained the same, but irs response changed. The new response is
shown in Figure &-8.

4 further adjustment wasz made on the position of the disk.
This time it was adjusted in such was that it could reach the plastic
coating on top of the detector before the lever system reached the
atopping point. The response to the remote test for the new
situaticn is shown in Figure 6-9. Figure 6-9 shows that the critical
ramp rate iz higher than before. It zlec shows that the behavier
of the respomse cmnrve afrer it etarts to depart from the critical
ramp is different from the previous cases. The difference is
is atributed to twe causes:

1- The plastic coating was being compressed apd acted as

a epring.

1- there is an adhegive effect that tries to hold the

ferrite disk and the coasting surface together.

Iin order te associate the response of the remote test with
the time delay curve shown in Figures 6-2 and 6-3, the following
procedure is suggested.

1- perform the remote test as explained in saction b-2,

2- verify cthat the critical vemp is present in the response.

Aer concluded in this sectien the presence of the
critical ramp in the response of the remote test is
mainly a function of the existing pressure at the time
of the test.

3~ make 2 least squares fit af an exponentiel a + bexp(-ct)

to the part of the curve that departs from the critical
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Figure 6-3, Response of sensor # 2 after readjustment
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rawp. The imverse of c i3 the time constant for a first
order linear system, and 15 2zn esatimate of the time delay
for ramps with remp rate lower than the critrical.

4- For remp rates higher than the critical draw a greph
with the two ramps and determine che time lag betwsen che
two curves for the desired pressure. This tiwe is defined
as t;. If the critical ramp is given by P_(t) = Pt 1.,
and the input ramp is assumed as P, {t) = P+ r;c, the
value of t, for a desired pressure P is (see Figure 6-10}:

1 1
td{P} = (P - Po} { ;; - ;i )

g~ tg *+ l/c is an estimate of the time delay for the

desired tamp input.

It i5 important to note that for Foxboro transducers the time

delay is & functioo of the ramp rate and the inmitial and final

PTERRUYER .

The provedure suggested to correlate the remote test and Lhe

time delay curve was applied to sensor #l. The result is shown in

Figure 6-11,
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CHAPTER 7
CONCLUSIONS AND RECOMMENDATIONS

The conclusions reported herein are based on the work
performed with the traneducer used as reference {see Chapter 2}. For
a qualitative analysis these conclusions can be extended to the other
wodels of Foxboro trangducere, but for & quantitative analysis
additional work is necessary.

Three are the major conclusions of this work: 1) The
transducer is a linear system for normal conditions of operationm.

2) Theoretical model and experimental test results compare very well.
3) Its principle of cperatiom allows the transducer to be remotelly
tegted.

It was concluded in uhapterlﬁ that unlegs the trangducer is
submitted to perturbations that integrated in a time interval of .28
gac tesult in a value preater than 4.2% of the adjusted apan, the
trangducer is a linear system., The ramp ioput nécessary to obtain am
integrated value equal to 4.2% of the adjusted span is 30X of the
adjusted span per second. The step ipput necessary to ohtaln the
same inregrated value is I15% of the adjusted span.

For larger perturbations the transducer becomes a non-linear
gystem. The nom-linear behavior of the transducer is understocd, and
it ig characterized by how fast the electronic system can be charged
or discharped (the terms charge and discharge are used to indicate
increase and decreasze, respectively, in the current that flows

through the electronic system of the transducer}. For negative
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percturbations the limit in the discharging speed is imposaed by the
characteristics of the electronic system. For positive perturbations
it is imposed by a limitation in the displacement of a ferrite disk.
The fertite disk i3 the imterface batween the wmechanical and the
electranic systems of the transducer.

The lioear model developed in chapter 3 showed pood agreement
with experimental data. It also showed that the dynamics of the
transducer are strongly dependent of three subsystems: the
electronics, the lever system, and the sepsing element (diaphragm).
As described ip chapter 3 the trazosfer functiens for the electronic
system and sensing element can bte obtained empirically. Once these
transfer functions have been obtained they can be easily implemented
in the computational program shown in Appendix D. This allows one to
sbtain guantitative results for the frequency response of other
models of Foxboro transducers.

Finally, the origin of the balancing force in the transdocer
is the DC current that flows through the electronic system. This DC
current is also the output sigrmal from the transducer. Since the
current is a signal to which we have access from & remote location
{faor example we c@n uBe a switch to open or close a circuit), we
concluded that it is possible to remoce test the transducer., As

shown in sectiom 6.4 the test ie simple, and the results are

meaningful.
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A.l Introduction

taly four menufacturs produce pressure transducers f{or
protective gystems of nuclear power plants: Hosemount Inc.,
ITTIfBarton, Westinghouee Electric Corporation, and The Foxboro
Company. The Foxboro transducer was described ip Chapter 2.
Bogemount, ITT/Barton and Westinghouse transducers are described in
this zectiocu.

The transducers described in this appendiz have one point in
common with Foxboro transducers: They all use 8 two-step approach teo
develop the cutput signal. The first step 1s conversion of pressure
into displacement. The second step i1s comversion of the displacement
into the current signal. The transducers maoufactured by Rosemount
gaod ITT/Barton have ancther point in common with Foxboro transducers:
They are available_yi;h"Fwo differ:nt electronic circuits. One
designed to give an output DC current signal bectween & and 20 wa, &nd
the other to give an ourput DC current between 10 and 50 mA. The
Westinghouse Veritrak trapsducer jis available only with an electronic
eircuit to give am ocutput DC current berween 4 and 20 mA.

Other types or traneducers exist and information 2bout them

can be found in the litaratwre (36,37,38).

A.2 BRosemount Pressure Transducers.

Rosemount pressure transducers are deviges that assoclate an
applied differential pressure with the capacitance of the transducer.
The low pressure side of the transducer can be open to the atmogsphere

for gauge measurements, closed with vacuum for absolute pressure

e —t
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mesasurements, or comnected to 8 low pressure line; for differential
pressure measurements. The main component of the transducer is
called & §-¢ell*, shown in Figure A-l. It consists of three
diaphregms and an oil fluid that fills the inrernal space of the cell.

The two external disphragms are under the action of the two
different pressures, isolating the cell from the fluid in the
pressure gensing lines. The internal diaphragm is & sensing element,
and has 2 metallic circular plate st ite center. This plate is
combined with twe other capscitor plates mounted at the inner part of
the tranmsducer to form a capacitor zystem (a aystem of two parallel
plates capacitors connected In series).

A change in pressure at either side of the cell is
transmitted from the process line Lo the sensipg diaphragm through
the isclating disphragms and the oil thac fills the cell. This
causes the internal diaphragm to bend and displaces the inmer
capacitor plate from its eguilibrium positiocn. The inner plate moves
toward one of the fixed capacitor plates and away from the other.

Since the capacitance of each cepacitor is proportiomal to
the digtance between its plates, the final result is that one of the
capacitors has its capecitance incr=ased, while the other has it
decreased, The differential capacitance, which is assumed to be
proporsiongl to the differential pressure that is being applied tao

the transducer, is converted into 2 DC current signal.

* 5-cell is a trademark of Bosemount Inc.
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4.3 ITT/Barton Pressure Transducers

There are two models of ITT/Barton pressure transducers that
sre used on nuclear power plants. The first one, medel 764, is
designed for differemtiel pressure applicatiens. The other, model
763, is used for absolute pressure applicatiomns.

The main component of the model 764 is called the
Differential Pressure Unit (DPU}. It is a mechanical device
consisting of & dual bellows assembly, enclosed by a set of two
pressure housings, and & motion cantilever beam. 4s esen in Figure
A-2, the dual bellows assembly consists of two internally connected
bellows, a center plate, overrange valves, & temperature compepsator,
and a range spring assembly., The internal volume of rthe bellows
assembly 1s filled with 2 non—corrosive f£luid. The motion sensing
cantilever beam is also sealed within this enviromment.’

The two bellows ate connected by a valve shafr. Attached co

the shaft is the tip of the motion sensing cantilever beam. It 15

rastrazined at the other end by the body of the transducer. Bonded

to the beam théere are two strain gages, one on each side, which are

connected to Form active arms of a bridge circuie.

During operation of the transducer the two bellows have a
digplacement which is proportional to the difference in pressure
across the transducer. Thig displacement causes the cantilever beam
to bend, compressing one strain gage and stretching the other, The
gage that is under tension has its resistance increased, and the
gther has it decreased. As result, the bridge circuit changes,
resulting in a signal that 1s further converted into a DC current

signal.
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The ITT/Barton pressure transducer model fﬁE has the

same principle of cperation as the model 764. The difference is
the way in which the pressure change is converted intc bending of the
cantilever beam. For model 763, thisz conversion is accomplished by
use of 8 C—type Bourdon tube and a flexible wire. The C-type Bourdoz
tube is an arc-shaped metal tube with elliptical cross-section. It
is sealed at one end, and with the ¢pposite end attached to the
pressure line. The pressure applied to the internsl wall of the tube
stretches it, causing a motion of the sealed end. A flexible wire
connected between the closed end of the tube and the tip of the
motion cantilever beam transmita the motion to the tip. This causes
the beam to bend and generates the compressing-sctretching effect of
the strain gauges. This effect changes the resistance of the bridge
circuit, and generates a signal that is further cowverted inte the DC

current signal.

A4 - Veritrak Presgure Transducers.

| The operation of Veritrak pressure transducers, as the
ITT/Barton, 18 based in clungiag the resistance of a strain gage.
There are two baeic concepts of Veritrek transducers, come for
differential pressure applications, and the other for absolute
presaure applications. The design of the transducer wsed for
measvrement of zauge pressure is the same as the one used for
absolute pressure. The main component of the Erangducer is 2 capsule
aggembly within which there ig a flexure on which has been deposited

& "bridge network of strain censitive resistive elements".
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in absolute pressure transducers, as shown in Figure A-1, a
diaphragm isclates the sensitive element from the process lines,
trensmiting the force generated by the pressure to the flexure where
the sensitive elements have beeno deposited. In differential pressure
transducers there are two diaphragms, connected by & pushrod. The
puehrod ig also conpected with the flexure which has the sensitive
elements. A differential pressure cansea the diaphragm-pushrod

system to move toward the chamber of lower pressure, causing the

flaxure to bend.
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B.1 Introducticm

In this work three equations were used for analysis of
vibration of contimuous beama. The first equation Ls necessary to
atudy longitudinal vidratione along the beams; the sscond to study the
transversal vibration of the beam using Euler Bernoulli's formulationm,
and the third alsoc used to study transversal vibrations, but now
agguming Timoshenke's formilation.

The equaticns are lipear, and are based on the assumptiorm of
smali osciliations about an equilibrivm position. The referenmces used

in this appendix are 24,26,39,40 and 41.

B.2 Longitudinal Vibrations of Elaatic Beams.

To start the analysis of longitudinal vibrations, we consider
an elastic beam of constant cross sectional area A, We consider also
that the beam is made of homogeneous and isotropic material, =nd make
the further assumption that when the beam i¢ under vibration each
crees secticaoal plane remainsg perpendicular to the axial direction of
the beam.

Referring to Diagram B-l, which shows a beam of lemgth L with
2 differential element of length dx located at distance x from the
origin, we note that the beam is under the action of tweo forces:
F(xl,t] gcting on the left end, and F{xz.ti acting on the right end.
These forces are assumed to be uniiormly distributed over the cross
saction at which they are acrting.

We denate by uf{x,t) the longitudinal displacement, abt Eime ¢,

of the cross sectional plane that was origimally ar position x. To
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i
'F{xl.t} F[:z.t}
- pioa _F--—
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Diagram B-1

gtudy the vibration of the differential element located at positien x

we make use of Mewton's second law {see Diagram B-2):

azutx E)

Fix,E) +% (x,t)dx - Flz,e) = pAdx — XL (B-1)

a:z

in which p is the density of the beam, 4 is the croes sectionsl

area, and F(x,t) is the resultant force, at time t, of the internal

axial atress on the cross section at x.

af

Flx.t]) Flx,the o5 dx

" L]

¥ ]

1 ]

| — [ F

X wrdx 3
Diggram B-2
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Expressing F{x.t) is terms of the axial atress 5{(x,t), and
uging Hooke's law to express 5(x,t) in terws of the axial strain

E(x,t) we obtain:
Flx,t) = S(x,t)d = e(x.t)AE {(3-2)

where E is the elasticicy modulus for the material of the beam.
According to the definitiom of the axial etrain e, it is

given by the variation of the length dx divided by dx:

aufx. t)
fu{x,t} M — de] - ulx,t) Su(x,€) i
ef{x,t) = o "33 (B-3)

Using relaticnsa B-l through B-3 we obtain

2 2
3ulx,t) | _13ulx,td (B-4)
2 2 2
axs c aET

where ¢ = ¥YE/fp .

Equation B~4 i3 the coe dimensional wave equation, and
indicates that the vibretion takes place in the axial directior with
velogity ¢, which is the speed of the a¢und in the material af the
bzam.

Since uf{x,t) is the displacement from the equilihriﬁm

position, we can use the notation $u{x,t), and Equation E-4 becomea:

2 2
a%6ulz, £} _ 1 3%6ulx.t) (B-5)
p s 2
ax c 3t
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Ope of the technigues used bo solve partini differential

equations, like Equation B-5, is Laplace transformation. We start by

trapaforming Equation B-5 with respect to Lbime:

-8t

Z
@ . 375ulx,t) we 2
[ e ™t — g dt = I 7 3 aufi’t} dr {B-£)

Qo ax 0 < at
On the left side of Eguation B-f we can remove the dperakter
2‘ + L H + - - I
azfax from inside of the integral, and integrating the right side by

parts, we cbtain:

2 o o0

E_Tf{ f e °F fulx,t)dt] = —%—{az i e B¢ dulx,cldt - sfuflx,o)

ax 0 e o

= EEE%%;EE, i (B-7)
=0

.}
By-definition fE-Stﬁu(x,t}dt is the Laplace transform of
o
fufx t) {with respect Eo time), and gince we have steady state inirial

conditioa, we may rewrite Equation B-7 as:

2 2
2 Sulx,8) Gu(; 8) =’—2 Sulx,s) (B-8)
g

The general solution for Equation B-8 is:
duilx,s) = ﬁlialesxfc + Az(s]e-'xfc (8-9}

whare &1(3) and Azisl are two functicms, of &, that muet be determined
by applying the proper boundary conditiens. The two typical boundary

conditions are:

C— i

el
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l-Fixed end at coordinate x = p : u(p,t) = Q.

. dufx, t}
- - ——— -
2-End subject to & force Fip.t) : AE N x Fip,t).

We note here that the boundary conditions can be Laplace
transformed in order ta be applied as boundary conditiona for sclving
Equatioen B-9. We alao mote that in the second type of boundary con-
dition we have a generic foree that can be caused by & spring, a mass
undar acceleraticon, a damper, or nc force at all, which pive the con-
dition of a free end.

In thia work we have special intereet in the case when the

ends of the beam are subject to axisl forces. Referrimg to Diagram

B~1, the boundary conditions are:

AR Béulx t)

o - GF{xF,t) where X, = X, Xy {B-10)

X=X
P
Equation BE-10 may be Laplace tranformed to resulr:

AE ddulx, el

™ ““‘“_"i=53f1p;#?—-~ . .at xp = %, Xy {B-11)

b A

Applying the bhoundary conditions above to Equation B-9, we

obtain the fimal equation for du(x,s) as follows:

. ﬁF(xz.aiaonh[(x—xl)sfc] - 6F[x1,s}cashl[x-xzjsfc]1
Sulx,s) = RAE { siah(aL/C} !

(3-12)
One vemark about this sclution is that it does not impose any
requirement about the length L of the beam, and if L is small thes
ginh{sL/c) may be approximated by sL/c, coshf(p-x)s/c] can be

approximated by 1, and the result for fuix,s} becomes:
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ci
fu{x,a) =2—{6Fh:2,5} - 6F(x1,s]l} (B~13}
2 AEL
Since cz = Efp and M=Alp 18 the bBotal mass of the beam,
then dufx,s) may now be rewritten as!
(B-14)

gulx,s) = —lf {6F(:2,s} - GF(xl,S]}
Hs

which represents the eguation of motion for a rigid system.

B.2 fTransversal Vibratione of Elastic Beams Using Buler-Bermeulli
Formulation

We atart the analysis by considering the static case when the

beam is under the action of an extermal couple M at the ends. Inm this

situation we have pure bending. In addition to the assumptions made

in the study of lougitudinal vibrations (comstant cross sacticnal arez
and beam made of homogemecus and isotropic material), we assume that:
1~ after the bending of the beam, cross sectiomzl planes
remain planes, and normal to the longitudinal fibers of the

beam.

2- the beam has a longitudinal plane of symmatry, and the

couples are acting oz this plane.

With rhese assumptionms we note that cross sectioms mm' and rr'
{see Diagram B-3) beacame, after bending, inclined to each other. We
also note that the loogitudinal fibers on the convex side suffer
axtension, and the ones on the concave side suffer compression, with a

layer, represented by nn', remaining unchanged with respect to its

length (this layer is called the meutral surface).
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Diagram B-3

Drawing n'p1 parallel to np, where pp' is a fiber
distance y from the neutral surface, and using similarity

{between sactora Opp' and n’plp'} we obtain the following

the elongation of fiber pp'

P'P] o ‘
1 = . -
efpp ') an, "X ely}

where B=0n represents the radius of curvature of the bent
neutral surface).
Since the elongation for the layers in the coovex

{contraction for the layers in the concave side), remains

alt a
af z=ctors

relation for

{B-15)
beam {for the
side
in the

prolengation of the line containing the original filer, we can say

that c(y) is an axial srrain (axial in the sense that it is parallel

to the meutral surface). Therefore, it may be axpressed in terms of

the axial streas S. Using Hooke's law to relate the straim ely) with

the axial astress S5, as done on secrtiom B.1, we obtain:
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s
e(y) = & =% {B-16)

To decermipe the radivs of curvature B |, we uze the condition
thar the distribution of stress over any surface must result in a

couple rhat belances the extermal couple M. This condition is

mathematically expressed as:

2
[ syaa = [ 51;— dA = M (B-17)
A A

where dA is 3an elewent of ared. Using the definition for ianertia

woment of araa ( I = Iyzda ), 3nd since we assumed that the beanm is
A
made of homogeneous and isctropic material, then:

R = EL {R-18)

From a geometrical anmalyala, of the benr beam, we obtain the

following relationg for the diaplacement of the section located at x:
-ul(x) = B - wix) (B-19)

wix) = a? + 2t (3-20)
The negative sign in uf{x) ia to indicate that u(x) is negative if the
banding is zssumed @8 shown in Diagram E-4.
Differentiating Equations B-19 and B-20 twice, and using the

fackt that EX>x and that w{x) is approximatelly the same as B, we

obtain:
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2 2
2 | 2wl (3-21)
ax ax
and
Elzw(x}
2
ax

Combining Equations B-13, B-Il and B-22 we obtzin the eguation

for the curvature of the beam (flexure equation):

b

ulx} 1M _
— 2 "® (3-23)
ax

Once we cbtained the differential equation for the curvarure
of the beam, relating u{x) and M{x), we can now analyze the situarion
when the beam is undergoing transversal vibration.

Diagram B-5 shows a free body diagram of an element of lemgth
dx and croes sectional area & which is under the action of shearing

forcea V, a distributed force Fiz,t) and a hending moment M.

duix)
ik i U
d R w{xl}
n ¥ %4 n' -
T ____J_"' —

Diagram B-&
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ulx,t} i

Wix,t} \H{:;th 3—}"‘:;"’ dx

Mix,t)
( Vix,e} + 2Lty

[ ]
{  Fix,t) : ___
X Xedx X

Diagram B-3

ﬁssuming that the digturbance is very small, we neglect Lhe

rotation of the element. The balance of forces and momentum about

point x+dx pives!

2
V0,0 - (90, 6) + DHEE) g) 4 p(x,0) = phdx 2RI (3-4a)
gL

-H{z,t) + {H{x,t) +i}—£é—:*t—} dx] - V{x,e)dx - [Flx, thxdx = 0 (B-245)

From Equations B-24z and B-24b we obtain:

CRVGREY | ey gy = pp 2ufE.E) (3-25a)
Bx Btz
an_::,t} - V(z,r) {B-25b)

Differentiating Equation B-25b with respect to x and combining
the result with Equations B-25a and B-23, the laat ome differentiated

twice with respect to x, we obtain:
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2 2 2
E'__ [EI mrt_)] + DA m = Flx,r] {B-2&)
Z 2 2
ix Ix 2t

where Flx,t} is a force acting in the direction of u.

Aspuming that EI is comstant Equation B-26 can be rewritten

48

& 2z
pr 2ulmt) |, e gy (B-27)
S -5 4

Equation B-27 is linear and can be written in tetms of distur-
barces from the equilibrium position as:

& 2
5 Suflx,t) + DA atsulx,t?

'.-}x“:L a:l

EI = §F{x,t) (B-28)

Following the same procedure as the opne used with longirtudinal

vibrationa, to solve Equation B-28 we start by Laplace transforming it

with raspact to time:

- & - 2 -
[ efEx E—EE£§¢Eldt + e'“tpa.i—ﬁﬂigifldt = [ e %fsr(x,t)dt
0 3x 0 3t 0

(B-29}
& & .. .
We can remove the operator 3 /9x  from inside of the Eirat
integral, and since we are dealing with the transient part, the
initial conditions are zero. Equation B-29 becomes (after ueing

the definition of the Laplace transform}:

4
El E—EEELEl- + szpﬁﬁu(x,a} = F{x.8) {B-30)
ix
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In this work Equatioe B-30 will be rEquireé in situations
where there is no force being applied at position x of the beam:
SF({x,t)={, or when there is a force being applied at one point x=p:
EF(xe,t) = F(t}GD(x—p}, where GD(xhp} is the function delta of Dirsc.

In terms of Liplace tranaforms these conditions are written as

EF(x,s)=0 gnd 6F(:,s)=6Ffs)ﬁD(x-p} regpectively.

The general aolution for Equaction B-30 when fF(x,s)=0
{homogeneousz equation) is:

jec x ~j8c % Wi x ~-3isc x
éuafx,s] - Alfs}e + &zfs}e + Ag(sﬁe + Aﬁ{s}e {BE~21)

. /pA
where cl T1

j =v¥-1, and Als) are functions of s that will be determined using

the proper boundary conditions.

Te solve Equaticn B-30 for points where EF(x,s]=ﬁFfﬂ}6D(x“p}
we integrate the equation within 24x abour point p and take the limig

as Ax goes Lo zero!

5 pHix
2 ¢uly,s)
tip BT ———y—— = §F(p,s) {3-32)
Axr ax
pbx

Equations B-21 and B-32 form the esseace of this part, and are
the basic squations required for the anzlysis of tranaversal

vibrations that ia needed in the development of the dynamic model of

the transducer.
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2.3 Transversal Vibratioms of Elastic Beams Using Timoshenko
Formulation

During transversal vibratiom of a beam, begidesz being
translated in the direction perpendicelar to the azxis of the beam,
each element also suffers rotstion, and the angle of rotation {¥) is

equal to the slope of the deflected beam {see Diagram B-6):

§ = Bu;xit] (8-33)
x

Thus there is a distributed inartia couple, called the rota-
tory inertia effect, which ia given by:

2 2
at ] ax

J

per unit length, (The negative sign is used because the rotation ia
beipg assumed in the counterclockwise sense, negative momentum, and

Jufdx is positive)

I.l':h‘l'.u H(Itt}*’ ﬂ{:;t!“

i

{x.t)

Vix, e aW{x, ]
1"}—2111

1
(
E
| -
Xody, X

Diagram B-6
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When the cross sectional dimensions of the beam are small in
comparison with its length, the correction for the rotatory imertia is
very small and can be neglected. However, when the cross sectiomal
dimensicns are comparable to the length of the beam, then the correc-
tious may be of cooaiderable importance in studying the vibrabion of

the beam.

In addition to the ratatory imertia, thers is anather term
that neads to be included in the dytamic equations for the beam. It is
i correction due to the shear deformation. Due to the shear, the
rectangular element shown in Diagrap B-6 tends to acquire a diamond
ahape without rotatimg. This pheoomenon causes a decrease in the
slope ¢f the center line. Referring to Figure B-6, the total deflec-
ticn is given by u, and the slope due the bending process is givan by
P Due to tﬂe shear forece, the beam axis is diplaced in & way thae

tendes to decreass the deflection of the beam, and the actuzl result

ta;

3Y]
Frail Tl | (B-35)

where § ia the correction due o the shear effect.

The balance of forces and momentunm for the differential element

shown in Diagram B-6 gives:

2
_ av;:x,t} . Flx,r) = pa 20zE) (B-36a}

X at?

and

2

an;:x,tJ S Wt) = ué_ht_} (B-36b)
X
at
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From theory of elasticity we have that:
vie,t) = - ke [ BULEL L g5 0 (B-37)
and
Mix,£) = £1 20lx.t) (B-37b)

X

whate & is the shear medulua @ G -'ETTE_FT

L is Poisson's rtatic and X is a constant that depends of the geomerry

af the bgam.

Equations above can be substituted in Equatioms B-36a and

E-36b to give:

2
KGA :x [%’t—}-ﬂx.t}] + Fix,t) -pAa—u%'t—) (B-38a}
3t

-:-— [EL M | + kca [ Juix,t) E“{" B opex,t)) = JM (B-38b)

X a2

Ag in the praevious cases these Equations can be written in

tetms of diaturbances form the equilibrium pogition:

2
g gfulx,t) - 3 du(x,t) _
KGA _32 [ =z Ep{x,tl] + §F{x,t) pi -——-—h——-atz {R=3%)

S e 28EE) g, gop [ MED) gy t}]-J———‘sﬂi‘—ﬁ— (3-39b)
at

Agsuming EI constact, and Laplace transforming Equaticns E-3%

and E-39% with respect to the variahle r we obtain:

[ihB-‘l‘f.J--’J e TR N U

EAbED
= m, 'I
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.
xoa 2 { BT 5y (x 03] + 67Cx,8) = pasTou(x,a) (B-bla)
Ij 5
pr 2 00(me) gy ( 20GGE) L gyx,6)) = JsT000x,s)  (3-40b)
ox
Equarions B-40z and b-40b were used to find the dynamic
-y
response for only oue element of the system, one compomnent of the
flezural system. The solution of the equations is discussed in the
section regarding the modeling for that element.
3
3
|
3
[
.
!
!1
2
o
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PROGRAR TOD CALCLLATE THE TRAMSFER FLINCTIDM
FER & FOXBORD PRESGBURE TRAHSIUCELR MODEL E13DM

c

c

e

c

c DEVELOPED BY ADALBERTD JOSE S0AREE
c SEFT. 19E2

-
o

2 T . O s o e e o e s e
IMPLICIT REAL=D {&—H:D—Z]
DIMEWSION SYIi100) .G LS. 23 SUmC100 ),
MACLS- 1523+ BILT-15:.2):D015,2)
LOGICAL®Y: LABX(A0D)LARYI(I0)LARTLIO0} TIV(10:,200., LABRIZDY
OPEM({UNIT=4-NARE="DATAFIT* » CARRIAGECOHTROL=7LIST")

|
H
]
[}
|
I e P L L T T T Ty Tl Tebana o Lol L T i L T T d T L ]
M 1
L] I
! ZEZES=IXI====FEEsxX=£x==] 10
M H ] M
N H P N
H H H
M 14 Sl |
M M
L] |
[ M
L3 MAMMMPAEHTAM
3 M2
M [glalal lylylulniglghy]
] |
L] H
M BrrrrrrrersM g
] ageraqeadazage 13
M Qerrrsevsresrd @
M
A =M=
]
H
L] lel ol el el lalodeb lfed ol feled p b kgl g ] 1 o )
M e gddeegedaeacpeaivTadaqaeeleq
] eparag L1, ]
M aaqare .4 1 ]
L egeQopgargeerodger goae
] goo Faegereeqagaresay 2gee
M ooo [ 1103 [ LT
H [+ ] e]=) T =mx @39 Q2FHRH
e [ e e e e e EMAHHEE 1 Llcl ol drlgr bl drlegc bolel Jod ease 2
T N 11414 B RROQZER2ReRRRReRad aeag
L alals} 2gaQe aogp
] [a1als] Il ) 1 13-4
] Ll deg o g D B de b - o R R Lt B LTy - 3- 1]
L  Soare0ERrEeleRoealBRARadRrARRRRay o




W

WRITELS, 333
23 FORMATC(ZX,: * INPUT PARAMETER ILAW A5 FOLLOWS I'1-r
RIOM,"ICOK = 1 FOR LIHEAR TRANSFER FUMCTIOM*»
LioM. "ICDN = 2 FDR LOG TRAHSFER FUHCTIOR'/
10X, *ICOM ¢ 3 FOR FREGUEHCY RESPOMSE AaHMD FIT')
READ4 S, 34 JLON
34 FOURMATIIN
HRITELS. 351
3% FTORMATI(EX, "DEE. THE FIMAL PLOT IS AF FOLLOARS -~
ELOX,*FOR ICOW = 1 AMD 2 [*/
10X, " LOG(HAZ? OF PHASE WS [INAGLE)rREALIS:] "~
LigM,*FOR TEOM © 3 i LOGI(MAG) OR PHASE WS FREGQLUEMCY' 3
WMRITELS:ELl)
61 FORMAT(ZX.*INPUT IPLO AE FOLLOWS: '~
LXK "IPFLD * 1 FOR OUTAUT OF HALWITURE" -
EIGX."IFLD x £ FOR OUTRUT OF MHASE']
READIS 24 ) IPLD
MRITE¢3-7)ICON
HRITEE1-71IPLO
T FORRATLIZ?

G ol o I I i Mok A i O O O O R E RN A N

=
c GEHERAL PARAFETER DEFIHITION
= EA = ELASTICITY ROIULLUS I LBFAPEI
[ RO = DEMSITY P LBA/IREwnY
= DA% THE CALCULARTION IS PERFORMED
USIHG EHMGLIEH UHITE AHD AT TUE
c END GF THE FROGRAM A COMVERSIDH 1%
| < MADE TO IMTERHATIOHAL UHEITS BY LUSTHG
e COHVEREION FACTORE.
L9 O LI N I O 2 P N 2 e e e o g e 2
EM « 28.0L+é o
EMHI = 30.DP+6
RQ = .Z¥
ROHI = .32
15O T N N N NN O NN O NP N N N SR TN
[
[ DIVIDE RR RY GG

P LI P NN I P N N o ol o e i o e e e
RD r BO/(32.2"12)
ROHI x ROMI/(AZ.2x12.)
PI = 2.wBASIN(L.CDO)
19 S L P OGP O N O e e O o e e ol ol e B
c
c PARAMETERS FOR DIAPHRAGH
:tﬂi'#“il. ARk RN ENA NN AN LAY ENEE AR FEEREEELE N
PIND = 3.243
tkbI = Az,

AaDI = 3.B&
LI = 216,
1 I LI O NP O NN TN NN Al ol e e e el il
c EeRRHETERS FOR LEUVER SYSTEM
CERFEEA N AR R RN NN AL NN E NN R T E RN
STIFLY = i%.0A

DIMRLY = 2,39D=4w(STIFLY + 7.362
CLAnP = 17 42, =DIHRLL
RAMRAT = Tod2.

AAREGK = .Z25
ML o= .B12
Kb = 1.50

257
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1 2 e e B e SO O O [ I L 090 0 I, e o 2l | 3
¢ PRARANETERS FOR COMMECTIDON (ELERENT & 9)
A3 I e e M O A L O e VL L L 0 T O O i -

DL=: . ?dE

EMS=EMH]I

RO e ROWI

CCo:=DEQRTCEMND/RDA

ARSC1 . 14E=3

CONES =GR /L ARIWwENR )
ol T e O oo OO 0 030 9 o I SN O R LA O T \
C PARAMETERS FDR UVECTOR MECHAHISH C(ELEMENWT ® B2 “
I O O O N O L 0 L O o e oo o ki b o B

DEBEN . 49D

DKAzZZ,T1

Cir-1.07"3

=g 9%

Lon—. d X6

C‘-t-- 51"

Se=-1.T72

oMa=7?, 3p=5

PERAx1 . T

Pasgzy. 38

TETAd0x . DA%

GARAIC=PI/ 2, = 032

GAMAPDx. 140

GAMBEC: , D25

HExZ. OB

brIbzsi_11 '

FARU] =PPPSRDPCOS(TETAGD)Y + PSPS=DSIN(GRAMASD )

PaRuZ2zPaRL1=DLRS(GARADO)

PARUL x=FARV1I=DSIN(GRARADRD

FoRUIxDHEx CanDElHLGAMADGY + CHS«RLOS{GAMADTDY]

PARVS =DKEBRCi w2 /WD - DKARDCDS{O0AMABD - GAMALRD:/DHID
[T E PR PR B R T T P LY ) NENCIE N N e
c PRRAMETERS FOR FORCE~RAR (C(ELEMENT # 73
CRENEFT WA N LW N NN S I O N T N i T

EMT & EN )

RAT = RO

ART & . 23%

DIKYT = 5.i8D-3

CE? = PSORTICROTEART 3 ALEMTeDINT)?

¥7T = -2.543

Y8 = &.T18

COHET x (2.mENTwAIHT=(CCT 2, dawi K)
S ok A e o e T L UL I L OV I O 0 O L I g U

< PARMMETERS FO® FIFYH ELEMEKT OF C-FLEXURE (ELENEHTEES)
A o o o A G O L R LR O RO

EME = EM

ROE RO

IL& 249

ARG 2.8D0-3

=24 DSARTLEME-ROG}

LOHSE * CCE/[ARG=EMG)

EREN RS RN I B S 0 O L S S 0 N0 L LI 0 o e ke o
g PARAMETERS FOR FOURTH ELEMENT OF C-FLEXURE (ELEMENT #5)
kA rar A ARk rar i mn Er AR kLR R L LN R ENE
EM: = EH
RO5 = RO
ILS ¥ .450 :
ARE = ,.73D=3

S——— T
= - T ' - uuuLE.*RES“

T TL
i _t
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DINS ¢ B.G&SL—H

DKF =%, &,

DIP=DIHS=ROS

HIPO=.2

LOFz2.=m(1,+DHIPD)

LGP eEMS-DGP

FARDL =RODS-{DXKFupafk) + DYPAcEMSeDInS S
AARDZ=ROS 7 {DKFxDGP 1= DIP/CEMIRDINE)
FaRDAxd . mRAOSmaRS - (EMSnDINS )

e N O L T O o e ol o e ol bl B i

[ PARAMETERS FOR THIRD ELEMENT OF C-FLENURE {ELEMEMT #43
o e N i A R LA AN RihE kA RN RER RN KREE WL
EM4zEn
RO4 R0
DLi=_ K%

ARALE. EED-T

CL4=DEGRTLEMA/ RO}

CONSd =CCAS [ AR4NENA )
hl-il---“-:--- L I o o o o i O e e L Il I e O
= FARAMETERS FOR SECCHD ELEMENT OF C-FLEXURE (ELTHEHT %33
1Tl o ol S A e e i i e o - e o O e O OO 0 I O L OO P T L L L L N O W

EM3 = EM

RE3 = RC

oLy = 1.a87

ARA = 1_145D-2

RINE=6.5BE-6 -

L0 ¢ pRaRT(ROIImaR3-(ENFADIHEG Y

CMEY ¢ DINS=EMSDEQRTIE . L CAwwg )
N I b Bl ol S W IR U O O OV NG A e e i ol il ol 2 B
- FRRAMETERS FRRE FIRST ELEMEWT OF C-FLEMURE {ELEREWT N2
15 2 O R e Bl e I o o e e O UL S N LT O O

ENZ=EM

ROz z RO

s =« .09

AR . 2353

o = DSGRT(ERZ-RDE)

COMSEZ2 = CL2/tARZWEMZ)

[ I Ol o O UL N 9.0 L L AT O O O, s e e e . ol e Bl

¢
G SELECTION OF WALLUESF FOR ¥

£ E ¢ DREA + JaDIMA

E WHERE ¥ x ImmG. SYMBOL

£ DREYA X THE REAL FaRT OF § AND
[+ PIMk J5 THE THASIMARY PART

£
£
c

B I 2 I T 0 O I I . I e
RHE 2 FI-E.
SUI] z PIF/SOO.
BUi{gi=l.5mEU(1])
SUL9)zE, DmSULL]
BUi&)=3. Dub0L]
SULEIzd. CwSUIL)
SUigizh, ONSULYL
SULTIcT.SaBVILY
DLl R:TH
SUcly = SYLI-TI=l0,

1 CONTIMUE
SVIZTY = SW(2EY + Pl
SUI2B) = BUIET) *+ PI




L

TE
T
T2

Lla

il¥

116

7a

T
v

12

10

is

oD F Ix29-{43

SYLI) = SWil-1) = 2,wP]

DR 4 JoAd,TO

SUCIY = SUCI-4) + S.apPk
IFCICOH =2172:TE: T2

Bt 77 I=i.ad

EVEIY = SMLI+T)

COHTIHUL

DO zi# I:zi:14

EURLII=SWVII

COMTIMNUE

IO 115 Izi5.31
SURLLI=SURCI=1) & ,ZwPFI
COMTIMLUE

DG 11 I=3Z,40
BURIIS=SURII=21)miD,
CONTIHUE

ANGDG =z AHGHL B0, #PT

READCI: 10)JZ, tLARKIT . X5l 307
READ¢I 20312, LLARY LI} =1, 30)
XEARI®, 103 Z,(LABRIII Izl 90)
tFeIPLO=437 4. 74,71

o 7S Ixi.30

LABYEIALABRCIY

EONTINUE

COHTIWUE

DO 9 Tsis3i0

READC(S, 40T CTITCT 11,112,302
TFLTZIL3,11:%

JTZsF=1

G0 TD iZ

CONTIHUE

TEES

COHTIKUE

FORMATLL 3 A0ALD
WRITE(L.38)ILABXEIY.I=1, 30}
WRITELL18) (LABRYLI) « Ixis30)
FORMAT (44X, 30A1)

PO i3 J=4.32

CERITECL. 3Tt TITCY. I+ 131300

i3
a4
=)
29

i
a0
ar

al

a2

-}
L |

CONTIKLUE
MRITEC1.14}
FORMATL1X: I3 30AL]
IFCICON=123T7.-38.3T
HRITELS. 39)
FORMRATC(ZX, *IHPUT BTEF URLUET)
READ(S5.4£0)STEM
HWRITECS, TL)BTEP
FORMNTCE2M,.FS.2)
FORMAT(FS_ X3

CONT INUE
IFLICcEeN=-3al-a2:d]
HPFTH=40

HPTYzdR

ab Ta 43

HPFTX=1

HPTY:=70

HRITE(ds BLIHPTY
FORMATLAK . Id: ")
COMTINUE
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WRITE(1.6)
& FORMATOLXRX: "FREQ® ,&X, "BL" - TX: " GDULE ", THr PGCH' »
A, THUnt B, GFE BN, "GFLE" . Sx. 'GRIN' 3. 'GOVER". X, 'GOURT )
BD € Izl-MPTH
IFLICON-2)d44.45,. 46
48 DRERcO,
LROAZDREM
GQ TQ 47
43 DREA;-SURLI}
DRORZ-DREM
G TR 47
d4 DRERz(I-Zi}=ETEP
DRDAzDREA
AT WRITE(1l:553DROA
3% FORMATIIM.E1S.4)
B0 2 Jx1,NPTY
IFLICOM=Z 4, 49,49
4E DIRAZ{J-Z211=5TEF
QD TE 58
43 DIRAZSULTY
50 IFL(DREADSL, X2,51
S IFLDIMA?SL, 53,51
%2 LIMAz,00%

1 CONTINUE
0 L R L A I S i A N R N
= Gl1) 27TF FOR FORCE MOTDR =CONSTANT

cﬁili.itlit--i--..tt-t.ﬂ.ltﬂlll....l#‘.ll..l-l.-.-I‘I!*IIII
Gil,4) = =, 03i2
GLL,2) = 0.
c------l"ItII-‘I'l"l-.!‘!’-‘lt--3’lt-'--“l..-*tt‘-t---t
c BZY = TF FOR EFRING = CONSTAMT
c.----.--I!#I-.-----:-l-*.-tFt'-l-l-l.-‘t*t-‘--.t‘-t'-‘t-‘
Gigrl)= =531
Gi3.2) =f.
t!.".ttI..j...t.l!..!..ttt‘liIl.i.t..iit.#ﬂIl.tl‘.'...‘.tﬁ
[ L3} = TF FOR LEVER SYETEM . DISPL., x TORGUE
130 L N O N NN LN N NN T L
P1=DINRLUA{DREAssZ~DIfAesd ) +LDAMPVDREASSTIFLY
P2xZ, nDIHRLYELREARD IMA+CDRMPeD THA
B(3,11=1 _S0wf1/(PLlex2+Ranz)
GlR.2ic=~1, SO E{FiRag+PEsnd)

ﬂit-tt-t--l:n-i- ok e e e kLR T R T R

< Bid) & TF FOR CLECTRONICE | ASSURED KHOMN
L L UL L S O NN N L L O e a a al rnl B mrl
FL=mEREAK+DREA

Gid.1)z=RAMRAT P (PinnxF+DIMARRE)
Gl(d:R)z—RAMRATADIMAS (Pl ax2+DIMANRS)
déd FORMAT(ZX.Z[2X,.DL0.4])

R EE T e A 0 O O O NS L T O s i ok e ok b o

c GIS) = TF FOR LEMER EYSTEM : CUERALL

ML NG 3 Pl T G e e LM O O O L L Bk bkl
CALL TIMESIZ(S, 1), G602, Z),504,20.0G{4,2),RA-RE}
CALL TIMESIRL: A2, GI{Ll-1).GE s} FARL.RAE)
CALL TIHER(GI(2.,1).50(2,2),0(3:1).GC3,2).REL. RE2)
flzl.=RA1-RP1
2 r-RAE-RE2
GALL DIVIDEC(RL.RZ:PFL.F2.G(5:13,0(%:2))

0 o 2 B2 AL e R e O e o R AL N W R R N

c CONMECTION

I LR O iy e Bk i SN P L L T A L L o o g o 2
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®LabLSwDREASCLS
RPz[QLIMDIMA-CLY
ALL SIMHE(RLI.R2. AL, RAZ]
emLL TIMES{DREA. DIMA:RAL.RAZ,REL.RBE]
CALL DIVIDE!CONES-Q,  RBL,RE2,Bi9.9.10, 809922}
AlR-10.137-RIR. 9.1}
MEE. 10, Z3==RL9. 5 &)
Call COSHEI{R1.RZ, RAL KA2}
CalLlL TIMESIB (9 9+ 13:+B{9.9, 2}, RAl . RaP: 09, 9, 13.( 99,213
BlS,18,1)==RA{9.9, 1)
BiS. 10, F)x—-AC9,5:2)
RI=MLAaFHGELE, 1)
RZ XL wkPRGIS, 27
PizXDalsdd 1}
FEXDEGCA 2D
CALL DIVIRELRL,RE.PL,P2, A1, RAZ)
RAL-RAI-B(9. 10,11
RAZIRAZ-B(T, 10,
GALL DIVIDECB(9,9:32.B19.9,2),RAL.RRE. DC3,42.D03,2)2
BlhL2ED(1, 1200
GOE.Z21zRCLs Trnl
PLil.2)=60(6G, 11
Deld,2100lE. E)
IO P O P P W S Y P 5 a0 O 00 A 0 e B o B
c YECTOR HECHAHISM
10 290 2ol o e 2 o 2 o O N O NP e L S R IO
Pl z PARy3={DREAmxE + DIMAxxZ] &+ FARLL
P2=PpRYI=Z, mDREAWDIMM
CALL DIVIPE(PARYI,O.rP1,PR-BLB.8,1).0(8.8,23)
CALL DIVIDEI(PARUZ. D, PL.PE.B{0.9. 1) BIB, S, 2))
PAzCInDEIH{ GAMADYD )
CALL DIVIDPECPI, 0. .Pi F2,A(R.:8,1),ALR.B:2))
P3z=CanDCUS LGATADG
CRLL DIVIDE{PA Q. Pl B2, Al 9, 10,rAi8.- 9.2}
CALL PARCAL CALS.9.:11.A09.9,2).D01.:1).001, 2)sA(9. 202 4],
EAr9, 10,22, BiB:9,11,B(8,9,2).R1,RAE}
CatlL BIVIBECBIB,B-17-B(B,8.2).RL,RE.G(T-10.Q(T:Z1)
Dlig.11=007. 12
L. Dii2.BraGiT.2}
I L O P O L LN T N T e o e R O
c DVvERALL SFTER VECTOR MECHANISK
I L O e A O D I R SR N
CALL TIMER(GIT 1) G720 .Gk 11 0(6.3),RL,R2D
CALL TIMEBIRL RZ GLS, 1. 05 2).GlH- 1. GIB 23D
I3 I kO O O L L O O 460 030 LS L T S S L L o ol el g e e
c FORCE-BAR
o s e s o o I OO L L O
PE & DSEQRT(CCY -2, 1wyl
3 v DSORT(CCTPZ. )uv?
ChALL DREROCTL(DREA, DIMA.RUTL,RUT2)
CALL TIHRESL{PP.G,..RUTL.RUTZ-PPL.PPQ)
CALL TIMES{QG:Q, RUTA1.RUTZ.QQ1-QQg}
CaLL SIHE(PP1,RR2.PPLIG.APER)
CALL COSIHECFPFL.PFE,PPFLC,PPEC)
CALL COSHLC(PP1,PPZ,RPL1CH. PPICH]
Call SINHELPPL.PPZ:PP1SH.PFISH]
CALL BIMELGQ:.ReZ.,Q0i%. OG2S)
CALL COBINEC(GGE 02, 0U1c, QGTC)
CALL COSHE(QGL.QuZ-QUiCH,aQ2CH)
ChaLl, SINHEC(QZL QL2 QULSH., OQZ5EM2
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GALL TIMES(PPLIS.PP2S.FPPL1C. PF2L, RAL: RAZY
CALL TIMES(PPLiSH.PPESH. FPLCH, FM2LH, REL, RE2)
COHSALIRAL-REL
COMSAZaRAR=-RB2
CALL TIMES(QQiSH:DQ25H, FRL1CH: QQECH. RAL.- RAa2)
CALL TIMESCRCIL.&Q7C. Q015 Q028 REL, RB2)
CONSR1=RAl=~RAE1
CORSH2RAZ-RE2
CALL TIHESI(QQLCH: QR2CH, 2Q1CH: AQZCH, RAL. Rk )
CALL TIMES(QQIC,GG2e GQiC GRS, REL-RE2)
CRNSCi=RAl+RF1
SONSC2RAZ +REF
SALL TIRESC(FRLCH, PPEZCH: PPL1CH. PEFECH: RAL: RAR X
CALL TIMES(PPLIC,PFEC:.PPL1C.PPEC,REL REE]
CAMNSDI=RAl+REL
FOMRDZ=RAE+REE
CalLlL TIAES!COHGAI . CONSAZ . CORSEL » CONSCE. RAL . RAZY
CALL TIMESL{CONSEL »CONSB2.CORSDY : COREDZ: RE] »REZD
CALL TIMES(RUTL.RUTZ.RUTIRUTZ:R1:RE]
CRLL TIHES(RUT1RUTZRL.R2:RC1.RE2)
CalLl TIMESICONET.O.-BCL.RCE.R1.R2T)
PiLzRA1+RRE1
P2xRAZ+RB2
CALL TIHES(PLi,P2.R1,RZ:RALl:RAE)
CALL DPIVIDELL. 0. RAL:RAZ . FARL, FARZ)

—CALL TIMES.GS1SH. GR25H. QU15H, GAZFH RAL: RAZ)
CALL TIMECSIQQi5, 0025 -0218.0029,AK1.RE2)
COHSE L1 =RAL+REL
COMBEZ sRAZ+RAZ
CALL TIMESIGQQLCH, @GZCHr QG115 94825 RAL:RAZ)
CALL TIMES(OQLC,QQ2C. aQl5H, QR25H, REL.RAZ)
CONEF 1 zRAL+RB1
COHEFZ=AAg~RAL
CALL TIMES(PPLSH: PFESHPPIL, FPEC, RALRAE]
CALL TIMESI(PPLG.PPES.PPLICH.FPR2CH, RBL, REX)
CONSGL-RAL+RE1
CONSGZ=RAZ+RAZ
CALL TIMESI{PPLSH:PPZEM: PP15H: PRESH. RAl: RAR)
CAalLL TIHES(PP1S,.PP25-FPLE.PPE25.RE1REZ]
CONSHizRALI=RIL
LONSHZ =RAZ+REZ
ALl TINEG(CONEFL . CDHEFZ: COMEGL COHSEE  RAL -RAE)
fall TINES(RAL,RA2 FARL, PARZ  ALT.B,: 1)1 AT, 8. 2]}
LALL TIHES{COWSCi. COMSOR , COMSHL - LONSHE . RAL. RAF)
Call, TIFES:CONSAL. CONSAZ, COMEBL, CORSIZ, REL. REE)
Ri=RAi+RE1
R2=Rp2+REZ
CALL TIMEScPpfL,PoRE. R1 RE BET. 8. L).B{T.2. 2]
BLT:TallzALT, B 1)
BL7rP,22zRIL7 (B, 2)
CaLl. TINES(CONSDL, COMSDZ. CONSEL: COMSER . RAL . RAZ)
Riz=RAl1+EE1
RZ=RAZ+RET
EaLl TIMES(PRRLI - PARE.RI.RZ . RIT. P10 -A0T7.T+23)
CALL PRRCALCALE-B:1) e ALB B 22 GITr 13 GETH EXrAIE, B, 1),
MACE., 9. 2, BT, 8,13, Bt7 .- 1. R1.RT}
CALL DIVIDECPS{T+Tedl) e Bi¥ T 2 ,RL,RE- G+ LD-GLR:217
iz 1izGi5. 1)
D(19,231:=619-2)
CalLL TIHES{G(T, 1), 009, 8).0(8, 1), GLA.2) 0010, L),8{10,2)}%
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Chtaa kAR FEN AN NS EE PR PR FEEREN .--.-.'-l--‘ EFIFEETEFEER

=t FIRST ELIM. OF C=FLEXURE
LU I U S e L AP A o O L O
FiaDLEACCE

CaALL TIMESCDREA.DIMAPL,O..RL.R2>

CALL BINHEI(RL,RZ, RA1.RAZ)

CaLl TIMESI(DRERA, DIMa.RAL.AARZ,REL-RAZ]

CaLL DIVIDE (COMSE: 0. RB1, REZ.ALE6. T L) rAlBr F22))

CALL CORME(Ri.RZ,RAL:RAZ]

CaLL TIRES{ALCET+1): A5G T/ 2),RAl.BAZ, BIG, T+ 1), 806, F-2])

BiG+Bs L= mi5, 712

BiErB: Z22z~RE-Ts2)

AlErGr1)2=-RIE.T:1)

RiEems 2i2~H(E:T: 2]

PlcRiG, T+ 1372,

FE=BIR: T+ 21 r T,

CALL PARCAL (AL . T 4l oAl T2, 89,1 0,009, 23, AT, 0 1) ALY 0 200

EPL.P2:.R1rRE;

CALL DIVIDE(R(E, 61 BIE-6-2) R1-R2-Dlk.1).00&,Z)]
NS N R I i O PR T O L N S L O A A I L g O A
[ SECOND ELERMENT OF C—FLEXMJRE
c,-'-‘- o i i i e o e i o ki e e ol O R A L

CALL YIMES(DREA.DIMA.DREA-DIMA:BEL-80B2)

CaLL TIHES{S51.552: 551, 552,541, 542)

Rl =PARDE A% IwfAl=PFARDIESL

RAZ=PARLZunZwS42—FARQIwESE

CALL DBRODTI{RAL-RAZ.FPFL.FFE)

IQ12{PARDIsEEL -~ FPFL)AE,

CAZ=(PARPINSRED = RPJ) 2,

PP1={PARDinEE1l + PPl)- 2.

PPE=fPARDLInES2 + PR2) /2.

PARICPPL =~ QA1 mRO%SEARE

PARZ=(APZ = QQZYMROFwrARD

CaLL TIMESL{PARI-FPARZ S51.55Z:RAL.RAZ)

CALL DBROOTIGGL-QQZ2-Q1,.G2)

CALL DEROOT(PFF1.PPZ.,Pl,PE}

CALL TIMES{Qi,Q2:.Pi,F2 RH1,%R8E)

CALL DIVIDE(RE]-REZ-RAL.RAZ.PARL.PARE)

CALL TIMES(PL.PZ,DLE.Q.,RALARAZ)

CaLL SINHE[RAL-RAZ,RBL,RB2) ) . T

CALL CUOSHE(RAL:RAZR51,R52) T

CALL DIMIDE(G:,42. RE1.RE=, COHSAL, CONGAR)

CALL TIMES(G1:QZ,DL5-0,RAL:RAZ]

CalLl SINHE[RAL.RRAZ.RBL,RB2)

CALL DIVIDE(MI,.PZ:RDB1:REE, CONSEL COMSEZ )

CALL COSHE(RAL,RAZ.RDL, B2

CALL TIMESIRS1.,RSZ,CONSM1, COMNSRAZ, COMSCL, CONSCR)

CALL TIMEELREL.REZ,CDHBHL. COHSEZECRREDL . COKSDE]

fOHSEL «CONSCY—CONSDI1

COHSEZ = CONSCE-~CORSEDT

CALL TIMESYCOMSEL . CONSER.PFARLPARZ A(S. S/ 11 A, 5,27}

CONSF 1 =CONSR1-COHEM]

LOHSF2=CONS BZ-C0REAZ )

CALL TIMES(COMSFL, CONSFZ . PARL.PARE, ALS 6+ 10.ALE- - 201

I AT TR LT IETY TR

BB, XAl R

FLSrB-22==-ACE.T.13

PLEsGa2)-A0E- 3,22

RALZALE: Trl)r2,

RAZTALR, 7212,

[ihsnw; .
e

e — e o
e
———— .,
—
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FALL PARCAL{AIRE- 1) Al G230l 1)Pia. 2} .RAL:RAE.
NB(E:B:17,B(5:6,2).01,R2)
ChaLL PIVIPCLE{E, 5. 1), (5. 2. 20RL,RE,DI(X, 1}, D{X.2))
c- ol e s e W e i o R e O i el ol oG e i i R A e ek k- R R
C THIRD ELEMENT OF C-FLEXURE
1L N A Sl R I i e NN N O O NI N N IO T N - L ol e
R1=DLaw=DREA.~CC4
RZzDLa=RIma CCd
CALL SIMHEIRL.RZ.RAL: RAZ)
CALL TIMES{DREA.DRIMA:.RALrRAZ: RB1.RBE)
CALL DIVIDECCOHSA, O, :RELREZ A4, S 1) A4, % 2})
CALL CUENE(RL+RE-RAL-RAE}
CALL FIMEECRAL-RAZ A(E. 5, 8) . A{d. 5,20, ML4: 5. 1), . B04. T2 )
Bl ,d; 1)x~Aid,5,1)
Hid. £ Ziz+-A(4: 5, 2]
Ald, A, 1)==R 4, 5,1)
Ald.4,2)==-Btd. 5.2
CALL PARCALIALCS, S 13805 5, 2) s BG40 DEG 20 - ACS,rBr L Y- A(E-5r 2],
RPI4,%5,1),BC4,-52).R1.RE2
CaLL PIVIDELBCA 4, 1) B0, 4, 21, RLRE, DIB 2> DLk, 2]
c’.“t*“- L T 2 i i O e ol e i e e i
[ FOEMTH ELEMENRT OF C-FLEXURE
L e N I LN LS8 L . L 9 e ol o e o IR
Ri = DROGRTICEAAZ. )DL E,
CALL TIMESCRUTI:RUTZ:RL.0,.:P1.PF22
CALL SINELP1.PZ,.PPLi,PP2)
Call, SIMHECPL,PFE.QQ1.G02)
CALL TIMESI(PFL.:PFR.FPLi,PFL,BAl.RAE]
CaLlL TIMES(&O).:002.001.a02.RR1.REE)
COHEAL e RAL+RBIL
COMSAZ=RAZ+REE
CALL COSIHEL(PA:P2: PRRL,PARZ]
CALL COBHELPRL1:PEZ.R1,RE2
ALl TIMESCrGOl.8402.Ri-RE2.RAL,RALY
CALL TIRES{PFL.PFZ.FARL PFARE, REL REZ)
COHSRA=RAL+REL
CONMSRZ =RAZ+REZ
ChlLl TIMESLQOL. 302, PARL. PARE. RAL. AR
CALL TIHESL{PPL:.PPZ.R1-R2.%E1-RE2}
COHSCL=RA1+RE1
CONSC2 =RAZ+RED
oLl TIHES(RUTL.RUTZ-RLITI.RLUTZ.RALRAZ)
£ALL TINESIRUTL-RUT2:RAL, RRZ,P1:PZ)
EALL TIHESI(PL.P2.CONEAL, COHSAR.PARL,PAREY}
FRRI:FRARLOCONSS
PARZ-PRRZACOHEY
"Ai==-2.wFARL
PEa=2 aPTaARZ
cALL DIVIDEC(COMSBL ,cONSBE,PL.P2-a(2r 3 L2rAld:D,2)])
ALl DIVIRDELCOMSEL CONSER. PARL,PARE- AL . 4,10 A0, 4-23)
I FEPRSELL T4 FE PR A
B3, 3. 2x-AL3- 4,22 72,
BLA.d;i1=z=~p.aft3:,3,1)
BiRrd,,2)1:=2 . upl{d, J.2])
ChALL PARCALCACH ALl iohid, 4, 230G L)+ D LB B+ A I8 Bl ATA 32
RE(A-d,11.-B40,4.21-P).P2]
CRALL DIVIDELCECI-3,+17-B(3,3-E1.PL1.PR,PL{T,42.DIT. 32
13 OO I M M L L gl LR O L e e e R

c FIFTH ELEMENT OF C-FLEXURE

15 O LN O e I O NN N O ol N T e i i ke el NN A




P

o,

256

Piz=DLE~CC
LRt TIMESC(DREA:DIMA.*1,0. rRLi-R2D
CaLlL SIMHELRi.RZ.RAl.RAZ])
GALL TIAES(RALl. RAEZ.DRCA: RINA. RB1.-REZ )
CALL DIVIDE(COMSE.- O, -RB1-RB2. A(2.53- 1), AL2.2,-23)
CRLL COSHE{RLi:RE2:RAL:RAR)
CALL TIMES:{RAL(RAZ ALZ: 3,1} A2 2,2, 002,3.13-B(P-2,21)
BZsZs1rs-Rig+Ael)
Pl2:2. 232412, 0.2}
Mig:@al)z=-BIE, 3,1
M2,2.232-8(2,3,2)
CALL FARCALCALR: 3, 1 2+ACT: Ze Z) r BT+ 2aPIT+2)-ACA+ ke L) ACH s B,
HRCE, 8. 1), B(2:3:21.PL.P22
FALL DTIUIDEL(BLZ2 2.2, BL2r2,2),PL,PR2.DiB.1L),DCR, 23}
ct-“‘---nl---.' FREFFESIEEERS EEFEAREEIRN FEFRFAES NANEE
< g4l = T.F., FOR FLEXURARL SYEYTEM
:’----‘----.- --.-"'.'-t-..'...’“_‘“t‘..“’ [t 1 & F b4 ]
CALL TIMESIDtar L), Dl 22, DiTs L)eDIT+E)rPL, P22
CALL TIMES(DCF-13.D(7-2),Di{A,1).0C(8. %), RL. RE)
CALL TINESrD(G 1), Di6.22+PL, 2-RAal.RAZ]
CALL TIFMES(RAL.-AAR:RI.RE.GLli-30-Giki-2)0)
CALL TIMES(GLIQ L) GC1Q 23 Ol 2%-8011.20-G01Z,13-GLA2,2))
c‘-"t--‘"“‘- I I A S O O O O O N L
c
c GL13) x T.F. FOR DIAFKRAGH
c
c‘--- T EN SIS NN E NN NN ELF RN
CALL TIMER(DRER, bIHA.REA, DIMA-F1,FE)
PARLxDIND=PL =+ CDIYDRER = DKDI
PARZ=DIHDERZ + COTxDTHM
CALL DIVIDELIL. 0. +PARLIPRRZE,BI1.R-12, (1, 2. 2))
Bll.l,1)a—ADI=BC1,.2,1)
Biil,1.2)r-ADIMBIL,2,82
CALL PARCALCACR  Zald i 2o Z3aDIR:1).:D{B. 2} AL, Trl)aiE, B, 25,
NRCL,S:12.B01.2.27+P1:P22 .
CALL DIUIDE{BCL,2-12- 3011, Z),Pa,P2.0013,13,5L13:.22)
EALL TIRER(S{12,17. .61, 22, 001%,10., 0418, 22,0518 2) G152}
IF (F=1)101,108,101
101 IF{F-401i02.108.108
108 IF({J=20y103, 108103
103 IF{J—403107,1Q8-307
108 Ali.1.1)=B01,1,1)
AlL 1.2zl 1. )
All-2.10=001.2-1)
A L,2,EZ)=B(1,2,:8)
DO 109 Kzir9
110 FRRSATOEX BI(2X.E10,410)
109 COMTIMUE
107 CONMTIHUE
IF{IPLO-1263. 63, 54
&3 COHTIMUE
CALL DIVIDE(GEIN, 1. GI15,2),.Glad,2) G a4, 2. 603,43, G(1d,2))
GI=DEORTIGL{A L dwmP+G I3, 2 wud i d 45
GEzDSORTIG(S. 1 )me T+ (S, ZinnZral. A%
GRzPEORT GG LiwmF+0 G, 2)mmZ)wm, D254
ETabCORTIGI T, LImnZeG(T,  2Inmd)
GO PSARTIGI9. 1)+ G iR Fluwng)
GLieDRCRT(GL1A. d)auZGl 11, Fimurd)
GiI=DSORTIGC1A,r LI mxZF+G5 13 21xnR)wf, d5hi~4
GlE=DEORTIG(1E, Liws2+GL15, 2IxnZin] . 450=dy
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GiZxDSGRTI(GLilZ, 11ee2+G il 2, 2iung) rd, 45
GAa=DMAsIGSE?

GS=DABRIGE]

B6zDABSIGG 2

GrabaBsSIGT)

A9 =DnaB5IGT)

Gl1=DARGIG113]

A13zbABR(GL3]

GLlSzDABE(QLS)

qi2sDARSIQLE?

o TO &%

COMTT HLLE

ALl ANGULDIGID,: L) G(X22.05;
CALL AHGULOIGL®-13.G{%. 31.0%)
CALL AMGULO(GIR 13006, 22087
CALL ARGULO(ACT - 11,.BLT.22:,87)
ChALL AMGULD(GE®.1):G[9: 22,089
CALL ARGULDIOIEL-13,.6(11-23.G111
CALL ANGULOIGELID-L3.-G0L3,22: G132
CALL mMGULDIACLIS,L2.,G015-22.0G15)
CaLlL ANOULDIGILZ, 1) GILZ+2I, G120
CONTINLUE

IFCICON-3)56. 5757

FREG=DIMA

GQ TD SN

FREGzDIMA-{Z2.uPI)
DiBetrxbiBr13-1
MRITEtH. BZ)FREQ, L1480, G128 &)
FORMAT(LX. D104, "« ', D10, 4s *» ', DLO, 4. 72 1)
CONTIMWLUE

MRITELL S IFRED.GR: 55 056, G769, 511,513, 5315, G122
FORMATC1X: 1GL1X-ELD.4))

- CONTTHUE

STOP
EWD
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SUBRCUTIHE DIVIDECPRE.PIN,SRE.SIM.RRE-RIN)
REAL=8 PREL,PFIN. 5RE. SINRRE,RIM TTL. TTZ.TTH
IFLDABR(SINY , GT.1.00=-17) G0 TO 9951
IF(DABRSISRE! . GT.1.00-17! GD TQ 951
IF(IRBSLERE) .GT.DARS(EINYY GO TD S95p
TTiecBRE-SIM)=ERE + EIN

TT22(SREASIM)NPFRE » FIH

TYa:(SRE=5IM)-PIMm - PRE

GO TO 9953

TTIi=8RE + [(SIN/SRMEIwSIN

TTEZoPRE + [SIN/SREYmPIN

TF3cPIH = [(SIN~SRE}=PRE

0 TD ¥s3

TTA=5REx*Z + Blrmx}¥

TTZ22SRE*ERE + SIMwPIN

TTIA=SRE*PIH - S1HwPRE

RREEXTTE~TT1

RIM=TTA-sTT1

RETLERH

ERD

SUSRDUTINE TINEG(FRE.PIM,SRE.EIM:RRE-RIND)
REAL*S PRE.PIM.5RE,EIN-RRE-RIM
RAE:PREXSRE — PImwgIH

RIMsPINESRE + PRExSIM

RETLZRM

END

SUBROUTING COSINE ¢PRE.PIN, RRE,RIM)
REAL=@ PRE.PIM.RRE,RIM. TTL.TT2
TT1zIDEXP(PINY + DEXP(-FINII/Z,
TT2:LDEXP{MIM) — DEXP(~FIM)1/Z.
RRE:DCOS ¢ PREINTTL
RIMz-DSINCPRE)TTZ

RETURM

END

SURRODUTINE SIME{FRE,PIM.RRC-RIN)
REAL=8 FRE.PIM:RRE.RIM. TT1.772
TTis(DEEPIPINY + DEXMPC-FIMIIAE.
TTEx(DEXPIPINY — DEXPI-PIHI»"E.
RRE=DSTHI(PREI=TT1
RIM=PCAOSIFRE)RTTR

RETURH

EHD

258



http://PRE.PIM.RRE.RIM.TTl.TT2

SUBRDUTINE FRRCAL(AR1 A2, Bi.B2 Q1 C2,- D2 D2,EL.E3)
REALwE Rl .AR.-Ri.BZ,C1.22,DL,.02,E1.E2
REAL®E TTL,TTZ,TTO:TT4

 TTixAL-D1

TTZzA2-02

Call TIMES(BL-B2,CL.C2-TTA,TTL)
E1=TT1+TTA

EeeTTE+TTd

RETURM

EMD

BUBRDAYIHE COSHE(PRE.PIM.RRE,RIM)
REAL®E PRE.FPIM.RRE:RIM: TTL,TTE
TT1x(DEXPLPREY & DEXP(=FRE}IAZ.
TT2=(PEXP(PRE] = DEXPi=-FRE))-Z.
RRE:TTANOCOS (FIN)
AIMaTTZaDEINIPING

RETLN

END

SUBRQUTINE SIMHE(PRE.PIM:REE,RIN)
REAL»B PRE, PIN:RRE, RIM. TTL1,TT2
TTIeIDEXPIPRL) - DEXR(—PRE}}-Z,
TTEE{DEXP(PRE) + DEXP(-PRE))/2.
RRE=TT1*>DCOB(PIM}
RINeTTZ=DSIN(FINY

RETURM

EHD )

BUBROUTIKE DERODTLPRE,PIM. RRE,RIM)
REALwE PRE.FIM.RRE,RIM:TTLi,TTZsFI
TTATPRENuZ+PIMEaZ ] -

259

TTizDRORTITTLY P
TT1zDEGRT(TTL)

-CALL AMSULO{PRE.PIM,TTR)

2
5
i
o
=
|
i
:)_
7
i 8o
662
* 263
280
: 864
o L

ARExTTLwDCOSITTREY. . .. ... o o o0 o
RIFsTTixDEINITTZ)

RETURM

END

BUBRAUTIKE aAMGULOLP1. PE. B3}
REAL®8 Pi.F2.PF3.PI
PI=E.xDASIMIL, ODD)
IFIF1=0, 00§00, #81, 080
IFi{PZ-0.L:0)EB%, ARX, 0d3
PAz3.mPFl- 2.

G0 TO BABA

PAxPrIr2,

GO TO gwA
FIsDATAH{P2/P1)
IFpi-0_DAIHEA,. QEE. REY
Fa=F3=p]

RETLRM

EMD
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AP =

EXTAK-0F
LI =tk

AT4LE=OK
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ADDITIONAL SENSITIVITY RESULTS
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Farameter

g
K
ap

K
[:15

identification

GENELEYe » o » ¢ 4 £ b s v b e 2 e e e e e s
atifness of spring used for zero adjustment. .
'apring counstant' for seasing element. + « «

length of element mimber 2 . . . . . + & . .

crogg sactional area of element mmber 2 . .
cross sectiopnal area of alement mmber 3 + . .

a parameter defined in Equation 3-14 {see page

1Eﬁsth of element mumber & o« & 4 & + 4 2 v v . .

crogs gectional ares of element mutober & . .
length of element mimber 5 . . « + & « o+« 4+
croes sectionmal ares of element mamber 5 . .

geometric factor for Timosheoko's formalatiom.
Polsgon's vabio. « o o « « o 5 » o & « v o = &
length of element mumber & « + » = « & & 4 4
crogs sectional area of element pumber 6 . . .
cross sectional ares of force bars + « « & »

stifness for trensferring elewent (vector
'[ﬂﬂﬂh.ﬂ.ﬂi!m}....--.----ttiiloi

atifneans for supporting element (wvector
mﬂhﬂﬂiﬂ'm)tcllilnll-l----tiiii!

parameter defined in Equatiou 3-87 (see page 70} .

paremeter defined in Equation 3-88 (see page 71)

parameter defined in Equation 3-90 (see page 72) .

parameter defined in Equation 3-91 (see page 72} .

angle showm in Figure 3-10 (see page 58] . . .

262

L] E'l?

. E-18
. E=19
. E-210

* E-Il




Param=ter
YB{D}

Phfq

Pg®q

identification
angle shown in Figure 3-10 (zee page 58) . .
distance gshown in Figure 3-10 (see page 58).

distance shown iz Figure 3-10 (see page 38}.

langth of connection « + » o « = = 4 + 4 = &

crogs secgtional area of cﬂnnection I I T

pole of tranafer function for electronic system
(see Equation 3-116 on page 96« « « « v + + +

263

Figurs
E-24
E-25
E-25
E-27

E-28

E-29
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Figure E-29_ Sensitivity with respect to parameter p
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