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TRANSDUCER COMMITTEE OBJECTIVES

This committee apprises the Telemetry Group (TG) of significant
progress in the field of transducers used 1in telemetry systems;
maintains any necessary liaison between the TG and the National Bureau
of Standards and their transducers' program or other related telemetry
transducer efforts; coordinates TG activities with other professional
technical groups; collects and passes on information on techniques of

measuremcnt, evaluation, reliability, calibration, reporting and
manufacturing; recommends uniform oractices for calibration, testing
and evaluation of wvehicular instrumentation components; and

contributes to standards in the area of vehicular instrumentation.
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DEFINTTION OF THE

History:

The Workshop 1S sponsnred by the Vehicular
Instrunentation/ Transducer Cammittee, Telemetry Group of the
Range Camanders Council. inis cammitree cevelops and
implements standards ana procedures for transducer
applications, The fourteen previous wOrksnops, deginming n
1960, were held at two-year 1ntervals 4t or near various
1.5, Goverrmert 1nstal’arinns armund the courtry,

Attendees:

Attendees are working-ieve: 00 < #n0 MUST 50:ve Mes.-
life narware proolams and wno are sTronud, Jrieateg T e
practical approacn.  Their 11eld s maaing measurgnets O
physical parameters using transawcers.  Test and project
people who attend will benefit fram exposure to the tru
complexity of transducer evaluation, selection, and
application,

Practical prodlems involving transducers, signal
caditioners, and read-out devices  wiil de considered a5
sepdrate companents and In Sysiems. Engineering tests,
laboratnr: calibrations, transducer deveropments anc
evaluatinons reoresent potential applications of the ideas
presentec. Measuranas 1nclude force. pr.ossure, tlow,
acce'eration, veioctty, displacement, temuerature and
others

Ephasis:

e worksne,

® 15 a practical qurath to the stimion of measyrament
00 oM,

* strongty 1 0ouses un Lransdulers Aan. refatod
ipstrnentdl s 0 oused 10 measuranents envnneer iny,

¢ Nas g high rafi¢ of discuss or 1o presenr2ron ot
papers,, diad

e share. knowledye ang 2xperienc throuen oen discussion
Fred oroeign <slvang,

Fan 5685100 N@1omdn o4 farage,  uestions  frn the
Judience arer ex hoesenleon,

Goals:

The workshes: brings “ogether thase people who use
ransducers to taentify grool-ws and 10 suyyest SOm?
500 poens, daontifies areas of comon anterest, wd provides
A camunication channel wionin tne CamaMily transucer
users. Same examples are




e improve the ccordination of nformation regarding
transcucer standamds, test tachniques, evaluations, and
application practices among tre national test ranges,
range JSers, range contractors, other transducer users,
and transducer manufacturers;

e encourage the establisnmment of special sessions so that
attndees with measurement problens in specific areas
can fonn supyroups and remain to discuss these problems
after the workshop concludes; ana

¢ SollCIT suggestions and COMrENTts On past, present, and

tuture Venicular

Instrunertation/ Transducer Cammittee

2TFOrTS.

General Chainman:

Jom

T. Ach

Wrignt Research and Developnent Ceriter, WROC/F15GA
Wregit-Patterson AFB (H 45433-6523

{131 755-520

{AUTOVON)  785-5200

MONDAY, JUNE 19, 1989

00

TESWY,

0730
Bxn

(B15

Social Hour, at the Cotoa Beacn Hilton, courtesy
of the Vehicuiar Tnastrmentation/Transducer
Commit oo

Al) gt lendees weloime!

JUNE 20, 1984

Lepistration

JHN A, Genes gl Chavnan

1hth Trarsdicer @orkshoy:

welcae:  Foastern Space o Missile Test (enter
Represeritali Je

[Intrguctions: PRy ALY

Chairman Veiculer [nstiument at 1on/Transducer
Comittee ROL/ ™S

Session 1: Calibration Technicques

Cnairman: RICHARD TALMAUGE

wright, Resea.y in 1m0 Jevelogment Center
Sorneirman: 2, HARVEY

J.S5. Ay Yuma Pruving Ground

“Two Wire Autumatic Rorote Sensing ad Evaluation
System'

A, [WHL ana LER(Y BATLS

Naval Ship Weapon Systams Engineerirg Station
“Fvaludtion of a ODigital Dead weight Tester”,
J.R. MIILIR

LS. Army TMXE Suppe. L Lroup

X1

1015

120
170

1515

“Development of Prototype System for the Impulse
Calibration of Microphones®

DAVID L. MAUIMIF:

Dayton Scientific, Inc. and

RICHAD C. TAMAY,

W 1ght Resear<h anvd Develogment Center

Break

“Concurrent Accelerameter Calibration Utilizing
Rigid Body Assuptions”

MICHAEL J. LALLY

University of 7 -r 1nngty

“Comparison of Wide Band Back-to-Back ad
Interforometric. Vibration Transducer Calibration®
TORBEN R. LITHT sna SANST SCHONTHAL

Bruel & ¥gaer [nstrumerts, inc.

“Large High Explosive Driven Flyer Plate iechnique
for the Calibration of Soil Stress and Motion
Instnmentation®

JOSEPH 0. RENICX and GORDUN H. GOOOFELLUW

Air Force Weapors Laboratory

“Performance Evaluation of Piezvelectric
Accelerameters Ysing a FFT Based Vibration
Transducer Calibration Systew™, minipaper

ERNST SCHONTHAL and TORBEN R, LICHT

Bruel & Kjse~ instrumnts, Inc.

LUNCH

Sessian 2: Applications

Chatrman: MARTHA P, WILLIS

Rockwel1/Rrketdyne Division

Cochaviman: PETER X, STEIN

Stein Engineering Services, I,

“An Increased Accuracy, Lual Charnel Telametry
Acceleroneter”

ROBERT HARZEY L ana ROBEKT GATCHEL

Columbia Research Lalvratorieg | Inc,

YA Microwave Transt cor for Masuring Piston and
and brgjectile Velocities in a Two-Stage Light -(as
u"I

LUCTEN NAPPERT

Defence Reseur .k Corgblistmert Valcarticr Nationgl
Defence, Canad.

“Built-in Mechanical Filter in a Sk
Accelerometer”

ANTHORY S. CHU

Envievo Corp.

“A Pressure Transcucer to Measure Blast-Induced
Poresatpr Oressure in Mater Saturated Soil”,
mintpaper

DR. WAYNE A, CHARLIE

Cororam State University

Break




) H?t-hff;ge‘;;tsistive‘;;;:' e "A Compuier Programdble Transducer Micru Circuit
STEVEN NICXLESS ana R. MAGLIC RICIARD D. TALMADGE
Honeywell Soiia Staie Electronics :E“Jm R“""’:—“ ang Deveiopment Cemt.~ and

o The A2 mm]mc Polymer m SU& Vihra-?‘b'mcs' {nc
Sersor — Some Techrrigees for Application Under e "AR 5 /Cable Identifier

glgldgmfas WILLIAM H. ANDREYS JR. and STEVEN P. BAKER
ox. 1. GREENALL Nan A1dge ! - jonal Laboratory

Seiat: National Laboratories . " e
o “Pieelectric Polymer Shock Gua = Applicativns’® ¢ :Yg:g gcmm J“:t c.
LM, UEE . - :
«TEMH Corporatior
¢ “Selecred Twee Histormes and Power Spectial
Densities of Envirommental Data Taken on the Snart

Naval Air Test Conter

¢ “Improving the Resporse Time and Accuracy of
Transient Thermal Measuranents in Live Fire testing
(LF7)", mnipaper

Radar at the Ammy Proving Grounds Yuma, Ailzona JAVES G. FALLFH
llmry March 1%8 , MMmpaper 1.5, Army Aberdren Proving Ground
WESLE f PARLSUN ) 1015 Brog J
Naval Ship Weapon Systans bnginwering Station o "A Very Wide ic R Data Acquisition
- S
WMDNESDAY, APE 21, 1989 e eEL
L. £G8G, Inc.
0830 Session 3:  Tutomals ——? .
“hairman  RABERT M. WHITTIER ) Sanx "Reswrse of Secad Order Oynawical
Endeveo ' DR. GA. ARTICOLO

Cochinmrar:: | - S A )
cochsinran:  LARCIAL M. SIRES Schaevitz Enuineering and Rutgers Jmiversity

Nav 1l Weagpons (enter " ;
: S ; o "In Scarch of More Qutput — Two Strain Rage
. S‘&ultm::rg an. Shielding for Instrumentation Bridge Circuits Revisited”
h’;lm . ROGER NVE  and JOHN KALNOWS!
\FJJ’IHL Ins‘tm'n-f'< EEG, Tnc.
™ o - o "The Nyquist Sapling Criterion: vou Don't Always
. JMEYMMS Are Seldam koutine Have To Obey It, 8u*. When You Do, It's Worse Than
PR “iertrunics, Inc You Think!™, minipaper
W00 Bmak : s e PETER STEIN
. . Stein Engincering Services, Inc.
. ;;T:wi{u’ssfui Engineering of Measurement 1700 Lunch
MR, PATRI(K WALTEX 130 Wrap Up Sssion
200 l%gi‘a National Laboratories FNERAL INFORMATION
-
L0 Tour of Space Canter This Fifteenth T-arsducer Workshop will be held ) - 22

1830 No-Host Social Hour at Hotel

150 B at | I T 19BY gt the {ncua Beach nion 1n Cacoa Beach, Flomida.

“ne hostinu agery 15 the Easterm Space and Missile Center,

THRDAY, AN 22, 1999 Catrick AFB FL.

Reqistration

The registration -onsists of a copieted registration
fonn, o wreitten “Murphyten® and 3 tee of 30.00 ‘pavable in
anvance or at the goor),

80 Session 4; Oata Acguisition
Chairmman:  WILLIAM M, SHAY
Lawrence | ivermore National | aboratory
Cocnattian:  MELTUN AL HATCH
£G & G/




A “Murphyist’ can de<c,ibe any measurement attampt that
went astray with the cbjective of learning fram our errors
and keeping our feet on the ground. It should be something
generic rather than cammon human oversight; . samething fram
which we car leamn. The tone should be anonymous to not
abarrass a1y person, organization, or campany. While a
"Murphyign” is not a mandatory requirement, submissions are
strongly encouraged, and the best will be included in the
program.

Advance registration 1° desirable, Please use the
enclosed registration form, include a check or money order
for $80.00 payable o the Firteenth Transducer Workshop, and
ma1l to the Worksnop Registration Chairman by 26 May 1989.
(Note: Purchase oraers are not acceptaple.)

Hotel Accounodations

The official hotel for the Workshop is the Cocoa Beach
Hilton, 1550 North Atlantic Avenue, Cocoa Beach, Florida
32931, A fixed block of roams has been reserved at the
spectal rates indicated on the enclosed hotel registration
cara. Farly hotel reservations are strongly encouraged.
Hotel registrations must be received by 26 May 1989,

No formal program will be provided for spouses or
guests; however, they will be most welcame at the Social
Hour on Moniay and the banquet on Wednesday ($20.00
agaitional per guest for the dinner). Note: Final count
for the banquet must be known by 11:00 am., 20 Jure 1989.

Tour-Wednesday Afternoon

A tour of the Space Center 1s planned for Wednesday, 21
Jure 1989, Please indicate on the registration form if you
will be accompanied by guests so that adequate
transportation may be provided.

format and Background

Workshops are just what the name implies! Everyone
should come prepared to contribute samething from his
knowledge and experience. In a workshop, the attendees
became the program in the sense that the extent and
enthusiagn of their participation determines the success of
the workshop.

Participants will have the opportunity to hear what
treir colleagues have been doing and how it went; to
explore areas of comnon Interest and cammon problems;  to
ofter ideas and sugyestions about what is needed in
transducers, technigues, and applications. Several
instrumentation experts have been invited to give
presentations

Xiii

Axditional Inforeetion
May be cbtained fran the General Chairman or,
Comrittee Chairmen and Workshop Treasurer
LEROY BATES !
HSWSES CO0E 4R8
Port Huename CA 93043-5007
(805) 984-0445, Ext 7568
(AUTOVON) 360-0445 , Ext 7568
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TWARSES -TWO WIRE AUTOMATIC REMOTE SENSING AND EVALUATION SYSTEM

Ernest A. Dahl And Leroy Bates
Naval Ship Weapon Systems
Engineering Station (NSWSES)

Port Hueneme, CA

ABSTRACT

This paper discusses an Automatic Monitoring
System (AMS) which provides sensing and
monitoring capability to indicate the conditions
at any number of sensors at remote location
using a common 2 wires which uniquely provides
sensor power, sensor identification and sensor
performance evaluation. The system consists of
a Scanner Display Panel Module (SDPM) panel and
up to 144 individual transponders connected by a
two-conductor signal bus. Depending on the
renficnvation up to eight transducer parameters
can be measured at each location and monitored
at the SDPM. The AMS includes Micro Processer
Based SDPM which is located remotely from the

transponder module and its associated transducer,

Capability is available to monitor up to 1152
transducer sensors utilizing a frequency-shift-
keyed signal to sequentially interrogate each
individual transponder and using FM modulated
tone responses to transmit data back to the
monitoring module. A display panel provides an
LED cell-fault matrix that indicates transducer
status and alarm when an out-of-tolerance
condition exists. Specific sensor parameter
values may be displayed for any selected
individual location with the out-of-tolerance
parameter identified. The built-in printer
provides capability for hard copy location
parameters.

SYSTEM DESCRIPTION - AUTOMATIC MONITORING SYSTEM

The Automa*ic Monitoring System (AMS), Figure 1,
provides sensing and monitoring capabilities

to indicate sensor conditions for any type data
where a sensor (either passive or active) can
be installed. The capability to monitor any
number of sensor utilizing a Frequency-Shift-
Keyed signal to sequentially interrogate each
individual location. Modulated tone responses
(FM) trarsmit data back, including out-of-
tolerance responses. The system consists of a
SOPM, Figure 2, and individual transponder
connected by a two-conductor signal bus. The
SCPM is remotely located from where the
transnonder probes are installed. Location of
sensors depending on the measurement
confiquration, up to eight parameters can be
measured at each jocation and monitored at the

53043-5007

SDPM.

The SDPM panel display provides and LED cell-fault
matrix, Figure 3, that indicates an out-of-
tolerance condition at any location. Specific
parameter values may be displayed for any selected
individual location, with the out-of-tolerance
parameter identified.

A built-in-printer provides capability for hard
copy of transponder/location parameters.

SCANNER/DISPLAY/PRINTER MODULE

a. Converts line voltage to the required OC voltages
for the data processing and display functions.

b. Sequentially interrogates each separate
transponder, one transponder for up to eight
sensors.

c. Compares the averaged data received from the
transponders against established limits and
initiates an alarm if the 1imits are out of
specifications.

d. Displays selected parameters and alarm
indicators.

e. Prints out data parameters automatically or on
command including date and time of day.

The front panel of the SOPM contains a combined
power ON/OFF switch. Display matrix for all
location and Industrial Readout from any location.
Printer and key-board to change data limits and
request print out time and other program
requirement,

Power supplies, telemeter electronics, data
processors, and memories are contained within he
metal case. Three connectors provide interfaces
for power, signal bus, and remote output
including RS-232.

The display, Figure 4, provides both fault
monitoring and individual location monitoring with
built-in test validation. If one or more
individual cell's parameters are out-of-tolerance,
and LED will be illuminated in all-cell matrix
display. At the same time, a parameter fault light
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will be illumincted in the single location

display along with indicatiun of the number of

the Tocation being monitored and the parameter
values for the sensors at each cell with the fault
indicating the specific fault.

The huilt in printer can be cummanded to print
parameters for all location or on'y the selected
location being monitored on the single location
display. Print can also be programmed for
periodic readout and for automatic readcut at the
time of a fault determination. A niug and
interface is provided for RS-722 bug to use erther
a nodem or computer interface.

TRANSPONDEP SENSGR MOTLLE GENESAL JCSCKIPTION

The Individual Trarsponder Sensor Modules and the
central unit .7 the system are Grnected by a
2-wire signal bHus. The Transperder Senscor Modules
are wired 1n parallel ~n tre byt Communication
between the central it and Transponder

Sercor Moduies s fane arceeding to a cvole that
is repeates af reqgilar ntervale, e is

shown in Figure

Ta  tre iraividaald
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During a communication
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activa*ecd and anterys
-shift-reset sional

central ur:it. faor Traniponde ' o
respunds © . 1 Lninue addreens s salected Sy prese!
switches. Tre otepragate corraed o formatted by
the centra’ it anty Tty Fedeesn 67 A iz oand
128 ks o8 ! - ; g the
clacking % ¢ sha e pe Mo e

Tie 175 oy b ¢ 10 tiyt ol e
an ddentification iitrecsg, 2 Fa parameter
reauect 3 Jdatr Lorgrtaor , oAb oTank

time period for ret ooinn g,

The data i te lransp. rier “ensor Madyle i
sent back t1 the certral ntt Lo oo freg.ercy
adalatet signai fnothe rcarge ¢ 1T o 60 Ui
Tegnntcal cnnc ficatiang, taco o ipttan, and
ynerating inste ¢ for the fertral anit dare
rrovide! in 2 separate mancal.

TOAG DT U e T e T AL LR RTRTION
The "0-1 40 “rgnaparder censsr Modile has a single

circuit Soarl with rao Sanctisnal blocks. The
Pawer, {or ricatron, ant Contenl Bloch consists
Gfoa modiie, ariress celection switches, bus
iscltation trancfarsec, ant connector. Tne
Measureneort 2k ¢oreiste 5f a rolative numidity
Sensor, ferpeeat jro Tow puwer Signal
conditinnirg elec*rorics for bLoth sensors. Fiqure
€ shows the functional diagram nf the module.

ey i
RAREEE SIS )

Pawer, Comnugnication, and Controd Biock

a. The rodule drtegrates the following functions
inone YIST chip. The dncoming interrngate
signal, F5 £ 0 s te 107 kHz. ig taken off

the bus trancfarmer and raouie? to two rectifiers
to produce unrequlate? 17 v, This is used *o
Toad two 1°0 wicey Farad capatitors that dare
connacted t These capatitors
praovide the ener v required hy the module jtelf

the mofule.

anrd by the conditianing electronics circuit.

Curing the time that the interrogate command is off,
the capacitor voltage decreases to approximately 8
voe.

The incoming signal is alsc decoded and passed to
the device address comparator. If the address
correspands tu the code preset on the TP-129
switches, tne module activates a regulated & vDC/2
mA output tc power the conditioning electronics.
The activation time depends on the instructions
ceded in the interrogate signal. The module has
eight inpiuts that can intertace with the voltage
outputs (1-3 VIC) prcvided by one or several
conditioning electranics. In the case of the
Standar? Missile Sensor Moiule, only two inputs
are being used (humidity and temperature).
The remaining six inputs are available on the
connector for future use. During a cummunication
cycle, data from the eight inputs is sequentially
transmitted back to the bus transformer, according
o the instructions of the interrsgate command,

Medgsurenent 5lck

The relative humidity senscr is a Potrenic
GROMES €22 capacitive wensur.  [he tempera‘ure
wwois a Tevas Instrumenrts silicon sensar

-

mndel DAnTE.

The corditianing electronics circuit is pawerel
with tre 7 VIC regulated voltane supplied by the
module .  The circutt draws @ maximgm of 7 mA.  The
two Tinear € voltane cutputs have a4 range af 1-%
V, coreesponding to 02177 Pelative Humidity (o
ana SN-T120 deg f0 The circait must Le powered
furar g DY tn 100 e to peoviide Correct Dutput
signals.

HEMIDITY SENSOR DESCRIPTION

The HYOROMER humidity sensor 16 g sma’l Myarasco pic
capacitor that modifies i+ value as a functinr of
both the water vapor pressure ard termperature of
the environment. This prermits direc* measurement
f relative humidity after precice calitration

G othe sensgr with fNational Bureas »f Standards

faip ey

SNEAY references.

a.  Sensur lesign. HYGROM sensurs consist T f g
thin strip ¢cf hygroscopic polymer enclosed

hotween two porous electrofes. This desigr enables
the interchange of water m-lecules through boith
surfaces of the sensor. Other capacitive <ens.rs
HSe 4 non-porous ar non-hyarascopic substrate

that supports a thin filn f polymer and a et af
electrades. [lecause of *ris substrate, waler
molecules are essentially absurted through only

one surface of the sensor.

b, Perfirmance. Both the mechanical design nf
the HYGPOMER sensors and *=e nature o f the polymer
used in the sensors, praviie faster and more
unifarm ahsorntion af moisture than in conventional
sensars .  Improvement of senser performance 15
significant, especially at high hueidit, | fven
when aperated close to condensation for haurs, the
HYGROMER sensors do not show a sluggish response
or ‘creening up’ Gf the humitidy <ignal.  Whern
humidity conditicons are retuced, there is no
recuirement far 3 recovery perind to return the
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senso - to its ariginal calibration. As a
consequrence, sensor hysteresis is excepticnally
Tow and this results in excellent repeatability
of measurements.

c. OGreater Qurability. Careful selecticn and
control of the materials used during manufacturing
result in a humidity sensor that resists
condensation as weill as a wide array of industtial
contaminants. {limination of ‘ne substrate used
in most Conventional capacitive sensars also con-
tributes tn greater sensor durability:  the film
of ool mer ann the substrate huave very “ifferent
mechanical characteristics und tend to separate
under the combined etfect 3f repetitive humidity
and temperaturs cycles. In moest applicationg,

the projecter Vifetime 5f the RYGUOMER hamidity
cetneds 10 gears.

4. Apolicatises. felative wumidity is accurately
medsured from 0 otn 10T Dotk only ane HYGEOMER
sensar.  (rstroments tveilable that sneraze at

extreme temporatares of LT o 14T degl o oat the

e

sensor. Advance t fiiter techralnoy permits use
in ocdast s oenvi marto geopLen in oaring
environments,  Inoafytian, each HYGEOMER sensor
is fally orcapsulater irog orembrance Tilter for
provection aqeinat oot ant gocitenty? Coanatact,
e. Tenperatare Tompensaiion Jf the symiaity
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hygrascy mater sl ¢
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TWO-WIRE AUTOMATIC REMOTE SENSING AND EVALUATION SYSTEM

Q: Steve Baker (Oakridge National Laboratories): The concept looks
very novel, do you have any plans to commercialize it or get someone
to commercialize it in the private sector?

A: Ernie Dahl: Anybody that wants it for the Navy or the Armed
Forces can do anything they would like. The commercial use is un-
defined as yet because it has so many uses. There are companies in
the San Francisco area that make the units and have asked for permis-
sion to sell it commercially. We said yes. And they are going to ¢go
ahead with it, but there is a license involved. It has an applica-
tion; a hotel with a fire alarm and smoke system; you just put on two
wires and run all the data you want from every area. There are lots
of *hings you can do with it. It's three to four years old from con-
cept to the hardware you see here. Also foir Tomahawk containers, a
meter 1s removed and a gas sensor screwed into its place. One of
these sensors, by dispersion technique, will measure temperature,
humidity and oxygen inside the container. Those are working now.
There are standard missile units that measure humidity and tempera-
ture. So if you push the button that says cell read, you'll see it
read out all six sensors. Each time it takes data, it reads out.

Q: Roger Noyes (EG&G, Inc.): You talked about taking real time data
and you talked about making acoustic measurements. Can you talk a
little bit about the response time of the system?

A: Ernie Dahl. When we fire a missile, real time data is data that
can read cff. The way the oscillograph i1s producing a record it takes
a couple of microseconds or longer for the data to reproduce on the
paper. That 1s still real time data. The way this is set now it can
e programmed any way, it can be programmed so that when something
goes wrong it immediately starts the alarm and does it, otherwise
there is a delay of maybe two or three seconds in the data. It
depends on how many probes are used and how the microprocessor is con-
figured. There's a piece of paper on the back wall. If you look at
that, it shows 128 cells reading out. It takes about 30 seconds to do
the whole thing. The time element is restricted by the speed of the
printer, not by the speed of the machine. That's why we've gone to a
new prin*ter that has five times the speed, prints in both directions
and prints a little more data. We're talking about a concept. You
can change it any way you want to get data.
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EVALUATION OF A DIGITAL DEAD-WEIGHT TESTER

J.R. MILLER III and D. E. Woodliff
U.S. Army TMDE Support Group
Redstone Arsenal, AL 35898-5400

ABSTRACT

Evaluation of a commercially available digital
dead weight tester is presented. This pneumatic
instrument, using an electrical dyndmometer, has
been tested over its range and found to be very
linear. Several important characteristics were
tested such as hystersis, repeatability,
temperature effects and vibration sensitivity.
Direct dimensional measurements of cross-
sectional areas allowed comparison  with
manufacturer's conversion constants which was
within 1.9 or 100 ppm.

I. INTRODUCTION

why a digital What's the

advantage?

dead weight tester?

To answer these questions one must be familiar
with dead-weight testers--they are accurate
standards for pressure measurement; however,
they are manual instruments not capable of
interfacing to a computer.

Since use of the computer is desired it would be

good if a dead-weight tester, dwt, did have a
digital output; one nas recently been
offeredl. We have bought one of these

instruments to see how good it aperates.

This paper will
evaluation.

present the results of our

A simplified description of the instrument is

given in the next section.
[1. GENERAL DESIGN

The device uses precision piston-cylinders that
are closely fitting to establish the cross-

sectional area exposed to the pressure to be
measured. The force caused by the pressure
acting on the piston is measured by an
electronic dynamometer (see Figure 1). The
dynamometer not only measures the down-ward
force, it also maintains the piston in the

"float" position. There is a digital display on
the front of the device. A small motor rotates
the piston relative to the cylinder to eliminate

static friction. The device is
pneumatic pressure measurements. There were
two pressure ranges provided. The dynamometer
has a full scale read.ng of 60,000 counts with
a least reading of one count. Further details
are given in Table 1.

intended for

EQUATION OF OPERATION

Since the dead weight tester equation* is

p =g (1-Ra/fb)/ (A 980.665 (1+waT) (1
and the dynamometer is simply a device to
measure the force where

F = Mg (1-%a/fb)/980.665 (2)

which when applied produces a number of counts
hence

P/counts=F /(Ao 1) )=C/{1+xAT), psi/count.(3)

Provided with the machine is a set of six 1 Kg
weights, Class S2, very accurately known so
that periodic checks can be made on the force
measuring dynamometer.

I1I. EXPERIMENTAL RESULTS
A. LOW PRESSURE PISTON-CYLINDER

Using values provided by the manufacturer we
compared the instrument (cross floated) with a
pneumatic dwt 3905, P534-(21055)}. See Figure
2. The results were not satisfactory. This
lead us on a journey to find out why this
difference. The first thought was to check the
dynamometer more thoroughly, i.e., check it
between the 1 Kg points to make sure it was
linear between these points. To do this we
used up to 77 weight combinations using the CET
weights and the 1 Kg platters. The results
were fit to a straight line using a least
squares program. A plot of the residuals from
this curve fit would then test the lincirity.
These results are shown in Figures 3 and 4.
There is a peculiar pattern to some of these
residuals and some are more than +1 count.
This was not expected -- there was either

* Terms explained Tn Appendix.




TABLE 1. CHARACTERISTICS OF DIGITAL DEAD-WEIGHT TESTER

Range

Pressure: Depends on piston-cvlinders (0 to 300 psi, O to 45 psi)
Force: 0 to 6 newtons

Counts: 0 to 60,000

0.30396546 in2 (manufacturer)
0.044084258 in2 (manufacturer)

1

Piston-cylinder (SN 269) AO 1.96106 cm2

Pistcn-cvlinder (SN 3397) A = 0.284414 cm
o o

9 ppm/ C

Piston-cvlinder materials: Tungsten carbide

2

1
1

Temperature coefficient of Ao

Piston-cylinder design: Re-entrant
Deformation coefficient: Insignificant (manufacturer)
AO determination: Cross-floated (manufacturer)

Error limits + (0.005% F.S. + 0.005% of reading) (manufacturer)

Weights: Class 2, true mass values (manufacturer)

TABLE 2. PREDICTED COUNTS VERSUS ACTUAL COUNTS

Nominal Applied Predicted Actual Actual-Predicted,

Force ForceLAbe Counts Counts Counts
1 lhI 0.398798 4535.80 4536 0.2
1 lbf + 1 Ky 3.201085 14536.97 14537 0.03
2 Kg 4. 404576 20002.33 20002 -0.33
1 lhf + 2 Kz 5.403374 24538.14 24538 -0.14
3 Kg 6.606861 30003.49 30003 -0.49
| Ihf + 3 Ky 7.605659 34539.29 34539 -0.29
4 Kp 8.809148 4(n004 .65 L0004 -0.65
1 lbf + 4 Kg 9.807946 44540.46 44540 -0.46
5 Kg 11.011435 50005. 81 50005 -0.81
1 }hf + 5 Kg 12.010233 54541.62 54542 0.38
6 Ky 13.213727 60005.98 60007 0.02
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something wrong with the weight values or the
analog to digital converter or force transducer
in the dynamometer was unlinear.

We designed a weighing sequence to see if the
problem was the weights--used six 1 Kg weights
and find slope of curve, then insert a weight
(the same weight) between each 1 Kg weight,
find the residuals and see when the peculiar
pattern developed. This idea also had the
feature we could use values for the weights
independent of the calibration laboratory since

Slope, fcounts/mass = Counts/ mass = Co-
C1/(M2-M1)

the added weight would have a systematic error
hence slope would be unaffected.

Another way to ferret out this problem was to
presume perfectly linear response and plot each
weights response--we tried both these schemes
but eventually used the latter.

An application of six Kg mass (apparent mass
versus brass, i.e., the buoyancy factor (1-Pa
eb) has been allowed for) produces a force of

w(1-€a/Cb)g/980.665 = m(1-Ca/Cor079.626/ (4
980.665

= 13.213727 1bf

which when placed on the dynamometer gave a
full scale reading of 60,007 counts. Since the
instrument was zeroed with only the weight
table on it the slope of the line through these
two points gives

4541.2623 counts/lbf

Now using this value one can calculate the
predicted counts for a certain applied force.
This was done and results are given in Table 2.

During this time it was discovered several
problems in the mass calibration lab explained
some of the problems with a few of the CEC
weights, i.e.,

{a)} Some of the weights were weighed on the
fow 10% portion of a scale.

(b) The 4 oz and 0.3 oz weights taken to
another scale showed a surprising disagreement;
much larger than the error limit quoted--this
undoubtedly contributed to the earliier peculiar
results.

3ased upon the very good results given in Table
2, we decided to repeat the entire pressure
intercomparison with another better calibrated
dwt. However before doing this we decided to
do a direct measurement of the diameters of
piston and cylinder, calculate Ay and come up
with a conversion constant. Table 3 gives the
values from which we obtain

Ro=(Ap+Ac)/2 = 0.30396546 in2 (5)

which is within 1.9 ppm of the manufacturer
value. However note that our ability to
measure the dimension is 10 micro inches (=A4D)
hence since

Ao =TYR2=¢D2/4
AAo =JAgas  (T172) DAD (6)
A0
Ao = 9.8 * 1076 in2
and the difference in Ag's 1is 1/10 of this.
This means we may have merely been lucky to

obtain agreement this close.

Using this value for Ay (at 209C),
pressure conversion constant is

our

2.2020305*10-4 1bs/0.3059649 in2
= 7 .2843579*10-4 psi/count

The manufacturer gave a conversion constant of
7.244086*10-4 psi/count which is different by
37.5 ppm--we do not know why this difference.

Comparing to a Ruska Dwt over the pressure
range 0.5 to 15 psi with one piston and above
this with another piston produces a very good
agreement and is entirely satisfactory (see
Figure 5). Note the up and down runs provide a
hystersis test--and there doesn't appear to be
any hystersis, to within the resolution.  In
all these measurements, all known corrections
have been applied, air head, and temperature
corrections to each dwt; however, a constant
value for the bouyancy effect has been used.

Since the digital output format (and connector)
was strange we never did get the device
connected to a computer--all data was taken
manually.

B. HIGH PRESSURE PISTON-CYLINDER

The other piston-cylinder goes up to 300 psi
and has a pressure conversion constant of

4.99505*10-3 psi/counts
given by the maker.

Direct measurements of Ay produces the values
given in Table 3, where the agreement is not as
close as the other piston, undoubtedly limited
by our dimensional measurement resolution.

An intercomparison with the aforementiorad
Ruska DWT produces the results given in Figure
6. These values are completely within
expectations--the only notable thing is the
instrument is considerably more sensitive to
vibration. By isolating and taking pains with
the input pressure line vibration influence has
been minimized.




SN 3394

TABLE 3. Piston—<Cylinder Dimensions

Low Pressure Piston-Cylinder

Cviinder Piston
Top 0.62212" Top 0.62210"
Bottom 0.62212" Middle 0.62210"

Bottom 0.62210"
A, = 0.30396546 in”

High Pressure Pistnn=Cvlinier

Cvlinder Picton
Top (.23694" Top 0.23692"
Bottom 0.23694" Middle 0.23692"

Bottom ().23692"

A, = 0.064088974 in”

AopH T Aourmy * 100%

Nominal
Low Pressure = 0.00019

High Pressure = -0.01

8
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Since this piston-cylinder is oil lubricated we
tried some lower viscosity oil and even used it
with no oil to reduce noisy readings; however,
we discovered most of the noisy readings were
simply due to vibration from the bench or input
pressure line.

%. TEMPERATURE EFFECT

We tested the dynamometer, with a constant
load of 4 Kg, in an environmental chamber from
13 to 330C to see if it was affected.
Figure 7 gives the results. It appears the
dynamometer 1is affected by these temperature
cnanges even though it is supposed to be
independent of temperature change.
ACKNOWLEDGEMENTS
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(1) DH Instrument Co, Tempe, Arizona
APPENDIX

DEF INITION OF TERMS

P = Pressure, psi
M = Mass, 1bs
g = Local acceleration of gravity,
can/sec
(a = Density »f air, gam/cm3
Qb = Density of brass, i.4 gm/cm3
Ag = Effective cross-sectional area at
zero pressure, in
XA = Temperature coefficient of expansion
of piston cylinder, parts per million
per degree ~
A= T-R, temperature of use - Reference
temp, OC
D = Diameter of piston or cylinder, in

21
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DEVELOPMENT OF A PROTOTYPE SYSTEM

FOR THE

IMPULSE CALIBRATION OF MICROPHONES

David L. Mutlendore
Vice President
Duvton Scientific Inc.
Dayton, Ohio

ABCTRACT

Current Lechiaques of microphone calibration are
not readily adapted for use in the fieid and do
not produre data on both frequency and phise
characteristics, A new technigque was

invest igated for calibratng acerophones using 2
pressure impuloe, whilch will produce calibration
of bath ampiitude and plese and w1 be adaptable
to field

[FERT A

ENTRODUCTTON

The of foirt desceribed wilhe ohas document was
perfarmed Ly Davton Seaentifie Ine. for the
Streacturab Vibraton and Acoust ic Branch of the
Aty boree light Dyvnamies Laboratory, Wright

P terson Air Forer Base, under M Foree
Contract 155615-87-7-35220. The Structural
Vibrat ton and Acousties Branch maintains a
faciiity that provides wide-bard dvnamic data
acguisit ton and analvsis capability to support
Structaral Dvanmies Resesrch and Development .
Theae endeavors requite an acearate, portable,
and simple procedore for cabibrating macrophones
nressure fransdos crs owhile being used at
et st during freld operatons,
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Richard D, Talmadge
Senior tlectronics tngineer
Wright Resexrcn and
Development Center
Wright -Patterson ATB, hio

calibration which would use a single pressure
impulse as the input to @ microphone being
calibrated. The response of the microphone to
the pressure 1mpulse wonld then be recorded and
Fourter Transform techrniigques used to determine
the freguency and phase characteristics of the
microptione.  If successful, this technique could
be implemented with relatively 1nexpensive
hardware, 1t would be simple to adapt to field
use, and the calibration could be performed
quickly.

The primary performance goals of the Impulse
Calibration Unit were as tnollows:
Bandwidth: 10 Hertz to 5000 Herts
Accuracy:  +/- 0.% di
Amplitude Pange: to 170 dB Sound Pressure
level (SPL:
Repeatability of Calibration: 0.7 dB SPL

+, -

DEVELOPMENT PROGRAM
Destign nf the Prototype Impulse Calibration
Hardware

Tne initial work on which this imvestigation 1o
bhased was condurted by the Structoral Vibrat con
and Aroustics Branch of the Flight Dynamics

| aboratory, WPAFB, Ohia.  The general approach
wias to create o prescure ampulse within a clnsed
cvltnder, 1nto one ena of wiiteh 15 placed the
microphone to be calibratea,  The micropnone
output, 1n response to the ampuloee 1nput, 1s then
analyzed using transtorm techniques to abtain the
froquency and phase response of the mis rophone. A
reference microphane whica frequeacy
characteristics are known 1 alsn placed 10 the
mylinoer.,

The pressure impulse 15 created by straking a
suspended piston which occapies the end of the
closed - yvlindricar canvity opposite the
microphone,  As will be shown later, 1t s
important that tne precssare pulse be of

relat tvely shart duration so that ot will have
suf frerent high frequency energy content to
permit tourier Transform analysis to be reliable
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Or vzl woHriw. "Kiow 1 the successful application of the 1mpulse
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Thooe expressions can e selved fiar 1t nnknown
mic ruphone reponoe, wheh tesalts e expressoon
‘5
Hulwi=Kriwi*Hr 'wl = Quiw’ R
Kutw! Oriw
ihe Frest teem in this expression conoists of

fixed quant tties which are erther known or can be

aecurate iy measured.  The secnnd fermoennststs

tre ontput of the unknosn and ooference
macrepboree an reaponse to the pressane vinppa e,
Tiorefore, 1t the frequency respense of Dhe

anp L frers and the reference mrerophone are
waow, and 1 the transiarms of the output
gl free Phe twoomocrophones are defermined,

then the o poteas of Phe soknows. e rophone can
bhe colenlated.  Note thal all cuantaities are
comples; that ane thes amvolve noth amp b ode ar

phirse,

Thee arcilyors described sbove coubd b pet formed
by o commero 1oLy avar lable Teo chanoed S
aralyser,  However, ance one Sf Ehe object e

) of thig program was to develop aooantspensive
it rument for treld use, the spproach baken v
to uoe o perconal compater booacguire, gt e,
andd atore the naeciphore gnad s oaned Then 1o

: aperate apon Yhe recorded Srgnnd o data wrthobast

Teanstarm techmgues ot thizimg o
aoftware

Fouarretr
commere by anvarbable sagoal annds s
package., the purposec nf b
the FFD aperattons were tmplomentod with the
commererad by avn dat ie DADISE ragnal o anaivers
noftware packige,
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reaepanes of (he referencs s rophont be
accuratcly known, relat ivelsy flat, and repeatable
lhroughout the freqguency range of anltepect . Also,
the pressure tmpulse 1put to the mrerophones

mgst have g relatively bigh frequency content

throughout the trequency range ot tnterest.
however that the ampulse transform does not
appedt 1n eapression 400 which means that
tmpalse daes not have to be perfect nor
hive to et by repeatable from test

Note

the
does at
b to teat,
A tvpieal pressore impulue generated by the

srototyipe cabhibratton wat 1s shown oo brgure 6.

The frequencs speetrum of thrs rmpulse 1o shown
toc Frgre 700 U wi LD be nated that the spectium
af the pressure poalae hos sigoefreant energy ap

tor Y ke,
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Fragure 9 are recommended, The calibrat jon test
recnlte reparted the daet of this
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The frequency resnlution of the FE] calculation
is equal to the inverse of the record length
(sample intervall. It 15 also desirable for the
record to contain a number of samples which 1s a
power of twn. lherefore zeros were added to the
data records to make 296 data points or the
equivalent of o 2.96 millisecond record,
resultiog in a frequency resolut ton of 390 Hz.
The nreasure rise within the cylinder cavity
resutting room an impact can uwe c3icurated Dy
cansidering the change 1n voluine which nccurs
when the pastorn s stiuck,  The change in cavity
volume s directly related ta the displacement of
the piston, as shown by expression 74),

Voo .- l Y, ], \ "Q,‘
13 SR
! FO0ES :

whicre VE o the tanal o cavity o volume,

Voo the tmabial caviety volome Swhich oy

Cobaed

5o the prsten arsplacement after ampact,
ani the constant (,008% 1o the nitial
conviby gap o inekes,

Vot s e That the temperature of the an
it ety dors net change durneg an ampact ,
the to P i are change 1o the envity resultiing
from o pistos diplacement S will be:

b (’l < Y ] s
0.00n8n
wheerr P tne antteal pressore an the cavity
i
ambend pres ure

During the program, ot was desired to verify that
the pressare oo the cavily behaved in accordance
with baguation 5 00 Sinece ot was ampractical to
neanure fhe prston displacement direct Iy, the
drpileenent o was caloolated by performing a
duabh e ntegiratvon of the accelerometer signal.,
Thee e altang peston displacement value was then
peed 1 bguatoon 0 o caleulate o peak cavaty
precsnre . whireh wos direct by compared to {he
ooty proenoare measared by the reference
prcrophnne . B owas taund that bhe two values
teacked o o predictable manner, with the

e anured peak pressute genetal by JU% Tower
the calenlated peak prescsure. This difference 15
wont Like by due to anaceyracy i the method used
to caleuiate toe prsten displacement o since o
small errar ar haas in the acceleration signal
will eastiy contiribhote to o sigmficant error an
he calealated drpincement

General lest Poaoedore

the procedure eed o aeguaire and analvze test
data from the Ceototvpe ITmpulse Calibratvon
Gyatem g aneiisated by the Fiow Chart, Vagure 10,
The aequrartron, displayv, and otorage ot
microphone agnedl caba resoltang from o test
g bt the painton was canbralled by the
CNAPSHOT 1 software packaae raunnang onoan PC AT
compatable pecconal compater . The acquired data
wan theo amperbed anto the DADLESE 20 software
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environment tor analvors.  The DADUP sottware
provides the capasbibity of applyving mathematical
functrons to the microphone Ligoals thr such
operations as windawing, scaling, FET, and
complex operations.  In general, the operatione
listed in the Flow Chavt, bagure W0 were
performed o each datanet . The test rearlts
consist ot freguency and prosse data, which g
avatlable erther as o table of comples values or
as hard copy plots. During tee development
program, certarn of the analsor, poraneters we, o
varted to ative gt the optomas cbogeer for

example, the bear chosee of winddow fanctinn.,

fhe general test proecdare oed duyring the

developinent ograr ot cirsed srandara sof tware
packages herauoe of Cheoe fheatalbity and tow

cost . Thi came functronsinty could be programed

vt an appropiatels cguipped, poartable PO for
field use: «heretn the oot procedars would be
programned  oecrCieal by tor tne ompuise

calibrat ton e andd wonld execute

automiat o ey

Tt Result«

The tont resatte Teportod in this sectton consrost
of several represenat nve plots of an "unkniown”
microptone whose response function was measuyred
using the Prototype Tepaloe Calibration Svstem, A
second microphone whose charageteristies were
kiown was aserd as the Beterence microphane,  The
Yankre an' e ceophs e wie, o Gultore MVAS2400, SN
t1 1. Both microphones wore independent 1y
calibitabted by the A iorce Flight Dvnamies
Paberatory. The Ay Fopoe calibration resulted
i sensitioaty of 1090 volts ol for the
"unknown” mic rophone.,

Fagare 11 0o 4 plat of the transte:r functon
magnitude resulting fron four tmpacts using the
Prototype Impulse Cabibration Syotem, ranging in
peak pressures fram .09 PST to 0.3 PSIL It can
be seen that the daty o figure 11 carrelates
reasonably well waith the Air Force calibration at
frequencies above 10000 Heo o Be low 1000 Hz. the
data oo unreliable, for reasons which are unknown
at thas trme. Forther data will become avarlable
anco b rrecebagat pon cant rnues.
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DEVELOPMENT OF PROTOTYPE SYSTEM FOR THE IMPULSE CALIBRATION OF
MICROPHONES

Q: Bill Cardwell (GE, Evandale): On the calibration in the first
part of your talk, you talked about putting an accelerometer on which

ot A +hoe wmaictAan ~r whatv?
& - - -

A: David Mullendore: ©n the pisten.

Q: Bill Carcdwell: Did you try putting one on the stable part also to
see if there was .nv reaction that way?

A: David Mullendore: Mo, that's a aood suggestion. We did not try
that. We used the accelerometer that was mounted within the piston
to try to characterize the movement o1 the piston. The one set of
data we did extract was te do a double integration on the ac sation
to get a mathematical value for piston displacement and then to relate
this to the change in pressure within the cavity. It turns out when
we did that we were able to correlate the change in pressure with the
pistcn disnlacement to within about 20% error. That doesn't sound
very good until you cor-*2der that we achieved this with a doukle in-
tegration of the accelerometer signai. There was some high frequency
vibration in the accelerometer signal, as you might expect. Wuen you
have an impact, that tends to bias that displacement. We were able to
correlate to within 20%. This 1s over the full range of impacts we're
experimenting with whiaon was from about .02 or .05 psi to about 1 psi.
But we did nct mount an accelerometer on the outer cylinder.

Q: Bill Cardwell: The data that was shown on the final chart, is
that with using the modal hammer or the ball dropper?

A: David Mullendore: That was obtained using the modal hammer, we
can't see much difference in the data for a given impact level. There
seems to be little or no difference between the two techniques as far
as the results are concerned.

Q: Bill Cardwell: Your final thought on this; do you think this
provides you with an easier way of calibrating in the field other than
using the pistonphone?

A: David Mullendore: I think that if it can be shown, and there may
be some more work inwvoived here, that the data totally correlates with
conventional technigues within the limits that are expected for this
type of calibration, which were plus or minus a half a dB, it's a very
quick method. In our work, most of the time was spent not with gener-
ating the data bu*t with analyzing the data. You generate the data in
about two seconds, as long as it takes to pick up the impulse hammer
and make an 1impact, or 1f you want to make multiple impacts and
average the data, that takes a little b t longer. If you would write
special software that did the analysis rather than trying to use a
standard package which requires some 1interaction you'd have the
results 1in probably 10 or 15 seconds with a standard AT computer.
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From that point of view, I think it does lend itself to field use.
The speed with which the results are obtained is one of the things we
were after.

Q: Jim Faller (Aberdeen Proving Ground): I'm not totally familiar
with the subject, but I had a question about the energy level. You
weren't getting enough energy over a broad enough frequency range, and
I was wondering what your strateqgy was to achieve this?

A Cavid Mulle: dore: The origirnal stratagy wag to make the impulse
as short as possible, and I guess that still is the strategy. We may
be up against some fundamental limitations there. I'm not sure we

know for sure.

Q: Jim Faller: Did I misunderstand the gquestion then originally,
that you weren't gettina enocugh output?

A: David Mullendore: I think what I tried to emphasize was the dis-
tribution of energy throughout the frequency range that we were inter-
ested in, which was from essentially 10 hertz up to 5 kilohertz. 1It's
not a question of enough output but the distribution of the output.

Q: Jim Faller: So, 1if you narrow the range you don't have to worry
about distribution, 1is that right? You say the distribution 1is be-
tween two and three kilohertz?

A vuvid Mullendore: If you would accept the one to three and one-
half kilohert: range as that in which you were interested then we
wouldn't have to go any further, I guess. We're after a broader range
than that.

Q: Jim Faller: Does the modal hammer influence that in anywayv: the
construction of the modal hammer, the materials of cor truction?

A: David Mullendore: Yes, as a matter of fact. We did not actually
have a direct steel on steel impact. There was about a four mil plas-
tic interface between the modal hammer or the steel ball when we
dropped it and the impact point on the piston. Without that we would
generate a lot of extraneous vibrations in the piston. They seem to
center around 16 Kkilohertz, which 1is outside the range of interest.
It didn’'t interfere with the work that we were doing, so the four mil
polyester, more like six mils, interface did suppress those. We ex-
perimented with other materials and other thicknesses. We're at a
point right now where we've kind of optimized that part of it, as far
as the weight of the modal hammer and the material, whether it was
steel on steel contact or with some kind of a dampening material in
between. We probably have some other things we can try there but the
results that you see are where we are right now.

Q: John Judd (Vibrametrics): In the last curve you had up there, was
that the ratio of the microphones?

A: David Mullendore: That was the frequency response of the unknown
microphone alone.
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Q: John Judd: I wondered if you had any coherence data?
A: David Mullendore: I did have some coherence data. We did some

work with coherence mid-way through the program and the data showed
about a .98 coherence up to about four to five kilohertz.
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ABSTRACT

The genaral trend towards increasingty arge numbers
of channe:s of sensors has niaced tremandous burdens
or the calinrator aspect of testing  The need to
accurately measuie rotational degrees of freedom also
generates naw probiems with corventional calibration
methiods In ar «hort 1o soive these problems, two novel
~alpraton sysiems are under gevelopment at the
University of Cirainnati Utiizing the simplest and most
imtuitive of all structures. the rigid body, the calibrators
can provige cuicker calprations and total motion
wtormation. Each caubratcr rehes on the underlying
ascumpticn hatl the meas.red sensor outputs must
result from meion 2onsisting of seme iingar compination
of the six fyndamanial 7.g.a body modes  However,
reyond this premise oot cantrator 4ses a cifferent
constrectnn ard sewunon metihod te achieve its end
result.  The fast concurrent caitbration (FCC) method
calculates a i2ast squares type estimate for the primary
axis of sensitivity for up to 256 Structce! motion sensors
at @ ume  Sehliing an overdetermied multiple-input
maitpe-catnut CMIMO, problem. the total motion
~atoraton (MG wses 24 relerence accelerometers ang
teoanawn qeometry of the plattorm to calcutate the

o1 meter 32 lazoton of the test sensors. Thus, a
teat sen 3 aelLut can b2 calibrated against any or ail
o ne s x TOF inputs

)

N

INTRC 22T
The fast conc et Saizraton system provides a quick
and =2cornaucal metnod  for batch  processing
ralibracons. Sine cny s pnmary axis of sensitivity (s
neeged in ot measursment applications. the
catibrator's z.Citatier means and solution ailgonthm
have been optimized ic rroduce single axis calibrations
for a large n.mber ¢. sensors in an efficient, cost
etfective manner e FCC system tunctions to
rransform the measurad signals from an array of motion
sensors nto a best Yit rigid body motior: (ref 2). The naid
body moticn and thie ~ersor's geometnc 10Caton then
dictate the sensors appropriate sensitivity.  Traceable
sznsitivities are referenced to precision quart? sensors
and up to 256 Strucicel motion sensors can be
cahbrated at a single t me

Providing more sensitivity information, the total motion
calibrator (ret 3-4) requires a large number of reference
sensors and at least six shakers to adequately excite
and measure ali six degrees of freedom. The TMC
functions to transform 24 measured linear accelerations
(8 triaxtal reference accelerometers) into the piimary
rigid body accelerations of the platform. A simple
geometric transformation then calculates the exact
motion at the base of each transducer under test (ref 5).
This allows the MIMO estimator to produce the sensor
sensitivities.

SYSTEM CONFIGURATIONS
Fast concurrent calibration platform-

The neart ct the calibration system consists of a rigid
platform which connects to an number of electrodynamic
shakers. An aluminum alloy block milled out in a waffle
pattern to lighten, yet still retain strength, forms the 12
inch by 12 inch by 2 inen, rigid platform. A number of
iterations of finite eiement analysis provided the basic
plattorm design which has its first resonance at 1200 hz.
As stated in the previous section, the calibrator operates
on the assumption that all measured motion consists of
a inear combination of the rnigid body mode shapes.
The true rigid body motion frequency range extends to
about half of the first resonant frequency. Hence, the
useable frequency range of the present design extends
to just about 600 Hz. Future designs of the platform will
include ultra-stiff, light-weight composites to greatly
extend thc useable ngid body frequency range.

Providing mounting for the Structcel motion sensors (ref
6-8). a grid of 256 mounting sockets occupy the surface
of a printed circuit board. The two layer board, which is
rigidly laminated to the platform with epoxy, conventently
routes the large number of signal leads (3 per sensor x
256 sensors) trom the mounting sockets to multi-pin
connectors at the edge of the board. The array of motion
sensors report the measured motion which will be used
to determine actual combtnation of the rigid body
modes The entire platform rides on sott springs with a
system resonance of less tnan 10 hz. Sixteen ribbon
cables carry the signais frcm the edge connectors on to




the Data Harvester which provides the necessary signal

conditioning (power, gain and iow pass filtering) for the
Structcel motion sensors.

Four electrodynamic shakers attach at the corners to
vertically excite the platform. Each shaker can be set in
phase or 180 degrees out of phase in order to create the
different forcing vectors reeded to guarantee a solution.
With only vertical excitation. the motion of the platform
must consist of vertical transiation and ihe iwo rotations
in that plare  Accordingly. 4 minimum of three
independent ‘Srcing vectss be appliea 10
guarantee a calioration soittion.  We assume that the
sensors do not measure in the ather directions thereby
focusing only on the primary axis of sensitivity.

et
[N A

Total ration casgraver catiorm

A 6 inch cupe constructed of a base graphite ianunate
then filled wth strucrural fcan orysces the aounting
plattorm for tns system  igrier 0 weaht than the
aluminum giatfsny, e cufe Debaves as a ngid oedy to
nearly 1 Knz. but has a much smaller surtace area for
mounung test sensors. Tia symmetric grometry of the
cube makes ii ruch Mo stable for Lndorm excitation
in all degrees ot frezdom.

In order tc measure the “ompieie oticn of the block, at
least 6 reference sensc's are nzerded. Since we will
usc only transtatonat accetersmelers. these must be
spatally distnbuted ang ontented 1 @ manner that allows
measurement of ail three One possible
configuration iz to M a3l daocewration at one
point, blaxial # L AnGther Dot I directions
perpendicuiar 1o the line bepveer taese two peints, and
a uniaxial acceleration at a third point in a direction
perpendicular 1o the plane containing the three points.
This represents tne minimum contiguraton needed for
all € DOF  These accesometers wili be called the
reference aceelerometers. becauyse they act as
cakbration cianvarcs for the canoraten process, and
they are therefcre calibrated by stardard means prior to
use on the platform

' .
rotatinng

Housed 1 the curners of the cube, the use of 8 tnaxial
accelerometers gives 24 reference acceleraometers on
the platform. tour times the minimum reaurrement. The
resulting redurdancy n measunng the motion of the
plattorm provides twe advantages: 1 aliows averaging of
the 24 measurements i calculating the six degrees ol
freedom of the piattorm’s motion. and .t allows deletion
of cre or more reference aczeleratons from the process
1 the case that the corresponding measurement
channels are not functior:ng properly at the time of the
calibration.  The calibrat:on algenthm uses a least-
squares method for the avercqing  This averaging
provides the usuai benehis of a ficer resolution of the
moticn, a reduchion ¢ caraom errors. & correlation
coefficient that indicates tho reliabiity of the inherent
assumptions in tne meihod,. ind greaier confiddence in
the computed resyitr,

The excitator method varnes denending on the
measurement ‘achnigue utihzed When testing with
conventional broad hard techmgues. six shakers driven

with uncorrelated random noise are connected in pairs
on mutually perpendicular faces. This drives the cube
into random vibration along all three transiational axes
and about all three rotational axes. The random noise
sent to the exciters is chosen so that each of these six
degrees of freedom of motion have approximately
uniform vitration gver the calibration bandwidth.

Utiizing the spatial sine testing system, the shaker
configuration remains the same, but excitation occurs at
a single frequency. The shakers must apply @ minimum
of 6 inaependent forcing ve<tors at each frequency step
to guarantee sufficient information for a solution
Practically, additional forcing vectors increase the data
set information and provide a statistically more precise
answer

MATHEMATICAL DEVELOPMENT

The same equation forms e pasis tor each of the
calibration solution algorithms. The measured signals,
scaled by some sensitivity vector, must equal the active
modes times the modal participation factors.

(X1 (S} =1G] (k) (1
where. (X] = diagonal matrix of measurements
{S},,, = transducer sensitivity vector
(Gl,5 = ngid body mode shapes (G, G, G, )

{k},,, = modal participation factors
n = number of measurement channels

In expanded form for N measurement sets,
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The benefits from working with a rigid body result in the
simplification of the G matnx. The transtational rigid
body modes can be described with zeros and ones
while the rotational rigid body modes need only the xy.z
geometry witn plus or minus one weighiing functions.
Furthermore, the calibration range is not limited '> the
rigid body frequency span of the platform. If so cesired,
analytcal estimates of the first flexible modes can be
adjoined to the G matrix to extend the c&'.oration
frequency range




Currently, two alnoiittins have been developed (G solve
the basic equation for the FCC systerm. The frst
algorithm develor.s a Rayvieigh quotient and reduces the
equations to a directly sclvable eigensontion.  ihe
second algorithin implements an iterative teast squares
technique to perform the eigensolution. Both algornthms
assume that the piattorn recaives vertical excitation from
a number of shakers Exciting only three rigid body
modes (transiatior and (wo planer rotations), this
configuration adc# s (ot Maamum inpul aiong the
sensitive axs anc othe overall calculation by
requiring only Lyrae ¢ the G rmatnx

Using hasicaly 2 ssa ¢ equations ds the iterative
technmatie, the | MC ncorporates the known sensitivities
of the reference accelerometers and calculates the best
rigid body with 4 wiact ransformation  alk € DOF. A
second geometric tiansiormaticn prevides the exact
motion a‘! the hass i the test sensor. Finally, the
algorithm aempioys a muitigle-input/multinle-output
frequency responos wihinater o dete mine the sensor's
output resSLOnSe sansimivies to 2ach of the 6 calculated
inputs.

FCC direct «cuution:

Reformulating .-
equaticns for the

SO st r»'P 15 the
comber efnn

minimal number of
knowns { {5} and (K} )

wihere, the subscnpts indicate he easurement and
assceiated v 2dai panicipation factors for the respective
forcing pattern (7his rapresents the minmum number of
meadsurements o colve Tar the sensitivihies.
Thers must be ol weasi aro aquanor or each aqid body
modo axcred, More measrem201s May be used and
will resedt e g ieast saudes Iype estimatel.

ragdod

tne €00r a1 poOve cdualicn a se from the
INCONISIENLIU . G SHivitie 5 Detween the vanous
Qata sets  Theoo snou'd e aumimized i order to obtain
the heet tU o tn oy bty vectar 1or the given
MEeasurenet Ve LRI singG 1Ne e(Tor erdt with
resment 1y . Sodte, MOoand the meoogal
partpscn T Coaect b the Jdentty matric we
have.
- \ .
s [}
Y e
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the Euclidian norm of k. By minimizing the error with
respect to K. we can set up a Raleigh Quotient type
problem such as,
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The physical interpretation of this is to minimize the
strain energy while maximizing the kinetic energy.
Since we know that the structure i1s a rigid body In ‘e
frequency range which we are exciting, this minim zation
technigque shoula result in the best fit of the data.

The kinetic energy term is strongly related to K (the
modal participaticn factors of the rigid bndy mades) due
to the fact that the Euclidian Norm of K is a direct
function of the coordinate system’'s velocity squared
(unity mass or symmetric mass).

In order to view the error terms in relation to the internal
strain erergy, we must loock at the error term in a
different perspective. As was stated earlier. the error
terms are the result of inconsistencies in the sensitivities.
Aiternatively, this error vector could be thought of as the
resuit of uraccounted mode shapes. These
unaccounted mode shapes would not be rigid body
modes and therefore resu!t in internal strain energy,
which currently shows up as an error term.

Given these physical interpretations, nunimizing the
Rayleigh Quotient tends to make sense since under
normal aperating ciicumstances the structure used for
calibration should have no ir*ernal strain energy.

Reformutating the above Raleigh Quotient problem into
a standard Eigenvalue problem,
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The solution of the Raieigh quotient prcblem is now to
solve the above Eigen-probiem for the minimum
Eigenvalue and its associated Eigenvector. As can be
seen, this is a very iarge Eigen-problem and mus! be
reduced. By expanaing the equaticns we have,

[A]1S]+ BIIKY = o, )
1St = JA) ! [BI (K} {(10)
and,
M I DR - St (
CIBTIACBE K KA ()

which reduces 10,

TRV TR LR TR ) (12)

The above Figen probem now is reasonably small
(9x9} and tne solution for the minimum Eigenvalue and
its associated Ligenvecior Can Le geltermined using one
ot the several Eigensoluticn methocs. The soluton cf
this subset res::itz .n the Eigenvalue which is not used.
and the Eigervecter whici o5 the =zet of moda!l
particioation vectors 07 ¢ac” sel o' mcnsuiements T
soive for the zensivities the caal pariicipaticn vector
15 back substtui2a into equation numtor 9.

FC teratve soiuticn-

Eguation number {2, can te represanted o the form of,

AU (13

Setnng up 'ne eguation in east sqiares form which
minimize the ¢rn”

. " St .
AL N, [y

and ‘et
(19}

The problem ¢« row to tind the sigensowtion for the
[A]H{A] matrix whare

1‘:“,\' -

s
Mt

the diagonal matrix containing the measured signals for
N different forcing sets and,

r hl
D] = block diagonal | {G'G !

with equal blccks containing the geometry of the ngid
body modes Also we know,

e e A
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whion 15 the measured signal for each forcing condition

times the rigid body mode geometries. Now expanding
equaticn (14) into two equatiors,

Bl 451+ Ul Ry =0 (16)

(st - (D] (k1 =0 (17)

and redrranging eguation . 17j,
H o
Ki= D] Crs ) (18)

where nis the ni? estimate ot the sensitivity vector. Also
rearranging equation (16),

'S o IB]CIK (19)

Tt

Substituting equation (18) into eauation (19). the
iterative equation s,

1.1 =181 'icHpI e s, (20)

!

where the sensitivity is normalized to the first element of
the S vector. Though inverse :>z.culations of large
matnces can be complex, the matrices in equation (20)
are very simple because B is diagonal and D is a block
chagonal matrix with 3 by 3 blocke. The addition of a
weighting matnx to remove bad" sensors prevents a
measurement error from corrupting the best fit solution.
Setting initial sensitivities to one and using three
iterations to determine the basic sensitivity, the algorithm
zeros out any sensor with a correlation coefficient of less
tnan 95 percent. A final 12 sterations then converge very
quickly delivering a stable -alculation cf the sensor
sensitivity.

TMC calibratior: agonthm

The total matcn algorthm also begins with the rigid
body equation (1) However in this case the reference
measuremens can be scaled directly due to the
calibrated triax:ai accelerometers in each correr of the
cupe.  The left hand side of the equation can be

condensed i~ 4 vector. R, consisting of the measured
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reference translational accelerations. Including all six
rigid body modes instead of just three, G is still a
function of gecmetry. The k vector includes the modal
participation factors (which are the six principal rigid
body accelerations for a rigid body). Thus equation (1)
becomes,

(R} =[G] {k) (21)

where, {R} = translational ref accelerations

24x1

[G]zm = rigid body mode shapes (6 DOF)
{k}g,, = principal rigid body accelerations
(modal participation factors)

Tc end up with the principal accelerations at the base of
the test sensor, the geometry is input with the origin
located at the base of the test sensor. Setting up a
normal equation of a least squares solution to utilize the
over determined measurement set,

(GI" (R} =G [G] (k) {22)

1

k) =[1or'1c1] 161" (R) (23)

Note that equation (23) is essentially the expanded
version of equation (18) with known sensitivities and
three extra degrees of freedom. The TMC algorithm
mirrors the first loop of the iterative solution and directly
determines the values for k.

Clearly, a weighting matrix could be applied to the left
hand side to judiciously eliminate any questionaule
measurement channels. Ali matrix operation can be
performed prior to testing such that a single
transformation matrx, T. wouid exist to calculate the
principal accelerations.

(k) ={THR] (24)
) r T, . '.') T

where, (T) = WG] 6] 1G]

and, [W] = weighting matrix

Once the princidbai acce'erations have peen determined,
the estimatad accelerations at any point can be
calculated by using a geometric transtormation frora the
original point. This allows for the formuiation ot error
functions for the reference accelerometers and aiso
concurrent calibrations.

Using the calculated principal accelerations at the base
of the test sensor as inputs, a six-input/multiple-output
estimator determines voltage sensitivities to each DOF.

EXPERIMENTAL RESULTS

As published in a previous paper (ret 9), plots 1 and 2
examine the comparability of the rigid body calibration
method to a standard single sensor calibration and also
examine the effect of different permutations of subsets of
targe number of forcing vectors. Both plots are
normalized to use channel 2 as the reference. Plot
number 1 dispiays first 32 relative sensitivity values for
the hand heid calibrator and the rigid body calibrator, as
weil as their differences. As can be seen by the plot, the
normalized calibration value for the two different
methods are very comparable. In fact, the first 16
channel are within one-haif percent while the next 16
channels are within two percent.

In order to check the stability of the data reduction
technique when using different farcing vectors, the
original set of five forcing vectors {for one run) was used
as a base set. This base set was permutated in such a
way that the data reduction algorithm received different
combinations of three forcing vectors (required for a
unique solution).  This resulted in 13 different force
vector sets from the original 5 forcing vectors. Plot
number 2 displays the normalized calibrations for the
analysis set which included all permutations. The top of
the lower traces indicates that the difference between
the sensitivity vectors generated by the permutations is
generally less than four percent. This indicates that the
eigensolution is not overly dependent on any particular
set of forcing vectors or amount of additional sets over
the required three. Any set of three or more
independent forcing vectors provides a reasonable data
base for sensitivity analysis, but as usual a large set of
forcing vectors provides better statistical confidence in
the results. (Channels 45-48 were inoperative due to
hardware ditticulties).

Plot 3 reports new investigation into the repeatability of
calibration values. Two tests performed a day apar with
the sensors in the same locations each time
demonstrate a repeatability of less than a percent. A
following test was conducted removing all sensors and
randomly replacing them in the platform geometry, but
still referencing to the same sensor as before. The
maximuni vanation between this tnial and the two
previous was about four percent with most less than two
percent.

Each of these tests has used the iterative tachniaie for a
solution algorithm. To compare this with the direct
solution algorithm, a mathematical simulation was
created in a P( mathematics program and executed on
the raw dJata from the rrevious tests. A variation of
around two percent in average sensitivity causes some
concern when the algonthms should deliver nearly
identical values. One possible reason for the
discrepancy may be the lack of a weighting matrix in the
current direct solution implementation. Two bad sensor
channels were averaged into the solution, possibly
causing the difference in calibration values.
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Experimental results from the total motion calibrator can
be tound in reference &. Unfortunately, the lack of signal
conditioning for the standard ICP type sensors used in
the TMC prohibited further evaluation with the recently
developed spatial sine testing methods. These tests will
be the next examinations as adequate equipment
becomes available.

Conclusions

The FCC methed of cahibration sppears to b an
accurate way to quickly calivrate a large number of
Structcel motion sensors. Due to the convenience,
users with large instailations of Structce'!s can use the
calibrator not only to perform imtial cahbrations, but aiso
to verify calibrations after a test is pefcimed  This check
gives lurther insurance that ail sensor channels are
operating properly during the critical data acquisition
phase. Money will aisc be saved by shortening
calibration time. expadihng tasts and ensuring accurate
data.

A excellent canaidate for further researcn, the totai
moticn cahturater extioits great potential for future
benefitz. A smailer scale concurrent calibration could
provide ali 6 DOF sansitivities for a number ¢f sensors.
Transiational and rotational sensors could be tested for
Cross sersitivities in ihe manufacturing process and fine
tured to orovide higher pertpormance sensors.  Self
calibration could also be pericrmed by considenng one
of the reference sersors as the test sensor. Under the
presumption that most of the reference sensors are
already weil calitrated. the TMC ceould verty the
reference sensitivities une by one.

Lastly, the benefits of computer aided testing are rapidly
surfacing ir the iesting world. Large amounts of time
and money are saved by automating caibrations. Gther
research topic nelade  automated information
management tools ke barcoded senal numbers, and
archived sensitivity data bases Many of the advances
are presently berg integrated in tc the spatial sine
testing systam under development at the University of
Cincirran,
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CONCURRENT ACCELEROMETER CALIBRATION UTILIZING RIGID BODY ASSUMPTIONS

Q: Jim Faller (Aberdeen Proving Ground): This is a minor point, but
when you were referring to a six-axis calibrator system, I couldn't
help thinking that using that term was somewhat inaccurate. Isn't it
six degrees of freedom, with three axes and three rotations. Why the
Six axis designation?

A: Michael Lally: It Jjust turns out to be the term that people
adopted. Someone wanted it to be the kinetic array calibrator: some
say six degrees of freedom. It has gone through a number of ter-
minologies. That's the slang term that held in cur 1lab.

Q: Jim Faller: Let me ask you this; are you employed by the Govern-
ment working on a Master's Thesis?

A: Michael Lally: I am not employed by the Government.
Q: Jim Faller: Oh, you are with the University of Cincinnati?

A: Michael Lally: I am with the University of Cincinnati, and I also

work with PCB. I should say Dick Talmadge has an ongoing contract to
develop that six degree of freedom calibrator. But it had been drag-
ging. There was a very small company that it was contracted through

and actually the president of the company passed away recently, so
that development may come back into our lab just as a general project;
hopefully, to wrap it ubp. It was dragging on equipment costs and
things 1like that.

Q: Ray Reed (Sandia National Laboratories): I had a question about
the potential for increasing the frequency range of the six degree-
of-freedom test. I think that you had indicated that you are able to
maintain rigid body conditions up to about 500 Hz?

A: Michael Lally: Yes, 500 Hz.

Q: Ray Reed: Do you have any feel for what the range is; how far you
may be able to extend this someday?

A Michael Lally: This is something that we are currently working
on. We've got the SDRC IDEAS work stations in our laboratory and
have personnel up to speed on this so that we can produce our models
rather quickly now. One man just went through the design of a shaker
table stand for NB Dynamics, which was a couple of feet across, and
they were working with frequencies around 2100 Hz, but they kind of
fudged 1t a little by saying that their accelerometers were going to
be mounted at the center, and the first mode has a node line across
the center. So they cheated a little bit and said "That's not going
to affect it." We are hoping that with the advanced composites
(exotic carbide graphite), and things 1like that coming out; I would
like to get up to a couple of thousand Hz. Again, being that we are
working with a complex structure, that is going to be one of our major
limitations on the frequency range. Just with the aluminum block, we
are hoping that we can get beyond aluminum or maybe switch to mag-
nesium, or something like that, up to a thousand Hz range.
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Q: Tom Rogers (Airborne Test Board, Fort Bragg): Is your linear
force actually eliminated or is it such a small value that it is in-
significant to your testing?

A: Michael Lally: Linear..... I am not clear on your question.

Q: Tom Rogers: In your slide you said that you had eliminated the
lirear force on the vibration testing?

A: Michael Lally: Now what we are doing 1is exciting with six
shakers on the six degrees of freedom and measuring the resultant up-
ward motion of the block. There are both linear fcrces and rotational
forces. We are putting it in motion, using linear force in all degrees
of freedom and then we are measuring the rigid body motions of the
block with reference accelerometers. We are determining the transla-
tional measurements and applying a geometrical transformation to get
our rigid body rotations, and then we are saying that this is the mo-
tion of the block. I don't know if that clears it up but we are not
measuring any forces on it.

Comment : Pete Stein (Stein Engineering): One of the fringe benefits
that you get from the proposal using a sine wave and being able to
slow down the rate of freguency change as you approach your resonance,
and almost totally avcid the so-called swept frequency effect, where
you would get wrong data at your resonance i1f you swept through it too
fast.

A: Michael Lally: We are using a step sine approach. We are dis-
cretely stepping through a frequency. We can adaptively control all
of the aspects. It helps so that we don't destroy whatever we are
testing. We can reduce our levels.
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INTRODUCTION

There has been a long-standing need for a
means by which the response of stress and
motion instrumentation designed for fielding
in cratering and groundshock experiments can
be experimentally validated. A high quality
validation would require that the
instrumentation be embedded in a geologic
material of interest and subjected to stress
and motion fields representative of those in
which the ( .-*ww ant«tion is to be fi:lded.
In addition, a true vaiidation would require
that there be some independent means for
relating some measurable standard to the
actual stress and motion fields produced in
the validation experiment.

It is generally accepted that if there is an
overall consistency and agreement among many
gages of different kinds (stress and motion
gages as well as different kinds of stress
gages and different kinds of motion gages)
fielded over a range of environment levels in
a test event. then one can establish a good
level of confidence in the results (especially
if they agree with someone’s prediction
calculation). This internal consistency
feature of the results provides a kind of
validation. This approach is appropriate and
is an essential part of any posttest analysis.
In general, however. traceability to a true
standard (other than time base) is not
available. Thus, the credibility of the
results is always suhbjective and the degree of
subjectivity is dependent on the consistency
of the results - which is not always good.
Pretest validation experiments in which
traceability to a standard is provided would
add greatlv to the credibility of the
instrumentation systems tielded in weapons
effects experiments This would not
necessarily eliminate inconsistencies between
gages but it would allow one to evaluate and
analyzc results againer the knowledge that a
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particular gage type had bteen validated in a
well-controlled validarion experiment.

The Weapons Laboratory (WL) has developed the
large explosively-driven flyer plate technique
for evaluating and validating the response of
stress and motion instrumentation in a variety
of geologic materials. Thus far, the
technique has been applied to dry soil and
rock geologies. The technique for dryv soils
is very well developed and several validation
experiments have been conducted. The
technique for rock geologies is under
development and several small -ale
exploratory experiments have ._en conducted.

This paper will: (1) describe the flyer plate
experimental technique, (2) describe the
theoretical model for the dry soil flver plate
technique and., (3) present selected results of
dry soil flyer plate experinents.

DESCRIPTION - SOIL FLYER PLATE EXPERIMENTAL
TECHNIQUE

The experimental configuration for the dry
soil flyer plate technique is shown in Figure
1. The primary diagnostic instrumentaticn in
the experiment are time-of-arrival (TOA) pins
located immediately above the soil test bed
surface for determination of flyer plate
impact velocity, TOA switches [~r the
determination of shock velocity as a function
of depth in the soil, and soil strain cans for
the determination of peak strain as a function
of depth in the soil test bed. The explosive
charge is initiated with a multipoint firing
system wherc the spacing between initiation
points is not greater than the charge
thickness. The quantities of explosive needed
to produce the desired plate velocitins were
determined using Gurnev vquation (Ref 1.2)
predictions and the results of a series of
plate velecity calibration experiments using
small plates. A polystviene foam buffer is
placed between the explosives and the flver
plate to prevent spallation of the plate In
our experimental program, we have determined
that it is important to obtain a gnod seal
between the concrefre sujppurt ring and the
flyer plate to prevent blow-bv gases from
triggering TOA switches prematurely. An air
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shock, which is driven by the flyer plate, is
compressed to high pressure due to
reverberations between the plate and test bed
surface and a precursor is produced in the
soil. However, calculations by Southwest
Research Institute (SwRI) and our own studies
(Ref 3,4) indicate that the precursor is
significant only in the first few centimeters
of the soil, after which, it is overtaken by
the main shock generated by the impact of the
flyer plate with the soil.

One problem encountered was that followinrg
each experiment, the plate would be found with
the outer portion bent upward. Bending
occurred because of the reduced loading from
the explosives around the outer portion of the
plate caused by edge rarefactions. This
situation was remedied by adding a guard ring
around the plate which prevented coupling of
shear and bending loads to the center plate.
This technique was successful in eliminating
the bending problem.

THEORETICAL MODELING - SOIL MATERTIAL

The nomenclature for development of the
theoretical model for a drv soil testhed is
described in Figure 2 where conditions before
and after impact are defined. We treat onlv
the one-dimensional aspects of the
phenomenology in the theoretical development,
i.e., edge effects are igrored. In the actual
experiment design, consideratior must be given
to two-dimensional flow effects induced by the

Bt Lrsts U lnewio Tha. the assuwptions
made in the one-dimensinnal modeling are still
appiicable Results of two-dimensional
calculations pertormed by SWRI (Ref 3)
indicate that in the central portion of the
sull test bed, out to approximately one-half
the plate radius. the flow field remains
essentially one-dimensional, even to late
times. This is due primarily to the confining
effects of the native soil outside the test
bed. Thus, the primary design consideration
for derermining plate diameter is that it must
we large enough so that all che
instrumentation in the soil can be
converiently placed inside a circle that has a
radius of one-half that of the plate and is
centercd in the woil tes: bed.

The total monentum per unit area of the flyer
nlate is simplv the ma-s per unit area of the
plate, M times its impact velocity, V

Using conservation ot momentum and assuming a
Tocking s2il model (no strain recoverv), the
momentum per unit Lrea at some time after
plate impavt van be cxpressed as

£y is the soil preshocked density,

x is the shock position in the soil

relative to the impact surface. and

u is the snil particle velocity behind
che shock
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Solving for u in Equation (1)

u - _ Ve (2)
Mf + p X
Note that through Equation (2), u(x) can be
determined by knowing only the preshock soil
density and the plate impact velocity.
Through soil shock TOA data, t (x). or soil
strain data, €(x), or by knowigg the soil
model in terms of shock velocity, ¢, versus
particle velocity, u, the remaining parameters
that characterize the stress and motion field
in the soil can be determined. Any two sets of
data will provide a solution, thus, for the
four data sets there are six independent
solutions

Solution 1 using Vf + ta(x) data sets
Solution 2 using Vi + e(x) data sets
Solution 3 using Vf + c(u) data sets
Solution 4 using ta(x) + e(x) data sets
Solution 5 using ta(x) + c(u) data sets

Solution 6 using e{x) + c(u) data sets

The remaining equations required to completely
describe the stress and motion field are

IS = p Ru (3)

Ig - ps(x - xg)u (4)

g = p e (5)
u

€T — (6)
c

o, = pgcuﬂf (7)
Hf + psx

ag_pcu(ﬂf+;x) (8)

Hf + R
where

X is a gage location,

18 is impulse at the soil surface,

1° is impulse at a gage location,

08 is soil stress at the shock front,

¢ is soil strain at the shock front,
is soil stress at the impact surface,

o_is soil stress at a gage iocation.

The locking soil model is the key to the
simplicity of this technique. This model
assumes that the soil is compressed to its
maximum strain state bv the shock wave and
that only an insignificant amount of strain is
recovered during and after unloading A
result of the locking soil model assumption is
that everv soil particle behind the shock
front, as well as the flyer plate, is moving
at the same velocity. The time at which a
stress and motion state exists at any point in
the test bed is determined explicitly through




19POH UOFIDWIIIUI [Fos/@3wyd 13K "7 andyy

yoede]-3504 - yoedv]-ay

A

R N Rl D

.-.-.Uo c - . Pn.U

1 e dg= 1y *M @
y N

48




the TOA data. or, if that is not avail.ble,
t_(x) generated through any two sets of the
ofher data (such as plate velocity and soil
strain data).

A review of strain versus depth data collected
in numerous dry soil flyer plate experiments
suggested that the variation was linear. We
assume the linear relaticnship shown in
equation (9) where CO and Fl are constants.

e = C. + C.x (9)

0 1

We now derive the functional form for t (x)
based on Equation (9). Substituting for u in
Equation (f) from Equation (2), equating with
Equation (3) and rhen solving for c, we obtain

c - eV Lo,
(Mf + psx)(CO + clx) (10)

or as expressed In reciprocal form

d ; .-
l - _EQ Mg + gix)(CO + Clx) e
c dx vaf

Integrating Eguation (11), we obtain

C. M.+ £ 2
to= EQ X+ ;lwf COps X
<l 1 7. V
Jf %f £
2
+ % 4+ constant
too= B, v Boxoy + H,x3 (12)
Q 0 i 3
where
BO = 0 (arbitrary constant)
-
E. G
P
f
¥
B

Equation 1120 i« simpiv a third degree
polwnamial ~hose coef{ficients can be
determined explicitly in terms of the
parametlers indiceted ovr by use of a polyvnomial
regression program applied to the TOA data.

A more detailed development ot the theoretical
model as well as a rull development of the
scaling reiationships are preseanted in
Reference 5

EXPERIMENTAL RESULTS DRYT SOTL CEOLOGY
TESTRED

Eight 1.22-m. fouar 2 44-m and one 3. 0%.-m
diameter flver pla'e experiments were
conducted during the development phase of this
program. The nsbjectives of these experiments
were to develop the flver plate lannch
technique, develop diagnostic instrumentation
for the measurement of plare impact welocity,

soil shock wave time-of-ar-ival and soil peak
strain, to develop methods for placing the
soil in the test bed in & controilable,
repestable manner and to¢ validate gages.
Experiment FP 8-3 was the third 2.44-m (8-fu)
diameter test and the first to be extensively
instrumented with a fuil compliment of
diagnostic instrumentation. In addition,
several types of stress and motion gages were
placed in the test bed for purposes of
evaluation and calibration MIPV data from
the FP 4-10 experiment were aiso selected to
show it's comparison with the model. Posttest
measurements of two MIPY records from FP 4-10
and the resuits of Sclution 4 are plotted in
Figure 3 and show very good agreement. The
rest of the btrief analysis presernted here
describes the results cof the FP 8-3 experiment
and compares those rcesiults with the
theoretical model presented above. Diagnostic
instrumentation fielded in FP 4-3 i{s described
in Reference 6. Data obtained with the
diagnostic instrumentation resulted in a good
determination of flyer plate impact velocity
(474 m/s), shock front time-of-arrival versus
depth and peak soil strain versus er(h. The
nomiral soil densitvy was 1453 kg/m™ and the
steel flver plate was +.5/2 em thick.

Ground shock time-of-arrival versus depth data
are shown in Figure 4 with a third-degree
polynomial fit ro the data. The soil strain
versus depth data are shown in Figure 5 with a
linear €it to the data. All data shown in
Figures 4 and 5 are for gage locations within
a radius of 0 61 m from the centerline or tue
test hed.

Since trree independent sets of data were
obtained (V_. = ix), «(x¥), there are three

b a
independent solutions Lor determining the
stress and motion fields in the test bed. The
solution data sets used will be referenced, as
before, in the following wawv:

Solution 1 using Yt ¢t ix3 data sets
<1
Solution 2 using Vot «ix) data setfs
f
Solution & using t (x) + ¢(x) data sets
"
Solutions 3,

not determine
experime:nt.

and £ jnvalve cfu) which was

5
4 irdependently in this

Figures 6, 7, 8 and 9 describe the srress and
motion field in the test bed for the three
solutions indicated. 7 show the
attenuation of peak particle velocity and
stress with depth In Figure 6, solutions 1
and 2 are identical for velocity versus depth
The higher velocity indicated by solution 4
should he treated with less contidence than
solurions 1 and 2 which are determined

In Figure
7 at repths below appreximately 0 10 w (s.ress
below 00 MPa), verv yood aprecment is
obs=rved between ail thiee solutions. Soil
particle velocity ver-us time is shown in
Figure 8. The time hivtory of particle
velocity at «ome depth. for

Figutves b oand

directly from the momentam equation

instance at a

velocity pape location, cun be determined by
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simply noting the arrival tiwe of the shock
front at that depth. Again, helow
approximately 0.10 m in depth, the three
solutions are in very good agreement. Note
that since the scoil is ronsidered to be in
rigid body motion behind the shock, motion in

the test bed is completely described by Figure

8.

Soil stress versus time is shown in Figure 9
for a gage depth of 9.38) m which corresponds
to tiie depth at which flarpack stress gages
were placed. Note that there is very lit'le
difference in the stress wavetorms for ¢
three solutions if rhe time-of-arrival shift
is accounted for.

Posctest analysis ca.ciatations and
corresponding stress records are shown in
Figures 10, 11 and 1?2 tor one HRSE page and
two CBS pgages placed at 0.91 m depth The
peak values agree extremslv well
these gapges wiore i
calceulatt
unreliable stortly afrer
reached,
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"Performance Evaluation of Piezoelectric Accelerometers Using a FFT Based Yibration
Transducer Calibration System"
Ernst Schonthal and Torben R. Licht

Verification (calibration) of the wuseful frequency range of a piezoelectric

accelerometer, are traditionally performed by the point-by-point method or by the swept
sine excitation method.

With the point-by-point method time restraints normally permit only a limited
number of points to be verified, whereby irregularities in the sensitivity versus frequency
are easily missed. With the swept sine excitation method limitations in penand sweep
speed may result in poor resolution and important information may be lost.
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PERFORMANCE EVALUATION OF PIEZOELECTRIC ACCELEROMETERS USING FFT BASED
VIBRATION TRANSDUCER CALIBRATION SYSTEM

Q: Ray Reed (Sandia National Laboratories): The part I missed in
your talk - you are applying the FFT - how were the accelerometers ex-
cited and to what G level; were they excited by impulse, or were they
excited by random excitation?

A: Ernst Schonthal: Random excitation and at about 2 g's.
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DESCRIPTION - PREAMPLIFIER/DIGITIZER

The signal conditioning circuitry of the
DCT~521209 provides the two telemetry
channel outputs; the step output, which
yields the whole G increments in steps of
N0.156 V/G and the vernier channel, which
yields the magnified, fractional G levels
which vary from 0 to 5 V, depending on the
step level and accelerometer signail.

The operational sequence of the DCT signal
couditioning circuitry begins at the servo
accelerometer, described earlier. The
output of the accelerometer is fed through
a buffer/inverter with a gain of -1. The
buffer effectively isolates the condition-
ing circuitry from the servo section and
performs a voltage inversion necessary

for proper operation of the difference
amplifier. See Figure 2 for functional
hlnck diagram.

The difference amplifier consists of a
summing node at the inverting input of a
low noise operational amplifier. The
signals to bhe are the inverted
servo output and inverted step
channel output. The difference voltage
generated at the input of the difference
amplificr Is magnified bv a factor of 16,
This amplified difference signal
represents the vernier output of
The amplifier is biased such that if
servo input and the step output are
exactlv equal, the output of the amplifier
is 2.500 V. When the servo voltage
increases to a maximum +1G level above the

Suwmmed
the non

the DCT.
the

step output, the difference voltage of
156V is amplified by 16 and added to the
2.500 zero bias, vielding a 5.000V full
scale nutput. Conversely, when the servo
ontput voeltage increases to a maximum -0
Tovel below the step output, the differ-
e o voltage »f 0,156 is amplified bv 16
and subtracited {from (or algebraicallv added
to) the 2,500 V zero bias, vielding a 0V
vutput .,

The outpns of the difference amplifier
(vernicr sutput) is fed to the input of
the window comparitor, The window
compariter actually consists of twa
digrinct voltage compariters, one
referenced to 5.00 V and the other
reierenced to "near ground'" potential.
When the vernier output reaches a 5.00 V
fevel, the outpnt of the 5 V comparitor
pore=s from a normally "hisgh" state to a

Jow state. When the vernier ocutput falls
boelaw the 5.00 V tripger level, the aut
put of the 5 V comparitor returns to its
"hivh" state. S’'milarity, the operation
of the OV comparitor is exactly the same
Aas that of the 5 V comparitor.

The output of the window ecomparitoer is fed
ro th loyic <pction. The 5 V comparitor
cutput is fed to the up line of the logic,
while the 0V comparitor ontput iz fed to

the down line. When
the logic section is made low by the
action of the window comparitor, a free
running astable multivibrator clock is
fed to the count up section of a S bit,
full binary counter. The action of the
count down line is similar to that of the
up count line; when the 0O V comparitor
goes low, the clock pulses are routed to
the down count line of the counter.

the count up line of

The binary word of the counter 1is fed to
the input of the Digital to Analog
converter which generates a voltage
corresponding to the binary output word
of counter section. The output of the
DAC can range from a high of 5 V to a low
of 0 V, in a series of 32 discrete levels
or steps or 0.156 V/step. This 0JAC
output voltape represents step output
signal.

The overall function of the window
comparitor, counter and the DAC 1is to
quantize the servo accelerometer output
into discrete 0.156 (lg) steps. The
quantized servo sccelerometer output is
fed back to the summing node of the
difference amplifier, thus completing the
loop.

SUMMARY

Research Laboratories, Inc. has
implemented a method of
reclaiming inherent transducer accuracy
in a telemetering system. Attached in
the appendix is a specification sheet
which defines the system as aprlied to a
linear acceleration transducer. This
particular device has been fully qualified
for use in military missile svstems where
ruggedness, inherent reliabilitv and
environmental stabtility are essential to
mission success.

Columbicz
devised and

The technigue can be readily applied to
anv transducer that has a zero to 5 Voit
output span.

64




—
-
AMPLIFTE
HPLEFTER ‘ ACCETERATION
\ N n'T
- — | ! o
ACCELIRoMpTin L b IRURFRR T
TOSTTION P
DETECTOR LT |
o7 " |
‘ |
l———! l
SpNSING GERRRED O
ANIS AN IR IS N
—_—_—
—F ~ ]
4 ! | |
w7 R [ k"’"j\_) p
CEUERATOR ( & £ B e |
1 e O ‘ i |
7 o/ i | :
! . CMTARATOR :
N J _l ¢ P ! : i
! -] | | ] | . :
< r~ i i s l ! ™~ !
> /1 ( han| FE! [ | B e e
g ' i —_—- - .
< n ! ‘ ! I { - n ;
< [ ! ‘
> ] | |
|
-1 !
| |
! Iy LT R :
————— ‘
| Lo |
— - J
' |
(AR PR T A R SRR ”»\:«’Ar—r ’,w”*\ l L
A { 1 | I 101t
L ; = i i Do ™ 1l - '
ar R ‘ } i -
]
. i
P _— I RATIN ! Cor 1
CETA R L
|
| . | v
. A
- e ’“{ DIA CONUTRER j
| L
' |
- {
i
] [\‘ -
e - 1 P
ORERE

b5







APPLICATION REVISIONS _
NEXT ASSY. USED ON LTR. DESCRIPTION DATE APPROVED
- | DOCUMENT RELEASE ze ]
Ay gaoieou Driun Pb “2%
L TE , Do T - A
GUTLIN
"\.\l/
PECIEGCATION
@ ;
i 141 JLinY
i
. [ CHARNEL TRIzMUTE oM
!
|
‘ |
|
T T T T T T T T T
r——‘——f-—~—0-—4- ‘ 7“ P % + 1 1 V’ | ] 1"\ ! I + ’ {
| 1 ‘11112}31144115 16 :17 118 .19 221_2_12_733 2,257 27;28@13(%31132}
L REVISION STATUS OF SHEETS |
‘ - - gCCLUMBlA RESEARCH LABS. INC. !
L orarton Aip (OWNG L ] S —
LN A SR -~ < - " T
TMATERIAL R ~ =t - et m s T o
3“ RIA ENC ";“:\ﬁ"}\ R N . - ) ) !
| an ! COTI_ LT sl oo |
; PROI APP SIZE JCO0L ICENT NO {DRAWIN' NO - N
, ,
! . 1A|07571 |- .- |
p—- - ~
| _ . sCAlE -~ | ] SHEET 10F —




SYSTEM SPECIFICATION:

ACCELFRATION RANGFE (base channel) -24g to +8g (0 to 4.8VDC)
{vernier tlg (0 to 4.8VDC)
INPUT POWER +25VDC to +31VDC

300 mA Max.

BASE CHANNEL SCALE FACTOR 0.1563 Volt Steps/g

BASE CHANNEL BIAS 3.75VDC @ Og

VEKNIER SCALE FACTOR 2.50 Volts/g

VERNIER BIAS 2.50VDC @ Cg

ANALUG CHANNEL SCALE FACTOR 0.1563 Volts/g

ANALOG CHANNEL BIAS 3.75VDC @ Og

ALTGNMENT +1°, Case To True Sensitive Axis
ACCURACY £0.2% Full Range

(Fxclusive Of Te.aperature)

ACCELEROMETEP SPECLFICATION:
RESPONSE O fo Full Scale, 0.0l Sec Max
DAMPINC RATIO 1.0 Of Critical, Min
HYSTERFSIS +0.02% FR Max
RESCLUTTON £0.0001% ¥R Max
NONCREPEATABILITY 0.017 FR Max
PTEUT ONCIL 200 mvrms Max (0 ro 100HZ)
CROCS XIS SENLITIVITY 0002y y Mox
VP ROTURE LINOTTEVITY coLonst ve/TE GestE o 0YE)
s otor pRSTE C-A0UE toos 200ty
SIZE | copE 1DENT. NO.{ DRAWING NO.: REV
e SOLUMBIA 1A 07571 | g2
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AN INCREASED ACCURACY, DUAL CHANNEL TELEMETRY ACCELEROMETER

Q: Wes Paulson (NSWSES): I think you'wve answered my main question,
that is, you do have one accelerometer but two outputs?

A: Robert Hartzell: RighLt.

Q: Wes Paulson: Okay and that's to protect yourself. The noilse
source that you're protecting yourself from isn't any non-linearity in
the accelerometer but it would be in the transmission channels?

A: Robert Hartzell: Right, 1t's rthe link itself that's causing the
error or not allowing the inherent accuracy of the accelerometer 1in
the first place.

Q: Wes Paulson: What's the approximate dynamic range of the link it-
self that's causing the error or not allowing the inherent accuracy of
the accelerometer in the first place?

A: Robert Hartzell: The 1ink that the Army was using was 250 counts
full range, s5¢ it was like 138 millig's of inherent accuracy and this
technique takes you down to about eight millig's and 32 g's full
scale. and again that's not the 1limit of the accelerometer itself.
That was thz tesit data that they needed. The accelerometer we used 1in
the system has an inherent accuracy less than 3 millig's.

C: Roger Noyes (EG&G): When you mean accuracy, perhaps do you really
mean resclution?

A: Robert Hartzell: Well, resolution and accuracy basically is a
function of the suspension of the mechanism. Different manufacturers
use different mechanisms and that's what they market.

Q: Roger Noyes (EGA&G): I'm referring more tc zur~ %Ilius than your
particular un.t because 1t sounded to me like you were increasing your
resclution thereby increasing your accuracy based on the inherent ac-
curacy of ycur device. But it really sounded tc me like you were only
increasing your rescolution of the system?

A: Robert Hartzell: That's correct. You're not increasing the
resclution of the accelerometer.

QO Peter Stein (Stein Engineering): That system ought to be ap-
plicakle to other transducers and accelerometers as a Jgeneral prin-
cipal, do yoi have any plans?

A: Robert Hartzell: We offer the technique, in the paper we say that
we haven't done 1% ye*. But 1t 1s as I mentioned, anything that would
have a zerc to five volt span will be applicable. And Columbia, I'm
sure. woilad e willing to offer the ber for a nominal fee.




A MICROWAVE TRANSDUCER FOR MEASURING PISTON AND PROJECTILE

YELOCITIES IN A TWO-STAGE LIGHT-GAS GUN

1
[

Nappert

Defence Research Establishment
Valcartier
Québec, Canada, GOA 1RO

ABSTRACT

A microwave transducer has been developed and in-
corporated to a Michelson type microwave inter-
ferometer system. The instrument enables the si-
multaneous measurement of the velocity of the pis-
ton and projectile in the pump and launch tubes of
a two-stage light-gas gun {LGG). The transducer
is used to couple the microwave energy in and out
of the pump and launch tubes, without interfering
with the projectile motion. The development of
the microwave transducer, its working principics,
as well as its important electrical and mechanical
characteristics are discussed. The signal condi-
tioning performed and the data acquisition system
used with the transducer on the two-stage LGG of
the Defence Research Establishment Valcartier
(DREV) are described. Typical experimental sig-
nals recorded during firings of the LGG are shown.
The piston and projectile velocities calculated by
processing these signals are presented. Tt is
shown that these results correlate well with data
obtained from different transducers {pressure and
strain) mounted on the LGG.

INTRODUCTION

The Defence Research Establishment Valcartier
(DREV) is equipped with a 250/105-mm two-stage
light-gas gqun capable of accelerating kilogram-
class projectiles to velocities exceeding 5 km/s.
This facility is currently used for studying hy-
pervelocity impact and penetration phenomena under
controlled conditions. Recently, a detailed math-
ematical model describing the physical phenomena
associated with tne internal ballistic cycle of
two-5tage light-gas guns was developed. To vali-
date this mathematical model and its related com-
puter program, an experimental program was under-
taken whose objective was to measure gun perform-
ance during firing.

The displacement and velocity of the piston and
projectile inside the pump and launch tubes of
two-stage light-gas guns are important data that
characterize their internal ballistic cycle. Mi-
crowave interferometry provides a useful method
for observing the motion of the piston and projec-
tile during their travel through the pump and
launch tubes respectively. One of the most impor-
tant components of a microwave interferometer sys-

tem for interior ballistic measurements is the mi-
crowave transducer used to couple the microwave
energy in and out of the pump and launch tubes.

First, this paper briefly explains the operation
of the DREV twop-stage light-gas gun. Then the
experimental arrangement setup to obtain simulta-
neously the dynamics of the piston and projectile
is described. Afterwards the design of the micro-
wave transducer is explained in detail and its
electrical performances are presented. Finally
some experimental results are shown and the corre-
lation with other data obtained from different
sensors mounted on the gun is briefly discussed.

PRINCIPLE OF OPERATION OF THE LIGHT-GAS GUN

The DREV two-stage light-gas gun is schematically
illustrated in Figure 1. The pump tube is about
12 m long with an inner diameter of 256 mm. The
launch tube is roughly 21 m long with an inner
diameter of 110 mm. The principle of operation of
a two-stage light-gas gun is explained in detail
in the literature (1} and can be demonstrated by
describing a typical launch cycle.

The operation starts with the ignition and burning
in the combustion chamber of solid gun propellant
(first stage). The hot gases generated from this
combustion process drive the piston into the pump
tuba (second stage), which, in turn, compresses a
1ight gas, usually helium. A diaphragm is used to
isolate the projectile from the light gas. When
the light gas is compressed to a given pressure,
the diaphragm ruptures and the compressed gas ac-
celerates the projectile down the launch tube.
The piston is stopped in the area-change section
hetween the tubes. The high velocity is achieved
by the increased speed of sound in the light gas
at the higher temperature. The physical limits to
projectile velocity are set by the speed of sound
in the gas and dissipative losses in the flow.
The engineering limits are set by the stresses in
the projectile, in the combustion chamber and in
the area-change section.

The performance of the launch cycle is controlled
by varying the amount of gun propellant, the mass
of the piston, the initial pressure of the helium,
the diaphragm rupture pressure, and the mass of
the projectile.
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INTERIOR BALLISTIC MICROWAVE INTERFEROMETRY

The idea of using microwave interferometry to
measure the interior ballistics of light-gas guns
is not new. In the late 1950s, Pennelegion (2)
used a microwave technique to measure piston dis-
placement and velocity in a hypersonic gun tunnel.
Since that time, several laboratories ?3, 4) have
reported microwave measurements of projectile kin-
ematics inside the launch tube of light-gas guns.
At DREV, a microwave interferometer has been de-
ployed in its Terminal Ballistics Facility since
1982 (5).

Figure 2 illustrates schematically the experimen-
tal setup used at DREV to measure simultaneously
the kinematics of the piston and projectile during
their acceleration in the pump and iaunch tubes
respectively. In the arrangement shown, both
tubes must be viewed as waveguides of circular
cross section, and the piston and the projectile
as mcving boundaries inside the waveguides.

The operation of this interferometer can be summa-
rized as follows: The output power of the micro-
wave oscillator is split into two waves, one is
kept as reference and the other is used for meas-
urement. The later is sent to a microwave trans-
ducer which excites an electromagnetic wave in the
launch tube. This incident travelling wave propa-
gates down the launch tube where it is partially
reflected by the projectile which is designed to
be semi-transparent to microwaves. This semi-
transparency is necessary in order to observe the
rotion of the piston in the pump tube simulta-
neously with that of the projectile. The trans-
mitted wave in the projectile propagates in the
pump tube where it is almost totally reflected by
the piston which has its front face coated with a
thin aluminum foil.

It must be noted that the path length of tne two
reflected waves changes as the piston and the pro-
jectile move. Furthermore these two reflected
waves combine by addition to form a single wave
that is picked up by the microwave transducer and
mixed with the reference wave of the interfero-
meter. The reference wave is a fraction of the
original output of the microwave oscillator and
this wave always travels a fixed path length.

The output signal of the interferometer is given
by a phase comparator which detectes the instanta-
neous phase difference between the mixed waves.
From the theory of guided ciectromagnetic waves,
this output signal is ideally composed of the sum
of two sinusoidal functions. The argument o(t) of
each sinusoidal function is given by (6)

- M

a(t) = & z{t) -0, [1]
9
where z(t) represents the position of the piston
or the projectile as a function of time and Ag is

the quide wavelength 1in the pump tube or “the
launch tube. is the phase angle at the rest
position of the piston or the projectile. Equa-
tion [1] indicates that 2(t) shifts by 2 each
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time the piston or the projectile moves by half a
guide wavelength. This is due to the geometrical
arrangement of the measuring setup. The instanta-
neous frequency f(t) of each sinusoidal function
is obtained by differentiating [1] with respect to
time (7)

f(t) = [2]

1 -gto(t)=A-2—L1;t
where 2(t) represents the velocity of the piston
or the projectile. This equation is the well-
known Doppler relation. Its shows that it is pos-
sible to calculate the velocity of the piston and
the projectile by extracting the instanteneous
frequency of each sinicnidai function from the
interterometer output signal. This is done with a
signal processing technique that estimates the
spectral content of the interferometer signal.
This technique is explained later in this paper.

One of the critical aspects of the microwave in-
terferometer measurement technique is the design
of the microwave transducer used to couple the
energy in and out of the launch tube. The prob-
lems of exciting waves in waveguides and of ab-
sorbing their energy are usually not simple prob-
lTems. Our approach for solving these ones will
now be described.

MICROWAVE TRANSDUCER DESIGN CRITERIA

The design of a microwave transducer involves the
sefection of a number of electrical parameters and
its intented use in a gun environment imposes cer-
tain conditions on its mechanical design. The
first two electrical parameters to select are

1) the propagation mode of the guided electro-
magnetic wave in the launch and pump tubes,
2) the frequency of the electromagnetic wave.
The TE | rropayation mode is the dominant or fon-
damentaf mode in waveguides of circular cross sec-
tion. That means that it has the lowest cutoff
frequency f. of all possible modes in a circular
waveguide, wﬁich gives the best spatial resolution
at a given frequency. Furthermore the attenuation
rate of the Tt mode is generally lower than that
of other usable modes (principally the ™, mode)
and its energy pattern is well distributed over
the waveguide cross section. For these reasons,
the TEl‘l mode has been widely used in interior
ballistics microwave interferometry (8, 9).

As the frequency of the excited TEll wave in the
launch tt.e increases, the spatial resolution of
the micruwave interferometer aiso increases which
is a desirable feature. However, as the frequency
increases, the launch tube becomes capable of pro-
pagating other modes than the desired TE , mode.
The practical problems raised by multimode propa-
gation are higher losses and distortion of the
interferometer output signal produced by the dif-
ferent phase velocities of the several propagating
modes. In certain cases, this distortion may be




severe and could greatly complicated tne analycis
of the interferometer output signal. In order t
guard against multimode propagatio , the frequency

of the electromagnetic wave is chosen jower
tgan the cutoff frequency f. of the TL,, mode
is the second possible f% propaqat*on mode.
In other words, the frequency f, is chose in the
following frequency tand
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thylene. This arrangement results in a simple,
rugged and accurate method of supporting the cent-
er conductor. There is an additional benefit
gained by filling the rectangular waveguides with
polyethylene. The cutoff frequency fc of the TE10
wave in a rectangular waveguide ic 7jiven by (12)
I (6]
MENE

£ [E

o 2a

In this ~quation ¢ is the speea of light, a is
the wide dimension of the waveguide and ., = are
respectively the relative permeadbility and rela-
tive dielectric constint of tie medium filling the
vaveguide. In order to have the same f., equation
[6] shows that the ratio between the vide dimen-
sion of a ractanqgular waveguide filled with a die-
tectric mat2rial to the w1de dimension of 4 wpva-
quide filled with air must be equal to 1/( »

= 1). In reducing the required wide d1men<1on o¥
the rectanyular waveguide by filling it with poly-

ethylene, the thickness of the transducer is also
reduced which 2eans a reduction of its weight.
High order modes are set un in the rectangular

waveguides oy the c€naxial line tu waveguide adapt-

er but all these modes are beyond cutnff.  The
lenght of the rectangular wavequides 1is chosch
such that ali these nwodes are a;*enuated suffi-
ciently ot the junction between the rectanqular
waveguides and the Taunch tubo. The lenght of the
rectangular wavequides sets the diameter of the
transducer.

Conventional impedance matching tachnigues compat-

iblr with the interded use of the transducer were
studiad to maximize the Ulransfar of energy from
the wicrowave oscillator inta the launch tube.

is desirable
mode toward
radiated outside

opening.  Further-
Aaveguides are ot

Once coupled intc the liuach tube, it
that the enciryy propajgates in the TE,
the pump %“iube instead of being
the Tauncn tube Dy the mzzle
more, the twd  reciaiquiar
stricly ndependent fur toero will be some energy
soupling from one oo tne otier.  Tne coupling fac-
ror aelween the two wavesuides must be as low as
passicle
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These parais tor, were do

ment of the Loattering coe

different input ports of the transducer with a six
port automatic network analyser (14).

Tne best results were obtained by giving to the
opening of the re.tanjul:r waveguides at the junc-

tion with th- jaunch *tibe the contiguration of a
wide slot The outimurm dimensions c¢f the slot
were det ermvn»d exuerimentally.  Furthermore, from

a mechanical point of wiew, this configuration
presents tne advantage of reducing the pressure of
the gas on the rectanguiar waveguiies.

[t was determined for s trarsducer configura-
ticn that the TE, - mede 17 the only wode presents
in the launcn tube from 2.0 to 2.6 GHz. From 2.6
to 3.6 Ghz, the TEll mode is still present but
most of the energy i3 propagated in the TE,, mode.

From 2.6 tc 4.0 Gilz, higqner orger modes are domi-
nant.

Figure 5 jives toe wviltage standing-wave ratio
(VSWR} at ane of tne ccenial input port of the

transducer. A VSR of 1.7 (4.6 d3) is obtained in
the neighbourhood of 2.16 GHMz which 15 in the fre-
quercy band for which cnly the TE . mode exists in
the launch tubc. A 31.ght1y bettir VSWR is reach-
ed a4t 1,77 GhHz dut at this freauency there is more
than one modes prona gatwn; in the Yaunch tube.

Figures 6 and 7 craole tne compariison between the
power propigating inside the launch tube and the
power radiated outside Dy the muzzle opening. At
2.16 GHz there 1is aporoximately 1.5 more power
oropigating in tne launch tube than radiated out-
sidn. At some other frequencies, the contrary is
obcerved particularly at 3.72 GHz which {35 the
frequency at wnich the VSaR s minimum.

. ‘ne transducer s
indicates a relatively low
coupling betrveen the two ~ec 1gu’ar waveguides at
2,16 GHz. Ito2lsu shows that trere exists a
strong coupling at scne other freguencies.

The last performance curve
shown 1n Figure 8. It

Figure 9 Shoes two protographs of the microwave
transducer on which we can see the two coaxial
input porty end the wi stot in the rectangular
wavequide opening.  Tne tvansaucer is screwed onto
the wuzzic of the laun.t tibe as shown in Figure
10. The most Favorable operating frequency for
the transducer o 2.l GHz.

GATA CATQUINT DN AND v SN IRG

e nature of the dirterforometer output signal
dictates the desigr o cerfoomance requirements
of the dats acquisition systen. For projectile
velocities Wpota UUh ko5 with J.lb GHz microwave
excitatian, tre ata are cantiined tnoan AC 3ignal

2u o fropr ozero to neariy 25

than "0 mo,
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ceyal of

whose frequency
bHz in an o

interferometer sche-
Flgure O The oautput
saweter after amplification

f1ltering is digitized in real
time by 1 1z-bit analog-to-di3ital converter
(LeCroy mode: H2i0yg. The sampling rate of the
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matically illustrated an
signal of e interf.e
and analog Tow-pass
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digitizer is chosen equal to 3 to 4 times the max-
imum expected Coppler frequency which is deter-
mined by the muzzle velocity of the projectile.
The digitized data are transferred to an HP 900U
series 320 computer for processing. Because of
the great importance and the high costs associated
to LGG firings, the amplified intcrferometer out-
put signal is also recorded on a Racal Store-7D
analog tape recorder in the case of a digital
equipment malfunction.

The data processing is based on nigh resolution
spectral analysis of the interferometer cutput
signal. In the method selected, called the welch
periodogram methog [1%), the interferometer signal
is divided into overlapping segments of equa)
length and an estimate of the spectral content of
each segment is obtained by arplying an FFT algo-
rithm {(14). Trne veiocity of the piston and the
velocity of the projectile are extracted from the
peak pesitions in =zach spect astimite and are
caiculated ~ith i¢}. The displacement versus time
curve i3 ohtyined integrating Lhe veiocity ver-
sus time curve.

CYPFRIMENTAL RESHLTS

\O

A cerjes of firings of the DREV tw age liaght-
gas qun operating in its ordnance (irw) valocity
range wera recentiy perforwed with the transducer
vounted un the launcn tube. For each firing, the
projectile Taunched was a 1.%0 i steel cube sup-
rortea Ly a sanot made 07 polycarbunate. The
G.9t-m-Tana piston was made o7 nigh-density polye-
thylane with lead in o nlrease its wss o
the dogiret vaiua. ront fice was Loated with
2 thin eluminum fUi! in order {0 1ngvease Sts o -
crowave reflectivity.

A typical autout Lignal from the microwave inter-
fergmetor 5 reproduced in Figur2 120 This signal
sah Alaiticed at o4 L0U-kbz o sampling rate during
one firine of tre Tight-gas gur.  The microwave
inte-forometsr Lignal clearly shows the initial
meyeaent fron the rest oof the piston some 25 ms
after tn2 firing pulse of the gun. The increasing
freguon indicates tn2 accelearation of the piston
down sump tube. In tis illustration, the
Noupt o Line wave from the projectile 15 only evi-
dent juring the firal part of tne interferowoier
siqnal.  The Targe amplitude fluctuativns at the
end f teic stanal oare dee e the passage of the
arojestite asoentty thregagh tne opening of  the
microwave Lrangdic:s” e srall amplitude modula-
tion ohseryod or cre dnterforonster signal s gen-
erated by the preccoe in the cump tube of micro-
wave propatsating wmode, gther tnan the TEil mode .
These higher order . 'es are generated in the dis-
continuity cres«ted by the tavsred section botween
the Taunch tube and Che uny tdbe. Mechanical
vibrations wnich propagats o the wall of  the
Taunch  tubw ara trapsmittes % the  microwave
trensduces.  Thaos vibraciong are responsible for
the Tow-frejienty f?U\LU1LIOn§ agserved.

The signal depicted o cvgure 12 was avocessed as
described 1 the previous section, e esuits
sbtained fae the velosity cive histories of bown

wave interier

the piston and the projectile are shewn in Figure
13. The piston shot start time was determined
from a caraful examination of ihe analog data re-
cord of the interferometer signai. The projectile
shot start time -umes from a first-order polyno-
mial fitted by the least squares method to the ve-
locity versus time data. Figure 13 i}lustrates
how the piston is rapidly accelerated by the hot
propallant jases, later decelerated oy the high-
pressuse light gjas, and finally brought to rest
before entering tre area-reducticn section. The
discontineytiss ia She yvelocity-time curve of the
projectile cCorrespond te the arrival of  shock
waves, which propagate in the light gas, at the
sabct nack face.  This wurve also indicates that
tne orojeciile asssably exits the Taunch tube with
a velccity ¢f about 2.2 ~m)s.

Displacement-time nistoriss of potr the piston and
the projectile assamtly are cotained by integrati-
Ty numerically the corresponding velucxty -time
curve.  ire rosylts are snown in Figure 14 along
with other tinent informition gathered from
analysi: or ¢ wavetorns produces py different
sensors acunted on tre qun.  The c¢rgssdots on the
figure reprasent the arrival tines of the shock
waves propagiting in the light zas at three pres-
sure cauge measuring positions on the uvump tube
and 9t two strain gady- measuring positions on the
Yaunch tube.  The first dot at each strain gauge
00>1L10 repraserts the estimated arrival time of
the orojectile 3t these stations. We could see
that tnere s a good cerrelation between the data
abtai-ea from the analysis of the microwave inter-
ferometar PRI e cfata extracted from dif-
terent ons. the Jun.

The oszrall o atiurdey or the datd presented so far
ftay 1wl yet been deterained precicely and depends
among othor things, on the acouracy with which the
wavegquide wavelerngytn in tie pump *ube and in the
launch Lube “5 krowa.  fF all the parameters de-
termining wWavegui e wavelength, only one may
vary significantly during the int ~ior ballistic
cycie. It is the refrective index of tre 1Pd1uﬂ
imie tiately in front of the piston and the

tile. The wivolengths used in the proues<1nq of
the data praseated in this paper have been calcul -
ted with 2 rofractive tndex equal to 1.

CONCUUSTONG

Tnis paper has 1

tihe 5 o tnie development of 3 mi-
crowave transdug woich is dincurrorated tcoa mi-
crawave int. ferouetor ysed for interior ballistic
TS enen The mic-owave transducer excites an
2lectrora jretic wave 1 the Taunch and pump tubes
Jf a1 Gight-gas qun «itioct interfering with the
projectilte wetion, )

The expeorimental rosults b
the data thar have ©oes

sented are examples of
©oontyingg with the micro-
wroand s oassociated transducer
at the ime o7 rirings of the DREy Tight-gas gun.
The  performgnce  of  tne transdicer Jduring these
ficinge dndioateo it anility o witnstind tne
pressuras and gocelerations chargcteristic of an
estatl o otion unoa qun,
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It is believed that by using the same design prin-
ciples than those presented in this paper, similar

microwave

transducers could be developed for

light-gas Juns with different bore diameters.
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A MICROWAVE TRANSDUCER FOR MEASURING PISTON ANC PROJECTILE
VELOCITIES IN A TWO-STAGE LIGHT-GAS GUN

Q: Steve Nickless (Honeywell Solid State Electronics): What's the
material of the launch tube and does it have an effect on the perfor-
mance of the transducer?

A: Lucien Nappert: As for the launch tube, what kind of steel I
don't know. The transducer is aluminumn. Up to now we fire the gun
with this transducer mounted on it only in its slow velocity range.
The maximum velocity e have obtained is 8,000 feet per second. We
have not yet fired the gun at 15,000 feet per second with this
transducer on it. We will have to do some measurement before that be-~
cause we don't know how the transducer will affect the function of the
gun at this very high velocity.

Q: Jim Faller (Aberdeen Proving Grounds): Sometime ago I had some, I
would say, minimum exXposure to the gas-gun. There was some infrared
technique that was being used. Are there other competitive technig.

that can be applied to the measurement of the velocity once the
projectile exits? I just wondered with what are you competing with
out there in terms of making this kind of measurement?

A: Lucien Nappert: These meacuromonts were nmade to validate ccmputer
code, that was the problemn. You could use other techniques to take
measurements for 1internal ballistic measurement like laser inter-
ferometry or something like that. But with laser interferometry you
will have very high resolution at the start of the projectile but the
doppler effect frequency is increasing so rapidly that you will have
some problem to recall the data and also with this technique I think
it's the first time we've measured the velocity of the piston and the
projectile simultaneously. That could not be done with other types of
measurements, like laser interferometry or something like that.

Q: Jim Faller: You call attention to the light gas-gun. Is there
such a thing as a heavy gas-gun that this technique would not be
adapted to?

A: Lucien Nappert: We've used this technique to measure the internal
velocity of an ordinary gun; but we didn't do it with this transducer,
we used a much lighter transducer.

Q: Bill Cardwell (GE, Cincinnati, Ohio): Have the projectiles that
you are using on this been metallic or have you done any investigating
#1ith nonmetallic projectiles?

A: Lucien Nappert: The projectile in this case was a one inch steel
cube supported by a sabot made of polycarbonate and the diameter of
the sabot was 110mm and the steel cube is glued in the front of the
polycarbonate sabot. The polycarbonate is semitransparent to the
microwaves. Some part of the energy 1is transmitted to the polycar-
bonate and some is reflected back.

Q: Bill Cardwell: Your system has to have some sort of metallic ob-
ject to reflect the .....




—7

A: Lucien Nappert: Not necessarily, only the polycarbonate sabot
will be okay. If you have some metallic obje~t, you will increase
your reflectivity but you must make a compromise between the trans-
mitted energy and the reflected if you want to see the projectile and
the piston simultaneously.

Q: Bill Cardwell: Then the amount of reflected energy you have wouild
effect the accuracy of your measurement, is that correct?

A: Lucien Nappert: Yes, I think that in this case we have a better
accuracy on the piston velocity than on the projectile velocity be-
cause there is much more reflected power of the piston. We put on the
piston front face a thin aluminum foil to increase its reflectivity.

Q: John Kalnowskil (EC&G) : In equation of state work we have a
material which we impact with the piston, as you call it, so we can
study the effect of the material under high pressures. I would im-

agine we would like to know what the input velocities were, and so,
I'm wondering 1f we put a target just aft of your microwave system if
that target would affect your reading and if it would be valid or in-
valid?

A: Lucien Nappert: Yes, wWe have a target in front of the gun, maybe
ten feet from the muzzle of the gun so the target has no effect on the
reasurement technique. But if you put your target very close to the
muzzle of the gun, you will have some effect because of the radiated
power outside of the gun and in fact we followed the prcjcctile for a
few feet outside the barrel. Because the radiated power outside of
the gun is taken back by the transducer.




BUILT-IN MECHANICAL FILTER IN
A SHOCK ACCELEROMETER

Anthony Chu
Project Engineer
Endevco
Rancho Viejo Rd
San Juan Capistrano, CA 92675

ABSTRACT

Isolating the sensing element of a transducer from
high frequency transient attacks appears to be one
of the most effective design improvements in shock
accelerometers. An experimental transducer de-
sign with integral mechanical filier has allowed
the experimenter to record close-range shock exci-
tation without zeroshift, a common linearity error
in pvroshock measurement. This piezoelectric ac-
celerometer prototype features both an input me-
chanical filter and an electronic low-pass filter in
order to maximize usable bandwidth. Calibration
data indicate flat frequency response to 10kHz with
24 dB per octave roll-off thereafter. Field test re-
sults are also shown in this paper.

INTRODUCTION

With all the advances in digital data acquisition
equipment and signal processing techniques, the
acceleration transducer (accelerometer) is still the
weakest link in a pyroshock measurement chain.
Current design approaches in accelerometers, such
as electronic filtering and nigh resonance, can not
always graranty the experimenters with repeata-
ble performance and believable results.

The core of the problem has been identified to be the
sensing element of the transducer. All sensing
mechanisms are vulnerable to high-g excitation at
frequencies far above our point of interest. These
high frequency, high-g transients, although "in-
visible" to many recording systems, are present in
all close-range pyrotechnic events and metal-to-
metal impacy testings which are common in many
qualification requirements.

The advantage of using a mechanical filter as an
isolator is discussed. Isolating the sensing ele-
ment (piezoelectric or piezoresistive) from high
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frequency transient attacks appears to be one of the
most effective design improvements in shock ac-
celerometer. A shock transducer design with an
integral mechanical filter has allowed the exper-
imenter to record pyroshock time history without
zeroshift, a common linearity error of the sensor
in pyroshock measurement. This piezoelectric ac-
celerometer prototype features both an input me-
chanical filter and an electronic low-pass filter in
order to maximize usable bandwidth. Calibration
data indicate flat frequency response to 10kHz with
24 dB per octave roll-off thereafter. A comparison
of this unique design with commercially available
mechanical filters is also presented. The surviva-
bility of transducers in high-g environments has
greatly increased due to shock isolation provided
by these f{ilters.

PROBLEM IDENTIFICATION

All spring-mass type accelerometers have a finite
seismic resonance. To obtain linear response
from such a transducer, one must be certain that
the input spectrum always stays within its recom-
mended bandwidtr  As a general rule-of-thumb,
the maximum m .su-«d frequency for an un-
damped acceleromet. .0 be less than one fifth of
the transducer resonance. This rule is generally
well observed in the vibration-test community.

Unfortunately, the term maximum measured fre-
quency are often misinterpreted as the upper band
of the Shock Responze Spectrum in shock measure-
ment. Since most Shock Response Spectra stop at
10kHz or 20 kHz, accelerometers with resonance
in the neighborhood of 100 kiiz are usually consid-
ered adequate for these applications. It is however
mmposiaint te remember that the input spectrum of
most high-g shock measurements contains fre-
quency components way above 100 kHz, well be-




yond the capability of our modern recording devic-
es. These high frequency components are often
unnoticeable until something occurs during data
acquisition; eg. aliasing of a digital recorder.
The most commonly used wide-band analogue tape
recorder can only capture time history up to 80 kHz
(running at 120 ips), out-of band information is
therefore naturally attenuated and "invisible” on
playback.

The problem is further confused by the issue of the
damage potential of high frequency. It is known
that shock inputs above 10 kHz seldom cause any
damage to the test article, and they are routinely
ignored in most data analvsis. These high fre-
quency components, although posing no danger to
the article, seriously affect the linear operation of
any spring-mass type acceleramctier.

Recently, a few papers and articles have been pub-
lished [1)12] concerning the etiect of ultra-high fre-
quency impulses on shock measurements. This
out-of -band transient phenomenon is referred to
in the papers as "Pre-Pulse”. There are two types
of shock simulations capable of generating near
true-impulses:

a) Close-Range Pyrotechnic Shock

The process of explosion involves chemical reac-
tions in a substance which convert the explosive
material into its gaseous state at very nigh temper-
ature and pressure. Most explosives, such as Flex-
ible Linear Shaped Charge and pyrotechnic bolts,
{0 not contain as much energy as ordinary fuel,
but generate extremely high rate of energy release
during exvlosion. Tne response of the structure
near the immediate region can actually approach a
true impulse due to the instantaneous velacity
change at the explosive interface. As a result,
measuring at the area surrounding a pyrotechnic
explosion has always been a nightmare for engi-
neers and scientists.

Depending on the explosive location and the point
of measurement, the amourt of high frequency en-
ergy reaching the transducer is inversely propor-
tion to the distance between them. In a remote
sensing location where the shock wave has to prop-
agate through a long path or many joints of dis-
similar materials to reach the transducer, high
frequency components ¢an be siguiflicantly atienu-
ated.
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b) Close-Range Metal-to-Metal Impact

Most pyroshock simulation devices, such as drop
towers and pneumatic hammers, rely on high ve-
locity metul-to-metal impact to generate the re-
quired shock spectrum. When the point of contact
allows very little material deformation (like in all
reusable machines), the acceleration response of
the structure can also approach a true impulse.

Again, the response spectrum is highly dependent
upon the accelerometer location relative to the puint
of impact.

EFFECTS OF NEAR TRUE-IMPUILSES ON AC-
CELEROMETER

There are two types of commonly use shock accele-
rometers, piezoresistive and piezoelectric devices.
Each reacts differently under the attack of near
true-impulses. Three common failure modes are
observed:

a) Sensor Failure

Recent nuw designs in piezoresistive accelerome-
ter have tremendously improved their usable band-
width and rigidity. One type of cecmmercially
available PR sensor exhibits seismic resonance
above 1 MHz (3], leaving quite a margin of safety
for the general rule-of-thumb. Under the attack of
delta function liked impulses, however, the sensor
can still be set into resonance (at 1 MHz) due to the
nature of the input signals. Since the gage mecha-
nism is practically undamped, displacement of the
elements goes out of control at resonance and even-
tually cause gage breakdown. The result of this
type of failure is complete loss of data.

Piezoelectric sensors are more robust under the
same condition. But they fail in other fashions:

b) Zeroshift

This subject has been well examined in many
technical papers |41 151 [6]. A pilezoresistive accele-
rometer generally does not exhibit zeroshift nntil
the gage mechanism has been damaged or is in the
process of deterioration. Piezoelectric sensors, on
the other hand, account for most of the zeroshift phe-
nomena associated with transducers.




When a piezoelectric element is set into resonance,
two things can happen:

1. Relative displacement of the seismic mass can
exceed 100 times of the input. The crystal material
is overstressed and produces spurious charge cut-
puts due to domain switching. The result of this
type of failure is DC offset in the time history.

2. The crystal material is not overstressed but a
huge amount of charge output is generated which
saturates or damages the subsequent electronics.
The result of this type of malfunction is loss of data
or gross DC offset in the time history.

Slight amount of zeroshift in the time history can
yield unrcalistic velocity and displacement dur-
ing data reduction. The real danger remains that,
although data with gross DC offseis are generally
discarded, the minor one are accepted as good
measurements.

¢) Non-Linearnty

The output of a transducer at resonance is some-
time non-linear and not repeatable. The response
of a saturated charge converter 1s also non-linear
and not repeatable The result of this type of mal-
function is poor repeatability in SRS, leading to in-
correct definition of the shock environment.

SOLUTION TO THE PROBLEM -- MECHANI-
CAL FILTER

Mechanica! Filter

An obvious solution to the accelerometer resonance
problem is to isolate the sensor from the high fre-
quency sighals. When an appropriate material is
placed between the structural mounting surface
and the transducer, a mechanical low-pass filter is
formed. The filter slope of such an arrangement
approaches 12 dB per octave. In order to make the
filter effective, the -3 dB corner must be set at a fre-
quency far below the accelerometer resonance to
insure adequate attenuation.

There are three critical design parzcmeters in a
mechanical filter:
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a) First, the filter/accelerometer combination must
be robust enough to withstand high level shocks.

Many “isolators” rely solely on the strength of
spring/damping material to keep the accelerome-
ter in place.

bj Secondly, the Q (amplification) of the mechani-
cal filter must be very low. Otherwise the linearity
of the passband data will suffer. Damping charac-
teristic is a c.itical consideration ip matching the
accelerometer to the mechanical filter.

¢) Thirdly, the relative displacement between the
transducer and the mounting surface must not ex-
ceed the linear range of the spring/damping mate-
rial. When the accele.ometer "bottoms out”, its
high frequency isolation characteristic of the filter
is lost, and the protecuon to the sensor fades.

Existing Desi

Although there many shock isolators on the market
for machine vibration isolation, they are not de-
signed with linearity in mind, and their applica-
tions are quite different. A few foreign and local
private institutions have built some experimental
devices for their own shock measurements, but
none are commercially available. These proto-
types were made out of exotic materials, such as
rosewood and cloth, for their unique damping and
stiffness properties; reliability and repeatability of
these external filters are questionable. One of the
accelerometer manufacturers does offer an exter-
nal mechonical filter especially tuned for its own
brand of transducers, but it is really intended for a
general vibration environment.

One common problem facing external mechanical
filters is the resonance of the filter itself. Even
with careful selection of spring and damping ma-
terials, critical damping is rarely achieved. Any
small amount of amplification factor (Q) in an
imperfectly damped filter will produce substantial
degree of amplitude distortion from a shock input.
This distortion manifests itself as ringing (at the
filter's corner frequency) superimposed on the ac-
celerometer output signals.

Another problem has to dc with accelercmeter
matching. The corner frequency and the Q of a ex-
ternal filter is highly sensitive to the mass of the
attached transducer. Minor deviation on size and
weight can result in significantly dilfcrent re-
sponse.




t - !

- Mechane il Fiiter Acceleration Sersag | r Flectrenic Filter Impedance !
High Frcqucncy: 12 dB/ecctave Element (undamped) [_] 12 dRie-lave Converter : Passband
Shock INpuUlS e m m d e i f h f e f e mt f ettt M e e e f i m e e e e mm e mmm e mme— - + Ourputs

ACCELEROMETER WITH BUILT-IN FIL.TERS
Figure |

Given the physics of the problem discussed above, model of an external filter (Figure 2a), this unusu-
it seems obvious that if one can design a shock ac- al scheme provided the transducer/filter system

celerometer to incorporate a tuned internal me-
chanical filter for sensor isolation, and match it
with a built-in electronic low-pass filter to remove
unwanted residual ringing of the mechanical fil-

ter, many transducer problems in

1

measurement can be avoided. A block diagram

in Figure 1 depicts this concept.

Built-in_Mechanical Filter

An experimental accelerometer with both me-
chanical and electronic filters was successfully

built in our Engineering Lab.

Based on a well established piczoele

sensor, this accelerometer featured a captive me-
chanical filter arrangement. Compared to the

Figure 2a

pyroshock

with added rigidity. (sce Figure 2b) The transduc-
er's external housing, which served as an enclo-
sure for the sensor and the isolation material, kept
the "gnts” together in case of excessive shock input.

The light-weight sensor assembly housed the piez-

oelectric element and the hybrid microelectronics.
The internal electronic filter, a two-pole Butter-
worth low-pass, provided another 12 dB per octave

roll-off after the mechanical filter

The spring/

damping material was meticulously chosen and

synergistic fashion.

matched to react with the mass of the sensor in a
This combination yielded a

mechanical filter with a damping coefficient of .20

to .15, and a resonant {requency of 15 kHz.

ctric shock

tigure 2b

MECHANICAL FILTER MODELS

g7

To attenuate the ~5 dB3 rise at 15 kHz, the corner of
the 2-pole low-pass filter was purposely set at 10 kHz




in order to compensate for this unwanted peak. The
end result is shown in Figure 3 where the solid line
represents the combined frequency response of the
accelerometer; the single dotted line represents the
mechanical filter response, and the double dotted
line denotes the electronic filter response. This
combination offered a 24 dB per octave roll-off be-
yond 10 khz which effectively isolated the piezoe-
lectric element and subsequent electronics from
any high frequency transient. Built-in electronics
also allowed impedance conversion taking place
inside the transducer, a desirable feature for signal
transmission.

Accelerometer Performance

A frequency response calibration is shown in Fig-
ure 4. The accelerometer has an effective linear
amplitude response from ! Hz to 10 kHz within +1
dB. Sensitivity of the unit is .11mV/g which
equates to a full scale dynamic range of >50,000g.
Cross-axis sensitivity up to 50,000 g is less than 5%,
and the resonance of the crystal element itself is
larger than 130 kHz. The accelerometer weights
3.8 grams and operates from a constant current
source.

One of the major concerns regarding the perfor-
mance of the transducer has beer. temperature re-
soonse. Since the material used for damping was
basicaily a polymer, frequency characteristics
varied with temperature. An experiment was con-
ducted to investigate the effect of temperature using
transient inputs from a Hopkinson bar. The input
transient was defined to be about 100,000 g peak, and
the corresponding pulse width was ~70 uS. Repeata-
bility of the pulse shape was quite acceptable, but the
shock level had a standard deviation of 5,500 g.

Figure 5 compares the transient responses of the ac-
celerometer at 75°F and 45°F. The peak response at
75°F is measured to be 86,000 g, and 78,100 g at 45°F
(these are median data selected from samples at ap-
proximately the same level). The peak level is con-
siderably less than 100,000 g due to filter attenua-
tion. Taking the variability of input level into
account, the indicated peak g at 45°F 1s 9.2% lower
than at room temperature.

Figure 6 shows the transient responses at 75°F and
120°F. Here the indicated peak g at 120°F is 83,000
g, and 79,000 g at 75 °F, a +5.0% increase in ampli-
tude response.
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Pushing the physical limit of the damping materi-
al, the same test was conducted at 150°F. Figure 7
shows the transient responses at 75°F and 150°F.
At 150°F, the peak response indicates 100,700 g
while the 75°F shows 84,000 g, a +19.9% increase in
apparent respocnse.

QOur data seems to indicate that, within *30°F from
ambient temperature (75°F), the mechanical filier
displays a small amount of variation. Above
120°F, however, some correction factor may be ne-
cessary.

Desien Limitati

Apart from the temperature constraint mentioned
in the preceding section, the accelerometer has an-
other physical limitation. Referring to Figure 2b.
The mass M, in our design, is the sensor of the ac-
celerometer, and the mounting surface becomes
the boundary of this second order system. The con-
fined springs/dampers are represented in this
model by K1, K2, C1 and C2; the stiffness of the out-
er case is represented by K3. As long as the trans-
mitted force F to the sensor does not cause exces-
sive travel in K1 and K2, the system will behave in
a predictable manner. The practical displacement
limit of the existing system is estimated to be >
0.01".

The equation which relates dynamic range of the

mechanica! filter to the maximum linear travel of
the spring material is:

r
;

oy e {zef

t = maximum travel of spring
i = maximum input acceleration
{ = damping factor

w = input frequency
o = resonant frequency of mechanical filter

A maximum input shock spectrum derived from
this equation (based on 0.01" spring travel) is
shown in Figure 8. The weakest spot is under-
standably at 15 kHz where the filter resonates.
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The maximum allowable level at that frequency
is 67,000 g. Above 67,000 g, the mechanical filter
loses its effectiveness (eg. bottoms out), and protec-
tion to the sensor ceases.

TEST RESULTS

Several prototypes were sent out for field evalua-
tion. The first group were tested at the U.S. Army
Combat Systems Test Activity, Aberdeen Proving
Ground, Maryland. The evaluation set-up was a
classical close-range shock measurement (7]
which involved a 18" x 18" x 1.5" steel plate. All
the test transducers were hard mounted on one
side (in the middle), while the impacts occurred
directly on the other side of the plate. Types of ex-
citation used for shock generation ranged from
ball bearing impacts, blasting caps, to C-4 detona-
tion.

Figure 9 shows a comparison between the shock re-
sponses of a 200,000 g piezoresistive type accele-
rometer and the prcototype with built-in mechani-
cal filter. A 2" ball bearing was used to strike the
plate and produced the input acceleration. The
dotted line shows the response of the prototype at
about 1,100 g peak, whereas the PR accelerometer
shows almost double the peak g level due to its wid-
er bandwidth (1 MHz). Figure 10 shows the same
event except that the PR transducer output has been
filtered at 10 kHz. Note the closed agreement be-
tween the two accelerometers. (the phase shift
could be due to different filter characteristics)

Figure 11 shows the response of a typical shock ac-
celerometer measuring the excitation from a
DFP-2 non-electric type blasting cap (.05 gram).
A classical zeroshift occurred 2 milliseconds after
the blast-off. Figure 12 shows the response of the
prototyoe under the same excitation condition; no
DC offset was noted.

Figures 13 and 14 show the differences in ampli-
tude response of a typical shock accelerometer and
the prototype with mechanical filter. Input excita-
tion was the detonation of a M7 blasting cap (.9
gram) directly behind the sensors. Again the
transducer without mechanical filter exhibited a
huge amount of DC offset.

Figure 15 shows the killer -- 1 oz. of C-4 detonated
on th.e plate. The experimenter reckoned that the
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input transient could well be in excess of 1 million
g. Here the prototype survived the blast, but the DC
level has shifted; apparently the mechanical filter
bottomed out. In similar tests, other piezoresistive
accelerometers had been destroved due to the high
frequency energy content.

Another field test was conducted at McDonnell
Douglas, St. Louis, Missouri where three prototypcs
were mounted on a test article with 28 feet of 18
grain/ft PETN mild detonating cord. This test ex-
hibited tremendous amount of high frequency ener-
gy n certain directions. KFigure 16 shows the re-
sponse of one of the prototyvpes in a mild direction.

The Shock Response Spectrum and the velocity were
said to be believable.

Figure 17 shows the response in the vicious direc-
tion. Although the time history seems normal, inte-
gration indictes unrealistic velocity. Note also the
rising low end of the SRS due to latent zeroshift. To
analyze the data further, the Fourier Spectrum was
calculated and is shown in Figure 18. Here an obvi-
ous spike dominates the FFT plot at 15 kHz, indicat-
ing that the filter is resonating.

FUTURE DEVELOPMENT

There are still many problems to overcome in mak-
ing a perfect shock accelerometer. Within its limi-
tation, however, this experimental transducer is one
step closer to the reality. A patent recently has been
applied for this shock transducer design concept ,
and production units may be available in the near
future.

Future develocpment of this experimental accelerom-
eter may include 1efinement of the mechanical fi
ter for better linearity and higher dynamic range.
Different types of sensing elements will be investi-
gated in search of wider frequency response and re-
duction of sensor non-linearity. Improvement in
temperature response of the mechanical filter can
also he expected.
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BUILT-IN MECHANICAL FILTER IN A SHOCK ACCELEROMETER

Q: Jim Faller (Aberdeen Proving Grounds): I'm familiar a little bit
with the individual who did this test and Endevco now manufactures
both piezoresistive and piezoelectric accelerometers, am I right? So
do you now consider this an improvement over your existing line of
products?

A: Anthony Chu: For pyro-shock close range metal to metal impact,
ves.

Q: Jim Faller: That comparison test was between another Endevco
gauge?

A: Anthony Chu: Yes, that was the 7278. That's correct.

Q: Jim Faller: Now what emerges from that test? Was one gauge to be
believed more than the other, because even though you didn't call at-
tention to that differential and amplitude; it was, I would imagine,
from one stand point substantial. Is there any way of determining
which gauge gives the better measurement?

A: Anthony Chu: At that g level, I don't think there's a significant
difference, but that was Jjust a ball bearing dropped onto a plate and
he had some more vicious tests that the 7278 simply didn't survive be-
cause the cantilever would break. You excite resonance of the one
megahertz sensor that resonates and it breaks, so its a matter of sur-
vivability.

@: Jim Faller: You're alsc saying this is 67,000 g's versus one mil-
lion g's for the other one? The other one is capable of going a mil-
lion or more?

A: Anthony Chu: No, I didn't say that.

Q: Jim Faller: I thought they they were measuring a million or more?

A: Anthony Chu: No, the test that he shifted the one with the
mechanical filter was at about one million g's.

Q: Jim Faller: Is this now an available new product?

A: Anthony Chu: Yes, this is an available new product.

Q: Jim Faller: What 1= the option a person will have? What is going
tc be recommended? In other words, your standard line or is this new

product 1is golng to be considered superior?

A: Anthony Chu: If you are measuring really ¢ se to the source,
that's the only way that I can see i1t, at this peint.
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"A Pressure Transducer to Measure Blast-Induced Porewater Pressure in Water Saturated
Soil"
Dr. Wayne A. Charlie

This paper describes our use of a modified commercial pressure transducer
(ENDEVCO Model 8511A-5K-\M1) to experimentally measure the transient water pressure
in water saturated cohesioniess soils. A series of controlled laboratory and field tests
were conducted which subjected water and water-saturated soils to a high amplitude
stress waves induced by impact and explosives. The results of our study and the response
and calibration of the porewater pressure transducer will be presented and discussed. The
results of our research indicate that the transducer can measure the porewater pressure in
water saturated gravels, sands and silty sand.
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A PRESSURE TRANSDUCER TO MEASURE BLAST-INDUCED POREWATER PRESSURE IN
WATER SATURATED SOIL

Q: Bill Cardwell (GE Electronics, Evandale): You mentioned you had
capability of cold and hot water in the tank. Was there a reason that
you wanted to go up to higher temperature and what temperature d4id you
reach?

A: Wayne Charlie: The reason we went to warm temperatures 1is that
it's very difficult to saturate soil. We ran de-aired water through
for two weeks and we couldn't saturate the sample. We have something
like 50 tons of soil we‘re trying to saturate so we ended up having to
go to hot water, We used the hot water to de—air the soil. We ran
warm water up and as 1t was coming through it would be cooling down.
We actually ran the test at the normal air temperature, we let it cool
down first. But 1t was just to get the air out of the soil so that
we're actually running truly saturated tests.

Q: Ron Tussing {(Naval Surface Weapons Center): I talked to John
Ainsworth from Endevco and they make a special gauge for Germany, al-
though it may be made in England. I den't recall which 1t 1s, but it's

made for underwater use. What you have works fine, but the Germans in
the Baltic found that the o1l did wash out of the gauge so they had
to go to this special Endevco. So there i1s a gauge although I'l11 have
to look it up when I get home. Did you consider using something like

an underwater pressure gauge since you're essentially underwater
there, somethirg like a tourmaline gauge from PCB or something 1like
that?

A: Wayne Chariie: No, we did take the plate off and on and tried it
under water. We did correlate those back tc Kohl's underwater ex-
plosive shots at the same pressure. His correlates with distance and
charge size within probably 10% of that data. We have not used
another gauge on this shot, so there's some potential. On the ac-
celeration data that we have, when we integrate that particle velocity
for the peak particle velocity and convert i1t to what we're seeing on
the pore pressure, the shape 1s the same on the early part of the
curve and the stress that you would calculate from the acceleration or
the particle velocity integrated from the acceleration is also within
i0% of what we're seeing on the peak shots, although cn ou: later
shots we lost our acceleration. The lab <alibration looking at the
projectile velocity etc., all ran within 10% of what we expected from
the transducer. and it wasn't just on one side, 1t was on both sides.
We also measured independently at another site. particle velocity, but
we were further away and that also correlated with the pore pressure.
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DIFFICULTIES/REMEDIES IN PRESSURE MEASUREMENTS
¥ITH PIRZORESISTIVE SENSORS

§. Nickless and R. Maglic
Honeywell Solid State Electronics
Colorado Springs, Colorado 80906

ABSTRACT

Resistors implanted into single crystal of thin
Silicon diaphragms have their resistance stress
sensitive. When measured fluid pressure causes
this stress, the resistance measurement allows
an accurate assessment of pressure ip question.
Although this souuds simple, the resistance
change R depends on factors other than just
stress: temperature, direction of the re<’stor
in the crystal, impurities on the su:iace and
definitely the quality of P-N i.action bordering
the piezoresistor; inm thic paper we show how the
sensor current leakags [, results from defects
in the P-N juncriun. Some of these defects are
crystalogra; hic and some are impurity related.

We describe here first a pressurc-sensing IC-
structure and bhow the leakage current is
observed. Next, we describe how stacking faults
are introduced in the "Front End" of the IC
wafer processing (example a); other types of
defects are introduced during subsequent
die/sensor processing (examples b).

Example a. Stacking Fault introduced into P-N
juaction area during Front End processing
provides a leakage path for current I. The
Jeakage path is completed however, only if
subsequently deposited "N-Cap" layer is very
ronductive. Computer simulation of resistor/N-
Cap implant predicted formation of peculiar P-
type islaunds influencing the leakage.

the effect of
current leakage

As examples of type b we discuss
high-pressure water scrub on the
of a piezoresistor: this popular processing step
(clean) can introduce defects in the same
sensitive area of tiie piezoresistor mentioned
above. Great yield improvement results when it
is eliminated/controlled.

Finally, the origin of defects induced by the
scrubbing is examined.

INTRODUCTIGHN

Blectron/bole conductivity in single crystal

silicon depends on energy barriers a carrisr
*gees’ for particuiar direction of propagation;
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electron/hole energy bands are stress sensitive
in silicon leading to well known er;irical
expression for change in resistance

AR = x(6).R.0
wheie 0, psi is stress at the resistor site and
8 angle of propagation -in respect to say
[100]-direction. ¥(6) is piezoresistive co-
efficient and 7.0 is of the order of 1% for Si.
It fluid pressure is to be measured P, psi, a
silicon diaphragm is etched out of a solid wafer
of single crystal silicon and a resistor is
implanted into it; usually a P-type wafer (Boron
diffused into silicon) is used and an N-type
epitaxial layer (N-Epi) is deposited on it. The
N-Epi serves as an etch stop when manufacturing
the diaphragm - it defines diaphragm thickness.
Figure 1 shows a pressure sensor die after an N-
Epi was grown on the P-type wafer. 8i0o is the
passivation layer; the diaphragm is formed by
etching away P-type silicon.

$102 P” RISISTON N- P
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FIGURE 1. SIULICON DIE AFTEA ETCHING, P IMPLANT, AND $102
DEPOSITION

After a resistor implant (light implant, P~) a
heavy P-implant insures connection between
resistors and "outside world" (P* implant).
Pinally, an N-implant is made ("N-Cap®) over the
resistors providing protection against electrn-
static field in the environment, Figure 2.

Boundary between P~ resistors and N-Epi makes an
N-P junction - electrical isolation of the
resistor. P-type area is always held on lower
potential than the N-Epi is. When a current
leakage probles occurs a current between
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contacts C&B is non-negligible; if the P-N
junction fails totally Ij, may go to microamperes
for positive voltages applied to terminal C
(reverse bias conditions).

After the wafers have been processed through the
front end, the junction integrity must be
maintained during the cavity formation and
subsequent senscr packaging operations. As an
example, a high pressure water scrub was
pinpointed as contributing greatly to junction
leakage. The measurement of the leakage,
failure analysis to characterize the cause of
the leakage, and tha impact of junction
modifications are discussed.

I. FRONT END [ EAKAGE CONSTIDERATIONS

1. JUNCTLON LEAKAGE

Note, on Figure 2, that the P~ resistor is
surrounded by several different P-N junctions:
P~/N-Epi, P~/N-CAP and P~/P* (junction Jj, Jo
and J3 respectively). UJur detuiled studies
showed that P~ /N-Cap is5 the most sensitive
junction. Partly, because implant energies and
doses for P~ aand N-Cap lavers are such tou make
Jo junction depths only .4pm. (J} junction
depth was measu-ed to be ~ lpm.) This puts N-
Cap jun(ti\n {Joj clise to b.Jg/ul Lnf*rfacc and
very sensitive to envirwusental conditions.

In silicon preszsure sensor technology it is a
wel:r koowr [act thav uepth of Jy bas to be
optimized. T Xy is small s thal reverse volt-
age bias depletis N 7ap cozuleteiy (te wafer
surface), nn leakage ccurs. There are vo car-
riers in the depleted zune (DZ4) thepr. Tha seuasor
is unstable at this time howsever, because im-
purities on the wafer surface feel the electric
field of the Di. This resulrs in a drift.

In the cpposite canse when X; iz is large DZ in N-
Cap doesn’t reach the wafer surfuce and then
leakage is possible if Jg is weak. Conse-
quently, bty inc-easing phosphorous implant dose
(N-Cap) the leak monotonically increases.

Two dimeasiona! crystalographic defects
(stacking faults in Si) have been observed near
Jg~junction and correlated with leaking units.

Opposite is true also, by sliminating stacking
faults (bigh temperature oxidation) current
leakage was reduced significantly.

2.CATS WHISKERS

Current leakage path, as described above, leads
from electrode C (Figur~ 2) through Epi and
through N-“ap above P~ to resistor via P-N
juzaction Jp. Then the path leads out through
piegoresistor and P* lead out. We assume that
junction Jg doesn’t deplete to wafer surface.

The leakage path may be broken however, at the
resistor edge by formation of ®Cats Whlskers'
-regions of P-type material going from a buried
Tagicior to wafer eorface throngh N-Cap.
Figure 3 shows a possible whisker formed on one
side only.

WHISKLA N LR}

P RESISTON
, |
— —— J
- 1

WArER — / ETURED DIRFHPAGM \

FIGURE 3 C(RGSS SLOTION D REISTOR 10 SHOW WHISKER,

If a complete shisker forms along both edges of
the resistor, the leakage path is broken. Note
on Figure 4a, b and c various cases that can
happen in whisker formation. Case 4c has, like
Figure 3, a complete whisker formed. Figure 4b
shows curious P-type islands formed near wafer
surface This latter case however, would allow

leakage.

Figure 4 results were cbtained by cumputer
calculation, cal-ulating in two dimensions(x
axis perpendicalar to wafer surface) of Boron
and Phosphorous implant deasity Ng, Np. Boron
is implanted thraugh a Si0o mask (Figure 5).
Since $i0y is thinned down at the end, Np
distribution may resulf.. Boron at a corner is

Ny - o——— w2812
T2r 59

with r2 = x2 + y2 and A1 being Boron range for
the given inplant energy; S; is "implant
struggling" quantity.

N-Cap is deposited after 5i0p mask has been
removed with some constant concentration (By) at
the surface where top expression holds for

x ¢ Ag; the bottom one for x > Ap. Constant C
determines Boron/Phosphorous dose ratio. (See
Figure 8) For points x,y where Ng/Np > 1,
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1
1. HIGH PRESSURE WATER SCRUB
(c) Completed wafers through the front end must next
have backside etch processing to form the
Figure 4. CAT’S WHISKERS CALCULATION: Dx = .8, diaphragm which creates the pressure
Dy = 1. AND OTHER PARAMETERS sensitivity. The diaphragm formation along with
other packaging operations are stressful and can
cause junction degradation and current leakage.
a b c
bs an example, a high pressure deionized water
Ay 8 8 6 scrub operation which is used to rem-.e ink
Cy 2 2 2 residue from the wafer surface 1s analyzed. The
Ag X 3 3 scrub machine operates by sweeping a high
s s pressure nozzle across the surface of a spinning
2 1 1 wafer. The result of this scrub is a wafer which
Bo 1 .25 .25 has good adhesion characteristics which are
C .5 .& .3 needed in the next step of the process. The

negative effect of the scrubber on the sensor

are discussed in the following sections.
BORON 1MPLANT

! 2. MEASUREMENT OF LEAKAGE
l L l l L l The final device leakage is kept in the nA range

with 5v applied at 25°C to achieve device
performance. Several wafers were measured for
i leakage before a high pressure deionized water
scrub and then again immediately following the
scrub. Table 1 defines the leakage change on
the same die after receiving the high pressure
scrub. Notice the change in the I-V
characteristic which shows a "soft" junctien,
evidence of a damaged or contaminated junctionm.
* (8ee Figure 7)

FIGUAE 5. BORON IMPELANT Wwitn a s1iceN 010MI0E
MASK THINNED DOWN NEAR OPENING
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Wafer #1
PRE HP SCRUB POST HP SCRUB
.7nA | 20.90A | .3nA 121nA  |410A | 2.7nA
.7n0A ™ .6nA .5nA D 9.2nA
.4nA .7nA | .7nA 120004 |.5nA | 143nA
Wafer §#2
PRE HP SCRUB POST By SCRUB
.5pA  |.6nA |1.5pA .5nA | 42pA |8.5nA
32pA D .3nA 528nA D .5nA
103nA |.50A | .7nA 436nA | 32nA [316nA
i J
Wafer #3
PRE HP SCRUB POST HP SCRUB
1.1} 0.7 0.9 1 2700nA |18.2nA[1280nA
2.3 D 1.3 8250nA TD |5300nA
1.7 | 30.2 | 0.7 | 585nA 54.7nA|39.8nA
J —
Table 1:

Junction Leakage Measurements

Vs = 5V applied from C to B in Figure 2.
TD = Test Die (Used as measurement position
reference)

3. FAILURE ANALYSIS )

The leakage location was pinpointed using light
emission photodetection equipment. The defect
area emitted low levels of light due to electron
trapping and discharge allcwing these areas to
be mapped and a decorative Wright etch was
performed in the vicinity of the leakage area.
SEM analysis of the post etched wafers showed
that microdefects were present in the implanted
resistor regions at the location of the leakage.
It is therefore believed that these defects are
responsible for the leakage experienced on the
device and are created by the high pressure
scrubber. See Figure 8 for SEM photographs of
the decorated defects.
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Figure 7. Scrubber Junction Damage

I-VY Curve

4. HIGH PRESSURE SCRUBBER EFFECTS

The high pressure deionized water scrubber
creates defects in various forms of processed or
unprocessed silicon. Unprocessed wafer starting
material was subjected to a 1650 psi scrub and a
defect count showed 135 defects/cm2. Since the
final device has a thin layer of thermal oxide
for circuitry protecticn, a study was completed
to determine the amount of damage created as a
function of oxide thickness. The increase in
thermal oxide was inversely proportional to the
defect density showing that one possible
protection should be thermal oxide (see

Pigure 9). This study conflicted with the
defect densities found in the implanted resistor




SEM Photos 0f Defects

Figure 8.

areas of processed wafers which have a thin
oxide. Processed wafers had 224 def/cm? in the
resistor areas. The greater sensitivity to
defects in the resistor area could well be
attributed to an irperfect latice in the areas
which previously received an implant, therefore,
on actual devices the thin oxide is not enough
to protect the circuit from def-zcts.

5. ORIGIN OF CRYSTALUGRAPHLIC DEFECTS

Previous analysis showed that high pressure
scrub (HPS), with water, often causes current
leakuge of pressure sensors due to P-N junction
degradation. Bolh micro-defects (impurity
related) and dislocations are possible
candidates.
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HPS unit, by Eaton Corporation, produces a high
pressure water beam by forcing water at Pggg ~
1000 - 2000 psi through a small bole {diameter d
~ .005in.). We measured amount of Hg0
collected, in say 30sec, coming out of the
orifice; this, with tube cross section
measurement, gave jet velocity of 145m/sec.
Pressure the jet exerts p at the exit of orifice
isp ~ pv2 = 2.9kpsi with water density being p.
Pressure p at the wafer was measured to be
700psi, and this is the value we used in
subsequent calculations. Difference in two
pressures results from beam widening (.015mil at
the wafer) and velocity variation across the jet
diameter. Before we propose a model for defect
origin, we examine here some auxiliary tests
done to eliminate other, unrelated sources of
defects.

*Electrostatic Discharge (ESD) of charges
accumulated on the wafer by DI water (isolating,
deionised water) can produce crystal defects.
We changed DI-water to normal, conducting water
and grounded HPS tube and wafer chuck. Etch
pits remained- the damage was only slightly
decreased.

*Direct stressing of wafers with o ~ 2Kpsi
produced no etch pits after etch.

*Si0g-formation: If Hy0 from HPS penetrates Si-
wafer regions (damage) of Si03 could form. To
reveal these, a Si0p etch was used. No etching
took place.

In a "companion" experiment free Hgo0 inside
wafer after scrub was searched using IR-
radiation. With known IR-absorption
sensitivity, we found that if any water got
inside the wafer, it must be less than 200 HoO
molecules per Si-cell square.

*If indeed the defects were crystalographic in
origin high T anneal would decrease the damage.
We indeed found etch pit density decreased by
about a factor of 4 after a scrubbed wafer was
annealed at 950°C for 30 min. Blectrical




leakage test showed however, wide spread leakage
over the wafer, after the anneal.

*Kinetic energy of an impinging Ho0 molecule was
calculated to be 2meY. This kinetic energy is
insufficient to move a Si atom from an
equilibrium site but is well within phonon
energies of the Si crystal.

Analysis of Laue spots (X-rays) didn't show
crystalographic defects however, due to
insufficient resolution.

RESUME: W. c.rclude from above tests that
dynamic stress produced by water je. cresates a
crystalographic defect.

Theoretical model coming out of these tests is
suggested: Crystalographic defects (probably
dislocations) are formed after HPS. Since
wafer’s top surface is (100), the slip direction
is [001] and, since this is also leaking
direction, we conclude that the Burger’s vector
(b) is parallel to dislocation axis. This
narrows down the dislocation type to the Screw
Dislocation (SD).

The SD of the defect originates on wafer surface
(N-Cap) passes through DZ of Jy and probably
reaches to the other side of the diaphragm h ~
100um.

We can pow estimate total energy the SD contains

b2k R

Bapn = loge ;o

SD 4x

where r, ~ lnm, is SD core vadius. By taking R ~

30um for outer circle radius (diaphragm radius)

we get Egp = 7aJ or 43.5eV/(at plane); for

silicon Young modulus E the shear modulo G is

G ~ B/3 = 5.3+1010Pa for [100]-direction and b =

.543um. The total energy contained in a 8D is
Egp ~ 8MeV

assuming SD straight, stretching from inside

diaphragm surface to the outside oane.

The important questicn now is if the HPS jet can
produce this much ene:gy. Since diaphiugm
Al p
strain is ¢ = — = — we have
i E
.44°107% using p and E numbers for HPS and
Since active volume of a

€ =
Si already quoted.
diaphragnm in

T2
V=-Dh,

4
-11 3
we have V = 1.1°10 w with D
jet cross section radius).
below the jet is

.0151i1 (water
The elastic e-ergy

E - loev - Befv = 10"y

EL 2 2

Clearly, the water jet produces macroscopically
enough energy to generate 1250 dislocations on
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10'3cm2; not all available energy is used for
dislocation generation.

Pinally, let us mention again that no clear
identification of dislocations have been made.
Other types of defects may be playing the key
role here; idea of dislocations is attractive
however, because once created it may split into
two partials (Shockley) that would encircle a
stacking fault. The latter were observed.

On the other hard, micro defects are, strictly
speaking, surface defects; N-Cap thickness
dependence of leakage (that was observed) would
be in wrong direction when assuming them.
Strongest evidence against dislocations playing
the key rolc here is weak directional properties
the etch pits reveal.

6. DEVICE CHANGES T0 "HARDEN" JUNCTION

As previously mentioned, one of the primary
delicacies of the semsor configuration is a dual
layer junction structure to confine the resistor
in an equapotential envelope. The envelope
forms two junctions, one at 0.4 ym and one at
1.0pn. (See Figure 2.) The shallow nature of
the top junction along with the relatively high
n-type doping, as compared to the p-type
resistor, make it very susceptible to leakage.
The upper junction structure was removed to
study the effects of the scrubber. Samples with
only the deep (1.04) junction showed improved
reverse breakdown characteristics (45v rather
than 14.5 on standard structure) and did not
bhave the leakage problem after scrub. Only
3/188 die degraded without the upper junction
where 49/188 degraded on the dual junction
structure. Since the equapotential envelope is
critical for device performance, the upper
jonction was re-introduced but at a lower dose
allowing the depletion region to extend all the
way to the thermal oxide on the surface, as
shown by the calculation and diagram, Figure 10.

5102 X0

FIGURE 10, DEFLETION REGION INN-(AP
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Reduced n-cap:
a-cap = 0.01N,

p resis = Ny

Xp0 = 0.428um > 0.4 junction depth

The extension of the space charge region to the
oxide surface severs the leakage path caused by
a damaged junction. This was experimentally
verified on a wafer which had only 10/188 die
degrade where the dual junction structure had
45/188 degrade after the scrub.

CONCLUSION

To provide efficient conversion from pressure to
electrical signal on a piezoresistive sensor,
current leakage must be minimized. The creation
of cats whiskers and modifications to the
surface (N-Cap) junction are the primary tools
to control the leakage levels in the front end.
These modification also effect the sensitivity
of the device to back end operations which can
introduce defects into the resistor regions. An
understanding of the back end operation’s
mechanisms creating defects allows one to
control/eliminate the degradation to the sensor.
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"The PVF2 Piezoelectric Polymer Shock Stress Sensor - Some Techniques for Application
Under Field Test Conditions"
R. P. Reed and J. 1. Greenwoll

The basic design and some fundamental characterisitics of PVF2 shock stress
transducer elements were described by two papers at the l4th Transducer Workshop.
Since that meeting, the sensor has become more readily available. It has been applied in
many additional varied applications under severe laboratory and field test conditions and
calibration has been extended to both lower and higher peak stresses over the range from
2 psi to more than 6 million psi (46 GPa).

The exceptional versatility and application range of this measuring element allow it
to be used in diverse circumstances. Many of these present distinct sets of measurement
problems.  Successful measurement with PVF2 sensors in many practical situations
requires that response of the entire measurement system be considered with the sensor
being only one critical component involved in the measurement. This is particularly true
of experiments where stress waves generated by explosion are to be measured under field
test conditions. A hybrid combination of hardware and software tools must be applied in
both prediction of the voltage waveform that must be recorded and also in the the
reduction of that experimental voltage record to the desired accurate measure of applied
transient stress.

Contrary to normal application of piezoelectric sensors as pressure sensors or
accelerometers, the conditions of field use often require that the PVF2 stress transducer

be applied in a manner that is in neither of the traditional ways: charge mode or current
mode. Rather, application must often be in a well-defined intermediate mode.

This paper was unavailable for printing at press time.
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THE PVF2 PIEZOELECTRIC POLYMER SHOCK STRESS SENSOR - SOME TECHNIQUES
FOR APPLICATION UNDER FIELD TEST CONDITIONS

Comment: Wayne Charlie (Colorado State University): This sounds like
an application where you can use fiberoptics to take your signal out.

A: Ray Reed: Well it is possible to use fiberoptics, and fiberoptics
are coming into use but at some level you always have signal distor-
tion. What you are saying is that you need higher bandwidth. It
would be nice to have higher frequency recorders as well. This deals
with a situation where you don’'t have access to those and demonstrates
a very practical technique that works to get you out of a situation
that you prefer not to be in. Peter Stein would tell you immediately
that you always want to deal with systems that linearly scale and have
adequate bandwidth and are not therefore frequency creative. Fre-
quency creation in this situation simply means you have distorted the
signal; it doesn't mean that you have lost the information but you do
have to treat it properly. An essential to treating it properly is
the proper characterization of that specific real situation as it ex-
ists in the field.

Q: Pete Stein (Stein Engineering): How sensitive is the process to
the individual specific cable? Do you have to check each particular
cable over several 100 or 1000 feet or can you determine for a par-
ticular catalog number of a cable, a procedure?

A: Ray Reed: Because cables get damaged in the field, the catalog
specification is not adequate nor is the mathematical model of the
cable. They are perfectly fine for prediction of th= distorted wave
form so that you can go ahead and signal condition a..d record. But,
they are not adequate for unfolding accurately.

Comment: Ron Tussing (NSWC): I can further comment on that. We
have our low-noise, low tribo-electric effect cable made for us, and
it is available to other people toco. Every batch we get is different
and 1is quite a bit different, and 1s supposedly the same; but for
instance, the capacitance per foot will wvary between 30 to 40
picofarads and averages around 35. This is supposedly made for the
Government through specification; buy if you want the cable, you buy
it. you take it the way it comes, and so, we do different things, as
Ray has said, but we would match each batch for each length of cable.

A: Ray Reed: Not only do cables vary from batch to batch but they
vary from place to place. In field installations, people have fre-
quently matched and put two or three cables in sequence. They have
gone through hrreaks for gas blockings; and so, you always want to do
the characterization, if for no other reason, to assure yourself that
vyou have what you %think. But if you are going to characterize it, it
is absolutely mandatory that you do this sort of thing. With regard
to Ron's comment--somebody said butterflies are free, charge is too.
In a piezoelectric circuit, and particularly used open c¢ircuit, you
will learn very quickly how much free charge there is around from
piezoelectric sources and just hanging around from some change of tem-
perature or a variety of things: and that's again, why we have always
been driven in the field to use these gages in the current mode, al-
though in theory, they can perfectly well be used in a charge mode. I
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point out that we are using neither current nor charge mode. At the
last meeting, I made the strong assertion that you must use them one
way or the other, or don't know what you've got, and I promptly went
off and did this which 1is neither fish nor fowl, it is somewhere in
the middle. I point out, there are other applications to this tech-
nique. I give this paper in the context of the application of PVF2,.
The techniques are perfectly general when applied to any measurement
system.

Q: John Kalnowski (EG&G): What type of cable do you use in the
field?

A: Ray Reed: A variety of things. On the last field experience, we
used RG22 which I preferred, because it is a balanced cable and avoids
some noise problems. On the other han., when you use it with physi-

cally available equipment; you have problems because that equipment is
almost always single ended; and so, matching that cable to regular
carters 1s a problem. Since then we're using comkinations of cables
ranging from, I think, an RG55, which is one I wasn't familiar with,
RG213 going then to RG214 in one continuous run. And so, you have all
of these things stacked together plus gaps in the system where you
have to make the transition from one to the other.

Q: John Kalnowski: On your RG22 did you have toc use a cable
equalization?

A: Ray Reed: In this peculiar situation, you don't want to equalize
because vou're throwing away gain. We started that way, and it
finally dawned on us, that the cable 1s partially integrating for us.
If we just throw another little capacitor on there, we'd complete the
integration, and we'd be half way home. All you've got to do then 1is
complement that with this digital filter and proceed on your way. You
have got high signal to noise and the data as well.
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INTRODUCTION

It has  heen  known  for many  vears that
apprepriately  treated  polvvinylidene  fluoride
(rvirt)  e<hibits piezoelectric properties suitahle

for a wide variety of applications,
applicatinns require a high
reproduc ibitity in material  constants

Some of these
degree  of
because a

sensor o which  functions under  shock-cnmpression
Feading s destyoyed in use.  Varions studies of
pPyhi film by Baver {1-4] have shown that
convertionally available piesoelectric films do

not edribit
applieatione,
feaet g

sut{icient veproducibility for sheck
However,  PVDE - film processed  to
speci Ticat tons  and poled with the Bauer

method  achieves the desired level of
reprodac thi ity
A cooperative  eftort has been pursued  between
Inutitute  Saint Louis  (I50) and Sandia National
Eaboratovies,  Albuquerque  {(SNLA)  to provide a
e qange for  widespread nse in o shock
meacrenent o CNFA has been receiving  technical
nppert - trom ktech  Corpovation to develop the
Faver peling process in the United  States,  while
b has heen working with Metiavih Corporation in

france o develop a4 commer: il for  the
PYDE gauge..  Initial effarta in the
aoper At rye program, whicoh was  starteo in 1987,
Agreement ot independent  shock  wave
mements made at the fwo Takoratories on PyiF
ganges fabvicated by TAL[5)0 The initial work was
oo the treas range trom 1.0 ta 200 6GPa. Later
var b insdved setting up ospecific materiagl film
pectbicoations and the Baver poling process in the
fited tates and the Metravib taboratory {6,
Pecther wonk whowed agqreomont Parger
P anoea ting, mpas totes e
oo eoaluating PYDE by aeen
dievelaped [0

SO e
Soandarai oed

el

me s

[ARNNZD N e
et ed

“trea agauge

Phe
BRITIE

voeent oo

the oy to
the
the

Toe,

Vi gty was
provfin ed b
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te o btie e heen devedoped in hoth the  United
[ and vane e that can pradue e ctandardized
1 decb cnmpees o gaugens baned rn the
patonted Bater preocoss o The eqsential ingredients
Pt hamdaeticedt gqange are A i e high
ettty biacaral by ctvetched  BPVDE S fitm oand the




Bauer electrical poling process. The  Gauge
Fabrication <ection of this paper reperts on our
gange standacdisation ettort

The  purpose af  this paper i to demonstrate the

use of the Bauer PVDF gauge in different shock
loading unlnading plications. Applications
described include gauges lcaded in gas  gun,
explosive, pulsed ion peam, pulsed laser and gas

<shock tube experisenic,  Gas gun applications have
dachieved u, to de GPa, while gas Lhock
tube applicatrons have achieved stresses as low as
10 KPa.
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GAUGE FABRICATION

Material
The 10 if 4 peed on the dindtedd “tates and france
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cooenting o, ey nansducer Jdevelnpment

poen b A matay i eoith weldld defined
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Figure 1. Standardized PYDF Shock Gauge
Configuration.
beetr tried ver the pyit fon years, Lut oniy  the
Bauer prove. . owmith oy peo b L bie poding
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A barey precess poling tacility has been developed
in Allmguergue, Hew Mei00 0 and has been shown
produce coutineiy high quality gauge elements with

to

high petavicatinng, fhe vemanent polaricsation of
PYDE hork gauge - troduced with the United  States
sy ctem is o the wame as produced in Fragnee at [l
and Metravib, nominally 9.2 ¢ 0.2 pioom”,

The  duint  pyagram
recultod in a uf
dervibiiny

Sper i bicat o

of PVOF gauge development haw
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standardy sadf Ltre ffatnge.
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Tab'e 1. Standardized PVDF Gauge Specifications
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Figure 2. Hysteresis Loop.

SHOCK MEASUREMENTS
Gas Gun Methods

Aoctanderd impact
heen

loading erperiment for PYDE has
develaped  for the SNIY 75 .meter compressed

gas iqun which has been dised  for many presious
stuediea tavalving precicely  comtrolied  dmpact
loading, including qguarts  and  Tithium ninbate

piezoelectyic  gange  work,
placed divectly on the fmpact
either  kel-1, -cut auartz,
fungaten  carhade g

The qauge element is
face of a target  of
J-cut capphire or

shown  in Fiqure 1, The

impactor s the  <ame  matervial  as  the target;
hence, the eguilibriom particle velucity is  known
t tha preci<ion o f the pmpact  yelooity

element . are
biehaved  shork and
J-rnt o quarts Al

ateridals  remain
GPa, re.pectively.
waves can he cavefuil,

peaci ement 001 percent .
subivoted ot unasually weld
tedoasn pulaes becaus»s the
Apphive  tavget  nd impactor
clastio ap tooaqbent 13 and 0
Thee e

The gatege

[ N

poiee o e denns

Pabie by the  pee of  thin dmpactonr in this
Arrangenent Pangaten carbide i5 used for ~tyen-
eeater then S0 GFa with 26 pm thick 1P Teflon
Fitii o dcher  oide  of  the gauge  ta provide
sheoty i b avalation., kel bois vaed  beoane of
e Toweenr e bendo At Gmpedance far o trens deas
than [ ot I ]Iy] .

Savietes odo prenis recording avrangement o haLe

been dnnectigated,  High cpeed drgrtizes o provide
the bet gerords  for cane in data rediction, #
Bigh digiticing rate i+ cequired to  tract  tie
dotaid in the  BYLE L enponse hecquse of the ey
6880  digiti-er

campte At rate ot 740 nn o per point andd
A ceeording window ot S04 ps were ysed, The
poperiment  pand twe weparate low-tong
cabler o progyide e arding of  the frgnadeat
diftereat weeativitye pather than a ~iogle cable
with A parallel connection to two digitizers,

fat boading arhie e, LeaCron
~hich
have

cogeial

The electrical currents producsd upnn impact from
elec trode areas of about 0.1 ¢m® range from about
1 to 30 amperes in the mnst recent experiments.
Current -viewing resistors with resistances between
0.02% and 0.2 ohm ae connected to the gauge

electrodes to reduce the  signal tevels 10
accoptabie  values for  the digitizers. further
sighal level reduction, i f desired, s

accomplished with microwave dividers placed at the
inputs to the oi izers.
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Figure 3. Impact Loading Configuration
for Controlled Shock Loading of

Standardized PVDF Gauges.

Although the pregram is ongoing, the results to
date aver a wide range of parameters relative to
gauge area and shock stress are shown in Table 7.
Of primary importance in Table 2 iz the fact that
the  same  vemanent polarization, which has been
shown i previous work to be crifical to produing
a repeatable  shock tvansducer, han heen achieved
in  the three  different laborataries  u,ing
crentiatly the <ame qauge tabrication procescer,
Alwo ~hown in Tablte 2 is a wide range of shock-
toading to which the gauges have been
eopned Thiv dynamic  range is an order  of
magnitude  Targer  than  any  previously available
piesoclecrtric ~hock gauge.

Comp ession

A comparison of  resulty from different gauges
shock Toaded using the controlled impact technigue
P shown an bigure 3 {11}, The shock compression
data shawn in tigure 4 were generated at  SNLA
("kTLCH  DATA™ and "SANDTA DATA™) and I51. The
ve nlty indicate minimal  scatter, with <similar
being ohtained for the ganues produced
in byance and the inited ¢ Limited data  of

“tates,
thi  tope have been obtained previous by however,
yange

VAT RN

in the covrent study the applicable  stre.s
ange vias expandod up to 3 GPa where the gange i
Stubt dunetioning proper The Ahitiny to
procduce  repeatable PYDE Shock transducers in the
Jitterent Taboratoyies to evacting specifications
now  provides the general  availability of <hock
transducers for reliable measurement applicatioen.
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Table 2. PVDF Gauge Parameters
. Gauge Gauge Ares Remacent Polar{zation Controlled Shock
Pabrication (cat) {uC/cal) Loading (GPa)
Isy 0.01 3.1 7 - 15
las x 1 am
SNLA. Ktech 0.09 9.1 0.3 - 46
Jasx 3 an
Metravib 0.C1 9.1 0.7 - 35
Lz x i am
8.0 - ~r v T
A uETRAVIB QAUGE {1 mm X 1 mm) KTECH DATA
o - O WETRAVIB GAUGE (1 mm X | mm) ISL CATA a
gso_DsmuAs‘TNmmcwﬁ(mesm) SANDIA DATA |
3 ;
3 r o g 4
~— AD
F3 4.0F o8 1
E
< - e
N
3 2.0t 1
a. - 4
L | A L

0'%.0 5.0 10.0 15.0 20.0 25.0

SHOCK STRESS (GPa)

Figure 4. PVDF Gauge Charge as a Function
of Shock Stress. (preliminary data,
detailed data analysis in process).
Some  gauges  were studied with the negative

eloctroe o the Tmpact qnfacn tg investigate the

(NIRRT ot gange electvical  ovientation  on
cutpat carreat o Data reperted here were  nhtained
with the  tandard arientation gaed by Baver in
W B the poaitive  ele trade o pilaced on the
g o face T appears there 1w an electrical
pobaric s efferr which bas  wat yet heew  fuily

Evalteted,

Pulsed Laser and lon Beam Methods

Standavdized pvGE o gauges ha,e been utilized in
pulsed  daser eaneriments who b allowad  stress
measirements te bhe wmade  within 0 pm of ths
depogition veqion whieh theoeo panging e 107
Woom' h typtoai byl e and  target
contiqueation  fo puised  Tasen and ion beam
peperiment s shown in Bigive Two  PYDE

vecerds brem thewe evnerinenty e shown i Figure

0. The Lavgpe ranal 1o nndce ratio combined with
the ability to mak: cmall wonmaor areae in the
vange  of 0l em® o the inherent {lesibility of
the IVDE ok conor alhow dats to o he obtained
fnn ecteemel, harah eletrieal environment
which  further idlnstrates  the veliability and
ulitity of the PVOF gauge.
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Figure 5. PVDF Gauge and Target Configuration.
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Representative data from a pulsed fon  beam
experiment are shown in figure 7, Again the
desirable large signal to noise ratio resulting
from the PVDF  charge outpot  characteristic is
evident. Unambiguons  (amplitude and  recording
time) shock wave measurements in these
environments could not be made witheut the PVUF
output due to the large, electincally nois.,
pulsed power accelerators used to generate ion and
photon fluxes.

Gas Shuck Tube Methods

PVDF  transducers have seen successfal application
for measuring low amplitude shock in gas {air)
shock tubes.  The gauging requirements were canily
met due to the versatitity of FVDF, permitting air
“hnok measuremant s viith Z time  resolution
previcusty not obtainable.  Lxperimentaiion at the
Ktech <hock tube facility has established the
weefulness of PYOF as  an air  shock  transducer.
PUDE transducers were  bonded onto a shock tube
insert as shown in Figure 3. A reference gauge
(PCE model 1078070 a quartz element gange with a
yesonant frequency ot 279 kHz, and 4 sensitivity
of about 7.5 my Pa over a ranige from 0 to 800 kPa)
was used ta determine equilibrium pressure after
the initial air shock veflected from the shock
tube insert,

Aiv o shorks were initiated in the tube producing
veflected pressures between 8 and 200 kba, The
<ignal  trom  the PVDE was  vecorded by oa teCroy
SANOA digital oscilloscope.  The PVOF  cufpnt was
recorded in the charge mode, with the signal sent
divectly ta the srope input (107Q) nver U wmeters
of cabile 121, A typical data rvecord is shown in
Figuve 9, which shuws the excellent time
resolution thet can be obtained with these
trancducervs.  The data ob:tained during this series
ot whock  tube ecperiments is shown in Figure 10,
agesting a unia-ial ~train calibration tactor ot

IS = . + L7 C/N

o 15.7 ¢ 0.7 pC

for the low-overpressiure aiv  sheck  response  of
Vbt . A linear response to air shock is expected
gp Lo pressures of approcimately 100 MPa (1 Kbar).

Aty shock measurements with PVOF were complicated
by thermal effects. The pyroelectric response of
Py P, te Targe, with the chavge deoncity per

degres keloan hetng eqiivalent  to preossures of
about To kbal buen ol the lowest pressures used,
the temperatine 1 the aiv chock wae a tew degroees
above ambient, A cpbetantial offert was ohuerved
when the heat  fiom tae atr shock  reached  the
acbive avea of the trepsducer.  The haracterictic

time for ditfusion of heat theough  the  spultered

leads  is on the ovder of 1 pu~, carrelat te the
signal degradation see: fo an st o ted
Lo e or A thin Film of oo o ot v pla e

ouer the wvtive gvea of the tranade o vn onder to
e the ditfusion of heat through the ety oden,

Thio ecopediont o luytinn vem od the theymal
effectn s iH(j e coptralled Shien b bt
coperimentation,  in fietd  applicoation. thevmal
cltect could be heoto cantye b led b paatecting the

PybDE transducer with o thin fidm of  Tefion or
other suitable cavering,
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figure 7. PVDF Stress Gauge Data From Pulsed

Figure 8.

Ion Beam Experiments.
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Mounting Configuration for PVDF Air
Shock Experimentation.
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Figure 9. Typical PVDF Air Shock Response.
Althaugh  thic aic shack eaneyiment ation was
conducted an oo smad U (76 mm) caompressed aiyv shock

tube,  the teanibility of WIF air  shock
meanpement - in other esperimental envirements is
amp by demenatrated, This gauying technique s
imnediately applicable 1o eaploscively driven shack
tube o Parge and smal b high-esplosive simulalions,
amd ooplocive vadinane e eoperimentation.

Underwater Shork Methods

Reoont oafierimentation At “andia National
Labearataries  and  ktech  ha, demonstyrated the
feaabiiity  of underweier ok measurements with
PIDE . Twe tydles af PYDE underwater “hock  ganges
were tielded tor verard  chocke v om from amall
axplegive detonataors (RP-11), The tir.t  ~tyle
atitge WA ey Limi ey too the  air Shodk
e apgement adisoun edoabeyse apciet oot ool i’
PVEE traaabae e boadedt teo et arbonate piug.,
The tioncdp o vy cavered  with thin Teflon
fitr and cegpended nta the test chambec onoa
Ty o vl Thio Py qane wa intended  to
mea e the eticotoon o tagnat ton o f the water
o b oo the plyg fee, The secgnd Lty le water
[N T qange Snct o ted gt oy i amt BYDE tranaducey
me et e e P end ot thin tod, a0 Adepicted in
Chgure T Phry prehe agauge wa intended foy free
field wat o heo bomeaagement o0 Both gatiije . were
Yoeconyafeed P the by mnde o Appi e imatel, &0
foct of fyoo0 cabies A Uypteal data trace  for
each gauge 19 shown oo figure 12,

These records  show  the  rapid  and  robust  PVDF
respanse torowater shock o The diflerence in ooutput
Poodue to the Tavger wotiee woea uned in the probe
v aned o bight A terenee s in placement with
respect to dthe detonation, The <hort peyviod (7 1H0
Nl neise ceen in hoth rvocords, was conarelated to
ringing  in the calide. Slthongh this i
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SUMMARY

PYDF has many applications in shack measurements.
Recent advances in stretching and poling
technigques have resulted in a reproducible shock

transducey  which can respond to fast-rising (“ns)

shock  waves, Attentinn tn quality control
vequirement s of product ion an details of
calibration tests leads ta identiril resprnse for

gauges produced at separate facilities in trance
and the United States. Thece transducers have
been used at stresses as high as du GPa.  Lower

stress calibration 10 kP of simitar transducers
using a ga, shock tube have also heen reported.

the wide vange «f PVDOF  gange applicability s
limiled primarily by the  experimentalist's

imagination.
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PIEZOELECTRIC POLYMER SHOCK GAUGE APPLICATIONS

Q: Steve Baker (Oakridge National Laboratory): I noticed that the

rise time is very fast on this device. What is the frequency band
width?

A: Larry Lee: The gauge is responding to the stress difference be-
tween the two faces of the transducer, if it's properly bonded and
properly fabricated into a mechanical matching backing. It has a
transient time at about four nanoseconds. So consequently, you're

usually limited by the recording device.

Q: ©Steve Baker: This is flip side to what you're doing. You're
measuring very high pressure levels, large stress. What about on the
other end? Could you use it in the very low pressure end since it has
more gain than other types of piezcelectrics?

A: Larry Lee: What do vou mean by low pressure?
Q: Steve Baker: Down to a few psi or lower.

A: Larry Lee: The lower pressure data that I showed down to 103 and
104 pascals, I think, one psi is 7 X 10°® pascals. So those data were
taken down to a fraction of a psi.

Q: Pat Walter (Sandia Labs): On the pressure time, the shock tube
data, you didn't specifically say it, but I just inferred from your
preamble that the backup material to your gauge in that was teflon?

A: Larry Lee: That was actually plexiglas, and when we look at the
shock response down at very low pressures the teflon, the plexiglas,
the Kel F; there are differences but they are not as noticeable as the
chart 1 showed, which went up to a 100 kilobites.

Q: Pat Walter: You showed some at least one piezoelectric constant
up there. What do they know about the other piezoelectric constants?
Like the shear constants D13,

A: Larry Lee: Not near enough, everything I've talked about has been
in a condition of one dimensional strain shock lcading. When we want
to record the milliseconds, and we want to use this gauge in other
arenas, if you will, there has to be work done in that area. One
piece of work that's been done now, is using the PVDF in a spilt
Hopkinson bar configuration, where it was between steel bars. The
only gocd news out of that is the fact that the gauge behaved in basi-
cally the same manner. The output was shifted, not shifted markedly
SO you were dgetting more output, because we think you're getting con-
tributions from the others.

Comment: Pat Walter: The reason I asked about the other constants
and just concluding the discussion, if you ignore the high-stress ap-
plication you might infer that the material is not particularly excit-
ing for one reason, it just has a large pyro-electric output so you
have a lot of thermal-drift associated with it. But in Anthony's talk
{"Built-in Mechanical Filter in a Shock Accelerometer") he eluded to
the problem of zero shift, which you always get in fero-electric
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ceramics at high levels. Just because you get some misorientation of
the dipoles since that material seems to be attuned to working at the
high-stress level that might be a candidate material for pyro-electric
type shock accelerometers.

A: Larry Lee: Very well could be.

Comment: Ray Reed (Sandia Natiomnal Labs): Larry I'd like to make
some comments to what you've just said. First with regard to the band
width, this group customarily thinks in terms of bandwidth other than
being a shock reverberation, you do not. The gauge has a peculiar
characteristic that probably most of you are not accustomed to think-
ing in terms of. Namely that when you're interested in looking at
very short duration, fast rise shocks, the gauge response in one man-
ner, it responds in the fashion that Larry described as looking at the
stress difference between opposite faces. So on each reverberation
it's behaving as a thick guartz gauge. Through that process depending
on the nature of loading, you ring up to equilibrium state very
quickly over about ten cycles. So in about 15 nanoseconds you've rung
up to the peak amplitude. So the inverse of that you might think of as
the bandwidth. It is responding in like a 10° hertz. Second comment,
was in regard to Pat's question regarding the transverse coefficients.
while neither of us said so, one of the favorable characteristics of
the gauge, in a sense, is that it does have a hydrostatic response,
which means that the normal directional loading is not completely com-
pensated for by transverse loading. The D31 coefficient that you
asked about Pat is not a shear coefficient, it's a transverse coeffi-
cient and both 31 and 32 are not zero but they're not at all well
known for this particular material and we have work in process on
that. But with regard to your question about shear response, for-
tunately, this material does not have a shear response. That is one of
the coefficients that is null in the sensitivity matrix. Beyond
that--the comment with regard to the pyro-electric response is an open
question right now. This material is extremely pyro-electrically sen-
sitive, it's a better temperature sensor than it is a stress sensor in
fact. And so, there is a question that we're trying to deal with 1is,
"What 1is the interaction?" In the paper that I presented here last
time, I made the comment because of the way those coefficients
interact--it is quite possible that what we're seeing as a stress
calibration is in fact a combination of stress loading and shock heat-
ing. Because of the way the experiments have been done to this point,
it does not allow you to separate those two effects. I believe,
Larry, you'wve had a number of results or at least a few where not only
have you been able to track the rise time but also the release path
all the way back to the base line. And that's the indication that at
least in thcse particular experiments that we have at very high
stress. The heating was not a problem, because that would have
remained while the stress vanished.

Comment: lLLarry Lee: We would expect it not to begin to come back to

the baseline i1f the heating was having the kind of effects we typi-
cally think of.
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"Selected Time Histories and Power Spectral Densities of Environmental Data Taken on
the Smart Radar at the Army Proving Grounds Yuma, Arizona During March 19838"
Wesley Paulson

Twenty-six shots were fired during the test of the SMART RADAR (4 calibration and
22 evaluation). Immediately after each shot, the data were examined and were found to
be of good quality. This "near real time” examination also showed a general increase in
the various responses (pressure, acceleration and strain) as the test progressed (as the
SMART RADAR was moved closer to the gun). Some differences were seen between
those tests where the radar was facing the gun and those tests where the radar was

orthoginal to the gun. These differences seemed most pronounced in the case of the
strain data.
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GROUNDING & SHIELDING

DIRECT EFFECT-ACCURACY/PERFORMANCE
EQUIPMENT & FACILITY LIMITATIONS
UNDERSTAND & VISUALIZE

PROBLEMS ARE '"MYSTERIOUS"

INSTRUMENTATION SYSTEM

MEASURE LOW-LEVEL SIGNALS
REJECT NOISE-COMMON MODE

TRANSITION GROUND ENVIRONMENT
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INPUT CABLE

PHYSICAL CONSTRAINTS
ELECTROSTATIC SHIELDING
A) MYLAR/FOIL

B) BRAID

ELECTROMAGNETIC PICKUP
A) MINIMUM LOOP AREA
B) MAGNETIC SHIELDING

C) INTER-8-WEAVE CABLE

BEST RESULTS

TWISTED PAIR

MINIMUM LOOP AREA

FOIL SHIELD-HIGH COVERAGE

CONTINUQUS SHIELD THROUGH INTERFACES

AVOID HIGH MAGNETIC FIELDS
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GUARD SHIELD RULE

SIGNAL CONDUCTORS & ELEMENTS MUST BE
ENCIOSED IN AN ELECTROSTATIC SHIELD
& NOT CONDUCT ANY SHIELD, GROUND OR

OTHER NON-SIGNAL CURRENTS.
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COMMON MODE SIGNALS

DC TO RF-POWER FREQUENCY
MILLIVOLTS TO 1000 VOLTS

TRANSIENT
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FIGURE 16 CURRENT SHUNT IN DELTA CONNECTED LOAD
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SOURCE CURRENT

GENERATES COMMON MODE VOLTAGES
REQUIRES OHMIC RETURN TO OUTPUT COMMON

RETURN PROVIDED THROUGH GUARD
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FIGURE 11 WAGNER GROUND - BRIDGE

F:

]
1]

1

i
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DYNAMIC MEASUREMENTS
ARE SELDOM ROUTINE

By: J. F. Lally
PCB Piezotronics, Inc.
Depew, NY 14043

Excerpts from tutorial presented at:

15% Transducer Workshop
Cocoa Beach, FL
June 20-22, 1989




3. UNDERSTANDING THE SIMILARITIES OF _VOLTAGE MODE INSTRUMENTATION:

QUESTION OFTEN COMES UP ON THE DPIFFERENCES IN CHARGE AND VOLTAGE MODE
INSTRUMENTS? THE QUESTION USUALLY COMES FROM SOMEONE FAMILIAR WITH
CHARGE MODE SYSTEMS. WE FIND IT HELPFUL TO ANSWER IN TERMS OF
PSIMILARITIES® SINCE SIGNAL CONDITIONING FUNCTIONS IN BOTH SYSTEMS ARE
BASICALLY THE SAME. THE FUNCTIONS MAY, HOWEVER, BE ACCOMPLISHED IN

DIFFERFNT LOCATIONS IN EACH SYSTFM.

THREE BASIC SIGNAL CONDITICNING FUNCTIONS IN BOTH SYSTEMS ARE:

1.) IMPEDANCE CONVERSION
2.) SIGNAL NORMALIZATION
3.) GAIN ADJUST

ALL THREE FUNCTIONS ARE COMMON TO BOTH SYSTEMS—~ONLY THE LOCATION AND

METHOD OF ACCOMPLISHING THE FUNCTION MAY VARY.

TMPEDANCE CONVERSION:-THE FIRST FUNCTION

THE PRIMARY FUNCTION OF ANY PIEZO SIGNAL CONDITIONER IS TO CONVERT HIGH
IMPEDANCE CHARGE OUTPUT FROM CRYSTAL INTO A USABLE LOW IMPEDANCE

VOLTAGE SIGNAIL J_UITABI.LE FOR RECORDING PURPOSES.

IN CHARGE SYSTFM THIS IS ACCOMPLISHED REMOTELY BY A HIGH GAIN
CAPACITIVE FEEDBACK AMPLIFIER IN THE CHARGE AMPLIFIER. 1IN THE VOLTAGE
MODE SYSTEM IMPEDANCE CONVFRGSION IS ACCOMPLISHED BY MOSFET OR JFET

MICRO-FLECTRONIC AMPLIFIER SFEALED INSIDE THE SENSOR.
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TECHNICAL AND ECONOMIC SIGNIFICANCE:

THE LOW IMPEDANCE VOLTAGE MODE SYSTEM OFFERS IMPROVED SIGNAL/NOISE
CHARACTERISTICS, ESPECIALLY WHEN DRIVING LONG CABLES IN ADVERSE FIELD,
FACTORY OR UNDERWATER ENVIRONMENTS. ECONOMIC SIGNIFICANCE INVOLVES USE

OF LOWER COST STANDARD COAXTAL CABLE AND SIGNAL CONDITIONERS.

SIGNAL NORMALIZATION (OR STANDARDIZATION)-THE SECOND FUNCTION

CHARGE AMPLIFIERS HAVE A POTENTIOMETER CIRCUIT TO ENTER CHARGE

SENSITIVITY.

VOLTAGE MODE SYSTEM

1. NORMALIZATION MAY BE ACCOMPLISHED WITHIN SENSOR, OR

2. IN THE POWER/SIGNAL CONDITIONER

NORMAILIZATION INSIDE THE SENSOR-TECHNICAL ADVANTAGES

1. SIMPLIFIES OPERATION
2. MINIMIZES RECORD KEEPING IN MULTI-CHANNEL SYSTEMS
3. FACILITATES INTERCHANGEABILITY WITHOUT MAKING CIRCUIT

ADJUSTMENTS

GAIN ADJUSTMENT-'fHIRD FUNCTION

1. GAIN ADJUSTMENT CIRCUITRY IN CHARGE AMPLIFIER
2. VOLTAGE MODE SYSTEM UTILIZES GAIN AVAILABLE IN READOUT

INSTRUMENT OR IN POWER UNIT, IF REQUIRED




TECHNICAL AND ECONOMICAY, SIGNIFICANCE

IN A CONTROLLED LABORATORY ENVIRONMENT OR CTHER CONDITIONS SUITABLE FOR
OPERATING HIGH IMPEDANCE CIRCUITRY, GAIN ADMJUST IN CHARGE AMPLIFIER
ALLOWS FULL UTILIZATION OF THE VERY BROAD DYNAMIC RANGE OF PIEZO
SENSORS.

SINCE MOST APPLICATIONS INVOLVE LIMITED DYNAMIC RANGE, IN THE VOLTAGE
MODE SYSTEM, GAIN, IF NEED#ED, MAY BE OBTAINED FROM LOW COST POWER
UNITS, EXISTING IKSTRUMENTATION AMPLIFIERS, OR IN THE READOUT

INSTRUMENT ITSELF.

THAT DEPENDS ON THYE TECHN(CAY, CONSIDERATIONS INVOLVED WITH THE
APPLICATION. THE TECHNTCAIL AND ECONOMICAIL ADVANTAGES OF OPERATING WITH
A LOW IMPEDANCE VOLTAGE SYSTEM ARE READILY APPARENT WHEN:

1. DRIVING LONG CABLES

2. OPERATING IN ADVERSE ENVIRONMENTS NOT SUITABLE FOR HIGH

IMPEDAN @ CLlRCUITRY

3. AND I} CONTINUOUS UNATTENDED MONITORING APPLICATIONS

ON THE OTHER HAND, 1IN THE LABORATORY WHERE CONDITIONS ARE DIFFERENT,
THE CHARGE AMPLIFTIEP SERVES A USEFU;. PURPOSE WHEN VERSATILITY IS
REQUIRED FOR USE WXl A WlDF RANGFE O¥ PIEZO SENSORS. IN INTERIOR
BALLISTICS APPLICATIONS, THE ELECTROSTATIC CHARGE AMPLIFIER FACILITATES
STATIC CALIBRATION, 1IN SOME PRESSURFE AND FORCE APPLICATIONS IT PROVIDES

FOR QUASTI-STATIC BYS5PONSE,
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SIGNAL CONDITIONING FUNCTIONS
IN
CHARGE AND VOLTAGE MODE SYSTEMS:

* IMPEDANCE CONVERSION
* NORMALIZATION
* GAIN ADJUST

CHARGE MODE SYSTEM:
NORMALIZATION

10 TURN POT
pC/G HIGH IMPED ANCE @
GAIN
= — 3 OUTPUT NG .
= LOW NOISE CABLE Wt READOUT

CHARGE ——\
ACCELEROMETER CHARGE

AMPLIFIER GAIN ADJUST
{REDUNDANT IN
CHARGE SYSTEM)}

IMPEDANCE
CONVERSION
/
N RHAL|ZAT|({N
IN ACCELERGMETER YAy
CURRENT G
m\é/%é&‘;/ IMPED ANCE SOURCE \,_%
=1 > 2
. ORDINARY COAXIAL OR

VOLT AGE MODE RIBBON W IRE CABLE

ACCELEROME | ER MODERN FFT ANALYZER OR

WITH BUILT-IN AMPL. VIBRATION MONITOR WITH
BUILT-IN CURRENT SOURCE

FOR |1.C.P. ACCELEROMETERS

LI

PIEZOTRONICS

YOLTAGE MODE SYSTEM:
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4. LONG CABLE CONSIDERATIONS:

HISTORICALLY, DRIVING LONG CABILLES HAS BEKN ONE OF THE MOST "GREMLIN"
PLAGUED APPLICATIONS. <COMMON PROBLEMS HAVE BEEN ASSOCIATED WITH
ENVIRONMENTAI. CONDITIONS SUCH AS DUST, HOISTURE, LIGHTNING AND RODENTS
EATING THE CABLES. OPERATIONAL PROBLEMS INCLUDE GROUND LOOPS, POOR

SIGNAL/NOISE AND AMPLITUDE/FREQUENCY CALIBRATION OF LONG LINE SYSTEMS.

THE CAPABILITY CF THE LOW iMPEDANCE VOLTAGE MODE SENSOR TO DRIVE LONG
ORDINARY COAXTAY, CABLES TN ADVERSE ENVIRONMENTS HAS HELPED NEUTRALIZE

OR AT LEAST MINIMIZE THE EFFECTIVENESS OF THE "GREMLINS".

THERE ARE SEVERAL GENERAI, GUIDFI.INES FOR DRIVING IONG CABLES THAT WILL

HELP MINIMIZE PROBLEMS AND IMPROVE MEASUREMENT RESULTS.

SEE TLLUSTRATIONS: GENERAL GUIDELINES FOR LONG CABLE DRIVING
SICN2L DELAY AMPLITUDE ATTENUATION

LINE RESONANCES

SINCE 1T IS RELATIVELY SIMPLY TO TEST YOUR LONG LINE SYSTEM, THE

MESSAGE HERE IS "7TEST", "DON’'Tf GURSS™!
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LINE RESONANCE (overshoot) ADJUSTING 073A LINE IMPEDANCE
RESULTING FROM SQUARE MATCHING RESISTOR TRIMS OUT
WAVE, FAST RESPONSE, TEST LINE RESONANCE
SIGNAL INPUT
400 ft. RG-62U - No Series Resistor 400 ft. RG-62U - 91Q Series R (073A)

—| |=—10ps —] f=—10us

LINE RESONANCE (overshoot) IS CAUSED BY INDUCTANCE IN THE
LONG LINE. THE SERIES RESISTOR ACTS LIKE AN LP FILTER AND CAN
BE ADJUSTED TO TRIM OQUT OVERSHOOT.
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OPERATING IN LOW IMPEDANCE VOLTAGE MODE
PERMITS WIDE SELECTION OF STANDARD LOW COST

CABLES AND CONNECTORS.

ORDINARY COAX

- RG-58U
RG-62U

| 2-PIN SOLDER CONNECTOR
i 10-32 THD

R
;’.'ﬂ.'g"‘}t“
R

,RIBBON WIRE

STLIDC
(Insulation Displacement Connector)

/

RIBBON
AN

Y,

ADHESIVE

MCUNTING
PAD

i




5. RANGING:

QUESTIONS OFTEN COME UP ON RANGING O7 PIEZ0 SENSORS. WHY WOULD A

PRESSURE TRANSDUCER RANGED FOR 100 PSI BE SUGGESTED FOR A ONE PSI
MEASUREMENT? WHY DO SOME TRANSDUCERS LIST A 5 VOLT AND 10 VOLT OUTPUT?
HOW DO I SELECT A TRANSDUCER TO MEASURE Y 1 PSI AT A STATIC LEVEL OF

1000 PSI?

PIEZO TYPE SENSORS HAVE A VERY WIDE LINEAR DYNAMIC RANGE WHICH CAN BE
AS MUCH AS ONE MILLION TO ONE. IF WE TAKE A LOCK AT THE CONSTRUCTION
OF A TYPICAIL QUARTZ FRESSURE SENSOR COMPARED TO A STLAIN TYPE SENSOR,

IT WILL HELP UNDERSTAND HOW THE WIDE LINEAR RANGE IS ACHIEVEDL.

SEE ILLUSTRATIONS: QUARTZ PIEZO PRESSURE SENSOR

STRAIN GAGE

NOTE THAT THE PRIMARY DIFFERENCE IN THE TWO SENSORS ILLUSTRATED IS THE
THIN DIAPHRAGM ON THE QUARTZ SENSOR IS AIMOST FULLY SUPPORTED BY A
HIGHLY PRELO2DED RiGID QUARTZ SENSING ELEMENT. THE PRELOAD TIMPARTS
EXCELI ENT LINEARITY FOR ICW LEVEL MEASUREMENTS AND THE RIGID QUARTZ

COLUMN SUPPORTS THE DIAPHRAGM TO ESSENTIALLY THE YIELD STRENGTH OF THE

QUARTZ.




e e

QUARTZ PIEZO
FRESSURE SENSOR

THIN METAL DIAPHRACM
SUPPORTED BY A RIGID
COLUMN OF GUARTYZ

STRAIN GAGE

HESioTIVE \\

STOAIN X\

CUEMET

THIN UNSUPE Dbk
DIAPHIIRAGM
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AS CAN BE SEEN, THE DIAPHRAGM OF THE STRAIN TYPE SENSOR IS UNSUPPORTED.
THE DIAPHRAGM MUST FLEX IN ORDER FOR THE STRAIN SENSITIVE ELEMENT TO
CHANGE RESISTANCE. DIAPHRAGM THICKNESS IS, THEREFOKE, GAGED TO SUPPORT

A LIMITED PRESSURE RANGE.

DYNAMIC RANGE TO 10,000 PSI. AS AN ICP, (INTEGRATED CIRCUIT PIEZO

SENSITIVITIES AND RANGES.

SEE ILLUSTRATION: -RANGING
DESCRIBES HOW A TYPICAL WIDE DYNAMIC KRANGE
CHARGE MODE TRANSDUCER IS RANGED AS AN ICP

VOLTAGE MODE DESIGN

THE BIAS, (TURN CON VOLTAGE), OF THE BUILT-IN IC CIRCUIT AND POWER

SUPPLY VOLTAGE DETERMINE THE VOLTAGE SWING:

12 v BIAS 18 VOLT POWER = 5-6 VOLT SWING

12 v BIAS 24 VOLT POWER 10 VOLT SWING

THE CAPABILITY TO MEASURE SMALL DYNAMIC PRESSURES UNDER HIGH STATIC
LOAD IS A UNIQUE CAPABILITY OF PIEZO PRESSURE TRANSDUCERS. SELECT A

TRANSDUCER WITH HIGHEST SENSITIVITY WITH SUITABLE OVERRANGE CAPABILITY.




RANGING
TYPICAL CHARGE MODE iCP PSi PRESSURE SENSOR
LINEAR DYNAMIC RANGE ¢ - 10,000 psi

RANGED AS AN ICP VOLTAGE MODE SENSOR

(Cpen circuit voltage sensitivity 50 mV/pst)

| 5VFS 10V FS
SENSITIVITY { RANGE RANGE
i R R .
50 mV psi ; 0- 100 psi C- 200 psi
(';o mVinsi . 0- 500 psi 0 1000 psi
CAPACITORATINPUT ] SmVipsi 1 O - 1000 psi 0 - 2000 psi
OF IC ATTENUATES |
SIGNAL & INCREASES ,»‘ T mVpsi 0 - 5000 psi 0 - 10,000 psi
RANGE | o ,
\ O mVips ! O0-10000psi + -

BIAS VCOLUTAGE OF BUILT-I 1C AND POWER SUPPLY AND

VOLTACE LzV=L CETERMINES 5 OR 10V RANGE CAPABILITY

12V BIAS 18V PCWER = 5V RANGE
e BOAL DA 2WER S 2 10V RANGE




6. MODELING:
COMPUTER MODELING IN THE FORM OF FINITE ELEMENT ANALYSIS, PERFORMED
PRIOR TO EXPERTMENTAL TESTING, PROVIDES INSIGHT INTO THE PERFORMANCE

CHARACTERISTICS OF THE TEST STRUCTURE.

IT IS EQUALLY IMPORTANT, WHENEVER POSSIBLE, TO SET UP AND MEASURE

PERFORMANCE CHARACTERISTICS OF A BEHAVIOR MODEL OF THE TEST STRUCTURE.

SEE ILLUSTRATION OF COMMON BEHAVIOR MODELS




TYPICAL EXAMPLES
OF BEHAVIOR MODELS

SHOCK TUBE
(helium driven)

‘r ‘thwf-- ih e
N a»
nlr ***]* R B T

a e
~ -
.
cmv

%

oae

B e —

DYNAMIC CALIZRATICN AND FREQUENCY
RESPONSE TESTING OF TRANSDUCER.

GUN TUBE
22 CALIBER

SR

=

CHECK OUT BLAST TRANSDUCERS.

PLEXIGLAS DROP SHOCK MACHINE

(i

|
:-l

|
i
|
i
{

CHECK O ACCELEHATION 5HOUK
\)..NSKJ““ CHANGE MATEZ Al i
MAPACT BEAST TO AL gl evitL AND

FREDUENCY

SMALL TALIB
ST BARRES

IS B

N

TEST 2ALLISTHIC THANGREICERS
T

PRECIHEY UG 2O 3

SMALL COMPRESSOR

r“‘_ A
Y e )
1 {
i I
! 1
[

/

\
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// s

FROVIDES REPEATABLE OSCILLATING
PR=SSURE SOURCE.

OTHER MODEL IDEAS:

GMALL ONE CYL. ENG COMBUSTIC

PMOLEL SO N ROCWET T

UST

FRED FIELD
BLACT
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MEASUREMENT OF THE KNOWN PERFORMANCE
CHARACTERISTICS OF A BEHAVIOR MODEL PROVIDES FOR:

« FAMILIARIZATION & CHECKOUT OF INSTRUMENTATION IN
A CONTROLLED ENVIRONMENT WITH LITTLE RISK OF

DAMAGE TO EQUIPMENT

» SYSTEM CHECKOUT -- YOU KNOW INPUT AND DESIRED
RESULTS FROM BEHAVIOR MODEL

« TRAINING OF NEW PERSONNEL IN MEASUREMENT
APPLICATION

- TROUBLE SHOOTING -- TESTING OF QUESTIONABLE
INSTRUMENTS IN BEHAVIOR MODEL

- BETTER ASSURANCE OF SUCCESSFUL MEASUREMENT
(ESPECIALLY IMPORTANT IN COSTLY 1-SHOT TEST)
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DISCHARGE _TIME CONSTANT

DEFINITION: DISCHARGE TIME CONESTANT (DTC)- TIME REQUIRED FOR A
TRANSDUCEy OR MEASURING SYSTEM TO DISCHARGL ITS SIGNAL
TO 373 0¥ THE CORIGINAL VALUE FRUM A STEP CHANGE OF
MEASUREAND. DISCHARGE TIME CONSTANT DIRECTLY RELATES TO
THE LOW ¥REQUENCY HMEASURING CAPABILITY FOR BOTH
TRANSIENT AND SINUSOIDAIL EVENTS. (DTC SHOULD NOT BE
CONFUSED WITH RISE TIME WHICH RELATES TO HIGH FREQUENCY

RESPONSE.,

DISCHARGE TIME CONSTANT 1S SOMETIMES CONFUSED WITH "RISE TIME™. AS
NOTED ABOVE, DTC DEFINES IOW FREQUENCY RESPONSE. A RECENT CALLER WHO
WANTED TO MAKE A& PAST RESPCNSLE SUDCK WAVE HMEASUREMENT, LOADED THE SCOPE
INPUT WITH A 50 OHM RESISTOR TO "SHGRTEN THE TIME CONSTANT®" UNDER THE

ASSUMPTICN TIT WOULD INCREASE THY PISE TIME.

THIS CONFUSION MAY ARISE FROWM THE DE{IRITION OF ®"TIME CONSTANT"™ TAKEN

FROM THE ELECTRONi{ DICTICNARY, H4YGRAW-HILI, 1978 WHICH READS:

PTIME CONSTANT 1S TIRE TIiWE REQUIRED FOR A VOLTAGE OR
CURKENT TN A CIRCUIT PC RISE TO APPROXIMATELY 63% OF
TS STFADY STATE FiNHAL VALUE ——---— OR————— FALL TO
APPROXIMATELY 37% OF I''S INITIAL VALUE.

DISCHARGE TIiME CONSTAMTS ASSOC{ATED WITH ICP INSTRUMENTS INCLUDE:

THE TRANSDUCER DTC WHRTCH IS LI3TED OM THE SPECIFICATION SHEET, AND THE
AC COUPLED POWER UNIT Wi{iCH DECOUPLES THY BIAS VOLTAGE RIDTNG ON THE

TRANSDUCER SIGNAL LEAD. 1.3




WITH CAPACITIVE BIAS DECOUPLING, THE CAPACITOR AND THE INPUT IMPEDANCE
OF THE READOUT INSTRUMENT ESTABLISHES A HIGH PASS FILTER WHICH

DETERMINES THE LOW FREQUENCY RESPONSE.

POWER UNITS ARE ALSO AVAILABLE WITH ACTIVE OP-AMP BIAS DECOUPLING
CIRCUITS WHICH PROVIDE A ZERO BASED LOW IMPEDANCE OUTPUT. THIS TYPE OF
POWER UNIT MAINTAINS THE TRANSDUCER DISCHARGE TIME CONSTANT INTO ANY
READOUT LOAD IMPEDANCE. IT IS ESPECIALLY USEFUL WHEN COUPLING INTO

TAPE RECORDERS WHICH HAVE INPUT TMPEDANCE AS LOW AS 20K.

DISCHARGE TIME CONSTANT AND OTHER TECHNICAL INFORMATION IS DESCRIBED IN

MORE DETAIL IN OUR TAN COLORED “GENERAL GUIDE TO ICP INSTRUMENTATION".
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APPLICATION FNGINEERING SUGGESTIONS TO HELP SMOOTH OUT

THE MEASUREMENT PROCESS

DIGITAL, PEAK METER

WHEN RECORDING MEASURKMENT DATE WITH A FLIGITAL PEAK HOLDING METER,
MONITOR THE INPUT WAVE FORM WITH A SCOPE. OTHERWISE YOU COULD BE
MONITORING HOISE YROM A I.COSE CONNECTION OR DISTORTED TRACE FROM POOR

SENSOR INSTAIIATTON.

TRANSDUCERS WITH LONG DNISCHARGE TIME CONSTANTS:

MAY TAKE LONGER TO TURN ON. MOST PCB UNITS MNAVE A COLOR CODED METER
THAT MONITORS THE TURN ON (BIAS VOLTAGE) OF THE SENSOR. ALLOW A FEW
MINUTES AFTER TURNING POWER UNXT ON TO SEE IF THE METER POINTER SWINGS

INTO THE PGRELNT K=GION TADICATING PROPER TURN ON.

 SERVIUE:

WHEN RETORNING AN I'i'tW PO SWRVICE, ATTACH A TAG TO THE ITEM GIVING
GETALILS OF THE vYLOELEM. ALSC COMMUNICATE WHEN YOU FEEL THE ITEM HAS
RHOS PROVIGED GOOD SkEUvICY Lirvk-TH1S INFORMATION IS VALUABLE WHEN M~XING
WARRANTY ADTUSTMENTS, YROVIDE 2 NAME AND TELEPHONE NUMBER SO YOU CAN

BE CALLL} TV HLEDOFD

ORDER _SPAKE CABLES:Z

CABLES ARE Sidexniiol DyituoN wED A - 1HE WEAKEST ELEMENT IN THE
MEASUREMENT SYSTHM. 1 YCU DON'f MAKE YOUR OWN CABLES OR MAINTAIN A
STOCK, OKRDER SPARE CABLES. CABLES WILL LAST LONGER IF THEY ARE TAPED

OR TIED DOWN T RELIFVE STRESSES AT THE SENSOR CONNECTOR.

1




TRANSDUCER INSTALLATION

THE IMPORTANCE OF DETAILED ATTENTION TO SENSOR INSTALLATION CANNOT BE
OVEREMPHASIZED. PROBABLY NO OTHER SINGLE FACTOR HAS AS MUCH EFFECT ON
THE QUALITY OF YOUR MEASUREMENT DATA. POOR INSTALLATIONS USUALLY

OVERSTRESS SENSOR HOUSINGS AND DISTORTED DATA. THE SOLUTION TO A POOR

SEAL SURFACE IS NOT MORE TORQUE.

SEE ILLUSTRATION: SEE PRESSURE SENSOR INSTL. & FORCE SENSOR

MOUNTING

MOST MANUFACTURERS PROVIDE DETAILED MACHINING INSTRUCTIONS, SURFACE
PREPARATION, AND RECOMMENDED MOUNTING TORQUE FOR THEIR PRODUCTS. IF

YOU DIDN'T GET THIS INFORMATION WITH YOUR PRODUCT, REQUEST IT.
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SOR INSTALLATION
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COMMUNICATIONS:

WHEN CALLING IN FOR APPLICATION ASSISTANCE, PROVIDE AS MUCH DETAIL AS
YOU CAN. A BRIEF DESCRIPTION OF YOUR APPLICATION, APPROXIMATE RANGE,
FREQUENCY RESPONSE UNUSUAL ENVIRONMENTAIL CONDITIONS, AND WHETHER IT IS

A TEST OR CONTINUOUS MONITORING IS IMPORTANT.

EG: QUESTION: WILL YOUR TRANSDUCER OPERATE AT 1200°F?

ANSWER: YES AND NO, IT DEPENDS ON A LOT OF OTHER FACTORS.

BETTER QUESTION: DO YOU HAVE A SENSOR THAT WILL MEASURE LOW PRESSURE
EXHAUST PRESSURE PULSATIONS IN A DIESEL ENGINE AT 1200°F?

ANSWER: YES, MODEL 112A21 50 mV/PSI ACCELERATION COMPENSATED
TRANSDUCER MOUNTED IN THE MODEL 54 WATER COOLED ADAPTOR OPERATES
VERY WELL FOR YOUR APPLICATION. THEY ARE DESCRIBED ON PAGES 13
AND 26 IN THE CATALOG. ARE THERE ANY OTHER UNUSUAL ABOUT THIS

APPLICATION.

WHEN CALLING ABOUT EQUIPMENT PROBLEMS OR OPERATION.

1.) HAVE MODEL NUMBERS OF SENSORS AND SIGNAL CONDITIONERS.

2.) HAVE CATALOG AND MANUAL IF YOU CAN IL.OCATE IT AT HAND.
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WHAT DOES SHORT-TERM STATIC RESPONSE MEAN?

YOU MAY SEFE REFERENCFE IN THE LITERATURE TO THE EFFECT THAT A SEN:SOR MRY
HAVE "SHORT-TERM™ STATIC RESPONSL AND IS SUITED FOR "QUASI~STATIC"

MEASUREMENTS.

THE USE OF SUCH "nDEFINED TERMINOLOGY IS PURPOSELY VSED 170 1LLICIT
CUSTOMER QUESTIONS ON WHAT IS MEANT BY ®"SHOR{-TERM" END TO OBTAIN
MEASUREMENT DETAILS NECESSARY TO DETERMINE IF THE SENSOR IS SUITABLE
FOR THE APPLICATION. KEEI IN MIND THAT MANY QUARTZ SENSORS HAVE
EXTENDED DISCHARGE TIME CONSTANTS LONG EROUGH TO PERMIT STATIC
CALIBRATION. IN SOME CUSTOMFR APPLICATIiONS REQUIRING NEAR STATIC
RESPONSE, CERTAIN CHARACTFRISTICS OF THE QUARTZ SENSOR MAY BE HIGHLY

DESIRARBLE.

SUCH DESTRABLE CHARACTERISTICS MAY INCLUDE:
HIGH ST1FFNESS
SMALI, SIZEF COMBINED WI'TH HIGH RANGE
HIGH VOLTAGE OUTPUYT

RUGGEDNESS AWD 1LONG LIFE IMPARTED BY SOLID STATE DESIGN

HOW LONG A QUARTZ TRANSDUCER Wil.l, MEASURE A STATIC FVENT 1S DETERMINED

BY SEVERAIL VARIABLES, INCLUDING:

OISCHARGE TIME CONSTANT OF THE SENSOR AND

THERMAI, AND OTIER ENVIRONMENTAL CONDITIONS




DURING THE APPLICATION DISCUSSION, THE TIME DURATION OF THE MEASUREMENT
EVENT IS DETERMINED RELATIVE TO THE DTC, TEMPERATURE VARIABLES AND
OTHER ENVIRONMENTAL CONSIDERATIONS. WITH THIS INFORMATION, 1HE
APPLICATION ENGINEER CAN DETERMINE IF THE SENSOR IS SUITABLE FOR THE

CUSTOMERS APPLICATION.

OFTEN, WHAT IS "STATIC™ AND WHAT IS "DYNAMIC™ TS IN THE EYES OF THE

BEHOLDER.

A TECHNICAL REPORT R¥FERS TO A TEST RUN TIME OF 1.5 TO 6 MILLISEC WHICH

IS ENOUGH TO ACHIEVE "STEADY STATIC CONDITIOWNS™.

"ANOTHER CUSTOMFR ADVYSES HIS PRESSURE APPLICATION IS LDYNAMIC--"IT

CHANGES TWICE A DAY".
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B1AS VOLTAGE

AN OUTPUT OFFSET VOLTAGE, COMMONLY REFERRED TO AS "BIAS™ OR "TURN-ON"
VOLTAGE, IS A NATURAL CHARACTERISTIC OF FIELD EFFECT TRANSISTORS USED

IN ICP SENSORS WHEN POWERED FROM A CONSTANT CURRENT POWFR SCJURCE.

IN AN ICP SENSOR INCORPORATING A TWGC WIRE SYSTEM; THE SIGNAI, RIDES ON
TOP OF THE DC BIAS VOLTAGE. THIS DC VOLTAGE IS REMOVED IN THE POWER
UNIT BY MEANS OF A CAPACITIVE BIAS DECOUPLING CIRCUIT OR AN ACTIVE OP-

AMP CIRCUIT.

MONITORING THE DC BIAS VOLTAGE WITH A METER CIRCUIT IN 1THE POWER UNIT,
INDICATES NORMAL OFR. FAULTY SYSTEM OPERATION. THE COLOR CODED READOUT

MFTFER, OR LED, INDICATES NORMAl, OR FAULTY OPERATION.

ICP SENSORS ARE AVAILABLE WITH BIAS VOLTAGE IN THE 3 TO 5 VOLT AND 10

TCO 12 VOLT RANGE.

BY ORIENTING THE CRYSTALS IN THE SENSOR TO PROVIDE EITHER PLUS OR MINUS
OUTPUT POLARITY AND CHOOSING EITHER A LOW OR 'IGH BIAS ELECTRONICS, ICP

SENSORS CAN BE PROVIDED TO OPERATE FROM VIRTUALLY ANY SUPPLY VOLTAGE.

SEE ILLUSTRATION-TYRPICAI, 2 WIRE 1CP SYSTEM
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ZERO SHIFT

THERE ARE SEVERAL CAUSES OF ZERO SHIFT, AND APPARENT ZERO SHIFT.
POTENTIAL CAUSES OF ZERO SHIFT AND THE CONDITIONS WHERE IT IS LIKELY TO

OCCUR ARE ILLUSTRATED.

SEE ILLUSTRATION-ZERO SHIFT
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ZERO SHIFT

IJA
g

, =

ZERO SHIFT CAUSES:

MEASUREMENT CONDITIONS
LIKELY TO PRODUCE ZERO SHIFT:

Sensor design or quality

Mounting stress on sensor

Transient thermal effect

Short discharge time constant

Uneven loading
Non-symetrical filtering
Spurious electrical inputs

Erratic connection; open
circuits

High frequency metal-to-metal impact

Non-precision mounting surface or
port overtorquing

Flash temperature associated with
shock or blast waves-no thermal
ablative

Longer duration half-sine or nuclear
simulation events

Edge or side loading of sensor
High frequency, heavily-filtered data
EMI, RF or electrically actuated events

High shock environment
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RECOGNIZING ERRATIC CONNECTION

SEE ILLUSTRATIONR~THE MICRODOT CONNYCTOR

ON MANY SENSORS USING MICRODOT CONNECTORS, THE GROUND CONNECTION PASSES

THROUGH THE FLOATING THREADED CONNECTOR.

IF THE CONNECTOR LOOSENS DURING A MEASUREMENT CAUSING AN INTERMITTENT
OPEN CIRCUIT, IT CAN ACT LIKE A SWITCH. 1IN ICP TRANSDUCERS, THE SIGNAL

WILL GO TO THE SUPPLY VOLTAGE AND SHOW FULL SCALE SPIKES AS

ILLUSTRATED.

SEE ILLUSTRATION-SOLDER CONNECTOR

THE SOLDER CONNECTOR ADAPTOR, RECOMMENDED ESPECIALLY FOR HIGH SHOCK

APPLICATIONS, IS OF ONE PIECE DESIGN, AND MAKES A MORE POSITIVE GROUND

CONNECTION.
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THE MICRODOT CONNECTOR
AN ELECTRICAL SWITCH?

FLOATING CONTACT MUST BE MADE
NUT AT THIS INTERFACE TO
\ PREVENT OPEN CIRCUIT

SHIELD
/ GND

s | Spanns [ i SIGNAL/

T | . POWER
%/ TP T I T TP T P

N\

| - P R
R S - —— - N
S SR R R4 B B
| N
ﬁy-fl,*_gra_,f._.“.\s;;
| T |

ERRATIC CONNECTION USUALLY PRODUCES

FULL SCALE SPIKES 8




SIG/PWR

FUSED ﬁ oy
AN

GLASS/METAL
FEEDTHRU ~

GND
070A09
10-32 SOLDER CONNECTOR
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COMPLEX SYSTEMS

SEFE ILLUSTRATION-COMPLEX SYSTEM

THIS ILLUSTRATION IS NOT NECESSARILY THE APPLICATION ENGINEERS
PERCEPTION OF YOUR DATA ACQUISITION SYSTEM. HOWEVER, IT IS NOT UNUSUAL
FOR THE APPLICATION ENGINEER TO BE ASKED TO INTERPRET THE OUTPUT DATA

AFTER IT HAD BEEN RATHER EXTENSIVELY CONDITIONED.

AFTER PURSUING POSSIBLE SENSOR INSTRUMENTATION PROBLEMS INCLUDING
GROUND LOOPS, CABLE INTEGRITY, AND OTHER ENVIRONMENTAL CONDITIONS, HE

WILL MOST LIKELY SUGGEST:

1. LOOKING AT THE INPUT ON A REAL TIME BASIS TO DETERMINE

IF THE 1iNPUT IS GOOD OR

SEE ILLUSTRATION—-492A SENSOR SIMULATOR

2. TO PROVIDE A KNOWN INPUT TEST SIGNAL DISCONNECT THE
SENSOR AND APPLY A KNOWN TEST SIGNAL FROM THE 492A SENSOR
SIMULATOR. THE 492A PROVIDES A 100 Hz SQUARE OR SINE WAVE

INPUT OF KNOWN AMPLITUDE.

ONCE YOU HAVE DETERMINED THAT THE INPUT SIGNAL LOOKS GOOD, THEN IT MAY

BE A JOB FOR A SYSTEMS ANALYST!
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SENSOR SIMULATOR

Model 4928

SPECIFICATIONS Model No

4928

Gam (solation Amphfie:.

Ouscllatorn Frequency (S o saiie Wave)
Oscrlatar Voltage (pk e pkoy adyustable
Swe (hxwxoh

vonnectons

Battenes two St OV o e caapphied
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CONCLUSION

WHILE DYNAMIC MEASURFMENTS MIGHT STILL BE SELDOM ROUTINE, THEY ARE
BECOMING MORE AND MORE ROUTINE. INCORPORATION OF BUILT-IN

MICROELECTRONICS HAS TMPROVED PERFORMANCE, SIMPLIFIED OPERATION AND
MADE SENSORS MORE TOLERANT OF ADVERSE ENVIRONMENTS. IN ADDITION TO

GREATLY REDUCING THE PER CHANNEL COST.
TODAY, ICF TYPE SENSORS ARE USED EXTENSIVELY AND SUCCESSFULLY FOR
UNATTENDED CONTINUQUS MONITORING OF DYNAMIC PHENOMENA ON MACHINERY AND

STRUCTURES IN TOUGH FACTORY, FIELD, AND UNDERWATER ENVIRONMENTS.

WHEN YOU GET INVOLVED WITH THAT "UNUSUAL APPLICATION", SEEK APPLICATION

ENGINEERING SUPPORT - DON'T USE THE "DART BOARD™ APPROACH.

SEE ILLUSTRATION-DART BOARD
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Resistive Clagsica] Thin Film 5td Cell

A resistive transducer consists of a Development Cost » Med+ Low Med
wirea or conductive path wiose 1esistance fincludes protu qty.) 1) (1-5) (25)
Cha“9§5 asritnls elongated and a plat- Time to Production  10-12mo  5-6 mo 7-9 mo
form for artaching this sensing elenent 1aﬂorde$gnconccpw
te the surface to be measured. The ) Co
~hanqe 1n resi1stance 1s small and 1s Production Unit Cost
usually coenverted to a voltage by making Gy, 100 High Med Med+
the <ensing elemernt a leg 1n a "bridge” 1000 High Med- Med
J1reult. 1000+ Low Med- Med-
Fiazrrecistive Cost of Revision

Breadboard Low Low Low
This transducer 1% sSimilar to the resis- Proto Med Low High
tive type, except the sensing element 1s Time for Revision 3-4 mo 1-2 wk 1-2 mo

a prezoresistive material.

Interface

Although the i1nvestination has not been
that rigorous or exhaustive (based enly
on hudgetary vendor and endgineering
estimates for an assumed circuit
complexity', the indication is that a
thin film approach has the advantage of
the earliest results with the least cost
for the anticipated initial quantities.
The low cost and faster turnaround of
revision is also attractive for a
development pruject, The classical
approach has the best chance of reaching
the tinal c¢hip size goal and may be
nltimately necessary for the production

The output signal of the basic trans-
ducers ~an be sensed direstly, but in
some applications the signal levels are
tow and even with care 1n transmission
the signal 1s not much yreater than tlie
nnise. In those r~acses the distance to
the amplificotinon must be short to
recover a us+ible gi1gnal. The Tapacitance
and resistance of the cable to the
remate amnlifier alse affect signal
quality and limit the use of the sensed
Y4t a3, Specral rransmission techniaues
andd ynterface hardware have been

developes ) ro rompen<sate for rhe problems “hips

Chi 5.
tuhervent 1 Jdat 2 acguisition from these
rtransducers. il

DESIGN AFFROACH

N owilth oanst sepgors, the basic elements
are limited 1n their range of output and
re sensitive ro changes 1n temperature,

Svsten Cons:d

13

ratiens

o Befcre detall desiun of the microchlyp

mimidity -nd pre-sure. These character-

nmimrdity end Pl;l U‘:1 ;‘ . ;31 Lh r “in hegln €omée Giest1onsS mMust fe
ST1TT Ale UEUS ac sssed t

el ; o, A Foug answered and scome trade-offs made

et gt o PN 1 nE R 214 e

cornETrachan e nd cs1dn tor a “oncerning the speration of rhe

et applieation and envireonment.

rravsducer in oa data acgulisiticn system.
The areas aldrecsed 1pvolve the
interface, preocescsing  testilna. and

FATRICATION TECHNOLOGY Transducer Interface
One ¢of the goals cf the project 1s to
develop a practical transducer i1nterfar-e
that will Le common to many tvpes of
sensing elements. (The connection to the
sansing element will e unigque to the
11put and made at the time of i1nstal-
lation 1n a transduocter)

The poscible nge . f alternate tachpnolo-
d1es ameds o be tansidered st the
berinning of tas pr2ajest, since the
f1a4l 1mplementation i< limited by the
Aavallatiirty of compornents or us&‘of
definedt "ai1ldrny vlocks and, therefore,
the desion be~rmes a tunction of these
fartores 1n additicon to th: desired

cey oL mans ~pf - onS
performance specyf arions, To be fully functicnal the micrnchip

will reqguire an 1nterface module rhat
supplies powver. provides a path and
anditioning {cry proaramming data,
recelves transducer AT and test sianals,
and drives recording and analvsis
equipment

Freliminaty investlgations into availl-
ihle alteinatives to the ~lascica
apprcach Y2 ~hip fabiication have
tesulted 1n the toliowing compatlsaons.
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selecrable 3dB point at ©.5, 2. 5, or ii Test - generates test excltatlon
leK Hz. The roll~ff of the low , ass signals and evaluates responses, and
filter may be selectable to accom-odate generates serial output data. The test
a smooth tailoring of compensation “or data 1s selectable by external command
crystal resonance and therefore, ext.nd- and could include a status code with
1ng the transducer bandwidth. A bypasc summary operating ronditions, a pulse
selection of either or both filter train of variable length and frequency,
sertions is also pogsible. and an ID code (an ASCII pulse tra:in
wlth rhe model, trancducer type, and
29 Gain - se.lecticns of %1, %x1@, %100 location ~oded) .
1n1ease or decrease 1n signal ampli-
trde. Rutomatic gain control canld be 31 Tontrol - decodes c~mmands and sets
applied, but this would reguire an 1ndi- conditions to control operation.
carion to rthe data acquisition equipment Commanded operatinns include:
sf the maynitude of the new gain factor - input new stored data.
and at what poiat the change occurred. - transmit ID ~cde,
- transmit pulce train of "n”
f: Integrate/Differentiate - one or two pulses at "m" frequen-=vy,
ctzges of 1ntegration or differentiation - perform test,
cf the filtered si1gnal 1s selectable. - perform calibrate.
41 Cutput Select/Drive - an analog The output will remain in the sensar
selactian petueen rhe sensed s1anal and s1qnal condition until a command 1<
tre rest data. The output 1s a low impe- received.
Tance -able ddrive. The selection 1s made
cnocommad from the Interface NModule.
ny Frwer - geperates the voltave levels
neaded for chip operatisn wnd sensor
f1a%. Thanyes 1n jous: levels are censed
tooanitlate controloactions.
is FS £ FS
i ‘ l
AR -
CHARGE l ! INTEGRATE -
r P~ o——| FILTER ) < —-
NPT o NeuT t GAN DIFFERENTIATE
| e [ \
iy . ouTPuT
TO CAPAC TIVE \ SELECT SELECT
—— L S
.- X ' DRIVE
J MONITOR POINTS -
o TEST SIGNAL
5 CODE
s D LQDE »  TEST
SELECT
FUNCTION
SELECT '}
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GENERATE
T TEST. OUTPUT
IN. QUT
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MEMORY 4y
ADDRESS — [
START
POWER
O
T
INTERFACE
MODULE

FIGURE A.

MULTIFUNCTION TRANSDUCER MICROCHIP BLOCK DIAGRAM {




SUHMHARY

The devel:ipment of a programmable mio-r. -
“hip that can be 1nstalled 1n capacltive
and 1esistive transducers will eliminate
many of the application decisions now
required to properly 1nstrumeni environ-
mental tes*ing and data collection.

“rplying signal conditicning and pro-

cessing functions ot the point 2f th

sensed spgrnal wrll inpreve data o guality

vhile rvednzing the bPavidwasre recaired for
\s

La acqguisiniion

1€

Althougl only the specification and «

fLU phzse of the [1o1e2ct are complete,
and the detail design and breadboard
fahrl ation phase 19 10gT heginning,

Loged an experience wivh 1related devel
pamente, e feel the praocect will be
smpleted successtully. The guestions

r ¢ paper w1ll he 1nvesti-

1ated and esolved 11 paraillel uith the
'»s19n of the defirned chiy ~lements 1in
tae next gquarter. Production T~hips are
planned t 0 ke available hetore the end
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A COMPUTER PROGRAMMABLE TRANSDUCER MICRO CIRCUIT

Q: Steve Baker (Oakridge National Laboratories): I notice that you
have several chips on board right now in the hybrid state and you are
finally going to have one chip. Where do you get the power for this

chip? Does it come down the line?

A: Kenneth Appley: Right, down the 1line, over the same two wires.
This is standard row. That is not new technology. The power is being
supplied and the sense signal comes back over the same lines.

Q: Steve Baker: Just one or two questions about performance. What's
the resolution in terms of bits of your signal? Is it going to be
like a 12~bit signal coming out?

A: Kenneth Appley: We are still working on that. My first calcula-
tion showed that it is probably going to be at least that. Now this
is an analog signal coming down the line. There is no A to D con-
verter in it. That is about the resolution that we are going to need.
We are not sampling so we don't have all of those problems right now.

Q: Pat Walter (Sandia National Labs): Acceleration signals by defini-
tion in nature are typically wild. What logic are you putting into
gain changing? What is the criteria to autorange it? The double

differentiation is really a tough problem, especially if there is any
noise present at all. Any comments on that?

A: Kenneth Appley: On the first question, we don't think that ac-

celerometer signals are that wild. We are not trying to assume how
this thing would be used or what your environment 1is. Everything is
programmable. We are putting in capabilities to do things and it is
up to the user to decide what he wants to do and when. The capakility
will be there to program gain selections of 1, 10, and 100. So i1f you
find that the things are too high, or that your signals are getting
clipped, at that point you can change the gain. It is not an
autoranging. Autoranging is a tough thing to do, especially in a test
environment. If this device arbitrarily goes out and changes the gain

for you, I don't think that you are going to be very happy unless it
does two other things: it tells you when it did it, and it tells you
by how much it did it. Now those two things are a little more than we
want to bite off right now to fit into the data stream. 2his 1s not
an autoranging device. The whole thing is set up as a programmable
device., Some of the programming is done at the factory. Some of the
programming 1s to be done as the device is installed, and then others
in on-line programming. The gain change and frequency response, those
are things we feel that you wouid probably want to do installed. In
other words, you do not want to take the accelerometer or the
transducer out and put 1t on a programmer. That is why one of the
program paths is through the interfaces. It is there all of the time.
All you have to do in interrupt the data flow. You Jdo that before or
after the test. Now, on your other question about double differentia-
tion, we don't Kncw what we are going to do with that second stage of
differentiation. It is talking about disappearing unless somebody
here can really see a need for 1it. The double integration is ob-

220




viously necessary. The first stage of differentiation is good but, we
don't know what the noise environment is going to be and double dif-
ferentiation surely wouldn't help that.

Q: Steve Kuehn (Sandia National Labs): Exactly what does your cell
test scheme encompass? Are you verifying that the crystals are ac-
tually working, or are you just putting a signal in after the crystal
input or what?

A: Kenneth Appley: Right. There's two techniques th t we have used
already for accelerometers. In both techniques, the signal goes
through the crystal. We are actually injecting it into the crystal.
That means that any acceleration you have during the time of the test
is going to foul up that test data a little bit. That is under the
user's control. You have got to be careful when you are doing some of
these things. If you want to verify that your primary sensor is work-
ing, it can't be doing cother things at the same time and that is ob-
vious. That is the only thing that you sacrifice, but we are inject-
ing the signal directly through the crystal and then evaluating this
on the other side. We have the capability of running this pulse train
through the crystal, too. There is some thought that by analysis of a
square wave signal coming back you may be able to determine frequency
responses, so that is why the square wave is in there: for your selec-
tion to set the pulse train and the pulse width. It may be very use-
ful in testing to have to know that you have started with a controlled
square wave, and see what happens as it comes through your whole sys-
tem.

Q: Leroy Bates (NSWSES): Are you designing this for a specific ap-
plication or as a general purpose?

A: Kenneth Appley: No, it's a general purpose. Like I said we are
trying not to make as many judgments on how it's going to be used. It
is all programmable. We are making judgments on the extent of the
program. Like I cshowed in the one slide depending on how many itera-
tions we have to do around the trade-off loop, trading off the size as
to the functionality, like the second differentiation if it doesn't
give us enough function, if it really not that useful and it is taking
up a lot of real estate, that is one of the tradeoffs that you would
make.

Q: Steve Baker {Oakridge National Labs): You haven't talked any about
what happens at the PC end, or how you get the data on and off. Have
you worked any on that end of it, and if so, what are you planning on
providing?

A: Kenneth Appley: On the PC end? We have looked at the protocol
and the data transfer, and I have some thoughts on how I am going to
do that. It is not going to be very complex. It is not going to re-
quire a big software package. It is a standard RS232 interface to
send over some ASCII characters. The device will interpret those AC-
SII characters and set up the system to do that. There will be a min-
imum of a two-wcrd transfer the way it looks right now, maybe up to as
many as a 10- to 15-wecrd transfer to do different things. Another
function that we are going tc include 1is temperature compensation.
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The sensitivity of crystals in the accelerometer changes with tempera-
ture. There will be a sensor on board to sense the temperature and
make adjustments in the output as a result of temperature changes.

Q: Larry Rambert (Allison Gas Turbines): Have you given some thought
to the time between selecting accelerometers? 1In other words, if you
are in a multiplexing system you have to address each one of these
things to give you a signal back. Your simultaneity of data is going
to be some what degraded, I would think.

A: Kenneth Appley: 1In the initial stages, we are proposing one inter-

face module for the chip. As far as the multiplexing scheme, it is
very easy just to multiplex the modules. But that is a system con-
sideration, and has to be of a concern. I haven't calculated loop-
time specifically, the time you trigger it until the time you get a
response, but i1t is going to be in the millisecond range. I know that
1f you are looking at 500 devices, that could be a long time. But
that comes down to the system design. In other words, you could set

1t up so these were addressed in parallel and intermediate memory is
there to handle that, or you can just take time off-line and talk to
them all. It is completely under your control when the tests are done
and when all of the communications are done.

Editors Note: Dick Talmadge: I think that there might be a miscon-
ception as to what role the PC plays in this system. The microcircuit
in a normal measurement mode is transparent to the operation of the
transducer. The PC is used to program the function of the transducer
{filter characteristics, 1integration, rentiation, etc.) and 1is
normally done on the bench. At that time, the transducer will store
and maintain the functionality and produce an analog data signal out-
put as before. The calibration and self-identification features of
the chip require an interface control in the signal-conditioning sys-
tem to command the responses which are sent over the two-wire data
line as a serial bit stream. The signal conditioning system will have
to include the processing system for this data or it could be recorded
with the data and post processed.
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ABSTRACT

Errors in ficld wiring can resalt in significant correction costs
(if the errors are discovered prior to user 0 crroncous or
unusable data (il the errors are not discovercd 11 time), or in
serious accidents (if the crrors corrupt mission-cssential data).
Dectailed field wiring checkout and rework are tedious and
expensive, but they are essential steps in the quality assurance
process for large. complex instrumentation and control systems

A recent Ouk Ridge  National  Laboratory (ORNIL)
development, the  remote  sensor/cable  identifier (RSCH,
automates veritication of field wiring.  In the RSCI system, an
wertifier module is anstalled on or integrated into cach
component (sensor, actuator, cable, distnibution pancel, cte)) o
be venlfied.  Interrogator modules, controlled by 2 personal
computer (PC), are installed at the conncctions of the field
wiring to the inputs of the data acquisition and control ssstem
(DACY). Interrogator modules poll the components connected
to each channel of the DACS and are able 1o determine the
path taken by cach channcl's signal to or trom the end device
for that channel. The system will provide not only the TD code
for the cables and patch pancls in the path 1o a particular sensor

or actuator, but individual cable conductor 1Ds as well. One
version  of - the  system uses  existing signal wires for
communications  between RSCE modules. Anoiher, more

powerful version requires a dedicated conductor in each cable.
Both versions can operate with or without instrument power
applied. and ncither interferes with the normal operation ot the
DACS. Identifier modules can provide a varicty of information
including status and calibration data.

Details of this technology, which received a 1987 I1R-10
Award, and plans for adapting it to NASA jaunch pad
applications are discussed.

"Rescarch sponsored by National Acronautics and
Administration,  Kennedy  Space Center, ander
Agreement No. 1926-B0O35 Al

“Operated by Martin Manctta Encrpy Systems, Inc., tor the
U.S. Department of Encrgy under Contract Noo DE-ACOS.
B40R21400.
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INTRODUCTION

As we become inereasingly reliant upon computers and other
intclligent  devices to control equipment and to  automate
processes, we also increase our dependance on celectronic sensors
and actuators and on interconnecting wiring.  Fortunately, this
trend is accompanicd by a sharpened awareness of the issues of
gualily assurance, safety, and reliability.

A DACS  comprises  several  components: the
computer/controller,  sensors and actuators, signal
conditioning/multiplexing circuits, and signal transmission media.
Various segments of the instrumentation, computer, and
clectronics industrics are addressing the quality issues relating to
these components.  Redundancy, higher levels of embedded
intcHigence, computer-aided engineering tools, on-line sell-testing,
and innovative design techniques are being applied to ensure
quality and to increase reliability.

However, the problems of configuration control and ficld
wiring integrity seem to  have ecluded such technicaily
sophisticated approaches.  DACS today can include thousands
of sensors, actuators, intermediate termination points and many
cables consisting of miles of wires.  Confidence in system
configuration depends on the answers to three basic questions:
What scnsor or actuator is actually connected to which channel?
What s the signal path from cach sensor or actuator 10 its
connection at the computerfcontroller?  What is the integrity of
that path?  These questions are very important.  Even though
individual DACS components tunction reliably, the resulting data
cannot be trusted unless interconnecting wiring s veriftably
correct.

EXISTING TECHNOLOGY

The process control industry has begun 1o address the area
of system coafiguration and integrity in a somewhat indirect
manncr.  Multi-drop communication links are available that
simphty  the interconnection of - digital - components  and
communications standards (c.g. RS-485 or BitBus) promote
interoperability by specilying hardware interfaces, data rates,
clectrical characteristics, and joading factors  Commercially
available special- purpose transceivers assist in implementing many
of these standards. - All of these developments provide tools for
attacking configuation control and wiring integrity problems, but.
clearly. they are insufficient alone.




For several years, the industry has recognized the shortcomings
of purely analog signal links to field devices. A new class of
sensors with embedded intelligence is becoming available from
process control equipment manufacturers. Most "smart scnsors”
still use traditional 4- to 20-mA analog current-loop signaling, but
high-frequency  digital signals can bc  superimposed  for
communication with hand-held programmers.  This technique
limits the usc of smart sensors to low-bandwidth DACS. Because
of the proprictary nature and incompatibility of the hardware and
protocols in existing systems, smart sensors have yet to gain wide
acceptance.

In response to these incompatibility problems, the ISA SP-50
Committec is devcloping the FieldBus standard.  This standard
will specify signal transmission media, signal levels, and
communication protocols for a multidrop serial digital data link
for communication between field instruments.  Committee
members represent manufacturers, government, and cnd users.
The standard should be issued for comment by the end of this
year.

PREVIOUS WORK

During the 1970s, the Instrumentation and Controls Division
of ORNL began to realize that an automated system for verifying
the configuration of large rescarch experiments could be
extremcly valuable.  As the power of available computers
incrcased, the size and complexity of the experiments and
processes that they controlled grew and the number of
paramcters  to be monitored  and  controlled  swelled
correspondingly.  Systems with several thousand scnsors and
actuators were not uncommon, and configuration control became
a major issue.
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In the early 19805, work began on sensor identitier technology,
and, after several approaches had been evaluated, the first
demonstration system was built and tested in 1984, This system
featured a single-board computer that interrogated passive
"dumb” identifier devices via the sensor signal wiring.  This
system was able to provide the identity code of the end device
connected to each channcl of a star-wired data acquisition
system.

DESCRIPTION OF RSCI SYSTEM

The RSCI system expands the capabilitics of previous
developments by distributing intelligence to the remote identifier
modules and is intended for retrofitting to existing DACSs or for
integration into new DACSs.

The RSCI system has three basic components as shown in
Fig. 1. A host computer and its resident software provide an
operator interface and maintain the overall system data base.
Intelligent master modules provide the ficld wiring interface and
intermediate storage for configuration data.  Intelligent 1D
modules attached to (or integrated into) each cable, sensor,
actuator, or other component to be identified respond o
inquiries from their master modules by providing identification,
status, and housckeeping data. The RSCI system operates with
active or idlc DACSs and doces not interfere with normal DACS
operation.

On power-up. a master module sends an initialize instruction
down a dedicated data line to the first module in the scrially
connected chain of identifiers.  This ID module responds by
sending its unique ID code back 1o the host and placing itsclf in
"transparent” mode so that subsequent commands from the
master module are passed through. The next initializec command
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Fig. 1. Connection of RSCI components.




reaches the second ID module in the chain, which responds with
its own code and then places itself in tronsparent mosde. This
process continues until all modules in the "daisy chain® have
identified themselves. Thus the master unit knows not only the
ID codes for all modules conncected 1o it but the order of their
connection as well.

The master module assumes that all ID modules have been
polled if a predetermined time increment passes with no response
10 the last initialize instruction. It then sends an initialization
QOWPTW T Sage or i7 el T ITY Ll e
take themselves out of transparent mode and fisten tor messages
from the master moduie. It an 1D moduic receives o message
addressed to the masier module or o another 1D module,
simply retransmits the message in the appropriate direction.  If
an ID module receives a message addressed o itself, it checks its
own status or retrieves the required information from memory
and responds accordingly.

When the master module has identified st of the [D modules
connected to it, it proceeds to determine which ond device
(sensor or actuator) is connected ta cach DACS input/output
(I/O) channcl. To do this. it excites one of the signal wires
connected to cach channel with a high-{requency pulse train and
then interrogates the end-device 1D modules (via the RSCI data
line) to find which oncs can deteet the pulses on their signal
lines.

Master modules perform configuration updates at regular
intervals 1o deteet any changes that may occur. Upon instruction
by the host computer, the master modules exceute "configuration
dumps” or perform other. more speciatized tasks such as fetching
housckeeping information from an ID module. sechecking the
status of a suspect ID module. or performing diagnostic tests.

In this manner, the host computer is able (o present system
configuration information from the system data base in several
uscful formats:

ey

1. A graphical presentation of the system configuralion, or a
more detailed description of a specificd subsystem

2. Identification of the end device on any particelnr DACS 110
channct

3. The path {including cable and junciion box IDs) o any given
end device

4 Atist of all end devices whose data or control signals pass
through o grven cable.

ID modules can store other useful information such as in-
scrvive cates, calibration and data, and descoptive 1aformation
about the type of compaoneat 1o which the module s atiached.
The end user will determine what "housckeeping” data to include.
It calibration dates are included, for exampie. the user couid
instruct the system o poll all end devices and assemble a list of
all components that will require recalibration in the following
month.

Each moduic contains a microcontrolicr, @ communmcations
interface, and power-condivoning citcuitny, Each 1D module has
a failover switch to aliow messages from other modules (0 pass
through in the event of a local hardware or software fatlure (Fig,
2a). Muaster modules and end-device imodiles have connections
to sclected DACS signal lines (Fig. 2by The sena! data line s
also used to distribute power, thus minimizing the nutiber ol
cable conductors that must be dedieated to the RSCT avitem.

In the system under development, cach master modaie can
accommodate up to 30 D modules. Usually, one master module
will be required for cach trunk eable (4 multipair cable carrying
signals from scveral sensors).  In smailer systems, the host
communicates with the master modules using standard .enal
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Fig. 2a. RSCI cable ID module.
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Fig. 2b. RSCI master module.

ports. In large systems, the host is linked to the master modules
through data concentrators over a2 commercially available local-
area network (LAN) as shown in Fig. 3.

ID modules arc designed around the Motorola 68HCUS high-
speed CMOS microcontroller.  This chip was selected as the
RSCT module CPU for its (1) low power consumption; (2) built-
in scrial communications interface; (3) large number of digital
I/0 lines: and (4) availability with interna! PROM. EPROM, or
“EPROM. Another feature of the chip. the high-speed serial
peripheral interface, will be used to add "hot backup” redundancy
to future versions of the RSCI modules. EEPROM chips are
being used in the early development stages and will be used for
applications in which ficld reconfiguration is desirable.

Modularity and maintainability are being emphasized heavily
in software  development, which is using  state  transition
techniques.  ID module programming is in assembly language
tor speed and code compactness.

Design goals for the RSCI system include:

1. Module cost: less than the cable or end device to which the
moduic s attached.

Swze: diameter equal to or less than a trunk cable connector
so that cable ID modules can remain attached to the cables
when they arc pulled.
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3. Speed: ten minutes to determine the configuration of a 6000-
componcnt system.

PROJECT SCOPE AND STATUS

The RSCH development effort is being sponsored by the
Engincering Directorate of NASA's Kennedy Space Center for
potential application to the Advanced Launch System (ALS)
Launch Processing System (LPS). This system will be a large,
complex, geographically distributed DACS; several thousand
components must be included in its configuration  control
program.

This development effert i divided into three one-year phases.
The first phase will deliver a system that determines the cable
and sensor coaliguration of a small DACS, thus demonstrating
the validity of the basic software, hardwarce, and communications
protocol designs.  The second phase is aimed at exploiting the
distribuied intelhigence of the RSCI modules by adding the
capability to process a variety of housckeeping data, to identify
¢veiy cable conductor in the path to every end device, and to
detect and locate wiring faults. Additional phase two efforts will
include designing the system data base, developing effective ways
to present the configuration data to operators and to other
computers, and infegrating the data concentrators and the LAN
into the overall system.

The final phase will concentrate on miniaturizing RSCI
modules and ensuring that they meet KSC cnvironmental
rcquirements. A medium-scale RSCI system with ~ 100 ¢nd-
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device modules and ~200 cable modules will be delivered in
this phase.  KSC technical involvement in the project is directed
toward using an expert system 1o process data generated by the
RSCI system, thus reducing the effort required to analyze the
configurations of large DACSs.

Thus far, several prototype RSCI master and ID modules have
been built and the system’s ability to determine the physical
ordering of interconnected modules has been demonstrated.
Efforts arc under way to it the prototypes to a mock DACS for
a demonstration of the system's sensor-channel matching
capability.

CONCILUSIONS

The RSCI system offers valuable features not now available
and not promiscd by new industry standards currently under
development.  Its sclf-documenting autoconfiguration function
will greatly reduce the manual labor required in cabling checkout,
whether for troubleshooting or for quality-assurance purposcs.
Records generated by the system are useful for highly reliable
archival data storage, for post-incident analysis, or for tracking
individual cable or component histories.

This technology has application in many diff:rent industrics--
wherever there is a need to verify the integrity and configuration
of a system of cleetrical devices, active or passive.  Potential
applications to fossil and nuclear power plants are under
cvaluation.  Initcgration of ccrtain RSCI features with the
cmerging FieldBus standard will be examined when it is issued.
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Q: Ray Reed (Sandia National Labs): I think this is really an excit-
ing prospect having a capability like *his. I think anyone who has
been in the field with a large system and a ~mall staff and has any
concept of the need for validating measurements has teo appreciate what
you are doing. I had one question. A number of years ago whnn we were
in the coal gasification research we fielded large systems with many,
many thermocouples and other sensors as well. I would really have
loved to have a system like this available because we were having to
G0 JGnuwdalir a4 SUulbo. ol Lhlingl Thal Youd ase Liylng LU aululiaie. Cne
of the things that we d°d at that time was tc note that while most
signal systems, most multiplexers deal with cables pair by pair and
fixed pairing, that in scme instances, particularly with regard to
thermocouples and perhaps other sensors as well, you have a number of
validation pecssibilities where you are looking not simply pair by pair
but looking at individual lines paired 1n different ways. For ex-
ample, vyou frequentlv want tc measure the isolation of a sensor from
ground or from other senscrs. I am wondering if your system might be
adaptable to multiplexing of the signal lines in various ways?

A: Steve Baker: Ycu mean maybe with separate pairs of signals ccring
into a larqe system or s~nmething? MNot necessarily a cabled system; 1is
what you are saying?

Q: Ray Reed: Some senscrs can be designed to benefit with multiple
lines; not simply a4 single pair but perhaps 3, 4, or 5 lines. Any
shielded coax., for e¢xample, has three lines and normally you think of
the signal pair. but very often you would 1like, for validation pur-

poses - and that 1s on< of your concerns - to be able to measure quan-
tities not only between the signal palr but between each individual
signal line and ground. I just mention that would be another augmen-

tation of this system that would amplify your validation possibilities
considerably.

A: Steve Baker: what 1 rzally didn't show when I said that we would
be capacitively coupled tc the signal line or sensor 1is that from a
master module we <an couple to every line going out to a transducer,

be i1t signal lines, be 1t power, he it any other control signals. We
can put that high fregquency pulse train on all of those lines. Be-~
cause all orf those 3o to the sensor therefore they all go to that sen-
sor 1ID module. We can look at each line separately and determine the
integrity of it and we can communicate all of it back on that one line
that 1s dedicated for us. We can't do things like meg it or tell 1if
the insulation resistance wire to wire 1s not high. We can verify
that indeed there is a continucus route through each one of those sig-

nal lines.

Q: Bill Cardwell (GE, Evendale): I think that you partially
answered my guestion in your last statement, but looking at something
like this fo»r a test <ell envirenment where we have many cells coupled
to a single data room, and not all of the lines in a particular cell
may be utilized for a particular engine test, most of our sensors do
not have the smart response and consequently wouldn't have any active
feedback. Would it be possible to use something like this in a system
where nct every wire bundle or every wire palr was connected at a par-




ticular time? 1In other words, could I put it at the end of the cable
and just use that as a method of identifying which wire pair was in
fact hooked up for a particular test?

A: Steve Baker: Yes, I think you could. Every cable that we have in
the system, be it a large cable that would carry multiple signals or
be it a small cable that goes out to a single transducer, we would
have smarts built into the cable connector so that all of the signals
that went out whether they were connected teo a senscr or not, would be
interrogated. It 1s really based upon the idea that every Wire that
von have aninag out nf venr «vstem ca~ be interrogated. We can tell
you that that wire gets from pcint A finally through to point Z. We
are really not integrating this into the sensor as such, we are in-
tegrating it into the cabling, into the transmission media. We do it
simply by having a commercial manufacturer or manufacturers produce
these things, like 10-pin Amphenol cables, 61 pin, 100 pin, 20 pin or
whatever. As long as tlLc assumption is, for example, pin AA, wire AA
1s dedicated for our use. fhat is all we have to have. I didn't
really describe this, but there wiil be some programming boxes where
technician enters all of this housekeepinyg infouimdtion. It is entered
into a nonvolatile memory on that little connector. Then he takes
that off and goes out into the field and screws it in between the sen-
sor cable and the sensor (and hopefully, it would be waterprocf. etc.
and it would have the same type of integrity that the cable does) and
voila you have your intelligence. If that goes bad, you unscrew 1it,
take 1t out, and put anc*»=> one 1in. We hope that it 1s going %o be
somewhat like the last talk, ("A Computer Programmable Transducer
Micro Circuit"”) it would be a universal system that would really have
a nuitbey of types of modules, the types and numbers of cable connec-
tors that you have.

Q: Marty Willis (Rocketdyne): If I understand correctly, what you're
planning to do 1s to have a module with each sensor and the module 1is
separate from the sensor itself, correct?

A: Steve Baker: Correct.

wv: Marty Willis: I think the <concept is really wonderful. I know
that we have a lot of problems with cable identification to sensors.
What T don't understand is now you've created a problem: where, what,
if the module gets separated from the sensor that it goes to, don't
you have to have Quality Control now to verify that you put the cor-
rect module with the correct sensor? Otherwise, you're doing your
checks, and 1t is transferring infermation, but you still have a
potential where the module is identifying itself, but it is not iden-
tifying the correct transducer. I still see human error 1in qguality
control there.

A: Steve Baker: That's right. But what we would expect to do is
have a security wire connecting them, or you would have heat shrink,

or somehow you make 1t i1in effect permanently connected to the cable.

Q: Mariy Willis: If I know NASA though, nc one is going to be happy
with just safety wire.
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A: Steve Baker: Somewhere it needs to be done once. It could be put
into the sensor. For example, NASA wants to know what cable is con-
nected to what cable, what the configuration is so somewhere you have
to supply this device. You are right the first time out; you would
have to verify that.

Q: Marty Willis: And then, anytime there is a change I still see the
same sort of a problem. You are trying to eliminate a problem where
someone goes and awaps out a transducer at the last minute, the
calibration information hasn’'t been placed into the data base, and
someone 1s runring cut there dcing make-and-break tests or rap tests.
It would eliminate tha*t but I still think there 1s a place for giving
a false sence of security. that everything is ok but it isn't.

A: Steve Baker: Well there 1s one thing that I am planning to do
whenever +the transducer comes 1into the calibration facility for
recalibration. A lot -f QA testing and recnrds are done at that time
so a module reprogrammed 1in the calibration lab and permanently af-
fixed again to that cable,/-enscr wcuid be the best that we could do.
Somewhere on the line there nas to be human intervention and what we
are trying to do iz once we have done that. and once it is permanently
attached you can swap these transducers all over the place in the
field. There has to be a point where that is integrated in with that
sensor or that actuator or that cable. At that point you have to be
especially careful of QA because 1f 1t breaks down there it obviously
breaks down. What we are expecting is that there will be enouah con-
trols in place one time and that you will properly cneck it and you
can Termanently affix 1t so that it becomes a permanent fixture, a
permanent .-r%2 of that cable. If NASA has 3000 cables out here in
their suoply cabinst and thesc all have intelligent cable modules at-
tached to them and you assume that when they werc attached the QA was
done and it was done right. I really den't think that that is a false
sense of security.

Q: Marty Willis: Well, it doesn't fit; right now y.u're assuming
that when someone hooks up a transducer that gquality control was there
and they hooked 1t up right. But I myself have rotated items on an
engine, and I thcought they were right until someone came back later
and said, "Shculd this be an xy or a yx"? This data doesn't jive. We
had photographs and we knew that someone had switched them. We had
quality control, toc. It's just that it happens. I was just curious
about how you were going to deal with that. Also, you have all of the
cable ID mcdules - and maybe 1t is Jjust to eliminate doing
troubleshcoting 1t the time -~ ktu! it you just had the one module with

the sensor and your mascer mcedule verifies that the sensor is in the
location that you said, and 31f 1t dcesn't come back and say that it 1is
in the proper location then you would assume you have an error in one
of your junction connecticns?

A: Steve Baker.: tes, a4iso NASA wanted to be sure that from a QA
standpoint that the right cables were connected together, and if there
was a failure somewhere in 2 cable, this system would tell you which
cable it was and wonld allow technicians to immediately change that.
What if you had a problem in a termination box, which may very well be
where the cables split ~ut to the individual sensors? It will tell
you exactly what box it 1s, and you should know where it is.
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Q: Marty Willis: Just to eliminate having to go through and verify
each junction until you find the right one?

A: Steve Baker: Yes, it essentially maps the entire system automati-
cally for you.

Q: Dennis Reed (EG&G): Two gquestions on your mapping procedure.
Since its a serial mapping until you reach an open end how does it
determine if there is a broken line along the line?

A Steve Baker: This line broken?

Q: Dennis Reed: Yes, if that is broken somewhere along the line and
you are looking for an open end how does it ....?

A: Steve Baker: If that is broken somewhere .long the line it stops
at that point. That is a potential problem. You need to know that a
line 1is verified correctly and it is broken. Really there is nothing
you can do because it 1is physically brocken so your system comes back
and says these are the only components in it. Then you know what
should be there. Therefore, that immediately tells you that I've got
a problem in this cable. You would go check that out.

Q: Dennis Reed: So the first time that you map that you have to
physically go through and verify that what the computer says matches
what you think you have?

A: Steve Baker: That is what you would always do. You know what you
think should be there because oif the way the system has been cabled.
Then you know what the computer tells you. If it tells you something

different then you need to go check at that point.

Q: DbPennis Reed: If you are looking at various transducers 1in a
serial method; 1f you were to have two transducers that were miswired,
say they are wired in parallel, could yocu determine that there =2r:z two
transducers on that line instead of just one?

A: Steve Baker: The way this system is, and it 1is probably kind of
hard to see, 1n the cables that go out to the sensor we require two
dedicaced lines, one going out to the sensor and the other one coming
back toc the terminal box. Really the way that this system is set up
it is impossible to be wired in parallel. Using cne dedi~ated 1line
and using two dedicated lines in the final cable which goes out to the
sensor, 1t is impossible to wire them in parallel. The fact that they
are wired in seri1al allows us to tell you the order that they are in,
and therefore the physical mappina; so really they can't be in paral-
lel. 1If they are we have big problems

Q: Marty Willis (Rocketdyne): Have you started taking a look at en-
vironmental use? If these modules are going to be mounted close to
the sensors, in gquite a few of the cases aren't you going to have them
in situations where they will be exposed to extreme cold and perhaps
extreme heat, and obviously a lot of vibration? It seems to me if we
could build modules like that we would already have smart sensors that
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could perform in those environments and we don't. At least not that I
know of. Have you started addressing those issues or maybe you don't
have environmental problems?

A: Steve Baker: We are starting to address those issues. If you
think about it, more and more transducers are becoming smart now. The
particular microprocessor we are using is available in the mil-grade
version. It is high-speed CMOS can withstand -30° to +60°C. Ob-
viously, the way it's made, the circuit board should be able to

withstand a fair amount of vibration. It should be able to withstand
most environments. It will be sealed as it is part of the cabling
system. Everything 1is sealed because of the salt water environment.

From that standpoint it will be able to 1live in the environments of
most sensors.

Comment : Marty Willis: I know with the shuttle, in most cases when
they start chilling down thingc for quite a period of time things are
going to be pretty cold.

A: Steve Baker: It can't withstand 200 C type environment, as no
electronics can. But it should be rugged enough that it can withstand
most of the environments that sensors would ncvmally be in. There may

be a few exceptions.

231




VOICE ACTIVATED HOT MIC.

StoNey R. Jones, Jr.
Navar Air TesT CenTeE"
AIRBORNE INSTRUMENTATION
PaTuxext RIVER, MD 20670

ABSTRACT

In many instrumentation applications, a good clear Intercom System (ICS) is
a necessity. This holds true for instrumentation personnel at various ground
sites as well as aircrew in mu1tiﬁ1e seat aircraft. When the ICS is operated in
the “"Hot Mic” mode, the microphones are constant]{ keyed or held open. This
allows the aircrew to fly their test points without keying the mic every time
they want to talk. hus all of the breathing and other extraneous noise is
transmitted over the ICS. By installing a Voice Activated Switch (VOX) which
triggers on the crew's voice, the majority of the background noise that is
transmitted on the ICS is ciiminated, making for a much quiter intercom system.

INTRODUCTION

At the Naval Air Test Center (NATC) in Patuxent River, Maryland, a lot of
flight testing is done on a variety of pianes. Many of these are multiple seat
aircraft which are already equipped with a voice activated hot mic (VOX? mode.
When a trainer, a two seat version of a particular single seat aircraft, was
being tested at NATC, the pilots wanted the clear transmission which they had
experienced with previous VOX equipped lanes. As a result, the Airborre
Instrumentation Department was tasked to build and install an instrumentation
Tevel VOXTCcircuit for this aircraft during the time it was undergoing flight
test at NATC.

System OPERATION

Tre goal was to desiarn a circurt tnat would detect whenever voice was com-
ina  through the micro.hone. Wwhen detected, the voice would be passed to the
ICS. Any 1nput that was not voicc would be rejected. Among the several design
approaches considereq was to use a Fast Fourier Transform chip to detect an
inpul that was within the voice frequency range. After noting the complexity
of this <circuit, we opted for a simpier solution. A sound level detect cir-
cuit, similar 1o those found in other 6OX installations was chosen. When con-
sidering the mwajority of noise will be iow level background noise, this circuit
should perform adeguately.
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VOX/ICS Interface Diagrain
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Ince voice i5 detected on the mic lires, it has to be switched through the
ICS system. The first aporecach was to make and breax the mic lines to the ICS
with a relay (see figure la}. Whenever the veice is to be passed, the VOX cir-
cu’v closes the Cuﬂ1r01 swiitch. The mic is then directly connected to the ICS
system. Aiter fuiiding this circuit, ioading problems were discovered between
tiie microphone pre-amp and the ICS. The VOX circuit was set up so a normal
voice level coming into the mic would tr1gger the relay. When the relay was
energized connecting the mic lines to the ICS, the ICS would load the pre-amp
so badly the resulting signal level would no 1onger tr1gger the VOX circuit.
The {a would Dbe dlsableh, disconnecting the mic from the ICS. The signal
level w0u{d jump back to its previous level triggering the circuit again. As
long as there was @ voice input, the relay would “"chatter”. Another approach
w.s needed.

The ICS system has two conirol 1ines—-hot mic and racio over ride. In the
cocknit, to use either mode a switch is thrown which grounds the appropriate
control Tine. To qget voice to activate the hot mic modc for brief periods of
time, VOX is used to ground the hot mic control line {see figure 1b).

[nterfacing the VOX P1rLU1L 1o tne ICS 1n this way solved the loading prob-
lem. Also, th1s was a much better calution from 2 safety of f]1ght standpoint.
In the wgrst case scenario of a VOX failure, the contro! 3witch would be
closed. No ¢ommunications weuld be iost since the ICS would see it as normal
hot mic moce. Howaver, wusing the previcus method {figure la), in the worst
case the control switch wouid be open. The aircrew would no longer be able to
talk to the ground ar each other.

CIRcUIT DESCRIPTION

The microphone lines ere run into an amplifier and fiiter circuit (sen
figure 2?. The amplifier is adjusied to get maximum gain without saturating
the amplifier (see fiqure 3a). This bprovides greater sensitivity in the

1ow1n? threshotd detect circusi. The falter, with a rutoff freguency of 5
KHz | attenuate the noise with a freguency greater than that of the voice.
As a result, the higher frequenc, ncise gets filtered out before it can trigger
the VOX circuit.




VOX Block Diagram
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The voice signal tends to be reascnably symmetrical. Since the detect cir-
cuit looks at the amplitude of the signal, the negative portion isn’'t neces-
sary. The signal _is sent through a ¢lipping circuit before being fed into a
smoothing circuit. The smoothing circuit rounds the spikes. It keeps the
threshold circuitry from triggering on spikes close to the threshold level. We
now have a 0 to 15 volt signal input to the threshold detect circuit. The
threshold detect circuit uses a comparator to compare the modified voice signal
with the threshold adjust voltage (see figure 3b). As long as the signal is
below the threshold, the comparator output is kept constant at +15 VDC. When-
ever the signal exceeds the threshold, the output drops to -15 VOC. In order
to protect the input of the next stage, a c]1pping circuit is used to limit the
signal to a 0 to 15 volt square wave (see figure 3c).

While the timer input is high (no voice detected) , the timer output
remains low keeping the control circuit relay disabled. When the timer input
swings low (voice detected) , the output rises, energizing the relay which
grounds the hot mic control line. As long as the input remains low (voice
still present) , the relay is kept energized. When the input swings high again
évoice disappears), the timer starts its time out sequence. If the input

oesn't drop low again [ro voice detected) before a redetermined eriod "t°

has been reached, the relay is disabled allowing nothing to reach tnhe ICS. If
the input does drop low hefore the time out period has been reached (voice
reappears) , the timer 15 reset and doesn't begin its time out Sequence again
until the input goes high {see figure 3d).

After manufacturing a working circuit card, the board was redesigned with a
much greater density and a few enhancemnents. The idea was to make a generic
board that with minimum effort could be configured for individual requirements.
Among these enhancements are:

« A cdual channei becard measurin? 2 3/4 inches by 4 inches.

s The ?bi}ity to use the control relay normally open or normally
closed.

s The choice of using a pot instead of a fixed resistor for amplifier
gain controi.

s Thne avartability of placipa resistors on either side of the
threshold adjust pot to achieve any desired threshola adjust
sensitivity.

OTHER USES

Aithough the <circuit was desigred as a VUX control circuit, the more
correct name is a voitage activated switch or voltage monitor card. When
looking at the circuit in this w2y, a whole range of possible applications
opens up. In any given instrumentation system there are a variet¥ of
transducers. The majority of these transducers provide a DC output. hose

remaining couid be run into signa’ conditionin? to provide a DC output. Any of
these traansducers could be wused as the ront end to this circuit. %hen
prope~ly configured this circuit could te an over/under voltage indicator,
temperature indicator, RPM indicator, positiorn indicator, etc.

CONCLUSION

Upon completina of the initiail phase of the VUX project. the Navy as well
as the aircrew liked the design so well, that we are currently trying to find a
suitable packaging scheme to incorporate VOX as a fleet wide modification.
Airporne Irstrumentat . on is looxing into placing VOX units in the test engineer
stations withis our srouna station. This will enable the test engineer to hear
the piiot’'s voice *hrough VOX whether the aircraft has one instailed or not.
These are only ¢ few of the applications of this simple but versatile circuit.
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VOICE ACTIVATED HOT MIC

Q: Bill Cardwell (GE, Evendale OH): Is there a problem on this being
in the aircraft with two microphones, the pilot, and the co-pilot
being close to each other and both talking at the same time, or mul-
tiple circuit activation into the same voice net?

A: Sidney Jones: No, this is no different than the aircraft con-
figuration without hot mic.

Q: Bill Cardwell: The ground station has to recognize by voice then
which is talking?

A: Sidney Jones: Yes.
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Improving the Response Time and Accuracy of Transient Thermal Measurements in Live
Fire Testing (LFT)"
James G. Faller

Live fire vulnerability testing is rnandated by law for all major development combat
vehicles of the Army. One of the principal aims of such testing is to gain a realistic crew
casualty assessment during round penetration of the vehicle. Thermal injury to skin and
eyes stemming primarily from direct contact with hot gases, liquids, and particulates
represents a major hazard to the vehicle crew. Recent survivability test programs at
Aberdeen Proving Ground (APG) have led to the development of test methods and
instrumentation to collect rapid, real time, usable and integrable thermocouple
temperature and heat flux sensor data desired by the office of the Surgeon General in
making their hazard analysis.
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A very Wide Dynami~ Range Data Acquisition System

Jack R. Carrel
Senior Engineer
FEG&G Energy Measurements, Inc.
Sandia,/DeD Engineering
Las Vegas, NV

Abstract

This article presents the design of a data
acquisition system that was developed by EG&G Erergy
Measurements for¢ Sandia National Laberatories. The
acquisition system ccmprises individual seismometers
that measurz seismic activity at remote stations
located several hundred miles fiom a central data
collection facility and contrcl point. The remote
stations operate unattended ana receive commands for
setup and status check from the contrci peint.
(additionally, the stations’ operation can be modi-
fied by transmitting software modifications from the
control point.; At the remote station the data from
the seismometers, ranging from 10 microvolts tc 4
solts, is digitized and transmitted over telephone
Lines to the central collection point. Recavee of
the wide—aynamic 1nput voitage range, the system was
designed witn .6-bit analng-to-digital converters
and an autoranging capability. giving an effective
20-bit range. Errocs due tc noise were kept to a
minimum by careful selection of components and
effective packaging design; nonlinearity was reduced
by oversampling the input signal and then digitally
filtering the sampled data.

TNTRODUCTION

This document presents the considerations and
proceszes used in the design cof a seismic data
acquisition system developed by EGESG Energy Measure-
ments, Inc. for Sandie National Laboratcries (ENLy.
1he full data acquisition systerm is described, and
the new design of *he remote-station data acquisi-
tion eguipment ic presented. The critical problem
areas are identificd; these include random noise and
systematic errors. The careful consideratinn of
thece and other erroc¢ sources in the selection of
system components and cenfiguration minimized or
negated their effects. The primary challenge in the
development of this system was the very wide range
of signal amplitude from the ~aricus seismometers.
By adjusting the system for each seismometer and
then segmenting the remaining signal range, a system
cculd be develored that would perfors mere than
adequately.

o
)

BACKGROUND

The seismic data acguisition system collects
information from seismic stations that are located
several hundred miles fiom a central data collection
and control point. Each station is composed of sev-
eral seismometers that are attached to signal condi-
tioning equipment. The output of the signal condi-
tioning equipment is digitized and transmitted by
modem communications to the central data collection
facility, where the data is processed for analysis
and archival. From the central data collection
facility, an cperator can send commands to the
remote station. These commands include system
readiness tests and configuration settings for each
seismometer channel. The configuration settings
control the alienuation of the signal prior to the
analog-to-digital conversion. These attenuator
settings are used to condition the seismometer sig-
nal for the maximum usage of the analog-to-digital
converter operating range. These attenuations are
implemented through the actuation of relays. The
relays control the connection of a series of resis-
tors that provide fixed amounts of attenuation to
the input signal.

The system is tested for readiness by sending a
specified current to the calibration coil of the
seismometer. The system monitors the resulting out-
put of the seismometer. The operator can then ver-
ify that the system is functioning by watching the
signal that is collected at the central collection
facility. This test verifies that the seismometer
mass is not too close to a boundary and that the
data acqguisition system is functioning properly.

NEW SYSTEM REQUIREMENTS

The design that is being considered in this
document is a redesign of the remote-station data
arquisition equipment. The customer at SNL and the
EG&G operators designated several requirements for
the new design. These requirements are:

e Provide five channels per remote station

e Simplify design and operation; remove relays

® Increase sensitivity

e Increase resolution within each range

e Allow remote software modification

@ Use high-level lanquage

e Smchronize all of the stations for relative

phase measurements

Thore are five seismometers at each of the

remote stations. Each of the five channels at the

(emote stetion has a seismometer attached to it.




The details concerning the seismometers will be

presented later.

The existing system had two major problems that
affected its reliability. First, the system con-
tained a large number of relays. The problems with
these relays caused the operators to ask that the
new design eliminate relays or at least reduce the
number of them. Second, the existing system used
STD pus card edge connectors. As is generally the
case with card edge connectors, it was necessary to
clean and re-seat the cards periodically.

The required sensitivity of the new system is 1
microvolt. The sensitivity of the existing system
was 100 microvolts. As will be shown later, the
lowest signals expected from the seismometer
approach a sensitivity of less than 1 microvolt.

The custcmer specifically asked that we increase
the resolution of the system. The concern is that
very small signals contain information that is of
interest. If the small-amplitude frequency compo-
nents are riding on a larger-amplitude component,
the existing system would continue to change ranges
to ensure that the larger amplitude signal would not
be clipped. The resolution cf the existing sysiem
was 11 to 12 bits within 3 range. The new system
uses fewer tanges and '%-bit analog-to-digital con-
verters to meet this requirement.

To change the operating software of the existing
stations, new PROMs would have to be programmed, and
then carried out to the remote station to be
installad in the system. Since making these rhanges
at most of the stations would iequire several hun-
dred miles of travel, a better method nof upgrading
and modifying the system software was required. In
the new system, electrically erasable PROMs are
used to store the operating program. This program
can be changed by way of the modem link from the
central data collection facility.

tinally, in ordecr to make the phase measurements
between remote stations more accurate, the new sys-
tem synchronizes the loral sampling clocks to WWVB.
This synchronization allows measurements with €.5
riiliseconds of relarive accuracy.

INPUT REQUIREMENTS

There are three types of seicmometers in the
seismic system. Theee three seismomneters are shown
in lable 1, along with the minimum and maximum sig-
nal levels that will bhe expected from them. Note
that the total range covered by these seismometers
ranges from 0.9 mi~rovolts as the minimum signal
from the 5L-2106-:20 to 4.3 volte as the maximum from
the GS-13. These two :epresent a range of over 130
dB. To cover this range would tequite that the sys-

tem have an analcg-to-digital converter of 24 bits
including the sign bit, since these are only peak
voltage values. Ag 15 also shrwn in the table, the

expected input signal level of each seismometer type

has a range of c¢nly 105 dB. This range can be
covered with an analug-to-dimtal converter of 20
bits including the sign bit. That is a substantial
reduction in  thr  requited  performance of  the

analog-to-digital converter.

The existing system sampled the input signal at
0 samples per second. In order to minimize the
impact on the analysis software, the sample tate
temained at 50 samples per second for data that is

supplied in real time to the data collection

facility.
THE NEW SYSTEM

The new system is represented by the block dia-
gram in Figure 1. The left side of the figure shows
the equipment on the seismometer pad, which is a
large concrete platform that the seismometers are
set on.

In the new system, all possible sources of noise
are removed from the pad area. Experience has shown
that the two main sources of noise are 60 Hz elec-
trical noise from AC pover cables, and mechanical
noise generated by such things as cooling fans.
Both of these sources can cause subharmonics to be
generated that are within the bandwidth of the seis-
mometers and the instrumentation. To remove these
sources, two criteria were selected for the new sys-
tem. First, the instrumentation rack would be moved
as far away from the pad as feasible. This would
remove all of the sources of mechanical noise from
the pad area. Second, the pad would be kept free of
any AC power. All of the equipment in the new sys-
tem that needed to be either in the area or on the
pad would be DT veltage.

Since the instrumentation had to be moved from
the pad and since the signals from the seismometers
are of such a low level, the new system has pre-
amplifiers on the pad. These preamplifiers amplify
the seismometer signal and provide a quiet impedance
matching to the seismometer output. The preampli-
fiers use DC power that is supplied from the Distri-
hbution Unit. In addition to supplying DC power to
the Preamplifiers, the Distributicn Unii also sup-
plies the calibration coil signal to each of the
seismometers.

As is shown on the right side of Figure 1, a VME
chassis was selected to contain the station instru-
mentation. VME was chosen because of the positive
mating connectors and because of the availability of
chassis on the commercial market. The signal from
the Preamplifiers enters the Analog Module, where it
is digitized and transferred to the Processor mod-
ule. The Processor Module then sends the digitized
signal to the central data collection facility
through the modem connected to one of its serial

ports.

The VME chassis was modified to include separate
prwer supplies for all of the analog circuitry.
This modification was necessary because VME chassis
are designed for a digital environment and are sup-—
plied with a switching regulated power supply, a
type of power supply that is inherently very noisy.
Also, because digital systems tend to put noise on
the power supply because of the digital switching,
the analog system was suppliea with quieter linear
requlated power supplies. In addition to being
quieter than the switching regulator power supply,
the separate linear regulated power supplies further
isnlate the analog portion of the system from the
digital system and keep the isolation between the
two systems intact. The information passed between
the analog and digital portions of the system is
through optical couple.s.

The Calihration Module provides several func-
tions to the system. It supplies the sampling clock
to the Analea Modules in the VME chassis; this sam-
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SEISMIC STATION BLOCK DIAGRAM
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Figqure 1. Seismic station block diagram.




SEISMIC STATION BLOCK DIAGRAM
(CONCLUDED)
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Figure 1. Sersmic station block diagram (concluded).
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pling clock is synchronized te WWVB. The Calibra-
tion Module also generates the calibration signals
for the seismometers and provides the DC vcltages
for the Distribution Unit.

The Memory Module in the VME chassis buffers the
~ary that is transmitted to the Central Data Ccllec-
tion Facility and provides additional memory that
can be used by the Frocessor Module. This memory is
CMOS; it has batterr backup when power 1is nct
applied from the VME bus.

POTENTIAL ERROR SOURCES

The remcote-station instrumentation can operate
only if the potential sources for errors are con-
sidered in the system design. Table 2 lists the
major errors that were considered in the design of
this system. These eirors are generated in the sig-
nal, primarily in the analog circuitry.

The gairn errcr and the gain linearity
error must be considered in the design nf each of

the amplifiers in the signal path. Table 3 chows
the gain calculations for the resistors in an
inverting operational amplifier circuit. These
calculations show, of course, that the gain of the

amplifier relies more on the ratio of the resistors
than on the acciuracy of each vesistor. Also, the
gain stability with temperature depends upon the
matching of the temperature ccefficients of the two
resistors. This means that even if the temperature
coeff:cients of the resistors are not within the
0.0015 percent required by a 16-bit system, the gain
errcr could still be sufficiently small if the ratio
of the temperature coefficients of the resistors
track within the 0 CC.5 percent tclerance.

The gain linearity error is the wost difficult
one to determine and ccrrect. If the temperature
coefficients of the gain resistors of the amplifiers
do rot track, or if their temperature coefficients
do not track linearly with each other, nonlinear
gain errors wiil exist in the sysiem. The likelihood
of these errcrs occurring in a large encugh magni-
tude to be a problem is very slight. We have not
bren able to devise an adeguate test to verify the
linearity of the system to the full 20-bit accuracy.
The probiems with this kspAd of testing invelve find-

1ng 3 signal scurce and a measuremen: device that
will cover the full range of the system. As a
rezuit, tior hest way (o test the linearity ~f{ the
system .5 to tect the various portions of 1t sepa-
rately. 72 do this, we can iook at the sysiem as
tws Ihebir sysrems. Care mist bhe toren that the
integral nonlirea:icy does pnt -augse a disceininle
errer hetween the 14 it ranacs.

The DL ocEfzet 13 oot of great concern as 1ong as
1% does not accumulate through the system and cause
the lower range =f the system to be unusable. The
information from the seismmeters is studied mostly
in the frecuency domain. Theretore, as long as the
DC offset 1s low encugh <o alliww the collecticn of
the other trequency comionents, it is nct a prohlem,
The LC-offcet Arift can be a problem 1f 1t 15 of
sufficient frequency that it appears to be seismic
information. Because the seismic information 1s of
such low frequency, the UC offset drift with temper-
ature can be a source of errot and should be consid-
ered throughout the design.

Because of the extremely low levels of some of
Y

the signals from the seismometers, noise is an

important factor in the design of the instrumenta-
tion system. As previously discussed, there are two
types cf noise in this system: electrical and
mechanical. The effects of the mechanical noise are
greatly reduced by the removal of the instrumenta-
tion rack and its associated cooling fans from the
seismometer pad.

The electrical noise has three major sources:
component, circuit, and 60-Hz power lines. The
component noiseé 1s a result of the random thermal
motion of electrons and although very small can
still add to the overall circuit noise. The circuit
noise results from the ccnfiguration of components
that reinforce or inhibit noise generation and accu-
mulation through the system. (Component noise
sources such as flicker ncise and shot noise should
also be considered, especially with the use of mono-
lithic operational amplifiers.) As is true with
most instrumentation systems, the insertion of 60-Hz
signals into the measurement signal must be elimi-
nated or at least reduced. Often in an instrumenta-
tion system, the problem is not the existence of
60-Hz noise in the environment, but rather the
insertion of 60-Hz signals as a result of improper
circuit configquration and improper grounding and
shielding techniques.

Another pcssible source of error in the syster
can be the generation of frequency-dependent devia-
tions in the amplitude response of the system in the
frequency band cf interest. The most likely cause
of this error is the improper alignment of poles
from the filters that are used throughout the sys-
tem. If the poles line up, then the ripple from
each filter can accumulate into an error that 1s
substantial enough to affect the performance of the
system. Tne filters of the system need to be
designed to ensure that this does not occur. This
is the one error discussed here that cun also be
raused by the digital portion of the system.

DESIGN APPROACH

The approach followed in the design c¢f the
remcte staticn instrumentation system was wo pay
attention tc the generation of ecrors in the analceg
portion of the system, keep the digital portion from
causing errcrs tc feed intc the analog signal, and
keep the digital signal processing from generating
errors through numerical methods. The first of
these consideraticns, the generation of errcrs in

the anaslog pcertion of the system, reguired the
greatect amount of attention. The fcollowing quide-
iines were used to achieve the minimum amount of
erior 1n the analcegy signal:

® Minimize components in the signal path
e Use luw noise cumperents
e Keep the signal path quiet

The number of components in the signal path was
rept to a minimun because all electrical components
generate ncise that wili accumilate in the citcuit.
Once 1in the system, the noise will either add or
muitiply, Iumt in either case it will accumulate
throughout the circuit and will influence the meas-
utement signal.

By selecting low-noise components, the accumula-
tion of nuise in the system can be kept to a mini-
mam. For instance, the thermal ncise in resistors
1s proportional tn the temperature and the resis-
tance value of the resistor. In this design we did
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same temperature. The nonlinearity eiror is still
difficult to verify, although it does not appear to
be a problem. The DC offset is not a problem
because of the stability of the circuit and the
menolithic amplifiers that were rhosen, the OPAZ7s.
The overall design of the system was simplified by
the segmentation of the required 20-bit range for a
single digitizer into twe overlapping 16-bit ranges.
Finally, digital processirg techniques such as over-
sampling and filterino were wused to redure the
effects of unwanted signals.
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A VERY WIDE DYNAMIC RANGE DATA ACQUISITION SYSTEM

Q: Steve Baker (Oakridge National Laboratory): I noticed you used
essentially a successive-approximation A/D converter from Crystal, one
that gave you a high sampling rate?

A: Jack Carrel: Yes, but I don't think that it is successive ap-
proximation.

Q: Steve Baker: The basic question that I had is that the other ap-
proach you could take would be to use the slower dual or triple slope
integrating A/D converter and I wondered what your thought process
was, why you chose this over that?

A: Jack Carrel: Even those converters are going to have the wideband
component noise, and given the level,I thought it was more important
to have a high sample rate, and ti.ecn 1n the digital domain remove that
thermal noise, called Johnson noise, from the system. I would not
have that as an option in some of those others. There is an 18-bit
converter that is made by Analog Devices but it only has about a 10 Hz
bandwidth and sc¢c I don't have a lot of room to play with doing my
digital filtering.
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