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instrumentation.

viii




WN ‘snbazanbnqiy
sqe7] BIpURS I33TeM 1ed

s00g~-00g
Taued §,63W 35174
sqer] eIpPURS
x931eM 3egd

WN ‘enbianbnqiy
sqe erpues
dozy3zer -1 ko

WN ‘onbaanbnqiv
gqe] etpuesg
doxyae1 71 3401

aW’zeATd 3uaxnieg

OLYN
youh1 xoep

RC ‘uo3deq
uosI333% 4 -3ydbrIM
NYSTIC = Tned

HO ‘ucifeq
uosiajlaled-3Iybram
xnysriod 1neg

ururTeyd
aaonpsueal 9L Iod

*23pUIIY
TaqunN

¥) ‘8I0WIdAT]
gger] 9I0WIAATT BdudIMET

bL x91T9SNg '3 3119Td
HO ‘uo3lAeq

uosialIed~3ybram

1433V

TI11 sawep, "9 "M

WN ‘enbasnbnqry
SEN
6b Ia19pa] negd

WN ‘enbasnbnqiy
sqer etpues

901 doayser -1 234071
W ‘IeaTd Juaxnied

OLVYN

£S youhg xoep
2a ‘uojburysem

SHN

90T IDTXBM pPIoUaAY

WN ‘didY UPWOTTOH
9% s18pues "H ‘M

UeWITRYD TEIDUSDH

HO ‘uocideg
uosiailled-1ybram

WN ‘®nbisnbnqiy
sqeT eTPURS

vA ‘uojduweq

YSYN
311D yoaeasay Ao1buen

an ‘bangsasyites
SdN

HO ‘uoideqg
uoszajlied-Iybram

0a ‘uolburysem
SEN

WN ‘opxoboweTy
gd¥ UPWOTTOH
WN ‘enbianbnqivy

Azeuung doysyaoM Isonpsuey

S.61
11adv bz-2Z

_ TLET
1118V 9-p

6961
38qoad0 ¥Z-2¢

L9671
18q03I20 b~

961
sung 61-81

961
sunp gg-1¢

1961
Atnp 9z-6z2
0961 YoIBW

- . . st s i

IoqUNN
doysxyzom




¥D ‘swausdny 33104

S3ISMSN
sajeg AoxaT

YD ‘dBwlusni 1104

SHSMSN
soseg Aoxon

YD ‘awauany 1304

STSMSN
sa3eg Aoaeg

¥) ‘Swlusdni 3I1048

SISMSN
sajeg Aoian

dW ‘I3ATY juadxnied
OLYN
UOSIBPUY WETTTTM

Qi ‘eaTY usxXnled
JLVN
UOSIBPUY WeTTTIM

AW ‘I9aTd udxnied
J1L¥YN
UOSIBPUY WRTTTTM

WN ‘anbiasnbnqiy
JLYN
UOSIIPUY WRTTTTIM

uewrTeyd
Ioonpsuerl 95 OO

18

06

811

211

911

96

901

£89pUSIIY
IDqUnN

dW ’IeAaTd uaxnied
IVJUB)D 1I$BL ITY TeaeN
yorastneg puouwdey

HO ‘gay uoszaljed-1ybraM

¥OEI1d/00dM
yosy g uyop

WN ‘aunbianbnqiy
s€ger] TeuoTiIeN eTpUes
uyeny -3 uaydeis

T3 ‘dJay ®dTI3Red
uez1Iy preyd1y

YD ‘®¥eT BUTYD
OMN
X0 Auuay

vo ‘swsusnyg 33104g
SIASMSN
saleg Aoxan

YD ‘2®I0WIBATT
SOBT JIQWIBATT BOUBIMET
¥ONOIQSeH pIeydTH

¥D ‘oYeT eutyd

OMN
x0) Auusy

URWITRY) TRADBUSH

XI ‘otuojuy ueg
SBTIATITORS
yoxeasay aartiowolny

T4 ‘yoeag eOD0D
gdvY yOTI3IP3 ‘DOWSH

0D ‘sbutadg operotod
Awepeoy 20103 11TV

¥) ‘Aaxs3juow
100UDS
ajenpeabisog TeaenN

T3 ‘BUInoqian
g3Y oTI3ed

¥M ‘®T231e38%
6 32a ’'s°2T330
doy aJueTg 8v104d ITY

02 ‘sbutradg opexotod
pPUBUIIOD Bsuajad
ITY BOTIBUY UIION

T4 ‘ydeead uoilTeMm 33104
g4y uT1b3

1661
unp 0Z-81

6861
sunp zz-o0e

(861
aung g1-971

861
aunp g9-y

£861
sunpy g-—-L

1861
aunp p-z

6L6T
aunp $1-21

LL61
1Taxdv gz-92

91

1

PI

€1

A

11

0t

IdCquUMN
doysyacom




Y ‘eumg
punoxs buraoxg
ewnx Awiy SN

yorastned Aey

WN ‘enbaesnbnqry
§qeT TRUOTIIEN ®BIpuUES
uyany 3 ueydeas

urwxYeyD
18onpsueIl 951 IOy

$99puUa1I¥ UBPWITRYD TeISUID
T9quUNN

€661
suns $eg~<e LI

1SOH a23eg JaqunyN
decysxaopm




SEVENTEENTH
TRANSDUCER
WORKSHOP

San Diego, California
June 22-24, 1993

Sponsored by

Vehicular Instrumentation/

Transducer Cornmittee of = Range Ly we
Range Commanders Council — Sommanders “em.

Telemetry Group




Definition of The
Transducer Workshop

History

The Workshop is sponsored by the Vehicular Instrumaentation/
Transducar Committee, Telemetry Group, of the Range Com-
manders Council. This committee develops and implemaents
standards and procedures for transducaer applications. The
previous workshops, beginning in 1960, were hald at two year
intervals at or near various U.S. Govemmaent instatlations around
the country.

Attendees

Aftendess are working-level paople who must solve real-life
hardware problems and are strongly oriented to the practical
approach. Their field is making measurements of physical
parameters using transducars. Test and project pacple who
attand will benefit from exposure to the true complexity of
transducar evaluation, selection, and application,

Subjects

Practical problems involving transducers, signal conditioners, and
read-out devicas will be considered as separale components and
in systems. Engineering tests, laboratory calibrations, transducer
developments, and evaluations represent potential applications of
the ideas presented. Measurands include force, pressure, flow,
acceleration, velocity, displacement, temperature, and others.

Emphasis

The Workshop

1. Is a practical approach to the solution of measurement
problems,

2. Strongly focuses on transducers and related instrumen-
tation used in measurements engineering,

3. Has a high ratio of discussion lo presentation of papers,
and

4. Allows atlendees to share knowledge and expenience through
open discussion and problem solving.

Goals

The workshop brings together those people who use transducers
to idenlify problems and to suggest some solutions, identifies
areas of common inerest, and pravides a communication channel
within the community of transducer users. The primary goals are
to:

1. Improve the coordination of information regarding transducer
standards, test tachniques, avaluations, and application practices
among the national test ranges, range users, range contrac-
tors, other transducer users, and transducer manufacturars;

2. Encourage the establishment of speciai sessions so that attend-
aes with measurement problems in specific areas can form
subgroups and remain 1o discuss these problems after the
workshop concludes; and

3. Solicit suggestions and comments on past, present, and future
Vehicular instrumentation/Transducaer Committee eforts.

General Chairman
Stephen F, Kuehn
Sandia Nationa) Laboratories
P.O. Box 5800
Depantment 2645
Albuguerque, NM 87 185-5800
(505) 844-8383

Program
MONDAY, JUNE 21, 1993

2000 Social Hour, at the Bahia Resort Hotel, courtesy of the
Vehicular instrumentation/Transducer Committee. All
attendees welcome!

TUESDAY, JUNE 22, 1893
0730 REGISTRATICON

0800 Steve Kuehn, General Chairman
Seventeenth Transducer Workshop
Introductions: Ray Faulstich, Chairman
Vehicular Instrumentation/Transducar
Committee, RCC/TG

0830 Session 1: Transienl Measurements
Chaimman: Charles Buillock, Amny Research Laboratory

Cochairman: John Rupp. Dugway Proving Ground

@ Pyro-Shock, Impact and Other Transients: Some
Thoughts cn "TOM' Total Quality Maasurements,”
Peter K. Stein, Stein Enginaering Services

® "A Miniature Blast-Gauge Charga Amplifier System,”
James L. Rieger and Robert Weinhardt, Naval Air
Warfare Center Weapons Division

e *Small Diameter Bar Gauges for Fast Response
Airblast Measurement,* Carl Peterson and
Phil Coleman, S-Cubed

1000 BREAK

1015 @ °*Novel Applications of Miniature Hopkinson Bar
Sensor,” W. Randolph Davis and W. Scott Walton,
Aberdaen Proving Ground

8 ‘Isolation of a Piezoresistive Accelerometer Used in
High Acceleration Tests,” Vesta |, Bateman, Fred A.
Brown, and Neil T. Davie, Sandia National Laborato-
fies.

xiv




@ "Dynamic Pressure Calibration Instruments and Sensor
Transient Responsa,” James F. Lally, PCB Piezotronics,
Inc.

e ‘Compact Fast Response Transducer for Direct Heat Flux
Measurement," James G. Faller, Aberdeen Proving Ground

1215 LUNCH

1330 Session 2: Data Acquisition
Chairman: William Shay, Lawrence Livermore Labs

Cochairman: Daniel Skelley, Naval Air Warfare Center
Aircraft Division

e "A Comparison of Video Compression Techniques for
instrumentation,* James L. Rieger and Sherri L.
Gattis, Naval Air Warfare Center Weapons Division

o 'Distribution of Solar Flare Data Using Available
Communication Channel," James L. Rieger and David
Rosenthal, Naval Air Warfare Center Weapons Division

# ‘Information Capture in Real Time at High Speed,*
Harry A. Shamir, Colorcoda, UnlLimited

® "Micro-Pressure Sensors’ (Mini-paper), Ben Granath
and Dave Jaros, PCB Piezotronics, Inc.

1515 BREAK

1530 @ ‘A Program to Validate Inspection Technology for Aging
Aircraft,” Patrick L. Walter, Sandia National Laboratories

s “A Pressure Sensor Modute tor Space Shuttle Main En-
gine Fuel Application,” Seun K. Kahng, Qamar A. Shams,
and Vincent B. Cruz, NASA Langley

® 'High Frequency Data Gathering through Digital Data
Acquisition,” Paul V. Vilihard, McDonnell Douglas Aero-
space

e "DIDO" A Versatile Signal Conditioner for Hostile and
Noisy Environments,' Charlie Gilbert, Mark Groethe, and
Phi! Coleman, S-Cubed

WEDNESDAY, JUNE 23, 1993

0800 Session 3: Calibration Techniques
Chairman: Richard Krizan, Patrck AFB

Cochaiman: Roger Noyes,
EGA&G Energy Measurements, inc., Las Vegas

® "Static Versus Dynamic Calibration of Miniature Pres-
sure Transducers,” David Banaszak and Gary Dale,
Wright Laboratory

e "Measurement of Frequency Dependent Sensitivity and
Phase Characteristics of Eddy Current Displacement
- Transducers,” B. T. Murphy, G. Rombado, and J, K,
Scharrer, Rockwell Intemational

1000
1015

1215
1330

1830

e ‘The Effects of Cable Connections on High Frequency
Accelerometer Calibration,” B. F. Payne, National Insttute of
Standards and Technology

e ‘Smart Sensors,” Steven C. Chen, PCB Piszotronics, Inc.
BREAK

‘Sman Sensors® Panel Discussion
Moderator: Richard Talmadge, Wright Laboratory

Panel Membaers: Rabert D. Sill, Endevco Corporation
Steven C. Chen, PCB Piezotronics, Inc.
John Gierer, McDonnell Douglas Aerospace
John Judd, Vibra-Matrics, inc.

LUNCH

Tour of Endevco Corporation facilities, San Juan Capistrano,
Califomia

Banquet at Hotel

THURSDAY, JUNE 24, 1993

0800

1000

1015

1215
1230

Xv

Session 4: Applications

Chairman: William Anderson, Naval Air Warfare Center
Aircraft Division
Cochairman: James L. Rieger, Naval Air Warfare Center
Weapons Division

o "Development of the BOA Missile Angle-of-Attack Sensor,”
Steven J. Meyer and Edmund H. Smith, Naval Air Warfare
Center Weapons Division

e 'Acceleration and Force Transducer Errors,” Wayne Tustin,
Equipment Reliability Group

e 'Performance Evaluation of Dynamic Pressure Sensors and
Accelerometers Using a Particle Impact Noise Detector,”
Martha Pierce Willis, Rockwell intemational

e "A Miniature, Digital Accelerometer for Real-Time Measure-
ments,* John Cole and Doug Braun, Silicon Designs, Inc.

BREAK

® ‘An Ultrasonic Angular Measuremant Systam,® Justin D.
Redd, Air Force Flight Test Center

e ‘Commercial Pressure Transducers for Military and
Aerospace Applications,” Daniel R. Weber and William
Maitland, Data Instruments, Inc.

& "Dynamic Force and Strain Gauge Applications Using PVDF
Polmer Sensors,” Donald E. Johnson, Ktech Corporation

e 'Danish Accreditation in the Field of Acoustics,” Torben
Licht, Bruel & Kjaer

CLOSING REMARKS: General Chairman
WORKSHOP CONCLUDES




General Information

The Seventeenth Transducer Workshop will be held June 22-24,
1993, at the Bahia Resort Hotel in San Diego, Califomia.

Registration

The registration consists of a completed registration form, a wntten
“Murphyism,"” and a fee of $100.00 {payable in advance or at the
door) to:

Ray Faulstich, Treasurer
Transducer Workshop

P. 0. Box 235

Yuma, AZ 85366-0235

A "Murphyism” can describe any measurement attempt that went
awry with the objective of leaming from our errors and keeping our
feet on the ground. it should be something generic rather than
common human oversight: something from which we can leam.
The tone should be anonymous so no person, organization, or
company is embarrassad. While a "Murphyism” is nota
requirement, submissions are strongly encouraged and the best
will be included in the program.

Advanca registration is desirable. Please use the enclosed
registration form, include a check or money order for $100.00
payable to the Transducer Workshop, and mail to the Workshop
Treasurar by May 21, 1993, (Note: Purchase orders are not
acceptable,)

The registration fee covers the cost of coffee, taa, soft drinks,
doughnuts, evening banquet, and a tour. A copy of tha workshop
proceedings is supplied to all altendeas. Late registration will be
provided at the workshop regisiration desk in the hotel.

Hotel Accommodations

Bahia Resort Hotel

998 West Mission Bay Drive
San Diego, California 92109
(619) 488-0551

A lixed block of rooms has baen reserved at special rates for the
Transducer Workshop. The following rates include tax and are
valid for the weekends preceding and following the workshop:
Single $77, Double $87, Triple $97, and Quadruple $107. Please
mention the RCC/TG Transducer Workshop when making
reservations. Eary hotel reservations are strongly encouraged.
Rotel reservations must be raceived by May 21, 1993 for these
rales to apply.

Guests

No formal program will be planned for spouses or guests.
Howaever, they will be most walcome at the Social Hour on Monday
and the banquet on Wednesday ($20.00 additional par guest tor
the dinner).

Xvi

Tour - Wednesday Afternoon

A tour of Endevco is planned for Wednesday, June 23, 1893.
Please indicate on the registration form if you will be accompanied
by guests so that adequate transportation will be provided.

Format and Background

Workshops are just what the namae implies: everyone should
come prepared o contribute something from their knowledge and
experience. In a workshop, the attendees bacome the program in_
the sense that the extent and enthusiasm of their participation
determine the success of the workshop.

Participants will have the opporiunity to hear what their collsagues
have been doing and how it went; 1o explore areas of common
interest and common problems; and to offer ideas a-.< supjges-
tions about what's needed in transducers, techniquaes, and

applications.
Additional Information
May ba obtained from the General Chairman, or.

Committee Chairman and Treasurer
Raymond Faulstich
U.S. Amy Yuma Proving Ground
STEYP-RS-EL ’
Yuma, AZ 85365-9110
{602) 328-6382
DSN 899-6382

Facilities Chairman
Lawrence Sires
Naval Air Wartare Center Weapons Division
Code C3213
China Lake, CA 93555-6001
(619) 939-7404
DSN 437-7404

Papers Chairman
John Ach
Wright Laboratory
WUFIBG
Wright-Patterson AFB, OH 45433-7006
(513) 255-5200, Ext. 300
DSN 785-5200, Ext. 300




SESSION 1

TRANSIENT MEASUREMENTS




PYRO-SHOCK, IMPACT, EXPLOSIONS AND OTHER HIGH-SPEED TRANSIENTS:

SOME THOUGHTS ON "TQM" — TOTAL QUALITY MEASUREMENTS

by Peter K. Stein, President
Stein Engineering Services, Inc.
5802 E. Monte Rosa
Phoenix, AZ 85018-4848

Telephonse & Telefax: (802)--845—4603

Seventesnth Transducer Workshop
Range Commanders Council
San Diego, California, June 22-24, 1993

ABSTRACT

The measurement of a high speed transient requires, in
general, the reproduction of its wave shape.

Preventing the achievement of this mission are distortions
due to Input-Output Amplitude characteristics, to Magnitude
vs. Frequency and Phase vs. Frequency characteristics plus
the response of the measurement system to extraneous
environmental influences. Problems of rise-time, undershoot
and psak—depression are also present.

The author will refer to these Distortion Mechanisms as
Amplitude Distortion, Magnitude Distortion and Phase
Distortion, for short.

Diagnostic data about the measurement system and
about its performance in the operating environment are
necessary in order to validate the acquired data. The
requirements are given in the paper.

Data analysis and interpretation are not God-given rights
guaranteed by the Constitution. They are rights which the
Measurement Engineer has to earn through the Data
Validation process. Before measurements may be analyzed or
interpreted they must be raised to the ievel of Total Quality
Measurements - the forgotten TQM.

This paper presents techniques, based on the Unified
Approach to the Engineering of Measurement Systems (Ref
1), which achieve these aims.

The data validation processes are all internal, within the
measuremsent system and the acquired data. No comparison
with theoreticat or predicted value is aver suggested.

Measurement Systems must, however, be designed to
accommodate these validation procedures. The procedures
must be built into the test program. They cannot, in general,
be added after-the-fact.

One of several requirements discussed in this paper is
the ability to provide Zero excitation - bridge supply ~ interro-
gating input — power -~ whatever nomenciature is used, to
impedance-based fransducers such as resistance-strain-
gage-based trans-ducers and strain gages. Preferably such a
choice should be computer programmable.

Such a check is mandatory for all explosively initiated
tests. All chemical explosions are accompanied by magnetic
and electric fields. In automotive air bag inflation tests, for
example very large electrostatic discharge voltages have
been observed.

The list of manutacturers known to the author and who
provide signal conditioning with such an option, is very short
indeed and a sad commentary on modern signal conditioning
design (see Appendix).

Procedures similar to the ones described in this paper for
strain-gage-based and piszoelectric transducers are given in
Ref 1 for thermocouples. The bulk of the methods given in
this paper are, however, applicable to all transducers for all
fransient measurements in all disciplines.

3

THE WAVE SHAPE REPRODUCTION OF A TRANSIENT

The measurement of a high speed transient requires, in
general, the reproduction of its wave shape.

As shown in Ref. 1, the reproduction of the wave shape
of any signal requires;
+  Operation in the distortion-free linear range of the

Input-Qutput Characteristics.
Any Non-Linearities in the input-Output Characteristics result
in the creation of frequencies at the Output which were not
present at the Input, known as Frequency-Creation (see aiso
Ret. 2). These created frequencies may be higher than or
lower than the input frequencies; sums and differences of
them; integer or non-integer multiples or sub-multiples of the
input frequencies and of their sums and differences, etc. No
amount of filtering may be able to hide the effects of those
created frequencies. The rasult is Wave Shape Distortion due
to Amplitude-Based mechanisms.

+  Operation in the flat range of the Magnitude vs.
Frequency-Response Characteristics.

Operation outside this range results in Wave Shape Distortion

due to Magnitude vs. Frequency-Based mechanisms.

+  Operation in the linear portion of the Phase Shift
vs. Frequency-Response Characteristics or in the
Constant Time-Delay portion of the Time-Delay vs.
Frequency-Response Characteristics.
Since the derivative of the phase shift curve with respact to
frequency is the Time Delay of the signal through the
measurement system, Consiant Time Delay is a consequence
of Linear Phase Shift. Operation outside these ranges resuits
in Wave Shape Distortion due to Phase vs. Frequency-Based
mechanisms.

Data Validity Diagnostic Procedures

The measurement of high speed transients also requires
additional diagnostics to assure data validity. Since these
have been discussed extensively in Ref. 1 only an abstract of
the essence of the problems and approachss to their solution
will be given here.

Any publication which does not present avidence of these
diagnostic validity checks contains data which cannot really
be interpreted as representing the process for which the
experimental observations are reported in that paper. Without
the validation procedures presented here, the acquired data
do not represent Total Quality Measurements.

Note that nowhere is there even a hint or suggestion to
compare the experimental data with theoretical predictions.
Thesa are usually less valid than the data! Once the data are
validated they become the criterion to which any theory is
compared.
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A PRIORI KNOWLEDGE REQUIRED

Before a Transient Measurement can be planned,
executed or interpreted, the following knowledge must exist
about the Measurement System being used, and the Process
being investigated.

About the Measurement System

The Linearity (input—Output) Characteristics and the
Frequency-Response Characteristics for Magnitude and
Phase must be known for the Measurement System.

For the Frequency-~Response Characteristics for
Magnitude, the Roll-Off-Characteristics at both ends of the
curve must be known to at least one or two decadss below
the lower 3 dB point and above the upper 3 dB point. If those
Roll-Off—Chadracteristics can not be obtained, then the
Transient Response of the system to a Step must be known,
both to an expanded and a compressed time scale.

It will be seen that these latter data are contained in the
Shunt Calibration record and are of extreme importance in
the data interpretation.

No transient record can be interpreted without the above
information being available.

About the Process

The Amplitude vs. Frequency-Content of the original
signal as emitted by the Process must be known so that the
frequency response and linearity specifications can be
established for the measurement system. This knowledge
also permits selection of sampling rates and/or carrier
frequencies for minimum data loss during its acquisition. (See
alsoRefs 1, 3)

The Horse Before the Cart ?

The Measurement Engineer finds him/er-self in the
usual Closed-Loop quandary of needing to know the answer
before the question can be phrased — i.e., the frequency
spectrum of the signal and the amplitudes, before the
measurement system can be selected to observe them.

in the case of steady-state signals, the solution is easier
than for transient measurements, because preliminary obser-
vations can be made which are not possible in transient situa-
tions. The design process takes only time. Ref. 1 provides a
step-by-step process for the planning of both types of test
which will be summarized here only for the transient case.

For transient measurements, the diagnostic process
requires channel capacity. In parallal with whatever
measurement system has been selected, there must be a
totally analog measurement channel to provide the data on
amplitudes and frequencies before anti—aliasing filters for
purposes ot either sampling criteria or channe! separation
criteria (Ref. 3) have distorted the original data.

Such analog channels must contain only analog
components such as cathode ray oscilloscopes or direct—
record analog magnetic tape recorders along with analog (AC
or DC) amplifiers and signal conditioning. No FM systems are
permitted and no transient capture systems are permitted,
since those have already been pre-filtered resulting in
perhaps unwitting data distortion.

It is true that the old analog systems did not have much
amplitude—reproduction accuracy — but they had sufficient
frequency~reproduction capabilities to provide the information
needed here,

How to Break the Closed Loop

Tha methodologies presented above may seem ditficuit

to apply, but it the mission is to acquire defensible, provably
valid, Total Quality Measurements, there is only one other
choice: the data validation methods which will be discussed,
which permit the foilowing conclusion 1o be reached, if it
applies;

These data, as oblained, have not been infiuenced
(distorted) by the measurement system used, or through its
environment, by more than x percent.

It the validation methods presented in this paper are
applicable, then the pre-test or paraflel-analog-channei
diagnostic procedures identified above, may be omitted

In most practical applications the validation methods
discussed below are the only viable ones.

DOCUMENTING THE SYSTEM RESPONSE TO A STEP

It is customary to through-—calibrate measurement
systems with step inputs or with repeated step inputs such as
a square wave. These steps are usually produced by one of
two means and can be used to document the Rise Time and
Undershoot Characteristics of the Measurement System
forward of the injection point. Time scale expansion (for FRise
Time ) or contraction (for Undershoot) may have to be used.

To factor in the characteristics of the component(s)
behind the injection point, the techniques presented in this
paper can be used.

The Production of Step Inputs
Resistance Injection — Shunt Calibration:

A Calibration Resistoris switched in parailel with one ot the
strain gages (or other resistively-based transducers) to
produce a step—change in resistancea which propagates
through the measurement system. if the switch is turned on
and off periodically such as by a contact modulator (chopper),
a pulse train (or square wave) of resistance injection is
obtained. The repetition rate for such a modulator must be
properly selected or reproduction of the peak-peak value,
which carries the calibration signali, will not occur. See Ref. 1.

It the Calibration Resistor, R, is switched directly across
the strain gage, R, then the unit resistance change which has
been produced is:

ARR= —R/(R+R,)

Otherwise other effects such as lead wire resistances must be
taken into account. Note that there is a relationship
ostablished during the calibration of the transducer itself

ARMR =K. AQ

where Q is the measurand acting on the transducer. It is
thus possible to compute a AQgmuateg bY the Rcshunt
operation by equating the above relationships.

M yengtated = —(1K)R/(R+ Re)

A direct relation ship between AQ and R, can aiso be
obtained during the transducer calibration process, not relying
on any equations or assumptions ~ a preferred procedure.

So fong as the switching time rise-time is lese *han 1 Sth
the output step rise~time, the time~expanded (short—term)
portion of the response to that step represents the System
Rise-Time, t.,, from the transducer terminals forward.

The systam Undershoot Characteristics are determined
from the time-compressed (long-term) portion of the response
1o that step.

4
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Voltage / Current Injection:

Maasurement systems which incorporate thermocouples,
piezoelectric transducers or other transducers with self-
generating responses, but even some strain-gage~based
systems, may be through-calibrated by injecting a step or
square wave of voitage or current. The rise~time of the
response 1o that step will represent the rise time of the
measurement system forward from that transducer, provided
the rise—time of the input step is less than 1/5th that of the
output step {(see Section on Upper Frequency Limit).

The system Undershoot Characteristics are determined
from the time-compressed (long-term) portion of the response
to that step.

THE FREQUENCY RESPONSE CURVE FOR MAGNITUDE

Wave shape distortion of a transient is possible due to
insufficient bandwidth and / or due to resonances. In both
cases, the signals may stiil be in the linear, distortion-free
range of the Input-Output Characteristics, but the wave shape
will have been compromised.

Non-Resonant Frequency Response Curve
Upper Frequency Limit: Rise Time

Since every system exhibits an upper frequency limit,
every measuremen sysiem will exhibit nse-time problems.

Fig. 1 illustrates a typical flat frequency response curve
with several time constants or upper frequency break-points
limiting high—frequency behavior. The absolute values of the
asymptotic slopes identity the order of the differential equation
needed to model the system in that frequency range. The
ultimate roll—off slope is indicated here by "-p® and should be
known.

Each unit of slope is the equivalent of 20 dB/decade,
since there are, by definition, 20 dB in every decade. By
consequence there are 6.02 dB in every octave (doubling or
halving of frequency), which is usually rounded off to 6
dB/octave. The numerical slopes have more physical meaning
to the measurement engineer. The -3 dB point, half power
point, -30% response point, upper frequency limit, f,, is
arbitrarily defined as the frequency at which 3 dB (about
29.7%) of the signal has been lost due to magnitude-based
distortion. Only in a first order system is that frequency
meaningful in terms of systemn characteristics. it represents
the meeting point of the two asymptotes which govern such a
first-order systern.

Fig. 2 illustrates the transient response to a step which a
1st-order, 2nd-order, p-th order system would have,
depending on the final value of the roll-off siope.

The 10% to 80% rise~time is defined as the time it takes
for the signal to rise from 10% of its value to 90% of its final
value. Itis a concept totally ditferent from time—constant or the
36.9% or 83.1% response times. Those numbers are
associated only with first-order systems where they represent
measures of the one and only existing time constant. The
systems shown have multiple time constanis or break
frequencies and only the rise time concept may be applied.

There is a convenient relationship which is the resuit of a
limit theorem in puise amplifier design which refates the two
concepts in the frequency and the time domains for systems
with an infinite ultimate roll-off slope at infinite frequency.

r 2-3 GBX'ﬂ HZ) } [',(1mgqx‘n secs) = 035210%.

The relationship applies only to monotonic, non—
resonant systems, and the 10% tolerance accounts for finite
roi—off slopes. (Refs. 4, 5, 6). It does not apply to spatially
averaging transducers such as side-mounted strain gages or
pressure transducers, which exhibil resonant humps. For
systemns with 10% — 25% overshoot, Ref. 7 suggests a limit
value of 0.45.

The same referances present ancother fimit theorem from
puise amplifier design considerations:

Rise times for an infinite number of series-connected
components add as the square root of the sum of the
squares of the individual components.

———

YIE (09

the individual component rise times

t(-!
where

L]

This also raquires a roll-off slope in the magnitude vs.
frequency domain which approaches infinity as frequency
approaches infinity.

For finite ultimate roll-off slopes, the approximation,
afthough not good enocugh for data ccimecticn, can be used for
data validation through the application of a deviation
minimizing design philosophy.

Let to = nse time observed from the data
t.s = measurement system rise time
te.p = phenomenon rise time
tro = Vt.g? + 1.0 (see Fig. 3)

a tep % {to) . vli-m =t (tn)

The symbol = means: is approximately

where m = [(t.aAle)] =  known

and n = error made due to neglect of m?

The following table can be constructed:

Value of m Maximum Error due to Neglect of n
13 6%
1/4 3%
15 2%
110 2%

So long as the observed rise time is at least 5 times the
system rise tims, the rise-time distortion due to the
measurement system is less than 2%, a not unreasonable
target for transient data.

This criterion can be usad to establish, before a test even
starts, the limiting value of acceptable / believable rise times
onh a test.

tr.o-acceptable > 5. 4y fOr better than 2% rise time validity.

Thus, even though nothing may be known about the process
being observed, the influence of the measurement system on
the observation can be estimated. Even if the approximation
were 20% in error, the rise time validity would be only 3%
instead of 2% — deviation minimizing design principles.

Applications Note:

in Hopkinson / Davies Bar applications for accelerometer
calibration at high "g" levels, the strain-rate, l.e., the rise-
time of the strain-time record is the calibration signall The
above validation procedures must be applied. In Hopkinson /
Davies Bar applications for determining the rise time of strain
gages, the above validation procedures must aiso be applied.
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FI16. 1: FREQUENCY RESPONSE CURVE FOR MAGNITUDE SHOWING ASYMPTOTIC LIMITS
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Lower Frequency Limit: Undershoot

Direct (DC) Coupled Systems:

Unless the measursment system is Direct (DC) Coupled,
there may undersh:oot in its output when a step or a pulsa is
applied at its input.

Governed by integer—Slope Roil-Offs:

Fig. 4 illustrates a typical flat frequency response curve
with several time constants or lower frequency break—points
limiting low-frequency behavior. The absolute values of the
asymptotic slopes identify the order of the differential equation
needed to model the system in that frequency range. The
ultimate roll-off slope is indicated here by "g" and should be
known.

The same comments translating slopes into decibels
apply as did to the Upper Frequency Limit. Slopes of xq =
+20.q dB/decade or approximately 48.q dB/octave. Again, the
numerical slopes are more informative to the measurement
engineer than the dB values. The -3 dB point, hall power
point, -30% response point, lower frequency limit, t,, is
arbitrarily defined as the frequency at which 3 dB (about
29.7%) of the signal has been lost due to magnitude—
distortion. Only in a first order system is that frequency
meaningful in terms of system characteristics. it represents
the meeting point of the two asymptotes which govem such a
first-order system.

Undershoot to a Step Input:

Fig. 5 illustrates the transient response which a 1st—
order, 2nd-order, 3rd—order, g-th order system would have,
depending on the final value of the roli-off slope. See also
Refs. 4, 5, 8. A time-compressed record of the shunt
calibration or voitage injection step wiil thus reveal the
system order: the number of zero-crossings, plus 1.

The Undershoot is defined as the maximum negative
excursion of the response per unit of maximum positive
response, usually expressed in percent.

Physical Response Explanation:

Any system with a frequency response for magnitude
which is a straight line of slope q and a frequency response
curve for phase which is q.x/2 is a g-th order differentiator. it
the frequency response of the system goes from slope 0 in
the flat, high-frequency portion, thraugh 1, 2, 3, etc., to q at
the low-frequency end, then the system can act only as an
imperfect g-th order diftarentiator. This argument provides a
physical explanation of tha apparent osciilations in an over~
damped, non-resonant system, as illustrated in Fig. 8. These
are not resonances, they are valiant attempts of the system to
act as a an approximate—qg-—th order differentiator.

Second-Order System Criteria

For a 2nd-order system, let the low-frequency break
points be {, < 1, with b = f A, < 1; then Fig. 7 relates the
ratio, b, to the undershoot, U in the curve with the arrow to
left. It should be noted that for 1% undershoot, the break
points must be a factor of 100 apart! for 5% undershoot thay
must be separated by a factor of about 13. The curve with the
arrov:- to the right permits determination of the zero-crossing
time T,

Practical Application: A piezosiectric transducer
connected to an AC-coupled ampilifier would represent a

7

typical 2nd—order system of the type being discussed.

Equivalent 2nd-Order System: Given the two break
points f, and 1, it is possible to calculate the pure 2nd-order
systern with the same behavior characteristics as the one
obtained by series-connecting two first-order systems (Ref. 8).

f, = undamped natural frequency = ity fo)
h =damping ratio =  (fa#fp) / 2V{T o l0)

The two time constants would, of course, ba:

ta= 1/[2 = 1] w=17[2 xty)
Those values could be substituted into the general equations
for steady stals and transient responses of the totaily—
equivalent 2nd—order system found in Ref. 8.

Underghoot to a Square Pulse input;

Whereas only 2nd-and-higher order systems showed
undsrshoot to a step, even first-order system exhibit
undershoot to a pulse. The phenomenon is illustrated in Fig. 8
for a square puise of duration “a* The responsa of a low-
frequency limited, high-pass first-order system to a step is:
a'x Attime t = a, the valus of the function is: 8%  at which
point the -1 step occurs. Therefore the undershoot

U=1—e ¥ —ah

For values of U < 0.1 the approximation is excellent.
For higher-order systems different criteria must be used.

Practical Application: if the maximum permissible
undershoot, Una is (1/2) small scale division on the read—out
or haltf the least significant bit, a reasonable design objective
has been set. Since one can not interpret such signals, their
existence should cause no problems. For a tst-order system
such as an AC-coupled CRO observing a strain gage output
expected 10 a square pulse, then:

Then the maximum observed pulse width for which the
undershoot will be lass than maximum is:

Amex < U 1 k

where k> 1 is a pulse shape factor tor pulses perhaps
more gentle than a square pulse. See aiso Refs. 9, 10, 11.
For a square puise, k=1.

As the data ars acquired during the test, the puise widths
observed in the least favorabie way: from zero crossing to
2ero crossing, will serve as guide as to whether or not the
undershoot shown in the record is data or measurement--
system—created artifact. An example is shown in Fig. 9:

Umex == 0.01 2 mm divisions on an oscilloscope on
which full scale is 10 cm, i.e. 1%
for an AC-coupied CRO as the only
low—{requency-iimiting component in
the measurement system.
amax = 1 millisacond.

T = 0.1sec

On Photo 9, Fig. 8 the pulse at the output is 0.25 msec
wide and the undershoot of some 58% (shown as "B*) must
therefore be data. In this case it is a negative reflectad stress
wave during an impact test. For higher-order systems the
superposition principle shown in Fig. 8 can be used.
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RELATIONSHIPS BETVEEN TRANSIENT AND STEADY~STATE RESPONSES POR THE KINETIC ENERGY
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FIG. 7: UNDERSHOOT AND ZERO-CROSSING IN SECOND-ORDER SYSTEMS FOR STEP RESPONSE
Note that the above chart is based on radian frequency: w in rad/sec = 2wyf in Hz

From Ref. 28
NOTE: In the above design chart, wy = ana and w, = Z'nf‘b
‘C1 and T, are the time constants associated with w, and Wy
The equation for Undershoot is for b {1, i.e. not critically damped

systems. The result for b = 1, critical damping, is also given.
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