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TRANSDUCER COMMITTEE OBJECTIVES

This committee apprises the Telemetry Group (T'G) of significant progress in the field
of transducers used in telemetry systems; maintains any necessary liaison between
the TG and the National Institute of Standards and Technology and their trans-
ducers’ program or other related telemetry transducer efforts; coordinates TG
activities with other professional technical groups; collects and passes on information
on techniques of measurement, evaluation, reliability, calibration, reporting and
manufacturing; recommends uniform practices for calibration, testing and evaluation
of vehicular instrumentation components; and contributes to standards in the area of
vehicular instrumentation.
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Definition of the Transducer Workshop
History

The Workshop has been sponsored by the Vehicular
Instrumentation /Transducer Committee, Telemetry
Group, of the Range Commanders Council. This
commitiee develops and implements standards and
procedures for transducer applications. The previous
workshops, beginning in 1960, were held at two year
intervals at or near various US Govemment installations
around the country. This year, the Society for
Experimental Machanics has joined the RCC in
cosponsoring the Transducer Workshop.

Attendees

Attendees are working-level people who must solve
real-life hardware problems and are strongly oriented
to the practical approach. Their field is making
measurements of physical parameters using
transducers. Test and project people who attend will
benefit from exposure to the true complexity of
transducer evaluation, selection, and application.

Subiects

Practical problems involving transducers, signal
conditioners, and read-out devices 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 inciude force, pressure,
flow,

acceleration, velocity, displacement, temperature, and
others. - s -

Emphasis
The Workshop

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

2. Strongly focuses on transducers and related
instrumentation used in measurements
engineering, =

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

4. Allows attendees to share knowledge and
experience through open discussion and problem
solving.

Goals

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

1. Improve the coordination of information regarding
transducer standards, test techniques, evaluations,
and appiication practices among the national test
ranges, range users, range contractors, other
transducer users, and transducer manufacturers;

2. Encourage the establishment of special sessions
50 that attendees with measurement problems in
specific areas can form subgroups and remain to
discuss these problems after the workshop
concludes; and

3. Solicit suggestions and comments on past, present,
and future Vehicular instrumentation/Transducer
Committee efforts.

General Chairman

John R. Rupp
Department of the Amy
Dugway Proving Ground
Attin: STEDP-WD-TO-TD
Dugway, Utah 84022-5000
- (801) 831-5602
(801) 831-5733 fax
Program
MONDAY, JUNE 19, 1935
2000 Social hour, at the Colorado Springs
Marriott Hotel, courtesy of the Vehicular
Instrumentation/Transducer Committee
and the Society for Experimental

Mechanics. All attendees welcome!




TUESDAY, JUNE 20, 1995
1200  LUNCH

0730 Registration .
1330 Session 2: Applications
0800  John Rupp, General Chairman

Eighteenth Transducer Workshop 7 Chairman: Lawrenc_:e M. Sires,
Navai Air Wartare Center,

Weapons Division,

Introductions: - - . .
China Lake, California

Steve Kuehn, Chairman
Vehicular Instrumentation/ ] . -
Transducer Committee, RCC/TG T "~ "Cochairman: Ken Galione, :
SEM Managing Director
0830 Session 1: Applications
»  “A Design for a Transducer Capable of
Sensing the Proximity of a Steel
Plunger,” James Alich, 412 TW/TSIDE,
Axel Sehic, 412 TW/TSID!

Chairman:  Pat Walter,
Sandia National Laboratory

Cochairman: Martha Willis, ) .
Rockwell Aerospace/ *  “High Shaock, High Frequency
Rocketdyne Division Characteristics of an Mechanical
Isolator for a Piezoresistive

- “Strain Gage Based Sensors for 7 ACCE'erome‘ef." Vesta !, Baleman,

Determining Bending Force On The Sandia National Laboratories

Dante 2 Robotic Explorer,” Robert V.

Magee, Hitec Corporation ) *  “Strain Gage Based Sensors for
Suspension Pushrods on indy Race

+  “Miniature Sensor for Measuring Solid Cars,” Robert V. Magee, Hitec

Girain Rocket Motor Case Bond Corporation
Stresses,” Herbert Cheiner, Micron
Instruments * *Corrosion Monitor Based on Time
Domain Refiectometer Measurements of
¢ “Displacement Gages and Strain . a Deformed Optical Fiber,” Jack R.
Extensometers for Special Kayser, . atayette College
Applications,” John Sheplc, John
Shepic Comparty 1515 BREAK
1000 BREAK = “Mass Loading in Back-to-Back
Reference Accelerometers,” Robert D.
v, “Stress Measurement in Solid Rocket Sill, Endevco

Motors,” Jim Buswell, Defense
Research Agency, Herbert Chelner,
Micron Instruments

+ “New Dynamic Pressure Generator and
its Application,” Benjamin Granath,
PCB Piezotronics

«  “At Last, Rugged Sensors for Vehicular

Field Test Applications,” Jim Lally, PCB +  “AMulti Function Heat Flux Transducer: '
Piezotronics, Inc. - Ballistic Test Data,” R. Daniel

Ferguson, Physical Sciences, Inc.

*  “Torque Sensor for Robotic
Applications,” Mohammad Mabhinfalah,
North Dakota State University




»  “On Analog Fe&dback Control for

Magnaetostrictive Transducer
Linearization,” David L. Hall, lowa State

University

+  “Remote Hydrogen Sensing for the
Space Shutile System,” Billy R Stover,
Lockheed Space Operations Company

WEDNESDAY, JUNE 21, 1995

0800

1000

1018

1200

1330

Session 3: Tutorial

Signal Conditioning for Reststance-Based
Transducers for Steady State and Transient
Tests

Speaker: Peter K. Stein )
Stein Engineering Services, Inc.
Phoenix, AZ

» Introduction
« The Interrogating Input
= The Balancing Gircuit

BREAK
« Step Input “Calibration”
« Conclusions
LUNCH

Session 4: Development

Vesla |. Bateman,
Sandia Naticnal Laboratories

Chairman:

Cochairman: Robert D. Sill,
Endevco Corporation

» ‘“Low Cost Piezoelactric Smarnt
Transducers,” Steven C. Chen, PCB
Piezotronics, Inc.

+  “Development of a Guidance Document
for Lightning Safety Systems,” Richard
T. Hasbrouck, Lawrence Livermore
National Laboratory

+ “Development of Fiber Optic Sensors
for Ballistic Measurements,” W. Scott
- Walton, US Army Combat Systems Test
Activity

= “Development of a Micromachined
Silicon Serve Accelerometer,” Michael
Young, ENDEVCO

1515 BREAK
»  “Evaluation of an Accelerometer for
improved Low Frequency Vibration
Measurements During Rocket Engine
Testing,” Martha P. Willis, Rockwell
AeroSpace/Rocketdyne Division
«  “Inertial Sensor Alignment Mechanism
(ISAM),” Dougias T. Wong, NASA
Langley Research Center
«  “Development of a Modulation System
for Voice Transmission in PCM,” Lee
Olyniec, 412 TW/TSID
1830 Banquet at Hotel
THURSDAY, JUNE 22, 1995
0830 Session 5: Techniques and Calibration

Richard W. Krizan,
45 Space Wing, Patrick AFB

Chairman:

Cochatrman: W. Scott Walton,
US Army Combat Systems
Test Activity

«  *PDCue," Nalll B. Mcnellis, A. A. |
Corporation

+  “Measuring Surface Forceson a
Clamping Mechanism with Dual Friction
Interfaces,” Alex C. Lee, Delco Chassis
Division, GMC

* “In Situ Verification of Accelerometer
Function and Mounting,” Torben R.
Leiht, Bruel & Kjaer, Denmark




» “The NIST Super Shaker Project,” Bev
Payne, NIST

1000 BREAK
+  “Continuing Developments in

Accelerometer Calibration Techniques,
Michael J, Lafly, The Modal Shop, Inc.

« *Transverse Response of Piezoelectric
Accelerometer,” Jing Lin, PCB
Piezotronics, Inc.

+  “Utilization of Static Calibration Data to
Correct Nonlinear Measured Dynamics
Pressure Data,” David Banaszak,
Wright Laboratory

e “Surface Position Calibration System,”
Robert L. Grant, Douglas Aerospace-

East
1200 Closing Remarks: General Chairman
1330 Tour of Olympic Facilifies

General Information

The Eighteenth Transducer Workshop will be held June
20-22, 1995, at the Colorade Springs Marriott Hotel in
Colorado Springs, Colorado.

Reglstration

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

Ray Fauistich, Treasurer
Transducer Workshop

P. Q. Box 235

Yuma, AZ. 85366-0235
(520) 328-8382

A “Murphyism” can describe any measurement attempt
that went awry with the objective of learning from our
errors and keaping our feat on the ground. It should be

something generic rather than common human
oversight;, something from which we can lsam. The
tone should be anonymous sa no persan, organization,
or company is embarrassed. While a “Murphyism"” is
not a requirement, submissions are strongly
encouraged and the best will be included in the

program.

.. Advance 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 Treasurer by May 18, 1995

{Note: Purchase orders are not acceptable.)

The registration fee covers the cost of cofee, tea, soft
drinks, doughnuts, evening banquet, and a tour. Acopy
of the workshop proceedings is supplied to all
attendees. Late registration will be provided at the
workshop registration desk in the hotel.

Hotel Accommodations

A block of rooms has been reserved for the 18th
Transducer Workshop at the special rate of $95.00
(Plus 8.3% tax}). For Government employees, a limited
number of rooms are available at the prevailing
govemmient rafe. Identification will be required to get
the government rate. These special room rates will
apply the weekend before and after the conference.
All attendees are encouraged to make reservations
early. To obtain the discounted group rate, all
reservations must be made by May 18, 1995, After the
cutoff date, of May 19, 1995, rooms and rates are
subject to availability. When making reservations
mention the 18th Transducer Workshop. The hotel
information is listed below:

- Colorado Springs Marriott
- 5580 Tech Center Drive
Colorado Springs, Colorade 80918
(719) 260-1800

Guests

No formal program will be planned for spouses or
guests. However, they will be most welcome at the
social hour on Monday and the banquet on Wadnesday
{$20.00 additional per guest for the dinnar).




Tour—Thursday Afterncon

Atour of the US Qlympic Center is planned for Thursday,
June 22, 1995. The tour will consist of a video of the
history of the Qlympics, a tour of the grounds and a
behind the scenes look at some of the instrumentation
designed to further the Olympic athlete's performance. ..

Fermat and Background

Workshops ‘are just what the name implies, everyone
should come prepared to contribute something from their
knowiedge and experience. In a workshop, the
aftendees become the program in the sense that the
extent and enthusiasm of their participation determine
the success of the workshop.

Participants will have the opportunity to hear what their
colleagues have been doing and how it went; to explore
areas of common interest and common problems; and
to offer ideas and suggestions about what is needed in
transducers, techniques, and applications.

Additional Information
May be obtained from the General Chairman, or

VT Committee Chairman
Steve F. Kuehn
Sandia National Laboratories
PO Box 5800 (Dept. 2645) m/s 0319 -
Albuguerque, NM 87 185-5800
{505) 844-8383
{505) 844-3593 fax

Facilities Chairman
Daniel S. Skelley
NAWCAD MS1
47723 Ranch Rd.
Patuxent River, MD 20670-5304
(301) B28-1570
(301) 826-7630 fax

Papers Chairman
Norman L. Rector
Lawrence Livermore National Laboratory
P. O. Box 808, L-154 '
Livermore, CA 94551
{510} 422-3994
{510} 423-3144 fax
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STRAIN GAGE BASED SENSORS
FOR DETERMINING BENDING FORCE
ON THE LEGS OF THE DANTE 2 ROBOTIC EXPLORER

Robert V. Magee

Sensor Applications Engineer -
HITEC Corporation

65 Power Road

Westford, MA 01886

(508) 692-4793

ABSTRACT:

The purpose of this paper is to show how straii gaging the legs
of the Dante 2 Robot Explorer was done to supply the operator
with a warning signal when the kick out load on the leg exceeded
a maximum recommended force. The installed strain gaged based
sensor would provide load information from a transducerized leg
to the amplifier on board the robot. The legs would exceed
recommended loads when it caught up in the rocky terrain. If it
exceeded for a prolonged period of time, the legs would fail. It
was necessary to be able to measure these forces.

This robot was designed by Carnegie Mellon University Field
Robotics Center (CMU) to descend into a volcano in the Arctic and
explore the crater of that volcano and prowvide scientific
information to NASA. This simulated NASA’'s exploration of the
moon and Mars. This paper will conclude that transducerizing the
legs of the DANTE 2 was a more .reliable and a better solution
than modifying components to adapt to an in line transducer.

NOMENCLATURE :

P = Load L =.Length

M = Bending Moment E = Modulus of Elasticity
OD = Outer Diameter : ID = Inner Diameter .

I = Moment of Intertia . - c = 0OD/2

o = Stress ' " we = Micro Strain

nv/v = Milli Volt / Volt




1. INTRODUCTION:

Dante 2 made its decent down Alaska’s Mt. Surr in July of 94.

This time with more technology than the first Dante robot. Dante .

2 has a strain gage based sensor installed at each of the eight
legs sending load data to the operators. of the robot.

The operators were CMU and the project is funded by NASA [1].
The original Dante was found to be too vulnerable to the side way
forces experienced as it moved along the crater wall, now with
the new leg motion design and sensors’..including the strain gaged
sensors on each of the eight legs engineers canh monitor loads as
it crawls along the crater wall. In slightly sloping snow fields
the Dante 2 robot could be on autopilot, which allowed it to
monitor and interpret strain sensor loads and go forward to its
next destination unaided by human commands [2][3][4][{5]1(6].

2. THE DESIGN THEORY:

Calculations were made to determine the best location for the
strain gages in order to obtain the maximum bending beam strain
on the leg. This provides the highest output for CMU's signal
conditioner. Based on the determination of the greatest bending
of the robot leg, when modeled, the estimated output would be
approximately 2.5 mv/v, which was suitable for use with CMU’'s
signal conditioner. The legs were made -from 6061-T6 Aluminum
Alloy. The leg motion also had a vertical 4440 newton (1000
pound) load which was required to be negated in the output of the
bending bridge. Another factor which needed to be of concern was
the operating c¢limate. The Dante 2 would travel in Arctic snow,
volcano crater walls, and therefore see extremes of temperature
and moisture. To use an existing transducer, "it would have had
to be made hermetically sealed and the leg assembly would have
had to been modified in some fashion. Installipng strain gages on
the leg itself. was the most efficient way.

The signal strength estimate was based on the assumption of a
bending beam fixed at the locations shown in Figure 1. Using the
following formulas the output in milli Volt / Volt was
determined.




(1) M :=W1l in-lbs S C o= —

2) I.==-["_J[OD“_ID4JJ s

3 C
(3) o =y -z PSI
6
(4) & =020 Hin/in
E
4
mv /v
(3) e |[—] =
(2000} F.s

82.5 mm (3.25 in) and an ID of 63.5 mm (2.50 in) an output of 2.5
mv/V was to be expected at a load of 3108 newtons (700 Lbs.) and
a length of about 1.1 _meter ( 42.5 in.). fThe actual calculation
used is shown in Figure 2. o -

3. THE SENSOR:

bending in tension at the surface strain on one side and on the
opposite side two strain gages are in Compression measuring
bending on the other surface. " Using constantan wire for bridge
balancing, 0.05 mV/V bridge balance is achieved. The final full
bridge output, converted into nmV/V allows the user to monitor
force equivalent to strain. The gages are protected for. a
temperature ervirohment of -40 degree C to 300 degrees C. First
an electrical moisture protection coating was applied to the
strain gage bridge cireuit. Then a RTV coating was applied to
additionally" protect gages from the moisture environment.
Teflon and steel braided shielding minimized noise in the output
signal from  the Sensor’ and protected it from the harsh
environment of extreme temperatures and moisture. o '




4. THE AMPLIFIER

CMU had chosen the T Hydronic 3. mV / 5 veolt .Inline Amplifier
(Figure 4.). It provides a bridge excitation of 5 volts giving a
signal output of 0-10 mV output. The amplifier then produces an
output of 0-5 volts to be sent to the Dante 2's data acquisition
system.

5. DISCUSSION:

Having a transducerized robot leg allowed for.a simple way to
determine wvritical load information.  When an obstruction was
sensed by the transducerized leg (Figure 5) a wvoltage signal is
sent to the amplifier signal conditioner. The output from the
amplifier went to the Dante 2 data acguisition system where load
information was then transmitted remotely up to 80 miles away.
Engineers could then give Dante 2 new movement information or
stop it from forcing the legs beyond 1its design strength.
Calibration of each leg transducer was done by taking a reference
bending load and calibrating output versus a known load.

6. CONCLUSION:

Although mainly the user must monitor and manually implement
changes when the sensor warns about an obstruction, Dante 2 also
has the ability to initiate its own corrective movement by
backing off the obstruction when put into an auto pilot mode.
Using sensors in this fashion will improve Dante’s ability to
move in the environment it was designed for without the risk of
yvielding or breaking the its robotic legs during an excessive
resistance load from an obstruction. The operators will have to
depend on the information Dante 2 receives from the strain gage
sensors when it is miles away in space on its Mars exploration
mission. In this case incorporating an off the shelf transducer
was not going to be a suitable choice, because of the lack of
room available and the major modifications to the robot that
would have been necessary. Directly installing a strain gage
bending bridge on each of the legs illustrates how using existing
components is a better choice. than modifying to accommodate a
standard transducer (See Figure 6.).
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Figure 5. Dante II's ieg Sensors. (Bill Ingalls/NASA)
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ABSTRACT

MINIATURE SENSOR FOR MEASURING .SOLID GRAIN
ROCKET MOTOR CASE BOND STRESSES

Presented in this paper is a miniature high-stability semiconductor strain gage

normal stress senscr capable of measuring the bond stress of solid grain rocket
motors during hot pouring at 150°F to cold socak at -50°F. This sensor is also
capable of accurately measuring the long term ageing bond stresses and thermal
cycling stresses. .. It can alsco measure the chamber pressure up to 3000 psi at
ignition until destroyed by temperature. Perhaps iis most desirable use is. as
a health monitoring device to predict potential failure before ignition.
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Executive Summary

Solid propellant normal bkeond stress profiles are calculated and used in
the predication of motor service and storage life. Bond stresses are
calculated instead of measured due to the belief that mak;ng the
measurement is difficult and available sensors too inaccurate. -

This program, to improve the sensor accuraly and provide a design that is
more easily installed with minimal effegt on the grain stress distribution
was successful. The design goal for thermal hysteresis, when thermally
cycling between -50 to +150°F was %l ps:. Sensors with less than 0.5 psi
were produced. The long term stability design goal of 1.0 psi per year was
exceeded.  .The average drift of all sensors tested was less than 0.7 psi
per year with many sensors drifting less than 0.25 psi per year.

For ease of installation the low flat miniature profile of 7.6 mm diameter
by 2.0 mm thick will easily fit into the moteor lining or may be bonded to
the case wall. Only a 1.0 mm hole is._required for the 5 ceonductor cable .
which can be disconnected from the remote bridge completion package for
installation and routing.

This sensor can sense changes in the normal stress due to case bond
separation or grain cracking making it also.useful as an Jjnstant Health
monitoring device.

1.1 Work Statement

Micron Instruments will design, 'deVélbp,”fabricate and test a
miniature low profile .sensor speCLchally orlented to measure solid
rocket propellant bond stress.

The first year testing will be on two materials; 17-4 PH CRES to H-
800 and Titanium 6AL4V. Three semiconductor P-Doped strain gage
types will be tested (.060 long, .037 long and .026 leng) on each of
the two metals. ' B

A second vear study is presently in progress using the best gage
material combination for both 17-4 and 6AL4V. This study is
evaluating process procedures which improve measurement accuracy.
Design features providing sase of installation and external bridge
connections will .be implemented.

1.1.1 1593-1994 Performance Design Cbjective

Accurate measurement of the normal bond stress is the goal of

this program. The objective of this first vear is to
determine which gaged sensor combination had the best
performance. Measurement accuracy consists not only of the

sensor standard performance céonsiderations such as static
error band, balance temperature coefficient and sensitivity
coefficient, but also is affected by the sensor grain
interface which c¢can affect the . normal bond stress
distribution.

To minimize the bond stresé,potential errors, a small flat

sensor capable of being flush with the container surface and
having a very low compliance (high spring constant} is

16




2.

0

having a very low comgliance (high spring constant) is
desirable. Although the sensor is very small some perturbation
of the bond stress will occur at the outside diameter corner.
Making the walls thick allows room for the stress to normalize .
before it gets .to the active portion of the top surface
centaining the diaphragm. Cleaning the sensor surface is
essential to permitting a .good propellant bond.

Since voltage offsets, i1if repeatable, can be corrected, the
most important performance features are stability and
repeatability. For +this reason the parameters of most
interest are pressure hysteresis, non-repeatability, thermal
hysteresis and long term stability.

1.1.2 1994 - 1895 Performance Design Objective

The second year performance objective was to improve the
measurement accuracy using the pbest steel and titanium gage
combinations determined by analyzing the first year data.
Specific¢ goals. are as indicated below..

Statiec Error Band ( £0.25 psi
Thermal Hysteresis ( £1.0 psi
Thermal Repeatability Balance ( £0.25 psi
Long Term Stability (1.0 psi/year

One of the design objectives is to provide an external water
resistant bridge completion package with detachable cable for
eagse of routing thru the moter. A special five conductor over
molded cable was developed of less than 0.040 inches in
diameter. A - diameter this small has insignificant
perturbation to the grain stress . A very small diameter exit
hole is required which will not compromise case lntegrity and
is easy to seal.

Sensor Uses

Some uses of a normal bond stress are presented herein.

2.1

Chamber Pressures

Design of this sensor is.  very conservative.- It has 30 X over
pressure capability and can be used to measure chamber pressure. A
number of sensors mounted around the case can be used to estabklish
a pressure profile. of the motor during operation until the flame -
front reaches the sensor. The natural frequency of the sensor is
approximately 150,000 Hz and the sensor is operational to 3000 psi
and to 300°F.

Health of the Sensor
I have been informed there are two general ways that motors faill.

As the motors age the propellant may soften and turn to mush or the
propellant may harden and crack and/or separate. from the case wall.

‘private communications Gene Francis (formerly of UTC Chemical Division)
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Each motor design 1s different and the designer knows where the
maximum normal stress regions should occur and what constitutes a
change that would be_considered dangerous. Certainly a rocket under
the wing of a high speed jet ig more of a preblem i1f it misfires
than one on a mcbile.ground launcher. The jet could fly into its
own missile. If it explodes in front of .the jet there is shrapnel
to fly through. The rocket could.expilode in its launcher.

It has already been proven that the sensor can sense cracks
projecting through a grain which shows as a drop in bond stress?.
With long term stability, the sensor 1s <capable o0of measuring
debonding due to ageing whether from hardening or softening <f the
grain.

2.3 Verification of Normal Bond Stress Calculations

Assuming that the sensor can be installed without affecting
the normal bond stress, the data would prove the designer’s

theoretical calculations. Even more important, if the actual ..

stress does not agree with the theoretical stress, it
signifies a problem with the assumptions or the design.

Reluctance to Instrument Motors

Designers of solid propellant rocket motors are sensitive to payload which
translates to minimum inert mass. Motor container cases comprise the most
inert portion of the motor. . .These containers are as thin as possible to
be consistent with good design parameters. but with little margin for over
stress. Anything regquiring holes thru the case weakens it and is resisted
by the designers. Where wires and electrical .connections are absolutely
required, the designer thickens the ¢ase and provides sealable ports.

Anything protruding significantly into the motor grain will affect its
cure stresses.--A potential result is debonding or cracking of the grain
which would affect the. thrust profile and therefore would be
objectionable. )

Electrical voltages operating in close proximity te the motor grain can
cause an accidental ignition should a spark type failure occur.

Although there are good reasons to avoid unnecessary instruments, with
care, measurements can be obtained safely and benefits can exceed the
risks.

Environmental and Operational Sensor Design Considerations

A program to develop a sensor for the measurement of normal bond stress in
solid grain rocket motors requires that the transducer be capable of
performing in demanding environments. Sih¢e such’™ rockets are generally
made by hot_pouring the motor propellant mix into a shell ox hcusing, the
sensor must be capable of accurately measuring the stress as the pour
cools from as much as 160°F.

’y. Buswell et al Stress. Measurement in Solid Motors (March 1995}
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it is conceivable that a motor could ke 1nstalled en an aircrarft in
weather ranging from a =50 to +160°F and then be subjected to relatively
sudden thermal changes as .the aircraft flies its course.

Motors can be stored for long durations before being used. Since many of
the storage facilitlies are not ailr-conditioned and some are not insulated,
the sensor must operate over a wide temperature range and over long
periods. of time with good accuracy.

Motors are often cycled. between -50 and +150°F to determine their ability
to withstand sudden thermal changes and as an expedited life test. So

that accurate measurements can be made during such testing, the sensor ’

should be thermal transient temperature compensated and have low thermal
hysteresis. :

To measure the bond stress accurately it is necessary for the sensor to
have lew compliance. . Accuracy of the bond stress measurement is more
largely determined by how the sensor is installed in the motor which is
the subject of another paper. Best accuracy is obtained when the senscor

is flush with the inside surface containing the propellant. Thusly, one .

of the design goals is to make the sensor small. The height of the sensor
should be less than 0.100 of an inch. A low mass stiff sensor with low
compliance is desirable.. o

Most designers of rocket motors use minimum case thickness since every
inert ..peund of mass subtracts from the motor performance. Designers
therefore resist putting holes inte their cases which potentially increase
the chance of failure. .. Strain gage full bridge sensors with external
bridge completion regquire five wires. An electrical cable containing
these wires must be routed through the motor case. Therefore, an important
design consideration is to. miniaturize.the electrical cable requiring a
corresponding small heole through the case and therefore minimize or
eliminate the need for additional weighty reinforcement. There are two
limiting factors to the extent that the cable can be miniaturized. The

first is-cable strength. Since working the cable. under insulation and.

through the exit hole will require reasonable force, the cable should not
fall below five pounds of pull. - A second consideration 1is line
resistance. . To eliminate line resistance changes which will affect
sensitivity, constant . current excitation is used which will also
compensate for most poor electrical connections.

It would be desirable if the sensor has good over range capability so that
it could be used to measure the chamber pressure during ignition.

Safety is always an issue when working with solid grain rocket
propellants. Any small spark is- potentially dangerous. Installing
electrical wires of. any significant power inside rocket motors is
resisted. To minimize the potential of sparking, the sensor was desighed
te activate with only 4 mA constant current into a -maximum bridge
impedance at 160°F of 320 ohms requiring 1.25 volts of excitation. The
sensor impedance drops with decreasing temperature.. The constant current
source is limited to 6 mA maximum. If a gage fails, no current will flow
through the bridge. The sensor housing is completely enclosed and the
four strain gages are purely resistive with no other compcnents. It is
very unlikely that a spark can be generated at 6 mA and less than 2 volts,
the maximum of the signal conditiconer. However, the gages are completely
enclosed by the sensor housing and lid which is the most probable place
for a potential open or shunt.
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5.0 Sensor Design Considerations

Earlier stress sensors used fixed edge circular diaphragms for the stress.

measurement member. .Since most of the finite element analysis and actual
testing was performed using® this transduction approach, the design therein
uses the same principles and diaphragm diameter to thickness ratios.

5.1 Mechanical Desjign Details

Sensor Detail Drawing 440306, Page 9, shows the titanium transducer
dimensions. These dimensions are the same as the 17-4 PH CRES Steel
versions. -

Pages 10 thru 12 show the orientation of the three types of
different length semiconductor strain gages as they were bonded onto

the diaphragm with epoxy. A five-conductor cable enters the sensor’

though the side wall hele and is scldered to the. open bridge formed
at the solder tabs. The other end of the cable is attached to a

bridge completion and temperature compensation board. After the .

sensors have been computer tested over temperature in a temperature
chamber, which defines the values and locations of the bridge
completion balance Tc and sensitivity Tc resistors, the resistors
are installed on the circuit board. These resistors bias the strain
gages to force dynamic self thermal transient compensation.

The cable is. round and is 0.040 inches in diameter. Routing the
cable though the rocket motor casing would require holes no bigger
than 0.42 diameter. . Small size holes minimize the damage and
weakening of the rocket motor case. Sealing a small hole is much
easier. -

A lid is. bonded to the rear of the sensor after all electrical
connections are made and the cable is bonded at the exit hole.

5.2 Theory of Cperations (Normal Stress)

As pressure is. applied to the diaphragm, it deflects. The resulting
surface straln is sensed by the gages. The two gages in the center
go into tension showing an increase "in resistance and the two gages
at the edges go intd compression decreasing in resistance. These
gages are connected .to form a fully active bridge. When properly
activated and thermally compensated, an output signal. is obtained
which is linear and proportional to pressure (normal stress) when
operated within its design limits. ‘

The peolarity is such that positive pressure (compression) to the..

diaphragm develops a positive signal and negative pressure (tension)
has a negative signal.

6.0 Parformance Testing Details

Following is a description of the testing performed on the sensors and the
results. Since it is difficult to simulate bend stress, gaseous nitrogen

’The Development of Improved Normal Stress Transducers for Propellant
Grains, E.C. Francis, R.E. Thompson and W.C. Briggs {31 Jan 79)
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pressure was used. The full scale range of the sensors is 100 psig.
Errors or deviations are expressed in percent of full scale or psi.

Details on each set up are not given. Our quality control system requires
all measurements to have recent calibration traceability and our pressure
standards are referenced to the Bureau of Standards. The accuracy of our
pressure standard is. better than 0.05% of reading.

6.1 Static Error Band (S.E.BR.)

The static error band is comprised of the non-linearity, hysteresis
and non-repeatability at ambient temperature. Design considerations
of the sensor were initiated to meet the design geal of *0.25 psi
best fit straight line. Testing of 46 sensors produced an average
S$.E.B. of 0.11 psi. Page 13 and 14 show two data sheets containing
5.E.B. data.

Zero. stress offset and full scale offset are not considered errors.
They are corrected for during data reduction.

6.2 . Balance Temperature Coefficient (BTC)

Balance (0 psi) electrical offset .over tempeiature is compensated
for by shunting a gage on the side of the bridge changing fastest.

with a resisteor. . Since.the resistor does not need to see the
temperature change, 1t can be located remotely in the bridge
completion external box. Rlthough the four gages are computer

matched for intercept at 78°F and between -50 and 278°F for Tc,
variations in diaphragm surface finish, epoxy bond thickness, etc.
can cause offsets due to different bond stresses. Passive balance
temperature compensation forces the bridge to be self-compensated.
A high degree of thermal transient compensation is achieved.

‘It is more important that the thermal balance Tc be repeatable, than
very low. The thermal hysteresis data is used for data correction.

Average balance Tc’s for titanium sensors is 2.0% FS/100°F and steel
2.2% FS5/100°F. The lowest BTC for titanium is 0.23% FS/100°F, S/N
12236 Page 15 and for steel is 0.43% ¥FS/100°F, S/N 12253 Page 16. ._. -

6.3 Sensitivity Tc

The algebraic difference between the 0 psi electrical output and the
100 psi electrical output 1is. herein defined as the sensor
sensitivity.

Sensitivity Tec is the change in sensitivity over temperature. This
change can be a straight line or a slightly curved line continuous
function. Sensitivity Tc is obtained by using a resistor shunt
across the constant current power supply. The power supply 1s set
for 4.0 mA constant current. It is not required that the resistor be.

located in the sensor. This. forces the sensor to be self-
compensated and can be mounted .in the external bridge completion
box.

Titanium average séﬁsitivitf Tc was 1.15% F§/100°F with one unit S/N
12222 showing a sensitivity Tc of 0.05% FS/100°F Page 17.
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The average steel sensitivity Te is 1.62% FS/100°F with the lowest
To S/N 12246 of 0.16% F3/100°F Page 18.

Thermal Hysteresis

At zero pressure with the sensor properly ‘excited, an output is

obtained over the limits of its temperature compensated range. The
curve thus obtained is called the bkalance temperature coefficrent
and is often expressed as percent of full scale per 100°F. This

curve ¢an be established by measuring the sensor ocutput as it 1s
thermally changed from hot to cold which for the testing herein is
+150 to.-30°F. If the balance Tc curve cbtained from +150 to -30°F
is different from the curve cobtained from =50 to 150°E, that
difference is herein defined as thermal hysteresis.

What causes thermal hysteresis .is not obvious and will not be
discussed herein. To minimize the thermal hysteresis the sensors are
treated to processes which are known to optimize general performance
such as heat treatment of metals after machining, thermal cycling to
stabilize components, specialized curing of epoxy, etc.

It is.a desigh goal to obtain a thermal hysteresis of less than 1.0
psi over the thermal range shown.

For the curves shown on Pages 13 thru 24, the temperature of the
chamber containing the sensors was held constant for 120 minutes at
each temperature shown. The complete thermal cycles were run over
110 hours and generated 55 data points.. Except for a few problem
sensors, all sensor curves had similar signatures with the folleowing
characteristics.

1. For each sensor the -50 and +150°F end peints repeated.

2. Increasing temperature ddata points between the limits
were .always more pesitive than the decreasing
temperature points.

3. The increasing temperature data points were repeatable.
4. The decreasing temperature data points were repeatable.

Most rockets are relatively massive and the heat exchange rate with
air is poor. Motor temperature changes will be slow. The sensor
thermal hysteresis testing was slow to simulate the use conduction.

Feollowing are some charts showing the thermal hysteresis curves

generated from the test proven. Page 1% is S/N 7607 for a titanium

sensor with 0.026 gages, Page 20.3/N 7610 with U.039 gages and Page
21 S/N 7619 with 0.060 gagés. The steel sensors with the same gages

are S/N D Page 22, S/N 7630. Page 23 and S/N 763B Page 24.

Long Term Stability
The sensors were put into a box to eliminate wind currents and slow
ambient temperature changes. . Al)l sensors were. tested for balance

approximately twice per week. Each sensors &lectrical ocutput was
measured by plugging its electrical .connector into a mating
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connector, wired to a constant current supply and digital readout
No attempt was made to compensate for temperature.

Although the constant current power supply was always reset prior to
taking data and the current was recorded with each data point, no
attempt to correct the data was made. It was assumed these small
fluctuations of current would average out during the long test
period.. -

Some sensors such as 5/N 7638 Page 25 seem Lo have a stabilization
lead time of approximately 30 days. Page 26 shows a sensor
requiring no stabilization lead time. Pages 27 thru 31 show &ther
sensors with different silze gages on both titanium and steel bodies.
Most of the long term cy¢le changes shown inh the data 1s due to long
term building temperature changes. These long term cycles are
greater on sensors having larger balance Tc's.

Page 31 is.a resistor bridge reference test balance Tc chart. This
shows how stable. the recording meter was.
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DISPLACEMENT GAGES AND STRAIN EXTENSOMETERS FOR SPECIAL
APPLICATIONS
by
John Shepic
John Shepic Co.
14031 West Exposition Drive
Lakewood, Colorado 80228

I am a manufacturer of custom stfain_gagewinstruments addressing
unique mechanical testing situvations. Instruments will be shown

that have been developed for deep cryogenic (-452F) strain and -

displacement measurements of tensile specimens and compact tension
fracture specimens.” A displacement. gage that attaches to EDM
machined surface defects or a .05" diameter hole. (depending on
specimen type}, will also be shown. Also to be shown and discussed
are a diametral extensometer for low cycle fatigue testing and a
force transducer used as a training aid by Olympic kayakers.

Examples of several actual instruments will be shown to workshop
attendees.

an ) e 3

Shown in Figure 1 is a displacement gage which meets ASTM R 399!
criteria for use on fracture toughness specimens. The design has
an advantage or two over the more common double cantilever beam
style of displacement gage:

a) Higher displacement range for a given transducer length.

b) The contact beams can be modified or replaced without
consequence to the transducer because they are not
instrumented with strain gages.

For deep cryogenic applications (liquid hydrogen or liquid helium
temperature) this design works reliably. Several different double
cantilever beam configurations were tried which would not work at
all in 1liquid helium even though they worked well in liquid
nitrogen.

Shown in Figure 2 is a transfer arm that is used on compact tension
fracture specimens in conjunction with a displacement gage. Made
of G-10 fiberglas laminate, it allows displacement monitoring of
the specimen in corrosive or electrically conductive solutions
without having to immerse the displacement gage in the solution.
The G~10 is non-conductive and does not create a galvanic cell with
the test specimen. The pivot consists of a minature ball bearing
sealed off from contact with the solution by two o-rings. The
lever ratio of this unit is 1 to 1; other ratios are certainly
possible.

A tensile strain extensometer designed for use in cryogenic liquids
is shown in Figure 3. In use, the extensometer is compressed and
placed between two clamps that are mounted on the tensile specimen
at a preset gage length. The separable design permits easy use of
this extensometer in cryostats and environmental chambers where
manual detachment of the extensometer prior to specimen failure is
not feasible. Various gage length versions (0.5", 1", and 2") have
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been built and used successfully. Strain ranges up to about 70%
are possible. On strain ranges above 20%, the clamp screws are
spring loaded to maintain clamping pressure as specimen diameter
decreases during elongation. The extensometer simply self-detaches
upon specimen failure.

A surface flaw. displacement gage is shown in Figure 4. This device
was developed for displacement measurements on surface crack
tension (SCT) specimens which have small slit-like defects
introduced by EDM machining or a thin slitting saw. The defects
are typically fatigue-cracked by cyclical loading. Fatigue crack
growth rate studies (da/dn) can then be performed, or the specimen
can be fractured by monotonic leoading to failure. In either case,
monotoring of the crack mouth displacement during the test is
desirable. The gage shown can attach directly to a narrow slit
only .020" wide. The body design is similar to the displacement
gage shown previously, only much narrower (0.24" vs. 0.4" for the
DG-25 displacement gage). The small prongs which attach to the
flaw or narrow slit are dovetail mounted into the displacement gage
body. A clamping screw locks the assembly together. There 1is
adjustment to allow for openings larger tham .020". 1In the past,
adaptors were usually made up to allow use of a standard
displacement gage or extensometer on a surface defect. This
practice is outlined in ASTM E 740. Results were usually less than
acceptable because there were specimen to specimen variations in
how well the adaptors were located and attached. Often times the
adaptors would fall off before the test was completed. Standard
displacement gages generate excessive pressure to be used
successfully in this manner. The surface flaw displacement gage
can also be used on center cracked specimens as outlined in ASTM E
561.

Pictured in Figure 5 is a diametral extensometer developed for
fully reversed, strain-controlled low cycle fatigue of small (0.25"
dia.) specimens at cryodenic temperatures. Low cycle fatigue
specimens are typically hourglass shaped to avoid buckling during
compressive loading. Diametral strain measurement (and control) is
the method of choice for this specimen configuration since specimen
cross—section is variable along its length. Unlike commercially
available wunits, this extensometer design is self supporting
because of its light weight and the symmetry of its design. An
external mounting .arm and support spring or bracket are not
required. Figure 62 iz an example of a hysteresis curve generated
using this extensometer. Note the work hardening with each
successive load cycle and the good control at each strain reversal.

This next item is an interesting application inveolving a kavak
paddle. Shown in Figure 7 1is a transducer designed to pick up
deflection that occurs as the result of a bending moment generated
in the paddle as it is used by an athlete. Each athlete has his
own paddle which satisfies his personal preference as to size,
weight, stiffness, etc. I was asked by the U. 3. Olympic Committee
to design a transducer that would work reasonably well on all the
various paddle designs so that they could measure the force applied
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and its duration and thus evaluate an athlete's performance. The
transducer consists of a split yoke tybe of clamp designed to work
over a limited range of -paddle handle diameters, and two
instrumented deflection beams that are prelcaded against the paddle
when the clamp is tightened. Two beams are necessary since the
ends of the paddle are not co-planer. After the transducer is
mounted to a paddle, a calibration is performed by dead weighting
each end of the paddle. The athlete is then sent out on a trial.
Data is sent via telemetry from the kayak to a nearby portable data
aquisition system. -

1."Plane Strain Fracture Toughness of Metallic Materials", Annual
Book of ASTM Standards, American Society for Testing and Materials,

1916 Race Street, Philadelphia, Pa. 19103

2.F. R. Schwartzberg and J. A. Shepic, "Fatigue Testing of
Stainless Steels", Materials Studies for Magnetic Fusion Energy
Applications at Low Temperatures, Volume 1, April 1978, National

Institute for Science & Technology, Boulder, Co.
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FIGURE I

_ 4-CONDUCTOR TEFLON
7 INSULATED CABLE

. WIDTH: 0.4 INCH

DIMENSIONS ARE
IN INCHES .

DG-25 DISPLACEMENT GAGE .. ..
1" TO .35" OPERATING RANGE

~454F "TO ¥200F TEMP. RANGE
350 OFM STRAIN GAGE -BRIDGE

AVAILABLE IN NONMAGNETIC CONSTRUCTION
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FIGURE 2.

DISPLACEMENT GAGE . . . . . o men
MOUNTS HERE

g o R T A - e T

FRACTURE ..
SPECIMEN

SEALED, BALL BEARING FPIVOT

TRANSFER ARM
RATIO: | TO |
MAT'L: G-ID FIBERGLAS

DESIGNED FOR COD MEASUREMENTS
IN CORROSIVE OR CONDUCTIVE
SOLUTIONS (BRINGS CLIP GAGE
UP OUT OF THE SOLUTION)

J. SHEPIC
3/12/793
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FIGURE 3

MODEL SE-1

’

TENSILE STRAIN EXTENSOMETER

1 INCH

-

GAGE LENGTH

15%

-
-

STRAIN RANGE

: 350 OHMS

BRIDGE RESISTANCE

~452F to +200F

-
-

TEMPERATURE RANGE
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FIGURE 4. T

SURFACE FLAW DISPLACEMENT GAGE

DISPLACEMENT RANGE: 0.070 INCHES

SMALLEST FLAW SIZE (SURFACE DIMENSIONS): 0.100” WIDE (2C), BY .020”
TEMPERATURE RANGE: ~454F TO +250F

BRIDGE RESISTANCE: 350 OHMS

THIS DISPLACEMENT GAGE ATTACHES TO THE INSIDE SURFACES OF THE STARTER NOTCH. LOCATION
IS MAINTAINED BY CONTACT FRICTION. KNIFE EDGES OR SPECIAL ATTACHMENT DEVICES PLACED
NEAR THE FLAW ARE NOT REQUIRED. THE COD GAGE SELF DETACHES UPON SPECIMEN FAILURE. A
FULLY ACTIVE STRAIN GAGE BRIDGE PROVIDES OUTSTANDING SENSITIVITY AND LINEARITY. THE
ATTACHMENT PRONGS ARE DOVETAILED INTO THE GAGE BODY AND ARE ADJUSTABLE OVER A RANGE
OF APPROXIMATELY ©.2 INCHES. THIS FEATURE ALLOWS CONTACT PRESSURE TO BE ADJUSTED AS
WELL AS MAKING THE GAGE ADAPTABLE TO VARIOUS STARTER FLAW DIMENSIONS. OTHER TYPES OF
ATTACHMENTS CAN ALSC BE DEVISED TO FIT THE GAGE BODY, ALLOWING USE OF THE INSTRUMENT
ON OTHER KINDS OF SPECIMENS OR MEASUREMENTS. TWO SETS OF ATTACHMENT PRONGS ARE

PROVIDED WITH EACH GAGE.
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Figure 5. Diametral Strain Extensometer.
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Figure 7. KAYAK Paddle Force Transducer.
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Abstract e o e R

The design of solid rocket motors and the prediction of their service life
depends on the accurate measurement of the induced stress in the propellant
charge and at the bpnd-line. This measurement permits the prediction of maximum
safe service l1ife. Some results from a majeor international collaborative program
to compare measured stress with prediction is presented herein. The accurate
measurement of stress and the long term stability of the sensor i1is essential to
the evaluation of the problem. It is shown that the current sensors are sujitable
for this purpose and have the potential for long term health monitoring.
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1 introduction

Major causes of failure in rocket motors are cracking of the propellant charge
and debonding of the charge from the insulating lining. These generally occur
either at low temperature when high stress levels.are set up due to differential
thermal contraction, which may be compounded by ageing processes within the
propellant itself, or on ignition, when high shock type stresses are experienced.

The design of solid rocket motors and the prediction of their service life depend
largely on the accurate prediction of these stresses and strains. In the past,

classical elastic, steady-state methods have been used for stress analysis. More.
recently, linear viscoelastic finite element codes which assume the material to
behave in a thermorheologically simple manner have beceome available!. Non-linear
correction. functions are available but their formulation is a time-consuming
task’. However, even with the use of actual laboratory measured mechanical.
properties, discrepancies remain between theory and cbserved propellant behaviocur
particularly on temperature cycling.” Bond stress transducer. technology provides
a means of &obtaining stress data which can be compared directly with material
characterization data. This eliminates the uncertainty associated with stress
analysis results which still lack conclusive experimental verification.

A major collaborative programme has been conducted to acquire results from cast-
in strain gauges and stress transducers’. This data-base will-be used to compare
predicted and measured stress and strain at various critical points in the
propellant charge and relating this to cbserved failure. -A full understanding
not only reduces the risk of catastrophic failure on firing but will also prevent
motors from being withdrawn prematurely from service. The programme successfully
demeonstrated the use of the " through-the-case" stress transducers for measuring
bondline stresses in solid rocket meotors. These transducers were mounted on the
outside of the motor case and secured in place by a fixing collar and four studs.

The terminoleogy of "through-the-case" refers to the fact that a small cylindrical
hole is made in the case, through which the transducer face. is, inserted so as to
be in contact.with the propellant. Although capable of monitoring the stress
levels in the instrumented charges, this type of transducer is not fully
practicable becatlise the rocket motor case can no longer function as a pressure
vessel because of the aforementioned hole. . This type of transducer has been used
for research purposes only on analogue charges and is not suitable for project
missiles.

Recent advances in transducer technology have lead to the introduction of a
smaller version of the bondline stress transducer which can be mounted on the
inside of the rocket case wall. The introduction of this miniature stress
transducer into meotors offer the potential of in-service health monitoring of
rocket motors that could also be fired. .

2 oto etails and transduce j aratio

The United Kingdom test motor for this work was referred to as the "Structural
test motor" or STM for short. The charge configuration is a slotted-radial
design, with four slots at the aft end of the charge and is shown in Figure 1. .
The STM is typical of a lightweight tactical motor containing 9.5kg (20 lbs) of
reduced smoke, i.e. non-aluminised, composite propellant with a butyl stress
relieving boot at the head end. Several of the charges were instrumented with
thermocouplés ‘and stress transducer which monitored the stress levels at the
bendline between motor._case and the outer diameter of the propellant charge.
These instrumented motors are called " STIMs" and the transducer layout is shown
in Figure 2. A total of twenty motors were cast in batches of four at a time and
the details are given in Table 1.
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The stress transducer and thermocouple ocutput were captured on a specially built
data-logyging system. The cénstant current supply is 5mA and the output is
typically in the range of 0 to 40 mv DC. The transducer long term stability is
the most important criterion for successful stress monitoring. So, before the
instrumented motors are filled and the transducers. isclated from further .
calibration, it 1s required to prove that the transducers are repeatable, stable.
and have acceptable hysteresis.

Senso-Metric’s (stainlees steel) 6H01511 stress transducers are carefully
manufactured .to give minimum thermal hysteresis.. Scre€ning tests are performed
and transducers that show variation of  greater .than 75 microveolts after
temperature  cycling are eliminated!. A minimum repeatable output with
temperature is therefore ensured and the Varlatlons for six corrected transducers
are shown in Figure 3.

The transducers are dead-weight calibrated to establish thelr pressure response = . -
and the typical cutput is linear with pressure loads up to I Mpa (150psi). Data
correction programs were written to read in the raw output from the data-logger

and correct it _for zero-offsets and with pressure calibration measured for each
transducer. To check if the presence of the transducer had any measurable effect e
on the stress maghitude, an elastic finite element analysis was conducted. The

results indicted that the bondline stress transducer had negligible effect on the -
measured stress levels and amounts to less than a 1% error. In the data
correction algorithms the effect has therefore been ignored. The reason for

minimal dinteraction is that the transducer diaphragm is meunted flush with the
liner/propéllant interface, and that the case is relatively stiff and of large

radius compared with the transducer.

As a final check of transducer performance before filling the response from the
tranducer when assembled into the empty case is monitored when temperature cycled
over the required temperature range -40°C to 60°C . {140°F}. <The result from such
a test on STIM 4 is given in Table 2 and the error of less than +/- 5 kPa (lpsi)
is considered acceptable.

3 Motor trials =

The motors were assembled with calibrated transducers, thermocouples and a

central mandrel to form the bore. The motors were then filled with the :
propellant slurry and cured at 60°C. for a period of three days. During this . -
period the hydrostatic pressure, indicated in Figure 4 as a negative stress,
changed to a positive stress with the propellant trying te pull away from the
case due to curing shrinkage. At the end of the cure period with the c¢ross-link
network complete the stress level can be seen as low with a magnitude of 10 +/-
5 kPa. The motor with the mandrel still in place is. removed from the cure ovens
and allowed to cool to ambient temperature. This is to allow the mandrel to be
withdrawn with minimal propellant damage, however as can been seen, from Figure
S5, the propellant sticks to the mandrel and high stress levels are induced as the
motor cools. - The indicated crder . of stress level is the opposite. to that
expected from geometry because of the extra constraint caused by the mandrel
vanes. This phenomenon was repeated for all the motors, w1th the average induced
stress of 127 kPa as shown in Table 3.

Extraction of the mandrel is conducted remotely by hydraulic ram with no recorded
stress peaks which could damage the propellant. The stress level decreased R
rapidly as soon as the mandrel released from the propellant as can be seen in
Figure &. After mandrel removal the stress level was similar for all the motors
with an average value of 49 kPa (7psi}), giving a stress change of nearly 100kPa. )
STIMé only had one operating transducer s¢ the indicted change in Table 3 is - -
considered to be low for this motor. Even after an overnight soak the order of
stress levels were opposite to that expected indicating a memory of the previous
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state. However, heating the STIM4 motor to 45°C for the first temperature trial R
removed this.memory and the stress levels reverted to the correct order.

q Temperature cyvcling tesgs .,

As an 1ndication of the use of stress transducers te measure the health of a
rocket motor two_series of tests will be considered:

{2} Arctic cycle.

This test sequence is shown in Figure 7 and consists of a long term soak

at 40°C, then two cooling cycles down to -43C at which temperature. the - -
motor is again scaked for a prolonged period of 20 days, before two
heating cycles back to ambient temperature. .- The rest at -20°C in both
direction was designed to measure the relaxation modulus in an attempt to
assess_any cumulative damage. The ¢ycle was started with an uncontrolled
heating back to 40°%C. before.the seguence was repeated. This temperature : —
history is considered to accelerate service life by at least a factor of . -
Ewo. -

(b) Thermal shock cyele. - . oo o o

This test is considered to be the most severe test and can lead to motor
failure. The motor socaked at a high temperature of 60°C is placed straight
into "a low temperature chamber running at -54°C and the sequence is
repeated every 24 hours. After five cycles the motor is left at ambient
conditions for 48 hours during which time it is wvisually inspected for
damage. .The sequence of cycles can be repeated until failure.

In this reported work neither trial actually lead to a charge failure but gave R
interesting results which provides information on which service life calculations
can be made. - : - C )

G} C_Cycle ia 1

The time-temperature profile for the first cycle of the trial is shown in Figure — -
9, together with the induced stress as shown in Figure 10. As can be seen from

the temperature plot a problem occurred with cobtaining the low temperature and

a mid-time correction was required. It should also be noted that the order of

stress level is as expected with the higher magnitude at the head-end gauge (No -
5Fr393}. The recorded peak values of 330 kPa or 365 kPa is at least 25% higher

than the stress measured at thermal eguilibrium. These values are given in

Figure 11 together with the corresponding values at the other temperatures in the

cycle. The allowable stress level for the temperature of -45% has been measured

as 650 kPa. This implies that bondline separatioen is unlikely as a failure mode -
providing reasconable precautions have been taken during motor manufacture to : e
ensure a good bond.

Even though bond failure is not predicted it can be seen that the results do - s
indicate some mechanical damage. The excursion to -45'C has caused a change in

the apparent modulus since the equilibrium stress level at both -20°C and 20°C - C e —
during the heating part of the cycle are lower than measured during the initial

cooldown. The wvalues are listed in Figure 11 for comparison. As can be seen the

stress level -.on returning to 20°C after the excursion has decreased on average

by 35%. However, the stress levels at -20°C would appear to have decreased by

an average of 47%." This implies that the amount of damage is dependent on the -
induced strain level, being 10% and 20% respectively. This behaviour has been - -
observed previously and subjected to extensive study?.

After a recovery period at 453'C the second cycle induced very similar stress
levels. The recorded thermal .eqguilibrium stresses at -45°C are given in Table . - -
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4. Again the induced damaye Was not. recovered during the low temperature
storage. Between cycle . and subsequent cycles, a delay of several months was
incurred due to malfunction of the data-logging eguipment. The data-logger was
returned to the manufacturer for repaif with _ the loss. of internal calibration
settings. Hence results for cycles 3, 4 and 5 are presented in comparative form
with the stress values corrected so 2 and 3 correspond.

As can be seen the same pattern is repeated for all the cycles with the average
values of the five cycles beilng the same as the actual values for the first
cycle. At the end of the trials the motor, STIM4, was visually inspected and
found to be in good condition with .no visible damage and no cracks apparent.

The ability to measure the actual stress level at any time in the history of the
trial and that the stress magnitude. did not exceed the allowable values gave
confidence that the sister motor, which followed the same rtrial, was alsc
serviceable. The motor was subsequently successfully flred at -53°%C, the
required low temperature operatbting limit.

& hock trial d sult

Thermal shock trials were carried out on STIM7 following the temperature profile
given in Figure 8. The first cycle from 60°C to -54°C induced a peak head-end
stress level of over 600kPa with a equilibrium value of 420kPa. The allowable
stress level under these c¢onditions is 1.14 MPa so there is little danger of bond
failure. However, the induced strain level is 27%, close to the allowable value
of 30%, and it is by this mechanism that the motor usually fails. The stresses
on subsequent cycles decreases rapidly indicating large amounts of damage which
is net recovered. The values are given in Figure 12 in the form of percentage
decreases against cycle. Over the first five cycles the stress decreased the

order of 25% of the original wvalue, and in this case that squated to a drop of’

around 112kPa. - Stress decreases of this order could be due to gross damage in
the bore or due to the present of a crack.

7 Modelling of crack propagation

The use of miniature stress transducers (Micren Instruments’ Titanium 140474) as
a possible in-service technique depends on the ability to detect propellant bulk
damage or bore cracking under thermal loading®. A typical crack starts on the
surface of the bore, at a point of maximum concentration, and grows normal to. the
surface. The actual initiation mechanism was not part of this study.

Finite elewent analyses were carried out to determine the effect that the growth
of a crack from the inner bore surface would have on the stress levels in the
charge. In pafkticular, attention was paid to_the orientation of the crack
relative to the transducer. In all cases a linear elastic material model was
assumed on the grounds that crack propagation under thermal storage conditions
would proceed at a slow rate and therefore material properties in the equilibrium
elastic portion of the stress relaxation curve would apply. The actual elastic
modulus used for this work was 5.25 MPa.

Figure !4 shows some typical results. Located near to the case wall was a
miniature stress transducer. Boundary conditions have been applied to the model
to take symmetry into account. The crack path being modelled was for propagation
at a site 90 .degrees to the transducer. The stress predictions are also shown
in Figure 14 with a constant decrease in the stress lewvels as the crack grows.
The stress level fall from 575 kPa to less than 100 kPa and hence would be easily
detectable. The results alsc showed the growth of a crack in a direction normal
to the transducer face would be detected by a sultably located transducer.
However, the use of one transducer would not be sufficient to detect the extent
and location of a growing crack in a complex geometry, and it is therefore
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recommendsd that several transducers are located at 90 degrees to each other and
spaced along the motor so that it 1s possible to deftect the crack and to assess
its location-

B Conclusjions and future wprk
The measured stress reduction obtained from the thermal shock trials ;- as

discussed in Section 6, could be the result of a bore crack. STIM7 was carefully
examined at ambient temperature .after the trial and although some surface damage
was visible.nc actual crack was detected. However, this motor was considered to
be damaged beyond that which could be fired without risk. 3o the use .of stress
transducers.as a health monitor has been demonstrated. This work will continue
to comipare the actunal measured stress walues in instrumented rocket motors and
the best available prediction techniques.

It has been shown that stress changes in compesite propellant rocket motors are
complex. The ability to measure these stress magnitudes .are an essential
precursor to accurate structural integrity calculations. From this information
an informed decision can be made about the current state of the in-service
instrumented rocket motor. Significant cost avoidance can be obtained from this
possible extension of service life. .However, no matter how sophisticated the
measuring system the fact remains that the stresses in the motor situation are
extremely complex. It still requires careful analysis of the data obtained to
ensure validity of any of the readings.
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Serial Numbcr Motor type { Propellant batch No. Trial

101574 ST™M 49M Old build standard
101575 STM Old build standard
STIM1 STIM1 Initiai datalogging trials
STIM2 STIM2 Initial datalogging trials
98365 ST™M 56M LTF

97917 ST™ LTF

97918 ST™™ Fired to assess instability
101581 ST™M Fired to assess instability
FIM10 STIM3 5™ Instrurnented motor
101583 . - | STM LTF

FIM11 STIM4 Arctic cycie

101584 STIM Arctic cycle + Fire (-54 °C)
2757C STIMS 58M Accelereated ageing
2749C ST™ Accelerated ageing + Fire 'J
2755C STIM6 Gauge failure

2752C STM LTF

FTM9 STIM7 59M Thermal shock

FITM12 STM No allocation

2742C ST™M LTF

2751C ST™M. LTF

Table 1: UK STM Motors

Batches 56M onwards contain 2% Ti02
LTF = Low Temperature Firing,.

TABLE 1
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Sensometrics gauges : Thermal hysteresis temperature cycling
of gauges and case only.

STIM 4

gauge 9F393 connected to channel 3 (cable 5)
gauge 9F394 connected to channel 8 (cable 8)
gauge 9F397 connected to channel 6 (cable 7)

All stress gauge readings below are in kPa.

Temperature (°C)

Gauge 60 40 24 -10 -20 ~42
9F393 i 2
ii 11 9 -9 -12 ~19
1ii 8 7 -12 -15 -20
iv 10 9 -9 -14 -20

Temperature (°C)

Gauge 60 40 24 ~10 -20 ~42
9F394 i 6

ii 6 9 38 38 34

iii 5 6 33 30 34

iv -1 2 33 38 39

Temperature (°C)

Gauge 60 40 24 -10 -20  -42
9¥397 i -5

ii -18 -12 -10 -15 =33

iii -15 -13 -8 -9 -20

iv ~18 -17 -8 -13  -23
TABLE 2
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MANDREL REMOVAL AT AMBIENT

Average Avarage
MOTOR (Stress Before Siress  After C“j(’;?:
kPa fkPa
pef Hpal) L]
STiM 4 154 62 92
{223} 0.0 (13.9)
STIMS 133 32 . -], 101
09.3) w0 (14.6)
STIM 6 104 67 37
{150 o {5.4)
STIM7 116 M 82
({1 1] (4.9) {118
AVERAGE 127 49 78
(4 fe )] {1801
IABLE. 3
ARCTIC CYCLE RESULTS
Corrected strass inducad at -45°C kPa
Apal
GAUGE ¥ 397 304 393 Averaga
CYCLE
1 163 238 2688 230
-1 ) “E aa 03
2 146 226 296 223
ne e a2y E-d )
3 (145} NR (300) 223
210 "R ns
4 {176) (267) 307) 250
=8 oan [ ny
5 (215) (231) (248) 231
ass T B »*3
AVERAGE 169 241 288 232
(=10 s (218 mn
" . NN
TARBLE 4
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STIM4 GAUGE AND
THERMOCOUPLE
LAYOUT. -
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STIMi : BOND STRESSES DURING MOTOR CURE,

WTIN MOLINE STRERSES ' =roeony
STREM por) ; A -
nw e ——— ey

o |

-8
Ay N T S T I N I
M Zde 530,00 720.00 3000.00 1PM0.80 10080 170N &I:l: :f;.ﬂ IB0Y. 00 113,00 3000.60 230,00 3500.00 Ar30.00 2006.85 4ArN0.00
ZIGURE 4

STHESS /ikPa

STIM4 COOLING FROM CURE TO AMBIENT
MANDREL STILL IN PLACE

200

TIME /mins

71




STRESS APa
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THERMAL SHOCK ENVIRONMENT
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THERMAL SHOCK TRIALS
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Environmental conditions associated.with wehicular
laboratory and field test measurements present a severe
challenge to mast sensors. .

In the past, engineers faced with field test
measurements had no other choice than to adapt small
laboratory type sensorsg,with delicate miniature
connectors,to harsh environments involving dust,
sand, water,wind and salt spray.

As a-result of technological advancements in compact,
portable FFT analyzers combined with the development of
durable low output impedance accelercmeters designed
for rough handling and operation in harsh factory
environments,a new technology known as "Machine
Vibration Health Monitoring®™ has emerged.

Today, rugged,durable, hermetically sealed,case ground
isolated accelerometers continuously monitor shock and
vibration on machinery and structures in hostile
environments in paper mills,rolling mills,power
plants, factories,on shipboard and seismic exploration

vehicles.

Characteristics of these rugged industrial sensors
include laser hermetic sealing, MIL Spec connectors,
integral vulcanized waterproof- connections, case ground
isolation and shock protection.

Incorporating stable shear structured sensing elements
and integral microelectronic signal conditioners, these
rugged industrial sensors offér & low cost commercial
solution meeting the technical and field requirements
for wehicular shock and vibration measurements.
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Environmental and operating conditions associated with
vehicular shock and vibration measurements in laboratory
and field test applications have always been tough!
Environmental conditions vary widely and operating
conditions are usually rough. Meeting these needs with
durable. accelerometers, cables and connections presents a
real challenge.

Out of necessity, engineers have had to uUse instrumentation
that was not designed for operation under adverse conditions
associated with environmental testing. An example of this
would be high impedance charge type accelerometers which use
somewhat delicate miniature connectors and ¢able which are
highly susceptible to moisture,dirt and other contamination.
However, "resourceful” engineers made the best of the
situation by using extra care in routing cables and sealing
connections. Protective. covers,or shields,have been used to
protect the accelerometers, cables and charge amplifiers
from mechanical damage.

Today, the measurement task is much easier. As a result of
technological advancemeénts in machinery health monitoring in
factories and power plants, durable industrial grade ICP
accelercmeters with rugged connectors @nd cables have been
developed for operatlon in some of the worst possible
environments.

Aside from larger. housings necessary to accommodate more
rugged connectors, ICP Industrial Accelerometers incorporate
many of the same features found in the smaller aerospace
accelerometers youn may be more familiar with.Such features
include shear structured quartz.or ceramic sensing elements,
laser welded hermetically sealed connectors and housings,
electrical case ground isolation, rugged "MIL Spec.”
connectors, electrical & mechanical shock protection and
built-in microelectronics to provide. a low impedance voltage
signal suitable for operation in contaminated environments.

Shear Mode
Rugged 2-pin MIL Spec
" / Connector
Hermeti .
nmadaw ' . RFI & L Typical Quartz
ESD Protection
Stainless Cirenit Shear Structured
Steel Case ICP Gireutt Industrial ICP
Accelerometer
S A S S AV Seismic M.ss
Digl Case Piezoelectric
Design Crystal
i etaining Ring
Off Ground e LA ‘Welded Faraday
Wusher» Cage
! —
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ICP Industrial acceleromerers operating in wet, humid or
underwater environments, incorporate protective boots or
integral vulcanized waterproof cable connections. Most of
you are aware of integral cable problems associated with
smaller accelerometers. Often the integral connection is
not rugged. encugh and if cable accidentally gets pulled,the
connection tends to become "non—-integral". In order to
avoid this rather expensive type "accildent™ with ICP
Industrial Accelerometers, the integral cable connection has
been designed and tested to pass a 200 pound pull test.

Industrial Accelerometers with
Waterproof Connections

The paper machine is a good example of an industrial
accelerometer application invelving a wide range of
mechanical apparatus and environmental conditions.Up to 300
sensors may be permanently installed on a single paper
machine which is about a .block long. The paper machine,
which starts with slurry and finishes with completed paper,
consists of motors, rollers, bearings, gears, filters,
heaters, presses and slicers. Environmentally, sensors
operate in a paper slurry, underwater, in oil, grease, high
humidity, dryer section heat and they must survive punishing
fire hose like water pressures when the machines are
cleaned.

PSR

Paper
Machine




Industrial Accelerometers provide reliable
operation in oil, cutting fluid and other
chemical environments.

Rugged, steel-jacketed, integral cable
protects against metal shavings.

Industrial Accelerometers installed
on this Seismic Exploration Vehicle
measure impact shock,

i
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ICP Industrial Accelerometers suitable for vehicular
measurements are available in a wide variety of meéechanical
configurations with top or side. connectors, thru-hole
nounting, in single and triaxial configurations. Most models
have good response down to 0.5 hz making them well suited
for low frequency vehicular motion measurements.There are
high frequency models with response to 8000 hz, high
temperature ICP models.to 3509F, models. with velocity output
and models that provide simultaneocus temperature and
acceleration output. ICP accelerometers are designed for
continuous duty applications.

TYPICAL ICP INDUSTRIAL ACCELEROMETERS:

M325A01
M325A02

M328F71
SCREW TERMINAL
: MOUNT
M325A117 .
THRU HOLE MOUNT pazsall M328FG1
2 PIN MILITARY
STAINLESS
CONNECTOR
M328F11
icw;lfgaTLRIAL UNDERWATER
ACCELEROMETERS VULCAN[ZED
CONNECTOR

i -
: [ AN Accelerometers
Feature:

* Shesr Design

* Integrail Electronics

* Case Gnd. Isolation
[ * Hermetic Sealing

MazoAn]

>

ICP industrial accelerometers are volume manufactured at the
PCB facility in Depew N.Y.to the same high quality standards
as all PCB sensors,electronics and calibration products

You are invited to visit our plant anytime you are in
Western NY.

1. 1cP® is a registered trademark of Piezotronics Inc.

References: .
Catalog QSG- 200, IMI Div.of PCB Piezotronics Inc.
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Abstract

This paper presents a design for a transducer capable of sensing the proximity of a steel plunger located —
inside an enclosed steel housing. The purpose of the transducer development was to measure average

plunger velocity and time to end-of-stroke for a SUU-20 bomb ejector rack during bomb delivery tests. A

harsh environment and physical constraints prevent the use of conventional instrumentation on the steel

bomb ejector housing.

A major advantage of the transducer is simplicity of installation. Installation does not require machining
of the plunger or housing because the transducer clamps to the outside of the housing and uses a magnetic
flux circuit and a Hall Effect sensor to detect the presence of the plunger. Determination of average
plunger velocity and time to end-of-stroke are possible from the transducer output. Six transducers and a
signal conditioning box provide complete bomb release instrumentation for'a SUU-20 bomb ejector rack.

To date, an F15E aircraft complete with two fully instrumented SUU-20 bomb racks has successfully
flown a qualification flight in preparation for data collection on future bombing runs. Test data will be
entered into a statistical data base to track the mean and distribution of time to end-of-stroke.

This paper will show how a transducer of this type overcomes many design constraints, will discuss the

problems solved during the design phase of the transducer, and will present actual flight test results.
Fnally, this paper will explore a number of other possible uses for this unique sensing technology.
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Introduction

The design of the SUU-20 end-of-stroke transducer answers a customer requirement to instrument a bomb
ejector for stroke time of a bomb ejector plunger. The instrumentation that was already in place consisted
of a micro-switch pressed up against the store (bomb) that toggled when the bomb began ejecting. The
new requirement stated 2 need to determine the end-of-stroke of the plunger, used in calculating the initial
bomb velocity. Since the bomb drop process initiates by a pyrotechnic charge, data analysts wanted a way
to be sure they had a “good burn” before spending analysis resources on a particular bombing run. The
computation of initial velocity also allowed analysts to cross check the central computers predicted time
line for a weapon drop. '

Instrumentation engineers investigated several different designs to determine the end-of-stroke of the
bomb ejector plunger. Most of the designs probably would have rendered usable data, but with the
consideration of operating environment and maintenance procedures on the bomb rack, would not have
been robust enough to endure over time. The chosen design sought to minimize:

Changes to the bomb rack maintenance cycle
Modification to the bomb ejector housing
External components in the airstream
Installation complexity and time

The transducer described in this paper meets these stipulations with a relatively simple and inexpensive
design.

Bomb Ejector cription . . ..

Figure 1 below illustrates the bomb ejector assembly. Six similar devices mount on @ bomb rack (SUU-
20) which hangs from a wing pylon on an aircraft. This particular ejector design drops MK-106 or BDU-
33 inert practice bombs. Large jaws hold the bomb and lock in place around the outside of the bomb case.
The ejector plunger has a pin fitted into a small detent in the bomb case and fully retracts with the bomb
in place. A chamber on the housing holds an explosive charge that detonates by an electrical fire
command to release the weapon. The ejection sequence begins with the opening of the large jaws,
followed by a forceful ejection of the bomb by the plunger. The plunger fully extends when the bomb is
away allowing excess exhaust gasses to expel through vent holes near the base of where the plunger exits
the housing. Figure 2 demonsirates this bomb ejection sequence.

CJECTOR HOUSING

Figure 1 Bomb Ejector Housing Assembly

The bomb gjector housing mounts to the SUU-
20 bomb rack by the mounting flange. The

* portions of the structure above this mounting
flange are inside the enclosed bomb rack.
Portions below the mounting flange are exposed
to the open air stream around the pylon.

MOUNTING FLANGE

CN-AOMB CLANP

BONB
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Figure 2A Locked Bomb Ejector and Store

This figure shows the bomb ejector locked
around the bomb. Note how the bomb latch
locks the large jaws around the store
holding it securely. A strong spring,
located below the latch, keeps the latch in

Rosition.

Figure 2B Latch Release

The bomb release command electrically

ignites the pyrotechnic charge. The charge
produces gasses that work behind the latch.
These gasses push the latch and release the

- jaws.

Figure 2C Bomb Ejection

Latch release frees both the bomb and
plunger. The hot gasses continue working
against the plunger. The plunger pushes
the bomb until full extension when the bomb
begins free fall. This important sequence
gives the bomb an initial velocity.
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Desien Constraints . . .. . i — o

The first factor considered was the bomb rack construction. The bomb ejector housing and the front part
of the plunger mount externally, so engineers sought a design that mounted internaily to the SUU-20
bomb rack. The rack itself encloses the electrical controls and wiring. Because the rack also acts as the
mounting point for the six ejector housings, it allows access to the bomb ejector housings from the rear.

The second factor considered was maintenance, which occurs after each flight, and requires removat of
the bomb rack. The pyrotechric charge used to eject the weapon leaves behind burn residues that clog and
jam the plunger upon cooling. Maintenance personnel remove the plunger, soak it in selvents and flush
the ejector housing with solvents to remove any residues. Finally, they lubricate the plunger and re-install
it into the housing. Maintenance conducts this operation on all six of the ejectors at once and usually
work on two SUU-20 racks at a time. Any instrumentation installed could not contact the plunger
externally and, if mounted on the housing externally, would have to withstand the solvent flush operation.

The third consideration was the nature of the pyrotechnic charge. During weapons release, this powerful
charge produces the gasses that work to eject the store as described previously. This event produces a
shock to the SUU-20 rack, and to the particular bormb ejector being fired. Any instrumentation would
have to survive this shock.

A final consideration in the instrumentation design was the construction of the housing and plunger. The
bomb ejector housing is a drop forged, single piece unit. A detailed stress analysis would have to
accompany any instrumentation that involved machining or changing this part. During the design phase,
no data was available on stress or shock loads experienced during a mission. Also, stress analysis tools
were not available to the designers, and due to the one-piece design of the gjector, would have been costly
and time consuming to perform. The plunger is a machined steel part. Modifications to this part may
change the mass and affect the initial velocity figure.

Transducer Principle .. .. . _._

The chosen design approach takes advantage of the access and space on the rear side of the ejector
mount. The design uses a magnetic flux circuit that routes flux through the side of the ejection plunger
cross-section and detects the presence of the plunger as it moves forward. Figure 3 illustrates the cross
section of the rear side of the plunger and shows how this cross section changes with plunger motion.

Figure 3A Retracted Plunger Cross Section

. This figure shows the ejection housing and
plunger along with the respective cross section.
Section A-A shows a cutaway view of this
section. Note the gap between the plunger shaft
and the housing sidewall.
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Figure 3B Forward Plunger Cross Section

SECTION 8-B

““This figiire shows the plunger approaching full
extension. Section B-B shows the aft portion of
the plunger in the cross section. Note the
absence of paps in the cross section.

AL TR TS QNN
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3
=
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Figure 4 shows how magnetic flux could be routed through this cross section and how the presence and
absence of the aft portion of the plunger affects the amount of flow. Section A-A, with the presence of an
air gap, forces the flux to flow in a longer path through the section. Section B-B, with no air gap,
provides the shortest path and thus a greater flux density. The difference in flux flow through the cross
section provides an easy way to determine the position of the plunger,

//ﬂjT\\P
\\‘J’L/V

MY

Section A-A Section B-B
Figure 4

The major benefit of this method to detect the plunger position is that the transducer mounts on the back-
side of the cjector, away from the external environment. Also, this design requires no machining of the
bomb ejector housing or attachments to the plunger.

Transducer Design, Mechanical

Mechanically, the transducer consists of three components: steel legs, a clamp assembly and 2 permanent
magnet to provide flux. The transducer clamps onto the ejector housing, around the cross section
discussed earlier, Figure 5 shows the prototype transducer and all the major components.
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MAGNET

o - Figure 5 Transducer Hlustration
STEEL LEG - - - -

CLAMP ASSEMBLY The transducer shown at left mounts at the
location of the cross sections discussed earlier.

"Thé iop portion of the bomb ejector has been
clipped for clarity.

-

HALL EFFECT
R SENSOR. .
STEEL. LES ,

Steel Le

The steel legs comprise the parts of the magnetic circuit external from the ¢jector. They act as a path for
flux to and from the flux source (the permanent magnet). There is an air gap designed into this pathway,
allowing the insertion of a flux detecting Hall Effect Sensor. This gap, located at the side of the housing,
provides a flat surface for mounting of the sensor directly on the steel leg.

am; mb

The clamp assembly holds the steel components in place. The requirements of this part were that it be
non-ferrous and have a material compatibility with the steel. The chosen material was 1/2 hard brass
formed into two parts, one part to hold the magnet, steel legs and transducer and the other partto actas a
clamp around the housing. An access cover enclosed the magnet and steel pieces.

Permanent Magnet . . _. .. ) L .

The simplicity, variety of composition materials and greater possible flux densities made the permanent
magnet the choice over an electromagnet for the flux source. The initial prototype transducer contained a
magnet made from Alnico that matched the size of the steel legs in cross-section and was 1/2 an inch
long.

Transducer Design, Electrical .

The design for the initial prototype used a MicroSwiich SS94A 1F Hall Effect sensor. This sensor, built
upen a ceramic body, has a Hall Effect sensor and signal conditioning electronics built-in. The device
meets MIL-STD-883 test condition A for shock and vibration, and operates over a temperature range of
-40° to 125°C. These characteristics along with the geometry were important factors in part selection.
Figure 6A shows the dimensions of the sensor.

The sensor takes a supply voltage of 8VDC and outputs a DC voltage proportional to the magnetic flux
density through the sensor, The SS94A1F has a sensitivity of 25mV per gauss and is sensitive to flux
flow in both directions. At null flux, the sensor outputs an offset voltage of 1/2 the supply voltage (4VDC)
and moves up or down depending on the flux density and sign. Figure 6B shows the sensor elecirical
characteristics.
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30— 07 MaXx. Figure 6A Mounting Dimensions
02 The diagram shown at left covers all sensors in
. the 5594 series of Analog Position Sensors.
T s~ *_Refer to product data sheets for complete
- details.
87
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Tkts dtagram shows the output of the sensor
along with the initial offset.

An early concetn about using the part was the affect of temperature on the offset voltage. A test fixture
was developed and the sensor was run through the range -20° to 125°C with a set flux density of 107
gauss. The sensor appeared to drift within the manufacturers maximuimn of +/- 0.1 %/°C. The procedure
asked that the technician note any anomalies of the sensor output during the test, for example, noise
picked up by the oven heating elements or fans, etc.

The technician noted an interesting susceptibility of the sensor during this test- that of photosensitivity.
Cycling of the oven inspection lamp and verification with a flashlight showed that the offset of the sensor
changed with ambient light. The sensor, however, mounts inside the bomb ejector rack, where ambient
light cannot strike the sensors and affect the readings. A complete procedure of the test, diagram of the
fixture and the results appears in Appendix A,

Protot outid Test ... . e

Engineers and technicians conducted a ground test to verify that the transducer would work under the
operating conditions of flight. The test placed transducers on four of the SUU-20s six stations, three
stations with permanent magnets installed, and one station with a piece of unmagneumd Alnico. This
station acted as a control station for possible EMI or EMC effects.

The test involved attaching the SUU-20 to an aircraft wing pylon, rolling the aircraft to a safé location
and dropping inert practice bombs into a crate lined with mattresses. The powered up aircraft collected
data while dropping four practice bombs one at a time. The foliowing points outiine the resulis of this
test and the lessons learned during its preparation.

Flux stealing .

The first problem noted was during the installation of the transducer to the bomb ejector. The transducer’s
position was near where the plunger stops upon full extension. This puts the transducer near the internal
latch that releases the ejector jaws. When locked, the intemal latch rests close enough to the transducer
flux path to act as a flux path itself. This results in a greater total flux flow around the flux circuit. When
the latch releases, it moves away from the sensor thus lowering the total flux just before the plunger starts
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to move. This action causes a drop in the reading from the Hall Effect sensor. Figure 7 illustrates the
flux flow through the area of the latch.

Figure 7 Flux Stealing Bomb Latch

The figure at left shows a detail of the flux path
through the release latch. This flux path occurs
into the paper on the cross section illustrarions
shown in Figure 4. Upon release, the latch
moves down, thus lowering the flix flow.

/- =0
4 it
L ] L J
[ ) L4 .

Residual Magnetism

Magnetized parts of the bomb ejector housing and plunger caused inconsistent readings between stations
during lab tests of the SUU-20. A large ring degausser alleviated much of the problems.

Air Gaps

Also noticed before the test, but not corrected until later, were readings that varied in amplitude. During
testing, station 3 showed a higher maximum reading than the other two stations. Ring degaussing did
little to solve the problem. Careful measurements showed the cause. The bomb ejector’s cast steel
housing had slightly different dimensions between stations. These variations caused non-design air-gaps
to appear. This gap occurred between the non Hall Sensor steel leg and the housing and appeared in
stations 1 and 2 and acted to reduce the maximum readings at these stations. The transducer fitted tightly
on station 3 and gave higher readings.

Design Chaoges’

The designers studied the problems described previously and implemented several design changes making
the final instrumentation system as consistent as possible for all stations.
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e e

Changing the transducer location minimized the flux stealing effect of the bornb latch. Moving the
transducer to a location close to the midpoint of plunger motion kept it well away from the flux stealing
component. This position provides good start-of-stroke data as well. The ejector housing structure
limited the final placement of the transducer however, and prevented it from mounting exactiy on center.

Decreasing the sensitivity of the Hall Sensor by 1/5 prevented stray magnetic effects from altering the
reading. A stronger permanent magnet allowed for plunger detection with the new sensor. The new
magnet, constructed from a rare earth alloy called Neodymium, fits in the same location as the old Alnico
magnet. These changes did not decrease the overall sensitivity, of the transducer, but rather made the
transducer less prone to outside influence. :

Finally, a set screw installed on the side of the brass housing opposite the Hall Sensor forces the steel leg
into contact with the side of the bomb ejector housing. This screw securely holds the steel in place so no
air gaps appear. : '

NEW LDCATION Figure 8 Design Changes
Y 1| 7 / The two figures at left illustrate the changes
Lo .- made to the transducer and the installation as a
il ' result of the ground test.
Q 4]
Q =]
ﬁEEFMRFUL B

SET SCREW

LESS SENSITIVE
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Waveform Data

Figure 9 shows two waveforms from different SUU-20 stations. The figures describe what the different
inflection peints represent.

g 5 Wveform

The diagram at left was copied from a high
speed oscillograph from taped data of an actual
bomb drop. The three inflection points
represent different portions of the ejector

- release- start of stroke, crossover and end-of-

" siroke. Crossover occurs when the aft portion

.- -of the plunger passes by the transducer.

“Figure 9B f’V&vefan.iz“

This figure shows another typical waveform -
from a SUU-20 bomb release event,

The SUU-20 bomb rack in general and the bomb ejector housing in particular had many design challenges
for the determination of end-of-stroke. Through careful planning and consideration, designers derived a
simple, elegant and effective solution. This transducer represents an excellent detection scheme for the
SUU-20 end-of-stroke, but does have some disadvantages.

For the flux circuit detection strategy to work, the parts involved must be ferromagnetic. This does not
necessarily require a ferrous housing, but the moving part of interest must certainly conduct flux for non-
intrusive detection. This disadvantage rules out applications that have aluminum alloy, or other non-
ferrous alloys as the material for the plunger.

Another consideration is space. The SUU-20 bomb ejector and rack had space to spare in the areas of

importance in the installation. Other bomb ejector racks studied for possible installation of a siniilar
transducer did not have adequate space exiernal to the plungers to apply a magnetic circuit.
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Appendix A
5S94A1F HALL EFFECT SENSOR o TEMPERATURE TEST

PURPOSE:

The purpose of this test is Lo characterize temperature vs offset voltage for the Microswitch SS94A1F Hall
Effect Sensor. '

DESCRIPTION:

The S594A IF Sensor is sensitive to magneic flux and outputs a voltage linearly proportional to magnetic
flux flow across the sensor. This sensor will be used to measure plunger position unintrusively on the
SUU-20 bomb drop rack. The sensor has an offset close to 4V at 0 Gauss. The data of interest is a small
variation in the output (40-45mV). The design of the high gain amplifiers to see this variation depend on
a good understanding of any changes in offset. Temperature will fluctuate in the area of measurement.
This test will show how these temperature fluctuations can be expected to affect the sensor.

EQUIPMENT:

1. A DC power supply. (9VDC reguired)
2. Digital Voltmeter.

3. Oscilloscope.

4, Temperature oven.

TEST SETUP;

Set up the test as shown below:

P/S
+IVEa—R S : SENSTR
COMP+-3 SHIELDED... . //_«.W
) [ _3 CDNDUC TE-]_R STEEL
7
DWVM
[N W -

RTN

OFFSET +66V

O & 2nv/IIV v
. @ _;_’"’S/D,[;V,;H )
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PROCEDURE:

1. Set up the fixture inside the oven and make sure it is secure.

IMPORTANT The fixture must remain fixed for the entire duration of the test!

2, Dial up 9VDC on the supply and check with the voltmeter.
3. Apply power to the sensor and connect the oscilloscope.
4. Cycle the fan, heating elements and cooler and note any 60 Hz noise or glitches in DC offset

levels during switching.

5. Record DC offset at the following temperatures: -20C, -10C, 0C, 10C, 20C, 30C, 40C, 50C, 60C,
70C, 80C, 90C, 100C, 125C.

6. At each temperature make sure enough time passcs for fixture to reach the appropriate
temperature. : .
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18th Transducer Workshop .

. End-of-Stroke Transducer
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STRAIN GAGE BASED SENSORS
FOR SUSPENSION PUSHRODS
ON INDY RACE CARS

Robert V. Magee

Sensor Applications Engineer
HITEC Corporation

65 Power Road

Westford, MA (01886

(508) 692-4793

ABSTRACT:

The purpose of this paper is to i1llustrate the use of strain
gage based sensors to monitor the static and dynamic forces
on INDY suspension pushrods. The purpose of strain gaging
suspension pushrods on INDY race cars 1is to provide the
driver and his crew additional information on the bounce and
rebound forces of the car during “cornering omn various oval
tracks and road courses. By monitoring these forces,
engineers can adjust shocks, suspension rocker arms,
stabilizers, and other components to give the driver a more
competitive edge. Strain gaging the suspension pushrod
allows for transducer performance and quality using actual
components rather than modifying the component to accept- a
transducer. Recent design improvements include tighter
balancing of the strain gage bridge specification, gage
placement to eliminate output due to bending, cross
sectional area reduction for increased strain gage sensor
sensitivity and protection, and, with shielded cable,
reduction of electrical signal noise due to rotating
components. These improvements have increased the accuracy
of the data and has eliminated the need for expensive custom
transducers. This report -will demonstrate how making
existing components into or part of-a transducer has also
been applied to NASCAR Racing to obtain suspension loads, by
monitoring all four load cells to measure spring loading,
and to the first US built bobsled to gather data from its
ski runners during course testing, by measuring dynamic
bending loads.
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NOMENCLATURE

P = Load } : A = Cross Sectional Area
E = Modulus of Elasticity g = SBtress
e = Strain " ue = Strain X 106

-

mv/v =-Milli Volt /- Volt

1. INTRODUCTION:

INDY Racing teams have made significant improvements in the

measurement of forces with the addition of strain gage based.

sensors applied to suspension pushrods to measure dynamic
loading (Figure 1. and Figure 2.)[1]. In the beginning,
bridge balance had to be within plus or minus 0.025 mv/v,
bridge resistance of 350 ohms was required, and reduction of
SLgnal noise due to rotating machinery (because of the high
gain needed to amplify the signal) was needed to work with
the early models of the Pi Research ampllfler (Figure 3.).
Additional modifications have now been added to Aimprove
sensor performance by designing the _cross section for
improved sensitivity, better installation protection, and
orientating the strain gages to eliminate cross talk due to
bending and  to improve linearity of output. Both the
improvement to the strain gage sensor on the pushrod and the
stable, accurate amplification provided by the Pi system has
created a full system for force measurement. This is the
information that the teams are actively using for increased
vehicle performance.

2. THE SENSOR AND AND ITS USE:

The sensor used on the pushrod is a resistive strain gage
circuit consisting of four strain gages arranged in a basic
Wheatstone bridge circuit "(Figure "'4.)[2][3]. Two strain
gages measure the axial strain compressive force, while the
remaining two gages measure.the tensile force perpendicular
to the axial load. The two strain gages measuring strain in
the Poissons’ Ratio direction only see a third of the total
strain along the pushrod. As the resistance of the gages
change, due to the compressive strain force (ie. 35,520
Newtons (8000 pounds) equals 2mV/V in a typical pushrod) the
voltage potential changes, increasing proportionally to the
strain applied.
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Calibration of the suspension pushrods 1is performed using
mainly one of two methods. One method is using a press with
an inline load cell. The second method used to calibrate
the pushrods is to . place the car on s¢ales at the four
corners while the car is at the track garage at the track.
For the second method to be performed, team members gather
on each corner of the car while the instrumentation engineer
calibrates output wvoltage on each amplifier. The first
method is wused when calibration 1is performed by the
manufacturer or the team decides to .calibrate before going
to the race site. A sample calibration sheet is shown in

Figure 5.

Once the calibration is complete the vehicle .is run around
the track, while samples of dynamic loading are logged into
the on board data-logger (Figure 6.) [4]. Data can then be
retrieved by telemetry or by down-loading off the computer
port on the 1INDY car. The software has various data
reduction and linearization curve programs, which improves
the usefullness of the data retrieved from the wvehicle. A
sample output is shown on Figure 7.

3. THE STRAIN GAGE AMPLIFIER

The model number 01B-050049 Pi strain gage amplifier was
designed specifically for use with INDY and Formula 1 strain
gage transducers and bridge circuits which have a 350 ohm
resistance. The amplifier has two channels each and gain
can adjust from 200-1000. Weighing 65 grams and about 2 x 3
x 6 cm, output from the bridge, once amplified, sends 0-5
volt out to the data logger, for later downloading. The 0.5
V or 2.5 V available offset (depending on whether
measurement 1is desired for one force direction or both,
respectively) is the reason for the need for 0.05 nmvV/ V
balance specification.
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4, THEORY AND APPLICATION:

There have been four significant variations to the INDY car
suspension pushrod. First, there was installations on the
tubular section of the rod. The cross sectional area of the
rod was very thick at the time and required the gain
settings of the early amplifiers to be redesigned for higher
settings. Because the sensor and application were Jjust
being introduced to - the teams, additional design
modifications ~~for ' sensor based pushrod were constantly
updated. While trying to. reduce the bulky appearance of the
sensor on the rod, pocketed areas were machined into the
pushrod. Not only were the sensors being better protected,
but the cross sectional area was greatly reduced. Finally,
sensors were installed on rod ends of calculated cross
section to properly amplify the signal, so that at 2mvV/V
load is 26,640 newtons (6000 pounds) for front pushrods and
35,520 newtons (8000 pounds) for rear suspension pushrods.

Employing a full four gage Wheatstone bridge circuit the
strain calculation for proper output is as follows:

2 2
D -D
(4 1 2 N2
A= —
4
P
(2) o :=-  PSI
A
o
(3) € 1= — 2.6
E
To convert to mV/V output:
£
(4) = MV/v
2000

A sample calculation is at 2 mv/V, the Pi amplifier applies
5 V excitation across the sgensor giving an output of 10 mV
out at capacity. An amplification of 400 gain increases
output to the on board data logger to 4 V.
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5. UPDATES IN SENSOR DESIGN:

The balanced Wheatstone bridge requirement came about with
the need to interchange amplifiers and pushrods in the pit
and garage area at the track. The compact amplifier could
not be easily adjusted and balance pots reqiired a trained
technician to adjust for each pushrod. A constantan wire is
used to balance the strain gage bridge circuit within plus
or minus 0.025 nmv/V. This enables the teams to easily
adjust the proper offset of the amplifier to obtain a zero
on their instrumentation. The latest  Pi amplifiers now
provide variable gain and zero adjustments, specifically
modified to improve the signal output of the strain gage
bridge. This development was due to several types of
pushrods had different sensitivities from wvarious cross
sectional areas on the components. -

Most pushrods have reduced pocketed areas machined into
them, specifically for strain gages. This allows for
similar amplifier requirements for each pushrod and provides
excellent mechanical protection of the sensor. Rod ends are
still gaged for a few INDY teams. To get proper
sensitivity, the fronts have a 9.5 mm (0.375 in.) diameter
while the rears are 12.5 mm (0.50 in.) in diameter.
Benefits to using rod ends is it can be reused in accidents
involving the pushrod only and it’s comparatively more
linear than the pushrods during calibration. But the Pi
software can compensate for the nonlinearity of the
pushrods, so both successfully work in the application.

Gage orientation is also important to eliminate output due
to bending which is also present during dynamic loading of
suspension pushrods. A two element "T" Rosette gage is
positioned on center in the machined pocket with the Poisson
gage directly behind the axial element to compensate for -
bending. Another is placed in the opposite side machined
pocket. ~The adhesive used for gage installation is AE/15.
The protective <coatings, which are  used after the
installation is complete, are M-coat D and then Gage-Kote 5.
These adhesives and coatings were selected because of the
temperature restrictions to the bushings on the pushrods and
rod ends. The AE/15 is an excellent performance low cure
temperature epoxy and using first an acrylic .coating, then a
poly-sulfide epoxy coating prevents any oil, moisture, even
gasoline type contaminants from reaching the sensor.
Encapsulated gages also add sensor protection. Proper
installations with these adhesives and coatings has made the
pushrod sensor endure the entire race season with trouble-
free data collection.

102




The signal is protected from outside electrical noise by
using braided shielded cable. The cable is also teflon
coated,. because of the temperature environment the sensor
sometimes sees. Although the pushrod sensor itself never
experiences temperatures over 80 degrees C, leadwires often
come up near exhaust manifolds and other hot components of
the vehicle where vinyl leads would not endure the heat.

-

6. CONCLUSION:

This paper has shown an example of how using actual
components for strain gage  “transducerizing" can benefit
INDY car racing teams by instrumenting their suspension
pushrods rather than modifying components to accommodate an
off-the-shelf transducer. In this case making a transducer
out of the suspension pushrod has evolved in the last year
to accommodate the amplifiers used by most of the INDY
teams. The amplifier has also evolved to accommodate the
limits of strain gage transducers by increasing the balance
range pot and adding adjustable gain pot on the amplifiers
to allow individuwal team instrumentation engineers to
experiment with other .components such as the wishbone
suspension parts or shift linkages. Transducerizing and
testing of the wishbone components added information on how
the tires—of the INDY cars performed, while the typical
suspension pushrod mainly provided dynamic compression
loads. Shift linkages gave engineers information on when
the driver is shifting. Additionally NASCAR has needed to
monitor dynamic load on the four cormners of a stock car
suspension. A transducer, which is customized to the size
of the spring retainer plate, is used again with the same
amplifier system to record loads during course testing. The
load cells are proving to be suitable for this type of load
measurement gathering, but is currently in its early use.

A similar application dinvolved instrumenting US Bobsled
runners. By installing sensors on the bobsled’s shoes,
dynamic load data could be recorded during bobsled race
trials in order for teams to modify sleds for the following
season or later races.

Transducerizing suspension pushrods for INDY car (Figures 8
& 9) racing has proven to be a better solution than adapting
the component for an off-the-shelf load cell. It is a more
reliable and efficient soclution for obtaining important load
information which «could not be obtained by standard
transducer adaptation methods.
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Figure 1. Suspension Pushrod.
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Figure 2. Suspension Pushrod Locations.

105




59.0
135
y
§ g
b
=
&
. 73.0 T
' ﬁl
:Q\‘;
L J
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Construction Material Anaodised Aluminium 2
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Connectors _ Sealed Lemo connectors
Environmental Fully waterproof -

Figure 3. Pi Amplifier.
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HITEC CORPORATION/HALL RACING
PUSHROD INSTALLATION SUMMARY/CALIBRATION DATA SHEET

HITEC CORPORATION JOB NUMBER: 20-10750

PURCHASE ORDER NUMBER:

MODEL:

SERIAL NUMBER: 01 : -

PART NUMBER: 951F1032

STRAIN GAGE BRIDGE LOCATION: COMPRESSION BRIDGE IN POCKETED AREA
CABLE EXIT: END OF PUSHROD

STRAIN GAGE TYPE: EA-06-062UT-350

STRAIN GAGE ADHESIVE: PE-15
CABLE TYPE: 4 CONDUCTOR
CABLE LENGTH: SIX FEET
PROTECTIVE COATING: GAGEKOTE 5
CONNECTOR: NONE
INSTRUMENTATION PRINT:

CALIBRATION REQUIREMENTS: INSTRUMENT GAGE FACTOR; 2.0
FULL SCALE; 5000 POUNDS
INCREMENTS; 1000 POUNDS
TESTING MACHINE; TINIUS OLSON
REFERENCE TRANSDUCER; 5K NIST CERTIFIED

T ________________ QEGIE;VE/POSITIVE BENDING CALIBEKEEOE—Biai__*—__Hh__&—T
| I0AD (IN-LBS) |  OOTBUT (Ue/TN) | ouTeUT mv/v |
e T oo T e T
w00 |  ss0 . |  o.28
______ 2000 . a1z | o8
T Tse00 ) Tases 1 oo
© s000 | 2a82 | iz
_“-__-gaaa__ I o 3052 o --r —d_hé—_Ijg; ——————————
o | S S
_________ R o
SHUNT CAL: 5037 Ue = 34.650K OHMS
CALIBRATED BY: ‘RVM DATE' 01/17/95

HITEC CORPORATION, 65 POWER ROAD, WESTFORD MA 01886 (508) 692-4793

Figure 5. Sample Calibration Data Sheet.
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Figure 6. Pi System Pushrod Calibration Data.
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Figure 8. INDY Car with Instrumented Pushrods.

Figure 9. INDY Car.
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ABSTRACT T L=

A corrosion fuse has been develdped which attaches to an optical fiber. When
the fuse is intact, the fiber is distorted into a tight bend. Once the fuse
corrodes, the ifiber "straightens out. The distortions in the fiber are
detacted asg 1light loss using an Optical Time Domain Reflectometer (OTDR).
Changes in the OTDR output represent the occurrence of corrosion failure in
the fuse. An advantage to using an CTIDR is that several ¢Brrosion fuses can
be monitored usirig a single fiber. An experiment was conducted using three
carbon steel fuses placed in a simulated marine environment. The fuse
failures were successfully detected using the OTDR and the time of failure was
used to calculate an average rate of uniform corrosion.

INTRODUCTION

It is estimated that in the United States, the correction of functional bridge
deficiencies will require an investment of 8.2 billion dollars per year [1].
These functicnal deficiencies arise from two sources; geometric inadequacy and
structural weakness. Structural weakness can result from obsclescence or from
deterjoration. <Corrosion is a major form of detericration in steel bridges,

directly affecting structural performance by decreasing carrying capacity and-

overall safety [2].

Management of corrosion damage in steel bridges ¢an be categorized into three
areas: monitoring and load contrel; prevention and maintenance; and repair
and replacement. This paper focuses on a new monitoring technigue which can
be used to0 estimate corrosion damage. Rnowledge of this damage can +then be
used to evaluate ultimate capacity, allowable load, and probable rate of
failure [3]. )

Currently there are sevéral methods for monitoring corrosion. The basic and
simplest method is wvisual inspection. The next method is physical examination
using devices such as calipers or ultrasonics to measure thickness [4]. The
efforts required +to wisually or physically inspect for corrosion can be
expensive in terms of facility shutdown and risky to personnel attempting to
access structural members.

Corrosion can also be monitored by using small sacrificial specimens that are
placed in the vicinity of a structure [5]. These specimens are. periodically
c¢hecked for section loss. This secticon loss is then correlated to the rate of
uniform corrosion occurring on the exposed structure. Electrochemical methods
are also used to estimate rate of corrosion [6]. These electrochemical
methods deperid ‘on either measuring current or electrical resistance, and
correlating these electrical measurements to the rate of corrosion.
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This paper presents an alternative method of corrosion monitéring which uses a
metallic fuse connected to an optical fiber [7]. When the fuse corrodes, a
awitch is set which indicates the presence of a corrosive environment. The
switching mechanism relies on the deformation of an optical fiber, which is
monitored by an Optical Time Domain Reflectometer (OTDR}). Since an OTDR is
capable of monitoring several hundred meters of fiber, multiple fuses can be
installed on a single fiber at several locations. The fuse/fiber combination
is practical because it allows the monitoring of a location oh a structure
without requiring periodic access to that location. The system is also immune
to electrical interference. . -

PROCEDURE

An experiment was conducted .to test the performance of the fuse/fiber monitor.
This experiment involved’ the assembly of an environmental chamber (humidity
tank)} which contained heated salt water, three monitors attached to one fiber,
and an OTDR to measurs-light transmission in the fiber. The tank was covered
by a thin film of plastic in order to maintain humidity. The humidity tank
was loosely based on a chamber design used in testing water resistance [8].
Figure 1 illustrates the test configuration.

Corrosion Monitors

L:Hf?jffj N : Optical Time Domain
o
[! I ~2Eh Reflectometer

Environmental
Chamber

Fiber
Cable

Figure 1: cConfiguration of environmental chamber, corrosion
monitors, and the Optical Time bomain Reflectometer.

A c¢orresion mohitor was comprised of a 3 ‘mil (76 pm) carbon steel fuse
attached to a spring loaded pin, as illustrated ir Figure 2. The pin held a
distorted segment of optical fiber in between two support blocks. The spring
support mechanism was contained within an aluminum frame, covered by a
plexiglass plate on each side. The corrosion fuse was supported outside of
the frame and expoSed to the corrosive environment. When the fuse decayed,
the springs were released and the optical fiber was forced to straighten out.
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Aluminum — - Fiber

Case \

diid
ity
iy

S5craw —m
Support
Block ’////

Plexiglass//
Cover ‘ *E"*"“‘Clamp Closeup View of

Mechanism and Case Release Mechanism

-Fuse

.

Figure 2: Design of the corrosion fuse mechanism.

One end of the fiber was connected tc a Photodyne 5400X0 High Resolution OTDR
which monitored the transmission of light through the fiber as well as the

magnitude and location of light loss. Previous experiments were conducted to
calibrate the OTDR and size the corrosion fusé mechanism [7]. The effect of

the bend in the optical fiber can be understood by applying Snell's Law at the
core/cladding "Interface. BAs shown in Figure 3, light traveling at an angle
less than the critical .angle, @8 ¢, is totally réflected within the core [9].

This is the case for propagating rays in a straight fiber. However, when the-
fiber is bent into a tight curve, some rays may strike the boundary at an

angle greater than #c, and be lost due to refraction. Before the onset of

corrosion in the experiment, the metal fuse held the fiber in a bend, which
was detected as a light intenszity loss by the OTDR. When corrosion broke the
fuse, the fiber straightened and the OTDR detected a net increase in the
propagating light. ~ '

Cladding Core > Partial
}g/ 81 {. — Refraction
LY 74
1< 8¢
s ¥
Total Reflection partial
Reflection
Straight Fiber ' Bent Fiber

Snell's Law: @&c = cos~l(n,/n;)
n; index of refraction &f core
n; index of refraction of claddindg

Figure 3: Principle of Snell's Law applied tc the transmission of
light in a deformed coptical fiber.
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The environmental chamber was operated at 30°C, with the monitors and OTDR
being checked on a daily basis. After 36 . days no apparent corrosion had
cccurred. In ordeér to ensure timely results, the temperature was increased to
44°C and a mild sclution of phosphoric acid was Sprayed on the fuses each
subsequent day.

RESULTS

On day 66 one of the fuses corroded tb failureé and created approximately a 0.1
dB increase in power -transmission at the location of the fuse. The remaining
two fuses failed "at 73 and 76 days with subsequent increases in power
transmigsion of approximately 0.25 dB and 0.5 dB, respectively. Figure 4
illustrates the OTDR output at each stage of the experiment.

The average failire age of the fuses was 72 days. Assuming that the spring
loaded mechanism released the optical fiber when the flat metal specimens
corroded 1.5 mils through each side, an estlmated 7.6 m;ls per year (193
pum/yr.} uniform corrosion rate had occurred. . .. .-

T T ]
|

2tallsdt
bt Likk 4 ! H"Eﬂ'l kil

I
i
]
|
| =

L
| n

Figure 4: a) (top left) OTDR output from the corrosion monitors
at day 1, the location of each moniter along the cable is
indicated by an arrow. b} (top right) Break of fuse No.3 at 66
days. c¢) (bottom left) Break of fuse No.l at 73 days. d) (bottom
right) Break of fuse No.2 at 76 days.
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The 7.6 mils/year rate is similar to a corrosion rate which would be expected
for a moderate to severe marine environment [10]. This correlation of
corrosion within the environmental chamber to corrosion in a marine
environment can only loosely be made, however, due to the introduction of mild
acid to the environmental .chamber midway through the experiment. The acid
lowered the ambient pH of the fuse surface, thereby accelerating the rate of
corrosion.

CONCLUSION = et T .

The fuse/fiber monitor accurately detected the occurrence of corrosion in the
environmental chamber. The average rate of 7.6 mils/year corrosion was
determined by assuming a uniform loss from each side of the £fuse. This

average rate of corrosicn provides "a measure of the relative. corresivity
within the environmental chamber. Additional testing will take place in oxder
to correlate the fuse corrosion rate with speC1f1c environments, such as
tropical marine ot acid rain.

Further refinements will be made to the fuse/fiber/OTDR system. Monitor
improvements will. primarily occur in the operation of the fuse/fiber release
mechanism and in the substitution of plastic for metal parts. Additional
research will alsc focus on improving the fiber/OTDR response and determining
the operational limits, such as the mazimum number of fuses that can be
attached to a fiber. The overall objective in making these changes is to
improve detection performance, reduce manufacturing cost, and create a
corrosion monitor that has practical application in the field.
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MASS LOADING IN BACK-TO-BACK REFERENCE ACCELEROMETERS

Robert D. Sill .. - .. .. - - -
ENDEVCO Corporation
San Juan Capistrano, California

Abstract

Mass loading on Back-to-Back Reference accelerometers can be a significant source of.. .
uncertainty in comparison calibrations. Modeling the effect of. the mass of the unit- -
under-test on case rescnance of the Reference accelerometer allows ceorrection of these.
"relative moticn" errors and reduction of uncertainty. Theory is given of mass
loading on Reference accelerometers in general, and data is presented for the
particular case of an integral transducer in a beryllium high frequency shaker.

Introduction

This paper will discuss mass loading and other frequency-dependent
characteristics. of Back-to-Back Reference Accelerometers. If ignered,
they can cause significant errors and uncertainties in comparison
calibrations. Errors and uncertainties can be minimized with proper .
understanding and correction. An example of correction of these effects
is the use of the published mass loading correction curves of ENDEVCO®
compariscen standards. These curves assist in coxrecting for Reference
accelerometer frequency respoéonse, as well s the less-well-understood
mass loading effect. In this paper, data and theory are given behind
the curves, and a description of how the data was obtained. . Formulae
for the correction curves are given, as they are applied in ENDEVCO's
Zutomated Accelerometer Calibration System. ' N

Background

Comparison calibrations require that the motion applied to.a Unit Under
Test (UUT) be measured faithfully by a Reference accelerometer. Using
the Reference output to determine input acceleration, the calculation of
the UUT sensitivity is simply the UUT output divided by that
acceleration level. In the simplest calculation, the Reference is - -.
assumed to have a fixed value of sensitivity, and both transducers are
assumed to be experiencing the same acceleration.

At least two effects invalidate these assumptions, and are the topics of -
this paper. The first is the frequency response of the Reference

itself. Of course, the Reference sensitivity is not a single value but
is a function of frequency, typically increasing as the freguency
approaches the resonance of the sensor assembly inside the Reference.

The second is that there is flexibility in the structure between the
transducers, allowing what is called “"relative motion™.

To ignore this flexibility implies belief that the structure between the
transducers is infinitely stiff: that it does not deflect when
transmitting the force required to accelerate the UUT. If this were so,
the motions of the two transducers on each end would be identical. 1In
reality any force on any structure will causé a deflection. The
structure between the UUT and the Reference sensor.responds to the
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forces by deflecting, therefore the motion. at the UUT will not be the
same as measured by the Reference. . Orie moves "relative" to the other.
There will be a differernce in both phase and amplitude of their motilons.

Usually the difference in motion is negligible, but particularly at high
frequencies and/or with large values of UUT mass, it can be significant.
In such conditions the forcing frequency may be rnear an undamped
resonance of. the structure. Deflections and calibration errors can

become large.*

In the example of the Model 2270 Primary Comparison Standard, the
structure is the upper part of.the Case of the Refererice accelerometer.
Similarly, "int the Model 2270M7A, built into.the beryllium armature of
the Mecdel 23901 High Freguency Shaker, the structure is the material
which physically connects the two accelerometers These examples are
depicted in simplified form in Figure 1, — .. e o

uuT
—_//\\'_]_ el b X, @uyr L X, 8
Sl b Y, Sge L 4 Y, Bae
NI 4z
Back-toBack _ Armmaturg
RAeieranca with buitt-in
y Asfaronce

(2270M7A)

Figure 1. Two typas of Back-to-Back Reference accelarometers. The
"piggyback" style Endevco 2270 is depicted on the left, and the shaker
armature with built-in 2270M72 is on the right.

Reseonances in the structure between UUT and Reference will be referred
to as the "Case resonance”. For this discussion, the structure will be
modeled as a one dimensional spring between the accelerometers, with the
Case reasonance being the natural frequency of the spring. (A lumped
parameter diagram is shown in Figure 2.} This resonance is determined
by its stiffness and its distributed mass. Note that this is the
resonance wWithout the additional mass of the UUT.

* No discussion will be made of differences in direction of the motion, such as if

rotations are involved in the relative motion. Only single-axis motion will be
assumed, along the line between the transducers. In addition, the discussion will_be
limited to.UUTs below their resonance frequencies, and mounted directly to a Back-to-
Back Reference. Any fixtures mounted between the accelercmeters or any large-
amplitude resonances of the UYUT in the freguency band of interest will invalidate the
correction models described in this paper. The theory can be applied generally,
however any correction values would need to take into account fixture mass and
stiffness and the mechanical impedance of the UOT.

119




mass of UUT
M

Effective mass of
case between Rel
and UUT .

Stitinass of case
batween Ref and LT

Armature
(Ref mounting -

suriace)

Rel selsmic mass —w=

Figura 2. Lumped paramatar mcdal of Back-to-Back acceleromatars. See
text for definitions.

As shown in Figure 2, the motion x is at the UUT mounting surface, and
is the motion which defines UUT sensitivity. The motion y is what is
measured by the Reference. Z is the motion of the inertial mass of the
Reference. The UUT is shown as a lumped mass as if its effect-on the
system were modeled with only the value of its mass, M. In fact the
inertial mass and the stiffness elements in the UUT will cause the force
required to drive the UUT to vary with freguency and complicate the mass
loading discussion that follows. These effects will be ignored for
frequencies below suéh resonances, since variations will cccur only near
UUT resonances, at which presumably the acecuracy of mass lecading
corrections are less important.

Iheory

Referring to Figure 2, the displacement of the base of -the UUT is given
by the value x, and the acceleration is given by its second derivative
X. fThis is the motion which the UUT senses. Output is the product of
that acceleration, the sensitiwvity, and any gain introduced by signal
conditioning, according to '

UUTOutput = x UUTSens(w) UUTGain(w)

In this expression the sensitivity and gain can vary with frequency @.

To determine the UUT sensitivity, once the output is measured accurately
and the gain (and frequency response) of the signal conditioning is
known, only the acceéleration remains to be found. In comparison
calibration, of course, that is the purpose of the Reference transducer.
Referring again to Figure 2, its output is related toc input by

RefOutput =y RefSens{w) RefGair{w)

Note that its sensitivity too can vary with freguericy. We will model
the response as an undamped single degree of freedom system, given by

RefSens(w) = 175€N%

- (2]

Wn
At frequencies low compared to the natﬁrallfrequency of the Reference,
Wy, the sensitivity is very close in value to HefSens,. as frequency
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approaches the resonance, the value of the denominator becomes smaller
» ¥ . r . - ) ~n s * 1 N * %
and sensitivity ilncreases in the é&élassic amplification curve.

One of the most important points of this paper is that the acceleration
measured by the Reference is y , not X. Therefore, what is needed is a
relationship to determine from y the motion of x , described below.

As mentioned above, the Case will be considered ta be a spring with

distributed mass. The distributed mass can be modeled as a lumped mass ce -
at the end of the spring {(which in a simple linear model has an

effective mass eqnal to one third of the total)[l]. The mass of the UUT

is added to the effective mass, and its meotion relates to the stiffness

K of the Case according to the relation

(Mgt + M) X = K (y - X,

Leaving the details to the engineering textbooks (using the Laplace. . ———

transform, which effectively Substitutes X with —1D2X'b§ assuming the

solution to be the complex petiddic.X::)(eﬁm”), this expression can be
solved and rearranged to get the transmissibility of the Case

Y k=M + M}

The ramifications of this expression will be easier to see after a few
more substitutions are made. Consider that the unloaded Case resonance . - -
(that is, the resonance frequency of the Case With no UUT) is defined by

K. 2
Mot e

determined by the effective mass and stiffness of the Case. A further
substitution is made with a mass loading ratio.

#z_"'_f_"'_’\f’;ﬁﬁ. e e e (Eq. 1)
Mest

which represents the multiplier by which the Case is loaded with the
mass of the UUT. Making these substitutions gives

** The fact that .a Reference is not ideally flat should not be a detriment teo

calibration accuracy. If it is stable (that is, if the resonance fregquency does not
change) this curvature is simply a fixed characteristic that can be part of the

overall calculation of the UUT sensitivity. Generally the actual sensitivity -

variations of the Reference are measured by techniques traceable to absolute
standards. For those frequencies above which there are no traceable. sensitivity data,
we can use the model above. Regarding traceability, unlike the described mass loading
corrections, compensating rescnance response of Reference transducers generally is
useful in frequency ranges which are tooc high to be traceable. Is the reduction of
uncertainty by such methods moot because the measurement is not strictly traceable?

An important function of a calibration system is in the characterization of transducer
performance, such as the resonance search. To include corrections for well-behaved
characteristics, such as a resonance rise of the Reference transducer, simply makes
geood engineering sense,
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sl

(2

This is the desired relationship between motion at the UUT and the

- Reference. As with the expression for the behavigr . of the Reference

frequency response, at very low values of frequency, the two motions are
very nearly the same, and at frequencies approaching the modlfled.Case
resonance (altered by the added mass) the motions differ. The motion at
the Reference sensor may be very much smaller than that out on the end
of the resonating spring, which is the Case” with the UUT attached.

Finally, combining all the formulae gives Eguation 2, in which UUT
sensitivity is equal to the ratios of the outputs and the gains
multiplied by the Reference accelerometer sensitivity and a correction
factor. Provided the freguencies are low enough, each of the frequency
dependent terms in the ceorrectiop fagtor will have a value less. than
one. In the numerator (on top) is the corzectlcn,due to.the Case
resonance and mass loading: in the denominater is the effect of the

*k
natural frecquency of the Reference .

1-e(2f)
UUTOutput  RefGain ( (a)
UUTSens = RefSens 2L
M8 = “Refoutput UUTGain ° (1- (2f)
Wy,

(Eq. 2)

Having a value less than one, the upper term corrects the wvalue of
calculated sensitivity downward. This counteracts the effect of the
relative motion, which is to inflate the UUT putput by creating motion
larger than is measured by the Reference. The larger motion is the
result of the resonant amplification due to the Case rescnance. Larger
UUT mass increases the need for correction, since larger UUT mass. .
(larger K} lowers the Case resonance. AL a particular freguency, the
motion of the heawvier UUT would be farther up the amplification curve,
requiring smaller absolute value of. the correction term.

The Reference corréction term alss has a value less than one, but this
time effects an increase in sensitivity because it is in the
denominator. Since the actual Reference output becomes larger due to
its crystal resonance (), {(that is, motion at z is larger than at y) if
uncorrected it would result in_a calgulated sensitivity that 1s too
small. The term corrects fgr.this.inflated Reference output.

The gontributions of these two competing terms are depicted in Figure 3.
A qualitative summary of the effects is listed in Table I.

asme o4 e e MR s 4 e Lo s

*** As mentioned in the previous footnote, this term would be replaced by the actual

Reference fracquency response measurements at those frequencies traceable to absolute
standards.
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>1

<1

frequency

Figure 3. Fraguency response contributions of the terms of thae
corraection equation. The upper curve shows the effect of the Reference
transducer resonance, peaking a¥flp. The three curves below show the
effect of increasing UUT mass. The unloaded curve is on the right
{M=0), and the curves with increased UUT mass to the left. The combined
effect is the product of the top curve with the appropriate lower.curve.

Note in the curves that there are conditions in which the competing
effects of sensor resonances. and mass leading might cancel, suggesting
that Back-to-Back Reference accelerometers counld be designed to have a
Case resonance with a typical UUT which is matched to counteract the
crystal resonance. However, as will be seefi in the data below, the
required Case mass would be substantial, reducing the drive capability
of the shaker by a significant factor. 'Also, this would only work for a
narrow range of UUT mass. It is thought to be better for the sake of
overall uncertainty to keep the size of the correction to a minimum,

considering the uncertainty of the correction itself.is not
insignificant.
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Table I.

Effects of Resonance and Transmissibility on Correction Factor

Raeferance Trans— - - --Apparant Corraction
Rasonanca missibility {Uncorrectad} Factor
Condition Effact Effact Ul Sens
Ref output UUT output ugTout/ multiply by
will be: will be: RefQut Apparent Sens
low freq, negligibly negligibly  correct as is =1
low mass increased inecreased” {no correction)
low freq, - negligibly moderately slightly high less than 1
high mass increased lncreased
med freq, slightly negligible slightly low greater than 1
low mass increased
med freq, slightly slight slightly high effects tend
high mass .increased . amplification to cancel
high freqg, - significantly negligibly significantly can be much
low mass increased increased .. . decreased greater than 1
high fregq, significantly significantly will have laxge use for
high mass increased increased uncertainties trend only

Rata

Three sets of tests were performed, on one Endevco 2901 High Freguency
Standard-Shaker and two 2270M15 accelerometers. The 'M15 is a back-to~
back transducer with a 1.8 inch (46 mm) diameter solid beryllium case,
structurally similar t¢ the 29201 armature, with a sensor assembly
identical to the 2270M72 inside the shaker. . Each test used a miniature
2250aM1 transducer adhesively mounted to a beryllium 5tud in the UUT
position. Prior to the test, it was characterized with transient
techniques to have a resonance frequency of approximately 80 kHz, with
no detectable minor resonances.

To simulate mass loading effects, rings were mounted around the UUT
using #8 screws in a triangular hole pattern, as depicted in Figure 4.
All rings had an inner diameter.of 0.45" (11.4 mm) to accommodate the
miniature UUT. Quter diameters of the rings ranged from 1.25" to 2" (32
to 50 mm), with thicknesses from 0.25" to 0.375" (6 to 9.5.mm), and all
were made of a tungsten material (except the lightest one, made of
aluminum). The intent of the rings was to allow the mounting of
different masses to the shaker without having to dismount the UUT.
Since the 2250AM1 was mounted only once per set of tests, base strain,
transmissibility of the adhesive, and other characteristics pertaining
to mounting were eliminated as sources of uncertainty.
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top view

2270M15

2250AM1

Beryfiium stud - fing

2270M7A

Armature

cross-sectional view
of 2270M15 mounted
on armature

cross-sectional view
of 2901 armature
with integral 2270M7A

Fiqure 4. Configquration of tha tests. The 2250AM1 was adhesively
mounted to a beryllium stud and remained untouched throughout each set
of tests. Rings of different mass were bolted to the armature or the
2270M15 to simulate different masses of UUT. When testing the 2270M15,
the transducer in the shaker was not used.

Using the output of the 2250aM1 as the Reference, and correcting for its
resonance rise using the classic single-degree-of-freedom equation,
frequency response plois were generated for each attached mass. The
data on one of the tests is giwven in Figure 5. As seen in the data,
deviations of the curves below approximately 20 kHz is generally well
below 1%. At 20 kHz and above, particularly if simulated UUT mass was
greater than 100 grams, deviations appear to be on the order of 1/2 of
the correction values.. At least some of the variability, also apparent
in the other two sets of data, may be due to minor connector resonances
in the 2270 series transducers. :

It should be noted that the data indicates strain sensitivity of the
transducers was not a facter. The deviations at low frequency were
essentially-.zero for all applied masses. A discussion of strain
sensitivity is given in Reference [2].
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FPigura 5. Sansitivity deviations of the 2270M7A Accelerometar. Data
plotted in this figure are the sensitivity deviations of the Back-te-
Back standard for different simulated masses, compared to an Endevco
2250AM1 transducer in the UUT position as the Reference. _The
adhesively-mounted miniatiure Transducer was neot removed between tests as
rnasses were changed,

Figure 6 below includes the curves generated to f£it the data of Figure
5, by choosing wvalués of Crystal rescnance, Case resonance, and
effective mass of the Case.

1.1 ]/. UUT mass (grams)
8 1.05 <} /JI —— 15
S
T ~—0— 50
= i
g 100
1] ———,
E 0.95 T~
Q e 150

0.9

A 200
0 5 10 15 20 25

Frequency {kHz)

Figure 6. Calculated correction curves for the 2270M7A and 2270M15
accalerometars. Values of Effective Mass, Case Resoparice, and Crystal
rescnarice which provided the best fit usiiwy. 1 and Eg. 2 are found in
Table II.

For comparis‘on, a copy of the published correction. curves from the
2270M15 Performance Specification is shown in Figure 7.
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Figure 7. Published correction curves for the 2270M7A and 2270M1S
accalercmetars. These curves are found in the Performance Specificatons
for these Back-to-Back Reference accelercmeters. The user of these
accelercmeters would multiply the frequency response results of .a UUT by
the appropriate curve to get a response corrected for the UUT. mass.

Justification or rationalization comes from the physically reasonable
values used in the calculated curve, based onh characteristics and
dimensions of the structures. However, recent data have not been taken
to confirm the published 2270 cor¥rection factors. ..(The data for the
2270 curves simulated with these coefficients prédate the author.)

Table II.

Parameters for calculatation of correction factors.
Refaerenca Effactive ‘Casa Crystal
Transducer Masx Raesonance Rasonance

{(grams) {kHz) (kBz})
2270 I - S iso = ) 50
2270M7A (or 2270M15) 6 380 . 78

Note that because the effective mass of the Case of the Reference is .
low, even lightweight UUTs can significantly change the loaded Case
resonance. Only when the unloaded Case resonance is much higher than
the UUT usable frequency rahge is this effect small. Note alsc the
significant difference between the 130 kHz Case resonance of the steel
case of the 2270 and the 380 kHz for the beryllium Case of the 2270M7A
and 2270M15. This extraordinary value is reasonable, considering the
fact that the speed of sound in beryllium {equal to the sgquare root of
the ratio of Young's modulus to density) is nearly 2.5 times as large as
that of steel. . . (Beryllium is 40% stiffer but more than 4 x lighter than
steel.) At nearly 500,000 in/sec (12,500 m/sec), a wave could travel
between the Reference sensor and the UUT ({across a distance of -
approximately 0.6 inch or 1.5 cm) approximately 500,000 / (2 % 0.6) or
417,000 times per second. This remarkable stiffness and velocity
explains why such an exotic material is used.
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Conclusiong

Mass loading effects on Back-to—-Back Reference accelerometers can fellow
predictable and physically reasonable patterns. They can be modeled,
and therefore corrected, knowing the total mass. of the UUT and the
values of the Case rescnance and the effective mass of the Reference.
This technique can be used to reduce calibration uncertainty when using
Back-to-Back Reference accelerometers.. -Whereas uncertainty estimates in
the past were made unnecessarily large to swallow the relative motion
effect of a range of UUT masses and frequencies, (or the estimates were
subject to limits to UUT.-mass and frequency), use of the equations and
modeling parameters described in this paper can reduce the size of the
contribution of mass loading effects on overall uncertainty.

Future work is planned, using laser interferometric techniques to
monitor motion at the UUT mounting surface with an abscolute method,
again using simulated UUT masses. The intent is to reduce the
uncertainty of the correction; and provide more direct traceability.
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NEW DYNAMIC PRESSURE GENERATOR AND ITS APPLICATION
Benjamin Granath, PCB Piezotronics

ABSTRACT

A brief description of a simple hydraulic pregsure
calibrator is given. Pressure to 10000 atmospheres can be
generated at frequencies useful for the calibration of
ballistic sensors. Application of the device is for precige
calibration of sensors and representative wave forms from
the device will be presented. .

From BRL Memorandum Report #1843

Dynamic¢ Calibration of Pressure Transducers at the Shock
Tube Facility, May 1967.

From communications from Sandia Laboratories in that year
we built at BRI, a drop test calibrator that would generate
preasures up to 50000*psi. (photo)

Low viscosity silicone oil wasa the liquid that was
compregsed.The oil changed viscosity with pressure and -
almost became a solid. For those not familiar with the
drop tester. )

A mass is constrained to move only up and down wvertically.
It is dropped from a selected height and strikes a small
diameter piston coupled to a small chamber containing a
liquid. The liguid is slightly compressible at the high
pressures of concern. Pressure transducers are placed in
gide ports to measure the pressure developed in the liquid
by impact of the mass and piston.

The mass strikeg the piston which moves against the liquid
and compregsesg it generating a decelerating force.

When the downward velocity of the rod becomes zero the
pregaure in the chamber is at a maximum, and the liquigd is
at the peak of compression.

Many lignids experience phase changes in the range of
pressures that we wish to measure, water for example
freezes to ice at 20 deg C when compreased isothermally to
about 9 kb.

From the American Institute of Physics Handbook, tables
compiled By P Bridgeman can be found that give the
compression data of wvarious liquids. Glycerin,an alcohol,
seems to be first choice for a high pressure medium. Sandia
Laboratories and AVL Inc. Transducer workshop Proceedings
May 1991. -

Up to 1986, the pressures in the pressure-cells

were compared to transfer standards that could be traced
back to NIST dead weight testing devices. The AVL device
wag the first that considered and indeed did calculate the
pressure .from measured impact velocity. The last page of a
paper given by AVl at the 1951 Workshop

wag of most interest to me because it showed an
accelerometer on the massg. Mass*acceleration/area of piston
seemned £o be the most direct way to determine pressure.
Volume of fluid, friction of piston,any other losses could
be corrected by a measure of the deceleration of the mass.
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It alsc helps to have a sBimple mass and a ICP® Quartz Shear
Impact Accelercmeter.

The dynamic high pressure generator that we have developed
at PCB, is portable, requires shop air to operate and has
built in safety features. Eight quick disconnect air lines
provide all the power needed. Pressures up to 10000 bare
can be generated. A different range of pregsures can be
gelected by simply changing the mass.

The accelerometer used on the mass is one of a control
group that has been calibrated at frequernt intervals
against reference standards. All PCB ballistic sensors are
calibrated using this device and a Harwood strain sensor.
We are in the process of collecting data for a more
detailed paper to be presented next year, but here are
some of the preliminary data and waveforms.
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A MULTIFUNCTION HEAT FLUX TRANSDUCER: o
BALLISTIC TEST DATA

R.D. Ferguson, C.L. Goldey, E.Y. Lo,
and P.E. Nebolsine. '
Physical Sciences Inc. Andover,  MA . 01810 —

J.G. Faller and W.&. Walton
U.S. Army Combat Systems Test Activity N
Aberdeen Proving Ground, MD 21005-5059 =

ABSTRACT

We describe a heat flux transducer which detects and
discriminates radiative and convective heat flux as well as
pressure and temperature transients at its surface. This e —
multifunction device has been developed primarily for the
application of thermal hazard evaluation. The transducer
sensing elements utilize pilezoelectric. films which are
sensitive to both pressure and temperature changes. The
electrical signals are processed to . obtain incident heat
flux with a thermal response time of drder 10 ms, and a
total accumulated heat flux capacity of over 100 J/cm?.
Ballistic range test results for prototype transducers . are
reported. = . e -

1. INTRODUCTION

Heat flux gauges are used in many testing environments
to characterize fires and to assess potential thermal
hazards for humans.!,? Typical gauges are thermocouple- e e
based calorimeters. These conventional devices are..
generally limited to measurementfof total incident thermal
energy, are often difficult to calibrate, and are subject. to
some ambiguity in data.interpretation. To address these
issues, a new class of heat flux transducers has been - =
developed under the sponsorship of the U.S. Army SBIR . '
program which meet specified requirements. Transducer theory
of operation, design, fabrication and data analysis method —
have been previously described® and will be only briefly B
summarized below.
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The transducer is comprised of two layered piezo/
pyroelectric polarized polyvinylidine fluoride (PVDF) films
on a copper heat sink which are embedded in, and protected.
by, polymer matrix. The difference in the thermal signa-
tures of the films is a direct measure .of the thermal
gradient, and thus the heat flux. Because the films are
below the protective surface, causing a delayed thermal
response, these signals must be processed to yield the
instantaneous flux at the transducer surface. Presgssure
signals. are common to both films, so that they cancel when

the film signals are subtracted to obtain thermal gradients.

Once the thermal.signal is known, however, the pressure
signal can be extracted. -

The generic prototype design is-illustrated in vertical
cross section in Figure 1. Films 1 and 2 are embedded in a
plastic and are separated by a known thickness, d. Most
electromagnetic noise is eliminated by shielding with the

Sensor Surface

Shle!d /-//)emh /x1// / / / _wum

PIANNNNN \?r\\\\\‘\\\ < Film 1 l: 28 pum
y 12pm
._‘Flim2 | 28um

hY

e sz
Vi'Vz | // / / / / / AlaphatlcEpoxy ] 2um

NN

Kﬂm = 0.19 Wim'K, (pCfjim = 2.5 Jicc'K 0.44 em
"\ Kepoxy = 0.25 Wi'K.(pClapoxy = 4 Jiee” K
Y Koy = 386 WM'K, {pC)ey = 3.4 Jicc’K "\
Film Pyroalectric Constant ~2.5 vols/'K

)

Oscillator - Acoustic Calibration Film

B-0055¢

Figure 1. Simple schematic of the prototype transducer shown in. . -

vertical cross section. The voltage difference of the
plane parallel film pair, measured with a differential
amplifier, is proportional to the temperature
difference between the films.
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exterior ground plane configuration. The thermal response FR -
function, and therefore the response. time; depends upon the e nan
depth of film pair. The depth x; at which the film pair is
embedded is selected to provide the most rapid response time -z
while assuring that the film temperature does not exceed its -
damage threshold at any time after .the onset of heating. ) o
Survivability is determined by the film depth and the S £
thermal diffusivity of the embedding material, the proximity
and thermal conductivity of the substrate, and the maximum
temperature that the PVDF films can withstand.

l

An important virtue of this design iz the purely one- = . - - ==
dimensional nature of the thermal problem, which lends ' ’
itself to complete and computationally efficient analysis.
The required multilayer thermal analysis consists of
straightforward matrix manipulations to determine the
(Fourier or Laplace) transformed flux and temperature
histories at successive layer interfaces. This multilayer
thermal analysis was programmed on a computer and used to S E
compute response curvesg, verified by direct calibration, and
for processing ballistic range data.

b

To fully characterize.a thermal event, it is desirable
to discriminate the surface-average radiative and convective
compenents of the flux incident on . the transducer surface. T
This is accomplished by dividing each sensor film into two -
interdigitated sensor patterns, one with an optically T
absorbing surface coating and. the other with an optically R
broadband infrared/visible refleécting coating. These . e e
provide measurements of total incident flux and the purely
convective component of heat flux, respectively. Therefore ... .. =
by subtracting these surface average values, the radiative - =
component of heat flux is obtained. The film patterns are
etched at PST using standard photolithography technigues.

I
i

Jo

il

Miniaturized pre-amplifier circuits have been incor- -+ =:::i.a
porated into the transducer package. The inexpensive b 7
sensing elements have been designed for easy replacement if  —— .
damaged. An additional feature of this transducer is a ]
self-contained acoustic calibration/monitoring of proper
operation capability. Since the PVDF films are both piezo ;
and pyro active, detection of an acoustic signal can be used. -
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at any peoint prior. to,. or during, a test to ensure the-
proper operation.

The transducer specifications and features are listed
below. )

1. Precise measurements of time-integrated heat flux
or fluence to at least 100 J/cm®, and instantaneous
heat flux (J/cm’-s) within a bandwidth of. 0.001 to
100 Hz with excellent noise rejection.

2. Sensor active area of seéveral cm® for surface-
average flux measurement or any desired area down
to a few millimeters square with no- loss of
response time. o

3. Surface preparation and film designs which permit
radiant and convective portions of-the thermal
gignatures to be independently characterized.

4. Individual film signals proportional to local
temperature changes versus time and containing the
acoustic signature of the event.

5. Laboratory calibration of transducer response
curves using pulsed CO, lasers.

6. Acdustic methods for remote field verification of
operation and calibration.

7. A capability to survive fires subjecting the
transducer . to temperature and heat flux. levels
much greater than those aSSOClated w1th third-
degree burns.

An exploded view of the prototype device is provided in’’

Figure 2. _ Data analysis methods and some initial ballistic
test data are described in the following sections.
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Figure 2. Exploded view of PSI heat flux transducer.
2. CALIBRATION

In preparation for ballistic range tests, calibrations
were performed with a short pulse CO, laser. Comparisons
were made between the calculated.and measured temperature
difference across the PVDF film pairs in the heat flux
sensor at 1 J/cm® fluenceé for calibration. The 1 us pulses
are reasonable representations of a delta-furiction and are
therefore expected to generate the theoretical response
curve predicted by the multilayer analysis. This cali-
bration was performed to.check predicted against measured
response. A typical response curve and its integral is
shown in Figure 3a. After processing (digital filtering or
deconvolution) with the multi-layer code, the expected
bandwidth-limited represeitation of the delta-function laser
pulse is obtained as shown in Figure 3b. This is purposely
rolled off_at a finite frequency to suppress noise, though
the integral is invariant in any case. These curves have
been scaled by the appropriate calibration constants to
produce the known fluence of 1 J/cm? determined by conven-.
tional laser pulse calorimetry.
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‘Laser Calibration{(a) film signal difference for

CO, laser pulse and it integral with a known

fluence. of 1 Joule/cm?, (b) bandwidth-1limited T
representation -of the incident surface flux :
after data processing. Note that the long

thermal tail of (a) has been eliminated.

Figure 3. -

Calibration with the laser pulse must be performed
after spin-coating a thin, IR-absorbing layer of carbon-
black laden epoxy but prior to application of the IR- .- . -
reflecting layer (by Cr/Al evaporation).
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3. BALLISTIC RANGE TEST DATA

The following tests were conducted at Aberdeen Proving
Ground in Fall 94. PSI Q;pv;@g§'heat flux transducers with
100 ft of cable and a powered buffer/line driver patch box
for driving the remaining several hundred feet of coaxial
cable for each signal line to the instrumentation trailer.
Data for only a few trial cases is available, and. these
cases were plagued by intermittent electrical connections.
The robustness and redundancy of the transducer is encourag-
ing, however,. since a great deal of useful data can still be ~ ~

extracted.. .. e
3.1 Shot #1. ... . . _

Heat flux transducer. data for-a ballistic range test
characterized: by penetration of and combustion within a
closed compartment is shown in Figure 4. Thig is designated
shot #1. A gain-switch at early time is evident. These two
channels are the for .the total flux measurement (IR-
absorbing film pair). UnTfortunately, in:this shot, and
subsequent shots, only two chammels of the possible four
were acquired. In this case two data acguisition channels
failed during testing so no radiative flux measurement was
possible - - ‘

1.0 T T —T — 1
0.8 ATTENUATED MODE: FILM SIGNALS J
0.6

04

02

FILM SIGNALS (volts)

0.0

-0.2 — 2 — _ 1

0.0 0.2 0.4 0.8 0.8 1.0 1.2
TIME (seconds)

Figure 4. Shot #1. Shallow{l) and deep(2) film signals (IR~ - -~

absorbing side). Gain-switch near 30 ms is
evident. :
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Pressuré transients are tyvpically of most _interest at

very early times while thermal events tend to be cumulative .
over seconds. But for 28 um PVDF film, the. thermal response

in volts/degree C (~6 V/C) is more than ten .times the
voltage developed per bar of pressure (~0.3 V/atm). Thus
the typical temperature signature is orders of magnitude
greater than typical blast overpressures or acoustic
transients. For these reasons, an automatic gain-switching
capability was incorporated into the integral pre-amplifier
in order to maximize information content at early time. The
film voltages are buffered at unity gain. When the positive
going (shallow/IR-absorbing) film voltage exceeds a preset
threshold, a capacitive voltage divider (0.66 uF) is
switched in parallel with each sensor film (1000 pF). This

is referred to. as the attenuated mode, since otherwise film

potentials would reach hundreds of wolts. The signals are
attenuated by a factor 660, the RC time constant is
increased by the same factor (to > 600 s). The shallow and
deep film are. actually arranged with opposite polarity.

For the high (unity) gain mode at early time, the
thermal and pressure signals . can be separated by forming
appropriate sums and differences. It is essential to
properly account for any small gain differences between
films and for the capacitive coupling between the paired
deep and shallow films. For this sensor the inter-electrode
capacitance is actually twice the film capacitance. The
unscaled results are shown in Figures 5a, b and c.

Because the thermal signal is known prior to the gain
switch, it can be matched afterward, so there is no diffi-
culty patching across the gain switch. This 1s illustrated

in Figure 6a. Using the multi-layver code and the calibration

data the heat flux incident at the sensor surface is
derived. The flux and its time-integral are shown in

Figure 6b. Based upon the calibration, we obtained more
than 11 Joules/cm? thermal dose in the recorded interval.
The slow response of the large thermal mass of the
transducer is compensated by the bandwidth-boosting
capability of the thermal code, up to a limit determined by

the signal-to-noise ratio of the raw data. This signal-to--

noise ratio easily accommodategs 100 Hz bandwidth, but this
adds nothing when only thermal dosimetry is required. The
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Figure 5.

3.0 — e AN e R -

HIGH GAIN MODE
- i SHALLOW(1) AND DEEP(2) FILM SIGNALS
W 20. .
2
g 1.0
o
7
E 0.0
(a)
~1.0 - 1 - '
0.000 0.005 0.010 0.015 0.620 0.025 0.030
TIME (seconds)
5.0 T S s man e T
- HIGH GAIN MODE: HEAT FLUX
.-_.E 40 ¥ FIM 1 + FILM 2 (no common meode) T
£
3.0 r
2
7]
B 20
=S
B 1.0
e
5 0.0 | T
{b)
—1.0 i 1 1 e 1 .
0.000 0.005 0.010 0.015 0.020 0.025 0.030
TIME (seconds)
2.0 T T LI T T
HIGH GAIN MODE: PRESSURE
7 FILM 1 — FIILM 2 (common mode)
2
2
=
9
wy
I
=
=
0
B
o
(c)

_2-0 i 1 n | =k e
0.000 0.005 0.010 0.015 0.020 0.025 0.030
TIME (seconds)

Shot #1. High gain mode (prior to gain-switch):;

(a) raw film signals (b)sum s:.gnal cancels commorn
mode pressure signal leaving temperature
difference {(gradient) of the films. (c) difference
leaves pressure signal and mean film temperature
{(which can be computed and subtracted).
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- - ----Figure 6. Shot #1. Attenuated Mode. (a) sum signal (temper- -
ature difference), (b)Processed surface flux
history with .bandwidth set to.25 Hz and its
integral, (c) processed surface temperature
history.
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code can switch between flux and temperature at any surface,

so for example, the surface temperature hlstory can also be
computed directly as shown in Figure 6c.

3.2 Shot #2 .

Using the same transducer as in shot 1, problems in
acquiring a full set of data channels persisted in shot 2.
Though the transducer behaved well in mild laboratory
shakedown tests, these shots were the. first remote operation
and potentially harsh conditions encountered. Again, the
absorbing pair were obtained in shot 2. Raw thermal signal
and the reduced flux data are presented in Figures 7a and b.
The sensor was purposely put in the attenuated mode (low
gain) before The shot. The fire suppression .response was
delayed till rather late in the record and the dose was more
than 20 Joules/cm’. The deep film signal appear to be
unphysical due to its rise above. the baseline (implying
rapid cooling of.the substrate). One of the few plausible
explanations of this effect--leakage between the films--has
no effect on the flux measurement. Indeed, a dead short
between the inner electrodes would .result in a common signal
proportional the temperature difference of the films. We
have proceeded on this assumption, even though this has not
been proven. This could be an effect of fragments from the
first shot, or thermal cycling and/or contamination during
sensor lamination. The latter are amenable to simple
assembly process improvements. A full, post-test assessment
of this transducer has not yet been completed.

3.3 Shot #3

For shot 3 a réplacement sensor was provided, but could
not be properly evaluated in situ prior to the shot. In this
case only the absorbing-side deep film, and the reflecting-
side shallow films produced data. Shot 3 included
penetration and fire, but the fire suppression system was
active rapidly. '

Note that signals from overlaying film pairs were not
obtained. The processed signals in this case use yet
another feature of the multi-layer thermal analysis code.
Surface flux can be extracted from single f£ilm data via its
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Figure 7. Shot #2 (a) Raw film signals (b)Processed surface
flux history and its integral. '

time derivative. Of course, there. is 1no common-mode
rejection with the single film, and subsequent differen-
tiation leads to significant noise increase. The need for
more significant filtering leads to phase distortions. This
can be addressed partly by digital filtering prior to.
differentiation. ' '

Both the deep/absorbing and shallow/reflecting signals
were processed in this way, and the resulting surface fluxes
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are shown in Figure 8. RBRoth initially rise rapidly and the
flux quickly drops off as fire suppre5810n commences. In
fact, the instantaneous. flux . goes negative brlefly as if the
sensor surface has been hit by something cold. The.
integrals, also seen in.the figure, indicate that the peak
energy on the absorbing side (radiative and convective) is
about 2 Jouleg/cm?, whereas the reflective side (convective
only) was about 1.5 J/cm’. These are not sufficient to cause
a burn. The difference of 0.5 J/cm® is a measure of the
radiative component of the flux. However, without a more
detailed calibration, the accuracy . of this value is
uncertain.  -Note that the transducer is apparently cooling
(convectively) as the integral curves show by sloping gently
down at the same rate. The proper.operation of all channels
ocbviates the need for the kind of analysis performed above.
Direct, accurate representation of the time-dependent
radiative flux could be obtained by simple subtraction of
the processed palrs. Additional testing is needed.

60 L) L ¥ 4 6
SHOT 3: DIGITALLY FILTERED
]
a a0 3 }
-; Q
E E
5 o
B o 0 =
o 8
5 | — SHALLOW, IR REFLECTING S
' __~_DEEP, IR ABSORBING
~30 ‘ — L ‘ -3
0.0 0.2 0.4 0.8 0.8 1.0

TIME (seconds)

Figure 8. Surface flux is computed independently from the
deep/absorbing and shallow/reflectlng films. The.
difference-in the integral curves is the
radlatlve flux dose.. :

4. CONCLUSION

This multi-function transducer and associated software
has been demonstrated in most of its available operating and
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analysis modes. Because of the design and fabrication R
methods, this transducer is readlly scalable in actlve area, R
overall size, flux and pressure dynamic range, and speed of = .. ..
response. Integral pre-amps can be configured. for several o
operating modes. Plug-in sensing elements make repair a
cost-effective option in harsh environments. .After further — . - ..
shakedown tests and elimination of some remaining minor T T
instrumentation issues, - this device will be suitable for a.
wide variety of testing environments.
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ON ANALOG FEEDBACK CONTROL FOR MAGNETOSTRICTIVE TRANSDUCER LINEARIZATION

David L. Hall and Alisén B. Flatau
Department of Aerospace Engine&ring and Engineering Mechanics
Towa State University
2019 Black Engineering Building
Ames, Iowa 50011

ABSTRACT

Terfenol-D is a "giant" magnetostrictive material offering mechanical .- -
strains on the order of 1000 x10-5 m/m (1000 p strain). Dynamic actuators
congtructed using Terfenol-D as the motion source offer displacements based on
approximately :500 p strain. These actuators are known to be nonlinear;
however, in some applications they can be treated as linear systems and their = .-
behavior approxzimated by the classic pair of linear transduction equations.

The transducer in this study is assumed to be a linear system (to facilitate
analysis) and simple, analog, PD (proportional plus derivative) acceleration
feedback control is uged to improve its linearity.

Expressions are derived and discussed for output displacement and
acceleration from an input reference voltage gignal. The expressions are
functions of frequency and controller, ldad, and transducer parameters.

Experimental measurements are presented to validate the expressions. ILimits

on the accuracy of the analysis arise through use of the classical assumptions

that constant coefficients can be used to provide a "good” model of the .
transducer parameters. It is shown that prediction accuracy improves when the -
parameters are calculated using a technique which includes the deleterious
effects of eddy currents occurring in various transducer components. However,
reascnable estimates are available by using even the simplest transducer
estimating techniques ("reasonable” by the standards for simulations of
Terfenol-D transducers). o

A nonlinearity of particnlar importance when using Terfenol-D transducers
is wave form distortion. The distortion is a result of nonlinear strain vs
magnetization relationships and the magnetic hysteresis occurring within the
Terfenol-b. The net result is varying amplitude integer harmonics present in
the transducer voltage, current, and output velocity. The amplitudes
typically increase with increasing excitation level. AsSuming the harmonics
to be disturbances, expressions are developed for predicting the change in
harmonic amplitudes of displacement and acceleration as functions of freguency
and parameters for the controller, load, and transducer. Experimental
measurements comparing controlled and uncontrolled output accelerations (at
the same drive-current level) are presented to validate the approach. Changes
in the harmonic acceleration amplitudes of from +2 to -30 dB (depending upon
the frequency of the disturbance input) are predicted and demonstrated. A
significant extension of the linear range of transducer behav;or, due to
feedback control, is also demonstrated.

INTRODUCTION

It is assumed that the reader has a passing familiarity with linear
controls. The same is not assumed about their knowledge of magnetostrictive -
transducers. -

Magnetostrictive materials are the magnetic analogs of the more familiar
piezoelectric materials. Magnetostrictives transduce strain and magnetic
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energies. Terfenol-D is a magnetostrictive material which was discovered at
the Naval Ordirnance Laboratory and it .is produced by alloying the rare-earths
terbium and dysprosium with iron. Thus, Terfenol-D stands for TPer(bium) + fe
(iron) + nol (Naval Ordinance Laboratory) + D(ysprosium). It has been
commercially available since the late 1980s. An authoritative discussion of
the physics of the material is available in reference 4. Terfenol-D was the
magnetostrictive material used in this study because of its relatively large
strains (compared with, for example, nlckel) and because it was readily
available.. ... -

Terfenol-D is typlcally produced in a cyllndrlcal geometry. The
manufacturer grows the crystals so that when solidified, most of the magnetic
domains in the material are oriented perpendicular to the axis of the rod. 2
magnetic field directed along the axis of the rod will cause the domains to
rotate (in an effort to align with the applied field)}, resulting in the rod
increasing in length (and decreasing in diameter). To a first approximation,
one can control the length of the rod by controlling the magnetic field within
the magnetostrictive rod. A popular implementation of Terfenol-D as a motion
gsource is to place a rod of the material down the bore of a wound wire
electric golenoid, thereby controlling the length of the rod by contrelling
the electric current in the solenoid. One end of the rod is usually “"fixed"
while the other end provides the motion/force output.

Engineering realities that should be observed when using Terfenocl-D as a
motion source follow.

1) TPerfencl-D filings are flammable.

2) Terfenol-D c¢an only be described as a "brittle™ metal. One should not
design a transducer in which the Terfenol-D rod will be drilled, threaded, or
welded.. It chips easily, thus mating parts must be closely aligned.
Fortunately, a rod which has been dropped can usually be glued back together,
especially if the fractures are perpendicular to the axis of the rod, without
resulting in a significant loss in the performance of the material.

3) Terfenol-D yields larger net strains if it is compressively prestressed.
The prestress translates to a prestrain which tends to improve the statistical
distribution of the magnetic domain orientations, i.e., it rotates more
domains closer to being perpendicular to the rod's axis.

4) Terfenol-D's compressive strength is much greater than its tensile
strength. For most practical purpcoses, the rod must be kept in an overall
state of compressive stress-another reason to prestress the rod.

5) Bidirectional motion from a Terfenol-D rod can be cbtained if the guiescent
state is defined as that of the rod when it is magnetically biased, typically
to approximately half of its maximuom low frequency strain. The magnetic bias
can be provided by permanent magnets placed somewhere in the magnetic c¢ircuit
or by running a 0 Hz electric current through a surrounding wound wire coil.

The first method is usually employed because of reduced power reguirements and

reduced heating.

6) Eddy currents can be a problem. Terfencl-D is a conductor, thus, varying
in time the axial magnetic field in the material induces large scale eddy
currents within the material (and other tranaducer components!) resulting in
magnetic shielding of, and heating within the material.

A schematic representation of the magnetostrictive transducer used in this
study is shown in Fig. 1. The view is that one would see if the transducer
had been cut lengthwise along its axis. As discussed above, the Terfenol-D
rod is positioned in the bore of a cylindrical wound wire solenoid. The rod

is kept in an overall state of compressive stress via the prestress adjusting

bolt and the prestress spring washer. Note that the rod butts against the

motion output and the prestress adjusting belt (no threads or welds!). As a
result, if a tensile force were applied to the motion output and it exceeded
the product of the prestress and the area of the Terfenol-D rod, the motion
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Fiqure 1. Schematic section view of the Terfenocl-D magnetostrictive .
transducer used in this study.

ocutput would pull away from the rod. Note, then, that the prestress and area
of the rod define the largest bidirectional force amplitude possible for the
transducer. Magnetic biasing is accomplished via the slit c¢ylindrical = e —
permanent magnet. The magnet was slit lengthwise (viewed from either end it
is "C* shaped) to physically disrupt a conducting path which otherwise would S
have been a major source of performance robbing eddy currents.Z The base is a
seismic mass. The input for the transducer is the oscillating electric
current. For the tests in this study, the base mass was adjusted so that the
base motion amplitudes were less than 5% of the amplitude of the motion
output. It was thus assumed that the transducer was a reascnable
approximation of a 1-DOF system.

Magnetostrictive transducers are traditionally considered as being
reasonable approximations of linear systems at low drive amplitudeslr2r4 and
as becoming very nonlinear at high drive amplitudes.® 4,5 fThese are all .
relative terms. A more concrete example is shown in Fig. 2 which displays
plots of percent harmonic distortion (%HD) and displacement from current
{|{u/I]]| as a percentage of the value measured when driven at 800 mA) versus
drive current amplitude (displayed as a percentage of 800 mA). The datums in
Fig. 2 were calculated from the information given in Table 5.1 of reference 2.
For the tests, the transducer was driven by 200 Hz sinusoidal drive currents
of various amplitudes using an amplifier with a current-control module. - : -
Acceleration auntospectral density functions (0 --2 kiz) were calcunlated for e
each of the 200 Hz drive-current amplitudes. %HD was calculated as the ratio .
of the summation of the harmonic amplitudes to that of all of the amplitudes
(the harmonics occurred at integer multiples of the fundamental, i.e., at 400,
600, 800, ..., and 2000 Hz). Displatéement from current values were those
corresponding to the 200 Hz component only, and all are shown as percentages
of the 800 maA value (11.2 pum/A). For the transducer in question, a "high"
drive current amplitude was 800 mA zero to peak.

As shown in Fig. 2, the measure of wave form harmonic distortion is a
minimum at the lower drive current amplitudes. If 20% harmonic distortion
were arbitrarily defined as the upper limit of the transducer's "low signal
linear range," one would be limited to drive currents below 100 ma for this
transducer (as loaded and operated at 200 Hz). Note, however, that this
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Figure 2. Percent harmonic distortion (%$HD) and percent of displacement from
drive-current amplitude (|]|u/I||) versus sinusoidal 200 Hz drive-current
amplitude. Current and u/I are expressed as percentages of their "high"

drive~current amplitude (800 mA} values. '

places a severe limitation on the possible output displacements in the
vlinear*" range. From the figure, for 13% drive current (100 mA), displacement
per ampere is about thirty-four percent of the 800 mA value. Thus, the
displacement at 100 mA is about one-third of one-eighth of that at 800 ma,
i.e., u(100 ma) = u(800 mA}/24. One would thus like to decrease the output
harmonics in order to increase the linear rangé of transducer operation. That
was the impetus for the investigation reported here.

Figure 2 shows two types on nonlinearities common to Terfenol-D
magnetostrictive transducers. Harmonic, or wave form distortion exists and
increases with drive-~current amplitvede. Another, more subtle nonlinearity is
the change in displacement from current with increasing current amplitude. &at
very low freguencies, u/I is proportional to the fabled magnetostrictive
linear coupling coefficient, aka, the "d constant.” As shown in the figure,
it increases by a factor of five over this drive-current range and exhibits
its steepest slope (highest sensitivity to current amplitude changes) in the
low signal linear range (below 10% drive current, i.e., 80 ma).

MODELING APPROACH
The magnetostrictive transducer will be modeled as a linear system
satisfying a pair of linear simultaneous equations. The harmonic frequencies
present in the state variables will be thought of as disturbances.
The canonical form of the transduction equations, as applied to a

magnetostrictive transducer, is:l

Ve Zel + TenV (1a)

0w Tl + 2V {1b)
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where: V = voltage over the transducer leads, volts;

Ze = blocked electrical impedance of the transducer (blocked
physically, i.e., the electrical impedance one would measure if the
output velocity were held at zero) = slg + Re, where s is the
Laplace operator, L. is the blocked electrical inductance, henries,
and Re i3 the dc résistance of the wound wire solenoid, Q;

I = electric current passing through the wound wire solenoid, amperes;

Tepm = the transduction coefficient, electrical due to mechanical,
v/(m/s); :

v = the mechanical output velocity of the transducer, m/s;

Twe = the transduction coefficient, mechanical due to electrical,
Newton/A; and

Zx = the mechanical impedance, based on wvelocity, of the transducer
and the load, which, in its simplest applicable form is given as:
Zx = Shy + by + ky/s, where my is.the sum of the internal dynamic
mass of the transducer plus the load mass, in kg, by is the sum of
the damping within the transducer and that due to the load,
K/(m/s), and ki is the combined stiffpess of the transducer and the
load, N/m.

It is shown in the literaturelr2:® that for magnetostrictive transducers,
ignoring eddy current effects, Tep = -Thme = a drive amplituode dependent
pseudo-constant. In this communication, T will be defined as: T = Tey = ~Tpe-
Using this substitution in Egns. (1), one can solve for some useful
fundamental input-output relatlonshlps of the transducer when operating in its
linear range. 1In particular:. .. -

v T
—_——— {(2)
I oz

2
V _ ZoZg+ T (3)
I Zx
v w V T (4)
— o e e e ——
v I I -Zezx+‘1'2
u 1v - T _ (5)
v sV s{zezx+'r2)
a sv sT- -

e — - — ©(8)

VvV V Zazx+ T2

where: u = transducer output displacement, meters, and

a = transducer output acceleration, m/s2,
All of these eguations will be useful when modeling the transducer as part of
the overall controlled system.

Feedback Models Using a Current-Control Amplifier

Figure 3 shows a block diagram for the system consisting of a PID
(proporticnal,. integral, and derivative)} c¢ontroller; a current-controlled
amplifier, of gain K, &/V; the transducer (expressed as displacement per
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Figure 3. . Bleock diagram of feedback system assuming a PID controller, a
current-controlled amplifier of gain K, a displacement sensor of sensitivity
S,, and disturbance displacements, ug.

ampere = Eqn. (2) divided by s); disturbance displacements, ug; and a
displacement transducer of sensitivity, S,, V/m. The reference signal is
shown as V.; it is the input for the controlled system. Using the definitions
for the impedances (2. and zy) detailed below Egns. (1), the system transfer
function u/vVy is calculated as:

o (skq+ kp+ zci/s)xafz;

R ki / 8} Kp—8q
: 52y

which reduces to:

a (32Kd+3kp+ k_.-L)KaT -
S 5311:5; + Sz(bx+ kgRaTSy) + s(kx+ kaaTSu) + ki KaTSy

This function has two, possibly complex zeros in the LEP (left half-plane)
given as:

81,2 = [-kp * (kp? - 4kaki)1/21/2kg

and the Routh-Hurwitz criterial® guarantees that it will have its three poles
in the LEP if:

Kbx + Ka(kx + KpKaTSy)KaTSy + KpkyEaTSy > Myk;KaTSy

This derivation assumes that the system parameters are constants, independent
of drive magnitude and frequency. ‘These are tenuous assumptions when dealing
with Terfenol-D transducers, as will be described later. (T, Re, Lo, Ka, and
ky are all of particular concern with these actuators.)

Other relations could be developed assuming one had a current-controlled
amplifier that was robust enough to be a reasonable approximation of the
constant K. That was not the case in this investigation. (These transducers
are very active loads and they gave the Techron current control module f£its.)
Therefore, the balance of this communication will deal with a voltage-~
controlled amplifier. In addition, emphasis will be placed on oscillatory
drive conditions using an accelerometer as the feedback transducer. This was
done for two reasons: 1) The equipment was available. 2) Small amplitude
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disturbance displacements are anticipated and using an accelerometer as the
feedback transducer exploits the w? signal amplification inherent to

acceleration measurements. For example, if u(500 Hz) = 1 pm and the first
harmonic is u(1000 Hz) = 0.0l pm, then u({l000 Hz) is "40 dB down." Compare

that with the acceleration case: a(500.Hz) = —(2n500)2p(5007Hz}, a(lood HBz) =
~(2m1000)2u(1000_Hz), and 20 1og[ (2n1000)2u(1000 Hz)/(27500)2u(500 Hz)} = 20
log{4u(1000 Hz)/u(500 Hz)] = -40 + 20 log[4} = -28 dB. Similarly, the second

harmonic (1500 Hz) would be 20 log[9] dB larger than the corresponding
displacement measurement.

Feedback Models Using a Voltage Contrel Amplifier .

Figure 4 is a block diagram of the feedback system assuming a voltage-
controlled amplifier.  (Voltage is much easier to control than is current when
driving a Terfenol-D transducer.) The transducer's transfer function for
acceleration per volt is given in Egn. {(6)}. Using the PID controller defined
in Fig. 4, the relations for the impedances detailed below Egns. (1), and Egn.
{6), the transfer function for the closed Iocop system, as a/V., is given as:

sT
(kds +kp+ ki/ S}Kv—"—'—z -
a 2,2, + T
v ST
Ve 1+(kd3+kp+ ki/s)KvSa—-—-——i
Z2a2y + T
which "reduces" to:
2
a s(kds +-kps-+ki)KvT
V% (Lem_,c + devSaT) 53 + (Lebx+ Rl + kvasa'r) s2 + (Lekx+ Reby + T2 + kiKVSaT)s + Reaky

(8)

The tranafer fanction for ocutput acceleration from a given input disturbance
acceleration is given as:

a 1
ad 1+(kds+kp+ki/s)xvsa T -
Zozy + T
a4
+ _}.c'...L a 1
Ve k48 kp “’S Ky v ——

Figure 4.  Block diagram of feedback system assuming a PID controller, a
voltage-controlled amplifier of gain Ky, an acceleration sensor of sensitivity
Sa, and disturbance accelerations, ag.
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which reduces to: L0 E

a mxs +(Lebx+Remx)s +( kx+be+T2)s+ka
ad  (Lemy + devSaT)s3+(Lebx+ R ol + kvasa'r)s +(Lekx+Rebx+T + kiKySaT )S+Rekx

(%)

Note that Egns. (8) and (9) have the same characteristic equations (same
denominators) and that the control parameters appear as coefficients of the
higher power& of s (which contains the fregquency). Thus, it can be expected
that derivative feedback will be most helpful at reducing harmenics at the
high frequencies. 'Similarly, kp will be most useful at medium to high
frequencies and kj will help in the low to medium freguency range.

Classical-stability analysis might be applied to these characteristic
equations. However, it was not done in this study owing to the variability of
coefficients with excitation frequency, excitation amplitude, magnetic. bias
point, material prestress, and even actuator load (T changes with different
loads in the presénce of eddy corrents?). Reasonable estimates of stability
criteria might be obtained by using empirical and/or analytical relationships
for La, Re: by, ki, and T, as functions of all of the parameters mentioned
previously, if they all existed. Awaiting further research into those
relationships, stability issues were resolved empiricalily in this study.

Models have been developed for prediction of magnetostrictive transducer
behavior using a PID controller in the forward loop. It has been assumed that
the transducer was a linear gystem which satisfied the pair of simultaneous
equations, Eqns. (1), with the harmonic freguencies (that are known to exist)
modeled as disturbance inputs. The primary goal of this endeavor is to reduce
the harmonic signal content of the magnetostrictive transducer; thus extending
its linear range to larger displacements, velocities, and accelerations. To
test the modeling technique, a PD controller was fabricated and experimental
measurements were performed.

RESULTS

In this section of the communication, experimental evidence is offered to
show that the control system generally improves the linearity of the
transducer, realities of the circuits and components employed will be
discussed (including procedures for obtaining transducer parameters), and
model predictions will be compared with experimental measurements of
magnetogstrictive transducer behavior. Emphasis will be placed on the voltage-
controlled version, i.e., the drive amplifier was a voltage~to~voltage
converter, as opposed to a voltage-to-current transdoucer.

An example of the effects of simple proportional feedback on the output
acceleration of the transducer is shown in Fig. 5. In the figure are two
different experimental measurements of transducer output acceleration as
functions of time. For both tests, the transducer was drivem by a 1000 Hz,
1/4 amp drive-current. As shown in the figure, the proportional feedback made
a significant difference in the output wave form. Note that the second
harmonic frequency component {3000 Ez) was reduced dramatically by simple
proportional feedback.

Figure 6 shows experimental acceleration amplitudes for two cases each of
three different drive-current amplitudes. The two cases are controlled
{simple proportional acceleration feedback) and uncontrolled. 1In all cases
the drive-current was oscillating at 1000 Ez. The other frequencies were
harmonics. Each set of data was normalized by its acceleration amplitude at
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Figure 5. E=xperimental time traces of transducer output acceleration versus
time for the case of proportional acceleration feedback control and the case
of no feedback contrcl. Drive conditions for both tests were 1000 Hz, 1/4
ampere (0 ~ peak).

1000 Hz (thus all show 0 dB at 1000 Bz). As shown in the figure, proportional
acceleration feedback control generally decreased the harmonic amplitudes,
over this frequency range, when compared with the corresponding uncontrolled
drive-current test. Kote that at 4 kHz for the 250 mA drives, the controlled
case is approximately 30 dB below the uncontrolled cage. Note also that for
this range of drivé-currents the largest harmonic for any of the controlled. -
cases is about 25 dB down; for the uncontrolled cases the largest is
approximately -12 dB. The data in Fig. 6 confirms the harmonic distortion
trend displayed in Fig. 2: harmonlcs grow disproportionately with increasing
drive~-current amplltude.

The datums in Table 1 were calc¢ulated from experimental measurements like
those shown in Fig. 6 {(the 250 mA high gain data is that shown in the figure).
For these tests, two different proportional gains (the "low™ gain was
approximately half of the "high" gain) were used at three different amplitude
1000 Hz drive-currents. In all cases increasing the proportional feedback
reduces the harmonic distortion and the distortions increase with increasing
drive-current amplitudes. The second trend is in agreement with that shown in
Fig. 2 and implied by Fig. 6. During the course of this study, the first
trend was repeatedly observed experimentally (until the onset of
instabilities). Note that the 250 mA high feedback case had lower digstortion
than that of the 80 mA uncontrolled case. It is.interesting to note that this
corresponds to. increasing the "linear range™ displaceménts by a factor of
almost 15 (assuming linear range implies less than 13% harmonic distortion).

The input-~output relationship for the Techron 7520 amplifier was measured.
(The amplifier was fitted with a 75A08 control module, set for voltage
contrecl.) The system behaved gsomewhat like a first order system with a -3 dB
peint at about 57 kHz. Unless specified otherwise, it was modeled as a
constant gain with a linear phase lag over the appropriate frequency range
(usually 0 to 6 or 10 kHz).
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Table 1. _Percent harmonic distortion of odtput acceleration as a function

of proportional -feedback status for a single transducer driven by three cee e
different 1000 Hz drive-currents. Percent harmonic distortion was calculated .-
as 100 x (X all amplitudes -:1000 Hz amplitude) / = all amplltudes. . L
e s = 4 R TR AT R TR T S wa a{w} ! -‘w') ?‘*, o
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Figure 6. Experimental ‘acceleration amplltudes resultlng from 1000 H=z
drive-currents at three differept amplitudes. "C" represents the case of
proportional acceleration feedback control:; "U" stands for uncontrolled.

Datums were taken from acceleration autospectral density functions.
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The control circuit was built in-house. Input-ocutput relationships for
each stage of the circuit were measured and compared with the theoretical
relationships. Theory and experiment were found tc be in excellent agreement.
However, difficulties were encountered. There was this pesky 47 kBz
oscillation (it turned out to be the mounted resonant freguency of the.
accelerometer). It was thought that the large number of ocutput frequencies
produced by the transducer almost always contained a component near 47 kHz,
which, in turn, excited the accelerometer.. It was necessary to place a band-
‘pasa filter between the accelerometer and the summing amplifier in order to
avoid feeding back and oscillating (it was also needed to block the low
frequency drift of the accelerometer signal conditioner). The transfer
function for this filter was:

Vout _ SR,Cy

: (10}
Yn SCZ{RI(SR2C1+C1/C2+1) +R2}+1

where: Ry = 30 kQ, Ry = 100 kQ, C; = 1000 pF, and C; = 0.1 pF. Its lower -3 .- -

dB freguency was 10 Hz; its upper was 7000 Hz. (This filter had a strong
infiluence on the behavior of the contrgl system. As is shown later, it
modified magnitudés and phases when compared with simulations from which it
was omitted. It is suggested that a better accelercometer/filter system be
located.) Since this filter was placéed in the feedback loop, it can be
thought of as modifying the sensitivity of the accelerometer. Therefore,
everywhere S, appears in Egns. (8) and (9), one should use the guantity: S, x
Egn. (10).

The differentiator built for this 1nvest1gatlon was Smely an active first
order band-pass filter with an adjustable gain. (See, for example, reference
7.) 1Its transfer function, assuming the op amps to be ideal, was:

v, sR,C
out. 21 .x-Adjustable Gain (11)
¥n ( sRoCp + 1) ( sR31Cy + l)

where: Ry = 2.2 kQ, Ry = 10 kQ, C; = 0.01 uF, and Cz = 470 pF. The phase on
the output was +90° at law frequencies, reducing to +45° at 5075 Hz, i.e., its
first -3 dB fregquency was 5075 Hz. The proportiocnal plus derivative summing
amplifier also included an adjustable gain.  Its effects on kp and kg were
included in the reported values. Since the differentiator was not a pure
derivative, skg values in Egns (B8) and (9) were replaced with:

ska/{(sRaCz +1) (8R1€C1 +1)}-
The reported values of kg were calculated as the product of RpC; x Adjustable
Gain x Summing Gain.

At this point, circuit parameters are known. For all tests reported in this
communication, the transducer was mass loaded such that the first mechanical
resonant frequency oc¢curred between 2500 and 4000 Hz. It was mentioned
earlier that the transducer in this study had a slit cylindrical permanent
magnet positioned around the wound wire solepoid:(recall Fig. l1). This magnet
was used to position the cap and base relative to. each other; bolts (not shown
in the figure) pulled the cap toward the base, compressing the magnet in the
axial direction. Unfortunately, slitting the magnet resulted in a radial mode
of vibration which affected transducer behavior arcund 7 kBz. As a result,
model values reported in this communication {which are based on a 1-DOF
mechanical model) will be limited to frequencies less than 6 kH=z.

Quantities applicable to the magnetostrictive transducer must be estimated
in order to meodel the transducer, thus the system behavior. One needs
estimates of T, the transduction coefficient, 2., the blocked electrical
impedance of the transducer, and zyx, the sum of the mechanical .impedances of
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the transducer and the load.
material properties, or build a transducer and measure them.

One might consilt the literature for "nominal”
Typical results

from both methods are shown in Fig. 7 for the case of simple proportional

feedback control.

(X).

Also shown in the plots are the experimental measurements
The figure shows the product of Sa-and EQn. (6} = 8aa/Vy = Vage/Vy =

accelerometer over reference voltage, magnitude and phase, versus frequency.
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Figure 7, .Magnitude (a) and phase (b) of accelerometer voltage from reference
voltage for simple proportional feedback control of a magnetostrictive

{Terfenol-D} transducer.

Model 1 was calculated using "nominal" material.

properties. . Model 2 used properties/funétions measured and modeled (see
text).
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In the figure, Model 1 was calculated using published “nominal® Terfenol-D
parameters,® relations from the literature,® and the details of the control
circuit discussed above. The transduction coefficient was calculated as T = N
d 8 m r?/ 1, where: N = turns of the wound wire solenoid (N = 1300 turns); d
= the linear coupling coefficient of the Terfenol-D rod (d = 1.5 x 1078 m/a);
E, H = Terfenol-D's Young's modulus as measured at constant field strength (Ey, H
= 3.0 x 1010 pa); r = the radius of the magnetostriétive rod (r = 0.125 x
0.0254 m); and 1. = the rod length (1} = 2 x 0.0254 m). Thuos, T = 365 N/A.
The blocked electrical impedance of the transducer, Z., was estimated as the
dc resistance (Re = 6 Q) plus jwle, where j = V(-1), w = 2nf = frequency of
oscillation in radians per second, and Lg = pf n? 7 ry? 1z = 2.5 po 232642 o
0.003852 0.0559 = 4.43 mH (kf is the blocked magnetic permeability of
Terfenol-D = 2.5 kg, e = 47 X 107 Tesla meter per amp-turn, rg is the inner —
radius of the solenoid, and lg is the length of the solenoid). The mechanical .
impedance of the transducer, as loaded, was calculated using simple second
order mechanical relations®, i.e., ko = E A / 1y = E‘*n i/ 1y = 18.7 MN/m, my
was measured = mas3s of the load plus some attaching components plus 1/3 the
mass of the Terfenol-D rod (my = 0.086 kg}, wp = (ke/my) /2, and b, was
estimated based on a four-percent damping coefficient, i.e., by = 2 x 0.04 Wp
My - .

Model 1 ignores the presence and effects of eddy currents within the
magnetostrictive rod, and it uses simple formulas from physics and published
values for material parameters. Considering those gross simplifications and
migsplaced trusts, the Model 1 simulation shown in Fig. 7 was thought to be
surprisingly good. Model 2, however, did a better job of matching the
experimental measurements.

Model 2 in Fig. 7 was calculated using the electrical impedance modeling
technique developed in reference 2. A brief outline of the technique follows.
Transducer and material parameters are measured/inferred by electrical
impedance and admittance analyszis performed on experimental measurements of
the transducer's electrical impedance and dlsplacement from electric current
functions. These functions are measured using a current~control driver since
material parameters are very sensitive to magnetic field strength drive
levels. Thus, V/I and a variation on v/V are measured. From these
measurements and knowledge of the mechanical aspects of the transducer under
test (i.e., my, solenoid specifications, the stiffpess of the prestress
mechanism, electrical conductivities, and dimensions), one can calculate E

magnetomechanical coupling (aka, k2), the "d constant, " the mechanical damplng
coefficient (aka, ¥), and the magnetic permeability at constant stress and/or
constant strain. BAll of these parameters are used to calculate analytical
solutions (a plethora of modified Bessel functions) for Maxwell's Equations
using a complex valued, frequency and load dependent “"dynamic magnetic
permeability" for the magnetostrictive material within the transducer. 1In
this way, the effects of eddy currents in the magnetostrictive rod (and
housing, if applicable) are included. An analytical solution for the
electrical impedance is then calculated, i.e., one performs a simulation to
calculate V/I including motional and eddy current effects. This is the same
V/I as Egn. {3} and it should be a reasonable approximation (%x10% in both
magnitude and phase) of the experimental measurement performed earlier.
Recall that Egqn. (3} was derived by substituting Eqn. (1b) into (la).
Therefore, the pair of simultaneous eguations have now been solved. What
remains to be done is to calculate the yet unknown coefficients, Z. and T,
which are presently needed for the controls modeling. One can calculate Ze,
the blocked electrical impédance of the transducer, including the effects of
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eddy currents, by calculating V/I again. Howdver, this time through, use the
measured/calculated value of the blocked magnetic permeability of the

magnetostrictive material instdad of the "dynamic magnetic permeability" which -

was used the first time through. The transduction coefficient, T, can now be
calculated—including the deletericus effects of the load and frequency
dependent eddy currents—by solving Bgn. (3) for T, i.e., [(V/I - Za)zxkll? =
T. .
The procedure outlined -above was carried through one time with the
transducer operated at a representative drive-current amplitude and with a
representative load. The process would likely need to be repeated if the
magnetic bias point or the prestress of the transducer were changed. However,
they remained constant for the experiments which are compared with model
calculations in this communication.

It should. be mentioned that a third method of estimating Ze and T was
tried, and it resulted in fairly reasonable approximations of the feedback
control system behavior. One can measure V/I for the transducer, as run,
perform a linear curve fit to the real and imaginary parts separately, and use
the resulting empirical relations for 2,(f). These relations will include an
approximation of the eddy current effects, i.e., the real part will be a
function of frequency. One can then estimate T by solving Egn. (3) as above,
only this time using the experimental measurement of V/I. It is a small
peint, but when using either of the latter two methods of transducer parameter
estimation, one would likely use the "unreduced" forms of Egns. (8) and (9)
for their model calculations. .

Attention will now be paid to the effects of the feedback control system on
the amplitudes of the harmonic accelerations. (Recall Egn. (9) for afag.)

For the expérimental "measurements* of this function, one test was run at a
given current amplitude at a single frequency (e.g., 0.15 A € 1000 Hz) without
feedback control, followed by an otherwisSe identical test with feedback
control. In each case, acceleration autospectral density functions were
calculated over an extended freguency range (e.g., 0 - 10000 Hz} in order to
measure the harmonics. The experimental "measurement” of a/ag was calculated
as the difference, in dB, between the uncontrolled and the controlled
experimental measurements.

Figure 8 displays experimental measurements (X) and model predictions
{line} for simple proportional feedback control of the transducer. The model
used was that of Egn. (9) for the reduction in disturbance (harmonic)
acceleration amplitudes. Transducer parameters used in the simulation were
obtained by the method of reference 2. For both experimental measurements
(controlled and uncontrolled), the transducer was driven with a 0.25 amp, 500
Bz sinusocidal current, thus, the first disturbance/harmonic would be at 1000
Bz, the second at 1500 Hz, the third at 2000 Hz, etc. The largest
discrepancies between model and experiment occurred at 4000, 5000, and 6000
Hz. The experimental measurements at these frequencies were in excess of .60
dB below the fundamental's amplitude; thus, while still above the noise flcor,
they are suspect due to the instrumentation's dynamic rangeé. For this test
the mechanical rescnant frequency was approximately 3200 Hz. Note the 15 dB
attenuation near resonance and the increase in amplitude of the disturbance
accelerations for 5000 Hz and above, and for freguencies below 1000 Hz.

The effects of including a derivative controller are seen by comparing
Figs. (9) and (8). Note that the differentiator improved the high freguency
disturbance attenuation of the system. This trend was anticipated in the
discussion below Eqn. (8)- As in Fig. (8) the 4, 5, and 6 kHz experimental
measurements in Fig. 9 were more than 60 dB down, thus they are suspect.

Wote, however, the substantial agreement between experiment and the model
simulation.

Figure 10 shows the difference in system behavior (|[a/ag|[) at two
different values of differential feedback. For the figure, models were
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Figure 8. _Output acceleration due to input disturbance accelerations for the
case of simple proportional feedback control of the magnetostrictive

transducer, kp = 2.73 V/V. Model predictions are shown by the line,
experimental measurements are indicated by Xs.
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Figure 8. PO feedback control of magnetostrictive transducer, ky = 6.2 V/v,
kg = 90 x 1076 vs/v.
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Figure 10. Model predictions (line} and experimental measurements (X) of the
change in acceleration amplitude attenuation of harmonic frequencies due to a
change in differentiator gain, kg. Datums displayed were calculated from kg =
90 x 10~® simulations.and measurements minus the values from kq = 8 x 10~6 vs/v
simulations and experiments. For all cases, kp = 6.2 V/V,

calculated for two different differentiator gains (kp = 6.2 V/V for both
tests), then the model for the low gain was subtracted from that for the high
gain (the high gain version is shown in Fig. (9)). The experimental values
were calculated in a similar fashion. ¥or this plot, suspect experimental
measurements (low original acceleration amplitudes) were, again, at 4, 5, and
6 kHz. BAs shown by the figure, there is substantial agreement between actual
system behavior and the predictions of the modeling procedure developed in
this communication. It is also apparent from the data that increasing the
differential feedback increases the harmonic distortion at the lower
frequencies and decreases the distortion as frequencies increase.

DISCUSSION

Now that some confidence exists that the models developed in this study
yield predictions which resemble actual system behavior, some trends predicted
by the models will be examimed. It was mentioned previously that the filter
on the accelerometer effected the system response appreciably. Its effects
will be investigated. There was not an integrator in any of the implemented
control systems of this study. The effects of adding an integrator will also
be investigated. Figures 11 and 12 display the results.

The curves labeled "starting point” axre for the PD system shown in Fig. 9.
The "no filter" curves correspond to system hehavior if the band-pass filter
of Egqn. (10) had been removed (as if a low drift, low noise accelerometer and
conditioner were used). The curves labeled "with integrator" show the effects
of adding a modest amount of integration to the "no filter" control .algorithm.
{(Integrators are usually high gain, first order low pass active filters. The
integrator modeled here had the transfer function: 1/(s x 2.2 kQ x 0.1 uF +
2.2 kR / 22 xQ) x Summing Gain. The -3 4B point for this circuit was
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approximately 90 Hz, i.e., it resembled an integrator (1/s) for frequencies
greater than 90 Hz. As presented, k; = 16,500 V/(sV).)

As shown in the figures, removing the filter would help immensely. It has
the net effect of restoring the high frequency feedback signal. Incorporating
an integrator into the controller would improve the system behavior at the
lower frequencies. As shown in Fig. 12, the addition of the integrator and
removal of the filter ensures that harmonic frequencies will be reduced over
the whole frequency range of the study (it removed the characteristic hump
below I kHz of the previous implementationsg).
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Figure 11. Magnitude (a) and phase (b) for models of a/V, showing the effects
of a cleaner accelerometer/conditioner and then adding an integrator to the
control algorithm.
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Figqure 12. .Model predictions of the output acceleration magnitude due to
input disturbance accelerations. 0 dB = 1 m/s2.

CONCLUSIONS & RECOMMEKNDATIONS

The addition of an acceleration feedback control system improves the
linearity (reduces harmonic distortion) of the output of a magnetostrictive
transducer. In one case, 32% harmonic distortion was decreased to 9% via
simple proportional feedback.contrcl. This improvement translates to
increasing the magnitude of the low distortion, linear range displacements by
a factor of approximately 15 (when compared to the uncontrolled transducer).
Thus, simple feedback control has been demonstrated to increase the "linear
range” of transducer outputs. Harmonics occurring at frequencies near the
mechanical resonant frequency of the loaded transducer show the greatest
attenuations (approaching 30 dB in this study). Differential feedback tended
to increase harmonics at the lower fréquencies and decrease those occurring at
the higher frequencies. Modeling implies that adding an integrator to the
control algorithm would tend to reduce the low fregquency harmonics.

A method for modeling analog feedback control using magnetostrictive
transducers was presented. The method assumed the transducer to be a 1-DOF
linear system described by the classic pair of linear simultaneous
transduction equations. These equations were used to derive input-output
relationships for the transducer. - These relationships were then used in
elementary linear systems control theory to formulate models for the c¢losed-
loop system. The harmonic frequencies present in the transducer's output were
assumed to be disturbance inputs. Emphasis was placed on the case of driving
the transducer with a voltage-control amplifier (45 opposed to a current-
control amplifier). Relations were developed for modeling output acceleration
per input reference volt and output acceleration due to input disturbance
accelerations. The first was shown to offer reasonable approximations of real
system behavior. The latter was useful for predicting how the harmonic output
accelerations behaved in response to control system effects. In both cases,
the models were shown to agree with experimental measurements to withion * 3
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dB. Larger variations occurred between models and éxperiments when the -
experimental measurement became suspect, i.e., when the measurements
approached the limits of the dynamic range of the instrumentation. )

In this study, parameters pertaining to the control circuitry were well e
defined. The same cannot be said for transducer parameters. As with most
modeling endeavors, thé better the input, the better the output. The best
model results were obtained using parameters derived from a magnetostrictive
transducer modeling technigue that included the deleterious effects of eddy
currents in its estimates of the blocked electrical impedance and the
transduction coefficient. However, reasonable closed-loop system performance . R
estimates ("reasonable” for simulations involving Terfenol-D) were obtained
even when transducer parameters were estimated by the gimplest of methods.
Thus, closing the loop has improved the guality of the predictions of system
behavior—-especially when compared with attempts at predicting behavior of an
open-lcop transducer. It is recommended that any application involving
Terfenol-D as the motion source include a feedback system. It improves the
behavior of the system and it improves the engineerinyg predictions of system
behavior, when compared with the predictions of open-loop transducer systems.

The technigues developed in this study are applicable to general vibration
control applications that employ magnetostrictive transducers. For example,
if one were trying to isolate a platform from vibrations, the reference
voltage in this control system would be set at zero (no accelerations are
desired) and the actuator system would attenuate accelerationhs as shown in
Figs. 8, 9, and 12.

Other feedback systems can be deslgned using the approach detailed in this
communication. It has been demonstrated here that one can use Egns. (2} -~ (6)
to model the transducer's behavior in the closed-loop system.
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Abstract:

The mosl hazardous operation pertormed ot Kennedy Space Center is the
loading of liquid Hydrogen onto the Space sShuttle and External Tank.
One of the most valuable systems used to monitor this hazardous opera
tion is the Remote Hydrogen Leak Detection System. The current system
ig an enhanced second generation design. This design is the result of
the past fourteen years of lab testing and field experience. The design
incorpbrates both technology changes and improvements and increased
system requirements for real time troubleshooting.

The Remote Hydrogen Leak Detection System design allows for the
detection of Hydrogen from purged umbilical cavities connected to the
Space Shuttle.. These umbilical cavities because of their design and
location make it impossible to physically mount detection hardware into
the areas of concern., This system's leak detection technology requires
the preserice of Oxygen for the Leak Detectors to operate. The umbilical
cavities use Helium and Nitrogen as the purge media. This situation
created the need for the Remote Hydrogen Sensing System. The system
uses sample lines from the various purged umbilicals to transport a
sample to a fixed location where .the sensing ingtrumentaction performs
the analysis. The result of the analysis is transmitted to the Engl-
neering control room for real timé monitoring during actual Cryogenic
loading operationis. o

The original design primarily was based on Lab results from tests
performed to determine ranges and mixing ratios for optimum leak detec:
~tor operation. = Two ~Trang&s for Hydrogen detection were selected. These
detection ranges were based on safety factors used to contrel the hazard
level of Cryogenic loading and the Lower Flammability Limit(LFL) of

Hydrogen. One range selected for operation was zerc to four percent. .

This range is o®ed by detectors that are sampling for Hydrogen in Air or
Nitrogen environments. The second range selected for operation was zZerc
to six percent. This range is used by detectors that are sampling for
Hydrogen in~a "Helium envirconment. The same Leak Detector is used for
both ranges (4% and 6%} where the signal output is mathematically

treated to allow for the range differences. Mixing ratios became the.

hardest technical! hurdle to overcome. The mixing ratio ig the volumet-
ric ratio of sample gas mixed.with ambient air. ~It was discovéred that
certain mixing ratios c¢ould produce incorrect  responses. From Lab
testing and field uses it was determined that the composition of the
sample and sampling pressures had significant impacts on the performance
of the detrector. Tt T | -

The current design incorporates the original lab testing results and
the practical field experiences and knowledge gathered during the past

fourteen years. Most of this practical knowledge helped determine  how.

much and what kind of control and health measurements were required Lo
aid System Engineering in real time situvatipns. Controls were imple-
mented ~ that allow. for Calibration "and Test Gasses Lo be remotely
selected to verify instrumentation accuracy. Health measurements were
implemented that allows System Engineers to evaluate the sampling gual-
ity in real time for determination of data accuraty. Lastly the design
incorporated. remote control for real time ‘manipulation and trouble-
shooting of the system during Hazardous Operations (Cryogenic Loading
Operations) ; this prevents exposing persormel to a hazardous
situation(Red Crew operatlion) . i

. _._The Remote Hydrogen Leak Detection System "in usé at Kennedy Space
Center is a significant tool to aid in monitoring the most hazardous
operation performed in launching the Space Shuttle. The current system
is the result of extensive Lab testing and fourteen years of field
experience. New data and knowledge are still being learned as this
system continuves to fulfill its mission. ’ ) o
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System Overview:

The Remote Hydrogen
Leak Detection System is
comprised of four indi-
vidual cabinets. Two of REMOTE LEAK DETECTOR /| HUMS UNE SCHEMANC
thege cabinets are located
on the Launch Pad, one
each on the Fixed Service - toaa R
Structure(FSS) and Rotat- -
ing Service I-wu

structure(R85) . The
remaintng twh cabinets are
located inside a Mobile
Launch Platform(MLP). The
6145 cabinet on the PSS
samples the External Tank
Ground Umbilical Carrier [——

Plate(ET GUCP). The 6292 preerr K_/ s
cabinet on the RSS samples

the Orbiter Midbody [_ﬁ -
Umbilical Unit (OMBUU) . LH TRet
The two cabinets -inside ol CABeRET TooT ChameET |
the MLP sample various {Eny-fre) —e
areas within the LH2 Tail L

LI D)

Service Mast{TSM), the LH2 D) - Haraha
- . ]I“Hll:‘

~fwrar @

L) 11" b Lozes nx

17 inch External Tank
Orbiter Disconnect, and
the LH2 T-C Umbilical G- ot ——
Carrier Plate. The. 6407 r
cabinet samples two dis- s« T
tinct areas within the LH2 | = |
-0 Umbilical Carrier 1
Plate. . The 6660 cabinet - 2
samples two distinct areas [
within the TSM and two e
specific positions on the

et

MLF COMFT TA
- oo

LH2 17 inch ET/0Orb Dis-
connect. . Three. cabinets :
are specifically  used Lo support ET Cryogenic Loading
operations (Reference the above Figure). The three .cabinets are the
6145, 6407, and 6680. 7 A fourth cabinet{62%2)not shown is used only to
support Fuél Cell Cryogenic Loading operations.  The 6145 c¢abinet and
6407 cabinet leak detectors are zerc Lo _six percerif detectors Gthat
sample Hydrogen f{rom a Helium purged cavity. The 6660 cabinet leak
detectors are zero to four percent_ detectors that sample Hydrogen Erom
both Air and Nitrogen environments. These three = cabinets are activated
prior to beginning the ET Cryogenic loading of Hydrogen.

Each cabinet operates independently, but together completes the
entire deétection system. Cabinet activation involves turning on the
sampling system, verifying leak detectors have power, and verifying the
system indicates nominal responses. Activating the sampling system
includes powering the Mass Flow Controllers and allowing a minimum five
minute warm-up "followed by activating the sample pumps. Each leak
detector has twp associatied Mass Flow Controllers that control the mix-
ing ratio of the sample and air. The reliability and data accuracy of
the operation depends on the mixing ratio. The sample is drawn from the

umbilical ©r cavity to the cabinet and then mixed with air prior to.

entering the leak detector's mixing hamber. The leak detector responds
to the mixture within the mixing chamber. Each leak detector provides
continuous data at a frequency of one sample per second. From continu-
ous sgampling a Standard leak signature 1s recorded and data analysis
provides correlation to an event.
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Cabinet Operation: .
The cabinets all oper:
date by drawing a known
amount of sample through -
one guarter inch stainless
steel tubing (0.251in OD by
0.187in 1ID). The sample
is drawn from a purged
cavity at a volumetric
flowrate of 4.0 slpm per
sensor. . The purged cavi- []
ties are all! at O to 5 .
inches of water positive
pressure. The sample is
drawn by a vaguum pump
from the sample point
within the purged cavities

\

to the cabinet atr dis: _
tances ranging from 50 ]
feet. to .150 feet. The - é? ) il

sample enters the cabinet

Ltk Bt

and is controlled by the e
sample mass flow control- S
ler which is then allowed ——

to mix with the eguivalent
volume of air. This com-
bination is mixed in the

ez ity Py o, Fes

s S l

1

mixing chamber at the sensor. The sensor reacts to the mixture and
generates a response... The mixture is continuously renewed by the influx
of new sample and air. The old mixture is eévacuated and dumped external
of the cabinet through the exhaust system. All of the leak detectors
used to monitor the purged cavities are sensor redundant. This means
the same sample source is analyzed in parallel by two sensors at the
same time. The sample is split at the ¢abinet input bulkhead. The
total volumetric flow through these one quarter inch sample lines is 8.0
slpm. Two of the four cabinets have redundant sensors.. The 6145
cabinet that monitors the ET GUCP and the 6407 &abinet that monitors the
LH2 T-0 Umbilical Carrier Plate are the two cabinets. The remaining two
cabinets 6292 and 6660 have four separate sample inputs for four sepa-
rate sSensors.

The mixing chamber is a KSC design to minimize dead volume and maxi-
mize response time. The sample pumps are Gast Model PN:DOA P101-FB with
a pumping capacity of 1.8 Standard Cubic Feet per Minute. This combi-
nation of mixing chamber design, Sample Pump, and sample tubing enhances
the mass flow controllers operation thus increasing the data accuracy
and reliability of the sensor. The sampling system design is low cost
and low maintenance with high reliability.

Leak Detector:

The leak detector is a Detronlcs Model 400N Combustible Gas Detection
Transmitter with a Detronics Combustible Gas Sensor. The leak detector .
technology is a catalytic reaction on an electronic RTD element within a
wheatstone Bridge confiquration. The Detronics Combustible Gas Sensor
Element contains two legs of the Wheatstone Bridge. The sensor contains
an active electronic element and a matched reference element. The
active element contains Platinum that creates.the catalytic reaction in
the presence of Hydrogen. This catalytic reaction causes the resistance.
of the electronic element to increase. This increase creates an imbal-
ance 1n the Wheatstone Bridge thus creatlnq a current 81qna1 The
400N Combustible Gas Detection Transmitter. The transmltter contains
all the signal processing and transmitting functions. The model 400N is
designed specifically for NASA. The "N" designation identifies addi-
ticnal signal processing and voltage isclation that is required in a
launch environment. The additional signal processing simply converts
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Lhe standard 4 ta 20 mA signal generated by the sensor to 0 Lo 9 volts

De. The voliage isclatlien is in place to prevent sensor and system
crosstalk. The leak detector supports two different operating ranges
wilth the same sensor and the same outpul signai. The two different

ranges are created by a mathemacical interpretation of the signal output
The 0 Lo 4 percent sensor uses the conversion tactor @ 1 VDC is egual to

10,000 ppm{? percent). The 0 to 6 percent sensor uses the conversion
factor : 1 VBT is equal to 1%,000 ppm{(i.5 percent). ALl gsensors use a 1
volt oliset where 0 ppm is egual to 1.00 VDCT. The full operating range
af che ) to 4 percent senser is -10.000 ppm to 40,000 ppm with a data
resolution of 200 ppm. This data resclution 1s limited by the data
interpretation capabilities of the Launch Processing System(LPS). LPS
allows the user 250 biLs per data measurement which for Lhe 4 porcent
sensor converks Lo 200 ppm per bitc. The 6 percent sensors have data
resolution of 300 ppm per bit with an operating range of 15,000 ppmn to
60,000 ppm.

The basic operation uses the transmitter legs of the Wheatstone
Bridge to set the calibration points of the sensor in reference to the
sensing element and reference element. Once this is set the unit is
operational and data is considered real. The vendor recommends that each
leak detector be calibrated every 60 to 30 days depending on the oper-
ating environment. Standard operating procedurg at KSC reguires that
each leak detector be calibrated within 4 to 6 weeks of their support

operation. -~ This is reguired due to the operating environment at KSC. -

If either component iIs changed, calibraticn must be performed to balance
the new Wheatstone Bridge. Lastly, it is critical to calibrate the leak
detector in the media from which the sample is composed i.e. Helium,
Nitrogen, or AIY.  The difference between Air and Nitrogen is negligible
but, the difference in sensor response between Air and Helium is enor-
mous. The sensor elements are computer matched by the vendor to
provide optimum performance with maximum stability and minimum drift in
the desired sample media. The leak detector has to be calibrated in the
desired samgle media for any sampling affects to be eliminated.
Mass Flow Controllers:

The Mass Flow Controllers are Sierra Model 840 LOW Flow Body 0 to
10 Standard Liter per Minute units. The Flow Contrellers perform three
primary fuictions For the Remote Hydrogen Sensing System. The first
funcrion is the control of the sample to air mixture ratio. The second
function is to minimizé input sample pressure affects on the sensor.
The third function is to provide redl time monitoring of the actual flow
during operations. “The first function of the flow controllers ig the
most critical to the operation of this system. There are several oper-

ating factors that have to be accounted for the Mass Flow Controllers to

operate properly. '~ The input pressure or the differential pressure
across the Ilow controller must be known. If the input pressure or
differential pressure is not gufficient the solenoid valve within the
mass flow controller will not regulate the sample or air flow properly.
The solencid controls the flow accurately when its control voltage is
between -5 to-10 volts DC. The full control voltage is 0 to 15 volts
DC where 0 volts is full c¢lose and 15 volts is full apen. With the
contrellers powered on without flow, the controi voltage will be 15
volts DC. Once flow is established the control voltage should drop to

the -5 to -10 volt DC range. If rhe control voltage is not within
range, then one of two conditions exist. First, the input pressure Lo
the Mass Flow Controller may be insufficient. Second, there may be

insufficient flow to the flow controller for it to control at the
desired set point. For example, the flow controller is set to regulate
flow at 5.0 slpm and the total flow being provided is egual to or less
than 5.0 slpm the flow controller will drive the solenoid full open(-15
volts DC) trying to control at the desired flow rate. With the con-
troiler full open the Hydrogen sensor 1s responding more to variations
in the sample pressure ‘than actual changes in Hydrogen concentrations.
With the controller trying to control flow right at the set point, its
response will "stHow up as an oscillation of the Mass Flow Controller's
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signal out and possibly as a shift of the Hydrogen sensor s baseline.
This information and knowledge - ts critical in multiple {low situal ions
where sample Or air 18 comman to more Lhan one Flow controllor .

Mixing Ratio:

The system's detection limits, accuracy, reliability, and stability
are largely dependent on the Mixing Rario. The mixing rabio |8 the
volumetric ratio of sample tao air. Extensive testing of various ratios

and varying sample concentrations at a constant mixing ratio generated
empirical graphs that were evaluated te determine the besl operat.ing
mixture for NASA's application. The data generated frum this testing
paralleled testing later .performed by the vendor on different gasses.
Referencing Graph 1 there is a distinct point where the mixing ratio
will negatively affect the sensor's output thus its_data accuracy and

reliability.
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Graph 1
As shown on Graph 1, the optimum mixing ratio is between 2 to 3.5
parts sample to 1 _part air. This is one hundred percent operating

efficiency of the sensor with the gensor operating at its lowest gain
setting. This would provide the sensor its. best 8Signal. . The problem

with operating the sensor at the optimum mixing ratio is falling on the

right side of the curve due to [low measurement error. The effect of
sampling on the right side of the curve .in Graph 1 could be disastrous.

A high Hydrogen leak could occur and the sensor would only reflect a
small increase in medsured leakaqe ~ The right side of the curve shows
where the sgensor loses its ability to correctly measure the amount of

Hydrogen present in the sample. As shown on Graph 1 the further right.

the data goes the less response the sensor generates for the same sample
source. ~ From Graph 1, the mixing ratio determined to be the maximum
allowable for use was 3:1 sample to air for the sSix percent $ensors in a
Helium background. Further testing was completed to determine how far
to the left of the optimum mixing ratio would bé of best use for the

Space Shuttle's application,
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Ag shown on Graph 2 there is a distinct . breakover point in the sensor's
response between the 1:1 to.the 1.5:1 sample to air ratio. This break-

over peint 1is significant because the indicated voltages for the

3SA:2A1r, 28A:1Air, and 3SA:lair flow ratios are nobt representative of
the actual Hydrogen concentration present at the Hydrogen sensor once
the actual concentration exceeds 4 percent. From this graph the 1:1
mixing ratio appears to.be the best suited for the application. Lastly
from Graph 3 further testing with varying sample. concentrations shows
that the 1:1 mixing ratio was acceptable for NASA KSC's application.
During the testing and later data analysis different mixing ratios could
have been chosen. Any of the mixing raticos that were less than 1:1
sample to .air, where the sample volume was decreased, would also be
acceptable. The reasons for choosing the 1:1 ratio ties back into the
sensor, Mass Flow Controllers, and the sampling system operation. The
following is a list of advantages to using the 1:1 mixing ratio. This
ratio provides the most stable data over the sensor's operating range.
The ratio provides a safety margin for Elow measurement error that will
still keep the sensor operating on ‘the left side of the curve in Graph
1. By using this higher sample ratio it increases the overall input
pressure and flow into the Mass Flow Controllers.
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Summary: ) . . .

The Remote Hydrogen Sensing System in use_at the Kennedy Space Center
adeguately serves to monitor the hazard level of the Cryogenic loading
of Hydrogen. The system is the result of many years of lab and field
testing and practical experience. The system has optimized the best of
each of the individual components. Testing is stilil ongoing to continue
the improvements and innovations possible through this type of system.
This type of system can be used for many applications not pertaining to

-Hydrogen. The knowledge and lessons learned during this system's evo-

lution should make the conversion Lo . other applications fairly easy.
The existing system is accurate, reliable, durable, and low cost. This
gystem provides a simple means for continuous monitoring of a hazardous

operation.
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SIGNAL CONDITIONING FOR RESISTANCE-BASED TRANSDUCERS

L by Peter K. Stein, Director, Short Courses
The Engineering and The Dynamics of Measurement Systems for Test & Evaluation
5602 East Monte Rosa, Phoenix, AZ 85018

Telephone & Telefax Numbars: (602)-945-4603. (800)-MEASurement SYStems, in the U.S.

0.0 INTROQUCTION

The type of signal conditioning and the
manner in which a test is conducted will totally
determine the data which are harvasted. This briaf
survey hits the high points of how the test
procedure and the choice of signal conditioning
will affact the data. _

Some conventional definitions and concepts,
even though raised to international standards, may
be pure nonsenss, obscuring rather than clarifying
these questions.

Thus the definition of Thermal Qultput is totally
inadoquate. For the same process being observad
with the same transducer the choice of signal
conditioning will yield totally differant character-
istics for Thermal Qulput, which tmay be apart by
orders of magnitude. The Unifisd Approach
presented here will clearly identify the reasons for
the discrepancies.

Three main features which distinguish signai
condition for impedance-based transducers from
other types of signal conditioning ara:

1.0 THE INTERROGATING INPUT
(BRIDGE SUPPLY):

Impedance-based transducers and strain
gage-based ones in particular are non-self-
generating and require an external, design-
controlied input to interrogate the impedance-
changes stimulated by the Measurand. This input
is often callad the bridge supply if a hridge circuit is
used.

1.1 Amplitude:

The amplitude of the supply voltage affects
the self-heating of the transducer. For utmost
vorsatility this amplitude should be variable to
accommodate strain gages or resistance
thermometers on bad heat conductors such as
composite materials, plastics, wood, or very thin
sections of aluminum, steel, etc., or very small
transducers where space limitations prevant good
heat transfer. It is preferable if such controis ara
recessed so that inadvertent changes in bridge
supply can be avoided.

Since it is the amplitude at the transducer
bridge input terminals which must be kept
constant, six-wire arrangemsnts are possible,

which include two Remots Sensing leads. Their
function is to keap the signal conditioning output
amplitude at whatever level is necassary to
maintain the transducer input amplitude constant.
This is one method of suppressing the effects of
long lead wires.

A Zaro Amplitude or Bridge FPower Defaat
position on the control should be available, either
manually adjustable or computer programmabie.
When bridge excitation is zero and the transducer
still shows an output, then seif-generating voltage
noise levals have been documented and must be
suppressed before any data are acquired.

Amplitude Polarity Reversal is an altemate
method of documenting such voltage noise lavals.
When both input and output polarities are
ravarsed simultaneously, any changes in output
represant such noise levels.

1.1.1 Constant Voltage: Constant volt-
age excitation is most commonly used for strain
gage based transducers. The voltages typically
vary from 0 to 15 volts for transducer resistances
irom 120 ohms to 5000 ohms.

1.1.2 Constant Current: Constant cur-
rent excitation is often used to avoid problems with
long lead wires when the Remote Sensing oplion
is sither not available or not desired,

- 1.1.3 Internal Impedance: A variable
rosistor in series with the bridge supply voitage is
sometimes used as a Gain Control, which makes
the equivalent internal impedance of the bridge
power supply variable. For pracision transducers
temperature compensated for sensitivity with
temperature transducers in serigs with the supply
voltage — i.e. Modulus Compensated, the internal
impedance of a voltage supply must be close to
zero and not variable, or else the compensation is
compromisad. The saties-resistance gain-control
technique must be avoided for such transducers.

For current supplisas the internal impedance
should be close to infinity. This feature is important
for pracision transducers temperature compen-
sated for sensitivity with temperature transducers
in parallel with tha current supply. Any gain control
mechanism which produces a variable equivalent
intarnal rasistance of tha current source should be
avoided for those types of transducers.
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1.2 Wave Shape.

The wave shape of the bridge supply voltage
or current is critically important to the performance
capabilities of the transducer and signal condi-
tioning. S

1.2.1 DC: The majority of signal condi-
tioning powear supplies are DC. They suffer from
ong major disadvantage which can be circum-
vanted if the recommendations in 1.1 are followed.
The problem is that voltages generated within the
transducer due to thermal, electrical, magnetic,
tribcalactric, or strain-induced causes cannot he
separated from the voltages due o the interro-
gatad resistance changes. This problem is particu-
larly severe in vibration tests involving electro-
magnetic exciters and in all pyroshock, explosion
and impact tests. In all of those tests there are
noise-voltages stimulated which occupy the same
{requency range and time scale as the signals and
are correlated with tha signal. Unless tha Zero
Amplitude control on supply amplitude is invoked
during the test, such noise levels can neither be
documented nor suppressed.

1.2.2 Sinusoidal: Sine wave excitation is
commonly used for capacitively and inductively
based transducers, but also oftan with resistively
based ones, The main advantage of sine wave
excitation is that all voltage .noise levels can be
suppressed with appropriate output filtering so
that strain-inducad voltages, thermally, magneti-
cally, electrically, etc.-induced voltages are auto-
matically suppressed.

Thus in all strain-gage-based transducers the
so-called Thermal Output will be quite different for
sine-wave-fed transducers than for DC-fed trans-
ducers since tharmoelectric and other voltage
stfects are suppressed by the sine-wave carrier.
This makes the definition of Tharmal Output as
commonly accepted, uselass.

The disadvantags of sine wave fed systems is
their sensitivity to capacitive unbalance as possibly
produced by cables during a test unless rather
sophisticated carrier systems are ussd.

1.2.3 Pulse Train: Pulse-train-fed bridges
are far less sensitive to cable capacitance effects
than sine wave systems, and also permit the
filtering of all voltage noise levels of the types
menticned above. Furthermore their peak-to-peak
to rms ratio is [1/duty cycle of the pulse train] and

hence adjustable. For self-heating problems such

as in resistance thermometars, very small strain
gage based transducars, strain gages on bad heat
conductors, stc., pulse-fed signal conditioning is
ideal to avoid heat generation while maintaining
output lavels.
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In some commercial signal conditioning the
choice betwesn DC-fed, Sine-Wave-fed and
Pulse-fed bridges is computer programmable as is
the choice betweean constant current or constant
voltage excitation.

1.2.4 Frequency: The frequency of the
sine wave or pulse train will be dictated by the
frequancy response requirements of the
measuremean! system. The usual Sampling Criteria
also need to be obeyed. In general, the carrier
frequency needs to be higher than 3 to 10 times
the maximum signal frequency of interest. Some
commercial signal conditioning have provision for
changing the carrier frequency.

2.0 THE BALANCING CIRCUIT

Signal conditioning units divide into two major
groups: those with provision for initial balance and
those with no such provision.

2.1 No Balancing Circuit

in large, multi-channsl data handling systems,
the systemn often stores the initial unbalance of
each channel and then subtracts that value from
subsequent readings to acquire the data. Such
systems sutter from the problem that any changss
in excitation voltage or current, producing changes
in system gain (sensitivity, transfer ratio, calibration
factor} will produce zero shifts. An interactive link
bstween gain controls or amplitude conirol of the
interrogating input and the stored initial zeroes is
required to avoid that problem. Some commercial
units exhibit this feature.

To avoid excessive salf-heating of transdu-
coers, the excitation voltage or current must some-
times be changed during a test, which is when the
above problem is the most severe. '

2.2 Balancing Circuits

There are two major families of balancing
gircuits each suffering from its own disease. All
balancing circuits should have a disconnect switch.
in Autozero systems, which automatically maintain
balance, an Autozero-defeat switch is desirable.

2.2.1 Resistance Injection: A resistive
balancing network such as the common T-type
(slide wire and limiting resistor} for example, will
shunt two arms of the transducsr bridge and may
produce calibration changes (gain changas) during
the balancing operation. They may also produce
changes in linearity, zero shift vs. temperature
compeansation, transverse sensitivity, and common
mode rejection ratio. This effect varies from 0.1%
to 5% in commercial units and should be




ovaluated. A switch which disconnects the
balancing circuit will prevent such etrors in) cases
where the utmost data validity is desired.

2.2.2 Voltage Injection: Instead of
balancing the Bridge itself, as the Resistance
infection scheme doas, the Voltage [njection
scheme balances the System by injecting a
voltage in series with the bridge output to produce
a not zera output from the System. The voltage
source for such an injection should be linked with
the system gain control or bridge supply ampilitude
so that any changes in those will not produce zero
shifts. See also 2.2, and for the same reason. '

2.2.3 Documenting Overloaded
Transducers with Disconnected
Balancing Circuits

The first sign of an overloaded transduceris a
zoro shift. Such transducers will have degraded
performance such as for zero vs. temperature
compensation, stability, creep, linsarity etc. The
best way to detect ovarloaded transducers is to
check their output for zero input. This can only be
done if the balancing circuit is disconnected or is in
exactly the same position as when the original
transducer zero was determinsd, a more difficult
raquirement. It is also necessary to determine the
as-delivered initial zero for each serial number
transducer since transducer manufacturers usually
do not provide serial-number-specific data.

3.0 Step Input "Calibration”

System "Calibration" should be possible by
means of step inputs. These serve two distinct
purposes: Amplitude Calibration and Frequency
Response Documentation.

3.1 Amplitude Calibration:

Two major methods of injacting signais which
serve to calibrate the measurement system are
commarcially available,

3.1.1 Resistance Injection: Shunt Cali-
bration is almost universally used for resistance-
based transducers. A precision resistor of known
value is shunted across one arm of a bridge or
across the strain gage or resistance thermometer
or other known rasistance. The known resistance
change thus produced serves as a "calibration
signal” and produces a step output from the
measurement system. From this calibration signal
when combined with the transducar calibration,
which must be available, a system calfbration can
then be determined.

it possible three such resistors should be
available. It is then possible to verify system

performance not only for amplitude response
{calibration) but also for linearity since three
"calfibration” points are availabla. Resistance
infjection can produce positive and negative
outputs. Both should be available to check tha
system calibration and linearity from the operating
point both down into the region from which one
has just come, and up into the region into which
one is headed, warning, perhaps, of up-coming
non-linearity problems before the are actually
encountered during a test.

3.1.2 Voltage Injection: Injection volt-
age steps or square waves (i.e. repeated steps)
are another popular calibration method. It is one
step further removed from the transducer
calibration than the resistance-injection and hence
burdened with higher tolerances. The system
frequency response determination is also more
difficult since it depends on the location of the
voltage step injection.

3.2 Frequency Response
Documentation:

Tha response of the enftire measurement
systsm except for the input transducer itself, can
been documented by the Resistance Injection
procedure. For the voitage Injection procedure,
the fraquency response ot the bridge circuit itself
and any interconnecting cables from the input
transducer up to the point of voltage injection are
not includsd in the step response and must be
factored in separately.

3.2.1 Upper Frequency Limit: The
response of the measurement system forward of
the input transducer has been documented. The
10%-90% rise-time of the response of that portion
of the measurement system to a step will permit
calculation of the upper 3dB point of the system.
The rise-time of the transducer itself can then be
factored in by established fechniques.

3.2.2 Lower Frequency Rolloff: The
long-term response of the measurement system
forward of the inpui transducer has been
documented. From the number of zero-crossings
in that response it is possible to determine the
ultimate roll-off of the low end of the frequency
responsa curve for magnitude and fo evaluate the
system behavior for undershoot due to transient
axcitations. :

4.0 CONCLUSIONS

It is seen that a number of factors in the signal
conditioning design will affect different
performance characteristics of the ovarall
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measurement systems. Depending on the Figure 1:

combinations of the features in commercial  Typical Signal Conditioning showing bridge supply
hardware, a wide variety of perfor mancs dtsconnect switch and thres resistance-injection
charactenstlcs can ba achisved. - ~ "~ shunt calibration resistors
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INTRODUCTION
by Peater Stain (from [94])

The performanca coefficiants or paramatars of all
systems and system components are functions of signal
fraquancy. Flots of magnitude and phase of such coefficients
with respect to fraquancy are known as Fraquency Resporise
Curves. Spacial prasentations of such data are variously
known as Bods, Nyquist, Pola-Zero, Co-Quad, Nicholls charts
or plots and serve important functions in systam design,
control, performance and stability studies.

The detarmination of such fraquency-rasponse curves is
usually assumed to be under steady-state conditions, i.ea.,
dwaelling at each frequency an Indefinite length of time until all
transiont responses have decaysd to negligible lavals. In
practica, such a procedure is aither impossible or undesirable
and test frequency is varied with time. The rate of change of
signal frequency with time is known as the Sweep Spesd,
Fraquency Velocity or Angular Accelerafion and represants a
special case of a system under frequency-modulated
excitation.

Characteristics determined from such swept excitations
will, in ganaeral, differ from steady-state characteristics. This
offact is known as the Sweep Speed Effoct, which, like all
other effects, may be advantagecus or detrimental. The
effect ocours in systems of all kinds, processing energy of all
typas. Thus examples could be drawn from acoustics,
electrical engineeting {communications, signal analysis),
optics (filtering), chemistry (infrared anaiysis), mechanical
vibrations (reciprocating or rotational), etc. The common
tactors for systems to exhibit such sweep speed effects are:

»  Underdampad resonant conditions of any degree of
freadom

»  Excitations for which the frequency is time-
dapandent.

The differences between system responses to swapt
inputs and to steady-state excitations are: (Figure 1)

= The maximum rasponse {dynamic magnifier, transfer
ratio, ("Q") is lowar for swapt-fraguancy excitation
than for steady state. The effect also depends on
whether frequency velocity is positive {increasing
in frequency through resonance) or negative. The
effact is not symmatrical around the resonanca.

*  The indicated resonance moves in the direction of
the swaep and is different from (either higher or
lower than) the steady state resonance.

- Under swapt conditions thera are indications of
numerous rasonant fraquencies othar than the ones
shown for steady state conditions, These spurious
indicated resonances occur after the main
resonance on a timea scale. Thay may be at
lraquencias higher or lower than the main resonance
depanding on whether fraquency velodcity is
positive or negative through the main resonancs.
The effact is not symmatrical about the main
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resonance.

+  The apparent bandwidth of the swapt resonance
increasas over the actual bandwidth of the steady-
state resonanca. In othar words, the apparent
damping under swept conditions appears highar than
the actual damping is under steady state conditions,
which may iead to sarious data misinterpretation

i system properties are determined at sweep speeds
other than those which will excite the system in use,
erronecus “properties” or “calibration curves" wilt resuft irom
the frequency response test. Thus "quick” vibration tests may
reveal resonances much higher than intended operating
frequency, with peaks which appear acceptably low. Steady-
state operation can then result in system dastrction.
Nurnerous cases of this type have been documented in the
engineering literature.

However, sweep speeds of high vaiue can be usad to
avoid the effects of serious resonances through which one
must pass to reach operating conditions, This procedura is
comman practice in rotating machinery such as turhines,
where the effacts of saveral critical speeds can be minimized
by accelerating through them fast enough. If your car
shimmies at 40 mph you can still drive at 60 mph if you just
accelerate through 40 mph fast encugh. An interesting
application is provided by [87], an instruction manual for a
helicopter which emphasizes:

CAUTION: Avoid continuous rofor rpm in a range betwean 200

and 230 rpm because of stabilizer bar resonance,
Tha sevarity of the sweap-spead effect depends on system
undamped natural frequency, the system damping ratio at
each such frequency, and the frequency velocity of tha
excitation during passage through a system natural
traquancy,
Figure 1

Effects of Sweep Speed on the Apparent

Frequency Response of Resonant Systems
From Wright [95). See also Figura 10, p. 16 from Trull [72)
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Sweap Spead Effects in Resonant Systems: A Uniﬁed Approach

Past theoretical solutions attempting closed form
mathamatical solutions are listed. and discussed in this
survey (mostly from Zimmermann [97] but also from Trull [72],
[73]. They include Lewis [41], Dimentbarg [21] and Cronin
(18}, [19]. Lewis presents a graphical and nomographical
solution to the problem; furthermors, the input data required
for use of the solution are not readily available from the normal
formulation of any real, physical problem. Dimentberg formed
his solution with the use of Frasnel Integrals ot which tables
for complex arguments are not readily available, Cronin's
solution uses Emor Functions, and his equations, though
complicated, are usable. He requires different equations for
increasing and decraasing sweep speed. )

The solution proposed by Trull is based on the Auxiliary
Function of the Error Function and has many advantages over
past solutions. It is simple, it fits the standard vibration
solution format, and the functions involved are readily
accassible in tabulatad form. The solution is in the form of a
steady-state FM response for which a computer pregram was
designed, and a transient FM response which, for most
mechanical engineering applications has died out by the time
the system passas thorough iis first rasonance. Furthermora,
it usas the same equation for increasing and decraasing
swaap speads.

Zimmermann [97] conductad the first thorough study of
the literature and tied it all together, as is shown in this
survey, He also extended Trull's solution to include the
transient response with computer programs. Quofing from
Zimmermann, whose unpublished Master's Thesis was
completed in April 1973, but whose conclusions are still
timaly:

*Quantitativa methods of analyzing enginsering problems
associated with sweep frequency excitations are availabls,
but, based on the tachniquas used in the racent literaturs, the
availability of these methods does not appear o be vary
widely recognized. Because the problems can be
encountered with fiterally any physical systern, papers which
have dealt with the topic have been published in the joumnals
of many different technical disciplinas, and cross-raferencing
batwaeen thase disclplines has been limited. As a result, some
tachniques have been re-derived several timas while others
have never baen appliad in areas where they would ba most
usaful. Also, many of the approaches to the problems have
been very specific in natura, with the result that they were of
limitad usefulnaess. For example, a solution for the
transmissibility of a mechanical system is the sclution to a
single problam, while the solutions for the responsas of the
threa elements of a sacond order linear system (which is what
Zimmermann did) can be usad to solve a multitude of
problems.

*While tha qualitative effects of sweep freguency
axcitations on the response of resonant systems are
commonly known, effective quantitative means of daaling with
tha problem have not been readily available due to the fact
that the solutions to the diffarential equations describing the
rasponse of systems subjected to sweep frequencies ware
not expressibla in tarms of functions commonly used in
enginearing analysis. SR )

“Apparently this thesis represents the first attempt at
organizing the literature relaled to the resonant response of
swaap fraquency excited systems into a systematic body of
knowladge. Since the classifications appeared quife
definitive, and since the methods tor dealing with them are
quite diffarent, three types of problems were identified.

“There are actually three typas of associated problems,
as shown in Table 1. All three of these problams are
complicatad by the presance of a swaep frequency input, and
the tachniques for dealing with the three problems varies
considerably.

“The three types of enginearing problems associated with

sweap frequancy axcitation of resonant systems are
identified by the unknown guantity involved: (1) The QOutpuf,
(2) The System Transfer Function, (3) The Input. It is seen
that the lechniquas used to solve the thrae types of problems
differ considerably.

Engineering Objective #1: (Table 1)

“The first problem: Determnination of System Output, is
gensrally encounterad in design, and is mathematical in
nature: given a model of a system and a specified input,
delarmine the nesponse of tha system Means of dealing with
the problem mathematically are discussed at tength in
Chapter [la (of the Zmmemann Thesis [97]). If mathematical
analysis fails, as it often has in the case for these problems,
analogs are usually constructed, and this approach is
censidered in Chapter iilb. The problem is of a mathematical
nature and can be solved, in general, only by numericai
methods. Closad-form solutions for linear sweeps are
obtainabie for Gaussian systerns, compression filters and ait
second order linear systems. Emphasis is placed on solutions
for the response of ail elsments of a second order linear
system, and the solutions obtained are shown to be easily
evaluated. The response of each portion of a sacond order
linear system is also evaluated for a logarithmic sweep.
Refarences are citad for solutions for other systems,
including nonlinear systems. Analogs are also discussed.

Engineering Objective #2: (Table 1)

“*The second problem: Determination of System Transfer
Function, is experimental. In that type of problem, a piece of
hardware exists, and ils response to a range of input
frequencies is dasirad What is really wanted is the envelope
of all the responses that would be obtained if each individual
fraquency were appliad separately, at steady state. in
practice, a response is usually obtained by sweeping an input
across the frequency spactrum. Obviously, if the sweep is
too rapid, nothing resembling the desired objective results.
Means of dealing with this problems are discussed in Chapter
IV. They include techniques for limiting the sweep rate to
accaptably low leveis and means of infarring by numerical
mathods, the steady state transfer ratio, or function, from
outputs due to rapid sweeps. References using both
approaches are discussed.

Table 1
THREE TYPES OF ENGINEERING OBJECTIVE [68]

ENGINEERING OBJECTIVE
1 2 3
SYSTEM DESIGN FREQUENCY | SPECTRAL
PARAMETERS RESPONSE | ANALYSIS
SYSTEM KNOWN KNOWN UNKNOWN
INPUT (Specifiad) (Spacitiad)
SYSTEM KMNOWN UNEMNOWN KNOWN
THANSFER (Specifiad) ’ (Spacified)
RATIO
SYSTEM UNKMOWN KNOWN KNOWN
ouTPUT {observad) {obsarved)
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Engineering Objective #3: (Table 1)

"The third problem. Determination of the Input, also
experimental, can be dealt with by using the techniques
associated with the second problem, but more effactive
methods are available. They consist of designing the system
to respend to the input in a manner independent of the sweep
velocity encounterad, Chapter V briafly considers the third
type of problem, where the frequency spectrum of the input is
desired. This generally involves tha analysis of some signal
other than a swaep fraquency, but the analysis of its
fraquency content necessitates sweaping a fliter across the
fraquency spectrurn, or hetarodyning the frequency spectrum
itself across the bandwidth of thg filtar. The latter tachniqua is
generally used, but, in either case, the problem bacomes a
sweap fraquency problem.

"The B5S references which are reviewed give numerous
examples of physical systems assoclated with the three
types of problems.

“The partial collection of literatura presentad in this thesis
demonstrates that a considerable amount of theory and
technique relatad to sweep frequancy aexcitation of resonant
systems, exists. Unfortunately it is antirely unorganizad and,
as a rasult, there is very limited awareness of its existence.
Since sweep frequency axcitations are so commonly
encountered in various physical systems, the analysis of tha
associated problems should become commenly racognized
and fully developad engineering tachniques. The first step in
this direction should be a more complete collection and
organization of the pertinent literature. The importance of this
is well illustrated by the repeated re-discovery of the quasi-
steady-state criterion discussed in Chapter IV.

Table 2
ANALYSIS TECHNIQUES
PARAMETER TECHNIQUE OPERATES ON

UNKNOWN
SYSTEM OuUTPUT TRANSFER | INPUT
PARAMETER FUNCTION
Closed form | Closed form
mathematical | mathematical
solutions solutions
QUTPUT
Numerical Numetical
methods methods
Analogs Analogs
Diract Fourier Quasi steady
TRANSFER | analysis state
FUNCTION approxi-
Auto- mation
cofralation
Direct Fourier | Increasa
analysis bandwidth
INPUT
Auto-
correlation
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“Secondly, the theory should be extendad where it would
be useful; for example, the sweeping of other wave fonms
might be considered. The history of the development of tha
sofution for the response of a linear sacond order systamio g
linear sweefi as discussed in Chaptar {ll suggests that the
necessary effort to accomplish this may be greatly reducad
by initially enlisting the participation of mathematicians.

“Finally, successful theories and analysis techniquss
should be given the widest pessible dissemination. This
should include publication in large circulation journals of
various engineering disciplines and perhaps a collection of
the material in a text for engineering students.”

Woell, over 20 years ago Zimmarmann's thesis was sant to
a major organization in the field of shock and vibration and
was refused as an efegant solution to a non-existing problern,
As aditor of this small piace, [ do not believe things have
changed substantially in those 20 years.

SWEEP-SPEED AWARE ENGINEERS
FROM QUR CAMPUSES
by Peter Stein

The Sweep-Spead, Fraquency-Velocity, Angular-Accel-
eration effect was considared so vital that since the earliest
days of the Laboratory for Measurament Systems Engineer-
ing (LI/MSE) it was incorporated into the first, Junior lavel
course in Measurement Systems Engineering. The discussion
and the experiments were purely phencmenological since the
mathematics have defled even many a doctoral student. Two
case studias wers included among tha experiments, [92],
[94], [93] starting in 1560,

Case Study #1: Mechanical System

A mechanical system in the form of a cantilaver beam,
Figure 2, [92] was presented. The students had done
sufficient experimental work on thal beam to predict the first
two modes of vibration. Step Inputs {(beam deflection) and
Impulse Inputs (hammer biows) werg usad as excitations.

Figure 2

Frequency Response of a Cantilever Beam
{The Instructoris a strain-gaged Cantilaver Beam design, with
supporting stand, on which a large number of static and
dynamic student experiments can be performed. There are
more strain gages than shown here, for other experiments.)

BEAM - TOP VIEVW

1 o
. L, 3 _
MONQPOLE DEAM 11, 137
PICK-
UP
INSTRUCTOR STAND
SHAKER SRR
TABLE

The results of those transient tests permitted prediction
of the values of the undamped natural frequencies and the
damping ratios for the first two modas of vibration. These in
tum permitted prediction of the Resonant Frequencies, Band-
widths, Maximum Transfer Ratio ("Q", Dynamic Magnifier) and
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panmissible Sweap Speads threugh those resonances so that
bahavior close to steady state response couid ba avaluated.

The commonly-used Figure of Merit also found by Trull [72],

[73] and Zimmermann [97] was smployed o determine
parmissible sweep speads.

Thé Maximum Transfer Ratio, plus rasults from an aearlier,
static expariment on the beam relating beam deflection and
maximum strain at the clamped end, permitted pradiction of
tha maximum input deflaction at low frequancies so that the
beam, whan excited at rescnance, would not be destroyed by
a fatigue failure. Sinusoidal excitation was then usad.

in other words, the experiment included a complste study
of how vibration tests can be completely planned by first
obtaining transiant response information.

The beam was placed on a mechanical vibrator with
excitation fraquency varying linearly with ime by means of a
cam driva, Frequancy could also be varied manually, slowly
enough lo determine the maximum Steady State Transter
Ratio.

Strain gages on the beam, as shown, were used fo
measure the sirain as the beam Response and a Monopole
Magnetic Transducer measures vibration fraquency. The
baam vnbratory input displacement is constant so that the
Transfer Ratio is in Strain per Unit Displacement.

The assumption that each of the beam modes acts as its
own second order system is common in all modal analyses.

The results from the transiant tasts were:

First Mode:
Dampad natural fraquency: fqg =853Hz wy=535radk
Time constant of decay: T =608secs

rorm which one can compule the systemn characteristics:

Damping ratio [(reh)=1 h =0.0028
Undamped natural frequency f, =8.53Hz
Predicting steady stale response:

Maximum Transfér Ratio, "Q". T =182 [T =1/2h)}
Resonant frequeancy: f, = 853Hz
Bandwidth  [Am = 2.hawy)] Af =0.05Hz

Maximum sweep speed - dfidt = 550x10° Hz/ac

or a half an hour per Hr through that resonancel That is not an
unusual requirement for high-"* systems unless the
techniques discussed later in this paper, are used. For turbine
biade resonant frequency determination, Glober [89] repors
the use of 1 Hz/min sweep speed.

Second Mode:
Oniy the pradictions for Steady State response afe given here

Resonant Frequency fp =52Hz
Bandwidth Af = 1.3Hz
Maximum Transfer Ratio, "Q° T = 41

Parmissible sweop spead di/di= 0.4 Hzfsec
or 2.5 sec/Mz, much faster than permittad for the 15t mode.

Figure 3 illustrates typical test rasults from the
meachanical case study with the cam-driven linear frequency
sweep from 5 Hz to 60 Hz in about 30 seconds, hoth
incraasing and dacreasing.

The Maximum Transfer Ratio deprassion, the spurious
after-resonances in the sweep direction and their non-
symmetry for up and down sweeps arae well illustrated in that
experiment. The frequency scale doas not permit sufficiant
resolution to determina the resonant fraquency shift involved.

Figura 3

RESPONSE OF A CANTILEVER BEAM TO LINEARLY SWEPT FREQUENCY EXCITATION
TOF : Beam raesponse through the strain gages CENTER: Frequency BOTTOM: Time in 1-second increments

e ﬁ 'DOWN SWEEP FROM 60 Hz T0 5 ez
-‘.,."fs'!s:--'l'f L
| NOTE THE ASYMMETRY OF SEEP DOWN vs.
' SO N R I

: I‘r :! '

l]:.j i K .
WEEP FROM 5 Hz to 60 Hz

o :
UP THROUGH THE 1st MODE |-}

b TE

194




Sweap Speed Effects in Resonant Systoms: A Unified Approach

Figure 4 {from [68])

THE EFFECT OF SWEEP SPEED ON NARROW-BAND FILTERS
Tha pairs of figures such as 1 & 2, 3 & 4, elc,, fllustrate the eifect of sweep spead.
In Fig. 5 avan the "stow” sweap is already too fast.

Expyrimental

Question: The stsady stats
predictions from the transien! tasts
show only 2 modes of vibration in
that frequency range, and the
Transfer Ratio for the first modeas
over 4 times that for the second
mode. The “slow” test of about
2Hz/sac shows the second mode
Transfer Ratio about 30% higher
than that for ths first mode, and
numarous apparen! resonances.
What is wrong: the predictions or
the actual swept expariment?

Case Study #2: Electrical
System (from [68])

In the experiment on Fraquency
Selective Filtaring [94], [93], an

Arranpogent

N R et electrical example was presented
1ok by sweeping iraguency linaarly
w | 2 dfiat through lilters ot various
KRzl < Kc/sec percentage-bandwidths at various
1 ol 28,9 spoeds. Figure 4 iliustrates the
2 406 176.9 experimantal set-up and the data.
3 s ]2 28.9 Filters of 6% and 29% bandwidth
4 Ll Ea 176.9 with center fraquencies at 1 KHz
5 Ly & 28.9 and 4 KHz were swept through
6 L 176.9 “slowly” and “rapidly” illustrating the
T 129 2.9 sweap-fraquency sffects.
R . 5 o= 176.9 Students werg expected to

]
[REITIT [TV ITITE P AN

7
tlough~Brengle 2B2A Audiomatic Generator #2037 swept from 3 Kilz ~ }iKHxz (photos
1-4}, and from 100 Hz - 10.1 KHz {photos 5-8) through B & K-2I07 Filter #73243
vith center frequency, [_, =od band-widik, AL/f. Obaerved. with Taktronix 302

(modifind) -ogcilloscope,"on Lhe Yy vs- T3 display mede.

.ox
Pa—— . . -

DETERMINATION OF A SYSTEM STEADY STATE
TRANSFER RATIO FROM SWEPT FREQUENCY
TESTS (From Ref [97])(See also Table 1)

The problem considered here is axperimantal in nature. A
physical system exists, and the transter or output-to-input
ratic of the system is desired as a function of frequency.
Otten the phase of the output with raspact to the input is also
dasirad. Cleariy the transfar ratio and phase of the system
depend not only upon the frequency but also upon the rate at
which the frequancy is changing.

And, in any raal system, they are also a function of
amplitude. In order to simplity the problem to the extent whers
usable rasults can be obtainad, the system is considarad to
be linear, at least for soma range of amplitude, and tha inputis
considerad to be discrate constant frequencias. The Transfer
Ratio is then a function of fraquency only, and is tarmad the
Steady State Transfar Ratio since it is the envelope of alf the
rasponsas that would occur if the system were excited at
aach of the individual fraquencles.

There are saveral mathods for getting the approximate
Steady State Transfar Ratio from Swept-Fraquency tests. 195

determine whathar the Sweep
Spead Figure of Merit parmitted the
interpretation of any of those
responsas as Steady State..

" Tovey~& 'Nettley, Dec. 68 '

1. Quasi Steady State Approximation
{Adapted trom [97) with aditorial commeants)

The determination of the steady state transfer ratio can
be troublesome. ideally, it should be detarmined by exciting
the system at discrete frequencies until the envslope is
obtained, and this is actually done at times. However, time
requirernents and the endurance of the system usually
eliminate such a direct approach. Usually the frequency is
swapt at a rate low enough to allow the response 10
approximate tha steady state response envelope. This quast-
steady-state assumption requiras some criteria for
determining the maximum allowable rate of sweep, and a
number of papers in the literature were devoted to
determination of such critaria.

Estimation of the Sweep Speed Effect:

Based on analog studies of the response of second order
linear systems to linear and logarithmic sweep frequencies,
Cronin [19] determined that the amount of peak attenuation
and broadening (higher indicating damping) depended upon

e ————————————
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the natural frequency and damping ratio of the systsm and
upon the rate of sweap: -

‘C(f h& 12' in units of 1/cycies
-

a Figure of Merit and a measure of the peak
attenuation or raduction of the maximum
transfar ratio or rise in apparent damping.
undampad natural frequency in Hz
damping ratio

whera, n

0

r -
Inou

It is interesting that the bandwidth of the system, for low
values of damping ratio, h is:

Al = 2th o
so that the Figure of Merit depends only on the system
bandwidth. But see also comments below.

For Cronin's Figure of Merit [18):

it n<cd results are close to steady state.

f 1<n<3 the primary effact of sweeping is peak
dapression and broadening

it n>4 More and more, the spurious after-

resonances also occur

Qthar invastigators cited in [37] obtained Figures of Merit
in the same form but differing by factors of 2 or 2x from
Cronin's sspecially if natural frequencies are used {radians/
sacond), but then the critera for n alse changa. .

A plot of Cronin's result is shown in Figure 5 for peak
depression, in Fig. 6 for increass in apparent damping and in
Fig. 6A for movament of the apparent first resonant
fraquency. Within about 2% Fig. 6A is symmetrical for q.
Several years later, Drain [22] obtained a similar result for the
peak depression, also by analog means, and applied it in the
datarmination of the frequancy response of jet aircraft
angings, Drain referencad the works of Lewis, Hok and Feed
and reported agreement with Lewis but not with Reed.

Cronin's Fig. 5 implies symmetry of the peak depression
with raspect to the sign of the sweep {(Up or down). This is not
really the case and Trull [72), [73]) and Zimmermann [97]
developed solutions in which the same equation can be used
for increasing and decreasing frequency sweeps.

Mathematical derivations for the gquasi-steady-state
critaria were published 20 years bafore Cronin and Drain
studied the problam, but they are found in the electrical
engineering literature and have never been referanced in the
mechanical engineering literature. Tha solutions by Van dar
Pol [76] and Clavier [15], resulted in a seties solution for the
swoep frequency transfer ratio in tarms of the staady state
transfar ratio.

Clavier showed that for the anergy dissipating, response
across the R in an RLC circuit, the Figure of Merit is 1/4
Cronin's, and for the potential enargy storing response it is
1/8 Cronin's. Chang [14] developed the criterion for a
Gaussian transfer function as 1/8 Cronin’s,

it is interasting that the Figure of Merit is independant of
the potential energy storing responsd y, for a second order
systam:

52Q

*Q 8Q
512

3 ot + +1.Q 4]

whera Q is whatever parametear is being studied,

1 e

B

B oohey whew L = a?
e o

so that only a and B enter into the Figure of Merit.

w = f{requency in radians/sec = 2xaf

The choice of a suitable sweep rate is more difficult for
muttidegrase of freedom systams since the multiple damping
ratios may be unequal and difficult to determine. Granick [29]
determinad empirical formulas for selecting sweep rates for
such systems.

2. Bldirectional Sweeps

(From [97] with editorial comments)

Another technique for analyzing multidegree of freedom
systerns is to simply sweep in two diractions as was done by
Lukens [45]). If the resonancas dus to both sweeps occur at
the same frequencies, it can be concluded that the sweep
was slow enough for the response anvelope to approximate
the steady state response envelope.

For reasons not apparent in the published litarature, the
frequency at which the upward and downward .swesp
envelopes intersect coincides with the true resonant
frequency of the system. But the true response peak cannot
be easily derived from tha swept data.

For non-linsar systams, response data taken for
increasing trequencies wili also differ from data taken for
decreasing frequenciss, but there will be clearly marked jump
phenomana due to the hooked frequency rasponse curves for
non-linear systems, so that a confusion betwaen swaep
spaed effocts and non-linsar system behavior is unlikaly,
unless a non-linear system is subjected to swept excitation.

3. Feed-Back-Controlled Sweep Rate

({From [97] with editorfal comments)

If the maximum allowable sweep rate cannot be
calculated, the system c¢an be designed to select a
sufficiently low sweep rate. Lorenzo [43/], {(44] reports using
test apparatus which applied a variable sweep rate for
vibration testing at Lewis Research Center. Feedback control
was applied to the sweep generator so that the sweep was
slowad in the region of resonant rasponse only, and a 7 to 1
reduction in test time was achievad on a particular test.

it has baen the conclusion of several of the researchers
rafarenced in this survay, that it is the sweep rate through the
resonance which is important, and tha feedback concept,
slowing the sweap rata according to the slope of tha Transfer
Ratio vs. Time or Frequancy curve accomplished that aim.

4. Direct Fourjer Transformation {from [97])

Anothar means of dealing with the errors due to sweep
rate in vibration tasting is to record the data from an arbitrary
sweep and analyze it as a ransiant to detarmine the comrect
fraquency rasponse. This is generally done with Fourier
transformations determined by numerical analysis, the
transfer function being simply the ratio of the Fourier
transform of the output to the Fourier transform of the input.

Reed, Hail and Barker [59] applied this techniqua to the
vibration analysis of aircraft wings. They determined tha
frequancy rasponse by both steady state and transient
methods and compared the results, which they found to be
very close. White [80], [82] reports applying this method to a

- systam with a cubic nonlinearity.

5. Autccorrelation (From [97])

As an afternative to the Fourier transformation technique
]é%* the determination of system frequency responsa, Skingle
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Figura 5, Top
THE EFFECT OF SWEEP SPEED ON PEAK
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[64] described a correlation technique. The methed utilizes
the fact that the auto-correlation of the system output is a
sanies_summation of exponentially decaying functions, the
demyﬁtes and osclilation freguancies of which are dehned
by the damping and rescnant frequencies associatad with the
various modes of the system. Skingle presents mathematical
justification for this assartion, and presents some actual test
results. By selective filtering, correlograms for the various
modes are obtainad from which resonant frequencies and
damping can be determined. Appandix C of Skingle's paper
contains a derivation of the autocorrelation function of a linear
sweep function,

The reason for using a linear sweep is because, as shown
by Reed [59], it produced an impulse-like autocorrelogram, a

:condition which is necessitated by approximations made in

the developtnant of the technique. The primary advantage of
this method is that it can be used successfully with low signal
to noise ratios, But see the section near the end of this
survey on Other Systern Parameters for disadvantages.

White [80], (82], applied this technique to the analysis of
systems with, nonlinearities and found that it yielded a
response curve with less distortion than the direct Fourier
analysis mathod. He also applied tha autocorralation
tachnique in the study of the frequency rasponsa of a ship's
hull [79]. The alwtocorrelation of the response was formed via
digital computer, and ths computer was then also used to form
the Fourier transformation of the autocomaiation function,
thus producing the frequency response characteristic of the
hull. The mathod was used with rapid linear sweeps of several
seconds duration and also with excitation provided by
turbulence as the ship moved through the water.

DETERMINATION OF SYSTEM INPUT (From [87])

The prob[am con51dered in this chapter is generally

- .assodiated with measurement or instrumentation systems.

The calibration of the system establishas the transfer
function which is thus a known quantity, the output is
observed, and inferences are made about the input to the
system - ses also Table 1. Obviously the input is not
necessarily a sinusoidal wave form. Since calibration
procedures generally establish a steady state transfer
function for tha system, considerable difficulty can resutt if
the inputis a sweep frequency.

A prime axample of a system suscaptible to this difficulty
is a spectrum analyzer. In principle, a spectral anaiysis could
be parformed by thras methods:

* A comb of filters over the spactrum of interest
« A single filter with variable center frequency
« A single filter with constant center frequency used i in
- T conjunction with a variable frequency oscillator to
heterodyne the signal frequencies across the
canter fraquency of the filter.

Tha first systam would be immune to the problem, but is
somatimes impractical. As noted by Van der Pol [76] and Hok
[35], the second and third methods are mathematically
equivatent and would present identical problems. In practice
the third mathed is frequently used.

if the heterodyning procedure rasults in too rapid a
sweap, the filter response will be decreasad in amplitude and
increased in bandwidth. Thus the amplitude of any particular
frequency component will be in error, and the ability to
distinguish betwesan distinct, individual fraguencies will be
diminished. The lalter characteristic is known as resolving
powaer, and it has long been racognized that tha resolving
power of such a systam is proportional to the square root of
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the ratio of the bandwidth to the time required to sweep
through that bandwidth [83]. Thus an abvious means of
insuring accurate results from a spectrum analyzer is to limit
the rate of sweap by the same criterion as used to establish
the quasi-steady state approximation.

Unfortunately, the expadient method of raducing the
sweap rate until an accurate response is obtained from the
filtar often rasults in unacceptably long analysis time, just as
tast time became too long for the Transfer Ratio Determination
application,

The methods used to circumvent this difficulty can also
ba usad to advantage here. However, there is an important
differance between the problems encountered here and the
one praviously considered; in this case the system may be
arbitrarily specifiad. The freedom to specify the system can
be usad to advantage to limit the problem cause by the
velocity of the swaep,

1. Variable Filter Bandwidth

Ona means of taking advantage of the freedom of
spacifying the system is to use a filtar of variable bandwidth.
If the bandwidth is increased, the amount of peak attenuation
due to sweep speed will be diminished. The absolute resolving
power will unfortunately be increased, but it is possible to
maintain the same percentage rasolving power and still
increase the allowabla sweep rate,

2. Time Domain Compression

A more poweriul method of coping with this problem is to
move the center fraquency of the filter to a higher frequency
and to move the frequencies of the input to a higher frequency
range by compressing the signals in the time domain. An
understanding of the advantage obtained by this technique is
easily deduced from the quasi-steady-state criteria shown
eariier:

(f-f1)
Tt )2

_ dtidt
NGRS

where the frequency is swept from f; to f5 in time T.
If all frequancies are multiplied by a factor k, then:

ng = n/k

it is now possible to sweep k times as fast for the same
Figure of Merit, n. Even in the 1970s commercial frequeticy
analyzers used factors of k = 250,000 for *real time”
frequency analysis. Extensive litarature on the subject of
data compression is available [86].

An extansive analysis of scanning spectrum analyzers
was conducted by Kinchelos [37]. The most remarkable result
of his efforts js that the degradation in sensitivity and
resolving power of a filter due to sweep speed is not
inevitable, but can be eliminated, at least theoretically, by
properly matching the phase of the filter and sweep generator.

BRIEF HISTORICAL SURVEY [97]
(In tha following excerpt from Zimmermann's master's
thesis, the mathematical formulations have been omittad.
Thay are contained in full in the original document.)

Mathematical Solutions

The problem of predicting the response of resonant
systems to swept fraquency axcitations has inspired an

X
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abundance of [iterature which has accurnulated for over 40
years (written in 1973). One of the eartiast, and probably the
most well known paper so far as mechanical engineers are
concerned, was published by F. M. Lewis in 1932 [41). He
used variation of parameters which yieldad a solution in terms
of four integrals which could not be reduced to any function
which had been evaluated in 1932, The rapid oscillation of the
integrand made numerical evaluation impossible so0 Lewis
applied contour integration. He selected a transformation so
that the troublesome integrals were more tractable with the
path of integration a section of a parabola in the complax
plane. He was then able to apply the residue theorem to
avaluate these integrals using asymptotic expansion for large
values of the varlable, a convergent saries for smalf valuas,
and graphical methods for intammediate values.

The evaluation of thesa integrals was no doubt extremely
tedious, but Lewis produced a series of response envelopes
in terms of nan-dimensional parametars which were useiul to
designers and arae still. being referenced in cument papers.

The design of a spectrum analyzer for ocean waves led
Barber and Ursell [6] to consider a gliding tone excitation in
which case the frequency decreases axponantially with time.
They then approximated the exponentiaf function by the first
three terms of its saries expansion, so the form of the
excitation was the same as for a linear sweep. Using
Duhamel's integral they ended up with an infegral form for the
solution, which they found advantageous since it had been
evaluated by the Admiraity Computing Servica.

A graphical technique was developed by Bishop and
Johnson [8] which, though perhaps not practical in view of the
available analytic sclutions, is interesting and provides
insight into the physical process. The method consists of
assuming the input to be a set of successive sine wave
cycles, each with a petiod shorter than that of the precedimxg ~
oneg, rathar than a continuously time varying frequency.

Temporarily neglecting damping, they computed the
response to a single frequency acting over one cycle by
Duhamel’s integral. After further mathematical manipulation
they arrived at a vector diagram that could be plotted. The
method was axtended to include damping.

Dimentberg [21] published a text on rotating shafts in
1961. Chapter 3 of that taxt considers the case of transition
through resonance. The variables are defined with respect to
the center of mass of the shaft, hence tha input function is of
constant amplitude. Howaver, a change of variables is
introduced to provide a coordinate system which rotates with
the shaft, thus facilitating stress analysis within the shaft.
Dimentberg formulated the problem in terms of Fresnel's
integrals for the case without damping. He also considerad
tha damped case, and worked out an approxirnate solution for
small damnping ratios. Several Russian papers considering the
transition of a shait through resonance are referencad in the
biblioegraphy.

Parker [54] sought to evaluate the integrals obtained in
the variation of parameters for of the solution for the
logarithmic weep. Recognizing the futility of any attempt at
direct numerical intagration he wrote the solution in
exponential form and then exprassad the exponentials in
terms of their series expansion. These series expansions
wara then manipulated into a form which allowed the excitation
frequency to be factored out, leaving the desired envelope of
the response. .

Unfortunately the series became difficult to evaluate for
the region of particular interest: small damping ratios and
frequency ratics greater than one. By using an extensive
amount of computer time, Parker avaluated the series for
damping ratios of 0.167, 0.05, 0.01 and 0.005 for the log
sweep and presented graphical results in terms of
ransmissibility vs. frequency ratio.

In 1664 Hawkes [33] published a method by which the
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anvelope of the response of a second order system to a
general sweep fraquency function would be obtained. Those
equations can be integrated numerically for any rate of
swaep, Hawkes used this method to evaluate, the systam
response to octave sweeps and published the resulls.
Hawke's work is raferenced in saevaral subsequent papers,
but it is always reported to be the solution for an octave
sweep, Tha genarality of the method appears to have gone
unnoticed.

Hawkas' equations are integrated in his Appendix V for
linear and logarithmic sweeps and lor rasponses of kinetic
energy (masses and inductances for example) and potential
aneargy (capacitors and springs for example) storing element
responses and the dissipation element response (such as
dashpot dampers and resistances, to give examples from
machanical and elactrical applications.)

A doctoral thesis by Feam [25] considered the problem
with a linear frequancy sweep, The majority of his thesis is
diracted towards the zaero-damping case. He discussed the
damped case but did not evaluate the integrals he obtained.
Ha referencas tha paper by Lewis but was apparently unawara
of the literature published on the subject batween 1932 and
1965. )

A sacond order linear system modeled for an aircraft
landing gear with displacement input was considered by
Stronge [69]. The excitation function for sinusocidal
displacement input to the potantial energy storage and eneargy
dissipating elements was computed. Expressing the solution
by means of the convolution integral, Stronge observed that
the solution was easily put in the form of the Error Function or
Frasnel integrats. In either casa the argument is complex, and
only the zero-damping case was ovaluated. Stronge also
considared the response for saveral random wavatorm
excitations.

I the same year the Stronge completed his thesis, NASA
published a table of complex Frasnel integrals and Stronge
then published a solution in tetms of these tabulated values
{70]. The exact solution given is quite complax and is the time
domain solution. Stronge also gave an expression for an
upper bound on tha envelopa, but, although he reportad that it
chacked with Lewis' solution in the case of zero damping, the
assurnptions made in oblaining the bound are not given in the
paper and there is no means of evaluating the accuracy of the
approximation when damping is prasent.

Cronin [18] devoted considerable effort to the
invastigation of a rasponse for a general swasp function.
Since a closad form solution for the envelope is clearly not
possibla, he sought exprassions for the maximurn ampfitude
and the frequency at which is occurs by obtaining upper
bounds on the integrals. He applied perturbation theory
techniques to obtain a general system response.

Cronin derived some axact closed form solutions for
saveral sweep functions. For tha linear sweep he obtainad a
solution in terms of the eror function, but it is faily complax
and of little intarest since simpler lormulations are available.
He noted that a serias solution for the axponential sweep is
easily obtained by expanding the sine tunction in its series.
reprasentation, but made no attempt o evaluate the series.

A paper on the accalaration of rotors through their critical
spead was publishad by A. Capello in 1867 [11]. He
referanced his equations to the axis of the shalft rather than
the canter of mass, hence his forcing functions are of variable
amplitude. in addition to viscous dissipation, Capello con-
sidered the elastic hystarasis of the shaft material due to
difference in angular velocities of the shaft and the shaft
daflection. Tha modei used to account for the elastic
hystaraesis causas the equations for the x and y displacement
to be coupled. Capello does not present the development of
his solution, but refersnces a previous paper publishad in
ltalian. Capello referenced an italian paper by Domig for a
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converging series method of evaluating the integrals with
which he presented his solution. His paper describas an
experimental apparatus for checking the theorstical solution,

-and reports qualitative agreement. He references the text by

Dimentberg, but none of the American references discussed
here.

Though numerous investigators had obsarved that the
solution for a second order linear systemn excited by 3 linaar
sweap is expressed in tarms of error functions of complax
argumant, they assumed that such a seiution was not usable.
Apparently Trull [71] {his Master's thesis), [72] was the first to
discover that the error function could easily be evaluated via
digital computer using a serias expansion originally published
in 1948. Trull's derivation of the response envslope in terms of
the arror function yislded excellent results for absolute values
of g greater than 50 and low damping. q is tha linear swaep
factor: wa2/(4xe) where e is half the linear sweep speed.

His Appendix B contains a program which computes
anvelopa and phase of the threa rasponsas of a sacond order
linear system: potential anargy storing response Q), kinetic
energy storing response o«.d?Q/(dt)® and energy dissipating

response B(dQ/dt), for any values of damping, swaap factor,
and initial froquency. By superposition of these results, any
linear system can be easily evaluated. For exampie, taking
the root of the sum of the squares of the potantial and
dissipating responses will yisld the transmissibility as
computed by Parker and Stronge, or, equivalantly, the
rasponse of an unbalanced rotating shaft as computed by
Dimantbarg and Capello.

It is interesiing to compare this solution with the soiution
of Lewis who effectivaly evaluated the error function for
complex arguments, a task which was then avoided by all
subssquent investigators until Trull discovered that it could
be evaluated by digital computer.

The implications to the logarithmic swaep problem are
cbvious. A ciosed form solution requires the evaluation of
intagrals which are easily expressed in a series but not one
which can be avaluated. This will probably also be
accomplishad by a mathematicians, and perhaps has been
already. Further efforts by enginears to manipulate the
integrals into a form more amanable to evaluation are not
likaly to ba very productive.

Gaussian Systems

It happens that a closed form solution to the problem is
readily obtainable for the case of a Gaussian transfer function
and is contained in detail in Appendix A of the Polarad
Corporation’s Handbook [56). That result was also publishad
by Saul and Luloff {83] in Appendix B,

A more general derivation is presented by Batten [7].
Hara the input was considered to be a pulse signal, and the
continuous wave case was obtained from the solution as a
spacial case. The form of the solution for the continuous wave
case is the same a in tha Polarad handbook. Batten had
researched the papers by Lewis, Barber, Hok and othars, but
did not formulate a solution for the simply resonant cass,
Based on comparisen with analog solutions, it was concluded
that the Gaussian sclution was a good approximation for
systams with two or mare simply rasonant subsystems of the
same resonant frequency. Unfortunately, it does not reflect
the apparent shift in resonant fraquency since the Gaussian
transfer function does not account for phase. The same
solution was derived independently by Chang [14] in 1854.
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Compressiori Filtar

A physical example consisting of an acoustic
comprassion filter is described by Kinco [38], and the
experimental response verifies the caiculation.

General Linear Systems

While any linear system can, in principle, be analyzed by
the arror function solution for linear sweeps or by Hawkes'
solution tor logarithmic sweeps, thara may be occasions when
a diract solution in terms of a genaralized transfer function is
more desirable, Also much of the literature which considers
this problem predates the availability of the digital computer,
and, since there was then no effective means of uncoupling

the aquations of multi-degree of freedom systems, the direct

solution in terms of a generalized transfer function was the
only practical approach. There is also the possibility of
modeling a system with a transfer function which is not
describable in terms of second order knear differential
equations. .

The publishad papers dealing with ganeral linear fransfer
functions ara usually found in the electrical engineering
titarature. There appear to be two reasons for this. Ona is that
few alactrical circuits can be modelad as a single loop, thus
tha solution to the single sacond order linear equation was not
as useful in electrical engineering as it is in machanical
engineering. The other reason, which is probably a rasult of
the first, is that electrical engineering literature approached
the problem with different mathematica! tachniques. The
machanical engineering papers usually applied variation of
parametars and somatimes Duhamel's integral, while the
electrical engineering papers generally used Laplace or
Fourler transforms which more readily lend themselves 1o a
general transfer function.

The earliast refaeranced paper in the alectrical engineering
literature was published by Salinger [62] in 1929, and thus
predates Lewis by savaral ysars. An excellent survey of
much of the electrical engineering literature as of 1962 is
given in an annotated bibliography in Kincheloa's thesis [37).

In 1937 Carscn and Fry published a paper on circuit
analysis with frequency modulated input {13]. They derived a
sarias axprassion for the rasponse in terms of steady state
admittance. Van der Pol [76], in 1945, published a derivation
which is more heuristic but extremely concise. His transfer
function was expressed in terms of derivatives of the
modufation function and derivatives of the steady state

transtar ratio evaluated at the instantaneous frequency. -

Clavier [15), in 1949, gave a slightly moere rigorous detivation
by beginning with the convolution intagral and evaluated the
first four terms. The evaluation is complicated by the fact that
the exponential function must be expanded in a seres itself
before the indicated operations can ba performed. It is in
effact a saries within a series.

Unfortunately, the derivatives of the transfer ratio
become very large near the natural frequency of a rasonant
system. Thus it is not possible to compute the cutput in the
frequancy region of greatest interest with this solution.
Carson and Fry formulated a second series exprassion which
should have better convergence but the problem was not
actually eliminated. The solution is useful for other purposes,
but it is of little value for the computation of the envelopa ot
the response.

In 1947, Hok [35] published a solution for a linear sweep
which was derivad by means of Laplace fransforms. The
systam transfer function ermarged as a seriss summation,
Hok suggested the name “Fresnal function” or “frasneloid” for
a term within the series, and evaluated it by means of
convargent series axprassion given in the appendix of his
paper. Hok was apparently unaware of the work of Carson and

Fry, and Van der Pol, and stated in the introduction that Lewis’
paper was brought to his attention when he presented his
solution to the Physical Society,

A modification to Hok’s solution was published in 1952 by
Mariqua [47]). It gave the system response for a sawtooh
varying fraquancy input. Marique had read the literature and
raferrad to the works of Luis, Van der Pol, Clavier, Barber and
Ursell, and Hok. He had also discovered the paper by
Salinger. Marique's derivation proceeds along the line of
Hok's except that he employs a property of the Laplace
transform. Thus his solution is a summation of the responses
to all preceding swaeaps.

Garsch and Kennedy [26] devised a method for
numerically convolving the impulsive response of a system
with the spectrum of the sweep frequancy. The function in his
solution is easily evaluated for many systerns by looking it up
in tables of transformations. Anothar form of his solution can
be evaluatad in tarms of error functions or Frasnal integrals,
and has the advantage that the argument of these functions
is not complex. Once it has been evaluated, it can be used
with any filter function.

Gersch and Kennedy referenced the papers by Barber
and Urseall, Hok, and Batten and notad that their solution had
the advantage of requiring the evaluation of the difficult
swaap fraquency spectrumn only onca after which it could be
used to avaluate any system.

Nonlinear Systems

If the system is nonlinear, there is no apparent way of
obtaining an exact solution. Howaver, solutions have baen
formulated in terms of asymptotic expansions with very
satisfactory results. This technique can aiso be used to
advantage for linear systems in the casa whera the forcing
function is of & torm which cannot be analyzed by theclosed’
form solution.

Mitropolskii [S0], [51]. [52] published several texts in the
1960s dealing with the application of the asymptotic
expansion techniques to nonlinear, nonstationary systems.
Bacause the procadure becomes algsbraically tedious, first
and second order approximations are genserally used.
Fortunately these are of sufficient! accuracy to solve many
practical problems. The method is completely general. Hence
solutions for nonlinear systems are obtained as easily as for
linear systemns, and any sweep function dasired may be
introducad.

Examination of the biblicgraphies of Mitroposkii's texts
revaals that Russian scholars have been actively engaged in
the application of this method for over 30 years (written in
1973), Chapter 3 of [52] discussas some of the solutions and
corralations with experimantal results,

Dr. BR. M. Evan-lwanowski of Syracuse University and a
former student of his, B. N. Agrawal, have published a nomber
of papars applying to the asymptotic expansion method to the
nonstaticnary vibrations of nonlinear systems [1], [2], [3],
[23], [24].They have extanded tha solution to noniinear
multidegree of fraedom systems and have generalized it so
that the same form applias to all types of rasonances of a
muitidegres of freedom system. They have shown, among
other things, that a changa in the rate of frequency variation
can cause a shift of the system from one stable mode to
another,

Kavorkian [36] published a solution for the response of a
one dimensicnal nonstationary oscillator using an asymptotic
expansion technique and extendad the solution to
multidegree of freedom systems. However, only the case of
zero damping was considared. Kevorkian was apparantly not
aware of the works of Mitropolskii, Evan-lwanowski, or
Agrawal.
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Beams and Plates on Elasfic Foundations

There is a class of problem not specifically discussed by
Zimmenmann [97] or Trull [72], [73] where the sweep speed
offect appears, and that is when dynamic loads ar@ applied to
beams or plates. Thus [90], [91] treat the case of a moving
vehicla on an ice sheat supportad by water and [95]
discusses trains of high speed air cushion vehicles traveling
at arbitrary speeds over beams. In those studies the water
and the beams are considered elastic foundations. Thera is a
critical velocity at which resonance is excited which will lead
to tailure if allowad to exist for any length of tima if damping is
insufficiant.

The problem there is 10 produce a fast anough sweep
spaad through the resonance so as to minimiZze its effect,
axploiting tha dapression of the peak response, *Q°, Dynamic
Magnifier or Maximum Transfer Ratio of the system. That
problem of resonance avoidance is discussed by Zimmer-
mann and by Trull although not for the above type of
axamples.

Analog Solutions

The difficulties encountered in attempts to
mathematically analyze the response of systams to sweep
fraquency inputs inspirad numerous analog solutions. One of
the earier studies was dona by Baker [4] who, in 19353,
published a mechanical mathamatical machine-generated
responsa for an unbalanced rotor subjected to constant
angular acceleration. The results are plotted in tarms of
nondimensional parameters as usad by Lewis [41]. Baker was
awara of Lewis’ work, and had assistad in the construction of
the experimental apparatus used to verify Lowis’ calculations,
but apparently made no effort to extend the analytical
tachniqua to the case of rotating unbalance,

In 1949, McCann and Bennett [48] used the then newly
constructed electrical analog computer at Cal Tech to
datermine the response of a two-degree of freadom torsional
system to an oscillating torque of constant amplitude and
linearly varying frequency. The system was daescribed in
terms of nondimenslonal parameters representing the sweep
rate, the damping ratio, and stiffness and inertia ratios. The
maximum output of the system for a positive sweep was
plottad as & function of swaep rate, shafl stiffness ratio and
disc inertia ratios. The damping factor was assumed to be
0.01 in all cases and the output was defined as the ratio of
shaft torque due to elastic twisting to tha amplitude of the
input torque. This solution could have baen determined from
Lewis’ calculations, but the analog technique was
unquestionably easier. McCann and Bennett did chack a faw
of their curvas against Lewis' results.

Parker [54] determined the response of a second ordar
linear systam to linear sweeps in tenms of transmissibility by
analog mathods. Responsas are presanted for various swaep
factors and damping ratios. Morse [53] genserated analog
solutions for the rasponsa of second order linear systems to
logarithmic sweep displacemant input to the spring and
damping elements. The output was presented as the ratio of
the accelaration of the spring-mass to the accelaration of tha
displacement input (transmissibility). Cronin [t18] developed
analog solutions for both jinear and logarithmic sweeps. He
expressad the response as the ratio of the displacement
cutput to the maximum displacement output that would be
obtained at steady state resonance. ,

Quazi and McFarlane {S8] published an analog solution
for the response of a rotating shaft to angular acceleration,
The response was considered 10 be the shaft deflection in this
case, as opposed to shaft twist. They had studied the papars
of Lewis, Hok, Dimentberg, Johnson and others, and
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concluded that analytical solutions became *prohibitively
difficult.” Since they desired to apply torque according to
control laws to limit deflection, this was a quite reasonable
conclusion. The paper is actually directed toward the
detarmination of a feedback control systam to keep the
system response. within specified limits rather than the
determination of system output for a specified input,

Some attention was directed toward the case of
acceleration through rasonancae of a torsional system in a
1967 paper by Poltard [57). Lewis' solution was applied and
was extended where necessary by an analog simulation on a
digital computer. For multiresonant systems, Pollard
datermined the response at each resonance considared
separately. He then multiplied the amplitude of the first
resonance by an exponential and added it to the maximum
raspense of the second resonanca to obtain the maximum
output of the systam. The value used in the saxponaential
axprassion depended on the time required for the excitation
frequency to travel between the two resonant frequencles,
This technique yielded resuits which compared with those
obtained by McCann and Bennett.

Godwin and Menmill [28] published a paper on the resonant
rasponse of a synchronous motor dua to oscillatory torques
during starting. The results of some special-case computer
solutions are prasented graphically, but the formulation of this
solution is not discussed. The use of Lewis' solution for
design purposes is racommeanded in their paper.

A NASA report by Drain, Bruton and Paulovich {22] brieily
prasants the results of analog solutions for both linear and
logarithmic swaeps. Their cbjective was not actually the
response characteristic but rather the maximum ailowable
sweep for quasi-steady-state testing. An interesting result of
their study was that the peak altenuation for a given system
is the same for linear and logarithmic sweeps if the valocity of
the sweep at the resonant frequency is the same, a condition
which is satisfied if the sweap factors are equal. This had aiso
baen observed eatlier by Cronin [18], see Figures 5 and 6.

It is interasting that the analog soiutions in the Jiterature
are afl directed toward a specific problem, Although they are in
tarms of nondimensional parametars, they only apply for the
specific input and output simulated in the analog. If the
rasponse of the three basic elaments of a second order linear
systemn had been obtained for linearly and logarithmically
sweaping sine waves only, then the rasults could have been
superimposed to analyze any systam composed of these
alements. )

CONTRIBUTIONS BY THE
LABORATORY for

MEASUREMENT SYSTEMS ENGINEERING
(LI/MSE)

For most of the 18 years of the existence of the
Laboratory for Measurement Systems Engineering (L{/MSE)
at Arizona State University under the editor's direction {1959-
1977), over 900 undergraduate and graduate studenis
emerged from the first (Junior level) course baing
measurement - aware, measurement - conscious and
measurement - orientad. Thay had been exposed 1o two
lectures and laboratory experiments involving the sweep-
spead effect. Thus, latar in their careers they could recognize
it if they saw it aven if they were not able 1o solve the swaap-
speed problem which has defiad many a doctoral candidate,
as has been seen, Those axperiments wera briefly described
earfier in this survey, and illustrated in Figs. 2, 3, and 4.

Two Masters Theses were completed, by Trull in 1969
[72], {73] and by Zimmermann in 1973 [¢7]. Both were
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Figure 7 (from Trull [72]
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Sweep Speed Effects in Aesonant Systams: A Unified Approach

advancas in the state of the art, presenting closed-form
solutions capable of computer programming. Trull' s work has
been describad by Zimmermann in this survey (page 9). His
solution divided into a Transient FM portion and a Steady
State FM portion. He provided a computer program for the
Steady State FM portion which is useful for cases where the
sweep speed is slow enough so that the transients have died
out bafore the resonant peak is reached, which is the case for
a vast multitude of problems. One example of whera this is not
the case is shown in Fig. 7. He supplemented his work with
two analog studies. The results of his work are summarized in
Figures 7 and 8. The solution is a special case for low damping
and q>50.

Zimmermann [87] not only preduced a masterful summary
of the literature for his Master's Thasis, most of it brought in
this survey, but also modified and extended Trull's analysis
so that the response of any system can be determined,
including the transient FM response. The same equations and
computar program hold for sweeps of increasing and
decreasing fraguency, and sach of the responses of a
second-order systam was treated: .

52Q 3Q

— — .Q = f{t
oyt By Y Y (®

32Q L .
a.,-a-t—z— = the system kinetic energy storing response
y.Q = tha systam potential energy stolring response

S .
ﬁ.-g?- = tha system energy dissipating response. .

The power of prasenting these individual responses in
non-dimensional form (ji.e., per unit of forcing function) is
shown in The Unified Approach to Differential Equations,
Chapter 5 in the aditor's now out-of-print book [68], but
ratained in the LI/MSE Reprint Serias as Reprint #55 and used
in the Short Courses on The Dynamics of Measurement
Systems for Test & Evaluation.

Zimmemann's solution and the program are shown in
Table3andonp. 17.

Figue 9
{From Zirmermann [97])

Difference In Initial Conditions for the
Potential Energy Storing Element

q =100, {=0.03
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Tha program in Table 3 evaluates the exact solution; no

simplifying assumptions or approximations are made. Tha

input consists of the sweep factor, q, the damping ratio §, and
the initial frequency ratio, FRL. The sweep factor may be either
positive or negative, since_no rastrictions were placed on the
direction of the sweep in the derivation of the solution. Care
must be. exarcisad in spacifying q, since its definition is not
consistent in the literature. 1t may be defined in terms of either
cycles per second (Hz) or radians per second, and the two
differ by a factor of 2x. In the program presented here, g is

multiplied by 2x intemally. With this instruction present, q is
basad on Hz. If the instruction is removed, q is based on
rad/sec. - -

Satisfactory results will not be obtained for absolute
values of q on the ordar of 1000. This is because large values
of the argument of the error function result in very large
values for the error function in the Ixl < lyl portions of the
complex plans, and the magnitude of thase values will exceed
the capability of the (19731} computer. This difficulty can be
avoided by using the approximation which was discussed in
the darivation {not shown in this survey) and which results in
an equation of the form evaluated by Trull [72]. This approxi-
mation is in terms of a function which doas not take on the
large values that the erf-function does. For [zl > 3, the axact
solution and the approximation will yield the same result.

The printout displays the normalized response of all three
elements and the phase of these responses with respect to
the input, Since the phase varation exceeds 360° in some
cases, and sinca the program does not distinguish between
two different angles in the same quadrant, 360° must be
subtracted from the printed value in a few cases to obtain the
corract phasae. The response of a Gaussian system is also

_. calculated and printed {infinite sweep range approximation),

sea [97], and it is sean that the Gaussian response is not
neceg-ssarily a good approximation for a second order linear
system.

Inspection of the results reveals that the maximum
response of the potential energy storing portion of the systermn
is lass for a positive sweep than it is for a negative swesp.
This effect was noted in the literature but not explained. It is
due simply to the inherent asymmetry of the response; the
steady state rasponse is greater below the critical fraquency
than it is above it. Exactly the opposite effect is experishced
by the kinetic energy storing response. .

The literature has usually displayed the response as the
amplitude of the response vs. the fraquency ratio, as was first
done by Lewis. Other types of plots which include phase
information may be more ussful in some applications.

Note about Figure Numbers: Figure numbears are
now from Zimmearimann's Thesis [97] and not continuous with
the other figures in this survay.

.= w.Figuras 17 and 18 show the standard amplitude vs. fre-

quency plot along with the corresponding phase plot. It is
seean that for a slow swaep the phase oscillates abotut the
steady state phase, but for a rapid sweap it becomes an
entirely difterent tunction. From the co-quad plots in Figures
19 and 20 it can be seen that this diffarence is caused by the
real component of the envelope changing sign more than
once.

The polar or Nyquist plot in Figure 21 displays the fact
that the response vector spirals about the origin after
transition through resonance for a rapid sweep, but only
oscillates about -180° for a slow sweep, At higher frequency
ratios, the response spirals about a point other than the
origin, as also obsarved by Barber and Ursell. They also
showed that a transform of coordinates based on the sweep

__function eould be used to display the response envelopes as
- variations of the Cormu spiral.
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Table 3

THE ERROR FUNCTION SOLUTION FOR LINEAR SYSTEMS | ®n
AND LINEAR SWEEPS FOR A UNIT OF FORCING FUNCTION o

THE ERROR FUNCTION SOLUTION FOR LINEAR SYSTEMS .

AND LINEAR SWEEPS

[t was shown in Chapter IIL that the particular solution to

"33 * 2w, 65 * ol Qg = sinfot + 2t?)
is
Q' al%:—-'l—f\f-lsin{ct + et?)
. =
where L, = exp(z,®) [%- /73 erf(zy) + €]

1
= o= {at + by}
7z K

a=-ig~

1 ¢: eos
t}K‘-z-h FR'}-}-K']

Zy

M= oGt RILA %

FRi
FR = frequency ratio {&jmn)

initial frequency ratic {(a/u)

Note that v = {FR - FRi) g

The value of Cx depends upon the initial conditions of the

equation. If the response is zero at time zero, then
1
by = -5 e erf(zkn)

where ng =z, at t = 0

Program Inputs:
Program Outputs:

q,cand FR

damping ratio
" undamped natural fraquency, rads

initial fraquency at start of sweap,

radfseac

(172} linear sweep velocity, radsec?

time, seconds

error function, see program p. 21,

linear sweaep facto o’ _ b2
Geplactor = 2 o= it

396 p. 20 for physical explanation
1

s
0o

i

tru u

L
fi

i

¢
f

il

angle, defdt = radian frequency
frequency in Hz

it i

Howsever, if the system is operating at steady
state when the swesep begins, then the
canstant Cx has a second term:

Ge = (1) Vinsa).erf(ziee) + exp (-2,D) A

This difference in initial condition js
significant even when the sweap begins at
zero frequency, because the anvelopa of the
potential enargy response is equal to one for
the steady state envelope. This is iilustratad
in Fig. 9. These curves were obtainaed from
both programs in Zimmermann's Master's
| Thesis and the results were precisely the
| same with three places printed out,

The program presented here solves the
aquation for the steady stata anvalopa initial
condition. It can be converted to zero initial
condition by setting xx = 0,

The initial phase of the system is not
axplicitly included in the solution, and is
generally unimportant since the solution is
tar the envalopa of the response. However, it
should be kept in mind that for a vary rapid
sweep the rasponse will not fill the envelope
and the maximum response will depend on
the initial phase. This could be computed by
multiplying the envelope by exp(is) to get the
actual response and by adding the initial
phasa to FRi.

The program also computes the kinatic
and dissipating rasponses by integration by
parts. This allows aill three responses of a
second order Enear system to be obtainad by
axpending very little more compister time

Amplitude and phase of the three systam respanses | than is requirad for the evaluat of
for steady state and swep! excitation, S requ r the evaluation of the

response of a single elernent,

Comparison of the results front this program with the rasuits
for numaetical intagration of Hawkes' aquation are also shown
in Zimmermann's Master's Thesis and shows agreement to at
least three decimal places. Also since the maximum response
for a linaar sweep is equivalent to the maximum rasponss for a
log sweep if the sweep factors are equal, this program can be
usad to avaluate the maximum responsa for a log swaep,

Practical Application of LI/MSE's
Saolutiona to the Sweep Speed Problem

Charlas P. Wright, 1968 Master's in Mechanical Engin-
garing with a Measurement Systems Enginearing major from
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LIMSE, has implemented afmost all of the data validation
techniques recommended by the Unifiad Approach to the
Enginasring of Meastrament Sysfemsin his state-oh-the-an
data acquisition, handling and analysis system at TRW Space
& Electronics Group, Redondo Beach, CA where he heads the
Measurements Engineering Departmant,

His 1994 book [98): Applisd Measurements Enginearing:
The Design of Effective Measurarment Systams (Prentice
Hall} describes thesa validation checks in some detail. One
for sweep speed effocts will be implamented shortly,

The philosophy of Validation Checks is that data are
validated for numerous effects before they are analyzed or
handled or umed over 10 the test requester. The emphasis is
on TQM ~ Total Qualtty Measuraments,
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OTHER SYSTEM PARAMETERS
(From Zirmmeirnann [§77)

Although the systam input, output or transfer ratio are the
items of most genaral concern, there are other system
parameters which may assume foremost importance in
enginesring problems associated with sweep frequency
axcitation of resonant systems. One of these is the number of
excitation cycles experienced by the system during tha
transition through resonance. This actually is a property of
the system oulput. However, these considerations require
neithar the envalope nor the phase of the rasponse, and the
calculations involve only the number of cycles of excitation
applied to the system,

The number of cycles applied to a system are of
particular importanca in mechanical vibration testing since the
structure may be destroyed by fatigue damage betore the test
is complatad if the sweep speed rate is too low. A number of
papers have bean davoted to fatigue considerations. Curtis
[20], Harris [31), and Gertel [27] considsred the numbar of
strass cycles as a function of sweap rate for linear sweeps.
Patrick [55] computed the level and duration of a swept sine
test to duplicate the damage to be expariencad in the service
environment, and Spence and Luhrs [66), [67] datemmined the
octave swaep rate required to produce the sama damage as a
random vibration test. Granick [29] and Parker [S4] also
considered the fatigue aspacts of sweep fregquency
axcitation. Parker pointed out the interesting fact that both
linear and jog sweaps are poorly suited for distributing fatigue
equally among the rasonances of a multi-dagree of freedom
system. Assuming the same damping rafio at two resonant
frequancies a factor of b apar, a linear sweep will apply b2 as
many cycles at the lowar fraquancy and a log swesp will
provide b tithes as rmany. Parker determines a sweep function
which would apply an equal number of cycles at each
resonance, . -

in soma systems the capability of the readout device
becomes a limiting factor. In the design of a magnetic fisld
spactrum analyzer Greenstein [30] found that tha persistance
of available phosphors for the cathods ray screen required a
sweep rate for an acceptable image which resulted in only
70% response at rasonance. Waldron [78] found that
microwave systems with sawtooth sweeps were subjact to
additional armors dua to the uncertainty of the frequency st the
beaginning of the sweep, and Bozich [5] determined that
sweap frequency analysis requires its own data sampling
criterion

A systemn parameter of interest to all engineers is the
cost. Broch [10] proposad a hybrid tast mathod consisting of
sweaping a narrow band of random excitation. This is claimed
to combine all the advantages of random vibration testing with
the simplicity and lesser capital expenditure of swapt
sinusoidal testing. Hayasaka [34] applied sweap frequsncy
calculations in proposing that acoustical equipment can
achiove comparabla perforrnance with less stringent design
criteria. Ha determined that human speech consists of
froquencies swaeping up to 3700 Hz/fsec. Using the
theoratical results of Lewis and saveral Japanesa papars,
and by parforming a number of experiments, he showed that
the resonances of a typical acoustic system are appreciably
flattened in actual use and concludad that a flat steady state
fraquency responsa is an unrealistic requirement.
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{Continued from page 24)

87. Bell Helicopters. Filot Instruction Manual TMS5-1520-
204-10, UH-1, Huay, Chapter 3, Section ll|, p. 6. Bell

Helicopter/Textron, Hurst, TX. 1956, )

88. Haslinger, Karl Hainz. Crtaria for Propar Selection of
Sine Swesp Test Parameters, Tegt, AprilMay 1988,

89. Glober, M. and W. Maly, Wechseldehnungs-
massungen an Modall- und Original- Turbinen-
schaufaln, Proc. &th intern. Stress Analysis
Congress, Munich, Germany, Sept. 1878, pp. 343-
361, V.D.L. Verlag, Dassaldorf, Germany.

90. Nevel, Donald E. Moving Loads on a Floating lce Sheet,
U.S Amy Cold Regions Research & Engineering Lab
Report, May 1968, Hanover, NH.

91. Nevel, Donald E. Vibration of a Floating lce Sheet,
Hesearch Report 281, U.S. Army Cold Regions Research
& Engineering Lab Report, August 1970, Hanover, NH.

92. Stein, Poter K. The Cantilever Beam as a Transducer:
Dynarnic Characteristics — A Junior Leve! Student Ex-
periment Chapter 13 it Measurement Engineering, Vol. |,

_Basic Principles, 1st Ed. 1880 through 6th Ed. 1570,
Stein Engineering Services, Inc., Phoenix, AZ (OP)

93. Stein, Peter K. Frequency Selective Fiftaring and
Frequency Analysis: A Comprehsnsiva Student
Exparimant (Junior Level), LWMSE Reprint 24,

1970, Stein  Enginearing Services, Inc., 5602 E. Monte
Rosa, Phoenix, AZ 85018. In Ch. 8 of [68] since 1860, . .

84. Stein, Peter K. Frequency Analysis Chapt. 8, Measura-
ment Engineering, Vol. |, Basic Principlas, 6th edition,
1370. Stein Engineering Sarvicas, Inc,, Phoenix, AZ (OF)

95. Wilson, James F., Shamill B. Biggers. Dynamic
Interactions Batwsen Long, High Spead Trains of Air
Cushion Vehicles and Their Guideways. Trans. ASME, =
March 1871, pp. 164,

96. Wright Charles P. Appliad Measurements Engineering:
The Design of Effactive Measurement Systems, Prentice
Hall, 1994,

§7. Zimmermann, Richard E. Swesp Frequerncy Excitation
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Figure 10 (From Trull [72]}Sese also Fig. 3)

Illystration of Sweep Speed Effects
Triple Exposure for Steady State and
Rapid Sweeps Up and Down in Fregquency
Nota the difference betwesen up and down sweeaps and that the
true resonance is at their intersection.
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FORTRAN PROGRAM FOR LINEAR SINE WAVE SWEEP (From Zimmermann [97])
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Note on the References:

Reterances 5, .17, 32, 35, 40, 42, 46, 49, 80, 71, 74, 75,
77, 84, 85, ware not citad in those sections of Zimmermann's
Master's Thesis [97] which ware reproduced in this survey.
Haslingar [88], published a paper in 1986 on the proper
solection of sine sweep tast parametars, not yet availabla
whan Zimmemann completad his thesis.

Zimmarmann's original thasis copy resides in the Arizona
Coliaction, Archives & Manuscripts, Arizona State Univearsity
Library, P.O. Box 871008, Termnpe, AZ 85287-1006. Phone:
6§02-965-3145. FAX: 602-985-0776. Call No. LD179.15 1973

755. Ron Tiull's Thesis [72) has Call No. LD 172.15 19688778, . .

Tha ASU Library provided photos of the computer print-outs.

Notes on the Contributing Authors:

Richard E. Zimmermann atiended the University of
Wisconsin for a year and in 1953 joined the U. 8. Air Force
{USAF. During his sarvice he was assigned to Arizona State
University (ASU) under tha Air Force institute of Technology
{AFIT) program. He racsived his BSME in 1668. He served two
years at Vandenbarg Air Force Base (AFB), CA and two yaars
at Eglin AFB, FL. Aftar leaving the USAF, he retumed for his
MSME in 1971, which he received in the Lt/MSE in 1973. He is
now Director of New Product Davelopment for Simula, Inc., in
Phoenix, Arizona.

Ronald V. Trull, joined the USAF in 1962 and was selected
for the Aimman Education and Commissioning Program. He
antared ASU in 1965 and graduated with his BSE majoring in
Measurament Systems Enginesring in 1967. In January 1968
he was salacted by the AFIT pragram to retum to ASU for his
MSE which he received in 1969 in the LI/MSE. He was
assigned to Wright Patierson AFB, OH, the General Dynamics
Piant in TX and to Martin Marietta, CO. After his retirement
from the USAF as Major in 1982 he joined Cobe Labs in Denver
as Quality Manager, He is now ratired, living in Jasper,
Arkansas.,

A Note on the Swaep Factor q:

Lewis [41] defined it physicaily: The number of undamped free
vibrations the system would make from time zero until the time
when the instantaneous exciting frequency equals the natural
fraquency of the system. He derived the value now used by
everyona:q = [,2Kdl/dt) with all frequencies in Hz. “Itis a
measure of the rate at which a system is accelerated.”
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Sweep Speed Effects in Resonant Systems. A Unified Approach

SWEEP FUNCTIONS (From [&7])

A sweep frequency is defined here as a time-dependant
fraquency which passes through the resonances of a system
according to some spacified sweep function. It may be either
periodic or non-periodic, and the distinction betwseen a sweep
fraquency and modulated frequency is not precise. The usage
of tarminology depands primarily upon the extent of fraquency
variation with respect to the bandwidth_of the system. A time-
depandant periodic frequency with a range small compared to
the system bandwidth would be called a modulated frequancy,
and the samea variable frequency would be called a swaep
fraquency if the frequency aexcursions were large cormpared to
the system bandwidth.

Although any wave form could be subjected to a
fraquency sweep, only sinuscidal wave forms are discussed
in the anginearing literature. This is undoubtedly due to the
facts that the most common appflications invotve sinusoidal
waveforms and the analysis of swept sine waves was
sufficiently difficult to discourage the extension of the
analysis to other waveforms. Considering funcfions of the
form Sin (¢) whare ¢ = ¢(t) is a non-linear function of time,
there are threa swaep functions which are of considerable
engineering intarast; Sine, Linear and Logarithmic.

it has become customary to designate the first time
derivative of the sweep function, ¢, as the /instantaneocus

frequoncy and to reprasent it by the symbol Q. The
instantanegous frequencies for the above sweep functions are
then defined as follows:

SINUSOIDAL SWEEP: & = % Sinwt  Q =.0Cos ()
LINEAR SWEEP: o= ot+ef 0 = o+2et
LOGARITHMIC SWEEP: ¢ = % okt Q = ool

It is seen that the initial frequency is o in all cases, and w,

2¢, and K determine the rate at which the frequency changes.

It should be noted that a lime varying Q can be
interpreted in two ways: as a changing fraquency or a
constant fraquancy with a changing phase. Both mechanisms
are used to generate sweep frequancies giving rise to the
distinction bstween the terms frequency modulation and
phase meodulation in communication theory. While this
distinction s significant so far as the source of the sweep
fraquency is concemed, once the signals have been
generated, thay are identical and were considered such by
Zimmearmann [97].

A non-dimensional sweep factor has bean associated
with both linear and logarithmic sweeps. Lewis [41] first
defined the factor for the linear swaep, which he designated
as g, as:

9 = Fdt T e
where { is in Hz, o in radfsec and & one half the sweep speed
in radfsecikac. The swesep speed is di/dt in Hzfsec.

No particular symbol has bacome accepted for the
logarithmic swaap factor, but it is generally defined as the
ratio of the first derivative of the instantaneous frequency to
the instantaneous frequency and K/w, is the symbolism
adopted by Hawkes [33].

- {Also see p. 20)

SWEEP FREQUENCY SPECTRA (From [97])
The spectrum of a sweep frequency can assume various

shapes depending on the velocily and the range of the sweep.
For linear sweeps the forcing function has a Fourier transform
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in the form of an integral which both Cook [16] and Kennady
[26] show is expressible in terms of Fresnel integrals of real .
arguments and can thus be evallated with tables. The [atter
raferance develops a rather slegant means of describing the
nature of this spectrum as a Comu spiral when the real anc
imaginary parts are plotted against each other.

It the range of the sweep becomes infinite, then, as
shown in [56], the spectrum is no fonger in tarms of Fresnel
integrals but has a simpler form.

The form for a trapezoidal sweep was computad by
Skinner [65], and the spectrum for a symmetrical triangular
wave is available as a special case of that darivation. The
development of pulse compression radar systems created an
interest in the spectra of linear sweep fraquencies in tha
alectrical angineeting litarature, and extensive freatments of
the subject can be found (for example in [61])

in mechanical vibration testing, the possibility of
obtaining a nearly rectangular spactrum from a linear sweap
has been made it attractive as a transient excitation force
since it allows control of thae range of frequencias axcitad.
Extansive investigations of this application were made by
White [79], [80], [81], [82]. The ractangular shape of the
resulting spectrum also makes possible simplifications in
correlation analysis as discussed by Skingle [64].

The spactrum of a sweep frequency can also be obtained
by direct Fourier analysis via digital computer. The results
from such an analysis is in White [82]. This technique also
offers a means of obtaining the spectrum of a logarithmic
sweep.

The discussion in Zimmermann's Mastar's Thesis is
limited to linear and logarithmic sweeps, since these have
proved to be the troublesome ones. This survey has brought
mainly the linear sweep considerations.

System analysis for sinusoidal sweeps can be
accotnplished in terms of Bessel functions as was noted by
Carson {12] in 1922._ This technique has become a well
established part of communication theory and can bafound in

_almost any textbook on frequency modulation.

The equations may describe a stationary or ime invariant
systemn subjected to a sweep fraquency excitation. Howaver,
they are also the governing equations for a corresponding
non-stationary system experiencing a constant-frequency
excitation,

Tha mathematical equivalsnce ot thaesa problems was
noted by Hok [34], Barber and Ursell {8], and Batten [7], and
was discussed at length by Van der Pol {76]. Physically thay
describe quite different processes., The first case might
rapresant a saries RLC circuit with a sweep frequency input,
while the sacond case represents a setries RLC circuit with
time-varying resistance and inductance, experiencing a
constant fraquency excitation.

In fraquency analysis, the first would represent the
sweaping of a frequency spectrum through a filter, while the
second would represent the sweaping of a filter across a

“frequency spactrum. The envelope of the output of the first

system is identical to the transfer ratio of tha second system.
Thus the ratio of the sweep fraquency response to the input
may be expressed as a transter ratio.

The many mathematical soluticns presented in this
survey assume that many cycles occur during transition
through resonance. Numerical integration of tha integrals
raprasenting the response is not possible.

it the swaep is so rapid that only a few cycles occur
through resonance, the system output can be computed by
numarical integration techniques, White [80] solvad this case
for a cubic nionlinearity by using a Runge Kutta integratior
procedura, This method does not produce the envelope of the
response, only the response for a specific phase angle a
change in which may increase or decrease the maximum
response value.
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A SURVEY OF THE LITERATURE THROUGH BEGINNING 1973 (From Zimmermann [97])
{See Relerenceas [88 Jand [96] for more of the racent iiterature and developments;)

AUTHOR REF. SYSTEM SWEEP ANALYTICAL
NO. FUNCTION METHOD
Agrawal 1, 2,3 | Non linear non stationary mechanical system General Asymptotic expansion
Barbar 6 Linear second order fraquency analyzer Ldgarithmic Approximation
Batten 7 Gaussian Linear Fourier transform
Bishop 8 Linear second order Linear Graphical
Capello 11, 12 | Linear second order, two degree of freedom Linear Variation of parameters
Carson 13 General General Operational calculus
Chang 13 Gaussian Linear Convolution
Clavier 15 Geaneral General Fourier transforms
Cook 16 Compression filters Linear Fourier Transformations
Cronin 18, 19 | Genaral Linear & Approximation
Logarithmic
Dimentberg 1 Linear sacond order, rotating shaft Linear Variation of paramaters
Evan-lwanowski 23, 24 | Non-stationary non-linear General Asymptotic expansion
Feam 25 Linear second order Linear Variation of parameters
rch 26 Ganeral Linear Convolution & Fourier
Transformation
Hawkes 33 Linear sacond ordar Logarithmic | o botitrtion x = el @)
Hok 35 General Linear i.aplacs transform
Kevorkian 36 Linear seccnd ordar, no damping Linear Asymptotic expansion
Lawis 41 Linear second order Linear Varation of parametars
Marique 47 Linear second order Sawtooth Laplace Transforms
Mitropolskii 50, 51, | Goneral General Asymptotic expansion
Morse gg Linear second order Logarithmic | Variation of parameters
Parker 54 Linear second ordar, transmissibility Lingar and Variation of parametars
Logarithmic
Polarad Corp. 58 Gaussian Linear Fourier Transform
Salinger 62 Rectangular Linear “Fourier Transforms
Saul 63 Gaussian Linear Fourier Transforms
Stronge 69, 70‘ Linear second order, transmissibility Linear Variation of Parameters
Trull 72,73 | Linear second ordar Linaar Variation of parameters
n der Pol 76 Genaral General Operational Calculus
Yanabe 85 Second order linear Linear Numerical
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ABSTRACT

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

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

Thea author will refer to thesae Distortion Mechanisms as
Amplitude Distortion, Magnitude Distortion and Phase
Distortion, for short,

Diagnostic data about the measuremant system and
about its performance in the operating environment are
nacessary in order to validate the acquired data. The
requirernants ara given in the paper.

Data analysis and interpretation are not God—given rights
guarantead by the Constitution. Thay are rights which the
Measurement Engineer has to earn through the Data
Validation process. Befora measurements may be analyzed or
interprated they must be raised to the lavel of Total Quality
Msasurements — the forgotten TQM.

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

The data validation processas are all mtemal within the
measurement system and the acquired data. No comparison
with theoretical or predicted value is ever suggested.

Measurement Systemns must, howaver, be designed to
accommodate these validation procedures. The procedures
must be built into the test program. They cannat, in general,
ba added after-the-fact.

Cne of several requiremsents discussed in this paper is
the ability to provide zero excitation — bridge supply — interro-
gating input — power — whatevar nomendlature is used, to
impedance-basad transducers 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 ali explosively initiated
tests. All chemical explosions are accompanied by magnetic
and elactric fislds. In automnotive air bag inflation tests, for
axample very large electrostatic discharge voltages have
been obsarved.

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

Procadures similar to the ones described in this paper for
strain-gage-based and piezoelectric transducers are given in
Ref 1 for thermmocouples, The bulk of the methods given in
this paper are, howaver, applicable to all transducers for all
ransiant measuraments in all disciplines.
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THE WAVE SHAPE REPRODUCTION OF A TRANSIENT

The measurement of a high speed transient requiras, in
genaral, tha raproduction of its wave shapa.

As shown in Ref, 1, the reproduction of the wave shape
of any signal requires:
- Operation in the distortion-fres linear rangs of the

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

»  QOpaeration in the flat range of the Magnitude vs.
Frequency-Responsa Characteristics.

Oparation cutside this range results in Wave Shape Distortion

due to Magnitude vs. Frequency-Based mechanisms.

+  Operation in the inear portion of the Phase Shift
vs. Fraquency—Response Characlaristics or in the
Constant Time-Delay portion of the Tima-Delay vs.
Frequency—-Response Characteristics.
Since the derivative of the phase shift curve with raspect to
fraquency is the Time Delay of the signal through the
maasuremant system, Constant Time Delay Is a consequance
of Linear Phase Shift. Operation outside these ranges results
in Wave Shapa 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 axtensively in Ref. 1 only an abstract of
the essence of the problems and approaches to their solution
will ba given here.

Any publication which does not prasent evidance of these
diagnostic validity chacks contains data which cannot really
be interpreted as representing the process for which the
exparimental observations are reported in that paper. Without
the validation procedures presented hers, the acquired data
do not rapresent Total Quality Measurements.

Note that nowhere is thare even a hint or suggestion to
compare the experimental data with theoretica! pradictions.
These are usually less valid than tha data! Once the data are
validated they become the criterion to which any theory is
compared.
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A PRIORI KNOWLEDGE REQUIRED

Jafora a Transient Measurement can be plannad,

Jtad or interprated, the following knowledge must exist
about the Maasurement System being used, and the Process .~

being investigated.
About the Measurement System

The Linearity (input—Output} Characteristics and the
Fraquency—Response Characteristics for Magnitude and
Phaga must be known for the Measurement Systam.

For the Frequency—Response Characteristics for
Magnitude, the Roll-Off-Charactaristics at both ands of the
curve must ba known to at least one or two decades below
the lower 3 dB point and above the upper 3 dB point, If thosa
Roli-Off-Characteristics can not be obtained, then the
Transient Rasponsa of the system to a Stap must be known,
both to an axpanded and a comprassed tirmne scals.

It will be sean that thasa lattar data are contained in the
Shunt Calibration record and are of extrerne importance in
the data interpretation,

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

About the Process

Tha Arnplitude vs. Frequency-Content of the original
signal as emitted by the Process must be known so that the
frequancy response and linearity specifications can be
astablishad for the measurement system. This knowledgs
also permits selaction of sampling rates and/or carrier
franuancies for minimum data loss during its acquisition. (See

lefs 1, 3)

The Horse Before the Cart ?

Tha Measurement Engineer finds him/Mer-self in the
usual Closad-Loop quandary of needing to know the answer
before the question can be phrased — i.e., the frequency
spectrum of tha signal and the amplitudes, before the
measuremeant system can be selactad o cbsarve them.

In the casa of steady—state signals, the solution is easier
than for transiant measurermnants, because praliminary obser-
vations can ba made which are not possible in transiant situa-
tions. The design procass takes only time. Ref. 1 provides a
stap-by-step process for the planning of both typas of test
which will ba summarized here only for the transient case.

For transient measurements, the diagnostic process
requires channel capacity. In parallel with whatever
measuremant system has bean selacted, there must be a
totally analog measurement channel to provide the data on
amplitudas and fraquencies before anti~aliasing filters for
purposas of aither sampling criteria or channel separation
criteria (Ref. 3) have distortad the original data.

Such analog channeis must contain only analog
components such as cathode ray oscilloscopes or direct—
record analog magnatic tape recorders along with analag (AC
or DC) amplifiers and signal conditioning. No FM systems are
permmed and no transiont capture systems are permmad
since those have already been pre—filterad resulting in
perhaps unwitting data distortion.

lis true that the old analog systems did not have much
amn~lituda—~reproduction accuracy —- but they had sufficient
ft “ey-raproduction capabiiities to providae the information
Ne. _ad here.

How to Break the Closed Loop

The methodologies presented above may saam difficuft

to apply, but it the mission is to acquire defensible, provably
valid, Total Quality Measurementa, thera is only one othar
choica: the data validation methods which will be discussed,
which permit the following conciusaon to be reachad, if jt
applies: . .

These data, as obtained, have not been influenced
{distortad) by the measurement system used, or through its
envircnment, by more than x percant.

If the validation methods presented in this paper ars
applicable, then the pre-test or parallel-analog-channel
diagnostic procedures identified above, may be omittad

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 measurament
systams with step inputs or with repeated step inputs such as
a square wavs. Thase steps are usually produced by one of
two means and can be usad to documaent the Rise Time and
Undershoot Characteristics of the Measurement System
forward of the injection point. Time scale expansion (for Aise
Time ) or contraction {for Undershoot) may have to be used.

To factor in the characteristics of the component(s)
behind the injaction point, the techniques prasanted in this
papar can be usad.

The Production of Step Inputs
Resistance Injection - Shunt Calibration:

A Calibration Resistoris switched in parallel with one of the
strain gages (or other resistively—based transdusers) jo
produce a step—change in resistance which propagates
through the measurement systern. If the switch is turned on
and off pariodically such as by a contact modulator (choppar),
a pulse train (or squara wave) of resistance injection is
obtainad. The repetition rate for such a modulator must be
proparly selacted or reproduction of tha paak-peak valus,
which carries the calibration signal, will not occur, See Ref, 1.

i the Calibration Rasistor, R, is switched direclly across
the strain gage, R, then the unit rasistance change which has
been producad is:

&AM = —R/(R+Ry)

Otharwise other effacts such as lead wire resistances must be
taken into account. Note that there is a relationship
astablished 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 AQgmuisted by the Rgshunt
operation by equating the above relationships.

= —(1OR /(R + R

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

So long as the switching time rise~time is loss than 1/6th
the output step rise~time, the time~axpanded (short-term)
portion of the response to that step represants the Syslem
Rise-Tirme, I, rom the transducer terminals forward.

The systam Undarshoot Characteristics are determinad
from the time-compressed (long—term) partion of the response
to that step.
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Voltage / Current Injection:

Measuremeant systems which incorporate thermocouples,
piezoalectric transducers or other transducers with self-
. generating responses, but even some strain—gage—based
systams, may be through-calibrated by injecting a step or
square wave of voltage or current. The rise~time of the
rasponse to that step will rapresent the risa 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 detarmined

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 resonancas. In both
cases, the signals may still 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,
avery measuremant system will axhibit rise-time problams,

Fig. 1 illustrates a typical flat trequency response curva
with several time constants or upper frequency break-points
limiting high—frequancy behavior. The absoclute values of the
asymptotic slopas idantify the order of the differantial equation
naaded to mode! the system in that fraquency range. The
uftimata roll—off slope is indicated here by "-p* and should be
known.

Each unit of slopa is the equivalent of 20 dB/dacade,
since there are, by definition, 20 dB in every decade. By
consequence thers are 6.02 dB in every octave (doubling or
halving of frequency), which is usually rounded off to 6
dBfoctave. The numerical slopes have more physical meaning
to the measurement angineer. The -8 dB point, half power
point, -30% response point, upper frequency limit, f,, is
arbitrarily definad as the fraquency 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 system characteristics. it represents
the meeting point of the two asymptotes which govern such a
first-order system.

Fig. 2 illustrates the transient response o a step which a
Ist-order, 2nd—order, p-th order systam would have,
depanding on the final value of the roll-off slopa.

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

Thera is a convenient relationship which is the result of a
limit theorem jn pulse amplifier design which relates the two
concepts in the frequency and the time domains for systems
with an infinite ultimate roll-off siope at infinite frequency.

[F2,- aaXin Hz) X [tys0.00%)Xin 86C8) = 0.35:10%.
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The relationship applies only to monotonlc, non—
resonant systems, and the 10% tclarance accounts for finite
roli—off slopes. {Rels. 4, 5, 6). It does not apply to spatially
averaging transducers such as side-imounted strain gages or
prassure transducers, which exhibit resonant humps. For
systems with 10% — 25% overshoot, Ref. 7 suggests a limit
value of 0.45.

The sama referances present ancthar limit theorem from
pulse amplifier design considerations:

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

tes = ’![E (tr-l)zl - .
‘whare  t.; = the individual componant rise times

This also requiras a roll-off slope in the magnitude vs.

. frequency domain which approaches infinity as frequency

approaches infinity.

For tinite ultimate roll-off slopes, the approximation,
although not good enough for data comaction, can ba used for
data validation through the application of a deviation

" minimizing dasign phifosophy.

rise time observed from the data
measuremaernt system rise time

Let  t
trs

nmnu

tr.p phenomenon rise time

to = Vit +UoP]  (seeFig. 3)
o tr-p = (o). V[[-m = i (1)
The symbol = Mmeans: is approximately
where m = [{raMto] = known
and n =  emror made due to neglact of m2

The following table can be constructed:

Valus of m Maxirnum Error due to Neglact of n
13 6%
1/4 3%
15 2%
110 12%

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

This criterion can be usad to establish, bafore a test avan
starts, the limiting value of acceptable / believable rise times
on a tost. '

b0 -acceptable > 5. tr¢ for better than 2% rise time validity.

Thus, even though nothing may be known about the process
being obsarved, the influence of the measurement system on
the observation can be estimated. Even if the approximation
ware 20% in error, the tise tima validity would be only 3%
instoad of 2% — daviation minimizing design principles.

Applications Note:

in Hopkinson / Davies Bar applications for accelerometer
calibration at high “g* levels, the strain-rate, i.e., the rise-
time of the strain—time record is tha calibration signall Tha .
above validation procedures must ba applied. In Hopkinson /
Davies Bar applications for determining the rise time of strain
gages, the above validation procadures must aiso be appliad.
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FIG. 1: FREQUENCY RESPONSE CURVE FOR MAGNITUDE SHOWING ASYMPTOTIC LIMITS
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Lower Frequency Limit: Undershoot
Direct (DC) Couplad Systems:

Unless the measurerment system is Direct (DC) Coupled,
there may undershoot in its owtput when a step or a pulse is
applied at its input.

Governed by Integer—Slope Rol-Offs:

Fig. 4 illustrates a typical flat frequency response curve
with saveral time constants or lowar frequency break—points
limiting low-frequency behavior. The absolute values of the
asymptotic slopas identify the order of the differential aquation
needed to model the system in that frequancy range. Tha
ultimate rolt-off slope is indicated hare by "q" and should be
known,

The same comments translating slopes into decibels

apply as did to the Upper Frequency Limit. Slopes of +q =

+20.q dB/decade or approximately +6.q dB/loctave. Again, the
numarical slopes are more informative to the measursment
enginaer than the dB values. The -3 dB point, hall power
point, -30% response point, lower frequency limit, 14, is
arbitrarily definad as tha frequency at which 3 dB (about

29.7%) of the signal has been lost due to magnitude~ -

distortion. Onty in a first ordar systam is that frequency
maaningful in terms of system charactearistics. It represents
the meeting point of the two asymptotas which govern such a
first-order systam.

Undershoot to a Step Input:

Fig. 5 illustrates the transient response which a 1st—
order, 2nd—order, 3rd—order, g-th order systorn would have,
depanding on the final value of the rofl—off slope. See also
Refs. 4, 5, 8. A time-comprassed record of the shunt
calibration o voltage injection step will thus reveal the
systam order: the number of zero-crossings, plus 1.

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

Physical Response Explanation:

Any systam with a frequency response for magnitude
which is a straight line of slope q and a frequancy response
curve for phase which is q.n/2 is & g—th order differentiator. If
the fraquency response of the system goes from slope 0 in
the flat, high-fraquency portion, through 1, 2, 3, etc,, to q at
the low-fraquency end, then the system can act only as an
impertect q—th order differentiator. This argument provides a
physical explanation of the apparent oscillations in an over—
damped, non-resonant system, as illustrated in Fig. 6. These
are not resonances, they are valiant attempts of the system to
act as a an approximate-g—th order differantiator.

Second-Order System Criteria

For a 2nd-order system, lat the low—frequency break
points be f, < f, with b = 1,4, < 1; then Fig. 7 relates the
ratio, b, to the undershoot, U in the curve with the arrow to
left. It should bs noted that for 1% undershoot, the break
points must be a taclor of 100 apart! for 5% undarshoot they
must ba separated by a factor of about 13. The curve with the
arrow to the right pemits datermination of tha zero-crossing
tima T4,

Practical Application: A piezoelactric transducer
connacted to an AC-coupled amplifier would represent a
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typical 2nd—order systern of the type being discussed.

Equivalent 2nd-Order System: Given the two break
points fy and fy, it is possible to calculate the pure 2nd—order
system with the same behavior characteristics as the one
obtained by seres-connacting two first-order systems (Ref. 8).

1o = undamped natural frequency = V{f, f,)
h =damping ratio = {fy+p) / 2V 5. 1p)

The two time constants would, of course, be:
= 1/ [2 xf
Those values could be substituted into the general equations

for steady state and transient responses of the totally-
equivalent 2nd—order system found in Ref. 8.

=17 [2 xty

"' Undershoot to a Square Pulse Input:

Whereas only 2nd-and-highar order systems showad
undershoot to a step, even first-order systermn axhibit
undershoot to a puiss. The phenomanon is illustrated in Fig. 8
for a square pulse of duration "a". The response of a low—
frequency limited, high~pass first-ordar system to a stap is:
o= Attime t = a, the valus of the function is: e 2% _ at which
point the -1 step occurs. Therefore the undershoct

U=1——"%= —a/c

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

Practical Application: If the maximum permissible
undershoot, Unpa, is (1/2) small scale division on the read—out
or half the least significant bit, a reasonable design objective
has baen set. Since ona can not intarpret such signals, their
existenca should cause no problems. For a 1st-order system
such as an AC-coupied CRO observing a strain gage output
axpectad to a square pulse, then:

Lot Unax=—8may /T

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

Amay < U. T. K

where k> 1 is a pulse shape factor for pulses perhaps
mora gentle than a square pulse. See also Refs. €, 10, 11.
For & square pulse, k=1.

As the data are acquired during tha test, the pulse widths
observed in the least favorable way: from zero crossing to
zero crossing, will serve as guide as to whether or not the
undershoot shown in the record is data or maeasurement-
system—created artifact, An example is shown in Fg. 9:

Urnax ==0.01 2 mm divisions on an oscilloscope on
which full scalais 10 o, i.e. 1%
T = 0.1sec foran AC-coupled CRO as the only

low—{requency-~Jimiting componant in
the measurement system.
2max = 1 millisecond.

Cn Photc 9, Fig. 9 tha pulse at the output is 0.25 msac
wide and the undershoot of some 56% (shown as “B") mus!
therefore be data, [n this case it is a nagative reflected stress
wave during an impact test. For higher-order systams the
superposition principle showr in Fig. 8 can be used.
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RELATIONSHIPS BETWVEEN TRANSIENT AND STEADY-STATE RESPONSES POR THE KINETIC ENERGY
STORING RESPONSE QF A SECOND ORDER STYSTEM WHICH IS OVER-DAMPED.

—t Transisnt response = response to a unit step wnTo
o z ] - s - T . 8 1 H 7 - a - ] PR .;-_
™ y " g v
— i e e T P e e e 8 DS
0'0-.. I T I T A ] 1 e B L R e r . [y NN N 09
0.0 ' f N S T . T—r—t—{o.8
—— e e e : a“s  m - R e T T T e g A -
0.0s : : s AR el " — 0.7
B e el =T ol SR S ! / R e B ST T S U ) S
0.0 =] = : et ' L
‘ ' L | ) RN o 1 i S = I 0.6
. _;74__ — ——— =T LAt S e e ieema m e b [ R - l. - _,,I _?_. -
0.0 f— === : T v.-;-:y/ : E‘ * . L1 ' 0.5
T e = T L UNIT STEP INPUT =" T
Q. } s —40.4

P
N
i
1
|7

04,

BESPONSE OF o.d%Q /3% 1N

L%, /32 + fag jat + Vg =

T_ = zero-croasing time

= |

U is max for o]
equal multiple
poles
o ] :_.1_|...
} o4 F |

i

Inflection point

|

-] e s—

0.0l T 0.02 0.03 0.04 0.06 0. os 0.10 T 0.2 0.3 0.4 0.6
RATIO b = z/t where ¥y & vy
UNDERSHOOT TO 4 A STER - U . . . TIME TO0 CROSS ZERO - T,
(i—"'g-) v = v,.¥b vy = w /b . Y5.Log, (1/b)
W .

U= b 2 st 2w, T, B = ¥ {1+b}/Yb Y.t = fe/h as tw0 L {1-p)

U = 1/(9 ) = 0. 135 a.t b=1 . . v, = Vw, .w nr.s,

max n 1°72 AT

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 = 2y\f in Hz

, From Ref. 28
NOTE:  In the _above design chart, W, = 2111" and W, = Z“fb
'C1 am.i'.'_:2 are the time constants assoc1ated with Wy and Woe
The equation for Undershoot is for b {1, i.e. not critically damped
s_ystems‘. The result for b = 1, critical damping, is also given.
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FIG. 8: RESPONSE BF A FIRST-ORDER SYSTEM TO A PULSE

USING THE PRINCIPLE OF SUPERPOSITION

+1

0 a TIME

Since a pulse is tha superpasition of two steps,
the Response to a Pulse {s the superposition of
the Responises to each of the two Steps.

The time constant for a first order system:

T = (1/w,)
where w  is the -3dB, Half Powér Point, frequency
limit, in rad/sec.

-

TIME

1 - e~3/T

TIME

1] =

1 «-e -a/<

FIG. 10: FREQUENCY RESPONSE OF A TYPICAL COMMERCIAL ACCELEROMETER

available.

(From Ref. 17)

.| When the output of this
meter overdrives the signal condition-
ing, then DIFFERENCES among the three
1 resonant frequencies will appear as ] :
7l Tow-frequency signals 1in the data, LH-RLHE' I -1 FRH

.+ never to be taken out again by any fH3HE S8 ‘

] software program ever

to become {}1
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FIG. 9:

CASE .STUDY FROM AN IMPACT TEST USING BONDED RESISTANCE STRAIN GAGES

crediigibiy

IIIIS IIIi

LA
HUAVANY

MEASURING SYSTEM

Constant current circuit,
four terminal strain-gage )
arrangement with inductively
cancelling gage connection.

Two—conductor shielded cables
from current source to gages
and from gages to CRO.
Specimen, current source
chasais, cable-shields all
connected to CRO ground.

For each photo except §5:
TOP TRACE: from gages
directly to CRO

bottom trace: from gages
through 123 pre~amp to CRO
MEASUREMENT SYSTEMS '
ENGINEERING LABCQORATORY
ARIZONA STATE UNIVERSITY
May 1970  Nettles & Stein

o[ | | e
===”%Wll'ﬂ
HINW/E=E

ANV MAAAN

AU

IMPACT TEST RESULTS

PHOTO HAMMER TIME SCALE

6 §-o0z 0.1 msec/cm

7 2-~0oz 0.1 msec/cm

8 2-0z% 20 usec/cm

9 -- 0.1 msec/cm
10 B~oz 0.1 msec/cm(*}

Yl = 2mv/cm
Y2 = 200 mv/cm

Other settings and components
same as before,

(*} No current through gages

IMPACT-INDUCED VOLTAGES: PHOTO 10

Reduced by design but still visible.

THE “UNDERSHOOT™ NEGATIVE-STRAIN SIGNAL: PHOTO 9 - "B":

The top trace can be validated by the methods presented
in this paper. The numerical example at the bottom of
page 5 applies. Pulse width is 0.25 msec, hence the
negative strain IS a from a reflected stress wave. The
bottom trace can not be validated since amplifier charac-

- teristics are not provided by the manufacturer.

- THE RISE-TIME OF THE STRAIN PULSE IN PHOTO 8:

- The top trace can be validated to be the strain-wave

rise-time not distorted by more than 2X. The bottom trace .
can be shown to be invalid and dominated by the amplifier
rise-time. 504 (From Refs. 8 and 29)
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Resonant Systems

=

‘any measurement systems with which transient
n sraments are parformed contain at least one transducer
with a highly undamped resonanca. Such devicas may be
piszoalactric or piazorasistive (strain gage) accelerometers,
pressura transducars, load cells, ete, Their damping ratios are
oftan batween 0.001 and 0.01, with dynamic magnifiars, “Qs*
or resonant peaks of 50!1 to 500:1. Figure 10 lllustrates a
typical rasponsa.

Practical Application: Note that the response is not

shown as pure 2nd-order because real hardware has.

numerous resonances due to intarnal transducer pars,
mounting techniques, etc. The dominant rasonance 100Ks
closely anough like a pura 2nd-order system most of the time,
that it is shown as such in many illustrations. It is a misleading
maodel.

Tast Conditions Undeor Impact Excitation:

impact, by definition, is suddenly applied enargy. Energy
consists of pairs of quantities such as Force and
Displacement, Pressure and Volume, Voltage and Charge.

Energy, E. can not be transmitted in Zero time, t, since
that wouid requirs infinite power, P. Dimensicnaliy:

IEl = IPLIY

Thus the propagation of enaergy occurs as pairs of energy
components and as a function of time into the structure baing
impacted. This condition can be described by a pair of non-
linear, simultaneous, partial differential wave equations in
g and time.

Ke all waves, thase will be reflactad from discontinuities
and refractad through them. Such discontinuities may be
joints such as rivats, bolts, spot walds, adhesive layers, etc.,
or changes in geometry or section. Reflected waves raturn to
the point of impact, often to be reflected from and refracted
through it. The cycle continues until the snergy generated by
the impact is dissipated. The excitation to which a transducer
mounted on the impactad structure is axposed, therafore, is
not only the initial impulse created by the impact, but a
multiplicity of reflected impulses which armive at the transducer
in no predictabie sequence and with no predictable
timing. The time scale is too short and the reflections are
governad by such locail conditions that mathematical modeling
fias not yat succaadad in predicting these avents.

Problems Created by the Test Conditions and
Some Solutions:

There are two kinds of problems created by these Tast
Conditions as described:

Qverload of the Transducer and its Destruction: The
initial pulse and/or the superposition of the many reflections
can overload and dastroy the transducar mechanically. Only a
{meachanical) filter batwaen the Transducer and the Structure
can prevent such a failure unless a high—range transducer is
used, In which case the output level may be too small
compared to the noise level. Typical manufacturers of
mechanical filtars are Refs. 12 , 13 and 14. There is
considerable research on this topic being carried out by Br.
v Bataman at Sandia National Labs, Albuquerque with
p.  ic reports at Shock & Vibration Symposia and Range
Commanders Coundil Transducer Workshops. The problem is
especially severa for applications where the transducer must
survive a vary high-g pulse and subsequently record low
accalarations.

Overload the Signal Conditioning Creating Low-
Fréquency Signals due to intermodulation Distortion:
When a sequence of pulses arrives at the resonant
transducer, they may do so in such a phase relationship to
each cther that they subtract each other's affects and diminish
the resonant vibrations set up by the first. They may also
reinforce each other and build up the resonance stimutated by
preceding pulsas. Fig. 11 illustrates the problem from Refs.
15, 18, 17 summarized in Fef, 2.

When a system with mutitiple, closely-spaced resonancas,
such as a real transducer, is excited at high amplitudes, the
resulting responses may drive the signal conditioning into the
non-linear range of its Input-Output Characteristics.

Difference frequencies among these rasonances will
form. These diffarence frequencies may appear in the low—
frequency range occupied by the real signals o be measured
and any liltering of the high frequencies which is periormed,
will not affect thase “aliased” frequencies.

Let the axcitation ba from only two impact-stimulated
rescnant frequencies:

(N) = Sinwt+Sinogt

and lat the non-linear Transter Characteristics be:
{QUT) =k + a{IN) + b(INy2 *--- then

(OUT) =k + a.Sinwyt + a.Sinwet + (b/2)(1-Cos2w, t) +
(b2} 1-Cos2wat) + b.Cos{m4 -walt -
b.Cos{w,+an)t .. ..

Note that higher frequencies, 2wy, 2wy, and (@, + w;)} have

been created, but also a lower fraquency (w, ~ wy) which might
wall lie in the same frequency range in which signals exist,
naver again to be separated from them. The process is also
called Transient Intormodulation Distortion, see Hefs. 18, 24.

The phanomenon is not predictable or designable. It was
1o answer the question: "Has this contaminaling phenomenon
occurrad during a test as determined from post-lest
diagnostic procedures,” that Pat Walter was sent to the
Laboratory for Measurament Systems Engineering at Arizona
State Univarsity by his employer, Sandia National
Laboratories, Albuquerque under a fully funded doctoral study
grant. Rafs. 15, 16, 17 provide the positive answers to that
question.

By parforming an energy spectral density analysis on
the acquired data, it is possible to determine whether such
low-fraquency creation has occurred during the test and
whether the right 1o filter out the high—irequency signals, can
ba established. Filtering data is not a God-given right
guarantead by the Constitution. it is a privilege which
must be earned.

A beautiful bench-top demonstration for training /
education purposas is shown in Refs. 19 and aiso 2.

Another way 1o solve the problem is to build an electrical
filter into the transducer, after the piezoelectric / piezoresistive
ataments but bafora the first "active® electronic amplifier, to
pravent amplitier overload, which is where the damage is
done. Based on Dr. Walter's dissertation, such transducers
are now available commerciaily from saveral sources. Rels.
20, 21, 22, 23, 38 for exampie. Fig. 12 ilustrates a typical
comparison batween traducers with and without internal
filters.

In piezoelectric transducers the first filter pole actually
uses the capacitance of the piszoeiectric element itself. Cther
poles are incorporated before the first amplifiar which could
gasily be driven non-linear.
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FIG. 11: RESPONSE OF A LINEAR SECOND ORDER SYSTEM

TO MULTIPLE EXPONENTIAL PULSES.
(System damping ratio = 0.01 of critical. Natural Period = 0.02)

Amplitude in Arbitrary Units

Pulses arrive at t=0, 0.21, 0.30 - Pulses. arrive at t=0, 0.20, 0.30
4.0 4.0
2 3.0
3.0 E
Sy
2
I =
2.0 i b
v
P PO " i
Bﬂ#‘ | E I
S ) I ﬂl 1}
-1.0 0 0.25 0.50 0.75 1.00
0 0.25 0.50 0.75 1.00 Time in Arbitrary Units

Time in Arbitrary Units
Note that if the distortion-free linear input range is 2.5 Units, that the right-hand
response, driven non-linear, might create low frequencies not present in the signal.

FIG. 12: PCB ACCELEROMETER FREQUENCY RESPONSES WITH AND WITHOUT INTERNAL FILTER
(From Ref. 23)

10 T T T

6 ' ' NO FILTER -]

AMPLITUDE RATIO

o I !
10 100 1000

FREQUENCY, Hz

ACCELEROMETERS WITH AND WITHOUT AN INTERNAL FILTER USING A LINEAR
AMPLITUDE RATHO VEREK‘:ZA.GL SCALE (MCB 305M23 AND PCB 3054}
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THE FREQUENCY RESPONSE CURVE FOR PHASE
“ase-Based Distortion due to Nonlinearity:

10 maasurernant systems for steady- state dynamlc
maasurands, the effect of phase shitt on wave shape is well
known, Fig. 13 lllustrates differsrit wave shapes for which the
fraquerncy contant is the sama. Only the phase angle batween
the two fraquency componaents is variad. Since the human aar
is insansitive 1o that Xind of phase shitt, all the wave shapas
ilustrated, will sound the same, provided the 180° phase shift
condition is adjusted to ba within the audio system's Imaar
{distortion-frae) range,

Ref. 25 presents a persuaswe case study in which
saveral frequency response curves for phase shift are used to
pracass the same transiant signal. Wave shape raproduction
is obtained only for the linear phase shift characteristics, as
illustratad in Fig. 14.

Some wava shapes which are complately different, differ
only in thair phasa shitt curves. Fig. 15 shows a Terminal
Peak Sawtooth Pulse and an lnitial Peak Sawtcoth Pulse. Fig.
16 illustratas that the Magnitude of the Fouriar Transform is

the same for both wave shapes but that the Phasa Shilt only

is rasponsible for their different appearance. (From Ref. 25))
For frequency—-contant reproduction only, the linear
phase shift law enunciated bslow, need not be obayed,

Linear Phase Shift Requirement

The requirement for linear phase shift characteristics for

wave shape raproduction is presented in Ref 1 and
reproduced below. Wave shape reproduction can only result if
all frequancies in the wave shape are delayed the same
amount in time as they pass through the measurement
systern. If L, = constant then phase shift must be linearly
proportiopnal to frequency. Actually the time delay is the
slope of the phase shift curve. Thus Time Delay vs.
Fraquency Curves are really more heipful than Phase Shift
vs. Frequency Curves. Some manufactiurers provide those.
Sea Fig 17 showing characteristics of filters trom Frequency
Devices from Refs, 26 & 36. Precision Filters shows fiitar
characteristics in a similar manner, Refs. 26 & 37.

Linear phase shift or constant time delay is also regquired
for coincidence measurements and sample~and-hoid
cperations.

PHASE SHIFT - TIME DELAY - RETARDATION: RELATIONSHIPS

Sin (ot + @)

Sin wt

Time Delay -lg - Pariod = T — | Time Dimension
Phase Shift @ - Cyde = 2=x — | Radians - Angle
Retardation 3 «—  Wavalength = A -+ | Distance Dimension )

Relationships by Direct Proportion from the Figure

o =2xT = w P= 1w For tgo = constant, linear phase ghift iaw results
S A S

B = NT = ¢ - b =tge « = frequency in radians/second

ot = 2/ = wic ¢ = ~wdc ¢ = wave propagation speed

Applications Note:

The shunt calibration or step-voltage injection record,
time-expanded, gives the system rise time characteristics for
the antire measurement systermn except the input fransducer
and its lead wiras. Those can be factored in using the
relationships given in this paper to obtain the valua for

One problam which may arise, is thal many input
transducers are not monotonic in frequancy responss, in fact,
the*- may ba highly resonant. Tha relationships established in
t per will not apply to those cases. If the pre-filtarad
Ira...aucers are used, than the problem becomes more
tractable.

When time-compressed, the step-response racord will
show the system’s undershoot characteristics forward of the

injection point. So long as tha input transducer is DC-coupled,
that will also be thae total system'’s response.

Whan an AC-coupled input transducer is used the
problem is more difficult. Beyond sacond order systems for
which a design chart is shown in Fig. 7, the author is not
aware of general solutions. It is also not in the measurement
engineer's favor to work with measurement systems with low-
frequency roli-offs exceeding 2, for transient measurements.

If that doas become necassary, then new criteria need to
ba developad, and the author will gratefully include those in
up-dated versions of this papar.

A plezoselectric transducer with an AC-coupled amplitier
feading into an AC-coupled oscilloscope is already a third-
ordar system for which a genaral solution is not yat available
to the author's knowledge.
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‘EFFECT OF PHASE

SHIFT ON WAVE SHAPE

Sinwt + :‘5' Sin(5m£+¢)
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FIG. 13:

EFFECT OF PHASE SHIFT ON WAVE SHAPE

{From Ref. 30)
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 Group Delay, Time Deiay and Phase Delay

Dougla_-; Firth.,senior Applications and Project Engineer

. .«.at Precision Filtars (Ref. 37) distinguishes batwaen:

+  Group Delay (called Time Delay in this articie) which
he defines as the sloge of tha Phase Shift vs.
Freguency Curve, and

- Phase Delay which is determined for individual
frequendies and is used for correction proceduras, It
is defined as the phase shift exprassed as a fraction

_ _af a cyde, divided by the frequency. Thus if thera is
a 90-daegree phase shift at 1 kHz, the Phase Delay
at that frequency is 90/360 divided by 1000 or 250
microsaconds.

The performance curves for three Frecision Fiiters

‘medels are shown in Fig. 17-A illustrating both the Phase

Dealay and Group Delay characteristics along with the

" Amplitude Responseg curves.

it should again be noted that Wave Shapa Reproduction

‘requires a flat *Delay” curve and that phase-induced wave

shape distortion will occur in the non-flat region.
When Ner-Linear Phase Shift is Permissible
When the object of the test is reproduction of only

frequencies or fraquency-pattems, such as for modal analysis,
than non-finear-phase-shift filters with very steep magnitude

-ys, fraquancy roll-offs are acceptable. Wave shape
i igngyqtiQn_wiﬂ..ﬂJe_n neither oceur nor ba a criterion.
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NOISE DOCUMENTATION
DUPLICATE GAGES

Shock-Separation Test 25 Feb 1990

Supply voltage = 5 Vpc Supply voltage = 0
|Lstrain WUstrain
2000 200

1000 100
OWB“W»/ 0t

-1000 -100 |

.~2000 4 200 T ”
0 Time (msec) 20 0 Time{msec) 20

FIG. 18: TWO CASE STUDIES OF IMPACT-INDUCED YOLTAGES IN STRAIN GAGES
DETAILED DESCRIPTIONS OF THESE TESTS AND OTHERS ARE IN REF. 27

NOISE DOCUMENTATION
DUPLICATE GAGES

|l

Scale Model in Blast Tube 22 jan 1987

Supply voltage = 0

|Astrain
20,000

10,000

3,750 L.
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CHECK CHANNELS

Sacause all components (trafisducars) in a mBasurament

m respond in all ways in which thay can to all factors in
the environment, certain diagnostic chacking procedures must.
be built into all measuremant systems. For the mgasurament
of high speed fransients, soma of these diagnostic checks are
absolutely crucial to data integrity.

Ref. 1 presents a detailed discussion of these diagnostic
checks. They fall into three categories: o

+  CHANNELS UNINTERROGATED (UNPOWERED)

Switched Check Channals take time.

Parallel Chack Channels take channei capacity.

Their output represents 2 important noise levels (Ref. 1)
All self-generating (voltage) responses.

Transducers with a Desired Non-Setf-Generating
{impedance-Based) Response.

All transducars such as piezorasistive or strain-gage-
based transducers, espacially under high-speed transient
conditions, will emit a transient voltage caused by the
transient strain and by other mechanisms. These voltages are
therefore cormrelated to the signal (strain, force, pressura, etc.),
occupy the same frequency range as the signal and the same
time scale. Thay cannot be detectad or eliminated with
fraquency-selactive filtering, time-domain, or statistical
techniques, the traditional "tools of the trade”.

In addition, voltages may be generated in transducars by
other machanisms: thermoelectric, triboelectric, photovoltaic,
maqnetically inducad, electrically induced, etc.

The oniy two methods to identify their presance are:

+  To remove the [nterrogating Input (Bridge FPower or
Currant for a rasistive transducer) during the test. in high-
speed transiont tests either two tests must be conducted: one
with and one without bridge power, or a second channel
(check channel) must be mountad near the measuring
channal and not powered. The rest of the signal conditionhing
for both channaels must be identical.

The number of manufacturers of signal conditioning with
an "Excitation Off* control is just over a dozen. Ses the
Appendix for a list of those with which the author is familiar.
The first instrument with this feature, to the author's
knowlaedge, was the Ellis BAM-1, Bridge Amplifier & Meter, of
about 1953 which enjoyed a production run of almost 40
years, lastly as the Vishay ~ Ellis BAM-1 of the Measurements
Group, inc., see Appendix. The author stilt treasures his unit.

- To reverse polarity at the bridge (transducer) input and
output simultanecusly. If the output changes, then half of that
change is due to voltages generated by the application of the
measurand. This diagnostic procedure requires two tests to
be run: one with each Interrogating Input (excitation) polarity.

Since the effect of these. Self-Genarated voltages is
usually of the ordar of 10% of total output but can ba as high
as 80%, such checks are mandatory for all high-speed
transient tests. Sea Ref. 27 for case studies.

Two racent examples are shown in Fig. 18. trom
McDonnsll-Dauglas Corp., and Lawrance Livermora National
Lab. See also Photo 10 in Figure 9 which shows the strain-
irduced self-generating voltages in the illustrated irnpact

riment, to the sama scale as the signals.

- CHANNELS NOT EXPOSED TO THE MEASURAND

Their cutput represants 2 different important noise levels
(Ref. 1): The total measuremant system responses to

the Undesrred Environmental Stimufi.

A channel not exposed to the stimulus is therefore
halpful. Its signal conditioning must be identical to tha one for
the measuring channel. This chack channal shows different
snvironment—responsa effects than an un—powered channel.

A pressure transducer mountad in a biind hole which is
vented to atmosphera, for example, parmits avaluation of the
effact of ambient accelerations, temperatures, etc., on the
measyurement. It can also be calibrated by application of
praessura through the vent, during a test (Rafs. 1, 35).

The dummy strain gage consisting of a strain gage of the
same Lot Number mouinted on an unstrained piece of the
same material as the measuring gage, installed at the same
time by the same person under identical conditions, and
maintained in the same environment as the measuring gage,
is the typical example of this compensation or diagnostic
method, used since the commercialization of the strain gage
in 1938. .

if the Interrogatrng Input or Bridge Supply is also
disconnected, the dasirad responses as stimulated by the
undesired snvironments are isolated and documentsd by this
method. This is an impartant noise-documentation procedure. .

- CHANNELS NOT RESPONSIVE TO THE
MEASURAND

Depending on design, cutput is diagnostic of specific
environment-response interactions.

Transducers with a Desirad Non-Seti-Generating
{Impedance-Based) Response.

Piezoresistive single crystals such as p-type Silicon, havae
a maximurn Rasistance-Strain Sensitivity (Gage Factory when
cut along the (1,1,1) crystallographic axis and a mirdmum
(aimost negligible) Gage Factor when cut along the 1,0,0)
axis. Chack channal transducers made of {1,0,0) cut crystals
are commercially available (Refs. 32). Some models simply
contain unstrained gages (Ref. 31). Thay have the same
rasistance vs. nuclear radiation characteristics and often the
same resistance vs. tamperature characteristics as the
*normal” channels and serve as chacks for those effects.

Endevco's Model 7270A-Z is an accelaration-insensitive
*accalerometer” built on yet a different principle, checking for
still ditferent environment-response effects.

Transducers with Deaired Self-Genorating (Voltage-
Based) Responsge:

Piezoelectrically-Based Transducers

Piezoelactric transducers are commercially avaifable in
thres major families for measurands such as acceleration,
sheck, “vibration®, force, prassure, atc.

- Naturally Piezoelsctric Single Crystals such as
quartz, which, when cut along a specific crystallographic axis,
axhibit a high {often maximum) piezoselectric response:
alactrical charge produced by mechanical deforrnation.

Itis possible to cut such crystals along axes of minimurm
piezoelectric response and as of eatly 1993 one manufacturer
has made such a check channe! available, (Ref 49). Such Z-
cut Quartz would not show any thermal effects, however,

Some manufacturers who usae quartz do, howavar, make
special items on request (See Rel. 20 for one example)

= Polarized Ferroatectric Ceramles, man-made in
powdered form and fired into the desired geomaetry in a mold.
A high electric field is then applied to the material which is
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maintained at a ternparalture above eritical femperature. o

The electric field aligns the randomly onented domains in
the caramic which becomes polarized or poled.

When the temperature is lowered back to room
temparaturs, the material remains polarized (or poled) whan
the electric fiald is removed. The crilical temperature can be
defined as that temperature above which the phancmenon
described above, occurs. .

A thusly polarized farroalectric ceramic becomas
piezoelectric. A piece of the same material and identical
gesometry which has not been polarized, will not act in a
piezoalectric manner. But it will have responses identical to its
polarized twin, to many, but not all, snvironmental factors. The
polarization field is, to some axtent, the analog of the bridge
supply voltage for rasistiva transducers, except that it can not
yat ba tumaed off and on for a singls transducer during a test.

Check channel accsleromatars made from unpolarized
materials but othetwise identical to the polarized models wara
first proposed and used by Pierre Fusilier, then Head of the
Transducer Group at Lawrence Radiation Laboratory in the
early 1950s. A recant (1992) use of that type of check channel
is given in Ref. 33. Varicus National Laboratories such as
L.awrence Livermora, Sandia and [.os Alamos as well as
Boeing have used such check channels over the last 3
decades. So far as the author is aware, they are mads by only
one manufacturer on demand (Ref 34) but see Bill Shay's
comments in Ref. 33. - - : :

+ Polarized Floxible Polymers., The commarcial
axploitation of thesa materials is not yet sufficient to hava
resulted in tha use of any unpolarized check channals o the
author's knowladge. .

Thermoeloctrially Based Transducers

A thermocouple design which can be made non-
rasponsive to temperature is described in Ref. 1. The principle
has been sxensively and successfully used by Dr. Ray P.
Reed of Sandia National Laboratorias as a diagnostic
tachnique in thermocoupla circuits (Ref. 45 for exampla).

DETECTION OF TRANSDUCER DAMAGE THROUGH
OVERLOAD

Transient excitation of transducers such as load cells,
pressure transducers, accelerometers and strain gages
through application of pyro~shock, explosions or impact can
aasily result in transducer damage through ovarload. As for
any mechanical structure, direct and incontrovertible
evidencas of such ovarload are:

Zero Shifts

Modal Parameter Changes

Transverse / Cross Sensitivity Changes
Common Modae Rejection Fation Changes

Such changes occur either dua to yielding / permanent
distortion of parts of the structura or dus to shifts in joints such
as screws, bolts, spot welds, rivets, adhasive layers, stc.

Among avidences of overlcad-induced—damage are
changes in:

Calibration Factor, Transfer Ratio, Sensitivity
Linearity

Stability (drifts of readings with tima)
Self-Temperature Compensation (Often the most
serious effact of almost unbelievable magnitude)
+  Creep and Hysterssis

& & 0w
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Among the very few detaiied studies of such effects for
strain—gage-based transducers is Ref. 39 supplemented by
Rat. 40. Aftar a 500% overload of a load call, the zero shift
was 100% of Full Scale and the temperature effect on zero
had gone from a few ppm/“F to 280 ppm/°F! The effect was
linear for that load cell. The load cell was still mechanically
and electrically continuous. Such overload—-induced raro—
shifts can actually be exploited to estimate ovarloads
expearienced by transducers (Ref. 41). The sffects identifiad
above are the reasons why transducars, in general, are made
with as few internal joints as possible. Flexures are
somatimas machined with almost incredible ingenuity to avoid
any and all joints. Many piezoelactric accelerometers,
however, have layered (sandwich) constructions including
screw joints. Units specifically designed for the kind of tests

_described in this paper avoid these constructions (Ref. 44).

Zero Shifts: The zero-shift criterion is applicable only to
DC-responding transducers although piezoelectric
transducers also exhibit this result on a short—term basis {Ref.
44), :

For resistance—based transducers such as strain-gage—
based ones, thare are now two requiraments for detection of
such overloads.

+ The initial zero (output for zero input) for every
transducar must be determined on is receipt and marked on
the specification sheet which accompanies the transducer.
The manufacturer usually provides only the maximum amount
of unbalance and not the specitic value for a specific serial
number of transducer,

+ The signal conditioning must permit the measure-
ment of this initial unbalance. If the signal conditioning is
equipped with an auto-zero feature, there must be a defsat
mechanism for that faalurs. Ref. 42 cites the case where the
absence of such a defeat feature hid a 75% of full scale
overload—induced zero-shifts for a long time until a check was
made using a different signal conditioning. Ref. 43 cites the
McDonnell--Douglas, Huntington Beach, CA criteria for
discarding a transducer with more than 1% of full scale zero~
shift. Thesa ara just two references out of many.

i the Balance Control has no scale so that a retum to an
initial condition is not possible, such marks must be added.

This Appendix doas not identify which of the signal
conditioning units listed, provide this auto-balance defeat
featura. Prospective users are encouraged to determine this
condition befora usa.

Modal Parameter Changes: The Hesonant
Frequency andfor Damping Ratio / Bandwidth, and/or
Cynamic Magnifiar — “Q" - T, must be determined an the
as-raceivad transducers and marked on tha specification
sheet which accompanies it. Manufacturers do not, in general,
provide these data for spacific serial numbaers. Only ranges for
madel numbers are given, :

For piezoelectric transducers, but also for full-scals
structures such as off-shore oil wells and bridges, these
properties are very sensitive damage criteria.

Transverse Sensitivity Changes: Because of the
possible movement of the internal parts due to shock
excitation, the symmetry with which the transducer was
originally constructed may have been destroyed, seriously
affecting its transverse or cross sensitivity.

Ref. 46 cites a test where 160 accelerometers were usad
on a spacecraft modal survey. The 120 accelerometers
owned by the company parforming the test had been checked
for transverse saensitivity coetficient and any units over 5%
had been rejected. The 40 rented units furnished by the
spacecraft contractor had not besn so checked. 33 of the 40
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units showed a transverse sensitivity coefficiant of between
5% and 30% and had o be replaced.. Unfortunately this was

‘ “hecked aftar the test had yielded questicnabie results.. . .

ha test conducter has since developsd an automatic
daia validation program as part of the data acquisition system,
which identifies spurious accelerometer data created by
transvarse sensitivity responsas (Ref. 26).

Commen Mode Rejection Ratio: The ability of a
differentially coupled transducer to reject common mode, such
as tha lina pressure in a ditferential pressure transducer, is
also a sensitive damage criterion. Almost no differential
prassure transducer manufacturer in the world quotes the
common mode rejection ratio and its linearity limits and
frequancy response limits. Tasting differential pressure
transducers for common mode rejection ratio is expensive and
time consuming. Thus this method of determining transducer
darnage is not very useful.

A good but rough criterion of overload damage, easily
varified, is the lowest line prassure (or common-mode-Q)
which first produces a noticeable zaro shift at the differentially
coupled output. This must aiso be determined on the
transducer in its as-received condition since it is never
spacified for particular sarial numbers and ditfars greatly
among tham.

Howevar, a transducer for which damage has been
established by ona of the threa othar techniques should never
bs used for diffarential measurements. Thara ara enough
problems in that field (Refs. 1 and 47) that the onas created
by overloaded transducers do not need to ba added.

TOTAL QUALITY MEASUREMENTS - TQMs

TQMs ARE VALIDATED FORAT LEAST:
(see also Ref. 48)

Rise Tima & Undarshoot
Frequency loss due to due Anti-Aliasing
Fraquency loss due to Pre-Fitering
Peak Reproduction {*)
Fraquency Content Reproduction
Wave Shape Reproduction
First Cycdla Stability (*)
Undesired Voltage / Impadance Responses
due to the Measurand
Undesired Voltage / Impadance Rasponses
due to Undesirad Environments
Desired Responses dua to
Undesired Environments
Boundary Condition Goldsn Calf Effects (*)
Common Mode & Cross Sensitivity Effects
Ovarlvad Damage Effects
Sweep Speed / Frequency Velocity Effects
(for Steady State Tests, not discussed hare, but sea Ref 48)
impuise-Excited-Ringing-Craated Overload
(for Transient Tests, the topic of this paper)

(") Not spacifically discussed in this papar but see Ref. 1.

CONCLUSIONS:

Tests involving pyro—shock conditions, impact, explosions

ther high speed transients must be planned, exscuted

« .alidated according to strict rules of the discipline: The
Enginearing of Measurement Systems.

Data that have been acquired without incorporating these

validation procedures are suspect and cannot be assumed fo

rapresant the process which was obsarved. They do not

reprasgnt Total Quality Measurements.
it is often impossible o corect contaminated data by any

" software process yet established. Unless these validation

procadures are built into the measurement system design, the
data acquired with such a system cannat be checked and any
conclusions drawn from the test are at the risk of the
axperimentar. .

No papers dealing with those topics should be
accepted for presentation or publication unless the
author clearly identifies the diagnostic validation
procedures and system characteristica which were used,
All Uncertainty Analyses and Error Analysis must be
precaded by thasa checks.

The material presented in this paper and in Ref 1 was
taught in the Junior course in Measurement Systems
Engineering, Fall 1959 -~ Spring 1977, Arizona State
University as part of a program leading to BS, MS and PhD
degrees in Measurement Systems Engineering.

The f{fact that a recent international Congress
programmad 13 papers on these topics, which showed no
evidence of data validation procedures for tests such as
mentionad here, is an almost inconceivabia condition near the
end of tha 20th Century.

The question posaed at the beginning of this paper must
always be answered:

Could these data have been produced by that
meastremant systern, without distortion, without "noise” lavals
and without affecting the process being observed, all within
whatever limits of validity have been specifiad!

APPENDIX

From the foregoing discussion, the {oliowing
requirements can be placed on signal conditioning for
resistance-based transducers: ' -

THREE {Among Many)
SIGNAL CONDITIONING REQUIREMENTS
FOR RESISTANCE-BASED TRANSDUCERS

«  Intarrogating Input Disconnect: Bridge Power Defeat,
{For very low-frequency tests, polarity reversal may
raplace the disconnect feature)

To chack for Salf-Generating Voltage
Responses

»  Step—Rasistance Change: Shunt Calibration
To check Rise Time & Undershoot Charactaristics

= Balancing Circuit Disconnect: Auto-Zero Defeat
(Batancing circuit referenca position may be acceptable)
To chack for Transducar Damage

Manutacturers of Signal Conditioning with Excitation
OFF Provision and Step Calibration

The number of manufacturers of signal conditioning for
impadance—based transducers in which the Bridge Supply,
Excitation, Interrogating Input can be switched to Zero or Off
is very limitad. To the author's knowledge, which is not
exhaustive, the following manufacturers provide that
possibllity on some of their modsls, eithar in a manual or
computer programmable manner, Contact names are given
whare the author has them. Anyone with additional
information on other manufacturers is asked to be so kind as
to share that with the author: Phone & FAX: 602-945-4603. .
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Apix

Chris and Pete Tsipouras

8501 Park of Commerce Bivd.,, # 115
Boca Raton, FL. 33487
Phone: 407-998-2806 FAX: 407-998-2885
Modal 1EX-1A |solated Milliamp Output Excitation
Module

Aydin Vector Divigion

Farhad Daghigh

Digital Products Sales

P.O.Box328. -

Nawtown, PA 18940-0328

Phone; 215-968-4271 FAX: 215-968-3214

Model SSC-2008 Super Signal Cenditioner; progrant-
mabla bridge supply OFF

Model PCU-800 Series Signa! Conditioner & PCM
Encoder; programmable bridge supply OFF

Campbell Sclentific, Inc.
Paul D. Campbeli, President
815 Waest 1800 North
Logan, UT 84321-1784
FPhone: 801-753-2342 FAX: 801-752-3268

Model 21X Data Logger (not for dynamic applications)
Bridge powar revarsed at each raading. No shunt
calibration.

Cycad / Amacron

Jack J'maev, Aerospace Marketing
1511 Fishburn Avenue

Los Angelas, CA 50063

Phone: 310-408-5265

Model 02J14 Bridge Completion and Calibration
Eurocard Module; axcitation-deleat relay.

Dynamics Division of Waugh Gontrols Corp.
Tony Mastroianni, Product Manager

9001 Fullbright Avenue

Chatsworth, CA 91311-6172

Phaone: 818-998-8281 FAX:818-407-1320

Model 8000; programmable bridge supply OFF

Ectron Corp.

Walter Hanford, Vice-Prasident, Marketing
8158 Engineering Rd.
San Diago, CA 82111
Phone: 613-278-0600 FAX: 619-278-0372

Model 765 Programmabla Transducer Conditioning
Amplifier; programmable bridge supply OFF.
Transducer Conditioning Ampilifier Models 563H, 7534,
755; rermote or front panel switch for bridge supply OFF,

Endeveco Corp

Bob Clark

30700 Rancho Viejo Road

San Juan Capistrano, CA 52675

Phone: 714-493-8181 FAX: 714-661-7231

Modet 4430, programmiable bridge supply OFF
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Encore Electronics, Inc.
Marce! Zucchino, Presidant
RD 2, Route 50

Saratoga Springs, NY 12866
Phona: 518-584-5354

Modal 610, manuali bridge supply OFF

Instrum

Charles Armenia, President
178 West PFomona Avenue
Monrovia, CA 91016
Phone; 818-303-4210 FAX:818-357-8883
Models 2705, 2706, manual bridge supply OFF optional

Measurements Group, inc.

Steva Katz, Vice-Prasident of Salas

P, O.Box 27777

Raleigh, NC 27611

Phone: §19-365-3800 FAX: 919-385-3945
Model VE BAM-1, manual bridge supply OFF
Maodel 2400, programmable bridge supply OFF
Maodels 3500, 3800; manual switch

Models 2100, 2200, 2300; manual switch

Neft Instrument Corp.

Louis Lang, Marketing Manager
700 South Myrtle
Monrovia, CA 91016 :
Phone: 800-423-7151 FAX:818-303-2286
Series 300 Transducer Signal Conditionar Module;
optional bridge supply OFF

Modat 490 Data Acquisition & Recording System;
prograrmmable bridge supply OFF

QOptim Electronics, Corp.
Roger Mcore, President
Middlebrook Technology Park
1201 Middlebrook Road
Germantown, MD 20874
Phone; 301-428-7200 FAX: 301-353-0129
Model AD 682SH-1 Differantial Input Module for all
Meagadac modals

Pacific Instruments, Inc.
John Huecksl, President
215 Mason Circle
Concord, CA 94520
Phone: 510-827-8010 FAX: 510-827-9023

Modal 8250 Transducer Conditioning Amplifier

Mode! 8650/8655 Transducar Conditioning Amplifier
Model 9250/8255 Programmable Transducar Amplifier
Modal 9300 Transducer Amplifier, Programmable
Maodel 9350/9355; programmable

All have Exdtation Intarrupt, programmable on models
so identified.

Precision Fitters, Inc
Don Chandler, President
240 Chorry Straat
Ithaca, NY 14850
Phone: 807-277-3550 FAX: 807-277-4466

Model 27000 System, Transducer Amp/Fiter Module
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Wems, Inc. Formierly Telaedynae Signal Conditioning
Mr. David Anoushirvany .
+ief Engineer, Signal Conditioning . oy
J50 West Rosacrans
Hawthome, CA 80250 . ~
Phona: 310-644-0251 FAX:310-644-5334
Model 849333 PCU, Pre-Conditioning Unit; manual
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Transient Maasurements - A JUnior Leve! Final Examination, by Pster K. Stein
Transient Measurements — Mechanical Impact — Traveling Wave Phenomena
A Problem in Data Validation — A Junior Level Final Examination

by Peter K._Stein, Director of the Short Courses
The Engineering and The Dynamics of Measurement Systems for Test & Evaluation
5602 E. Monte Rosa, Phoehix, AZ 85018

Telephone and Telefax: (602)-945-4603. In the U.S. 1-800-632-7797

PRELIMINARIES
INTRCDUCTION:

This paper prasents the Final Examination in the Junior
Lavel (third year) course in Measurement Systems
Enginesring as presented by the author in the Laboratory for
Maasurement Systerns Enginsering (LI/MSE) at Arizona
State Univarsity from the early 1960s through to Spring 1977
whan the awther retired to “Private Practica®.

The original materiai was contained in Chapter 14,
Measurement Enginesring by the author, published and
distributed by his organization as text book for the courses
from 1960 until it went out of print about 1970 after 5700
copies, (Ret 1). From 1970 on the questions were formalized
into a booklat: LI/MSE FPublication No. 39 distributed to the
students during the semester (Ref. 2), and during tha Short
Courses in The Enginearing of Measurement Systems and
Tha Dynamics of Measurement Systems. 4550 copies of that
publication have been used 1973-1993.

The expariment which is describad was specifically
dasignad to ba non-repeatable and unpredictabie. All data
validation had, of nacessity, to be done intemnally within the
data without recourse to theory except for the grossest
predictions as to the general nature of the avents.

THE TEST SPECIMEN:
The Strut:

A vertical steal strut attached to a base plate with friction
clamps is impacted with one of thrae hammers of difforent
masses. The exparimental set-up is shown in Figs. 1 & 1A, Of
the saveral varsions of the experiment, the schematic diagram
of one of the cirguits used is shown in Fig. 2. The shielding
and grounding arrangement is not shown and will be
describad.

The object of the experiment is to observe the strain—-time
history as experienced by ths strain gages and to document
the validity of the data.

Tha strut is 31.2 inches long, of mild steel, 1.75 x 0.25
inches in cross section, free at the top where it is to be struck,
it is clamped at tha bottom in a 3° deep by 4" square steal
block in a fricticn grip. The whole assembly is mounted on a
1/2° thick steel plate, 5-1/2" x 77, rasting on the floor, (Fig. 1).

The Strain Gages:

Two 350-ohm gages are mounted axially on opposite
sides of the strut along its center line, 8.2 inches from the
clamped and and connected in the circuit shown in Fig, 2. The
gages used to acquire tha data presanted here, are BLH FAP-
50-35 Lot No. 4:

R = 350chmsx2.50hms

K = 22 1%

The gages are attached with Duco adhesive, cured at
150 to 180°F until gage to ground resistance exceeded 10K
Megohms, and then covered with micro-crystalline wax.
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‘Two other gage types, not shown here, are also mounted
on the strut, - ' :

The Instrumentation:

The strain gage signal is processad in two different ways
on all photos shown in Figs. 24 axcept No. 5. The top trace
represents the output from the constant—current circuit fad
directly to a single-ended, AC-coupled cathode ray
oscilloscops, a two~channel Tektronix 502, Serial 5098. The
bottom trace represanis the output from the same constant—
current circuit, but fed through a Tektronix 123 Preamplifier
with a gain of x100, Serial 935, and then to the sacond
channel of the same CRO, single—ended AC—couplad, the
gain of which is set at 1/100 of the vaiue used for the top
trace. This record simulates the use of a pre-amplifier with a
low-sensitivity CRO. On all photos, both tracas result from the
same impact.

Specification sheets of the instruments used are
appended (Figs 19A and 19B). The Current Source was
home—-made and no specifications are available.

Shieiding, Grounding and Leads

Only two-conductor shielded leads are used in three-foot
langths. Tha case of the current source is connacted to the
shisld of the leads which bring the current to the gages. The
other end of that shield is connected o the test specimen. The
shield of the leads which connect the gages to the CRO is
attached to the specimen at one end and to the CRO ground
at the other.

Thus any charges accumulated by the current source
casa, the tast specimen and the connecting leads, are drained
to the single ground in the systam, the CRC and from there t¢
the wall plug to which the CRO is connected. The grounding
of that wall plug is checked with a Ground Tester, of coursea.
Ground loops have been eliminated by this procass.

The only unshielded section of leads is from the gages
themselvas to the terminal strip at the bottom of the strut. The
ribbon leads used for that connection are not recommendad
for use in serious testing of this typa. They present too much
cumulative area as a coupling mechanism for tirme-varying
magnetic fields. Nor are the banana plugs which are used in
this expaeriment stricly for convenienca, Those plugs present
contact resistance problems and can be “ajected” from their
sockets by repaated raflacted siress waves. Hard wired
connactions are recommendad.

The Gage Location and Strut Length

The gage location and beam length ware selected with
several factors in mind.

«  For the small hammer, there should ba enough time
between the initial pulse passage through the gage and its
reflaction from tha clamped end so that the strain drops to
zero in betwean, This condition makas it relatively easy to
measure the Raflection Factor for Forcas at the clamped end
{see Fig. 22 for axample and Photo #7, Fig. 25.
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+  For the larger hammears this should not be the case.
For the largest hammer, the lsading edge of the reflectad
comprassion pulse already returns through the gage before
the tail of the incident pulse has passed through. This
condition gives the effact of a broad pulse with much area
under it. The illustration of both conditions was held to be
worth whils in planning the axperimant.

= The gage should be located at such a distance from
the free end that the act of impact could ba used to trigger the
cathode ray oscilloscopa (See Triggering Section). This
condition also makes it possible to observe the contact time in
a simple manner. Simplicity of apparatus has always been
one of the author’s design and selection critaria.

The Strut Cross-Sectional Area

Tha cross sactional area of the bar is such that, approximately

at least, one commearcially available hammer is be under— -

matched in Characteristic Impedance, another is considerably
ovar-inatched, and a third would be slightly over-ratched in
Characteristic Dynamic Impadance. Tha three projactiles (Fig.
1A) do, in fact, illustrate quite differant dynamic eflects. o

FIG. 1:

ASSUMPTIONS:

In answering and discussing the questions in this
axamination:

*  Whoere necessary assume tha speed of sound in
steal as 200,000 “/sec as a design value,

*  Where you usa rules of thumb, identify them and
state the conditions under which they apply, and if
these conditions are indesed met hare.

- State any assumplions necessary to your analysis,
and whether or not the conditions of the expariment
fulfill these assumptions.

You are free 10 use any of the material connectad with thig
course, but be sure to reference page and publication when
you use materials This will also assist you in tying together the
loose ends of the coursa, A B,

EXPERIMENTAL TEST SET-UP

B —

Strnin,{

l%— Hammer

2%

Gages |
Bolt 1-_-1_ H Friction
'] i l Clamp
| "— o

Plate zcrewsd to clamp blocks

FI6. 2: CIRCUIT DIAGRAM (SHIELDING NOT SHOWN)

External
Trigger

2 Lead Lead from Impact

A Ar A TOP channsi

5 AC-single-

[z} |—  ended

-8 ~ 350 {

<5 . qage BOTTOM channel

a CI) Amplifier] AC-single=

g 3350 ended

© eake CATHODE RAY

‘8 p x O5CILLOSCOPE

Léad Leéad -

Grounding and Shielding described with
Photoas 6 through 10.
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FIG. 1-A: THE HAMMERS AND THE STRU

FULL SCALE OUTLINE DRAWINGS OF AVAILABLE HAMMERS

LARGE
STANLEY 31C - 16 oz
4.1 " long

1.28" D striking end
1.29 sq.inch. area

MEDIUM
STANLEY 308 - 8 oz

3.3 " long
1,06" D striking end
0.88 sg.inch area

SMALL
STANLEY 291-B = 2 oz
2.5 " long

0.6 * .B striking end
0.3 sq. inch area

STRUT

1.75 % x 0.25 " = 0.4375 sq. inch
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THE NATURE OF THE QUESTIONS:

Tha questions are meant to explore the following
problams which might occur in this type of test.

- Is the rising portion of the record valid? Does it really
reprasent the strain rate in the material, ot is it
affectad by the rise-time of the measurement
system?

« |s the maximum strain indicated correctly, or is thera
distortion due to systern Non-Linearity.

+ |5 the maximum strain indicated corractly or is there
distortion due to lack of systam frequency responsa
either for Magnitude or for Phase?

»  Are the nagative areas which follow some of the
compressicn pulses really reflacted tension pulses, -
or are they dus to Undershoot in the measurament
system?

» Do the racords reflect only non-salf-generating
(impedance—based) rasponsas of tha strain gages,
or are thera salf-generating {voltages—-based
responses which occur to the same time scale and
froquency scale and which are corrolated to the
straint signal and which contaminate the record?

+ Do the racords reflact only the non—seif-gensrating
response of the strain gage due to strain, or are
thera other snvironmental factors which eficit non—
self—generating responses, such as temperature, for
axample?

« Do tha racords reflact only the power—dissipating
non-self-genarating response of the strain gage
{i.e., resistance changes) or are there enargy-storing
responses such as capacitive affects in the gages or
cablas, etc., which affect the data?

+  Does the square wave produced by the shunt--
calibration signaf really carry the calibration
information on its peak-to-peak value or has it baen
distorted by the measurament system?

« Does the measurement system have sufficient
frequency response to display the frequency content
in the data?

»  Does the measurement systam hava sufficient
frequancy rasponse to display the wave shape of the
data?

» s encugh known about the propérties of the strut
material to interpret the data even though it be valid?

»  Is enough known about the measurgment systern
and all its components to ba able to answer any or
all of tha questions raised in this exam? If not, then
some praliminary tests of the components would be
indicated.

»  What are some of the important spedial
characteristics of the affects of traveling waves in
machanical {or hydraulic, or elactrical) structures
which can be illustrated by a simple experiment such
as this?

+  What are some of the ways in which the output
voltage from tha strain gages can be racorded, either
for visual interpratation, or for subsequent analysis
for fraquency content, or for subsequent oparations
such as in digital form?

- [s there a loglcal, systematic manner, using
averything prasanted in the lactures and text book so
far, to plan a measurement system for a high-spead
transient test, so that the above questions can be
answered in a satisfactory manner?

This is the final experimant in both the beginning Junior
and first Graduate course in Measurement Systems
Engirigering featuring the Unified Approach tc the Enginsering
of Measurement Systermns. All the abova guestions can be
answered from material coverad during the course in lectures,
previcus experimants, or the text materals and reprints
distributed during the course. Much of that material is
prasanted in Rafs. 14 and 27 and more of it is praesented in
the saction on Praparatory Lactures, below,

Tha remaindar of this bookiet will ask a series of
questions daesigned to get at some (NOT ALL) of the answers
to some (NOT ALL}) of the questions raised above. It is the
philosophy of the Unified Approach that, amongst many other
things, such answers should be possibla.

THE PREPARATORY LECTURES

A sories of preparatory lectures preceded the
performance of the actual experiment, Some of the lacture
content Is summarized in the saction which follows.

The Questions are then presented.

The final section prasents the answers. Those answers
summarize more of the lecture material which preceded the
axpariment and which was not included in the initial summary
which foilows immediately.

TEN “STEPS TO SUCCESS”
IN PLANNING A MEASUREMENT SYSTEM

Some ol tha material presented in the lectures preceding
the actual axpariment, is givan in this section. it deals with the
philosophy of the Enginesring of a Measuremant Systam and
how to get started in planning a test. Piease note that the
equipment being discussed is now antiquated, but that the
principles suggestad and used are still applicable and are, in
fact, timeless.

1. Investigate the Phenomenon

Gain an understanding of the physics, not necessarily
with a mathematical model, of what is going on in the process
on which maasurements are to ba made.

2. Identify the Measurands

Based on your understanding of the procass, identity
what quantities are to be measured, where and when. In your

selection, emphasize those quantities which cannot easily be
predicted or for which predictions are not yat possible.
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3. Design the ideal Measurement System

Specify tha components and their relationships ~ the
transducers and the system structure — which you would fika
to hava, given the circumstances of the test.

4. Select the Real Hardware
Based on your spacifications, select real hardware,
5. Evaluate the Inevitable Compromises

Your selection may have to be based on availability
rathar than applicability —~ on what you can get rather than on
what you want, Evaluate the compromises which were made.

5. Set Up the Test and Document the Environmem-
Response Interactions

There are 16 environment-rasponse syndromes of which
only one is desired. The remaining 15 are Noise Lavels —
Undesired Enviranment-Rasponse Combinations. Of those
15, three are usually more impoertant than the others. At least
those three should be documentad by the standard procasses
davaloped for the Unified Approach to the Engineering of
Measurament Systemns.

7. Conduct the Test

This is usually the shortest of tha Ten Steps. in fact, the
shorter the test, such as this Impact Test which will take only
a few hundred microseconds, the longer the praparation time
and tha validaion-interpratation procsass.

8. Validate the Dats

Thase are the internal validation processes which answer
tha question: Couid these data have baan reproduced by this
Measurement System without Distortion. — Do these Data
raprasant the Frocess as though the Measurement System
had not bsgn there interacting with the procass and distorting
tha information tlow. Are the data worth analyzing?

9. Interpret or Analyze the Data
What has the tast told you about the Process.
10. Take Some Action on the Pracess

This action may simply be an answer to the question;
How much Is too much or How littla is too little. in terms of
strasses in this case. Is it safe to run the procass? The Action
may also be automatic such as in a control system,

The Measurement Engineer's Domain

Normally, the Measurement Enginsaer is restricted to
Steps 2 through 8 and is not invited to participate in the
original pianning of the test nor in tha final action,

Cnly i the Measurement Engineer is involved in those
Steps, however, will the product-or-procaess design be
optimum. [ well remember one of my colleagus's comments
whan | was Group Leader in Instrumentation Engineering
early in my careaer: *If those turbines wera only designed o bs
instrumented, they would not have to be! They'd run right to
bagin with!" (Leslie Spencear Wirt, 1655)

The discussion below will deal with jtems 1 & 2 and then
9 & 10 before tackling thoss problems nomally considered as
the Measurement Engineer’s domain.
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APPLICATION TO MECHANICAL IMPACT

DOMAIN USUALLY CONSIDERED OUTSIDE THE
MEASUREMENT ENGINEER'S FUNCTION

1. investigate the Phenomenon
2 Select Some Measurands

A IMPACT

impact is Suddenly Applied Energy.
Energy usually exists as the product of two physical
quantities such as:
Force & Displacement for Mechanical Energy
Prassure & Volume for Fluidic / Acoustic Energy
Voltage & Charge {or Electrical Energy
atc.
Suddenly reminds us that a finite arnount of energy can
not be transmitted in zero time bacausa that would require an

- infinite amount of power, since, dimensionaily,

{Energy! = IPower! x ITimal

Hence, transmission of energy requires time.

At any one instant in time there will be a distribution of
forces and displacements afong the tast spacimen, and at any
ona {ocation on the spacimen, the forces and displacemants
will vary with time.

A pair of simuitaneous, usually non-linear, second order
partial ditferential equations in time and space are required to
describe this process mathematically,

Thae forces which propagate through the structure create
strasses and strains; the displacements create particle-
displacements and vslocities. These sguations are often
called the Wave Eguations, presenting the process as waves
of forces and displacements propagating through the
structure.

Such a structure is also called a Tranamission Line

As illustrated in Fig. 3, there may be pairs of such waves
ot opposite sign {compression and tension, for exampla)
following ona another. By linear superposition such a pajr of
traveling waves may be considerad as a single traveling
pulse. We will therefore talk of traveling waves or pulses as
the application warrants. (Fig. 3 is discusssed in the section
Tima Scale of Events). .

At the location of the strain gage the first eviderice that
impact has occurred will manifast itself as a pulse of some
shape and time duration. Those are difficult if not impossible
to predict since the intargranular damping within the matarials
will have affected the process.

Cne Measurand, therefore, is the Pulse Shape at the
gagae location. :

8 SPEED OF WAVE PROPAGATION

- Tha propagation speed or velocity of the wave depends
on the material properties and geometry of the spacimen.
in long, thin, slender, *unidimensional” bars often known
as Hopkinson Bars, the propagation speed is the:

Coletity or “Speed of Sound™ ¢ = VE/p
whera

E = Elastic Modulus of the specimen material
p = Daensity of the specimen matarial

For steel, aluminum and magnesium, within about 10%:

Cy = 200,000 inchesisacond (5 usechinch)

/



Transient Measursments — A Junior Level Final Examination, by Peter K. Stein

FIG. 3. TRAVELING WAVES AND PULSES
BAR = 31 INCHES LONG HAMMER
BASE — 1
- el
SHORTLY AFTER IMPACT
ASSIUMED WAVE SPEED: 200,000 IN/SEC OF 5 MICRO-SECONDS/ INCH
BASE — N ’
— P T NN
ABOUT 20 MICRO-SECONDS AFTER IMPACT
A Lol NN
BASE — 3
— o i
25 MICRO-SECONDS AFTER IMPACT
A " — « 277
BASE . .
——————— S
S50 MICRO-SECOKDS AFTER A ) i
COMPRESSION WAVE FOLLOWER BY TENSION RELIEF WAVE
SO MICRO-SECONDS AFTER IMPACT VIEWED AS A TRAVELING PULSE
BASE
= [ s
L~y -
ol al’ :—%" ?3' L‘%ﬁ .d
GAGE LOCATION 2.5

In two-dimensiona! spacimens such as plates, the
propagation speed is also a function of:

p = Poisson's Ratio of the specimen material
and for three-dimensional solids:
1-
c (w] for p=0.3

EMUTET I A

For propagation of waves in tha plastic region of the
spacimen materal's stress-strain curve, the value for Elastic
Modulus in the above equations becomes the Tangent
Modulus, i.e. the local slope of the stress—strain curve.

Since the slope depends on the strain level (Fg. 4) each
strain lavel {or amplituda) will propagate at its own velocity.
Hence the shape of the pulse will be continually changing as it
propagatas into the structure. The [ocation of the measuring
transducar therefore becomes important. For elastic
conditions, the general pulse shape remains the same, only
its amplitude is attenuated as it propagates. Its leading edge
"smears out" as it propagatss, losing its steepness because of
intarnal, intergranular damping. Thus the pulse tends to
broaden as it propagates.

In military and some other applications of impact or
axplosions, an attempt is made 1o propagate waves faster
than thair “legal speed limit", which can be quite destructive.

In racing cars it is possible for the surface speed of the
tira to excesd the “legal” speed of wave propagation in that
matarial. The material bunches up since it cannot move as
{ast as the procass forcas it, and tire thump rasults,

The test specimen in this expsrimant is not
unidimensional (it is too wide for that); it is not two-
dimensional (it is not wide anough for that); and it is not three-

M

dimensional (it is not thick enough for that) — it is just a real
structura.

One Measurand, therefore, is the wave propagation
speed in this actual structure, since it is not directly
predictable.

FIG. 4: THE TANGENT MODULUS
OF THE STRESS-STRAIN CURVE

(
P A(STRESS)
w ~+-
@ IA(STRAIN)
o
=8
{ £ - A (STRESS)
I A(STRAIN)
:/UPERATING POINT
STRAIH

The Momentum Trap: (Continued from page 7 bottom)

In tha early 1980s, Don Beanthusen of Sandia National
Labs Livermore developad a Momentum Trap. A small metal
plate, about 1 inch squars, 1/16° thick aluminum, was bonded
around the strain gage to be exposed to a shock wave. Tha
advance strass wave, reflactad from this small metal plate
causas this plate to spall off, [eaving the strain gage intact.
When the real shock blast hit the gage, the gage remained in
place and gave data. Fiyer plate tests confirned the analytical
results. No documentation was ever made.
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C. EFFECTS AT DISCONTINUITIES

When any wave, machanical, electrical, Hluidic, optical,
otc., reaches a discontinuity, reflections and refractions occur.
Discontinuitios may be of two types:

Geomefry, such as changes in section
Material Properties . - :

Reflactions and Refractions:
Waves arriving at a discontinuity are partly

Refloctad from the discontinuity, and partly
Rafracted through the discontinuity, resulting in

Changes in Direction
Changes in Speed
Changes in Amplitude of the Refracted wave
Material Property Discontinuities:

In this experiment 1t is assumed that only changes in
geomatry occur and that the hammer and bar materials have
the same proparties. Tha affacts of the woodan hammer
hardie are neglectad as are the boundary between the bottom
support plate of the beam and the carpeted, filed or concrete
floor on which it rasts.

H is assumed that there are not changes in E, p,and .

Geomatric Discantinuities:
Thare are two geomatric discontinuities in this specimen:

AT THE TOP OF THE BAR: During impact while the
hammer and bar are in contact, there is an intertaca across
which traveling waves may pass (refraction) and from which
they may be reflacted depending on tha dynamic mechanical
charactaristic impedance match across that boundary. After
the end of impact, that boundary becomas a free boundary
from which only reflections may occur.

AT THE BOTTOM OF THE BAR: The bar is clampad in a
frictional clamp which has existed for over 3 dacades, it
represents a distributed gaometric discontinuity for which
raffection and refraction factors depend on the tightness of the
boits holding the joint together and the surface conditions of
the mating materials in the joint. There is absolutely nothing
predictable or computable about thoss conditions.

Another Measurand will be the Reflection Factor for
Stregses at the Clamped End.

0. BEFLECTION FACTORS FOR THE FORCE (STRESS)
WAVES AT DISCONTINUITIES.

There ara two extrema boundary conditions possible:
Free End Conditions:

At a free end the structure terminates in air, Fig. 5. The
incontrovertible boundary condition which a incoming
comprassion wave pair meets is:

There can be no force or current, and only atmuospheric
prossure, at a fres ond.

The world is large, take any displacement, volume,
vollage necdssary to maintain whatever energy balance is
raquired,

The energy in an incoming compression wave pair
radistributes itself so that the compression force wava is
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reflected as a tension forca wave of equal amplitude, resulting
in zero force at the free end, but also in a jump displacement
This I5 as rapid a displacement as can be produced and which
may serve to calibrate displacemient, velocity and acceleration
transducers for their dynamic characteristics (step
displacemant rasponse). (See Refs. 20-24 for axample),

The Reflection Factor for Forces / Stressea at a Free
End is symbolized by K=-1

For incoming compression puises there will ba a
reflection of the same pulse shape but ot opposite sign, Le.,
tangion. This is known as stress reversal, pressure
rovaoraal, current reversal and may cause substantial
damage. .

Stress reversals may cause tension failura or spalling in
materials which are weak in tension but very strong in
compression. Such materials ars called brittls and include
rock, concrete and glass, but also obsidian, chert and flint
from which primitive Man made tools and weapons. Ref. 25
discusses the implications of the principles describad here to
that archaeological application.

In military applications such as the HEPAT (High
Explosiva Plastic Anti-Tank) weapon, the object is to cause
spalls of many pounds of armor-plate material to ricochat
arcund the inside of the tank. it is also possible to propagate
substantial compression waves into a concreta bunker and
hava the cailing cave in due to the raflected tension wavss to
which the concrete offers little resistance, (Fig. 6-A, B, C)

Armor plates ara therefore layerad so that these
reflactions are distributad over many avents and cannot reach
dangerous amplitude; concrete is reinforced, ete.

In the Vietnam cortflict, helicopters were equipped with
seats coated with a special material which was meant to spall
off and protect the pilol's "saat™. Tha pilots, ignorant of the
dasign pumpose of the original seat, tumed it around because
it was maore comfortable that way. When the seat was hit by
bullets, the spalling now occurred into the pifol's “seat” and
since the material is transparent to X-rays, the resuiting
fragments ware almost impossible to locate in flash,

In the North African Campaign in World War 11, Allied
tanks wera stifl aquippad with riveted armor plate. German
shells hitting the tanks would cause the rivet heads insida the
tank to ricochet around, wounding and killing the craw.

When an explosion is set off inside a mountain, the rock
is Iiterally torn apart by spaliing failures as fllustratad in Figs. 7
and 8 from the Bureau of Minas. A granite rod, which is strong
in compression and weak in tension, when impacted at cne
and will fail with multiple spalls at the other end (Fig. 9).

For pressura waves, reflactions can be quite destructive.
Whatsver the incoming pressure, only atmospheric pressure
may axist at a free (open) end of g pipa. The resuit of tumning
& wrong valve in the Ofgawa Power Station resultad in the
collapse of the pipe due to the negative reflectad pressure
wave Fig. 10. A doctoral disseriation which investigated
whether collapse of human artaries due to such conditions
could be a contributing factor to heart aftacks found negative
avidance (Ref. 8)

In machanical systems, a single comprassion impact may
result in a sufficiant number of reflaction cycles of incoming
comprassion pulses and raflacted tension puises, to cause
fatigua failura. In specimens subjectad only to compression
inputs such as pile drivers, jack hammers and machine guns,
fatigus failures are common. In general crack propagation
requires both tension and compression inputs. Crack inftiation,
however, is possible from cyclic compression loading only,
due to the shear stressas which are thus generated.

The screws holding the bottom plats to the clamps in the
test spacimen in this experiment, pericdically fail at the nack
of the screw: a fatigua fallure ¢reatsd by tha many tension and
compression reflaction cycles from that interface.

The Momentum Trap; (Centinued on page 6)
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REFLECTION FACTORS FOR STRESSES FOR VARI[OUS END CONDITIOKS

FREE END CHARACTERISYIC DYNAMIC IMPEDANCE MATCH FIT)(lEG[:.l !-:FP«ID[:‘I_[:,R o

TON FACTOR - ACTOR:
REFLECTION FACTOR: K = -1 REFLECTION COEFFICIENT: K = O REFLECK M R
b T - -

e

) 7774744 8 ;EE§S§§§§§SL____ N
o4 \\
ny
A ,,@,\.. PILE PRIVER —[T} %- 2222

STRESS REVERSAL

PRESSURE REVERSAL

SPALLING FAILURE

JUKP BISPLACEMENT AT
CINCIBENT COMPRESSIOM PULSE
INITIATES TENSTON RETURN

SOIL

v

PILE =

N

STRESS DOUBLING
CURRENT DOUBLING
PRESSURE DOUBLING

(INCIDENT COMPRESSION

REFLECTIONS SHOULD BE SLIGHETY
POSITIVE AND AS SMALL AS POSSIBLE

_[MPEDANCE MATCHING-

o PULSE INITIATES A SUPER-
( INPOSED COMPRESSION
RETURN - DOUBLED - PULSE) .

FIGURE 1}: FIXED END

PULSEY o
ADDITIONAL FATIGUE DAMAGE
FIGURE 5: FREE END FIGURE 13
Fixed End Conditions:

At a fixed end the structure terminatas in a rigid, fixed,
immovable mamber {Fig. 11). The incontrovertible boundary
condition which a pair of traveling wavas meets at such a
fixed end is:

There can ba no displacement at a fixed boundary.

The fixed-end boundary condition, however, wil! accept
any forca which is offsrad, in ordsr to maintain energy
balance.

The energy in an Incoming compression wave pair
redistributes itself so that the zero-displacement boundary
condition is accompanied by a stress doubling, pressure
doubling, current doubling and a stress / pressure / current
wave of the same sign and amplituds as the incoming wave is
superposad on the arriving one and reflected back from the
fixed end, thus doubling the effect thara.

The Reflection Factor for Forces / Stressas at a Fixed
End is symbolized by K =+1

It is this pressure doubling which may blow the boiler in
your home when “water hammer® is initiated by a sudden
valva closure. It Is the pressure doubling at that end of your
skull diametrically opposite to whare you have been struck,
which causes the trauma which may kill you, and it is the
pressure doubling at the bottormn of a catsup botlle when it is
struck at the capped end, which, after many reflection cycles
will blow off tha cap. That is the reason why catsup bottles are
shipped upside down in railroad cars (Ref. 2). It is also the
current doubling which may blow tha fuse in an electrical

e,

Photoelastic studies carried out by Dr. Augustus J. Durelli
and his co-workars (Refs. 28-30) are shown in Figs. 15-18. A
strut is impacted at one end. Its other end is either free or
constrained. Photographs taken at some 13,000 frames/sec
lustrate the propagation of the wave into the strut and its
reflection (for the free-ended strut) or deubting {for tha fixad-
endad strut) at the other end. The racord for the fixed-ended
strut shows incontrovertibly that the fixed end remains in
comprassion for a fnita length of time, until a tension reliaf
wave reaches that boundary.

Tha other two photos illustrate the propagation of a
(spherical) wave through a plate with a hols in it, whan
subjected to a surface impact. The study was part of several
for the Air Force. The impact might have been caused by an
atomic bomb and the hole might be the cavity in which people

PILE BRIVER

expact to survive. The strain distribution around the hole can
be plotted at any time for any hols shape. Also note the
beautitul illustration of the arival of the wave front at the hole
and its reflection from and refraction through that
discontinuity,

Characteristic Dynamic Impedance

The Charactaristic Impedances of ths “impacted® object
and of the “impacter* determine the Reflection Factor which
axists at the boundary batween them. The *impacted” and
“‘impacter” are in quotation marks bacause they do not strictly
apply to elactrical systams where it would be more correct to
talk about the individual Charactaristic Impedances of the
Transmission Lines {objects) being *suddenly connected”
with a switch,

For machanical impact, the Reflection Factor, K, is a
function of the (A.E) product on each sida of the impact
intarface (boundary), where:

A = effective area at the contact point

£ = elastic modulus

The Effactive Area must be exparimentally determined
since the hammer and the bar are in contact only over a small
portion of each of their actual areas and inertia forcas will act
to create deflections of the type iflustrated in axaggeration in
Fig. 12, Sea also Fig. 1-A.

FIG. 12: EFFECTIVE AREAS

TOP VIEW FRONT
VIEW
SIDE VIEW

HAMMER-BAR CONTACT AT THE IMPACT INTERFACE
(DEFLECTEDON PROFILES ARE EXAGGERATED)
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FIGURE 68 :
CONCHOIDAL FRACTURE IN CONCRETE DUE TO

IMPACT ON TOP OF THE CONCRETE SLAB

SUB-SURFACE CRACKING I
EXPLOSION AT THE TOP.

FIGURE 6 C
Ref. 3A FIGURE §

247

CONCRETE DUE TO IMPACT FROM

FIGURE 6A Ref. 3B
FRACTURE BY RELATIVELY GROSS MOTION
IN A BRITTLE MATERIAL

e e ke

MULTIPLE SPALLING IN A GRANITE ROD
DUE TO A SINGLE IMPACT AT THE TQe

.




i

tion, by Peter K. Sta

rrina

Transient Measurements — A Junior Leve! Firial Exa

_ ¢ ‘614 os|e 823 ‘uoiLsuay u)

y1busays ayj jo a|djiLne © sy uoyssaudwod’ U} Yibuauls Byl
se s||eds Auel se oG |[IM BJ9YL ‘340 s[4 ulivds, © pue
s4noo0 sanpje} ‘3w 4ibusais uolsusy Byj Spawoxs Bs(nd
pojda|4ad Y3 40 opnyfldwe 2Y3 S UOOS SY "UCLSUDY UL HEaM
pue uDLSSa4dwod Ul Buodys S} YOLUN wnipaw v U} 3s{nd ujesys
aA1SSaUdWOD B 4015530040 UOLYIIR|Jad BY] SIIBJAISN|} B ‘Bid

. , ,
JTISNIL RVH ¥3RIIH HInW U3NNSSY BIONIYLS JAISSIYIWOI

T 1I¥dWl J19HIS v WO¥D ST1IWdS FT41LINM
¢ .3
R0} Ing agd)
MIN

5

e

1 _
piomiopbr
saaow A |
.aoi5 ./

i

PIomIO}
S A0 41
qaoig

eD0 N Biy)

~asind
uOISUR) © SB UaNjad 03 *L- = N JO JUBED}SI807 UOL3OD[ Y
e Yja pegop|gad Lldups st @sppd 3yl ruopssaddwod uj se
uoisuay uy Huouys K| (enba S| YyojuM wnipsw v U) Ss{nd uiR4ls
aALSS04dwos © 10y SSPo0J4d L0V SEA BHY seIRJASN([} { B4

I
asind Jo vopiod PRI JIY — e
¥ ..maz wodd CE NS F LR TR I TPET. T I —
S5ind  JUDJINSBY s
Koy :

- .Y

#sind vioas
i bujynsay

. +— UoISH}
#s|nd up4s
SlpsuBy h_uEm
; ;! I

esind upoas
aapssaduion

BATAARIALILY AR e e v

o n L
3 . 3
»
] ——e - UOEUS] -
Sri €
o
s 1 sdojeayp i
| 304y

35INd_MIVBIS JAISSI4dw0)

%00y

¥ 40 HOT1D37434 A9 J4RLIvYd IHsHal 8 9

—_—
asd uipags
JlSURL

v

)]
ol

. asind wmons
PAISS PN

s

32045 VU4
9204IN% 2944

2204408 BN

e — . e e et et

SIS KIVALS IATSSINR0D WVINSRVIYYL ¥V 40 HOTLOANd3¥ £ *51d

248 -



Transient Maastrements — A Junior Level Final Examination, by Peter K. Stein

VIEW OF COLLAPSED PENSTOCK AT THE CLOSE-UP VIEW OF SECTION OF COLLAPSED

OIGAWA POWER STATION PENSTOCK CAUSED B8Y VACUUM UPSTREAM OF
FIGURES 10A & 108B BREAK (Note Manhole and Man on Right)
Ref. 7

FIGURE 14

See text

GEOLOGIST INSPECTS RAILROAD RAIL FIRMLY EMBEDDED IN ROCK WHERE A MINE USED TO BE
249
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MATCHED TRANSMISSION LINES » DYNAMIC -

MECHANICAL CHARACTERISTIC IMPEDANCE MATCH-
{NG: REFLECTION FACTOR FOR FORCES / STRESSES:
K = 0. In the student axperiment hera dascribad, one of the
three hammers produces a positive value for K, one produces

a negative value, and ane is almost impedance-Maiched to

the spacimen. .

Characteristic Impadance matching is of great importance
in elactrical transmission linas where connectors 6f other
discontinuities may cause reflections / refraction. It is also of
great importance in pile drivers where the energy from the
driver should be transmittad to the pile which should be driven
into the earth without wasted epergy beunding around in the
structures, (Fig. 13). It is also highly undasirable to have
tension waves propagating in the concrate pile sinca concrate
is very weak in tension. Thus the reflection coefficiant
batwean the pile and the earth should be as close to 2zero as
possibla but always slightly positive. :

This problem in real pile drivers and soils was treated In
an elegant manner by Fischer (Ref. 10) who solved the non-
linear wave equations graphically,

E. DURATION OF IMPACT

There is a fundamental principle which governs how iong
two machanical colliding objects remain in contact;

They will remain in contact untif a net tension exists
dacross tha impact interface sufficient to separate them.

In fluidic systems the returning pressure wave may open
the chack valve which initiated the water hammer process
through sudden closure. The fluid upstream of that check
valve can therefore become contaminated with down-stream
fluid — a problem in puclear powar systems, Reflected current
waves, howevar, do not open the switch which cause the
original waves through sudden closure. All electrical analogs
are no longer functional after this time.

Contact time for mechanica! colliding objects is:

Predictable for colliding rigid objects;

Predictable for a rigid object coliiding with an elastic
one,

Vary difficuity to predict for two colliding efastic
objacts, which is the casa in this expariment.

One Measurand, therefore, will be the Contact Time
betwaan the hammer and the bar,

F POST-IMPACT PHENOMENA

When impact is over and the hammer recedes from the
bar, untess, like a military projectile, it was become prassure—
weided to the impacted structure, (Ret. 11). Two phenomena
now ocour:

1. K =-1assoon asimpact is over.

There is now a step change in Boundary Condition from
whatever the refiection Factor at the Interface was during
impact, to K = -1, at what is now a free end, Ditferential
equations react to step-changes in boundary conditions and
all elactrical analogs with other systems, such as mechanical
or fluidic, no longer appiy.

2 Residual energy in the structure must be dissipated.

At the end of impact, there will be traveling waves and/or
pulses trapped in the structure which must dissipate their
enargy content through continued reflactions / refractions,
convarsion into heat, sound, etc., untl aquilibrium is again
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.- astablished and everything has come to rest.

These Post Impact Vibrations may be of such a natura
as to create not only cumulative fatigue damage but aven
fatigue failure, even from a single impact, bacause of the
tansile reflections of compressive pulses from free ends. Ref.
12 lists numerous other references to this problem.

The critical variables are;

Numbers of post-impact vibration cycles.
Amplitudes and amplitude sequences of ths
strasses .
Wave shapes of the vibrations.
Since the above variables are not subject to predictions or
cornputations, another Measurand will be the Post~-impact
Vibrations.

9. Interpretation of the Measurements
10. Action Based on the Measurements

Supposs, for just a moment, that Steps 1-8 have been
complated and that the validated data show:

Maximum Strain: ¢
Rise Time: tl‘-(l 0%~90%)

1677.2 ue
20 psec

I}

. A carelully-controlled tast for material properties of the
test specimen in the laboratory which took hours to run, has
revoaled;

Elastic Modulus: E
Yield Point: Ghaid

Can you draw the conclusion that the stresses of:

30x10° psi
30,000 psi

If

Stress o =E.e = 50316psi

must have yielded the structure during the test? NO WAY!

There is 2 Strain Rate Effect on material properties
which is the equivaient of their Frequency Responge and
which can go either way. The table below illustrates some of
tha factors which ara involved,

Ref. 13 presents a survey ot strain-rate effects. The
ganaral conclusion is that material properties dapend on the
time scale to which they were determined, and microsacond
strain measurements cannot be interpreted with hour-scale
material property measurements. No interpretation or
application of the data is possible. The impact
measurements must be supplemented with strain—rate—effact
tasts on the specimen material.

" Thus, even the most carefully plannad, exacuted and
validatad measurements may have bean a waste of time,

Fig. 14 illustrates a geologist contemplating a raiircad rail
firmly embedded in tha geologic formation. The illustration is
courtesy of Dr. Carleton B. Moore, Professor of Geology and
noted meteorite expert, at Arizona Stata University. It was
taken in the Eastern Pennsylvania anthracite mining region
and illustrates that rock, over a time period of generations, is
indeed a ductile material and will flow to closa the hole which
was the entry shaft into a coal mine. During a laboratory test,
the geologic material would appear to be brittle. The effact of
tha time scala of avents, which is critical, is beautifully
illustrated by this unusual case study.
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Fallute = Brittle Ductile Materials
Behavior Behavior
Material
L
Rock, Dams,
A Tested Tested Concrate,
Rapidly Slowly Silly Putty,
Copper, atc.
Al
B Tasted Tested explosively
Slowly Rapidiy formed alloys
such as Ti-
based

Note: In tha first experiment for the semaster, you
determined the Elastic Modulus of the materiai of a beam very
much like the ona in this experiment by static means and in a
later axperiment you datermined it from the modes of vibration
of that same beam. In fact, during the first ysar or two during
which this coursa was offered, all thesa experiments wers
performad on the same speciman, so you could easily obtain
experimental values for the materiai properties needed hers,
but not to the same time scale as the phenomenon hera,

DOMAIN USUALLY CONSIDERED THE
MEASUREMENT ENGINEER'S

3. Design the Ideal Measurement System

Ideally, the prerequisites for measurement system design
are specifications of expected signal amplitude and frequancy
range or time scala.

PHILOSOPHY

Since these spacifications are hardly ever avajlable — and
certainly not here — the following set of arguments has been
found haipful:

a. s there a Maximum Msasurand above which the test
requester no longer cares becausa the specimen has
failed.

In the present case, the maximum strain of interast would
be the yield point of the bar matarial. Suppose that the value
is 30,000 psi representing a strain of 1000 pstrain for a steel
specimen of elastic modulus 30x10% psi. Other criteria could
be selected. This is only a case study for demonstration
purposes.

b. Take that maximum and design the measurerment
system such that 10% of the value gives full scalo

oulput,

in this case, 100 pe should occupy full scale on the
roadout. This now requires the selection of an Output
Transducer. Supposa that tha section below has now baen
read and the Tektronix 502 CRO has been selected with a 10
cm screen calibrated in 2 mm small-scale division, |t is now
required that 100 psirain input occupy 10 cm of output. Note
that the overall transter ratio of the measurement system

has just been specified! 1 ecm /10 y=

c. Estimate the resolution of that measurement system
and ask the raquester if that is sufficiant.

The resolution can be no better than half the smallest scale
division on any reputably marked instrument. In this case it is
1% of tull scale or 1 ustrain, If the test requester approves of
that value as sufiicient, this stage of tha design has been
complated.

it is always possible to decrease System Gain should
amplitudes be higher than expected, but unless planned for,
System Gain can not usually be increased. This design
procedure provides a x10 safety factor should the actual
amplitudas be less than anticipatad. A Gain Reserve of x10 is
availabla,

4. Select the Real Hardware
5. Evaluate the Inevitable Compromises

APPLICATION:

The dasign of the Measursment Systems properly starts
with the read—out transducer.

Selaction of the Read-Out Transducer:
There are several choices for that component:

+  Cathode Ray Oscilioscops
- Magnetic Tape Recorder
- Transient Capture Davice

Tape racorders and transient capture instruments with
the capabilities of recording mechanical impact phenomena
are now very common indeed. If they are AC~coupled, tha
affact of tha low-=frequency limit on Undershoot must be
astimated and the roll-off characteristics at the low-frequancy
and must be known.

Their advantage is their ability to reproduce the signal to
almost any time scale, on command. Signal analysis becomes
very simple when it can be re-created in electrical form. This
operation is not possible on analog CROs.

In general, the frequency response curves for Magnitude
and Phase of the Transfer Ratio should ba known to at least 1
or 2 decades above the upper fraquency limit and 1 or 2
decades below the lower frequency limit (Ref. 14 which
incorporates some of the pertinent text material and reprints
available to the students from 1959 to 1977).

SELECTION OF A CATHODE RAY OSCILLOSCOPE:
The author's personal convictions, preferences and
specitications for a CRO suitable for mechanical testing ara
cited here; ' |

+  Analog CRO. Not enough is yet known, at this stage
of the design, about the frequency content or time scale of
the phesnomenon to be observed that sampling rates can
intelligently be selected. After the data from an analog
measurement system hava been validated and shown to
represent the process, a digital system can be
intelligently specified and selected.

« Two channel CRO. These may be two guns or a
singla gun tima-sharing two channels. There are trade-offs
between these choicas. Tha CRO with which the data shown
here were acquired was a two-gun CRO; the one the author
uses in his Short Coursas is a single-gun, time-sharing CRO.
For any measursmant system, however, a single channel
CRO is a toy, a two-channe! instrument is a tool since one is
always comparing events cccurring at one lecation with those
at another one.
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Translent Measuremeants — A Junior Level Final Exarnination, by Peter K, Stein

- . Cross-plotiting ability between the two channels so that
Input-Outplat plots can be obtained directly where necessary,
for example.

+  Maximum Transfer Ratio of 1 output division per 200
or, preferably 100 micro-volts. The CRC used here has 200
pvoltsiem “Sensitivity” — at 1east that is the narme on the dial
which actually carries numbers in units of inverse Transfer
Ratio, i.e., “Attenuation” in units of mw/Aiv or Input / Qutput.

- Outputs available (usually in the back) which are an
ampiified version of the front inputs. This feature in tha U.S. is
usually an extra-cost option, but well worth while. 1t allows the
CHRO 0 be used just as a superb amplifier with calibrated
Transfer Ratic adjustments and often with built-in filters.

- True differential coupling for each of the two
channels, with a common moda voltage limit of at least 10 v-
DC of AC and an adequate common mode rejection ratio at
aven the most sensitive Transfer Ratio setting.

- X-Axis Input availability for possible threa-
dimensional work.

«  Trace-blanking (Z-Axis Input) from a separate input
for possitle 4-dimensional displays or, as proposed hers, for 2
time-marker.

» Memory capabilities are desired (although not
available on the CRO used in this experiment),

In 1959 when the Laboratory for Measuremerit Systems
Engineering was founded and first equipped, the Tektronix
502 (later 502A) CROs were ideal “Mechanical Enginears'
Oscilloscopas™. In the late 1960s this role was taken over by
the Hewlatt Packard 1201A which has all the features
enumerated above and is now used by the author.

Analoeg CROs with the capabilities listed above are not
made any more as separate units. By the time a main frame is
supplemented with a plug-in to give these performance
parameters, the investment has been incrdinately large.

QOutput Transducer Salection; Tektronix 502 CRO
for which the specification sheet is attached {Fig. 19A)

Since the overall measurament system transfer ratic has
already been specified as 1 cm / 10 pue, it is now possible to
factor out the CRO Maximum Transfer Ratio to specify the
minimum Transfer Ratio requirad for the Input Transducer:

1cm /10 pe divided by 1 cm 7200 prvolt = 20 pvolt / e
Salection of the Input Transeducer:

For mechanical strain measurement under transient
dynamlc conditions, the bonded electric resistance strain gage
is ideal. It is the transducer of choica.

SELECTION OF A STRAIN GAGE: Selection of a strain
gage must be based on its total performance in a signal—
conditioning circuit in terms of the alactrical parformanca.,

General Principles: It can be shown that the Transfer
Ratio of a straln gage in its circuit can be expressed by (Ref.
15);

Ao

= - LR.K.m  inunitsof pvolta/peill

where | Current through the Gage

R = Gage Resistance
K = Strain Gage Gage Factor
n = Efficiancy of the Circuit into which the strain

gage is incorporated.

As fimits, it should be noted that:

n = 5 foranequal am bridge
n == 1 under constant current conditions in the

strain gage.

and

Agsuming for the moment that constant currant conditions
will be selected (optimum condition for maximum output and
minimum non-linearity), it is then required that:

ILR.K = 20 uvolts/pe

and no pre-amplifier will be necessary for the dasired
maximum Transfer Ratio of 1 mm output / 1 ye input!

Current I: Without getting too involved in the self-heating
problems of resislive transducers such as strain gages and
their current-carrying capacities, it can safely be said that for
the size strain gage used on a good heat dissipating
specimen such as the one in this expariment, and for dynamic
testing where zero—stability is not a significant criterion, 30
militamps is not excessive. (See also Ref. 20 for a discussion
and solutions to self-heating problems.

Gage Factor, K: Gage factors rangs from about 2 to 6 for
matallic materials and from below -100 to over +100 for
samiconductors. Additional criteria might ba linearity in the
rasistance—strain characteristics and self-temperatura-com-
pensation for purposes of maintaining the Transfer Ratio
constant (which is a diract function of R). Both criteria are best
and most economically met by metallic materials such as
Constantan or Karma alloys which hava K-Factors of around
2. These can also be seif-temperature-compansated for most
of the spacimen materials used in enginearing structures.
Thus a K-Factor = 2 is a not unreasonabila tirst choice.

Gage Reslistance, R: The problem is now tumad around.
What R is necassary to meet the objectiva?

R = 20/(30 milliamps x 2) = 3833 ochms
The nearest commercially available value is 350 ohms, then
500,-1000, 5000.

When the strut is struck with one of the hammers, it is
quite possible to initiate bending vibrations since hand-
operated impact is not that easily controllable. if banding
strains are to be suppressed, then a pair of strain gages
mounted, mirror—image on hoth sides of the strut near its
canter will, when serias connected, subtract cut any bending
affacts. This statement assumes that the neutral axis of the
strut remains in the middle under high-spead transient
conditions, a phenomenon which is not an assured certainty.

The use, here, of two non-inductively-series-connected
strain gages achieves several other aims:

» ltincreases the sensitivity to 42 pvolts / pe so that
even if an equal-arm bridge is used as signal conditioning
circuit, and half the output is lost, sufficiant sensitivity remains
to maet the objective.
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It doubles the surface area over which heat is
dissipated, ameliorating the self-heating problem.

Whan non-inductively connected, - the - gage
arrangement will compensate for such effects as magnetically
induced voltagas from ambient magnetic fialds.

Selection of the Circuit:

There are two major circuits used for resistiva
transducers: '
Wheatstone Bridges, Usua!ly equal-arm
Constant Current Condition in the transducer
An alaborate discussion of the relative advantages and
disadvantages of each is given in Ref. 15,

Selection of Interrogating Input:

The constant current source must now be specified.
Since none can be commercially purchased to these
specifications so far as the author is aware, it has to be built,
which appears a simple job to any tachnician the author has
aver charged with this mission.

DEFINITION OF A CONSTANT CURRENT SOURCE:
By definition, a constant current source producas a current
{AC or DC) which is indepandant of the load resistance. What
must be spacified, amongst other proparties, is the resistance
iavel, the dagree of regulation, the current laval, tha frequency
/ transient response and the permissible noise levsl in terms
of its equivalent signal value

RESISTANCE LEVEL: Resistance up to at least 700
ohms (two 350-ohm gages in seriss) must not affect the
output current by more than ona parcent, which is half the
smallest scale division on the read-out (CRO) as a fraction of
full scala.

CURRENT LEVEL: 30 milliamps would suffice for this
tast. It is noted that the current source used here has only a
25 ma capability.

REGULATION: The maximum resistance change will
correspond to a strain of 1000 pe, postulated hare as
maximum. Since, for a strain gage:; -

ARMR = K. Ae

the resistance change will be: AR =700 x 2 x 1000 x 107
=1.4chms

Thus the current should remain at 30 ma within better than
1% for resistance variations of 1.4 chms around 700 ohms.

The current source reguiation can be determined by
placing a 1.4 ohm rasistor in series with the current source
and short-circuiting that resistor with a switch. Tha output
across the strain gage should not change.

NOISE LEVEL.: Sinca tha resolution of the measurement
system s 1 ge, or 1 x 105, the noise, ripple and hum of the
saurca should sum to less than that equivalent,

The DC output across the strain gage by the current
source is: :

E = LR

The incremantal, strain-induced output will be;
255

Tha ripple factor:

L R.K Ae

mg &

= KA = 2x10%

Coupled with the fraquency responss specification, this is the
most savere specification on the current source and cannot be
mat, in the author's experiance, with commercially available,
AC—-powered units. Battary power is required. Almost all
electronic technicians can assemble a unit to fit the
spacifications, in short order. The only commercial unit, built
to these spetcifications, did not exhibit economic survival
capabhiiities. (Ref. 15).

_ . FREQUENCY RESPONSE: The current must remain
censtant for high-frequency or high-speed transient rasistance
variations. . The current source rise~time is included in the
rise—tirme of the shunt calibration step or pulse train so that the
rise—tima validation procadures (Ref. 14) would include it,

If the switch used in checking current source Regulation
(abovae) has a risa time close to that of the phenomenon to be
obsarved, then any transient response across the strain gage
is avidence of insufficiant current scurce transient rasponse.

Sealection of the Circuit:_

A detailed discussion of the features of Wheatstone
bridges and of Constant Current Gircuits is given in Ref. 15
and will ba summarized in answer to one of the examination
questions. The circuit selected for this experiment is the
Constant Current Circuit which has many advantages for this
type of tast.

The cireuit, as shown in Fig. 2, is the Kelvin-Thompson,
Four Terminal Resistance cannection which is immune to
contact resistances or lead wire resistance. Note that the
connactions are from the current source to the strain gages
and from the strain gages to the CRO. That arangemant is
quite different and infinitely superior than going from the
current source to the strain gages and from the currant source
to the CRO. The author will not aven illustrate that
arrangement lest someone use it. The verbal description of
that undasirable circuit will suffice.

The design of the measuremsnt systam is now complets
In terms of component and circuit selaction: only a strain gage
in a constant current circuit, and a CRO are required.

Selection of Triggering:

Triggering a cathode ray oscilloscope implies providing a
stimulus so that the CRO beam begins its traverse at a
spacific instant. The purpose of a trigger in this experiment is
to view the initial impact—creatad pulse as it passes the strain
gage location and also, to a different time scale, to view the
initial putse and the post-impact reflactions.

TRIGGER DELAY TIME: There is a time delay between
the armival of the trigger pulse at the CRO terminals and the
start of the sweep. This Trigger Delay Time is not given for the
model CRO used here but is about 50 pysec as dstermined
from separate tests.

TRIGGERING BEFORE THE EVENT: Triggering can be
made 1o occur before actual impact by having the incident
projectite intarrupt a fiald of some sort and cause the creation
of a transient voltage which can be applied to the tngger input
terminals of the CRO.

——__—
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Fig. 20 A from Ref. 1 (1961)
11t 3 ¢ 1 ‘% ]

Such figlds right be:

Capacitive. the passage of the projectile through an
elactric fisld as sensed by a capacitor.-

Magnetic.  The passage of the projectils through a
magnetic fisld as sensed by an inductor or
by a monopole transducer. .

Inductive:  The projectile distorts an inductive circuit to’
produce a voltage response

Optical; The interruption of an optical field as

sensed by a photovoltaic or photoresistive
fransducer.

Mechanical: The breaking of a screen or wires which
cause a voltage transient to oceur,

TRIGGERING AFTER THE EVENT: Triggering may
occur after the impact, explosion, etc., by having a second
measurament system which catches the mechanical,
acoustic, optical, fluidic, etc., wave initiated by the avent. Thus
a strain gage or accelerometer or pressure transducer
{piazoresistive or piezoelectric) can be mounted on the
structura to raact to the passage of tha wave at one point on
the structure and to trigger the measurement systam so that it
reacts to the wave wheon it reaches another point on the
system.

A microphone can be used for the same purpose with the
additional advantage that the delay time is variable by its
location. )

TRIGGERING WITH THE EVENT: In this experiment the
impact itself will trigger the CRO with the additional advantage
that contact time can be measured. A 8v battary is connected
batween the hammer and to the CRO Trigger Input Terminal.
When the hammer strikes the strut, the CRO is triggered by
the voltage step; when impact ceases and the hammer
recedes from the strut, the negative voltage signal can either
be racorded on a saparate channel or made to tiank the CRO
trace intensity to mark the end of impact. See Figs. 20, 20A.

It takes the wave 23 inches of travel (115 ysac
approximately) to reach the strain gage. It is also desired to
have a faw centimeters of horizantal racord before the wave
arrivas at the gage as last-minute noise decumentation. The
horizontal time axis will be set at 20 psec/div to view the initia)
pulse (see Time Scale of Events Section below) and the
trigger delay tima is about 50 uysec which leaves about 65
usac of pre-wave—arrival of noise-doecumentation record with
anough time laft to show the incident pulse.

This set of conditions is paculiar to this test and is a very
convenient feature since the trigger can be simple and
combined with the contact lime measurament scheme.

FIG. 20: TRIGGERING - TRIGGER DELAY TIME -

LONTACTTIME END OF IMPACT -~
TRIGGER DELAY, TIME _§V STEP

’ ‘ TRIGGGER

CIRCUIT
TIME-CONSTANT

e CONTACT TINE —

HAMMER-BAR CONTACT
6-VOLT STEP

PHOTOGRAPE # 21
X = 50 usec/cm

6. Set Up the Test and Document
Environment—-Response Interactions

TIME SCALE OF EVENTS

An estimate of the time scale of events (Fig. 22) can be
constructad for the first halt millisecond or so, so that an
appropriate time scale setting is possible on the CRO, Figs. 3
& 21,

At the instant of impact, compression waves propagate
both into the impacting projectila (hammer} and into the
impacted structure (strut). These propagate at about 200,000
inches/sec or 5 psac/inch. (Fg. 3, #1)

The small hatnmer is 2-1/2 inches long so that after 12-
1/2 psec the incident compression wave is returned as a
tension wave and arrives 25 psec after impact as a tension
relief wave at the impacted end of the strut. There are riow a
pair of traveling waves in the strut 25 psac apart, the leading
wava in comprassion and the follow-up wave in tension. (Fig.
3, #2, #3, #4)

This could be treated as a 25 psec wide pulse
propagating down the strut, spreading out and with its leading
adge smoothed by integranular damping, as it propagates.
(Fig. 3, #5)

Since the gage location is about 23 inchaes from the
impacted end, that pulse arrives at tha gage location 115 psec
after impact (Fig. 21, #6) and has passad the location at 140
usec. (Fig. 21, #7).

The leading aedge of the pulse reaches the clamped end
of the strut 155 psec after impact {Fig. 21, #8) and its reflected
portion travels through the gage towards the free end after
195 psac (Fig. 21, #10). Since the clampad end is more fixad
than free, the reflacted pulse will ba a compressiva one. Aftar

-220 psec the entire raflacted puise has returned through the

gage. (Fig. 21, #10).

The amplitude of the reflected puise divided by the
ampiituda of the incident pulse is the Reliection Coafficient for
Forces at the clamped end, neglecting the amplitude loss
through intargranular damping during the 16 inch round trip
from gage to clamped end and back.

The reflacted comprassion putse now travels from tha
gage back to the free end where it is revarsed into a tension
puise since impact has long since been over and the impacted
end is now a free and. (Fig. 21, #11, #12). That tension pulsa
returns through the gage after traveling through 46 inches of
strut material, some 230 psac after it left the gage as a

‘comprassion pulse, or 425 psac after impact. (Fig. 21, #13,

#14, #15),
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FIG. 21:  PHENOMENOLOGICAL STUDY OF EVENTS AT THE GAGE LODCATION

asE BAR HAMMER
A —_ .
1s =1
D A |
115 MICRO-SECONDS AFYER IMPACT, FIRST COMPRESSION WAVE ARRIVES
BASE — )
17 =1
140 MICRO-SECONDS AFTER IMPACT, PULSE LEAVES; STRATH RETURNS T0 0
BASE —

d 8 =1

- 155 MICRO-SECONDS AFTER [MPACT, WAVE ARRIVES AT BASE CLAMP

BAS — : : ,
£ 19 =1
=" ABOUT 170 MICO-SECONDS AFTER IMPACY, REFLECTED PULSE BEGINS RETHRN
BASE —
110 [=_]
vy
195 MICRO-SECONDS AFTER IMPACT, REFLECTED PULSE REACHED GAGE
220 MECRO-SECONDS AFTER IMACT REFLECTED PULSE HAS PASSED GAGE
GAGL
BASE LOCATION BAR  HAMNER
11 [>1]
— ~——~rzzzrza
310 MICRO-SECONDS AFTER 'IMPACT, REFLECTED WAVE REACTES FREE END
BASE _ =
= 1 =]
COMPRESSION WAVE ARRIVING AT FREE END IS REFLECTED AS TEMSION WAVE
g
ATTUTTINDL .
BASE 113 =1
230 MICRO-SECUNDS AFTER ITS INITIAL ARRIVAL AS A COMPRESSION WAVE,
THE REFLECTED TENSION WAVE RETURNS TO THE GAGE LOCATION
BASE e raanan

119 [—=1]

450 MICRO-SECONDS AFTER TMPACT, REFLECTED WAVE LEAVES GAGE LOCATION

m =
115 ==

REFLECTED TENSION WAVE REACHES CLAMP TO BE REFLECTED BACK AS TENSION
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The time betwsen the reflacted comprassion pulse and
tha returning tension pulse, reprasents 46 inches of travel.
The speed of wave propagation can ba deduced from that on
the actual record. The time between the arrival of the first
comprassion pulse and the ona reflacted from the clamped
and represents about 16 inches of travel, so a second
astimate of wavea speed, perhaps with less resolution, can be
obtainad.

After a total of 500 usec elapsed time after impact the
main data have been gatherad so that a time scale setting on
the CRO of 50 psec/div would seem appropriate. The

photographs at 100 psec/div show more of the post-impact
reflactions (Fg. 22)

To catch the first pulse, 28 inches of travei must be
accommodated on the CRO, or 140 psec so that a setting of

20 usac/div would be an appropriate time scale. This also
allows for a faw centimeters of "zerc" displayed on the CRO
bafore tha puisa arrives at the gage location. That is a closa to

a “last-ditch® Noise Check as one can comne. The trigger-
dalay- ime of tha CRQ is not includad in the spacifications. It
appears to be some 50 usec from axperimantal observations
but for a consarvative design was not factored into the
predictions. Note that the spreading out of the pulse, its
increase in width during propagation, is also not tactorad into
the abova predictions, a non-conservative procadure,

From the photographs presented later, the above

pnadectaons are verified.
It is emphasized that at least some effort was made lo seiect
a suitable time scale on the CRO. It is not a matter of trial and
arror.

THE PREAMPLIFIER

To simulate the condition of a less sensitive CRO, a
second channel taken from the same strain gage circuit, is
passed through a Tektronix Type 123 Preamplifier is also
shown on the photegraphs. The amplifier gain is 100 and the
CRC gain is sat at 1/100 of that for the first channel.

The amplifier specification shest is shown in Fig. 198. 1t

will beseen that the system frequency responss and transient
rasporise capabilities are now govemed by that preampilifiar.

Such a situation is common it the systermn design starts
with the selection of an input transducer (the strain gage
here), and then procaeds forward. The system design process
dascribed here, started with the read-out transducer and
rasuitad in the spacification for a strain gage and its circuit to
tulfill the overall requirements without the nead for a
preamplifier.

ENVIRONMENT-RESPONSE “NOISE” DOCUMENTATION

A compreheansive treatment of “Noise” Diagnostics and
Noise Suppression is given in Ref. 27, pages 45-21 and in
the references cited for that section. “Noeisa” is defined as
undasired environment-response combinations. The basic
assumption is that all components (transducers) in a
maasurement system raspond in ail ways in which thay can to
all factors in the environrnent, every lime (repeatedly and
consistently), although not necessarily predictably. Thirty two
environment-responsa combinations were identified as
possibla of which only 16 were of interest to the Measurement
Engineer. Of these 16, one, only, was Signal. All 15 others are
various types of “Noise Levels”, which need to be diagnosad
and suppressad.’

Of those 15, three were usually dominant, critical and
important and must be documented on every test. it is those
three which will be very briefly reviewed; but this review is not
a substitute for the reference citad above. The 15 Environ-
ment-Aasponse Combinations or Paths were numbered. For
transducers for which the resistive, non-self-generating
response is the desired response, as is the case here, Paths
1, 2 and 3 ara noise lgvels. Path 4 is the signal.

The material in the above-referencad section as wall as in
the entire refarence was covered in lactures during the first
Junior-Level coursa in The Enginesring of Measurement
Systems and iliustrated during the Experiments which
accompanied the lacture material. See also Ref. 5 and the
referances cited there,

#13 #14
TIME - MICRO-SECOMNDS
= 29!0 1 L I.H A
= |o 100 300 400 500 600
=
#10
46" ROUND TRIP  wuf
46 §7

FIG. 22:

APPROXIMATE ESTIMATE OF WAVE SHAPE AT GAGE LOCATION

(WAVE SHAPE WILL BE ROUNDED OFF)
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Compact
4V, " high, 112" wide, 3% " deep.

Waighs only 10 ounces.

Voltage Gain
Accurafely set at 100,

Passband
Within 3-db from 3 cps to 25 ke.

‘Maximum Input Signal

0.1 v peak-to-peak.

Hum-Free Low-Level Amplification

Powered by miniature batteries.

. . - s = .y, ) P
T D dr RSN LU R JUINE. ¥ R R A Qe £ e

FIGURE 19 B: SPECIFICATIONS

e L v (£

FOR THE TEKTRONIX 123 PREAMPLIFIER

CrypE 123, ¢
Lo

A

L e
% pREAMPLIFIER
L

The Tektronix Yype 123 Preamplifier is a compact,
light-weight, battery-operated amplifier for use in appli-
cations where a gain of 100 without hum is desired.
Passband is within 3-db from 3 cps to 25 ke. Where
reduced high-frequency response is permissible, ground-
loop hum pickup can be virtually eliminated by mount-
ing the Type 123 close to the circuit under observation.
Coaxial connectors permit the Type 123 te be connect-
ed directly to an oscilloscope or other instrument or
even for use as a probe. Shock-mounted chassis re-
duces the effects of microphonics, shift, and drift,

Applicaiions of the Type 123 are confined to the
audio range; for example, observing hum levels, trans-
ducer preamplifier, and other low-level applications
where a gain of 100 is desired.

CHARACTERISTICS

Voltage Gain-—Gain is 100, adjustable with screw-
driver calibration control.

Passband-—Within 3-db from 3 cps to 25 ke.

Battery Powered——A small mercury cell supplies the

filament voltage and o miniature 30 v battery is fheZSQ

source of plate voltage. Life of the mercury cell is ap-
proximately 100 hours. Plate-voltage battery life is
about the same as shelf life, typicaily 1000 hours.

Noise Level—The maximum noise level, referred
to the input, with the input grounded is less than 7.5
uv, rms; 50 pv, peak-to-peak,

Qutput Signal Level—DC level of output is approxi-
mately + 15 v.

Maximum Input Signal—Maximum input signal for
linear amplification is 0.1 v, peak-to-peak.

Input Impedance—10 megohms.
Effective Output Impedance—31 kilohms.

Power Requirement—~One 1.345 v mercury cell and
one 30 v miniature battery, included with the instrument.

Mechanical Specifications—Dimensions are 44"
high by 1% " wide by 3% * deep. Net weight is 10
ounces. Shipping weight is 2 pounds, approx.

TYPE 123 PREAMPLIFIER . ... ... ... . coicnins 375

Each instrumant includes: 1—schematic

U.S. Sales Price f.o.b. Beaverton, Oregon
Please refer to Terms and Shipmen:, General Informetion pege.
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FIG 23: NOISE LEVEL DOCUMENTATION (modified from Ref. 27)
WHEN THE ADDITIVE, TEMPORARY NON-SELF-GENERATING RESPONSE IS DESIRED

PATH | DESIRED INTERRO- STIMULATING RESPONSE INDICATED PHOTOS IN

ENVIRON- GATING INPUT | ENVIRONMENT OBTAINED ACTION () FIG. 24 & 25
MENT _

1 OFF OFF Undesirad Undesired 1

2 OFF ON Undasired Desired ,

Interrogating Input | Undesired
3 ON OFF Deasirad Undesirad 3,4, 10
4 ON ON VALID NOISE-FREE DATA 6,7.8,9

{*) As datermined from the Noise Suppression methods applicable to the problem (Section 6.4) in Ref. 27

MPR(T TersT EYPT, NO. B _

ES-361 MEASUREMENT SYSTEMS ENGINEERING

L1

e oA it
-

(PR PR P NP PN Y NI SIS SRS B
D e D
) ]

NOISE LEVEL AND CALIBERATION CHECKS .

T 111 1/el |
A i N AL

PHOTC | CURRENT | IMPACT CRC SETTINGS
SOURCE L. - s
1 Off none Y, 200 uv/em
| 2 2% ma none 41Y, 20 mv/em
3 off 2~o0z hammer X 0.1 msec/cm
4 off B8-oz hammer AC-coupled
5ingle ended
2 25 ma Shunt Cal. External trigger
¥y = 20 120,000 &hms Single swee
mv/cm| 1000 Hz 9 p

Contact- trlqgered with 6&v battery Shleldlnq &
grounding in place.

Tektronix 502 (modified) CRO § 5096

Tektronix 123 preamplifier $# 935 | & 124

Industrial Electronetics §-200 Strain Simdlator

ASU-built constant current scurce

BLHE Strain Gages FAP-50-35 Lot. No. 4, two units
350 ohms + 2.5 ohms, K_= 2.20 + 1%, L = 1/2"

Gage Location: 23 inches from the struck end,

8.2 inches from the clamped end.
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FIG. 26: CASE STUDY FROM AN IMPACT TEST USING BONDED RESISTANCE STRAIN GAGES

I O I T I

o A [ | [0

INEC
A A
T A T
A
TN TN
IM-IIIIIII

I¥PACT TEST RESULTS . . -

IIIFH'IITW

.l"i'"m;V\' Nrw PHOTO HAMMER TIME SCALE
6 8-oz 0.1 msec/cm
.“"N‘.'uk “k ‘H 7 2-o0z 0.1 msec/cm
BABUSSSSSE
' : . 9 -— - 0.1 msec/cm
' ! 3 : 10 8-oz 0.1 msec/cm{ ) _
I U RS DURNRGY DA JENUR MU FUNR A S
ray Yl 2mv/cm
I.IIN‘I'.‘E 200 mu/en

N | AN
IIIII\JHII
A =

MEASUREMENT SYSTEM

Constant current circuit, four-terminal strain gage
arrangement with inductively canceling gage connection, see
Fig. 2.

Two-conductor shialdad cablas from the current soures to
tha gagas and from the gages to the CRO.

Specimen, current source chassis, cable shields all
connected to CRO ground.

For each photo axcept #5: (See Fig. 2)

TOP TRACE: from the strain gagas directly to the CRO

BOTTOM TRACE: from the gages through the Tektronix
123 Pre-Amplifier to the CRO

Measurement Systems Engineering Laboratory, Arizona
State University, May 1970, Michael Nattles & Peter Stein,
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Other settings and components
same as before.

{*) No current through gages

IMPACT-STRAIN-INDUCED VOLTAGES: PHOTO 10

These have been reduced by the way the system has
been designed, but are still visibla. A higher current or higher
gage resistance would reduce them further, but compate to
Photos 3, 4, and 5.

THE UNDERSHOOT NEGATIVE STRAIN SIGNAL
PHOTO 9 — AREA “B”

The top trace can be validated by the methods presented
in Raf. 14, p. 6. The numaricat example at the boltom of plage
6 applies. Pulse with is 0.25 msec, hence the negative strain
is from a refiected stress wava, The bottomn trace can not be
validated since the amplifier characteristics needed to make
the datermination are not provided by the manufacturer.

RISE TIME OF THE STRAIN PULSE IN PHOTO 8

The top trace can be validated io be the strain-wave risa-
time not distorted by more than 2%. The bottom trace can be
shown to be invalid and dominated by the amplifier rise-time.
(From Refs. 8 and 29)..
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Fig. 23 identifies the Noise Documentation pracedure
which involves turning tha two inputs to the transducer on and
off in a prascribad saquenca. It is always possible to turn off

the Interrogating Input (Bridge Supply, Current Source,
atc.) although the author knows of only 13 manufacturers of
signal conditioning which permit this operation, see Ref. 14,
When the Measurand Input can not ba conveniantly turmed on
and off, parallel chack channels must be usad, see Refs. 14,
27. —
In Rg. 23: Noise Level Documentalion:

Desired Environment = Strain = Impact with a Hammer

Interrogating Input = Current Source . .

Desired Response = Resistance Change in the Strain Gage

Undesired Responses = Voltage Genaration elicited by any
mechanism; any outputs stimulated by Resistanca
Changes in Lead Wires or Connections or by
Capacitance or Inductance Changas anywhere. .

Lindesired Environiments = tharmal, magnetic, electrig, atc

Photos 1-4 illustrate the results of the Necise Docu-
mentation Process. It is sean that Path 3 as indicated by
Photos 3 and 4, for two of the hammars, is tha dominant noise
lavel: tha self-genaerating voltage response of matarials due to
transient strain excitation — a mechanism not yet understood
or theoratically predictable. Although tha phenomanon is not
pradictable or explajnable yet, its effect can be supprassed by
proper design of the measurament system, and successful
suppression can be documented. That, indead, is the mission
of the Measuremant Enginaer.

Suppression to half the smallest scale division on the
read-out is usuafly considered sufficient. Photo 10 shows that
this goal was not quita achiaved for this tast,

CALIBRATION:

Calibration by resistance injaction often called Shunt
Calibration, is shown in Photo 5. The principies are described
in Ref. 27 which also contains the discussion on Peak-to-Peak
Reproduction of a puise train which will be needed to answer
one of the quastions. Note that tha vertical scale for Photo Sis
diffarant from the vertical scale of Photos 1-4 which in tum are
diffarant from the scale of Photos 6-9.

QUESTIONS

QUESTION NO. 1: For sach of the two separate
channels, (top and bottom trace).

A, What is the 10% - 80% rise-time of each componant
of each channel?

B. Whatis the 10% - 90% risa-time of each channe!?

You may assume that the current sourca and the cables
have negligible rise-times, unless you are a graduate student
and wish to discuss thase.

You may assume that the components are effactively
isolated from each other, unlass you are a graduate student
and wish to discuss the interaction effacts. (See also
Questions 6 and 7).

Please re-read the instructions in the Test Dascription
about assumptions, etc.

QUESTION NO. 2:

What are the 10% - 90% Rise-Times of the two traces
observed in Photo 8.

QUESTION NQ. 3:

Are the Rise Times of the fraces in Photo 8 valid? Are the
rising portions of the top and bottom traces those of tha strain
wave or does the measuremant system affect the rise time?

QUESTION NO. 4:

What is the frequency response {including upper and
lowar 3 dB or half-power points} of aach component of aach of
the two channels? Sketch thase on logarithmic axes, to scale
as much as possible.

Where there are unknown break-points or asymptotic
slopes, indicate them with lettars such as m, n, p, q, etc., and
whether plus or rminus.

Whera a previously unknown component characteristic
was determined earier in the course, specify this and identify
it .

Identify each -3 dB point or asymptotic slopa. If slopes
are unknown, dot them in,

QUESTION NO. 5

Sketch the fraquency response curve for each of the two
total measurement systems (or channels). ldentify each
break-point or roll-off slopa with the component which creates
or governs it. Use dotted lines for unknown slopes. Make a
scale plot.

QUESTION NO. 6

What are the input and / or output impedances of the
various system componants and how do they vary with
fraquency?

Give the Manufacturers’ Specifications, and from them,
whera possible, construct the fraquency response curves for
the input and / or output characteristics of each cornponent in
aach of the two channels.
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QUESTION NO. 7:

What are the expected interaction effects (Isolation

Ratios) between components in each of the two channels?
At whal frequencies ara these likely to become

important?

What information would you need to know to answer this
question properly? _

What procedurs would you use to circumvent your
ignorance of those critica! specifications and make a valid
measurement possible.

QUESTION NQ. 8:

Area B in Photo 9 represents an area of opposite sigh to
the incident compression pulse,

Is this really a tension pulse (if comprassion is positive
downwards) or has the measurement system altered the data
and produced an undershoot?

Ba very careful here with your compiste analysis and
assumptions.

QUESTION NO. 9:

Given your answer to No, 5, what general order of
magnituds of amplituda distortion of the pulse height might be
axpected due o the frequency-response characteristics of the
measuremant systam?

QUESTION NO. 10:

From Photo 5, compute the calibration in terms of sfrain
per dafiection on the CRQ for Photo 5. Note that the Y-
sensitivity satting on the CRQ is different from those on other
photos.

What is the calibration for ail the other photos for the fop
traces only (the bottom trace is not represented in Phote 5!)
given the Y-scales for those other displays.

What assumption Is nacessary in transferring the
calibration information obtained from Photo 5 to the other
photos, and how might the necessity for that assumption have
been aliminated during calibration?

QUESTION NO. 11:

What is the maximum comprassion and the maximum
tension strain shown for the top trace in Photo 67

QUESTION NO. 12;

Given an elastic modulus of 30,000,000 psi and a yield
point of 30,000 psi for the specimen material, as determined
from a static tension test conducted in a laboratory under
carefully controllad conditions, comment on tha stress lavels
in the spacimen under the strain conditions found in answer to
Quastion No. 11.

QUESTION NO. 13;

For the shunt calibration data in Phote No. 5, why is a
1000 Hz pulss used rather than say, 60 Hz? What would ba
the minimum acceptable and maximum acceptable square
wave rapatition rates for this systam, and why?
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QUESTION NO. 14: -

in Photo 8, Region A containg the highest frequencies in
the racords. How does this frequency compare with the

frequency rasponse limits of the two measurement systems

used here, as found in answer to Question 5? Comment.

QUESTION NO. 15;

What noise level documentation would you suggast for
this tast? |dentily the procedure dasired. Do any of the photos
reprasant such a documentation process? Which important
environment-rasponse path is notdocurnented here, nor can it

really be? Explain,

QUESTION NO. 18:

Tha one environment-rasponse path not documentad
hera: what physical phenomenon does it represent? Is it likely
to occur in this {est? If so, how rnight one guard against it?
What recently daveloped experimental stress analysis method
utilizes this effact for measurement purposes — hareitis a
noisa level. (This last sentence has been addad in this paper
and was not includad in the original examination bacause, at
that time, the method had not yet been commercialized,
although the effect was discussed during lecturas).

QUESTION NQO. 17:

With the small (2 oz) harnmer, what is the highest noise
lavel condition in this test? i.e. under what noise-check
conditions does the highest noisa level occur, and what fs it in
terms of absofute output (such as millivoits).

QUESTION NO, 18:

ls this highest noise level significant in proportion 1o
signal?

QUESTION NO. 15:

in preparing the system for final testing, the following
methods of noise supprassion wers used:

A, Mutual Compansatien — Cancsl by Subtraction
B. Minimize by Division

i. Overall dacrease of an environmental stimulus:
Isolate.

i. Selective decrease of an environmental
stimulus: Fitar.

ii. Reduction of the rasponse to the environment:
Self-compensata.

iv. Reduction of the interrogating of an undesired
non-salf-generating response: Sideways
Prornotion.

v. Location of an undesired activated response
where it does not affect system output: Jaif

Identity how each of thess mathods was used in this
axperiment; some mora than once,
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QUESTION NO. 20:

What other major noise supprassion mathod exists, which
was notused in this experiment?

QUESTION NO. 21:

Would this maethod apply in principle? What conditions
would ba requirad for using this method on this test? Why was
it not used? )

Specify such a systemn on paper and then comiment on its
raalizability with today's technology and cite a case study
using it which was presented during the Semsster.

QUESTION NO. 22:

Given your answer to Quastion 18, and the “facts of lifa"
of Nos. 19-21, how might the effacts of the noisa lavel in Nos.
17 and 18 be minimized with respect to the signal?

QUESTION NO. 23:

What is the reflaction factor for stresses from the clamped
end of tha strut? Usa the top trace in Photo 7 for this
computation. What assumption is mada in this computation?

QUESTION NO. 24:

What is the speed of propagation of the strain pulse? Usa
tha top trace of Fhoto 7 tor this computation. Is there anothar
Photo which can be used?

QUESTION NO. 25:

Using the attached 4-page brochure describing the
Master's Thesis conducted by Major Frederick F. Mayer, U.S.
Army Infantry (now Lt. Col. Retired) in 1968-69, discuss the
concapts of:

+  Post-impact vibrations
- Dynamic strain-concentration factors
QUESTION NO. 26:

Why, for bonded resistance strain gages as mounted on
this specimen, can you not use the relationship:

(t2 3d8) X (tr 1ose-90%) ] = 0.35 in the limit

or [upper frequency mit in Hz] time [10% - 90% rise-tima
in seconds] tends towards 0.35 in tha fimit. What limit?

Can you cite other transducers and test conditions whera
the same limitation applies?

QUESTION NO. 27:
Discuss the triggering mechanism used for this tast and

how it might be modified if triggering were necessary either
befora the instant of impact, or afterit.

QUESTION NO. 28:

What unstated proparty of tha CRO used in this tast, will
govem tha instart of time at. which a trigger signal must be
initiated so that the initial puise from the impact will be
displayed on the CRO screen? How might that property be
daterminad from records showing contact time and the strain
pulsa?

QUESTION NO. 23:

What simple method can be used to show the and of
contact betwsen the hammer and tha bar? Is contact-ime in
this test predictabla?

QUESTION NO. 30:

In this experiment, a diract photo was made from the
CRO screen duting the actual impact. Many times it is
prefarahle to obtain a racord which can be replayed over and
ovar again for analysis, such as for frequancy content or
amplitude distributions, etc.

Discuss the applicability and limitations of other racording

‘mathods such as:

»  Magnetic tape recorders

< Analog-to-digital converters and storage devices
which will replay the signal in digital-analog
reconvertad form upon cormmand such as the unit
shown during the damonstration.

+  CHROs with memory — what might some of their
applications ba to this experimant.

QUESTION NO. 31:

Relate the cutput amplitudes of the recorded data to the
linsar limits of tha measursment systern by computing the
linear input (or output) limits of each componant of the
measurement system,

Has there been any significant wave-shape distortion dua
to non-inearities? Be carefull The linearity characteristics of
the circuit itselfdepend on its boundary conditions.

QUESTION NO. 32;

Discuss tha relativa advantages and disadvantages of the
Wheatstone Bridge circuits and Constant Current circuits (as
usad hare) and show why, for the type of test performed here,
the Constant Current cirouit is superior.
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[ MECHANICAL IMPACT: TRAVELING WAVES AT DISCONTINUITIES

When mechanical impact occurs, energy is transferred from ﬁhg striking object %o
the struck object. Emergy can not be ‘transferred in zero time, sinece that would
require an infinite amount of power. Hence the energy imparted to the s@ruck :
object takes time to "travel" down the part in the shape of force and displace-—
ment waves or pulses. This is called the TRAVELING WAVE PHENOMENON with analogs
in electrical {transmission lines), hydraulic (water hammer) and thermal systems.

Stresses created by such force waves are being observed and analyzed in this
demonstration. The specimen consists of a long, thin rectangular steel beam
fixed at one end and with a hole in its center. The beam is manually impacted at
the free end with hammers of various sizes, and the traveling wave phenomenon is
recorded simultaneously at six key locations, which include the periphery of the
circular discontinuity. Bonded electric resistarice strain gages in constant B
current circuits are used to transduce strain intoe voltage vs. time traces on
three two-gun cathode ray oscilloscope screens.

Vhen a stress wave reaches a discontinuity, part of the wave is reflected from
the discontinuity and part of the wave is refracted through it. In this specimen,
geometric discontinuities include the centrally located hole, the impacted free
end, and the restrained, clamped end. From a free boundary where no FORCES may
exist, an incoming stress wave returns reversed in sign. This phenomepon is known
as STRESS REVERSAL and may cause fracture in brittle materials, known as
"spalling® failures. An interesting type of .deliberately induced spalling is the
HEPAT (high explosive 'plastic' anti-tank) round. This round, fired at relatively
low velocities (1100 feet/sec), splatters against the outside of an enemy tank
hull. It is set to detonate when the five pounds of plastic explosive is in the
ronfiguretion of & hemisphere. Upon detonation, an intense compressive wave
travels through the hull {5" to 8" of homogeneous armor plate) &t velocities of
16,500 feet/sec. When it reaches the inner bull, stress reversal takes place.

The armor plate, being weaker in tension that compression, fails by spalling.
Experiments conducted at Fort Knox showed that one such 50 pound spall fragment
ricocheted approximately 40 times inside an empty tank before coming to rest.

The outside of the tank, however, showed no trace of damage. Similar failure
mechanisms exist in rock when explosions are detonated inside a mountain. The
mountein is literally torn apart by successive spalling, rather than pushed apart.

At a fixed boundary where no DISPLACEMENTS may occur, an incoming stress wave is
reflected with the same sign as that with which it arrived, and at the same
amplitude. This phenomenon is known as STRESS DOUBLING and can alsoc cause failure.
Pressure doubling in water hammer phenomena is the equivalent of stress doubling.
The hydraulic equivalent of stress reversal is pressure reversal from sn open end,
which may cause cavitation and collapse of piping.

After impact is over and the hammer rebounds from the beam, the impacted end
becomes a free boundary. This instant is marked on all records. The clamped end
of the beam, the free end, and the hole all cause a large mumber of reflected

and refracted traveling pulses as the result of a single impact. Such post-impact
vibrations can cause fatigue damage in structures since they are both compressive
and tensile in nature. Among the purposes of this experiment are studies of the
strains at the hole due to impact, and their time history after impact is over.
The stress concentration factor at a discontinuity under impact conditions is no
longer dependent only on specimen geometry and material, but also on the duration
of the traveling pulse. Each of the three hammers (2 oz., 8 0oz., and 16 oz.)
oroduced different pulse-widths with stress-concentration factors at the hole
arying from 3,83 to 4.31. In some cases the maximum stress is not reached until
reflected/refracted pulses superpose at some time AFTER impact. is over. The max
stress concentration factor for static loading of this specimen geometry is 4.

ARIZONA STATE UNIVERSITY, Mechanical Engineering Department, Measurement
Engineering Laboratory, Tempe, Arizona265
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Transient Maasurements — A Junior Lavel Flnal Examination, by Pater K. Stain

SAMPLE, OF, EXPERIMENTAL RESULTS _ .

SMALL HAMMEER: STANLEY 291-B
2 oz., 2.5" long, wooden handle

Trace blanking marks hammer rebound.
Note hammer bounce for large hammer.

(Denoted by letters A and B)

MEDIUM HAMMER: STANLEY 308
8 oz., 3.3" long, wooden handle

LARGE HAMMER: STANLEY 310
10 oz., 4.1" long, wooden handle

All impacts produced by gentle striking.

Time Scale: 0.2 millisec/cm Vertical Scale: 100.0 pe/cm

Common vertical scale for all channels was achieved at Step Sensitivity Control
setting of L. mv/cm, and Fine Sensitivity Control adjusted by shunt calibration.
Measurlng system 10-90% rise time as determined from step~-shunt-calibration:

5 to 52psec excluding strain gages. I%%%l&l campre551ve wave rise times 2B-36usec.

/
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Time Secale: 0.5 millisec/em Time Séale: S.OVmillisec/cm
Amplitude: 100.0 pe/cm Amplitude: 100.0 pe/em

A: Initial compressive pulse at edge of hole,,tenéidn pulse at top of hole.

B: End of impact.
C: Reflected pulse from clamped end showing attenuation dué to energy absorptlon.
D: Superposition of post-impact traveling pulses produces maximum stress.

Note large number of high~emplitude tension and compression post—impact vibrations.

NQOISE LEVEL DOCUMENTATION

Time Scale: O0:1 millisec/cm Amplitude: 100.0 Be/cm

ASU-designed current source on, Current source off, beam impacted with
no strain applied to beamj after small hammer. This self-generating
satisfactory grounding and shielding effect believed to be due 1o movement
of various system components. of strain gage grid in eerth's magnetic

field by passage of the travellng pulse
beneath the gage.

The magnetically induced noise level documented above right has a polarity
which depends on the connection of the gage leads to the circuit. Where several
gages are placed in series, a non-inductive, noise-cancelling effect is possible.

SHUNT CALIBRATION & RISE-TIME CHECK __

Circuit #4 0.1 msec/cm x20 scale expand
(5 psec/cm effective scale). 480,000 ohms
switched 3000 times/sec across 352.0 ochm
gage of 2,10 gage fector producing 350 pe
equivalent strain; 2.0 mv/cm vertical.

Rise-time is that of meaSuring system

except for strain gage rise time. Strain
gage rise time depends on gage length

and specimen material. Minimum value is

1 usec. Actual value depends on adhesive 268
and other factors and is not known.




Trarisient Maasursments — A Junjor Level Final Examination, by Peter K. Stein

ANSWERS T P S

ANSWER TO QUESTION NO. 1;
TOP DATA CHANNEL

Rige Time of the Strain Gagae: In computing the rise
time of a spatially averaging, side-mounted transducer such
as a strain gage on this specimen, the assumption is always
made of complete and instantanecus strain transmission from
the spacimen surface, through the adhesive [ayer and the
backing or matrix, to the strain-sensitive gnd.

This assumption is a liberal assumption, but no
thaoretical or experimental data are available in the literature
which are truer to life. The few papers that have been
published on experimental determination of strain gage rise
time (such as Refs. 22, 26) do not present the necessary data
validation procedures to make the published data useful, (as
suggested in Refs. 1, 2 for example)

The common, liberal assumptions are illustrated in Fig.
26. A step discontinuity travels along the specimen surface at:

Propagation Speed / Velocity /Celerity = ¢

It enters the side-mounted strain gage attime ¢
It leaves the side-mounted strain gage attime  t
also known as the Passage Time or Transit Time,

it is assumad that the straight line connecting the
baginning and end points reprassents the strain-time history as
the wave passes through the strain gage, which gives a 10% -
90% rise-time aqual to 80% of the passage time:

=0
=L

trer0-00%) = 08Lic

TRAVELING WAVE AT A SIDE-MQY
GAGE AND THE IDEALIZED 10X-90% RISE-TIME

STEP BISCGNTENUITY-}

FIG. 26.

— | BACKING
ADHES[VE

LTI/l
r— GAGE LENGTH - L-

100X

Wr—m T T T T T,

#

y |

‘l 80% OF PASSAGE
TIME = 0.8 L€

PASSAGE TIME = L/C

IDEALIZED
RESPONSE

DISTANCE
TIME >

STRAIN

10%

This assumption can not, of course, be correct because it
implies that when the wave is in the middle of the strain gage
grid, half of the grid is under uniform high strain and tha other
haif at zero strain, which is not realistic. The exact strain
distribution during wave passage has not been computed or
measured, to the author’s Knowledge. Rohrbach (Ref. 17, 18,
19) computed a strain distribution through a statically loaded
strain gage and also in its adhesive layer; but no dynamic
work of that type seems to exdst.

269

Coroliary: A strain gage has no rise timel Only a gage
installation on a specific specimen matefial, connectad to
‘specific signal conditioning has a rise time. For the same
strain gags the rise times wili be diffarent when it is mounted
on composite material, stone, bone, rubber, steel, aluminum,
stc.

This condition is another example of the general
statement:

No transducer has any inherent performance
parameters (properties) until its boundary conditions
at the three boundaries with the rest of the world
have been spacified.

L.= 0.5 inches
¢ = 200,000 inches/sec

For a strain gage of:
mountad on steal:

the 10-90% strain gage rige time Is:  t15 gou) = 2usec.

Rise Tima of the Oscilloscope: The manufacturer's
specifications for the CRO do not include a Rise Time
spacification. A CRO, however, is meant to reproduce the
wava shape of a signal so it will have a monotonic response
for magnitude vs. frequency and the Rise Time can be
daduced from the Upper -3 dB Point.

The Upper -3 dB point of the CRQ is, howaver, a function
of the Gain / Sensitivity / Transfer Ratio satting on the data
channet. From Fig. 27 which is a graphica! representation of
some of the Manufacturer's Specifications, (and also the
answaer to one part of Question 4), it can be seen that there is
no specification for the Transfer Ratio satting used on the top
data channel. Thera is a specification for the Transfer Ratio
setting used on tha bottom data channel. -

Top CRO Channel:

Experiment performed at: 2 mvicm
3 dB Point at 200 pviem: 100 kHz
3 dB Point at 5 mv/icm; 200 kHz

Three possibilities for application of the specs to the test are;

1. Conservative, under the assumption that if the
trequency response at 2 mv/cm were any better than at 200
pviem, the manufacturer would have said so. -

2. Liberal, under the assumption that 2 mv/cm is closer to
S mvicm than to 1/5 mv/om.

3. interpolating, logarithmically: 170 kHz

Conservative assumptions are used throughout the
design and interpretation of a measurement according to the
Unifiad Approach to the Engineering of Measurement
Systams.

For purposes of this analysis:

CRO Top Channel Upper 3 dS Point: 100 kHz

CRO Top Charnel 10-80% Rise-Time:

t,umm) = 0.35 /100,000 = 35 11 o 10%

since, for a monotonic system (see also Ref. 14);
lf2.3am (0 M) [t (109-902)(in Seg)] = 0351 10%

a limit theorem which is exact whan the ultimate roll-off slopa
of the Magnitude of Transfer Ratio vs. Fraquency
characteristic tends towards infinity at infinite fraquency.
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BOTTOM DATA CHANNEL

The strain gage is the same as for the top channal.
Amplifier: The Manufacturer's Spacification for:
Upper 3 dB point: 25 kHz

No rise-time spacification is given. Sinca the amplifier is
supposed to raproduce at its output the wave shape of its
input, it can be assumed to be monotonic in its frequency
response and tha rise-time can be computad:

tr(‘IOS-QOSO o= 0.35/25,000 = 14 [ sec

Cathode Ray Oscilloscope: The CRQO for the bottom
channel is set at 200 mv/cm Transfer Ratio for which the
Manufacturer's Specification shows an Upper 3 dB Point of 1
MHz, Its Rise Time is therefora:

tionoony = 0.35/10° = 0.35y sec.

LEAD WIRES AND CONSTANT CURRENT SOURCE

The Rise-Time of the total systam, including leads and
current source can be obtained from the shunt calibration data
providad the Rise Time of the shunt calibration step is less
than 1/5 that of the indicated System Rise Tima.

Since the current source is home-made, its rise tima is
nat known excapt by test which can ba requested from the
Standards Lab or Calibration Lab which cettifies all the
instrumentation periodically.

information on Lead Wire Rise Times is availabla from
their manutacturer or from the literature. For example (Ref.
16)

tl’(TO%-QO%} = 131.56x 107 ﬂ|2 L/t

a = attenuation of cable at frequency f in dB/100 f

f = drequencyinHz L= cabielengthin ft
Cable Type Aftenuation at 1 G Hz in dB/30 meters
RGS58 240

RG213 8.0

LDF4-50 234

LOF5-50 1.31

LDF7-50 0.891

"For all practical purposes, with the six-foot lengths of
cable in the present exparimant and the frequancy range of
the data, the cables are not a factor in the systam rise time,

ANSWER TO QUESTION NO. 2:

Esfimating from the photos:
Top Trace: t,(m%.ga%) = lan = 20usec
Bottom Trace: tyyongony = 1.2ecm = 24pysec

ANSWER TO QUESTION NO. 3:

Bafore this question can be answerad, the answers
generatad in Question No. 1 must be combined to compute

the rise time of each of the two channels:

TOP CHANNEL:

v {tr.strain gag92 + trcnozl + 10%
4.03 ysec+ 10%

trsystem

If the Observed Rise-Tima: ~ tonserved
is at least 5 times the System Rise Time.  tr.geem

then the observed rise time has not been affectad by the
measuremant system by more than 2% (Ref. 14, forex.}.

trobserved = 20 Y s@C = 495 tr-system
which is closa enough.

Thus, even with a 100 kHz bandwidth CRO and a half-inch
long strain gage, the rise times are valid within about 2%,

BOTTOM CHANNEL.:

trsystom = Vrsiraingage” + tampitier 2+ trcRO? % 10%
= 1414 pysac £10%

Since the observed rise time is only 24 i sec and no factor of
5 exists between them, that rise time is severely affacted by
the measurement systern and can not ba interpreted.

Comment: Note that it was possible to validate the Rise Time
of the Upper Channel and show that the Rise Time for the
Lower Channal was not valiid solely by intemal checks. No
recourse to comparison to a theory was involved.

The methods developed during the course permitted a
diract answer to the question:

Could this output have been produced by that
measurement system without distortion of the input.

ANSWER TO QUESTION NO. 4:
TOP CHANNEL.:

Strain Gage: The frequency response of a strain gage
has not yet bean exparimentally verified with sufficient data-
validity checks to be considered Total Quality Measuremants.

The theoretical analyses all assume complete and
instantaneous strain transmission from the specimen surface
through the adhesive laysr and the gage matrix or backing to
tha strain-sensitive grid.

It is also necessary to assume whether this spatially
length-averaging side-mountsd transducer averages the strain
at its endpoints or integrates it along its gage length. Thera is
soma evidence in favor of each of these two possibilities.

Fig. 28 illustrates the two possibilities and identifies the
govarning equations. The lower of the two resulting -3 dB
frequencies is still libaral because of the assumption of
instantaneous and total strain transmission. The lowar of the

. two -3 d_B points is:

fz_ada at %‘ =L/ < 0,443 =U/A
whare L = gage length
A wave length of the vibration

9]
un

celerity or spsad of sound in the matarial to
which the side-rounted, spatially-
averaging transducer is attached.
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Fi6. 27 FREQUENCY RESPONSES_OF THE INDIVIDUAL SYSTEM COMPONENTS (TRANSDUCERS)

STRAIN GAGE
&
= . SLOPE = -1
= ™\ = -20 DB/DECADE
= TEKTRONIX 123 PREAMPLIFIER . = - 6 DB/OCTAVE
] op 9 I
: A
= TEKTRON[X 502 CRO AT 2 MV/CM ‘*\
5™ ~
=
2l ~n
=
Cé—
=
2 . \
= TEKTRONIX 502 CRO AT 200 MV/CH A
™'}/ SCALE CONSTRUCTED FRON
& THE & DB/0CTAVE METHOD "
z 1.25 2.5 5
= b1 11 LI Lt I 1] l
0.1 1 LT o 100 1000 10 KHZ loo kHz b Vi Mz 10 MHZ
2ly 8 25 KHZ 400 KHZ 800 KHZ
3 FREQUENCY IN HZ
FI6. 30  FREQUERCY RESPONSE OF THE TWO MEASUREMENT SYSTEMS
STRAIN GAGE AND CRO AND AMPLIFIER
+P -Q
o
=
2 STRAIN GAGE AND CRO
z *
= ¢+P+D
o« —
-
Foor
= \
&
= \
-
= N\
S \\
=
P STRAIN
& GAGE +
& CRO
_=
=
Z
| { B I | i {
0.1 16 3 g 100 1000 10 k&° 2500 xuz 1 MHZE-0-1-N) 10 MHI

FREQUENCY [N HZ SLOPE
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There is a relationship among f, ¢ and & . .
f = CcA Sae also Fig. 33 from Ref. 30

hance the lowest of tha still libera[ estimates is

f2-3 dB = CJ4L

Onca again, a strain gage has no frequency response until
the boundaries between it and the other 3 parts of the world
(in the thrae-port, six-terminal Unified Transducer Mods! have
been identified. Here the important boundary is the
mechanical one involving the spead of scund in the specimen.

The liberal-consearvative upper 3 dB pointof a

strain gage of langth L = 0.5 inchaes
mountad on steel of ¢ = 200,000 inchas/sac
is f2-3 B = 100 kHz

Which of the two choices for roll-off at the high frequency end
will axist dapends on the assumptions made. Since nothing
can respond to infinite frequency, the author prefers the
choice associatad with the Integrated Averaging effact
although the {5 5 45 Was selactad from the End-Value Averag-
ing effect.

The low-frequency limit of a strain gage is DC or zero,

frage = OHz

Cathode Ray Oscilioscope: It was already established
that & conservative value for the upper CRO channal is:

fz.a dB = 100 kHz

Ne roli-off slope is spacified at the high-tfrequency end. It is
marked as -min Fig. 27.

The manufacturer does not specify a lower frequency
fimit for AC-Coupled Cennaction, but from the circuit diagram
(Fig. 28) it could be computed:

A 1 Magohm rasistor in saries with a 0.1 g F capacitor.

TimaConstant *t = 109x0.1x10€ = 0.1sec
Break Point w = /v = 10rad/sec
f = aofl2x = 18Hz

It was also exparimentally determined from transient and
staady state tasts earlier in the course as being a first-order
response (roll-off slope +1) with a break-point at:

f,.a dB = 16 Hz

BOTTOM CHANNEL:
Strain Gage: The gage is the same for both channels.

Amplifier: From the Manufacturers’ Spacifications:

25 kHz
3. H

fazan
fraas

No roll-off slopes are given at either end. Thay are marked +p
and ~q in Fig, 27.

Cathode Ray Oscilloscope: As determined for Question
No. 1:
foags = 1MHz

273

with unknown roll-off slope shown as -n in Fig, 27.
The low-trequancy end is the same as for the top channel.

Constructing a Logarithmic Scale on Linear Graph
Paper is illustrated in Fig. 30.

F1G. 30 A
A CONVENTENT METHOD OF PRODUCING A LOGARITHMIC
SCALE FROM A LINEAR SCALE

REMEMBERING THAT 6 pB = A FACTOR OF 2 (OCTAVE)

SDB_T_BBB"’I

Ikl"_'ﬁns -ns_“f‘—ﬁna
IHIIIJ_II_LIHIIIIH‘
012345678910 12 14 16 18 20 _
SCALE IN DECIBELS - 20 DB PER DECADE

|III_III|

1 1.25 2 2.5 & 5 8 10
SCALE IN LINEAR COORDENATES

DIVIDE A DECAPE INTO 20 EQUAL PARTS. EACH PART
1s 1 pB. THERE IS A& DOUBL ING EVERY § DB MOVING
vP From 0 DB (RATIO OF 1), AND A HALVING EVERY
-b pe MoviING powN FroM 20 ps (rRATEC oF 10).
THERE ARE, BY DEFIMITION, 20 DB IN A DECADE
(FacTor ofF 10). BRY CONSEQUENCE: THERE ARE 6.02 pa
IN AN 0CcTAVYE (FacTor oF 2) ROUNDED OFF To &-.
THIS PROCESS SHOWS THE LOCATIONS of 2, A, 8
GOING UP AND 5, 2.5 awD 1.25 COMING DOWN- THE
OTHER POINTS CAN BE ESTIMATED QUITE ACCURATE Y-

ANSWER TO QUESTION NO. 5:

Using the principles developed in the study of saries-
connectad systems for which the following rules applied:

1. Transfer Ratios multiply - their logarithms add — the
siopes of their asymptotes add. These operations
can be carried out graphically as shown in Fig. 30.

2. Phase Angles add lineary, which can be performed
graphically. This opaeration is not performed hers.

3. Hesponses to Steps cannot be combined graphicafly.
Resort to the mathamatical formulation must ba
mada unlass it is recognized that two first-order
systemns combine to give a second-order system for
which equations and familias of curves are already
available. This operation is not parformed here,

Aise Times (10% - 80%) can be combined as the
square root of the sum of the squares as has already
been indicated and done in Question No. 1.
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ANSWERS TO QUESTION NO. 6

Strain Gage: Machanical Input Characteristics are not
known but when mounted on the specimen, the mass and
spring constant of the strain gage are not expectad to affect
those of this specimen in any appreciable manner,

When even small bonded resistance strain gages are
mounted on low-modulus materials such as plastics, solid
propellants or high explosives, compositd materials or filament
wound structures, etc., or on thin sections of even matallic
specimens, they may appreciably disturb the strain field in
thair vicinity. No comprehensive study of this phenomencn
has come to the author's attention. The problem of self-
heating in such situations has been discussed in Ret. 27,

Electrical Output Characteristics: Two 350-chr gages in
serias, non-inductively coupled:

Qutput Resistanca; - 700 ochms
Cutput Capacitanca. unknown

Cathode Ray Oscilloacope: Input Characteristics:
1 Magohm paralleled by 47 pF, (DC-couplad) in series

with 0.1 pF when AC-coupled as in the application hare,

For voltage inputs (i.e., incremental short circuit) tha Input
impadance for DC-Coupling is a first-order system:

R = 1 Magohm
C=47pf
Time Constant: = 47 psec
= 21277 radfisec

T
Break Frequancy: ®

f 3388 Hz rounded off to

f = 3400 Hz for convenjence
Since at DC or 0 Hz the impedance for DC-coupling is 1
Magohm, the system must ba a l[ow-pass system and since it
is first order its frequency resportsas for magnitude and phase
can immediately be plotted (from earlier considerations in the
coursa). Sae Fig. 31, )

The Phasea Shift curve is the standard ona for first order

low-pass systems, using the forcing function as phase
reference (Refs. 1 & 33).

At the break point: -45°
At the end of each asymptote, the asymptotic slope
multiplied by 90°, i.e. -80° (Refs. 1 & 33 for example)

For AC-Coupling the Input Impedance at zero frequency
goas to Infinity along a first-order (slope of -1) axis, starting
trom the break point of;

R = 1Megohm ) B
C = 01yF
Time Constant; T = 0.1sec
Break Frequency: w = 10radfsec

f = 16Hz

as shown in Fig. 31

The phase angles are alsc shown and magnitudes are given
for decades above and below the break points according to
the general principles for first-order systems astablished
during the course,

Ona decade above / below the 3 dB point the actual
rasponse is 1% baelow the asymptotic value.

One octave above / below the 3 dB point, the actual
response is 10% below the asymptotic value.

ey

. The phase shift at the break point is £45°, and at the end
of an asymptote the phase shift equals 90° times the
asymptotic slopa.

Note that the impedance levels at one and two decades
above the 3400 Hz breakpoint are 99,000 ohms and 10,000
ohms, nowhere near the DC-value of 1 Megohm. At 340 Hz
tha impedanca is 990,000 ochms.

Amplifier: Manufacturer's Specifications only give
rasistance levels, no shunt capacitanca’s or inductances.

input Impedance:
Qutput Impedancs;

10 Megohms
31,000 ohms

ANSWERS TO QUESTION NO. 7:
Top Channel: Strain Gage - CRC

Based only on resistance levels, the Isolation Ratio or
Loading Factor batwesn the strain gage and the CRO would
be:

1000000
' = Joooro0 = 09993

or 0.07% information loss at DC. As the answer to Question 6,

however, shows, at higher frequencies the CRO would be

loading the strain gage substantially. Without the Qutput

Capacitance of the strain gage circuit, however, no numerical

calcuiations can be performed,

Bottom Channel: Strain Gage —Amplifier — CRC
Even at DC the Isolation Ratio betwoen amplifier and

CRO is:

1000000

l = 1030000 = 097

or 3% information loss at DC. Although the input capacitanca
to the CRO is known, the output capacitancas of the amplifiar
or of the strain gage, nor the input capacitance of the
amplifier, ara known. The effects could be substantial as Fig.
32 (from Rel. 27) iliustrates.

It is quite usual to have this situation of too many
unknowns at the boundaries between transducers in the
measurement system, which is why the Through-Calibration
techniques have been daveloped. The most often used such
method is the Resistance Injection through Shunt Calibration
or the next-best: Volfage Injection .

Additional advantages of these stop—input methods is
that the roll-off slopes at the low-end of the frequency
response curve for Magnitude (i.e. tha Undershoot
Characteristics of the measurement system and its Rise Time
can be obtained for the entire system forward of tha location
of the Injection Point. (See also Ref. 14).

ANSWER TO QUESTION NO. 8:

Using the amplitude of the compressive pulse as 100%,
the Undarshoot shown in Photo 9 is 60% for the Top Channel
and 66% for the Bottom Channel.

What is the Permissible Undarshoot for the Measurement
System?

One half the smallest scale division on the read out has
been considerad a generally acceptabla limit for noise leveis
of all kinds. It will ba applied to Undershoot.
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FIGHRE 29: CRO INPUT IMPEDANCE
INPUT CIRCUIT FOR TYPICAL CATHODE RAY 0SCILLOSCOPE

SWITCH DPEN FOR AC-COUPLED

AC
"bc
P ;{ .J- ad L e
€
Az Ca1 SRa | A" - ampLiFier
T
o | -l_ ® == AT
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C2 = 0.1 MICRD FARADS

NOTE THAT EVEN DURING MANUFACTURE, THE "A”" AND "B" COMPONEKTS

ARE NOT IDENTICAL. THEY WERE DRAWN FROM BOXES OF * xX TOLERANCE
RESISTORS OR CAPACITORS, AND THEY HAVE AGED DIFFERENTLY.

THE LOW-FREQUENCY BREAK-POINTS FOR THE TWO CHAMNELS WILL DIFFER

F16. 31: FREQUENCY RESPONSE OF THE INPUT IMPEDANCE OF A CATHODE RAY 0SCILLOSCOPE
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Flg. 32: TYPICAL INTERACTION, LOADING OR ISOLATION PROBLEMS BETWEEN SYSTEM COMPONENTS

{(From Ref. 27)
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Fig. 33: FREQUENCY /WAVE LENGTH RELATIONSHIPS FOR VARIOUS MEDIA (From Ref. 31)

Medium Velocity of Sound Wave Length in Inches for Frequency f inHz
Inches/sec f=1kHZ f=5kHz f=10kHz -f =50kHz {=100kHz

Steel 200,000 200 40 20 4 2
Aluminurm Alloy 200,00 200 40 20 4 2
Glass 160,000-220,000 160-220 32-44 18-22 3.2-4.4 16-2.2
Brass 130,000 130 26 13 26 - 1.3
Lead 47,000 47 8.4 4.7 08 0.5
Aubber 1,200-2,800 1.2-2.8 0.2-0.6 0.1-0.3 0.02-0.06 0.01-0.03
Hard Rubbar 29,000 38 58 289 08 0.3

Full Scale of the pulsa is 20 mm
Permnissible Undershoot: -;-(2 mm)=1mm=5%

Top Channel: The Top Channel is a first-order low-pass
systam with the AC-coupled CRO and the DC-coupled strain
gage. Far first-order systems, undershoot to a square pulse of
time-duration a is: (see Ref. 14).

U = ~ka/t where

T = 0.1sec the single low-frequency time-
constant for the measurement
system

k = pulse shape factor. For a square pulse k=1. for

gentler pulses such as haversine, triangular,
atc., k1.

The maximum pulse duration which would create the
maximum permissible undershoot for the worst casa of a
square puise therefore, is:

L

‘0.05x0.1 5 msec

Amax
The measured pulse duration is 0.25 msec, henca the
Undsrshoot as recorded is a negative reflectad strass wave
and not an artifact creatad by the measurement system by a
margin of over 20:1.

Since the original incoming pulsa must have been more
gentla than a square pulse, a factor of k,1 would apply and the
margin of safety would be larger than 20:1.

276




Transiont Measurements — A Junior Level Flnal Examination, by Peter K. Stein

Nota agaift that validify statements can be made from
intaernal checks of the data characteristics and the
measurement systam charactaristics and without recourse to
any theory of impact and reflected waves. -

Bottom Channel: The Bottorn Channel is a system of
unknown grder at the low-frequency end. The amplifier has an
unknown low-fraquancy roll-off characteristic not specified by
tha manufacturer, and no time-compressed stap-responsea of
tha systam is available. Had the shunt-calibration switch been
actuated only once and tha long-time rasponsa ot the system
recorded, the low-frequency roll-oft, or system order could
have baen daduced. : -

For Sacond QOrder systemns, a design chart was presentad
during the course to compute undershioot. For higher-order
systams no simple relationships have been established to
validate Undershoot. A separate analysis is necessary.

No statement can be made about the meaning or
validity of the Undershoot for the Bottom Channal. If it alone
wara available, no data interpretation would be possible.

ANSWER TO QUESTION NO. 8

The loss of pulse peak because of the Magnitude vs. Fre-
quancy Response characteristics of Transfer Ratio is given by
the bandwidth, Tha only relationships which ware daveloped
in the coursa hold for systems where the roll-off at each and
of the frequency response curve is of first order, which is not
the case hare. But a (libearal) approximation can ba made;

Top Channel; Low-Frequency Limit is 1.6 Hz with a first
ordar roll-off. The High-Fraquency Limit is governad by two
transducers each with a 100 kHz -3 dB point — the strain
gage and the cathode ray oscilloscopae. This combination will
move the system’'s -3 dB point to at least 70,700 Hz if not
lowar. The roll-off slope is unknown. For a relationship based
on first order roll-offs at the high and low frequency ends, a
liberal estimate of peak-dapression due to insufficient
bandwidth is: {from Ref. 32)

- (1+b) b 20-b)
f1/% =

Thus the recorded peak is within 250 parts/million of full
value, This Is a factor of 200 below the resolution of 5% of the
puise height which is possible on the photo, and henca the
liberal assumptions would appear to be salisfactory.

Peak which is recorded
where b

nl

226 x 10°

Bottom Channel: The low-frequency behavior is
govarned by two componants:

1. The amplifier of lower -3 dB point and of unknown

rolt-off siope

2. Tha CRO of 1.6 Hz lower -3 dB paint with a +1 roll-

off slope, ’ -

The high-frequency behavior is govemed by three
components:

1. The amplifier with a 25 kHz -3 dB point and

unknown roll-off slope

2 The strain gage of 100 kHz -3 dB point and the

humped roli-off characteristics discussed in Question
No. 5.

3. The CRO with 100 kHz -3 dB point and unknown

rofl-off slopa. ... ]

For those conditions there is no possibility of even
estimating the peak-depression due to insufficient bandwidth.
It would seem, howaver, that the bandwidth of approximately
BOCG:1 should suffice for a dynamic measuremant system
with resolution no greater than 1% maximum {and 5% of full
scale pulse height here).
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ANSWER TO QUESTION NQ. 10

. The height of the calibration puise in Photo 5, Fig, 24 is 4

" “divisions. The shunt calibration relationships without lead wire

effects were derived during the semester (also Ret_27) as:

1 _R
Coimutated =~ |¢ [RyH ~ 2000 ke

where K = 2.2, R =700 ohms, R, = 120,000 ochms

The calibration then is; 658 pe/division at the 20 mvidiv
setling on the CRO Inverse Transter Ratio (Sensitivity)
position, )

Had the CRQ inverse Transfer Ratio (Sensitivity) setting
besan at 2 mv/div then the pulse height would have been 40
divisions and the calibration at 2 mv/div is therafore:

Calibration Factor: 65.9 pe/division

The implicit assumption is that switching from the 20
mv/div to the 2 mv/div setting on the CRO in fact produces a
Transfor Ratio change of x10. The CRO Specitications place
a 3% tolarance on the individual Sensitivity sattings, giving a
possible 6% uncertainty when switching from ona to another.

Had a shunt calibration resistor of ten times the 120,000
ohm value beaen available, the calibration could have been
carried out on the 2 mv/division setting used during the test to

give a calibraticn of 86.25 pe/division.

ANSWER TO QUESTION NO, 11

Tha pulse heights on FPhoto 6, Fig. 24 show 2.8 divisions
negative and 1.8 division positive maximum, or strains of:

=185uz and +105pc

ANSWER TO QUESTION NO. 12

Were the Elastic Modulus 30,000,000 psi the
corresponding strassas would be 6530 psi and 4560 psi.
Since the Elastic Modulus is strain-rate depandent {i.e., has a
frequency response), values determined under a “static test’
should not ba used to interpret data which occur to a 20 psec
time scale. The damage potential of the measured stresses
can also not be evaluated hecause ot the strain-rate effect.
The comparison 1o a “statically” determined value of 30,000
psi yield point leads to no valid conclusions.

ANSWER TO QUESTION NO., 13

Thae criteria for peak-to-peak reproduction of a square
-wave were daveloped in Ref. 27 to ba:

150f; < f, < 051, where

lower -3 dB point

upper -3 dB point

repatition rate of the square wave

Xy
it aon

The criteria apply to 1% peak-to-peak reproduction and
to first order systams at each of the roll-offs, i.e. roll-offs of +1
at the low and and -1 at the high end (+20 dB/decade or +6
dBloctava),

The calibration wave here is not a square wave — its duty
cycle is not 1/2, and only the top channel has a +1 roli-off at
the low frequency end. The bottorn channel has a roll-off of
unknown slope. At the high frequency end, the top channel is
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govemed by two roli-offs of -1 starting at 100 kiHz giving at
approximate -3 dB point of 70,700 Hz (vV2/2 of 100 kHz).

The use of the criteria is therafore not conservative, but
50 long s the calibration pulse frequency is closer to the
lower limit than the higher c¢ne, the resuits should be
accaptable. For the uppar channal:

fl = 1.6 Hz
fs = 70700Hz hence
240 Hz <ty < 35,350 Hz

Nota that 1000 Hz is acceptable, 60 Hz would not be.
Also note that very few of the questions can be answared with
total suraty of validity. If the problems posed were important,
then some additional analysis would be in order.

ANSWERS TO QUESTION 14:

Region A in Photo 6 in Fig. 24 shows five cycles in one
division, To the 0.1 msec/div time scale that would be 50 kHz.
From Fig. 30 in answer to Question No. 5 it is seen that 50
kHz is an octave above the upper -3 dB point for the bottom
channsl, henca attenuated by mora than 20xQ%. It is an
octave balow the -3 dB point for the upper channel and
therafore attanuated more than 10%. {Sea Chapter 5, Ref. 1,
also Ref. 33.)

This highest freguency visible in the records is barely
acceptably raproduced on the upper channel and quite badly
attenuatad in the lowear channel.

ANSWER TO QUESTION 15:

Tha Noise Documentation procedure of Fig. 23 gave
photographs 1 through 4 shown on Fig. 24, documenting
evants along Paths 1, 2, and 3. '

The Environment-Responsa Path not documanted there
is the effect of the temperature change which accompanies
the strain wave due to the Kelvin Effect — a changa in volume
of a material under strass will produce a temperature change.

Documentation of tha strain-induced voltages (Path 3) is
very rare in the literature. Cne of the very few publications
including this check with interestng results is Ref. 37. in their
previous work (Rafs. 22, 23) the authors had not yet included
that precadura.

ANSWER TO QUESTION 16:

The temperature change described above may produce
thermal emfs, which would be documented, and resistance
changes which could not be documented separately. Since
the temperature-induced rasistance changes only occur whan
the strain {measurand) is applied the effects can not be
separated experimentally. Caiculations show that the
temperature rise would be small fractions of a degrea F and
hance would not create noticeable effects. The temperature
changas are, however, large enough to be measured and to
be the basis of the SPATE-system: Stress Pattern Analysis
through Thermal Emission (Ref. 34). The temperature
changes are proportional to tha sum of the principal stresses
which stimulate them.

Note that the temperatura changes occur both in the test
specimen and in the strain gage filament and that these
temperature changes may be different due to the ditferencas
in material propertios.

Flastic strain propagation and/or distribution has been
cbsarved by measuing these tamperatures (Ref. 38 is racent)

ANSWER TO QUESTION NO, 17:

From Photo 3, Fig. 24, the highest noise lavel is dus to
Path 3 — Strain-Induced Voltages. The paaks ara -1.6 and +2

divisions: -320 to +400 uvolits.

ANSWER TO QUESTION 18:

From Photo in Fig. 24, the maximum comprassive strain
gave an output of 2.8 divisions = 5.6 mv and the tensile strain
gave 1.6 divisions = 3.2 mv. The noise lavels are therefore the
order of magnitude of;

400/5600 = 7% of the maximum compressive strain

It a *standard” meastrement system had been used such as;

R = 120 ohm strain gage
I = 10 milliamp current
K = 22,suchas here

in an equal-arm Wheatstone Bridge of circuit efficiency:
n = 12

than the circuit output would have been:
e/e = LRKn =  1.32 uv/pe

rather than the 38.5 pvfue of the systam used here with
R = 700 ohms and | = 25 milliamp in an v = 1 constant current
dircuit. The noisa level would have represented:

400/(1.32) = 303 pe

more than the maximum signal of 185 ue 1l 164%!I0

For the system used here, the signal squivalent of the
noiseis: - . . . ) S
400/(38.5) = 10.4 us, a tolerable value but still
rapresanting soma 7% of the maximum tension strain and 4%
of the compression strain.
Photo 10 on Fig. 24 shows the noise level to the same
scale as the signals.

ANSWER TO QUESTION 19:

The six noise suppression families ware derivad from a
single equation attached to a conceptual model, in Ref. 27
where they are dascribad in some detail.

= Mutual Compensation: Cancs! by Subtraction
Used hara in the nhon-inductively series-connaectad
sirain gages to minimize any magnetically induced
voitages in the circuit,

*  Shield, Absorb, Isolate: Minimize by Division
The electrical shields on the cables connecting the
curent source to the gages and the gages 1o the
CRO “caught® amblent electrically induced voltages
and blad them off to the cormnmon, single ground. The
cases of the current source and the CRO also acted
as shields and were connectad to the common
ground point. :

*  Filter: Selactive Decease of an Environmental
Stimuius — could be considarad as an Atiribute-
Selective Shield and classified as pari of that family.
The AC-coupled (or RC-coupled) CRO filterad ot
the large DC voltage V =.R = 17.5 v at the CRO
terminals,

Self-Compensation: Response Reduction
Self-temperature-compensated strain gages wers
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used. Since the Transfer Ratio of tha measurement
system is a direct function of R, that compansation is
halptul, —-
Sideways Prorotion: Reducing the Imemrogating
Input to an Undesired Response
The lead wire resistance from the gages to.the .
CRO has almost no current interrcgating it, henca no
voltage drop can be created across those leads.
They represant the voltage-output connections on a
Kelvin-Thompson Four Terminat Resistor. The ieads
have bean deliberataly placed in that part of the
cireuit whare “thare is no action” heance thay cannot
contribute to the output.

«  Jail- Location of an Undssired Response whera
it does not affact the System
The lead wire resistanca from the current source
to tha gages is in the constant-current portion of the
circuit. No variations in the lead resistance will
change the current which interrogated the strain
gage. Those leads represent the powar-input
connections to the Kelvin-Thompson Four Terminal
Rasistor. Their variations do not affect the circuit
output: they have been “put in jail®.

ANSWER TO QUESTION NQ. 20:

Noise suppression through Information Conversion, also
known as Modulation or Carrier Operation with 2 non-DC
wave shape, was not used.

ANSWER TO QUESTION NO. 21:

Information Conversion saparates self-generating
{voltage or current) responses from non-self-generating
{impedance-basad) rasponses. Since the major noise lavel in
this sxperiment is an uncomfortably large, self-generating,
strain-inducad voltage, the method would be ideal to suppress
thase hoise lavels. :

The Interrogating Input must be non-DC, such as a sine
wave or a pulsa train, and its frequancy must be such that:

feamar > ™M-famax+ fomax where

fe = carrier frequancy

famax = Mmaximum frequancy of the self-generating
{voltage) rasponse

femax = Mmaximum frequency of the non-seli-

genarating (mpedance-based) rasponse

m = separation factor betwaan two frequencies
of which the lower is to be suppressed with
a filter and the upper is to be transmitted
through the filter (high-pass filter).

Common values of m in commarcial designs range from 3
to 30 with 4 very common. Give a filter designer two octaves
and that is usually sufficiant for the design critaria presentad
hare.

There is also a demodulation criterion of the type:

fe > (k1) fomax whera
= separation between two frequencies, the
lower of which is to be transmitted through a
filter and the upper one suppressed by it
{low-pass filtar). The sarne value for k can
be usad as for m.

Whichaver of the two design equations gives the highest
value for f, is the appropriate desigh value.
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Frequancy anaiyses of the sall-generating response such
asin Photos 3 and 4 in Fig. 24, and of the total response such
as in Photos 6 through & in Fig. 25, would give the required
valuas for famax and fs.max. See Ref. 27 for a detailed
discussion, case studies, examplas and referances.

- With the measurement system bandwidth limited at 100
kHz and apparently sufficient to reproduce the wave shapes
invoived, a carner frequency of 500 kHz would be sufficiant
withk=m=4,

Such a system can not be purchased commercially for
tasts such as this one, although one can readily be home-
made. A 500 kHz system, designed according to the criteria
spacified above, and used for strain measurement on high-
spead rotating machinery is reported in Ref. 35. It successfully
supprassed self-generating (voitage) noise lavels which were
orders of magnitude highar than the signal.

ANSWER TQ QUESTION NO. 22:

Since a carriar system might not be avallable, the only
other ways in which the minimize the noise lavel with respact
to the signal is to increase the signal:

Use a higher valus for R, such as 1000 ohms

Usa a higher value for | such as 30, 35, 40 ma depending
on the self-heating eflect (See Ref. 27).

Use a higher value for K, a relatively unproductive route
since salf-temperature compensation and linearity
are usually compromised for K-factors other than
near 2.

ANSWER TO QUESTION NO. 23:

Photo 7 in Fig. 25, for the 2 oz. hammer, shows that the
incident, initial compression pulss has completely passed
through the gage before the reflacted compression puise
returns from tha clamped end. The strain retums to zero
batwaan the incident and reflected pulses (see also Fig. 22).
That is not the case for the larger projectiles (hammers).

In Photo 6, for the 8 oz. hammer, the pulse is wide
enough so that the incident pulss is still passing through the
gage as the leading edge of the reflected pulse returns.

Only Photo 6 will permit computation of the Reflection
Factor for Stresses of the clamped end;

it is the ratio of the amplitude of the Incident Pulse to the

Refiectad Pulse: 2.8/1.6=0.57

The assumption is mads that the 16.4 inch round trip
from the gage to the clamped and back to the gage has not
attenuated the pulse amplitude significantly, The amplitude of
the reflected pulse should, in reality, be slightly higher than it
is and the value for Reflection Factor is therefore a low valua,

Thera is ho simple way for estimating the effect of this
idealizing assumption.

ANSWER TO QUESTION NO. 24:

The time elapsed between the incident and first reflected
pulse corrasponds to 16.4 inches of travel. The time batwean
tha reflactead compression pulse and its return from the free
oend as a tension pulse (near the middle of the photo)
comresponds to a 46 inch round trip. The tolerance on the 2nd
calculation should be less than for the first because the
resolution on the photo will be batter.

2.4 div = 0.24 msac for 46 inches = 191,667 inches/sac.
The uncertainty on this calculation is fairly large, howaver,
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ANSWERS TO QUESTION NO. 25:

The photographs on page 30 show Post impact
Vibrations —~ a faw cycles and thert a faidy farge number, for
two gage locations. It is saen that the maximum strain may
oceur duning these post impact vibrations.

The page 29 shows records from individual gages and
with different masses of impacting hammers. :

it can be sesn that the strain concentration factor under
transient.conditions doas not depand solely on geometry and
loading condition, but also on the impacting object and on
tima, which is not the case for static strain concentrations.

Tha suparposition of the Post Impact Vibrations is
probably responsible for the high strain concentrations after
tha initial strain pulse has passed the hoie.

Nota also the noise level checks on page 30 and the
shunt calibration showing the risa-time of the measurement
systam without the strain gage. i

ANSWERS TO QUESTION NO. 28:

The relationship cited, is derived for pulse-amplifier
design and holds in the limit when an infinite number of stages
are sequanced, that js, the uitimate roli-off at the high
frequancy end approaches infinity.

it also holds only for monotonic systems for which the
roll-off is always in one direction only, without resonant
humps. The frequency response of a length-averaging side-
mounted transducer such as a strain gage, has resonant
humps as seen in Figs. 27 and 28. Thus the relationship can
not be used for this experiment.

It should be noted that a number of investigators have
applied this equation to strain gages and that their
conclusions, therafore, must be somawhat suspect.

ANSWERS TO QUESTION NO. 27:

See the earlier discussion of triggering on p. 17 and 18,

ANSWERS TO QUESTION NO. 28:

The Trigger Dalay Time is the time between the arrival of
the trigger signal at the CRO terminals and the start of the
sweep. That property is not spacified for the Tektronix 502
CRO. It was found to be about 50 psac. See Figs. 20 & 20A.

Knowing the wave propagation velocity and tha distanca
the wave traveled between the impacted end and the gage
location (23 inches), it is possible to extrapolate backwards to
the instant of impact when the trigger signal arrivad at the
CRO terminals, as shown on Fig. 20. Tha Trigger Delay Time
can then be estimatad. .

From Fig. 20A: The wave arrives at the gage location
which is 23 inches from tha impacted end at 115 psec after
irnpact whan fraveling at 200,000 inches/sec. But only 1.3 cm
at 50 usec/cm sweep speed are visible: 65 psec, Thus the
impact must have occurred 50 psec before the appearance of
the CRO beam, implying a 50 psec trigger delay time.

The impact lasted 80 psec as seen from Fig. 20A and the
discussion abova, since impact is over 0.7 divisions = 35 psac
before the arrival of the strain wave at the gage location.

Notica that impact Is all over before the gage rsalizes that
it has occurred! Technically, the display in Fig. 20A is of post-
impact vibrations!

ANSWERS TO QUESTION NO. 29:
Two simple methods exist to identity the end of impact:

- Trace Blanking can be initiated at end of impact
when the hammer Ieaves the bar and a -6 voit puise
is generated at the trigger terminals.

- The trigger signal can be racorded on a CRO
channel, showing the end of impact. Ses Figs. 20
and 20A.

ANSWERS TO QUESTION NO. 30:

Of the many methods of observing/recording high speed
transient phenomena, a brief discussion of the major ones is
given,

Analog CRO. That is the method used in this experimant.

It has the advantage of not being compromisad by any
sampling process and possible either loss of data by pra-
filtering or aliasing without pre-filtering.

it has the disadvantage that tha record can not be recre-
ated or re-played. It must be analyzed from the photograph.

Magnetic Tape Recorder — Diract Record, Analog: The
old, direct-racord, analog tape recorder has two
disadvantages:

+ it does not respond to DC; in fact its low-frequency
limit is so high that Undeshoot bacomes a real problem for
pulse-type measuraments. It could not be used on this test if
the pulse tail wave shape wera important,

*  Tha thickness uniformity of the magnetic layer on the
tape is critical and any non-uniformity would be reflacted in
non-uniform calibration.

The dirgct racord analog tape, however, did have two
distinct advantages:

= lts performance was not compromised by loss of
data becausa of pre-filtering for anti-aliasing purposes.

+ s frequency response at the upper end extended
into ragions neadad for impact testing.

it has baen the author's strong conviction (Ref. 36) that
all tests such as this should be recorded on an analog
recorder, aither CRO or, praferably, direct record magnetic
tape, in paralle]l with whatever sophisticated, real-time, on-ling,
interactive, programmable, etc., recording system is now
state-of-the-art. It is then possible to verify whether or not
high-frequency information has been lost to the pre-filtering
operation necessary for all AM, FM or digital (i.e., non-analog
by the definition of the Unified Approach) operations.

Magnetic Tape Recordsr — FM: The FM tape recorder
does exhibit frequency response to DC and thus no
Undershoot problarns, But it also uses pra-filtering, eliminating
high frequency data before the modulation process, data
which the user will naver know axisted. Today's FM tapes do
have the high-frequency response needed to display impact
data of tha type to be acquired in this test.

Transient Capture, Digital CROs or Davicas; The digital
storage based methods offar a great advantage:

«  The data are in a form which can be replayed, to any
time scale, for subsequent analysis, manipulation or
processing without compromising the originally stored data.

The disadvantage again is:

* The data had to be pre-filterad to aveid aliasing,
possibly removing high-fraquency information which the user
will never know was there. Without pre-filtering the data, the
danger of afiasing high-frequency signals into low-frequency
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noisa lavels, foravar buried in the data, exists.
As pointed out in Rets. 27 and 38, the only procedurs 1o

circurnvant the problems and use the advantages ol non-

analog measurement systams: AM, FM, PM, PAM, PFM,
PPM, PDM, Digital, etc., is to use the record from a direct
racord magnetic tape recorder to establish the highest
frequancies present in the signal, and then to select a
sampling rate or carrier frequency to guarantee their
reproduction.

Cathode Ray Oscilloscopes: Unless the CRO has a
memory of its own, available in various forms and with various
persistencas, a photographic record of the evant must be
made with a camera, usually cne for which the shutter is open
for a single sweep on the CRO,

ANSWER TO QUESTION NO. 31:

Strain Gage: Strain gages of the type used here, are
linear up to 1% to 3% strain, 10,000 to 30,000 ue. The strains
encountarad in this expeariment are just a few percent of that
range. Evan the maximum strain envisioned: 1000 wue is sfill in
the linear ragion.

Ampliisr: The maximum input signal is specified at 0.1 v
peak-to-peak. The strain gage output is 38.5 pv/uc which, at

-the maximum postulatad strain of 1000 pz is lass than 40 mv.

CRO: Bince the CRO was balanced before uss, its initial
output is zero, near the middie of the linear range for positive
and nagative inputs. The CRO linearity, is not stated in the
spacifications but should be within just a few percent whan
properly adjusted, used on 8ingle Ended Coupling, and so
long as the signai is on screan.

ANSWERS TO QUESTION NO. 32:

Ref. 15 provides a detailed discussion of the relative
merits of the equal-arm Wheatstona bridge when compared to
the Constant Current Circuit as used here. A brief summary is
given below.

COMPARISON BETWEEN CONSTANT CURRENT AND EQUAL-ARM WHEATSTONE BRIDGE CIRCUITS

Constant Current Circuit Criterion Equal Arm Wheatstone Bridge
The Circuits
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LEADS
Linearity only limited by the non-infinite Current Linearity Always non-linear. Maximum non-linearity is

Sourca Output Impedance and the non-infinite Load
Impedanca, Under idseal boundary conditions, this
circuit is linear.

ideally, Rg = ®, R =

approximately the unit resistance change, ARR =K.«
= 2.2x1000x10°% at maximum expected strain, less
than 1/4% here so nct a real criterion. For semi-
conductor strain gages or resistance tharmometers,
this is a real problem!

Highest possible Circuit Efficiency for maximum

Transfer Ratio or

Circuit Efficiency of 1/2. Always half the output

Transfer Ratio: L.R.K uv/ue. Circuit Efficiency | available from a Constant Current Circuit.
In this experiment: 0.025x700x2.2 = 38.5 pv/ue. In this experiment: 19.25 uv/ue.
This is almost twice the design target value, Sinca the design-target was 20 pviue, this valua
l would still be barely acceptable, except that the
signal-to-noise ratic would be half that of the
constant currant circuit.

Resistance-subtraction is not possibla. Salf- Electricai By placing transducers in any two adjacent bridge
compansated transducers must be used when such | Compensation | arms it becomes possible to subtract resistance
compensation is required. changes in those transducaers. This is the basis of

Voltage-subtraction is possible and is, in fact, electrical temperature compensation, for axampie,
usad in this experiment. The two strain gages are sometimes called “active-dummy” compensation.
arranged in a honh-inductive, bifilar manner to Voltages in adjacent arms can be added or subtrac-
subtract any magnetically-induced voltages. ted depending on the polarity of their connection.
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!

{n the traditional constant current circdit as
shown here and discussad in Ref. 15, the DC outpit
from the circuit: £ = I.LA = 17.5 volts must be filterad
through RC-coupling or AC-coupling so that the
small, millivolt-signals can be observed. The filter
dictates the low-frequency limit, here 1.6 Hz. Thus
the circuit was only useful for dynamic
measuraments, which axplains the title of Relf. 15,
constrained by its 30-year-old technology.

tn modern signal conditioning it has become
possible to read tha signals, here some 200ue
generating 7.7 mv to 1% in the presence of the 17.5
volt offset. This requires a resolution of 100 uv at
the 17.5 volt level, about 4-1/2 ppm.

It has also recantly become poss:ble to buck
out the BC voltage and obtain the advantages of a
Wheatstone Bridge combined with those of a
Constant Current Circuit.

It should be notad that constant current sources
with the spacifications required for this application
as usad in this axperiment, are not commaercially
available and must be home-made. .

Rasponse to DG

Sinca a bridge can be “balanced” - i.e., adjusted to
zaro output for zero maasurand input, it is possible to
observe the small, millivolt, outputs directly and down
lo DC, i.e., zero frequency.

Until recent developrnants in technology, this
was considered the greatast advantage of the bridge
circuit over ha constant current circuit. Also the fact
that constant currant sourcas for the application as
used here, have to be home-made may be
considered a disadvantage for the Constant Current
Circuit application.

The Constant Current Circuit is Single Ended. Difterential A bridge can be operated Grounded Input to
The input-transducer, current source and read-out- Coupling Filoating Output, i,e. differentially coupled at the
transducar are on a common gmund No difterantial output. The Common Mode which must be rejected
coupling is possible. by the CRO is E = LR. = 17.5 v. Very few CRO's,

To some measursment angmears thts is a and certainly not the Tektronix 502 or 502A are
great disadvantage. The author feels it a great capable of rejecting that common mode voltage at
advantage. When nothing is floating, noise levels Sensitivity settings of 100 or 200 pv/div. Such CROs
are less likaly to be picked up. The measuremant will ba driven non-inear (see Ref. 27).
system performance is not dependent on common Also, when the output floats, it is more likely to
mode rejection problems, which can be severs. See pick up noise levels which must now be common- |
also Ref. 27. mode-rajacted.

The ripple factor of tha current source must be | Ripple Factor of The ripple factor for the voltage source will be
in the ordar of 2 ppm (see earlier saction) becausa | the Interrogating | mostly suppressed through subtraction at the cutput
any ripple feeds right through to the output. Input terminals and by common mode rejection.

Nothing can be simpler than a Constant Simplicity A bridga raquires bridge complstion resistors, a

Currant Circuit. One Input Transducer, one
Constant Current Source, one Read-Qut-
Transducer and inter-connecting cable. No
balancing rasistors, no bridge completion resistors,

no choica in grounding. Simplicity is an advantage.

balancing circuit and tha saelection of a ground point
- only one of the four corners can be grounded. It is
inherently more complicated than the Constant
Current Circuit.

Every additional componant may be a refiability
problem.,

Tha use of a Constant Current Circuit in this Experiment
was a delibarate exercise in the use of a non-traditional but
suparior measurement systeam in an application usually
considerad as challenging.

Tha first circuit used with bonded resistance wire strain
gages in Septembar 1936 by Edward E. Simmons, Jr., their
inventor, was a constant current circuit oparated at a high
efficiency of 64.3% with a Transfer Ratio of 64.3 pv/us! Almost
twica the output from the circuit used here. He had a 500 ohm
gage with 100 ma current applied as a single pulse because
of salf-heating problams. The measurg-mant was of impact
torces with the first strain-gage-based load cell.

CONCLUSIONS:

An experiment, usually considered as challenging, was
designed and caried out successiully using the systematic,
mathodological Unified Approach to the Enginsering of
Msasurarment Systerns. Valid, noise-free data were harvasted
by dasign.

The material presented in this paper was included in the
lectures for the Junior lavel, first course on Tha Engineering of
Measurement Systams in the Laboratory for Measurement
Systems Engineering (LI/MSE) at Arizona State University, by
the author, from Fall 1959 through Spnng 1977, as it was
developed during that period.

LIMSE prided itself in producing Measurement-Aware,

Measurement-Oriented, Measurement-Conscious Engineers |

at the BSE, MSE and PhD levels during that period.

LI/MSE offered six courses from Junior through post-
graduate lavels. Each course met for 16 waeks, four hours of
lecture and 2 hours of laboratory or lab preparation each
week. Some 865 studants took the first course for which this
paper reprasentaed the final examination, The author is still in
touch with over 850 of them through a semi-annual LI/MSE
Newslatter, now in its 20th year (1993),
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DEVELOPMENT OF A GUIDANCE DOCUMENT
FOR LIGHTINING PROTECTION OF DOE FACILITIES *

R. T. Hasbrouck
K. C. Majumdar

Lawrence Livermore National Laboratory, Livermore, California, 94551, USA

We are developing a guidance document for the lightning protection of US Department of Energy (DOE}
facilities to satisfy the requirements of the department's order DOE 5480.28, Natural Phenomena
Hazards (NPH) Mitigation Performance Goals for Structures, Systems and Components (SSCs). This
order specifies a systematic process of well defined and integrated design and evaluation criteria for
the protection of SSCs. Our document introduces the idea of Lightning Hazard Management because
there is no single document that presents a unified approach to lightning protection. Earlier versions of
the US National Fire Protection Association (NFPA) Code, Lightning Protection, NFPA-78, only
addressed the protection of structures. This is also true of the International Lightning Protection
Standard, 1EC-1024 and the Underwriters Laboratories recently lssued Standard for Safety, Lightning

Protection Components, UL 96.
1.0 INTRODUCTION

This paper provides an overview of our
guidance document. It introduces Lighining
Hazard Management, a unified approach to
lightning protection that combines facility
categorization (not discussed in this paper} and
hazard identification with a new concept—the
Lightming Safety Systemm. We do not intend to
develop a new lightning code or standard, but
rather reference other applicable codes,
standards and guides. Using the graded
approach to systematic risk management
allows for in-depth protection, and aids in
ensuring personnel safety and the optimizing of
resource protection.

Prior to being issued, this guidance document,
currently in draft form, will be submitted to
reviewers at a number of DOE facilities.

2.0 LIGHTNING HAZARD MANAGEMENT
2.1 Hazard Identification

Hazard identification considers the severity of
the hazard and the likelihood of its occurrence,

2.1.1 Lightning Characteristics

Thunderstorms produce several types of
lightning: intracloud (IC), intercloud, cloud-to-
ionosphere, and cloud-to-ground (C-G). Total
lightning (all types combined) varies with
geographic location and is greatest in the
tropics. The greatest percentage of total
lightning is generally IC. However, becatse

* Work performed under the auspices of the US Department of
Energy by the Lawrence Livermore National Laboratory wnder
contract No. W-7405-ENG-48.
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- oocurrence have been

C-G lightning reaches the ground, and objects an
the ground, it represents the greatest threat to
personnel, operations, structures, systems and
components. A single C-G lightning event,
called a flash, typically lasts for
approximately one-half to one second, during
which (for negative lightning} a large quantity
of positive charge is transferred from earth fo

cloud in what is called the retum stroke. A

flash consists of one or more consecutive refurn
strokes, each a current pulse of thousands to
hundreds of thousands of amperes, lasting 50~
100 microseconds. This high-amplitude puise is
often followed by a continuing current of several
hundred amperes lasting for hundreds of
milliseconds. During a flash, the struck object
must conduct the return-stroke current, and it is
this current that can produce damage, both
directly and indirectly.

2.1.2 Severity

The severity of a lightning stroke is usually
related to the peak amplitude of its retumn-
stroke current. Statistical data for the range of
peak currents and the probability of their
accumulated by
researchers over a mumber of decades. For
negative lightning, the 99th-percentile vaiue
(i.e., 1% of lightning exhibits this or a larger
peak current) is 200,000 amperes (200 kA), and
is considered to represent a severe threat. Such

a stroke could be described as having a very-

low frequency, or likelihood, with high
consequences. It is important to keep in mind
that intense thunderstorms can produce several
thousand C-G lightning flashes, and 1% of
those flashes can be expected to be 200 kA or




greater. The less frequent positive lightning-—
where positive charge travels from cloud to
earth—is known to exhibit maximum values of
400 kA or more: However, the occurrence of such
flashes is significantly lower than for negative
lightning. Another way to present peak current
data is in deciles. If n is the total number of
flashes being considered, each decile will
contain »/10 flashes. The average value of
peak current per decile is then calculated. The
tenth decile represents the severe stroke.

2.1.3  Probability of Being Struck

The CG lightning hazard for a specific site is

expressed in terms of ground-flash density—the
number of C-G flashes per square kilometer per
year. Ground-flash density calculations for a
particular site take into account the latitude
and number of thunder days per year. Although
the total number of lightning flashes decreases
with increasing latitude, the percentage of C-G
flashes increases. Table 1 lists calculated
ground-flash densities for three DOE's sites
located in the SE, center, and NW of the US.
Two different equations, derived by different
researchers, were used to obtain the ground-
flash density values shown. Since the equations

are empirical and their associated data are.

based wupon statistical correlations, they
possesses inherent uncertainties. This is true for
the modeling of any natural phenomenon. In the
future, analysis of the Ilarge volume of
archived, C-G lightning data, acquired by the
national lightning detection network, will
provide more realistic, site-specific values for
ground-flash density.

Assuming that lightning strikes are evenly
distributed over a given area, the probability
. of an object being struck can be estimated from
the product of its attractive area and the

ground-flash  density  (flashes/kmZ2/yr).
Attractive area is a function of the structure's
ground-surface area and height, and the stroke
amplitude. A negatively-charged channel, the
stepped leader, moves in downward steps from
doud to earth, carrying the cdloud's full
negative potential of 50- to more than 100-
million volts. Striking distance—the stepped
leader’s final jump to ground or to a grounded
object—is a function of the quantity of charge in
the channel and thus the amplitude of the
return-stroke current.

Table 2 shows that lightning, of some
amplitude, can be expected to sirike the
facility—described in Section 3.0—once every
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2.7 years. Observe how, because of the tal]

light poles, the attractive area greatly exceeds
the 45000 m? surface area enclosed by the

- poles, thereby increasing the probability of

being struck. Such probability calculations can
be useful for comparing similar structures in
different geographical areas and determining
the effect of structure height. In reality,
ground-flash density is not uniform, being
affected by factors such as local geography and
climate. Some points to consider about a 200-kA
(severe} stroke: it can cause significantly
greater damage than a 20-kA stroke; its greater
striking distance increases the attractive area
of elevated structures, increasing the
probability of their being struck; it represents a
small percentage of the total C-G lightning. For
large-amplitude strokes, elevated structures
provide a "protective shadow" (often called a
"cone of protection”) over nearby lower
structures. Since the shadow area decreases for

‘smaller strokes, which ooccur with greater

frequency than large strokes, their effects

= should not be overlooked.

22 Lightning Safety System

The lightning safety system (LSS) offers a
unified approach that integrates four
lightning-safety elements: lightning threat
warning system, threat warning response plan,
lightning safety system, and safety system
certification plan. The extent to which each
LSS element is implemented at a particular site
will depend upon the mission of the facility
and the element's impact upon the safety of
workers, the public, and the environment. Such
determinations must be made by those
responsible for risk management.

2.2.1 Lightning Threat Warning System

Ifno one is paying attention to the weather (or
weather reports) a thunderstorm can develop
locally, or move into the area, unnoticed—with
the first lightning flash providing the first
warning. The purpose of a lightning threat
warning system (LTWS) is to acquire and
display timely and reliable lighining threat
warnings.

Currently, o single piece of equipment can
provide no-miss/no-false-alarm lightning
threat warning. A credible LTWS should
employ two or more types of monitors, with the
right LTWS for a particular site depending
upon the level of perceived risk and what
resources are threatened.



C-G  lightning occwrs randomly, rr}e_x_king it
impossible to accurately predict when and
where it will strike. However, several
detection techniques. are available, ranging
from AM-radio receivers and electro-optical
serisors, to weather radar and sophisticated
systems that locate lightning by triangulating
on its electromagnetic or magnetic radiation. IC
lightning is known to occur from five to 30
minutes prior to the first C-G discharge. Thus,
an ideal LTWS would combine the monitoring
of cloud electrification, IC detection, and C-G
location and fracking.

Methods that can be used as LTWS monitors are
summarized below:

¢ Direct observations of the weather,
made by a trained individual.

¢ Reports from the National Weather
Service, or 4 commercial weather-
warning service. . . . — .- -

+ Optical detector(s}—either hand held

or unattended, that can detect IC
lightning and sound an alarm.

+ Flash detector.

¢ Electric-field sensors for measuring
electrical charge in nearby clouds.

+ A site-dedicated lightning detection
system. )

+ Display of data provided by a wide-
area lightning detection network.

2.2.2 Lightning Warning Response Plan

Having a lightning warning response plan
(LWRP) ensures that standardized procedures

are in place for responding to a lightning-

threat alert and lightning-hazard alarm. The
LTWS should provide enough advance warning
to permit the established safety plan to be
carried out in an orderly fashion, while
keeping false dlarms to a minimum. The LTWS

should provide an alert when a lightning

threat is identified and an #larm when the
threat has evolved into a hazard. It must also

reliably report when the alarm and alert states .

cease to exist. When such information is timely
and reliable, decisions can be made regarding
the curtailing and resuming of at-risk
operations and activities—ranging from
personnel working outside, to tasks involving
dangerous or hazardous materials. These
decisions will
provided by one or more of the methods listed
above.

be based wupon information

289

.. The following are suggested warning conditions

and responses:

All Clear-—no suspicious clouds; no sign of a
thunderstorn:.

= carry out notmal operations.
» utilize main electrical power.
+ monitor weather conditions.

- Yellow Alert—positive indications that a

lightning threat has been identified.

» prepare to curtail vulnerable or
dangerous operations.

» activate emergency backup power
system.

+ prepare to move to safe shelter.

Red Alarm—positive indications that a
lightning hazard exists.

» curtail vulnerable or dangerous
operations (unless doing so presents a
greater danger).

» transfer electrical load to emergency

- - - backup power system.

e move to safe shelter.

Return to Yellow Alert—positive indications
that lightning hazard is dissipating.

e prepare to resume vulnerable or
. . dangerous operatons.
» transfer load to main electrical power,
© - if it is available. -
* prepare to move. from safe shelter.
Return to All Clear—no threat of lightning.

¢ resume normal operations.

» shut down emergency backup power
system.

* continue to monitor weather conditions.

2.2.3 Lightning Protection System

Qur guidance document presents a lightning
prétection system (LPS) as an integrated system
for protecting structures, systems and
components from lightning. In the past, an LPS
involved only air terminals (lightning rods)
and their associated conductors, bonding, and
grounding systems—using ideas and methods

. .that have not changed significantly since Ben

Franklin's era—with the focus being protection
of structures. Qur LPS consists of a lightning
grounding system (LGS} combined with systems
and components protection (SCP). Today's codes
and standards more than adequately present
LGS criteria.

Earlier-generation electrical and electronic

systems and components used vacuum tubes,

relays, and analog control and computation
devices. Consequently, they were significantly
more robust against the effects of voltage




transients (including those produced by
lightning} than are today's sophisticated,
computer-based systems with their high-
density /low-power microcircuit components.
Transient over-voltages may immediately
destroy solid-state components, or cause latent
failures, where transient-weakened components
fail months after the Ilightning
Lightning-produced voltage transients can also
produce interference (a noise signal) that easily
upsets unprotected digital systems.

NFPA-780-1992 makes.a brief reference to the
need for surge suppression for all conductors
penetrating a structure. To achieve the in-
depth protection necessary to ensure against
system upset and failure, we introduce the
fortress concept, a proven lightning protection
methodology.  First-level  protection is
provided by an LGS. (Note: although called for
in NFPA-780 and other codes, air terminals are
not essential if properly grounded conductors
are nun an the roof of the structure) All
electrically-conductive paths that penetrate
the building (e.g., metallic pipes and conduit,
vent stacks,
lightning grounding system externally, at the
point of entry (POE). Penetrating electrical
conductors (e.g., power, communications and
data lines} must be contained within metallic
conduit or overall shielding. The conduit or
shielding must be terminated (wherever
possible) at, and bonded externally to, the
lightning grounding system at the POE. This
limits the magnitude of lightning current
conducted into the structure. -

Proper SCP ensures that all electrical
conductors pass through transient-limiter
(surge-arrestor) components located inside the
structure, as close as possible to the POE. With
a properly installed LGS, limiters need only
accommodate a small portion of the lightning
current transient, typically in the range of
several tens of kA. Within the structure, the
number of componient protecion levels
employed will depend upon the consequerices of
upset or failure. Transient limiters—having a
power rating lower than that required at a
POE—are recommended at the power and data
input points of individual systems and
components. Critical-function and high-value
components that are susceptible to over-
voltages should also incorporate transient
limiters directly on their printed circuit boards.

event. -

etc.) must be bonded to the. . .
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2.2.4 Lighining Safety System Certification
Plan

A lightning safety system certification plan
(LSSC) should contain the following, site-
specific requirements and methodologies for
certifying and for periodically verifying the
LTWS and LPS: :

LTWS . -

+ cross check IC detector with weather
service information.

¢ periodic servicing and calibration of

- - electric field monitors. -

note: for national lj%htning network
information, the S adheres to well-
established quality assurance
procedures for all their weather
products. . .

LPS
¢ inspection and review

¢ perform walkdown.
s procedure review.
e program plan audit.
+ fgicﬂity measurements and simulations

. » dc-resistance and radio-frequency
(RF) testing.
e finite difference analysis.

+ periodic testing, maintenance,
corrective action program, QA program.
* LGS—visual inspections, dc-
resistance and RF measurements.

& SCP—transient limiters

3.0 EXAMPLE OF TESTING AS PART OF
FACILITY CERTIFICATION

A recently constructed facility has been studied
to determine the effectiveness of its LPS. This
facility consists of a large, reinforced concrete
structure surrounded by a security fence and
twelve, 32-m tall light poles placed on the
outer-perimeter. Described below are two tests
of the LGS that constitute part of an LSSC plan.
One test is traditional, the other is somewhat
innovative for an LGS. Testing of the facility's
SCP has not been performed and represents a
challenge, because procedures for facility-scale
testing of protection components are not known
to exist.




3.1 DC-Resistance Measurements

Extensive LGS de-resistance measurements were
made using the three-point, fall-of-potential
method described in NFPA-780. This allowed
several bad or missing bonding connections to be
discovered and cortected. Resistances measured
from the LGS to “true earth” were about 1 ohm,
well below the recommended maximum of 25
ohms. This showed—as one would expect—that
the structure contains a very large quantity of
interconnected metal that is in good contact
with the earth. However, as discussed below,
low values of LGS dc-resistance are ro
guarantee that lightning currents will remain
harmlessly outside the affected structure.

3.2  Electromagnetic Survey

This structure gives the appearance of being
electromagnetically hard. However, low-
level, swept-frequency RF testing (10 kHz~30
MH2z2) revealed conditions that could infroduce
lightning-induced energy—-in the form of time-
varying magnetic and/or electric fields or
arcing—into areas within the structure. Time-
varying fields can couple energy into systems
and components inductively or capacitively.
Arcing can create local heating that can ignite
combustibles, and inject current into otherwise
isolated paths. All three forms of energy can
produce electrical noise that can upset
unprotected digital systems. Whether or not
such energy presents a threat will depend upan
the susceptibility of the systems or components
exposed to that energy.

The structure interior is shielded from
lightning by the outer layer of concrete-rebar
that conducts most of the lightning current.
However, some lighining current does enter the
interior via metallic penetraons—POEs
provided by vent stacks, various grounding
cables, and conduits for electric power and
communications signals. These POEs may be
excited directly by a lightning attachment, or
indirectly when lightning attaches to either
the structure itself or a nearby metal light pole.
A portion of the lightning current from a struck
light pole will reach the POEs via underground

conductive (counterpoise) cables, which are.

integral to the LGS, and flow into the
strructure’s interior.
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4.0° SUMMARY

Effective Iightﬁihgﬂ protection can be realized

* by applying the methodology of Lightning

Hazard
warning

threat
using

Management.
can  be

Lightning
accomplished

commercially available systems. Recognized .

lightning protection codes™ provide detailed
information for the design and installation of
lightning  grounding  systems. However,
attention roust be paid to proper bonding of
conductive paths penetrating a structure.
Several types of devices are available for
protectirig systems and components from current
surges and voltage transients. However, there
is no code that establishes criteria for the
protection of systems and components.
Procedures for lightning threat warning
response, and for certification and surveillance
of lightning safety systems, have been
recommended. Details for such procedures will
be site-specific.

5. CONCLUSION

When faced with the problem of providing
lightning protecon for an operation or
facility, risk managers can be confronted with a
plethora of scientific data, commercial
products, half truths, and folklore. Our
guidance document presents an organized,
intelligent approach to categorizing the risk

“associated with a particular facility, and

managing the lightning hazard—regardless of
the magnitude of the problem. And, it will
have been reviewed by people who have
experience in dealing with lightning protection
problems. Understanding the functions and
interrelationships of the elements that
comprise a lightning safety system allows risk
managers to apply a graded approach in
determining the most effecive mix of
hardware, software, and procedures to solve
their particular problem. Finally, we have
emphasized the importance of, and provided
guidance for, the certlficatton and surveillance
of the LSS.




Table 1

LIGHTNING GROUND FLASH DENSITY AT THREE DOE SITES

Fg = 0.02°TdAL7*[0.1{1+(Lat/30)A2)]

Fg = Ground Flash Density (FI/kmA2/yr)
Td = Thunder days/yr
Lat = latitude

method 1 method 2
Facillty Lat Tdiyr Fg R Fg min Fg max
Pinetias, Florida 28 85 KA AL .. 64 _ 17.5
Kansas City, Kansas 39 95 42 027 _ .54 _ 14.8 |
Hanford, Washinglon | 47 10 0.3 0,35 0L S 38
mgthod 1 . ' method 2 .

Ft = Total flash density = 0.4 to 1. 1fl/kmr2/Td
based upon: 3 fl/min, | to 3 hr/storm,

Td = Thunderdays/yr
R = C-G tototal ratic = {0.1*(T+(lat/30)A2))

500 km+2/storm, and Td/yr

fg = Ground flash density = Fr*Td*R
Prerce (1970), & Cianos & Prerce (1972), Fg min = 04*Td*R
in Golde, "Lightring,” Vol, 1, pp. 481 & 487 Fg max = 1.1*Td*R
Table 2
CUMULATIVE PROBABILITY OF LIGHTNING STRIKE TO FACILITY
{where Fg = 3 fl/kmA2/yr} .
ipk D r Aa Decile Prob.|Cum. Prob. Cum, Prob.
Decile kA m m m2 firye fifyr Yrifl
ist 6 33 33 76764 2.3e02 23E(2
2nd 13§ 83 48] 93489]  28E02| 5.1E-02
3rd 18] 65 56| 101496 3.0E-02 8.2E-02
4th B .23 76 621 108624 3.36-02 1.1ED01
5th 281 88 68) 115384 3.5E-02 1.5E-01
6th 328 101 74| 122391 3.7e-02 1.8E-01
7th 455 118 81| 130658 3.9E-02 2.2E-01
8th 974 138 89| 140156 4.26-02 2.7E-01
Sth 77§ 168 99{ 153061 4.6E-02 31EO1
10th 1129 215 113] 171380 5.1E02 3.6E-D1] 2.7
[area enclosed by light poles: | = 312 m, w = 144 m; A = 44,928 mA2) N
D = lightning striking distance = 10*IpkA0.65 meters
h = light pole height = 32 m above ground leve!
r = radius of a light pole's attractive area = (2°D*h - hA2)A0.5  meters
Aa = total attractive area of poles = (w + 2*¢) *(1 + 2°r) - 10°((4-PL)/4)* (ra2) ma2
{where 10*((4-P1)/4)*rAZ accounts for overlap & arex outside "attractive area” circles)
Fg = ground flash density fl/kmaz/fyr)
P = probability = Aa*(0.1*Fg)*10 flashes/year per decile
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ABSTRACT

Since 1987, Aberdeen Test Center has been involved
with several other DoD agencies and contractors in
development of fiber optic techniques to measure
ballistic events, such as chamber pressure, ballistic
shock, intense strain in armor plates, and blast
overpressure. Although many of the early efforts were
high risk study contracts which resulted in failure, some
success has been achieved recently. This paper will
briefly describe the lessons learned and describe plans
for future exploitation of fiber optic technology in
measdring ballistic events.
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1. INTRODUCTION

Since 1987, the U.5. Army, Aberdeen Test Center (ATC) formerly known as the U.S. Army
Combat Systems Test Activity (CSTA) has attempted to use fiber optic techniques in the
measurement of ballistic events. The measurement requirements are:

Blast Overpressure: . Side-on shock waves, 0.5 to 20 psi full scale, frequency response flat
from 1 Hz to 40 KHz.

Ballistic Shack:. _  Velocity change of 1 to 20 meters/second full scale, displacements of
0.01 to 15 mm, acceleration levels of 100g to 1,000,000g depending
upon. frequency response, which must be flat from 10 Hz to 500 Hz for
"low frequency” measurements and flat from 200 Hz to 1 MHz for
"high frequency” measurements.

Chamber Pressure:  Internal gun pressures, 5,000 to 120,000 psi full scale, frequency
response flat from 0.1 Hz to 5 KHz in most cases, and flat from 0.1 Hz
to 100 KHz in special applications. .

Strain: - Levels up to 3000 microstrain, resolution of 10 microstrain, rise times
of 1 to 300 microseconds in the vicinity of intense electromagnetic
interference caused by exploding bridgewire detonators.

Rapid growth of fiber optic technology in the telecommunications industry has lead to
optimistic predictions that optical techniques would replace conventional electronic
measurements, within 5 to 10 years. Optical fibers would replace all of the electrical cables
that now connect a weapon under test to the data acquisition” systems used in large caliber
firing tests. = . _ . L - -

The low cost of fiber optic components and the elimination of tedious alignment
requirements (to within a fraction of a wavelength of light} has promised exciting possibilities
for the measurement technology. Fiber optic techniques provide many advantages over
conventional data acquisition techniques used today:

a. Safety - Electromagnetic weapons, electromagnetic armor, and electro-thermal-
chemical (ETC) weapons produce 10* volts and 10° amps. Steps must be taken to protect data
acquisition technicians from electrocution in the event of a malfunction. Use of non-
conducting optical fibers in place of copper wire to connect the weapon to the data
acquisition system eliminates this safety hazard.

b. Electromagnetic Interference - For decades, problems caused by 60 Hz electrical
power, ground loops, and electromagnetic interference (EMI) have produced artifacts in
measurement signals requiring precious range time for trouble shooting and remedy
implementation. The use of a totally optical technique, immune to-such problems, is very
aftractive. . ... e : .

c. Performance - Some optical techniques offer inherent improvertignts over conventional
methods. Doppler shift allows very accurate measurement of velocity events that were
previously measured using electromagnetic methods. Small displacements, such as seismic
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mass moverent in an accelerometer, deflection of the active portion of a strain gage, or
movement of a diaphragm in a pressure transducer can be measured optically, eliminating
problems with acceleration sensitivity, pyroelectric sensitivity to thermal transients, and
extraneous sensifivity t0the flash of an explosion that cause problems when conventional -
electronic transducers are used.

2. CASE STUDIES

Fiber optic technology is changing rapidly. Many of the new developments are kept
proprietary to protect the financial position of smali companies. In the discussion that follows,
many of the technical details have been left out to avoid divulging proprietary information. It
is believed that the foHowmg case stud1e5 erl be mstructlonaf even though some details are
omitted.

a. Blast Qverpressure

The first application of fiber optic technology pursued by ATC was the measurement of
blast overpressure produced by exploding warheads and muzzie blast in the crew areas of
large caliber weapons. After reviewing a variety of proposals, four different Small Business
Innovative Research (SBIR) efforts were pursued (three were initiated and funded by Eglin Air
Force Base, and one was inifiated by ATC). The results of these efforts were: :

(1N The first effort produced fascinating theoretical calculations and study but no
prototypes were built or tested.

(2) . In the second effort, two concepts were explored. The first idea, which used R
the return of crossed laser beams was promising, but found to be impractical
for ballistic applications. The second concept, which measured shock velocity
and calculated peak pressure, did not produce a pressure vs. time record, and
could be accomiplished much more inexpensively using break wires.

(3) The third effort also had excellent theoretical promise. Several different
working prototypes were constructed and tested. Unfortunately, the frequency
response was only 7 KHz, which was almost two orders of magnitude below
the desired performance for blast overpressure.

(4) The fourth effort produced a working prototype with the potential for excellent
performance. Because of this potential, further work was funded by the
Defense Nuclear Agency (for work near atomic and simulated atomic
detonations). A commercial transducer was eventually developed, but the cost
was in excess of $10,000, which is almost 2 orders of magnitude more
expensive than conventiondl electronic transducers.

b. Chamber Pressure

The earliest efforts to produce a fiber optic chamber pressure transducer were initiated
by the Army Research Laboratory (Reference 1) and by the Armament Research Development,
and Engineering Center (Reference 2). Both of the transducers developed by these efforts
operated during laboratory testing, but none were actually tested in a weapon. In 1990, 25 .~ —
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different SBIR proposals for a fiber optic chamber pressure transducers were evaluated by
ATC. The three most promising approaches were funded:

(1) The most elegant approach exploited differences in optical absorption
properties to sense pressure changes. In theory, this approach promised almost
unlimited frequency response. Although the prototype worked under static

___laboratory conditions, it was so sensitive to thermal changes that further effort
was considered too risky.

(2)  The second approach exploited the intensity modulation technique used S
successfully on the earlier blast seénsor (see Figure 1). This approach was the
first to successfully measure dynamic pressures in a gun tube. On 17 February
1993, a prototype transducer was successfully mounted in a 120mm tank gun
and pressure in the gun tube was measured as shown in Figure 2.

Unfortunately, the gun recoil damaged the fibers and the transducer eventually

failed.
POLAROID
ORIENTED AT w4
WITH RESPECT
TO Y-¥ PLANE PHOTOELASTIC SAMPLE
OPTICAL
FIBERS
o;gg;n_ H PRISM
POLARIZER
1AL PLATE . ORIENTED AT -4
FAST AXIS X AND w4 WITH
OPFTICAL PARALLELTO RESPECT TOX-Y OPTICAL
SOURCE - PLANE DETECTORS

“<yN>

Figure 1. .
Schematic of the Optical Configuration
of a Photoelastic Stress Sensor

£y
GED-CENTERS, INC.

igure 1_Optical concept (intensity modulation using photoelastic effeci! used in fiber oplic
sensor for blast overpressure and chamber pressure (see Figure 2}. Courtesy of Geo-Centers
Inc.
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Figure 2. Pressure vs. time record from the first fiber optic sensor to be used in a large
caliber gun (17 Feb 93). Optical concept was show in Figure 1.

(3) The least elegant (i.e., the oldest basic optical concept), but most practical
approach used amplitude modulation based on diaphragm deflection, as shown
in Figure 3. This effort was a follow-on to the earlier ARDEC work. The
transducer produced in this effort successfully measured static pressure up to
120,000 psi and dynamic pressure from many rounds of 120mm tank gun
firing without damage to the transducer. As the gun recoiled, however,
bending of the fiber optic bundle changed the light transmission property of
the fiber, producing artifacts in the record, as shown in Figure 4. Although the
physics of this problem are completely different, the end resuit (i.e., extraneous
signal generated when cablie is moved) is similar to the “triboelectric effect”
familiar to users of piezoelectric transducer. A second problem with this
concept was the large (5%) hysteresis observed in static testing. Despite the
problems of hysteresis and cable whip, this transducer is still being evaluated -
due. to its unique high resonant frequency (250 KHz).

3. CURRENT AND FUTURE EFFORTS
Current fiber optic measureniént efforts at ATC have transitioned from high risk SBIR
study contracts to less ambitious, more narrowly focused efforts. In addition to further

evaluation of the fiber optic chamber pressure transducer, the development of fiber optic
techniques to measure strain, ballistic shock and in-bore velocity are also being pursued. - S
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Figure 3. Optical concept (intensity modulation caused by diaphragm
deflection) used in the fiber optic chamber pressure transducer that has been
most successful to date. Courtesy of Quest integrated, Inc.
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Figure 4A. Pressure vs. time record from fiber optic {FOPT) and
quartz (6211) pressure transducers (Figure 3 concept). Note
artifacts in record due to “cable whip".
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a. Strain Measurement: Sudden, intense strain developed in various armor materials
during projectile impact or explosive detonation must be measured to evaluate armor
properties. In one test method, exploding bridge wire detonators are used to generate a very
rapid {1-300 miérosecond) rise time stress wave. The electromagnetic interference created by
this detonation typically disables conventional Whetstone Bridge signal conditioning for 60 to
120 microsecorids. Because the rise time of the stress wave degenerates with distance, it is
desirable to place strain gages as close as possible to the detonation. Due to the EM!
problems, however, strain gages must be placed 350 to 700. mm away from the detonation so
that the electronics have time to recover from the EMI affect. A fiber optic strain gage,
immune to EMI would permit measurements much closer to the detonation.

Fusion Splice Aft Gap

4 % in-Line Fiber Etalon (ILFE)
|

Single ModeFiber  Hollow Core Fiber  Single Mode Fiber

Hallow-Core Fibar Mulimode Fiber

= - P . s

Extrinsic Fabry-Perot
interferometric (EFPI)

Single Mcd e Fiber Adhesive

—

Figure 5 Various configuration of sensing element used in fiber oplic strain sensors,

In the current effort at the University of Maryland (funded by ATC), the optical fiber
sensor chosen is the In-Line Fiber Etalon (ILFE), shown in Figure 5. The ILFE (Reference 3} is
highly sensitive to axial strain, and insensitive to transverse Strain, temperature fluctuations,
and EMI. It can be tailored to very short gage lengths (on the order of tens of microns) to
measure large strains.

As the specimen Ts strained, the gage length of the ILFE changes. This change in optical
path length will be detected as a phase change in the return light. Because a frequency
modulation technique is being used, this sensor should be insensitive to intensity changes
caused by "cable whip” that affected the chamber pressure transducer.
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The ILFE is categorized as an interferometric fiber optic sensor. Another sensor of this
type considered was the Extrinsic Fabry Perot Interferometric (EFPi} sensor (Reference 4).
While the EFPI! and ILFE behave similarly, the EFPI, by virtue of its construction, has
mechanical deficiencies which include drift in gage-length and low mechanical strength.

The Bragg Grating sensor (References 5 and 6) was also considered for the application. In
this sensor, a Bragg Grating, with a gage length in millimeters, is fused into an optical fiber. -
This assembly is mounted onto the test specimen and a broadband light source illuminates the
grating. As the grating is stressed, it modulates the back-refiected spectrum which is recorded. -
The back-reflected spectrum is directly related to the input strain. lts primary disadvantage is
its sensitivity to strain gradients which would be prevalent in the armor testing application.
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Figure 6 Optical configuration to be used in future fiber optic ballistic shock sensor.
Courtesy of U.5. Naval Research Laboratory.

b. Ballistic Shock: In conjunction with the Naval Research Laboratory (NRL), an effort to
measure ballistic shock is being pursued, as shown in Figure 6. Doppler shifted light is
returned from an armor plate during projectile impact. A Mach Zehnder interferometer will
be used to detect the Doppler frequency shift, which is directly proportional to velocity.

c. In-Bore Velocity: An effort is also being made to measure high frequency "vibration” T —
during the launch of large caliber projectiles. . Several factors make this a high risk effort. The
amplitude of the vibration is small compared to the final launch velocity, so a very high
resolution measurement (3000:7 signal to noise ratio) is required. Because the gun tube is . . .
long, the return from a diffuse reflection off the projectile will be small. A high powered , -
laser, with a long coherence length is required. Earlier efforts have resulted in signal drop out
and loss of laser return at various times during the launch, even though a very powerful laser
was used. Innovative solutions to these technical challenges must be found.
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4.

CONCLUSION

Although the use of fiber optic techniques still holds promise for improving ballistic

measurements,” progress has not been as rapid as predicted by the original, optimistic
projections. A slower, more deliberate development effort, leveraging on the successful
techniques used at 'the Naval Research Laboratory, is expected to produce more successful
results and demonstrate beneficial interservice cooperation. o

5.
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DEVELOPMENT OF A MICROMACHINED SERVO ACCELEROMETER

Michael T.Y. Young
Endevco

San Juan Capistrano, California

ABSTRACT

A new micromachined servo accelerometer {MSA) has been developed. It offers.
advantages of excellent stability, high g shock and vibration survivability,
good accuracy, low vibration rectification error, wide bandwidth and small . _ -
size. : : | e )

The current design is optimized for #50.g full scale. The input voltage is
+15 vdc. The sensitivity is 200 mv/g with a full scale output of #10 V. The
cutput range can be decreased with addition of an external resistor and scale
factor incredsed. The total composite bias error is 5 mg maximum and the
total composite scale factor error is 1000 ppm maximum. A temperature sensor
is included in this accelerometer which allows for accurate temperature
modeling. The typical vibration rectification errof is less than 20 pg/g~2
and, with internal trimming, this can be decreased further. The MSA
accelerometer. has demonstrated more than 5,000 g shock survivability in all
three axes. A self-test feature permits users to inject a voltage signal to
confirm operation of the accelerocmeter immediately before use.

This paper will describe the design and operational theory of the microsensor
followed by the accelerometer system desxgn which includes electronics and
packaging{Patent 5,205,171). Key performagce evaluation procedures and test
results of design verification units will be preserited.

MICROSENSOR DESIGN

The inertial system, consisting of a proofmass supported by two flexures, is
micromachined from a silicon wafer. The wafer is bonded between two glass
plates which have predeposited thin-film electrodes. Figure 1 is the exploded
view of the resultant MSA micremachined sensor which measures is 8 X 4 X 2 mm.

Glass o L7/ }——— Guard Electrode

Forcer/Pickoff. Electrode

Proofmass

Silicon ~~——fm

Glass

Flexure(2)

Figure 1. The exploded. view of MSA microsensor
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The i1nertial svstem 15 formed by chemically etching a (100} silicon wafer.

The area for the proofmass is etched down approximately three micrometers to
form capacitive gaps between the top and bottom plates to the proofmass.
Partial etching is performed through one end of the proofmass to form flexures
of a few micrometers thick. A special photelithography technicque has been
developed in order to better define the flexure configuration inside the
recessed plane. The proofmass is then freed in subsequent etching. By
anodically bonding glass plates to either side of the wafer, the pendulous
motion is consktrained so that the flexures are rot over-stressed. The thin
metal films forming the capacitive pickoff/forcer electrode and guard
electrodes are sputtered onto the glass before bonding. Damping is provided
via the gas in the small gap between the proofmass ‘and the glass plates. The
electrical conneccions are routed to the top and bottom layers in order to .
maintain structure symmetry. The nominal capacitance of each element,
proofmass to top plate & proofmass to bottom plate, is 12 pf.

with acceleratidn”applied, the proofmass rotates around the mid-point of the
flexures. "~ The acceleration induced meotion is detected by the differential
capacitors and is transduced into an error signal in the servo system. The
error gignal is amplified by the servo-nulling ampllflers which cause a
feedback voltage to each of the glass electrodes The feedback voltages
produce the electrostatic forces between each capacitor electrode. The torgue
associated with the net electreostatic force on the proofmass rotates the
proofmass back to the null position. This torque is equal and opposite te the
acceleration-generated torgue. The servo voltage required to achieve this
balance is directly proportional to the applied acceleratiecn.

The performarice of the MSA accelerometer is cleosely related .Co the design and
fabrication process of the microsensor. The differences in initial bias from'
unit to unit are mainly caused by flexure wvariations. The scale factor is - -
proportional to- the weight of the proofmass and the sguare of the capacitor
gap. The variation in the weight of the proofmass is largely due to the wafer
thickness non-uniformity. The capacitor gap is determined by the silicon
etching and the electrode metallization. By increasing the gap, the scale
factor can be increased. However, this is limited by the start-up capability
when the proofmass is offset. In the worst service condition, a 50 g force
will be pushing the proofmass against one of the glass plates before the power
is turned on. The restoring electrostatic force must be large enough to pull
the proofmass back to the null position at turn_ on. This requirement
determines the upper limit of the gap size. -

Aluminum film is deposited on the outside surfacée of the glass plates and
guard electrodes are deposited around the top and bottom electrodes. Both are
used to shield against all stray capacitance. The area of glass without
metallization in the vicinity of the proofmass. is minimized and V-grooves are-
etched in the proofmass directly under this glass area to reduce sensor turn
on drift due to glass charging. )

The flexure has to be stiff enough to prevent cocking instability. Cocking of
the procfmass would happen when one end of the proofmass touches the upper
electrode and the opposite end touches the lower electrode. This motion is
not restrained by the electronic serve loop and is sdlely stabilized by the
strength of the flexure amd by overtravel stops.
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ACCELEROMETER SYSTEM DESIGN

In addition to the microsensor, electronics and packaging have been developed
to complete the accelerometer design. The performance and the cost of the
electronics and the packaging affect the total MSA more than with conventional
electromagnecic type servo accelerometers. Micromachining has reduced the
size and the cost of the sensing and forcihg Techanisms used in the MSA
accelerometer.’ Careful design in electronics and packaging is required in -
order to maintain the performances of the microsenssr and to provide adequate
environmental protection.

The electronic. block diagram is shown in Figure 2. It includes an oscillator,

a position detector, a temperature sensor and a serve lcop. The electronic
circuitry is also used to set the initidl bias and scale factor, to provide .
excitation conditioning, to contrel the dynamic characteristics, and to
provide vibration rectification trimming of the accelerometer.

MSA circuit uses a patented technigue to allow feedback voltage to be directly
proportional with acceleration forces. The proofmass is biased at 15 Vde and
5 V @ 10 MHz. The RF is used to excite the capacitive upper and lower gaps.
Electrostatic attraction is normally a square of the voltage applied, but the
technique of biasing the proofmass at 15 Vdc.allows the vOltage to be a linear
relationship as illustrated by this equation:

Electrostati¢ Forfe = Apoepl(Vge + Vo)z-(vdc - Vo)z}/(Zdz)
(ZApoeoncidzlvo

where Apo = electrode area
eq = dielectric constant
Vge = dc bias voltage
Vo = output (feedback) voltage
d = capacitor gap

Therefore, the linearity performance of the MSA is excellent with +0.1 &
typical non-linearity.

BIAS : __ ACCEL
ADJSUSTMVENTY QT
[ VIBRATION ] FOSMION
RECTIFICATION — CETECTOR
TEIM
VOLTAGE "-—g_L_
REGULATOR _—
SCALE FACTOR
AONBTMENT -
OSALLATOR
RANGE
SELECTION
SELF TEST
INFUT
TEMPERATURE TEME
SENSOR ouT

Figure 2. MSA _Functional Block Diagram
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The acceleration signal is derived by sensing the position of the proofmass
between the thin-film electrodes. This position c¢hange is sensed by a diode-
bridge detector.which converts the capacitanc& change inkto current. An
integrator then further converts the currerit into. the voltage output signal.
This output signal along with its inversion . is fed back to the upper and lower
electrodes respectiV&ly. These feedback.voltages generate the elecrcrostatic
forces to mairtain the proofmass at the capacitance center position. The
voltage required to keep the proofmass at the null position is a direct
measure of the acceleration it experiences. Unlike the open-loop

accelerometer, the electronlcs in the closed4loop accelerometer can be used to

shape its dynamic response.’

Other desirable features included in the circuit_are scale Factor trimming,
bias or vibration rectification error trimming, self test, range adjustment,
and a temperature sensor for thermal modeling. The circuit incorporates two -

internal trimmable resistors for parameter adjustments. The firat resisteor i&

used to set either one of the. feedback voltages. By adjusting the feedback,
the difference between the upper and lower capacitors can be egualized. It. can
be used for either bias or vibration rectification trimming. The other
resistor. is used te adjust the scale factor by changing the excitation voltage
Lo the microsensor.

The self test feature provides a valid check of total accelerometer function

- prior to use. By injecting a voltage inte the feedback loop, the proofmass

will be forced to one side due te the electrostatic input. An accelerometer .
output will then be generated.. This is a true self-test because the
mechanical structure and the electronics both have tc work properly in order
to render the correct output signal. It also permits nulllng the effect of
earth's gravity for low-level acceleration measurements perpendicular to the
earth's surface. The factory set full scale frange is £10V at #50 g. By
connecting an external resistor, the gain of the last output stage can be
changed. The range can be adjusted down to have a %10 V full scale output at
any acceleration down to #0.5 g,

The MSA housing includes a 1" diameter cylinder and a mounting plate with a
total accelerometer weight of 35 grams. The microsensor and the electronic
compenents are assembled on two thick film substrates. These substrates are
housed inside the cylinder. This unit is then sealed in the dry atmosphere by
welding a top and a bottom to the cylinder. The top lid of the housing is a
7-pin header which is designed for solder connection. The hermetlcally sealed
housing is then epoxied to the mounting plate. This approach allows simple
modifications to adapt the MSA to application specific mounting
configurations. Figure 3 shows two units with different mounting plates. The
substrate assembly can be seen on the unit without the header.

Hybrid technology is used to minimize size .and weight. The smaller and
lighter accelercmeter reduces its loadlng efferct on any test. structure. ...
Because the internal excitation frequency is 10 MHz, physical layout of the
substrate needs special attention. The layout has to consider the proper
placement of bypass capacitors, ground plane locations and the separation
between ac and dc circuits. The thermal symmetry and ac symmetry have to.be
studied in order to guard against environmental effects. To reduce the
production cost, the substrate layout is done in a multiple-up format, and the
design guidelines for automatic.assembly and test equipment is used allowing
for automatic plck & place and wirebonder to be used for high volume
manufacturing.
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Figure 3. The complete MSA unit is shown: im the left. The one
in the right shows the microsensor and the servo
electronics assembled on a thick film substrate.

The microsensor is mounted Lo.the alumina substrate with silicone rubber which
provides the necessary isolation of thermal and mechanlcal strains from the
mounting surface. -Alumina-filled structural epoxy is used to f£ix the sensor
lead wires in place to eliminate wire movement and ‘any resultant parasitic
capacitance and bias shift.

PERFORMANCE CHARACTERISTICS

MSa is a pendulous accelerometer. and its deviations from the ideal output can
be modeled with following equation from IEEE STD 337-1972.1

A = E/K] = Ko + Aj + K2Aj% + K3A33 + 8oAp + KipAihp ~ 8phAo + KioAjlo

Where E = output in accelerometer units, mv
K1 = scale factor, mV/g ’
Ko = bias, g
Ai = acceleration along Input Axis(IA), g
Ap = acceleration along Pendulous Axis{PA}, g
Ao = acceleration along Cutput Axis(OA), g
K2 = non-linearity, g/g2 ’
K31 = non-linearity, g/g3
8o = misalignment of IA to OA
Bp = misalignment of IA to PA
Kip = cross-coupling, (g/g)jcross g
Kio = cross-coupling, (g/glcross g -

K3 for MSA is very small and is not signific¢ant to the performance of current
design. While this model only characterizes accelerometer's dynamic
performances, perfé¥marice changés with temperature and time are also very
important for any servo accelerometer. The evaluation of MSA in these aspects
is still on going. Test data of design verification units are shown in Table
1.
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uid

RANGE T %50 g
BIAS -

bias (Kg) @ 25 C + 125 mg max.

bias. modeling resicdual - : ) Img rms typ.
SCALE FACTOR '

scale factor (K1) @ 25 C 0.2 v/g % 20%

scale factor modeling resicdual . 800 ppm typ.
AXIS MISALIGNMENT ( §o2 + 8p2)0-5 - +10 mrad

axis misalignment stability i1 mrad
VIBRATION RECTIFICATION ~ - ' <. 20 fig/ (grms) *2 untrimmed,
COEFFICIENT (K2 ) 10 pg/{grms) "2 crimeed
VIBROPENDULOSITY (Kip or Kio ) ' 10 pg/g~2
FREQUENCY RESPONSE, DC to 500 Hz ] + 5%
OUTPUT NOISE

DC to 10 Hz 2 pg rms

DC to 500 Hz ) 20" l{g rms

DC to 10 KHz 200 pg rms
TEMPERATURE RANGE -55 Oc to +105 °C
SHOCK 5000 g min, 200 pS haversine pulse
SELF~TEST T ' 2.5 g/volt
TEMPERATURE SENSOR o

tamperature output @ 25 °C | 0.630.v

temperature output sensitivity © 2.1 mv/ CC

Table 1. Key performance characteristics of MSA.

Most of the evaluation tests are done on a dividing head. A detail
description of this test setup and data reduction can be found in the
referenced IEEE document. -

With the axis of the dividing head'in'a horizontal position and the head set
at its 0° position, the MSA is mounted so that its OA parallel to the axis of
rotation, its PA up and its IA horizontal. The dividing head is rotated

through 360° with a 30° increment. . The data are fitted to the Fourier series
to derive Kj, Ko, K2, K3, 65 and Klp Then the test is repeated with the

unit‘s PA parallel to the axis of rotation, its OA down and its IA horizontal.

The same coefficients can be derived except that Kip and 8o are replaced with
Kio and dy.

Maximum axis misalignment can be tested by mounting the unit on the dividing
head with its Ia parallel to the axis of rotation. The dividing head is

rotated from 0° to 939 and 180° pos;tlons—” The composite axis misalignment

which is equlvalent to (80 +8 2)0 can be derived. This number is listed in
Table 1. "

To test for thermal performances, these tests were reépeated with the MSA
inside a temperature chamber. There is a linear voltage output monolithic
temperature sensor in the MSA to be used with temperature modeling. Figure 4
and 5 are the typical temperature response curves for bias and scale factor.
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The typical,uncompensatéd thermal bias shift i1s.less than 50 mg, or 0.1% FS
and the typical uncompensated thermal scale factor shift is less than 3000
ppm. The typical third order temperature modeling residual is < 3 mg for bias
and is < 800 ppm for scale factor.
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Figure 5. The Uncompensated Scale Factor Shift with Temperature.

The resonant frequency is a function of the moment of inertia of the pendulum
and the serveo gain, and is higher with a smaller moment of inertia and an
increased amplifier gain. A high resonant frequericy would be selected for
broadest frequeiicy respoiise. The flatness of the output response in the range
of frequency below the rescnant fregquehcy is determined. by the damping ratio.
The damping ratip of MSA is determined by the squeez& £ilm gas damping and the
serve electronics. '

The frequency reSponse of MSA is conducted on a shaker comparing the output
with a back-to-back reference accelerometér. Figire 6 shows its typical
frequency response curvé. The resonant frequency of current design is at
about 2 KHz. Typically, the units are flat to within 3% in amplitude and have
a 10° phase lag at 500 Hz. :
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Vibration rectificatidn, caused by non-linearities, is a very critical term in
guidance applications. There are.several ways to test for this term. The
vibration rectification errar reported here is tested on a shaker with
sinusoidal 1nputs.2 The typical sinuscidal vibration rectification error for
the MSA is 20 p.g/g2 at frequencies up to 500 Hz. Vibration rectification
errors generally change with frequency. MSA will more likely experience
random vibration instead of sinusoidal vibration in service. Since each
application has its own random vibration signature, the accelerometer should
be evaluated on a random vibration shaker with the simulated input.spectrum.
One key feature of MSA is the capability to zero out the vibration
rectification error by laser trimming a thick film resistor. Table 2 shows
the vibration rectification error both prior to and after trimming.

Vibration Rectification Effbfﬂfﬂg}gz)
S/N 01 S/N 33 . S/N 122
Prior to Trimming 14.27 8.29 ©10.48
After Trimming 0.42 0.58 ° °  0.3B

Table 2. MSA Vibration Rectification Test Results.

Ruggedness is a desirable feature for this type of accelerometer. The only
moving part of the MSA is the silicon proofmass and its movement is restrained
from overtravel. . Tests show that the design is capable of surviving at least
5000 g shock and 50 g peak vibration in all directions.

MSA also has the advantage of being a multi-range instrument. Range and scale
factor can be adjusted by an external resistor. The standard #50g unit yields
a scale factor of 200 mV/g. The accelerometer can be ranged down to 0.5 ¢
full scale with a sensitivity of 20 V/g by connecting a 100 Q resistor to the
range adjustment pin. Selection of this external resistor to get the deslired
scale factor at different ranges can be calculated from following equation.

Rg = .10000/(5 * § - 1}

where Rs is the external resistor
S is the desired scale factor
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APPLICATIONS

The wide dynamic range of MSA makes it suitable for a variety of applications
in the aerospace, military, alutomotive and 1ndustrla1 markets. In the
military and aerospace markets, one such application is a missile flight,
where the accelerometer needs te survive a high g launch environment and then
to recover and measure the in-flight accelerations, such as missile
incremental separation accelerations, rocket thrust, missile airframe

rescnance and trajectory monitoring. The excellent stability and accuracy of

the MSA make it appropriate for short range guidance and control applications,
such as inertial guidance for missiles,. smart artillery/mortars and aircraft.
MSA can also be used in aircraft flight tests for measuring the wing flutter
effects, aircraft stability derivatives, v1bratlons durlng jet take-off and
airecraft altitude. :

Low level and low frequency acceleration measurements are very difficult in
severe vibration environments of many industrial and automotive applications.
However, the low vibration rectification error-of MSA makes it a good fit for
these applications where it can be used for egquipment dynamic balancing, gear
vibration monitoring, automotive vehicle dynamics and railrcad car coupling.
MSA also can be utilized in automotive active suspension and navigation system
development .

MSA's capability to resolve Mg vibration facilitates the implementation of
vibration compéhsation schemes for any vibration sensitive process. Vibration
induced by a motor or a vacuum pump can become a limiting factor when the

semiconductor-industry requires sub-micron process resolution. MSA will allow.

equipment manufacturers to collect accurate vibration data for process
improvement. :

Other appropriate applications for MSA include seismic activity monitering,
ship motion studies, platform stabilization, helicopter hovering studies,

" precision levellng inclinometer and other tilt and angle measurements.

CONCLUSYON

The current MSA has demonstrated a 5 mg bias accuracy and it offers advantages
of small size, ruggedness and small vibration rectification error. Further
with the use of silicon micromachining and wafer fabrication, MSA sensor costs
are reduced in comparison to existing electromagnetic serveo mechanisms. Work
will. continue to refine the MSA accuracy to 1 mg bias and convert the hybrid
circuit into an Application Specific Integrated. Circuit (ASIC), with tri-axial
serve accelercmeter being developed for Inertial Measurement Unit application.
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Abstract

This paper describes the design and characteristics of a digital voice encoding circuit that uses the continuously
variable slope defta (CVSD) modulation/demodulation method, With digital voice encoding, the audio signal can
be placed into the pulse code modulation (PCM) data stream. Sorne methods of digitizing voice can require a large
amount of bandwidth. Using the CVSD method, an acceptable quality of audio signal is obtained with a minimum
of bandwidth. Presently, there is a CVSD microchip commercially availabie; however, this paper will describe the
design of a circuit based on individual components that apply the CVSD method.

With the advances in data acquisition technology, increased bit rates, and introduction of a corresponding MIL-
STD, CVSD modulated voice will become more utilized in the {light test programs and a good knowledge of
CVSD will become increasingly important. This paper will present CVSD theory, supported by graphical
investigations of a working circuit under different conditions. Finally, several subjects for further study into CVSD
will be addressed.
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Introduction _._. -.

There are a variety of methods available to incorporate voice into pulse code modulation (PCM) data streams. One
disadvantage of these methods is that they use a large percentage of the bandwidth availabie in the relatively low
bit rate systems of the past. If the voice data with a 3 Khz bandwidth was treated as a regular analog signal
converted into a 12 bit PCM word, it would require 72 Kbs to send using the nyquist criteria.

Delta modulation tracks the audio signal in a series of timed steps and delivers a serial data stream of one's or
zero's which corresponds to an increase or decrease of the input frequency. For example, if the sample tracked by
the encoder detects that the audio signal is rising, it will output 2 one and if it detects a decrease in the signal it
outputs a zero. This is known as linear delta modulation. The step size is a fixed value and this can result in slope
overload conditions unless a very high sampling rate is used. What is needed is a circuit that can change the step
size between samples when a large change in the input is detected.

The method used to design the encoding circuit in this paper is known as continuously variable slope delta
{CV3D) Modulation/Demodulation. CVSD circuits have the ability to change the slope size when the serial data
tndicates a large change in the input signal. The bandwidth requirements for CV3SD are much lower than that
required of PCM or linear delta modulation for the same quality signal. Presently, there is a CVYSD microchip
commiercially available; however, this paper will describe the design of a circuit based on individual components
that apply the CVSD method. - '

Encoding Method . -

Since a CVSD circuit is a modification of a linear delta modulation circ;uit', the delta circuit will be explained first
1o gain a basic understanding of the fundamentals of digital encoding.

Linear Deita ulation N e

An explanation of the linear delta modulation circuit will be shown by following the block diagram in Figure 1.
The process starts with the input of the audio stgnal. Proper operation of the circuit is dependent on the voltage
levels of the signal being within certain voltage and frequency limits to avoid an overdrive condition. This is
accomplished with an automatic gain control {AGC) and low pass filter. The filter is designed to pass audic tones

which are generally between 50 to 3,000 Hz. Afier filtering and level adjustment, the signal is present at point 1.

To start this example, the non-inverting input of the comparator will be at ground. The audio signal will be

considered to be above ground. With these conditions, the comparator output is a negative voltage at point 2. The

D flip-flop will respond with a TTL low signal (zero volts) at point 3 with the new clock puise. This low signal
makes the first bit in the serial data out a zero. The clock for the circuit will generally run between 10 and 64 kHz.
Above these frequencies, the quality of the audio shows little improvement with an increased sampling rate.

The integrator is biased at approximately 1 volt at the non-inverting input at point 4. With this bias, the integrator
responds to the low voltage at the inverting input with a high output. An integrator circuit converts the output into
a ramping up voltage signal. The slope of the ramp is calculated with the equation:

SRckt = V/{2*R*() (1)
SRckt = slew rate of the circuit in volts per second (V/s)
Vm =1is the peak to peak voltage of the square wave input.

R = Resistor between input signal and inverting input
C = Capacitor between inverting input and output
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Example 1; The capacitor valie is . [uF and the cesistor value is 2,000 ohms with an input puise of 3.15 volts. The
resulting circuit slew rate is 7.88 volts per millisecond (V/ms). This increasing voltage is seen at point 5.

The comparator now sees an audio signal at point T and the ramping voltage at point 5. One of two conditions can
now exist. If the audio signal has a high frequency and is increasing rapidly, the voliage at point 1 will have
increased faster than the voltage of the integrator ramp at point 5 and the comparator output will remain at the
negative voltage level. This will repeat the process just described, sending another zero into the serial data stream
{point 3} and leaving the integrator to continue its increasing voltage ramp.

If however, the audio signal does not increase faster than the integrator voltage ramp, the comparator will see a
greater voltage on the non-inverting input and will instead change the output to a positive voliage. The flip-flop
now responds to the high voltage at point 2 by outputting a TTL positive voltage representing a one with the next
clock pulse. This voltage (approximately 3 volts) is the next bit in the serial data stream and the integrator
responds with a voltage output sioping down.

The downward sloping voltage is seen at the compa.rator at point 5 and the process of comparing the audio input
level and the integrator’s ramp voltage continues with each clock pulse. -

Figure I: Delta Modulation Block Diagram
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Calculations

The iimitations of the delta modulation circuit are realized when the slew rate of the input signal exceeds the
adjusted slew rate of the circuit. When this happens, the full amplitude of the signal cannot be reached and
distortion of the high frequency components of the signal occur.

The slew rate of a sine wave is calculated at the point of the maximum change on Lhe curve; the point between an
upper and lower peak. The slope at this point is calculated by the equation:

SRsig =Vm*pi* @
where  SRsig = slew rate of the signal in V/s
Vm - Peak-to-peak voltage of the signal

=3.14
f frequency of the signal in Hertz

Example 2: A 500 Hz, 5.0.volts peak-to-peak (Vp-p) signal would have an SRsig of (5.0%3.14*500)=7850 V/s or

7.85 V/ms.
A signal with twice the frequency or twice the voltage would have an SRsig of 15.7 V/ms.

Slew rate limits of the circuit can be found by using equations 1 and 2. For example, an input signal of 3,000 Hz, §
Vp-p is sent to a delta modulation circnit with a slew rate of 16.25 V/ms. The input signal has a period of 1/f or
.333 ms. The time interval between a low-to-high or high-to-low peak is half the period or .167 ms. If the time
interval is multiplied by the slew rate of the circuit, the maxunum voltage swing for this circuit at thjs frequency is
found to be: :

167 ms * 16.25 V/ims = 2.71 Vp-p

To determine the maximum slew rate that can be sent into this circuit without distortion, reverse the process using
the maximum output voltage to find the slew rate.

Using equation 2 with Vm=2.71 and {=3,000, SRsig is found to be 25.53 V/ms. Dividing the rates results in:
SRsig / SRckt = SR ratio (€))]
25.53/716.25=1.57

Therefore, multiplying the SRekt by the SR ratio results in the maximum slew rate that the circuit can handle
without a reduction in the output amplitude.

SRmax=SRckt*1.57  (4)

This method can be applied to determine the output limitations for other frequencies.

Example 3: A 1,000 Hz, 10 Vp-p signal is applied (o the circuit with a SRckt=16.25 V/ms. From equation 4,
SRmax=25.5 V/ms. SRsig calculated from equation 2 is 31.4 V/ms. Since the slew rate of the signal is greater that
the adjusted slew rate of the circuit, amplitude limiting will occur.

These limitations can be overcome by giving the circuit a large SR; however, this adversely affects the low-level

signals sent to the encoder. Since the integrator ramp will increase a set amount with each clock pulse, a signal
with an amplitude less that the voltage rise of the integrator will not be encoded.
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Example 4. A circuit with an SRcke of 16.25 V/ms is clocked at a frequency of 20 kHz. The period of the clock is
1/f or .05ms. The maximum voltage swing between each clock pulse will be:

SRekt*period= Voltage change (5)
16.25 V/ms*.05 ms=.81 V
If the signal has an amplitude less that .81 volts, it will not be detected and therefore not encoded.

These limitations will be illustrated in later examples.
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[ilustrated examples

To help illustrate the delia modulation process, a series of examples with o-scope displays are provided.

The first set of displays (Figure 2) shows the encoding of a 500 Hz sine wave at 3.0 Vp-p. The first display (2a) is
the tnput signal taken from point |. Figure 2b is the integrator ramping oufput voltage at point 5 with which the
audio signal is compared. Figure 2¢ is the serial data output from the D flip-flop and the final display is the clock
input, For this example, the clock is set at 10 Kbs. The integrator time constant is set at 200 microseconds (us) for
the following 4 examples. With the input pulses from the D flip-flop of 0 to 3.15 volts, this results in a slew rate of

7.88 V/ms.

Figure 2: Delta Modulation Encoded Signal o
Input signal: 500 Hz, 3.0 Vp-p, SRsig =4.71 V/ms Circuit: SRmax = 12.4 Vims, 10 kHz clock
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The second set of displays (Figure 3) shows the effect of a faster clock rate with the previous input signal. The
tntegrator output rmore closely follows the actual signal input due.ta the quicker sampling rate of 20 Kbs. These
displays illustrate the increased resolution with the increased bandwidth.

Figure 3: Delta Modulation Encoded Signal
Input signal: 500 Hz, 3.0 Vp-p, SRsig =4.71 Vims Circuit: SRmax = 12.4 Vims, 20 kHz clock
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The third set of displays (Figure 4) shows the effects of an overdrive condition resulting from a higher than
acceptable voltage level at the input. The input signal is 500 Hz at 10 Vp-p. The output of the integrator is around
7.0 Vp-p. This less that the [0Vp-p input frequency an is caused by slew limiting. Any increase in frequency will
cause further limiting of the feedback waveform.

Figure 4: Delta Modulation Encoded Signal; Voltage Overdrive Example
Input signal: 500 Hz, 10.0 Vp-p, .S'Rs:g 15.7 Vimns Cireuit: SRmax =-12. 4 Vims, 20 kHz clock
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The fourth set of displays (Figure 5) shows the effects of an overdrive condition resulting from a higher input
frequency. The input signal is 2,500 Hz at 3.0 Vp-p and the feedback waveform is only at 1.5 Vp-p.

Figure 5: Delta Modulation Encoded Signal; Frequency Overdrive Example
Input signal: 2500 Hz, 3.0 Vp-p, SRsig = 23.55 Vims  Circuit: SRmax = 12.4 V/ms, 20 kHz clock

A \ AN A : : AN A ; Y
Pecdback AVAWAYANAWAVAVA VACAVAVANS
200us/div 5 ' f 5 : f L
Figwre SbiPoint3 | b b
SeialDaaou || ] r*l NN D r"i REEENEREnEnE
e LU LU UUUUUUU L

321




18th Transducer Workshop ' Digital Voice Encoding Circuit

This frequency overdrive condition can be corrected by setting the resistor-capacitor (RC) constant of the integrator
circuit to a higher level, resulting in a steeper slope. Deing this, however, causes an underdrive condition with the
lower frequencies and smaller amplitude signals. This happens when the audio signal changes less than the height
of the integrator ramp. The change in amplitude cannot be resolved and the dynamic range is associated with clock
frequency.

Figure 6 is the 2,500 Hz, 3.0 Vp-p signal with an adjusted integrator to give a faster slew rate. The steeper slope
follows the original signal more closely than that of Figure 5 and the slew limiting problem will not occur until
higher frequencies are reached. The time constant in the new circuit is set at 50us and the resulting slew rate is
31.5 V/ms or about four times faster than the first example.

Figure 6: Delta Modulation Encoded Signal; Increased Slew Rate Adjustment
Input Signal: 2500 Hz, 3.0 Vp-p, SRsig = 23.55V/ms  Circuit: SRmax =49.5 V/ms, 20 kHz clock
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Figure 7 shows the effect of the faster slew rate on the low &équcncics. The original signal from Figure 2 is now
sent through the circuit and the new integrator follows the slope in a *stairstep” fashion. This adds much distortion
to the signal upon decoding and if the signal has a lower amplitude, it may not be encoded at all.

Figure 7: Delta Modulation Encaded Signal; Consequence of increased slew rate on low frequencies
Input Signal: 500 Hz, 3.0 Vp-p, SRsig = 4.71 Vims  Circuit: SRmax = 49.5 Vims, 20 kHz clock
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What would be desirable is to have a variable slope circuit that increases the slope of the integrator feedback when
a signal with a large amplitude or frequency was detected. This would preserve the quality of the lower frequencies
and enable the higher frequencies to also be tracked. The continuously variable slope circuit provides this ability.
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Function of the CVSD circuit . ...

The CVSD circuit is the delta modulation circuit with an additional feedback circuit. This feedback monitors the
serial data stream of the encoded audio. When the audio input is changing rapidly with steep voltage ramps, the
serial data contains many ones or zeros in a row as the integrator output is failing to keep up with the audio input.
The additional feedback circuit receiving the serial data activates when 3 ones or 3 zeros in a row are seen. Once
activated, this circuit increases the slope of the integrator feedback to the comparator.

An explanation of the CVSD circuit operation is shown by following the block &iagram in Figure 8.

The serial data at point 3 is sent into a shift register. Output from the register and the current data bit are sent 10 an
Exclusive-Qr gate. Cutput from the gate at point 6 is in a high state (3 volts) until 3 ones or 3 zeros in a row are
sent o its inputs. When this occurs, the output goes low and the additional integrator know as a syllabic filter is
activated. The RC time constant is proportional to the length of a typical syllable, therefore the term syllabic filter
is used. The syllabic filter responds to the low input with an upward ramping voltage output at point 8.

The syiballic filter output is sent to one of the inputs of an analog multiplier. If the signal has not been slewing
rapidly and the syllabic filter is not activated, the output at point 8 is at a level that wil] cause the analog multiplier
1o have a gain of one. The other input of the multiplier is the output from the integrator of the delta modulation
circuit. In this configuration, the voltage ramp from the delta modulation integrator being sent to the comparator
is increased (or decreased ) more rapidly when the serial data indicates a rapid change. If the serial data continues
to be ones or zeros for & period of time, the syllabic filter continues to ramp up and increase the multiplication
factor, providing a better signal following ability. .

HMiustrated CVSD Examples .
To heip understand the process, a series of examples with o-scope disbiéys is provided.

The first set of displays (Figure 9) shows the output of the logic circuit when added to the basic delta modulation
circuit, This is the voltage prasent at point 6. Notice, the syliabic filter and analog multiplier have not yet been
added to the circuit. Although the display is not from a functioning CVSD circuit, it illustrates the operation of the
shift register and exclusive-or gate.

Figure 9: Logic Gate Output Fxample - Low slew rate signal
Input Signal: 500 Hz, 3.0 Vp-p, SRsig =4.71 Vims Circuit: SRmax = 12.36 V/ims, 20 kHz clock
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Figure 8: CVSD block diagram
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Figure 10 shows the same output at a higher frequency. Notice the mcreased number of low outputs from the EX-
OR pate corresponding to the rapid changes of the waveform.

Figure 10: Logic Quiput Example - High Slew Rate

Input Signal: 1500 Hz, 3.0 Vp-p, SRsig=14.1 V/ms Czrcuzt SRmm: 12 36 V/ms, 20 kHz clock .
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For the examples used, i.e., a steady sine wave, the syllabic filter output is close to a steady state, The following
graph shows the output at point § in relation to the input at point 6.

Figure 11: Input and output of the syllabic filter
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The next two displays show the signal input from the deita modulation circuit to the multiplier and the resulting
output from the multiplier. Again, it should be noted that the multiplied feedback is not being sent (o the

comparator for the sake of these examples. The output from the analog multiplier is only being sent to the display.
The first graph is for a low slew signal, notice the outpui of the multiplier is the same as the input signal.

Figure 12: Multiplier Input and Output; Low Slew Signal
Input Signal: 500 Hz, 3.0 Vp-p, CRsig = 4.71 Vims
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The second graph is with a higher slewing input signal. The multiplier outptt is nonceably higher due to the
output of the syllabic filter increasing and being sent to the multiplier input.

Figure 13: Multiplier Input and Output; High Slew Signal
Input Signal: 2000 Hz, 3.0 Vp-p, CRsig =18.84 Vims Clock =20 kHz
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The next graph shows the reconstructed signal at point 9 of the completed CVSD circuit. Although this frequency
would be slew limited in the linear delta modulated circuit, it does not show the effects with the CVSD circuit.
This waveform is comparable 1o Figure 5 where the same signal resulted in a frequency overdrive condition.
Without the syllabic filter, the waveform would stiil follow the frequency but would have a reduced amplitude.

Figure 14: CVSD Output for an input signal of 2500 Hz, 3.0 Vp-p  Clock = 20 kH
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Serial Data Placement . — e

Now that the encoding of the voice has been explained, the serial data are sent to the data acquisition system. The
serial data stream is sent to a buffer where it is fed as a parallel word, The placement and removal of this data into
and out of the PCM are beyond the scope of the paper.
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The Actual CVSD Circurt

A circuit diagram for the functional CVSD circuit is show in Figure 16.

With Cl = .luf, the potentiometer allows the slew rate to be adjusted. For this paper, the rate was adjusted between
500 and 2,000 ohms. The voltage at point 4 is 1.4 volts and the voltage at point 7 is 1.2V. . -

The Burr-Brown analog multiplier MPY 534 is configured for an output of the pin | voltage times the pin 6
voltage with no additional gain and the TLO74 op-amps are powered with positive and negative 15 volt supplies.

For the syllabic filter, the input resistance was adjusted to SO0K Ohms and the output resistance to 2K Ohms. With
these settings, the minimum voltage to the multiplier was | V and the maximum is around 3.5 V.

Figure 16: CVSD Circuit Diagram
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Decoding .. . . - -

Decoding the CVSD encoded voice is just a matter of sending the bits through a modified encoder circuir. The
circuit functions like the encoder and the resulting jagged waveform is filiered and amplified. A block diagram of
a decoder circuit is shown in Figure 17.

Figure 17; Decoding Circuit
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The CVSD encoding technique is an effective and simple way to place audio signals into a PCM data stream. The
circuit can be built out of commercially available integrated circuits and the process uses a fraction of the
bandwidth required by linear PCM encoding,.

This paper started with an explanation of the linear delta modulation circuit. Through calculations and graphical
analysis, the function and limitations of this encoder were investigated. It was determined that an additional
feedback circuit would improve the performance at higher frequencies. With this modification, the encoder
becomes the CVSD circuit and the limitations of the linear delta modulation circuit are overcome. This is
demonstrated with a signal that was distorted in the linear delta modulation circuit and is transferred with better
resolution in the CVSD circuit. : '

Although straightforward, the actual designing and construction of the circuit can contain a number of different
vartables and settings which can produce a wide range of results. The circuit as designed here has a higher voltage
requirement than the commercially available CVSD integrated circuit encoder. Further study could be done to
build a circuit with a lower voltage requirement. Other areas of study could include a comparison of signal to
noise ratios for different slew rates and clock frequencies. The technique of placing the data into a parallel word
with different data acquisition systems can also be addressed.
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Abstract

Increasing demand for higher accuracy accelerometer calibrations and the need for a
more convenient system for absolute calibrations has led to the development of a new
type of shaker and calibration system. The shaker utilizes a high-stiffness low-mass dual-
coll moving element, and is equipped with duai retractable permanent magnets for direct
reciprocity calibrations. The calibration system is completely based on commercial test
equipment, uses a PC for automatic control, and is capable of uncertainties commensu- -
rate with primary-level standards lab measurements. The unique design of the Super
Shaker also allows the same machine to be useful both for laser interferometer calibra-
tions and for comparison calibrations. This paper describes the shaker and calibration
system and gives some preliminary data.

Introduction

The accuracy with which accelerometers may be calibrated is affected by distortion of the
wave form of motion and by the presence of motion transverse to the desired axis. Early
NBS accelerometer calibrations were based on a commercial shaker modified for reduced
cross-axis motion by Bouche, who replaced a large flexure plate suspension with tension
wire supports [1]. in 1963, Dimoff developed a modification which further reduced cross-
axis motion by replacing tension wire supporis with an air bearing [2]. These incremental
improvements were superseded in 1966 by a new Dimoff design with a ceramic moving
element which retained the air bearing but replaced the field coil of earlier designs with a
permanent magnet and replaced the velocity coil of earlier designs with an internal accel-
erometer [3]. This last improvement increased the upper frequency limit from 2000 Hz to
5000 Hz for comparison calibrations, which are done by comparing the output voltages of
the device under test to the internal accelerometer, previously calibrated in place by reci-
procity. In 1968, a second Dimoff shaker was developed, extending the range to 7,000 Hz
for calibration accuracy of 1 to 2%. Interferometer calibration supplemented the reciproc-
ity calibration of this shaker, extending the range to 10-10,000 Hz. This is possible be-
cause interferometer measurements are less sensitive to transverse motion than reci-

333




procity measurements, Shakers of this design have been used for all comparison calibra- -

tions of accelerometers at NBS and NIST from 1968 to the present time [4]. Improvements
in the accuracy of the reciprocity calibrations requires significant reduction of the cross -
axis motion.

Operating costs are high for comparison calibrations since the reference shakers must be
calibrated periodically, a long and tedious process because a second shaker must be
attached as a driver for reciprocity voltage ratio measurernents. This process is too cum-
bersome to be.done each time an accelerometer is calibrated. Therefore the accuracy of
comparison calibrations depends on the long term stability of the system components. A
calibration system which uses direct reciprocity calibration of accelerometers to eliminate
reliance on long term stability would be highly advantageous and is a primary objective of
this project. .. - - . - :

A new shaker system has been designed to use dual magnets and a dual coil moving
element. The dual coil feature eliminates the need for an additional shaker for reciprocity
calibrations. To accommodate improved comparison calibrations, the moving element is
compact in design and is equipped with axially oriented mounting tables at each end.
Provision of easy interferometer beam access to both ends of the moving element allows
interferometric accelerometer calibrations.

In order to maximize the potential for design optimization, two versions of the super shaker
will be built. The version now constructed uses damped fiexures in lieu of air bearings to
support the moving element. It is intended to allow direct absolute calibration of acceler-
ometers using both reciprocity and interferometer techniques over the frequency range
100-5000 Hz. The second version to be built wiil include an air bearing support system
and an active axial positioning system for the moving element. These features are ex-
pected to expand the frequency range to 10-10000 kHz. After proof testing of all systems
has been completed, the aluminum moving element will be replaced with one constructed
of beryllium, in an effort to extend the upper frequency limit to 20,000 Hz. For each version
of the super shaker, an overall goal is to provide calibrations whose uncertainties are one
half as large as those aftainable with current NIST shakers over the same frequency
ranges.

Design Criteria

Absolute calibration methods for accelerometers (reciprocity and laser interferometry) re-
quire high purity of signal wave form. This is especially true for reciprocity calibrations. For
reciprocity measurements, the procedure does not take into account the fact that the
accelerometer is measuring motion in only one direction, but rather the calculations in-
volve measurement of current differences in the drive coil. Therefore even small amount
of distortion and cross axis motion adversely affects the reciprocity calibration. A general
rule is that cross axis motion should be less than 2% and harmonic distortion less than 1%
in order to perform reciprocity calibrations to 1 to 2% accuracy.
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For laser interferometer fringe counting calibration, only the on axis displacement ampli-
tude is measured. Provided the interferometer is properly aligned, the cross axis motion of
the shaker is not as significant as in the reciprocity calibration. For example the displace-
ment error of an accelerometer with a 5% cross axis sensitivity, on a shaker with 5% cross
axis motion will be approximately 1/4%. Harmonic distortion is a more serious problem. A
general rule is that 1% harmonic distortion can produce about 1/2% error in laser interfer-
ometer fringe counting calibration [5].

In designing the super shaker, great care was taken to control both harmonic distortion
and cross axis motion. Control of the latter is especially important to our goal of improving
reciprocity calibrations. Among the critical factors considered were:

1. Magnet dimensions, especially the air gap size, roundness, symmetry, and
finish.

2. Moving element dimensions, including diameter, symmetry, and roundness.

3. Position and repeatability of position of the moving element in the magnetic
gap assembly.

4. Symmetry of coil windings and uniformness of coil wire.

5. Suspension system for the moving element in the magnetic gap assembly.

6. Isolation of critical parts of the shaker to prevent cross coupling of various
vibrating parts of the assembly.

The dimensional tolerances for ali super shaker assemblies were specified to be no
greater than 30 mm (0.001 inch).

Description of the Shaker Assembly

The super shaker, shown in figure 1 is .64m (25 inches) wide, 1.22 m (48 inches) long, by
about .5m (20 inches) high. It is mounted on soft rubber pads on a heavy flat table,
pneumatically isolated from ground vibration. The frame consists of three supporting pedes-
tals, one at each end and one in the middle, and four large diameter shafts running end to
end, two clamped near the bottom of the three pedestals, and two clamped near the top of
the pedestals. Two magnet assemblies, equipped with air bearings, are supported by the
two horizontal rods which are the upper shafts of the frame assembly. The air bearings
allow each magnet assembly to be moved away from the moving element to provide the
access needed for attachment of accelerometers or masses. The operating axis is paral-
lel to the upper shafts and centered in the plane bisecting them.

A common cause of calibration inaccuracy is interference from frame resonances. The
interferences are-resisted by internal dampers inside the three pedestals and by damping
inside the four shafts. The pedestals and shafts are also sand filled to further dampen any
vibration in the frame. These interferences are further resisted by the large magnet mass,
and small resulting motion, as compared to the moving element mass. The small magnet
motions are isolated from the frame by rubber pads.
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FIGURE 1 SUPER SHAKER WITH MAGNETS MOVED AWAY
FROM MOVING ELEMENT
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A carriage on the center pedestal supports the moving element, centered on the operating
axis. The moving element is symmetrical, with coils on each end.

Machined from a solid metal block, the moving element, shown in figure 2, is symmetri-
cally shaped with respect to a bisecting piane perpendicular to the operating axis. Place-

MAGNET

FIGURE 2 DUAL COIL MOVING ELEMENT

ment of the specimen mounting tables at the ends of deep centrai cavities allows speci-
mens to be mounted close to the bisecting plane and inside the envelopes of the coils
located at each end. The outer structure between the two coils is enlarged to provide axial
stiffness for high frequency operation.

Movable Magnet Assemblies

The magnet assembly is shown in figure 3. Each magnet assembly has fwo major parts:
the outer permanent magnet, and an inner air gap assembly. The mass of the permanent
magnets has been maximized within practical constraints in order to minimize the motion
of the magnet assembly relative to the moving element. This reduces interference to the
rectilinear motion of the moving element. Residual magnet motions are isolated from the
frame by rubber pads.
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OUTER PERMANENT MAGNET

ASSEMBLED MAGNET

FIGURE 3 MAGNET ASSEMBLY AND COMPONENTS
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Each air gap assembly is equipped with inner and outer copper shading sleeves, a large
axial port for the accelerometer cable, and four small ports for interferometer beam access.

Each assembly is also equipped with additional ports for air cooling as needed. The air gap

assemblies are de-mountable to facilitate instaliation of new assemblies of different air gap

sizes, when future applications require moving elements of different size. Magnetic keep-

ers are provided to allow this to be done without demagnetizing the permanent magnets.

Moving Element and Carriage Description

The moving element and carriage assembly are shown in figure 4. The length is 101.6 mm
(4 inches) and the diameter is 63.5 mm (2.5 inches). The structure is aluminum and the
mounting tables are of stainless steel, 25.4 mm (one inch) in diameter. The first axial reso-
nance is approximately 22 kHz.

The diameter of the mounting table is adequate to allow the laser beam access required for
multiple-reflection interferometer calibrations. To maximize versatility, the four laser beam
ports provided in each air gap assembly for this purpose are positioned at 90 degree inter-

vals.

The carriage of the super shaker supports the moving element on four damped beryliium
copper flexures. These flexures establish the rest position of the moving element, guide its
motion along the system axis, and resist motions perpendicular to the system axis.

FIGURE 4 MOVING ELEMENT AND CARRIAGE SUPPORT
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Shaker Operation

The vibratory drive force for the moving element is generated by an alternating current in
one or both of the drive coils in the air gap magnetic fields. For reciprocity calibrations,
only ane moving element coil is driven. For interferometric of comparison calibrations,
either or both of the coils may be driven. Both coils are driven when large displacements

and accelerations are desired.

A low distortion power amplifier amplifies a signal from an external signal source to pro-
vide the alternating current. As necessary, power amplifier heating is reduced by con-
necting high power resistors in series with the amplifier output. The use of these resistors
is important for high frequency interferometric operation and critical for pulse operation.
The current applied to the drive coil(s) must have low levels of harmonic distortion in order
to minimize interference caused by excitation of high frequency (typlcal!y above 20 kHz)
resonances of the accelerometer or moving element.

Improved Reciprocity Performance

For reciprocity calibrations, one of the two moving element coils is  driven, and the other
used as a velocity measuring coil. Measurement accuracy is significantly degraded by
changes in the mean position of the velocity coil in the magnetic air gap. With vertical-axis
shakers, gravity makes such changes likely when reciprocity masses are added or sub-
tracted. This problem is avoided by the horizontal orientation of the operating axis of the
super shaker. Further protection is provided by the lateral stiffness of the four flexures
which support the moving element.

The primary function of the components shown in figure 5 is to improve the accuracy of
reciprocity calibrations in the 1 kHz to 10 kHz region. Although the drive cor! and the

FIGURE 5 NEUTRALIZING (LEFT) AND RECEIVING (RIGHT) COILS
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velocity coil are shielded by copper sleeves, both inside and outside, there is some mag-
netic coupling between the drive coil and the velocity coil. A neutralizing coil is located on
the right air gap assembly, and is connected in series with the drive coil. A receiving coil
surrounding the velocity coil on the left air gap assembly, is used to monitor the induced
voltage of the drive coil alone, and the drive coil plus neutralizing coil. A shunt resistor
connected in paraliel with the neutralizing coil is adjusted to minimize the voitage output of
the receiving coil. The shunt resistor is contained in the housing on top of the right mag-
net. Also in the housing is a very low value non-inductive power resistor, connected in
series with the drive coil, to allow measurement of the drive coil current.

Shaker Performance Tests

The results of the acceleration harmonic distortion tests are shown in figure 6. The distor-
tion at frequencies below 100 Hz is attributed to the flexure support system and is likely to
be much lower with the addition of air bearing support. The range from 200 Hz to 8 kHz
achieves an acceleration of no greater than 0.1% maximum harmonic content as mea-
sured using an attached accelerometer. This frequency range is very promising for reci-
procity calibration. Figure 7 gives a typical cross axis motion plot. The cross axis motion
was measured with a small triaxial accelerometer with only the accelerometer mounted on
the shaker table. The plot in figure 7 show cross axis data for two directions, 90 degrees to
each other. This data should be considered only as an approximate indication of the true
cross axis motion since calibration masses could not be attached fo the table at the same
time the accelerometer was attached. Palpation during swept frequency test indicated
that resonant motion of one of the four flexures supporting the moving element was the
primary cause of this cross axis motion. In the frequency ranges 50 to 500 Hz, and 2500
to 5000 Hz, the cross axis motion is less than 2%, sufficiently low for reciprocity calibra-
tion. In order to test its cross axis motion, the super shaker was used to calibrate an
accelerometer by reciprocity. The results were consistent with other calibration results
obtained using NIST laser interferometer calibration systems on other NIST shakers. Dif-
ferences between the reciprocity measurements on the super shaker and measurements
on the laser interferometer systems were less than 1% over these frequency ranges. With
the addition of the proposed air bearing suspension system, the reciprocity range should
cover the range of 30 to 10,000 Hz.

Present Development Work and Future Enhancements

To further improve the accuracy of reciprocity calibrations performed using the super shaker,
two changes are now in the process of being made. The flexures supporting the moving
element are being replaced with new ones with higher damping, which is expected to
reduce the cross axi$ motion, though not to the level achievable with an air bearing mov-
ing element support proposed for later versions of the shaker. The fixtures which support
the flexures are being redesigned to allow easier replacement of flexures. Secondly, the
super shaker is being fitted with a fringe counting interferometer, whose calibration range
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will be about 30 to 500 Hz. The upper limit of this calibration is limited by the acceleration
of the shaker, approximately 200 m/sec? (20 g*). This first phase of the research program
will conclude with the enhancement of the interferometer system to allow fringe disap-
pearance measurements in the range of 500 to 3 kHz, using higher order disappearance
modes. . e ’

Future work will proceed as the availability of resources permits. The addition of multiple
beam capability to the interferometer system will allow fringe disappearance measure-
ments in the range of 3 kHz to 10 kHz. Because flexures allow much more cross axis
motion than air bearing suspension systems, replacing the flexures with air bearings is
expected to extend the frequency range for reciprocity calibrations to 30 to 10,000 Hz and
the fringe counting interferometer to 10 to 500 Hz. With these improvements, the super
shaker system will be capable of absolute calibration of accelerometers over most or ail of
the 10 - 10,000 Hz range. By carefully selecting frequencies at which distortion and cross
axis motion are low, accuracies better than 1% are anficipated.

The moduiar design of the super shaker will facilitate eventual extension of its upper
frequency limit beyond 10,000 Hz. Replacing the stainless steel mounting tables with
ones made of a lighter and stiffer material is the first option likely to be pursued. Further
improvements could be obtained, though at much higher cost, by replacing the inter-
changeable moving element with a smaller one, possibly constructed of a materiaf fighter
and stiffer than aluminum. These improvements are expected to extend the operating
range to 20 kHz.

Summary

A dual coil electrodynamic shaker has been developed for improved accelerometer cali-
bration by both reciprocity and interferometer methods. The shaker uses a uniquely de-
signed aluminum moving element with two mounting tables and a damped flexure support
system for the moving element. The shaker has very low harmonic distortion and low
cross motion over most of the operating range. The shaker has neutralizing and receiving
coils (in addition to the two driver coils) to compensate for magnetic interaction of the two
drive coils. Test results show that the shaker has a useful range of 30 to 5000 Hz for
absolute calibrations and 30 to 10,000 Hz for comparison calibrations. Planned future
enhancements will allow further improvements in performance. .

*g = 9.80665 m/sec
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TRANSVERSE RESPONSE OF PIEZOELECTRIC
ACCELEROMETER

Jing Lin
PCB Piezotronics Inc.,
3425 Walden Ave. Depew N.Y 14043

Abstract

in general, shock and vibration environiments do not exhibit pure linear motion, Because of this, the
transverse response of an accelerometer should always be taken into consideration in shock and  vibration
measurements. The transverse sensitivity (St) and transverse response of an accelerometer are an important
specification. Since the transverse sensitivity and transverse response of a sensor may effect the accuracy of a
given measurement, it should be minimized and defined before the measurement is taken. This paper describes
the relation between mounted resonance and transverse resonance as well as the transverse response calibration
method and fixturing are discussed. It is suggested that the useful frequency range of an accelerometeris dependent
on mounted and transverse resonant frequency.

Transverse Sensitivity

1deally an accelerometer should respond only to accelerations along an input reference axis defined
by its geometry ( usually the direction perpendicular to the mounting surface ) and should have zero sensitivity in
any directions orthogonal to that ideal direction.

Transvérse sensitivity can result from misalignment of the sensmvxty or mput axis from ideal and
poor manufacturing tolerance (see fig.(1)).

Ideal
sensitivity Z
Axis
Sensitivity
a oxis

Direction of

—

minimum -

transverse,~~  ~ 7 \/

sensitivity ¥ “Direction of
maximum
fronsverse
sensitivily

Fig.(1) Vectorial Representation of Transverse Sensitivity

The transverse sensitivity is the result of misalignment of the actual sensitive axis from the ideal
direction. The x and y axes define the transverse plane, When an accelerometer has an acceleration applied in the
transverse plane, there will still be some output from the accelerometer.

The transverse sensitivity (S is the ratio of the maximum transverse output expressed in
aceeleration divided by the magnitude of acceleration in the ideal direction.
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As an examplie, for an accelerometer with 5% transverse sensitivity which is going to measure a shock and
vibration with about 30% transverse motion, the maximum contribution of the transverse output to the
measurement would be the product of the two, only 1.5%. If the measurement frequencies are approaching toa
few kHz , the transverse response of accelerometers will increase ifs transverse sensitivity by following single -
degree - freedom response,

Transverse Frequency Response

The idealized description of a mounted accelerometer in a Single - Degree - Freedom system (DOF) is
illustrated in Fig.(2).

77

Fig.(2) Idealized Model of mounted Accelerometer

In the most cases, assunung the accelerometer to be an undamped spring - mass, their natural resonance
frequency ( ©,= ,fk/m ) is hxgher than mounted resonance frequency ( @, K/(M +m) ). The

mounting stud is under tension force and its spring constant is K.

When mounted accelerometer has acceleration applied at right angles to its mounting axis, there will still be
some output from the accelerometer. In this case, mounting stud is under shear force condition. Its spring constant
is Kg which is much smaller than its tension spring constant Ky . hence its transverse resonance frequency is
lower than mounted resonance frequency. Fig.(3) shows the frequency response of an accelerometer to main and
transverse axis.

Mounted
resonance
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Fig.(3) The Frequency Response of an Accelerometer to Main
Axis and Transverse Axis
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Mounted and transverse resonance frequency measurement data for fourteen commercial accelerometers
are shown below.

Model Mounted Resonance Transverse Resonance  Ratio
kHz kHz
X375 55 18 3.1
X371 42 15 2.8
X391 40 ) 12 3.3
X382 . 28 10 : 2.8
X390 28 9 3.1
X370 ’ 16 4 4.0
X378 13 3.8 . 3.4
Y318 6.5 16 - - 4.0
X374 85 2] 40
X321 40 14 2.8
Y309+ 180 28 6.4
Y3II10# 30 9.5 . 3.2
Y315# 27 9 3.0
Y317 25 7.5 .33
354M0O6 45 ' 32 1.4

* is 100,000g shock accelerometer.
# are industrial accelerometers.

From these data, the most ratios of the mounted resonance to transverse resonance are higher than 2.8.
At frequencies less than one eighth to tenth of the axial mounted resonance, the transverse sensitivity can be

kept below 10%.

A Fixture for Transverse Response Calibration

The mounted resonant frequency of an accelerometer can be found under optimum mounting conditions by
vibration or impact method using the standard mounting studs on a high frequency vibrator or a steel block which
is ten times heavier than the test accelerometer. The sensing axis of  test accelerometer is along the direction of
acceleration input during the mounted response testing.

When an accelerometer has acceleration applied at right angles to its sensing axis, there will still be some
output from the accelerometer. The transverse response is shows in Fig.(3). The fixture resonance will distort
transverse response of a2 test accelerometer and reduce useful frequency range. Fig.(4) shows the transverse
response of a testing accelerometer which is mounted in to a fixture with a open slot. FEA of the fixture with open
slot shows the Fig.(5). Fig.(6) shows the frequency response of a tri-axis accelerometer which is mounted into a

pocket hole in the same size fixture which has the first resonance more than 30kHz. See Fig. (7).
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Impact Hammer Calibration Method

The impact hammer calibration involves testing the simplest of structures, a pendulously suspended mass

behaving as rigid body obeying Newton's law of motion
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Since its transfer function is a constant (1/mass), test results reflect only the behavior of the testing
acceleramelers. Input force to the hammer is measured indirectly, as mass limes acceleration,

Impact Hommer

- Force Cell

Mass

Test Acceleromiater

Force outpul Acceleration Output
Eh Ec'

Fig.(8) Schematic diagram for impact hammer method

Hammer testing requires a known mass and a calibrated accelerometer. Test fesults depend upon the ratio of two
measured voltages, according to the following relation:

(g-gs s

Transverse sensitivity is usually expressed asa pcroentage of a accelerometer axial sensitivity, as :

at

S,

a

Where 5 is the sensitivity of the force cell;

S, Is the transverse senpsitivity of test accelerometer;

e,/ep is the output ratio of test accelerometer to force cell;

M is the mass of rigid body;

H is transfer function of the mass (fixture). .
Feed two signals (e, . ep) to an analyzer, and the results which reflect the function transfer behavior of the
transverse sensitivity vs. frequency.

Useful Frequency Range

The American National Standards Institute defines resonant frequency as that frequency at which the
sensitivity of the pickup is a maximum (ANSI S$2.2-1950 Section 2.13).
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Accelerometers should be selected with resonant frequencies at lest 5 times higher than the highest frequency of
interest (or with a natural period less than I/5 of an input shock pulse duration). To be valid, however, the
resonant frequency specified must be mounted mechanical resonance. Since the accelerometer will be mounted in
use, the mounted resonance is the only one of value to the user,

For an accelerometer, its transverse résonant frequency is much lower than its mounted resonant frequcncy
The transverse response can cause a significant error in shock and vibration measurement, For an example, an
accelerometer with 5% lransverse sensitivity has 33% increasing in transverse sensitivity at half of transverse
resonant frequency, and can cause about 0% error in shock and vibration measurement which has 30% cross
motion corponeits.

Useful frequency range of a piezoelectric accelerometer is determined by its transverse frcqucnc:y response
rather than its mounted frequency response.

It is suggestion that the useful frequency limit is about one tenth of mounted resonance frequency in most
shock and vibration measurement. The higher the mounted resonant frequency, the wider the operating frequency
range. In order to have a higher mounted resonant frequency it is necessary to have either stiffer piezoelectric
elements, lower total mass and stiffer mounting stud and better contact surfaces,
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UTILIZATION OF STATIC CALIBRATION DATA TO
CORRECT NONLINEAR MEASURED DYNAMIC PRESSURE DATA

David Banaszak, Electronics Engineer.
U.S. Air Force, Wright Laboratory.
Wright-Patterson AFB,0H45433-7006

Abstract

This paper discusses the process required to correct nonlinear
pressure transducer ‘data obtained inadvertently during recent
measurements of dynamic pressure in acoustic modulator valves in’
Wright Laboratory’s small combined thermal and acoustic test
facility. This paper also serves as a short tutorial reminding
scientist, engineers and technicians that assumptions of transducer
linearity must be carefully guarded to certify wvalid data
acquisgition and analysis.

The facility generates sound pressire levels (SPL) greater
than 174 dB at temperatures exceeding 2500 °F in the test section.
Wright Laboratory engineers conducted two series of tests to
evaluate several models of commercial pressure transducerg to
certify that they would operate at high temperatures and acoustic
levels. To check the acoustic levels into the test section, four
additional strain gage pressure transducers were placed in the
throat of the acoustic modulators which provided. the acoustic
excitation. These .four modulatcr transducers replaced old
piezoelectric transducers. Laboratory engineers agreed that the
new transducers would provide good reliable data and also allow for
meagurement of static pressures. The first high temperature test
began, and the major . emphasis was on the high temperature
transducers under test. The modulator transducers were mainly for
baseline data..  Lab engineers plotted time histories of the high
temperature transducers and the modulator transducers to ensure
that no data were clipped. The modulator transducers looked good
on the oscilloscope during the tests, except one broke and had to
be replaced with a higher range transducer to withstand the high
acoustic levels. However, on the scope, there was also a DC
component. The paradigm was the engineer’s concern with only the
dynamic output of the transducers. After evaluating the high
temperature transducer microphone, laboratory engineers decided to
look into the modulator microphone peculiarities in more detail.
They noticed that time histories for the modulator microphones did
not look 1like expected due to nonlinear effects.  This paper
describes a process that allowed the englneers to plot valid time
history data f¥dm this nonlinear data.

Background

Increasingly, in aerodynamics testing, there is a trend to
merge dynamic and static pressure measurements. Years ago dynamic
measurements . in a wind tunnel test were unique. = Presently,
aircraft designers need both dynamic and static measurements, so
there is a trend toward using strain gage presasure transducers to
make these measurements. In Wright Laboratory’s Combined
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Environment Acoustic Chamber (CEAC), the .strain gage pressure
transducers are replacing piezoelectric “transducers to measure -
acoustic levels exceeding 180.dB SPL. For engineers accustomed to
measuring static pressures, dynamic¢ measurement techniques are not

" ‘well understood. Likewise, for those used to measuring dynamic. ~=.
pressures, static measurement techniques are unfamiliar.

New data acquisition systems allow the measurement engineer to _ = ..

record both static . and dynamic pressurées on the same storage
device. Extra care must be taken to ensure that assumptions made
when measuring static or dynamic data exclusively do not lead to = =
invalid measurements. Typical system filter responses for the
dynamic and static measurements are shown in figure 1. For static
pressure measurement, a low pass filter eliminates 60 hertz noise,
vibration noise and radio frequené&y noise; however, acoustic and
vibration data are also filtered. For dynamic pressure
measurements, a high pass filter eliminates undesirable DC offsets,

low frecquéncy cable noise and thermal noise, but now static -

-~ --pressure data is filtered. Thus, filtering out noise for gtatic
measurementg can eliminate dynamic data and vice versa. This is
not desirable. The ideal situation is to keep data at all -
frequencies as shown in figure 1 for the all pass filter. Now,
undesirable noise must be minimized. For example, 60 hertz line
noise must be reduced by using proper grounding techniques to
eliminate ground loops.

The dynamic measurement engineer may uUse AC coupling between
the transducer output and recorder input. The engineer assumes
that low frequency data is a nuisance, but what happens when static
pressure changes affect the validity of dynamic data? Can the
engineer assume linearity? There is a definite need to check and
understand transducer calibrations to ensure valid measurements.

Test Facility Description and Setup

Wright Laboratory developed a combined thermoacoustic test
facility called the CEAC. The CEAC simulates dynamic pressures
created by jet engines, turbulent air flow across hot aircraft
structures, and high thermoacoustic lewvels during high velocity
flight through the atmosphere. The CEAC gives Wright Laboratory
the capability to test materials and structures in a combined high
level thermocacoustic environment. Wright Laboratory also built the
Sub-Element Acoustic Chamber (SEAC) shown in figure 2. The SEAC is
a prototype for the CEAC and has the same capabilities with the
exception of test specimen size.

Wright Laboratory dynamically evaluated three models of o
commercial strain gage pressure transducers in the SEAC at high
acoustic levels and at temperatiures up to 1200 °F. References 1 -
and 2 describes the dynamic evaluation of these high temperature -
transducers during June 1993 and December 1893 respectively.

In addition to the high temperature transducers, four strain
gage pressure transducers, also called microphones, were placed at
the throat of the acoustic modulators as shown in figure 3. The 4
Wyle Model WAS 3000 airstream modulators described in reference 3
generated acoustic noise over a range of 50 - 500 Hz at levels
exceeding 180 dB SPL. .Data from these microphones were not
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required to evaluate the hlgh temperature transducers, however time
histories obtained from these modulator transducers, M1 through M4,
provide the. data for the remainder of this papex. These modnlator
microphones measured the acoustic. lnput required to dynamically
test the high temperature transducers in the test gection of the
SEAC at 160, 166 and 172 dB combined with 100 °F increments to 1200
°F. The modulator microphones experienced very high acoustic
levels, but did not see high tempe:atures Specifications for the
modulator microphones as listed in Table I. Detailed information
about the modulator microphones were. provided by the manufacturer
in referénces 4 and 5.

Ingtrumentation and Initial Calibrations

The block diagram for the evaluations of. the high temperature
microphones during December 1983 is shown in figure 4. The tape
recorder, described in reference 6, was a Metrum RSR 512 rotary
head digital tape recorder set up for a data bandwidth of 2.5 kHz
per channel and a sample rate of 20 kSamples/second/channel. This
getup resulted in an aggregate sampling  rate of 320
kSamples/second. The excitation vbéltage was 10.0 VDC for Ml
through M4. During the June 1993 tests the amplifiers were AC
coupled and the recorder was a Honeywell 96. During the December
1993 tests, the amplifiers were DC coupled so dynamic and static
pressure measurements could be made using one channel. The 70 dB
dynamic range of the recorder allowed the engineers to measure the
static and dynamic pressures on the same channel during the
December 1993 test. This capability, gave engineers an ability to
correct the non-linear data generated.by the transducers exceeding
their design range.

The modulator mlcrophones were evaluated at room temperature
in the positive and negative pressure directions uging an 11 point

static - calibration technique as described in reference 7. All

static sensitivities were done over the rated 2 psi range and were
close to the manufacturer’s specifications. Static evaluations
were conducted before and after the high temperature dynamic
evaluations in the SEAC. The modulator microphones were
dynamically calibrated before and after use in the SEAC as follows:
An earmuff calibrator was used to input 140 dB SPL into each
nicrophone at a frequency of 250 Hz. The reference microphone in
the calibrator and modulator microphone outputs were recorded on
tape. This provided an end-to-end calibration for the microphones.
The microphone outputs were monitored using a spectrum analyzer,
voltmeter and oscilloscope. During playback of the data, this
calibration on tape was used to compute the dynamic sensitivity (AC
Cal) wvalue that is listed in Table I. B

During data collection, mic¢rophone signals were recorded for
each test condition using the instrumentation show in figure 4. No
signal records were followed, by a matrix of acoustic and
temperature levels. The recorderlmonltored input data by lighting
an LED and gounding a beep if any channel was cllpped The SPL was
set by monitoring the upstream microphone (UM) shown in figure 3.
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Quick Look Data Reduction

Static calibration curves were evaluated before and after
testing in the SEAC to certify initial and final transducer
operation. .Data analysts digitized the recorded data and produced
time history plots. The time histories were reviewed to identify
bad records. Since the modulator .data was not required for high
temperature evaluations, just a very cursory look.was done of time
histories for M1-M4. During the June 1993 test, one microphone (M4)
lost all output, so it was replaced with a 15 psig range transducer -
ags shown in Table I. The manufacture evaluated the broken
transducer and reported that it had been over-ranged. This was the
first clue of measurement problems. The higher sensitivity of the
over-ranged- microphone indicated that the maximum range of this
transducer was lower than for ML through M3. Maybe the transducers
were not operating in the linear region of their calibration
curves. ‘

Since the system was AC coupled during June 1293, there was no
way to determine if the microphones were seeing a static pressure.
While using DC coupling during the December 1993 tests, engineers
observed on an oscilloscope that the modulator microphones had a
static pressure level of -3 to -8 psi when the SEAC was activated.
This exceeded the rated range of 2 psig for M1-M3 and probably
explained why M4 broke during the June 1883 tests.

Calibration Beyond Linear Rangea

The engineers went back to the laboratory to determine what was
happening. Since the modulator static pressure was not zero, the
microphones were statically recalibrated over a range of -12 psig
to +12 psig to determine linearity over the modulator’s operating
range. The calibration points for M2 are shown in figures 5 and 6.
Figure 5. shows the calibration data points, a best fit cubic
function through the data pointe and a straight line assuming the
manufacture’s calibration. As shown in Table I, the wvendor’'s
calibration was close to ACCal computed from the end-to-end
calibration. Figure 6 shows the calibration data points, best fit
cubic polynomial and the least square fit straight line.

Assuming linearity to derive pressure from voltage leads to
computing erroneocus pressure values. . Also, using the ACCal
sensitivity as shown in figure 5 yields a different linear fit than
when using the best fit straight line shown in figure 6. Table I
includes the values used for a linear fit (ACCal) and coefficients
for a 3rd degree polynomial fit.- For a linear fit, the Laboratory
used the ACCal sensitivity, which was closest to the manufacture’s
calibration. Since some modulators were operating at very negative
static pressures, the error using this linear assumption is quite .
significant. Since M4 was now a 15 psig transducer, M4 was now
linear over the entire calibration of -12 to +12 psig. So no 3rd
degree curve fit was needed for M4.

If you loock at the transducer .operating region and map the
output pressure versus the input voltage, you will get a2 non-linear
pressure output. For a linear input, the output waveform will be
distorted by non-linearity. Note the psi/V slope becomes more
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negative . as the voltage decreases. Thus, the true pressure on the
time histories should be more negative as we move down the curve.
The microphone output is approdching an area where the data is
clipped. This is similar to operating an ‘electroni¢ amplifier
outside its linear operating range and near saturation. When the
time history using the linear fit was plotted there were no
apparent hard clipping, visual inspection of the signal did not
readlly show any thing that locked clipped. A typical time history
using ACCal for a linear assumption for M2 in figure 7 shows no
hard c¢lipping. If hard clipping did exist, as stated in reference
8 'No effort should ever be made to introduce nonlinear corrections
to signals that have been clipped.’

Data Reduction and Analysis

Next, look at -the impact of this non-linearity for time’

histories. for M2. The jagged shapes in figure 7 for a typical time
history are consistent with the expected series of sawtooth wave
shapes that the acotustic modulators will produce for a sine wave
lnput For M2, time histories of selected records were plotted
using a linear fit based on the AC Cal ‘dand using the 3rd degree fit
coefficients in the following eguations,

{1} PSI ACCal x V using linear ACCal
(2) PSI = a, -+ a,vV + a,v% + a,V° using cubic fit

It

where PSI is the pressure in psi, V is the volts out of the
transducer, a,, &, a, and a,; are the coefficients for a cubic fit as
shown in Table I and ACCal is the dynamic calibration sensitivity
in psi/V. Note that ACCal can be considered to be a, for a linear
fit, In addition to the plot for M2 in figure 7 which assumes
linearity, figure 8 shows the same time history using the cubic
fit coefficients. The negative pressure values are more negative
using the cubic fit. This agrees with the calibration curves
discussed earlier, where a -7 psi operating point implies that the
psi/volt slope becomes more negative and thus impacts the negative
side of the time history more. Note also that the standard
deviation is higher using the 3rd degree fit- 31nce the time history
is now using a wvalid calibration.

Obviously, operating the transducers. in a non-linearity region
impacted time histories for. MI-M3. Table II shows the mean,
standard deviation and rms values tabulated from time history plots
for M2 for several test conditions during the Dec 93 tests. Note
that for each time history,

(3) p* + ¢° = rms?,

where g is the mean, ¢ is the standard deviation and rms is the
root mean square. This is as expected for the basic statistics of
a random variable. Observe that ¢ is equivalent to measuring a
time variant signal with a& voltmeter that is AC coupled. Also, U
is equivalent to measuring a time variant signal with a voltmeter
that is DC coupled. The rms statistic is equivalent to the sum of
the AC and DC components.
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The last .column of Table ILI shows the result of leldlng the

standard deviation for the 3rd degree. fit (sd3) by the standard

deviation for the linear fit (sdl for degree fit = 1} using ACCal.
This column is use to derive the percent increase of the dynamic
pressure computed using the cubic fit compared to the dynamic
pressure computed using the linear fit.. This increase in dynamic
pressure. is plotted versus the mean value of static pressure using
the linear fit. These plots are show in terms of percent increase
in figure 9 and dB..increase in figure 10. As expected, the

increase in dynamic pressure is highest at a static pressure level

of -6 to =7 psig. This agrees with the analysis on the static
calibration curves. Also, figures 9 and 10 show there is between
30-42% (2.3-3.2dB) difference between using the cubic fit. versus

the linear fit when the linear mean pai was ~7 psi. This is a .

significant error. By using the cubic fit equations, the time
history of pressure is hopefully valid.

Summary and Conclusions

Data from the modulator microphones M1l-M4 were initially all
nonlinear because they were not operating at their design operating
point. After replacing M4 with.a 15 ps;g range transducer, only
M1-M3 still gave nonlinear data out. This resulted in these 3
transducers operating in non-linear parts of their operating curve.
By fitting a 3rd degree polynomial to the static calibration data

for M1-M3, the data were corrected to account for the non-
linearity. This is definitely not a recommended practice, but does
provide a way escape a difficult situation. Another possible

solution, not requiring purchase of new transducers, is to connect
the reference port to a suitable reference pressure to keep the
transducer in it’s linear operating range. The ideal approach is
to properly select and purchase a transducer that will be operating
in its linear range. Don’t sacrifice quality measurements because
of cost. Using the polynomial fit showed the AC content of the
data was higher than originally calculated by improperly assuming
the transducers were operating in a lineéar region. Using the cubic
fit also improved the shape of the time histories. Newer state of
the art recording systems with larger dynamic range aided in
measuring static and dynamic¢ pressure simultaneously.
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Table I Transducer, Specifications and Curve Fit Coefficients.

) f , . : : | i
MIC MIC |Range Vendor Vendor |Linear |ACCal !Cubic Terms | :
ID 'SN__ [psig mV/psi ps:l./V iFit  |Used a0 _ al &2 laB
M iAEJWlI;‘ 2 126.2; 7. 923; 10. 059, 8. 1811 0 036 .B8.287; 0. 166 1. 359
M2 _AEJ70) .2 118.9  8,410i 9.159. 7.591’ 0,017 .7.819! 0.159; 1.408
M3 _AEJ85 2 119.0 8.403_ 9.653  8.144, 0.018 8,272 0.270 1.616
5
2

M4__!AG368; 1 21.7, 46. 040; 45, 560, 44,220{-0.447 44. 970,-0.006. 13.790
M4 _AEJES ) 153.1  6.532 P T
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Table II Mean, SD and RMS Values J..n ps:i. foxr Typ:.cal T:Lme H:.stor:.es o
. x R U o

t {
' ' ' i
;

Mic ‘Dag '‘Standard ;

dag (F) SPL(dB) .ID ,Fit Mean(psi) Deviation RMS (psi)_ 11 sd3/sdl

80, 140 1, 3. . .0.0745_ __ 0.0134: 0.0757]

T Tso. 340 1. 1_..”0.0381_ . 0.0132 _ 0.0403) L2013
80 1400 2. 3 0.0565 0.0114:  0.0577i

.._BO. __ 140 2 ,1 _0.0380 [70.0110,. 0.0396{ _1.036

1 140, .3 3, 0.0625 _  0.0137. .0.0640!,

_80__ ___1_,40_ 3,1 0.0433___ -.0.0135;_ -0.0459: 1,015
12000 160 1. 3 -~7.1000; _ . 1.T600 _ 7.1900 L
12000 160 i . 1 . =6.4500 089200 . 6.5100[  1.300
200 160 273 T 777300 0.8820 _ 7.7800] _
12007 160 20 1. -6.6900 . - _o .6310  6.7200,  1.398
~ 1200, 160, 3. . 3. .=2.9300  _~ 0.7860, _3.0300,
1200 lsom,_,__:‘;.; 1. 22.8500, _.;,Qa_7;3,4_0! 2.9500]  1.071
1200:. 166, . . !,ﬁgﬁ_&, . =7.8800 1.2800, _7.9900

__1200: ,1-..39;,65_-.-.-.1._-_\_,_.1__ _-7.0400_ _ 0.9800, _7.1100] _1.306
1200/ . 166 2. .3 . -6.9300° . 1.2500. .7-0500]
1200; 166 .. 2. .1 _ . =6.0900. ,_Q.&g_gso,_  6,1700;  1.323
1200, 166 37 "3 ~3.1400 _ 1.1700. .. 3,3500] o
1200] 166 3 1 T =3.0400 1.0900. _3.2300; 1.073
12001 172 1, 3 -8.9000 . 1.44001  7.0500!

21200 372 .3i..1.  -6.2800 . .1.1300. _6.3800} 1.274
1200, 172, 2. 3  -7.3500, _ 1.1800, _ 7.4400,

12000 172 .2 1 ~6.4000' _  0.8710  6.4600] 1.355

_ 1200 172 3. . 3. ~-2.6800. 1. 5200' 73,0800,

1200: 172° 3 1 =2.5900°  1.4200°  2.9600]  1.070

90 . .16 . A .3 -7.4900° 1.1400 7. 5300* o

T 90 160 1. 1 -6.7500.. . 0.87Q0 . 6.8100: _ 1.310
_90. . ;iiow_u@;;.. 3 =8, ;QOEQL T 0.6890 . 8. 1300,

90,160 2l 1. . -6.9500. ___ 0.4820 _ 6.9600 _ 1.429
750 - 160 . 3. 3. .=3] 1100Q., ,,9;,;;,;;5@;_ ,3.1500!

90 160 3.1 _ -3.0200_ . Q4800 . 3.0600, _1.073

90 166 1 3 -7.9600 _  1.3100 "' 8.0700;

. %0 166 _ 1 1 .=7.0900, ' 0.9540] 7.1600] _1.318
90 _ 166 2. 3 =7.2200 _ 1.1000, .17, £3000§ .
90° 166 2 1 . -=6.3100°  0.8120 s .3600] _ 1.355
90 166 3 3 -3.1600  1.2400  3]4000]

_ 90 _ 166 3. 1 __ -3.0600_  1.1500 _ 3. 3.2600; __ 1.078
90 172 1 3 =6.7100  1.5900. _ 6. 9000; L
90 _ 172 1. 1 -6.1300_ 1.2900 _6.2600i _ 1.233

90 172 .23 . ~7.1100 1.1400 7 2000;

g0 172 2. "1 -6.23060. _ 9. 8520 zgoor 1.338

90 172 3 3 _ -2.6800 __ 1.820Q 3.2400; [l .
90. 172 371 -2.5800" 1.6900 _ 3.08001 _1.077
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Typical Dynamic, and Static Filters .
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Figure 1 Typical Filters for Dynamic and Static Measuraments
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Microphone Locations
in SEAC Facility
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Figure 3 Microphone Locations During Thermal and Acoustic Tests
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Figure 4 Block Diagram of Recb_rding Instrumentation

360

P )

i

=it

s afemmamLT



S AL e o=t Lo, ' -_;,:;_ i E

e m s R T At LA
15 P 2 S el

et
m O - N ﬁi:s‘_.’—dnt""A(" it fon $=] U_iﬂn
[an B0

I" :4 Modulator|2Z Oporating Region
-10 . A s - . _
b/:/r

-2000-1500 -1000 -500 O 500 1000 1500 2000

mVolts Out(SIN AEJ70)

Figure 5 Static Cal for M2 with Line Based on Manufacture’s Cal

Loast Sguare Fit Swaight Lipe L e e

15 _ iy o

PSI

_s R o - - - P R N sl -,
I~ /
~10 - S . e L 1 I

—15 e
-1500 -1000 ~500 o S00 1000 1500

mVolts Out(SIN AEJ70)

——a i o IETOPTIRT L 2P R L PR, P -

Figure 6 Static Cal for M2 using Best Fit Straight Line

361




MB., MIC_TEST, S0E. 16808 ... .. ..

o
mean =—-Q 831E+01
std.dev = 0812, [s]e]
fms = 0.836854+01
MOX == 356E+01
at 0. 176E+0p
min =—0.792E4+01
at DUISBE~+QQ
|
8 -5 i } i
g
8
3
-0 - - n P S c T o AL
Q.30 0.15 0,20 0.25
TIME (SEC) gt = 0. 121E=-D3

Figure 7 Typical Time History of M2 using Linear Fit
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. Coxrrections for WNonsLinearity .
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Figure 9 Dynamic Pressure Increase in Per Cent using Cubic Fit
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