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PREFACE

The research reported in this document was conducted by The Boeing Company for
the Air Force Wright Aeronautical Laboratories under Air Force Contract
F33615-77-C-3059, "Optimum Ground Vibration Test Method." Otto F. Maurer was
the Air Force Technical Monitor for the contract. Bennie F. Dotson was the
Program Manager, Roman F. Michalak was the Principal Investigator for Phase I and
David W. Gimmestad was the Principal Investigator for PhasesII and III at Boeing
Military Airplane Company. Carl S. Doherty was the Lead Engineer, and
significant contributions were made by Rita M. Nadreau, at the Vibration
Laboratory of Boeing Commercial Airplane Company. At the University of
Cincinnati, subcontractor to Boeing in this research, Dr. David L. Brown was

Principal Investigator with significant contributions from Randall J. Allemang

and Ray Zimmerman.

The body of this report was written by Roman F. Michalak, David L. Brown,
Randall J. Allemang and David W. Gimmestad. Appendix A, the "Guide for Ground
Vibration Testing of Airplanes" was written by Carl S. Doherty and Rita M.
Nadreau. Appendix B, the "Aircraft Soft Support System" was written by David W.
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SUMMARY

The development of an improved aircraft ground vibration testing method is dis-
cussed. This method, a single point excitation-frequency response analysis
method, greatly reduces the cost of ground vibration testing while offering
significant improvements in accuracy. The development of this improved method

begins with a description of the testing philosophy and objectives of ground

vibration testing at airframe manufacturers in the United States, followed by a
description of the ground vibration test. The state of the art review includes a
broadly based literature survey. The industry interviews reveal areas where the
airframe industry, with exceptions, is behind the state of the art, and shows

opportunities for rapid improvement.

The single point excitation-frequency analysis method separates the ground
vibration test into a measurement phase and an analysis phase. The measurement
phase is conducted on the test site, and results in measurements of excitation
and response. The analysis phase is conducted in the laboratory computer room,
and results in frequency response functions and modal characteristics. Recom-
mendations include methods for ground vibration testing and specific equipment

jtems to improve the test.

; Recommendations are also made for future research and development and for
approaches by which ground vibration testing improvements may be applied to USAF
programs. A demonstration ground vibration test was conducted using the recom-
mended method. This test on an A-10 airplane is reported in Volume II of this
report. A "Guide for Ground Vibration Testing of Airplanes," which incorporates

the recommended method is also included in an appendix.
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1.0 INTRODUCTION

Ground vibration testing is an important element in the development of airplane
structures. Knowledge of the dynamic characteristics of an aircraft is needed to
analyze gust loads, flutter, shimmy, stability and control, maneuver loads,
buffet loads, environmental vibration, ride comfort, acoustics, taxi 1loads,
landing loads, etc. Calculating the dynamic characteristics is a complicated
process which is done during preliminary design and final design of an airplane.
The Ground Vibration Test is necessary to insure that the dynamic characteristics

used in all the dynamic analyses are correct.

The opportunity for a significant improvement in ground vibration testing
occurred when advances in a number of the vibration testing detail techniques had
improved. These advances were the result of incorporating the computer into the
test equipment, developments in integrated electronic circuitry, developments in
vibration testing theory and improvements in mechanical system design. Selec-
tion of the methodology for this improved ground vibration testing method, inte-
gration of advances in detailed techniques into this method, some further
advances and a demonstration of this improved method constituted the reported

research,

The discussion in this report begins with testing philosophy and objectives. The
testing philosophy and objectives of vibration testing as practiced in the United
States, and by the airframe industry in particular, is defined. The description
of a ground vibration test follows, in which its differentiation into measurement

and analysis phases, and its goals and assumptions are discussed.

L
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The state of the art review draws from a literature review, industry interviews
and in-house experience. The review first discusses the general methods used in
vibration testing, then reviews specific techniques used in ground vibration
testing and the characteristics of modal parameter estimation. The process for
selection of a recommended ground vibration testing (GVT) method fo]]ow§. The

candidate methods are rated by several criteria and analytical studies of the

modal estimation process are discussed.

The recommended ground vibration testing method, the single point excitation-
frequency response analysis method, is described in detail. The measurement
phase and the interpretation phase of a test conducted by this method are out-

Tined.

Conclusions are drawn on the current state of the art and on the recommended GVT

method. Recommendations on ground vibration test method are made. Also the use
of certain items of equipment is recommended for use in a GVT. Research and
development recommendations which would further improve the GVT are made.

Finally recommendations are made on applying the GVT improvements.

The appendices include a "Guide for Ground Vibration Testing of Airplanes" which
incorporates the recommended method and Volume II contains the "“A-10
3 Demonstration GVT Test Report." The latter report documents a demonstration GVT
that was conducted using the recommended method. An appendix discusses design
and development of an aircraft soft support system that was fabricated for use in

the demonstration GVT.

*J
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2.0 DISCUSSION
2.1 TESTING PHILOSOPHY AND OBJECTIVES

An airplane ground vibration test is a test performed on an airplane to measure
H its structural dynamic characteristics. The principal reason for conducting a
GVT is usually to support the flutter clearance program, a critical safety of
flight item. Other important problem areas supported by the GVT include gust
loads, shimmy, stability and control, maneuver loads, buffet loads, environ-

mental vibration, ride comfort, acoustics, taxi loads and landing loads.

In the flutter clearance program a mathematical model cf the airplane is usually
developed. This model is the flutter engineer's abstraction of the mass and
stiffness characteristics of the airplane. The objective of the ground vibration

test is to provide data to validate, improve or replace the mathematical model.

The quality of the finished test data must be adequate for the engineering task
it is needed for. Concurrent with this, the resources expended :nust be minimized

and all cost and time estimates must be reliable. This implies that:

a. The length of time the test airplane is commited to the test must be mini-

- mized.

, b. The number of skilled engineers and technicians necessary to run the test
must be minimized.

c. The test usually runs.24 hours/day, until it is complete.

d. Total cost of running the test must be minimized. This cost includes the

opportunity cost associated with occupancy time on the test airplane, man
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power, equipment and the costs associated with delays in feedback of test

results into the airplane development cycle.

2.2 DESCRIPTION OF GROUND VIBRATION TESTING

2.2.1. Definition of Experimental Modal Analysis

Experimental modal analysis is a test procedure for experimentally determining
the motion of a structure in response to forces that excite the structure. This
description includes a mathematical model for abstracting the behavior of the
structure and the values of the parameters in that model. The model chosen is ]

based upon assumptions about the structure's behavior. The values of the para-

meters are determined by a parameter estimation process applied to measurements
of the structure's ianput (excitation force) and output (motion or response)
signals. In this respect the structure is treated as a "black box" problem, in

which the behavior is inferred from the input-output measurements. The process

of experimental modal analysis generally consists of a measurement phase and an

interpretation (or analysis) phase.

2.2.1.1 Measurement

In the measurement phase of a ground vibration test excitation is applied to the

airplane and its response is measured. During most ground vibration tests a
controlled force input is applied to the airplane and acceleration, velocity or

displacement are measured at a number of points on the airplane.




2.2.1.2 Interpretation

Interpretation of the measurements is in terms of the mathematical model assumed

for the airplane.

Linear Mathematical Model

A linear mathematical model 1is usually assumed for the airplane whenever
possible. The unknown model parameters interpreted from the test measurements
are invariably the modal characteristics of this model; frequency, damping and
modeshape. Occasionally additional characteristics are reduced from the mea-
surements. These include generalized mass and point mass, stiffness and damping

coefficients.

Non-Linear Mathematical Model

When a Tinear model is not a sufficient approximation to the airplane's struc-
tural dynamic characteristics, a non-linear model must be used. This is done as
infrequently as possible, and the models are kept as simple as possible, because
this interpretation process is substantially more difficult than in the case of
the linear mathematical model. There is no generally applicable nonlinear mathe-
matical model. A model appropriate to the problem at hand must be selected for
each application. Considerable research remains to be done on the subject of

measurement interpretation for nonlinear mathematical models.




2.2.2 Goals

The identification of the goals of an experimental modal analysis test is an
essential part of the choice of best test procedure. At the present time there

are three primary uses of modal parameters:

1. Trouble Shooting
2. Modeling
3. Synthesis

Vibration testing is concerned with all three uses of the results at varying
points in the Tife of an airplane. As the use of modal parameters change the test

requirements are changed.

In the specific case of the airplane ground vibration test, verification and, if
necessary, modification of the mass and stiffness matrices, used in the flutter
analysis, is often the primary goal of the test. The construction of a mathe-
matical model for flutter analysis is occasionally the goal, wherein generalized
mass, stiffness, damping, and (via the modeshape) aerodynamic force matrices are
developed. Modal parameters is a convenient mathematical model which can be

applied to both the experimental test and the theoretical analysis.

2.2.3 Assumptions

Three basic assumptions about a structure are made in order to perform an experi-

mental modal analysis which includes a linear mathematical model. First, the

structure is assumed to be linear. This means that the response of the structure
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to a combination of forces, simultaneously applied, is the sum of the individual
responses to each of the forces acting alone (i.e., the superposition principle
holds). For a wide variety of structures this is a very good assumption. When a
structure is linear, its behavior can be characterized by a controlled-excita-
tion experiment in which the forces applied to the structure have a form conveni-
ent for measurement and parameter estimation, rather than being similar to the
forces that are actually applied to the structure in its normal environment. For
many important kinds of structures, however, the assumption of linearity is not
valid. In these cases the linear model that is identified often provides a

reasonable approximation of the structure's behavior.

The second basic assumption is that the structure is time-invariant. This means
that the parameters that are to be determined are constants. In general, a
system which is not time-invariant will have components whose mass, stiffness, or
damping depend on factors that are not measured or are not included in the model.
If the structure that we are testing is changing with time, then measurements
made at the end of the test period would determine a different set of modal

parameters than measurements made at the beginning of the test period.

The third basic assumption is that the structure is observable. This means that

the input-output measurements that we make contain enough information to gener-

: ate an adequate behavioral model of the structure. Structures and machines which
| have loose components, or more generally, which have degrees of freedom of motion
that are not measured are not completely observable. Consider describing the
motion of a partially-filled tank of liquid when complicated sloshing of the
fluid occurs. Sometimes we can make enough measurements so that our system is

observable under the form chosen for the mathematical model, and sometimes no

amount of measurements will suffice until we change the model.




2.3 STATE OF THE ART REVIEW

2.3.1 Survey

2.3.1.1 Literature Review

The literature reviewed was identified by both manual and automated search proce-
dures. Known articles of value, as well as literature referenced within these
articles, were identified first. This material dates back to approximately 1945.
Then, independent computer searches were conducted by the University of Cincin-

nati and The Boeing Company involving the following data sets:

1. NTIS

2. COMPENDEX

3. ISMEC

4, SAE ABSTRACTS

5. NASA

6. DDC
Classified
Unclassified

The results of the computer searches consisted of about 2,000 listings of title,
author, source, and abstract. This computer search process included material no
earlier than 1965, Candidate literature items were selected by review of the
contents of their abstracts. Finally, the manual and computer searches were
combined to eliminate duplication which resulted in approximately 400 pieces of

literature being identified. Ninety percent of this literature was acquired.




(See reference lists following this volume.) The most significant literature of
the reference material was selected and is summarized in Appendix D by subject
matter. A chart summarizing the content of the reviewed literature is shown in

Appendix E.

2.3.1.2 Industry Interviews

A series of interviews were held to ascertain the state of the art as practiced
in the airframe industry. The groups selected for interview were identified by
the Flight Dynamics Laboratory of the Air Force Wright Aeronautical Laboratories
as experienced in ground vibration testing. Additional individuals selected as

having expertise in vibration testing were also interviewed.

Most of the personal interviews were performed on the site of the organization
interviewed. The interviews were conducted by a combined team from the Univer-
sity of Cincinnati and The Boeing Company. Typically, two to three hours were
spent in the interview combined with a tour of test facilities and equipment. A
standard interview reporting form was used and frankness was encouraged by keep-

ing the details of the interview confidential.

2.3.2 Current State of the Art

2.3.2.1 Airframe Industry Practice

Aircraft industry practice varied widely. All large airframe companies have an

in-house ground vibration test group. Their experience levels vary dramati-

cally; some conduct several GVT's a year; others run one test per decade. The
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most difficult problem the airframe industry has in conducting vibration testing
is in finding, training, and retaining adequately skilled people. A summary of

the industry interviews can be found in Appendix C.
The survey disclosed four major reasons why airplane companies conduct GVT:
1. Comparison with a mathematical model developed for flutter analysis

2. Troubleshooting of existing aircraft

3. Research

4. Development of modal pas >meters to use in analysis

In most airplane GVT's, frequencies, dampings and mode shapes are the desired
test result. Where fast Fourier transform equipment is in use, frequency

response functions and coherence plots are produced as matter of course. The

more advanced developments, complex mode shapes, generalized mass, stiffness and
damping, transfer functions and orthogonality checks, are less frequently

required, although there are organizations where some of these are routine.

Shakers are used for excitation for most airplane ground vibration tests,
3 although occasionally impact and operating inputs are used. Impact testing has
been utilized for testing flight control surfaces. Autopilot inputs to a large
flight control surface have provided sufficient inertia excitation to shake out
critical wing modes on a very large airplane. Single shaker inputs are used to
excite both one degree of freedom at a time or multiple degrees of freedom. Of
the multiple shaker systems in common use, most are groups of shakers operated in
or out of phase to drive symmetric and antisymmetric airplane modes. They are

used less frequently in apportioned force approaches. With rare exceptions the

10




multiple shaker arrangements are used to excite one degree of freedom at a time.
Several organizations had research activities addressing the measurement of

multiple degrees of freedom using multiple exciters.

The excitation signal used in GVT systems which do not incorporate a fast Fourier
transform computer is invariably sinusoidal. The excitation signals generally
used with FFT systems are random, although others are used such as sinusoidal,

periodic random, random transient, impact, chirp, etc.

The data acquisition techniques used were found to be a function of the GVT
development work done. Where little development had been done, a roving acceler-
ometer was used with a strip chart recorder. In the developed systems, over 100
fixed response transducers were used with digitized data being recorded directly
on disk under computer control. The norm is a large number of accelerometers

with their response recorded directly on analog tape.

Parameter estimation under swept sine and dwell is a single degree of freedom
(i.e. a single mode) at a time process. The parameter estimation techniques
used with the modal analyzer computers usually used the software provided by the
manufacturer. User written parameter estimation algorithms are rarely used on
GVT outside research organizations. The algorithms used in GVT are single degree
of freedom, single degree of freedom with residuals, multiple degree of freedom,

and multiple degree of freedom with residuals.

A free-free support for the airplane in test is universally desired, although

there is some disagreement over the frequency separation necessary. Require-

ments specified varied from 10 to 1 to 2 to 1. At the 10 to 1 end of the spectrum




special aircraft support systems are necessary such as airsprings (XB-70 support
system), bungee or mechanical springs. At the 2 to 1 end of the spectrum a

bottomed 1andihg gear oleo and soft tires are satisfactory.

It was difficult to always obtain a frank discussion of chronic problem areas.
Many of the difficulties expressed seemed to be due to inadequate preparation or
lack of skill. As a result, problems were quite often attributed to nonlinear-
ities. The most pressing problem is that the test airplane is available for the
GVT for a very short period of time. One of the essential requirements of GVT
procedure in the United States is speed. A second problem is that the interface
between the test and analysis group is often poor. This is reflected not only in
test planning, but in the post-test feedback of data into the analysis group. A
third problem is that when introducing new technology, a large pool of acquired
knowledge concerning the old techniques is obsoleted, and is only slowly replaced

by the familiarity with the new techniques.

Nonlinearities are a chronic problem. Known nonlinearities, e.g., control sur-
face actuator free play, are routinely shimmed or preloaded out, and the airplane
is tested as linear. Often a separate test is run to document specific non-

linearities. Unknown nonlinearities often appear during a test. The source of a

strong nonlinearity must be determined and fixed before the test may proceed.

Although a pretest analysis is widely regarded as necessary, it usually consists ‘

of the free-free modes and frequencies of the airplane mathematical model used in

the flutter analysis. On rare occasions it is a forced response calculation pre-
dicting the test response of the airplane in GVT configuration, including special
modifications of the airplane for test and the airplane support system. The data

resulting from the test is used for three purposes:

12




————————

1. To validate the mathematical model
2. To revise a mathematical model

3. To construct a structural dynamic analysis

In some instances, little or no use was made of the data.

2.3.2.2 Ground Vibration Testing Methods

H To compare various methods applicable to experimental modal analysis, a categor- 1
ization will be used to identify major differences. This section of the report
will describe the general characteristics of each method. When discussing
criteria for method selection in Section 2.4.1, specific techniques and/or

references will be used to evaluate each method.

Ground vibration testing methods are divided into three groups for this evalua-
tion. The first grouping includes all methods pertinent to the forced response

analysis technique documented by Lewis and Wrisley. This general testing proce-

dure will be described as a Multiple Point Excitation--Sine Dwell (MPE-SD)
approach. The second category that has found widespread application cannot be
attributed to any one person or group. It involves measuring frequency response
functions and determining modal parameters through comparison to a linear mathe-
matical model. This general testing procedure will be described as a Single
Point Excitation--Frequency Response Analysis (SPE-FRA) approach. The final
category can best be described as all of the techniques not fitting in the first
two general concepts. The reasoning behind this last grouping is that many of

these techniques, while showing great promise, do not have adequate

13




documentation of pertinent details to receive serious consideration as a viable
approach at this time. This is not to say that theoretical development is
questioned but that little general knowledge of the practical application and
results is available at this time. For this reason, most of the discussion under
Criteria for Method Selection is limited to the two categories: MPE-SD and

SPE-FRA.

Multiple Point Excitation--Sine Dwell Method

Modern MPE-SD techniques are based upon a forced response analysis approach first
implemented by Lewis and Wrisley (112) and theoretically developed by Fraejis de
Veubeke (45). The basic approach is to apply forces to a structure to compensate
for energy loss through damping. If the forces are distributed in proportion to
the damping and exactly balance the damping forces, the structure vibrates with

the same motion as in the free undamped case.

The primary consideration of any MPE-SD approach is force appropriation. This
involves three distinct problems. First, the number of exciters must be suffi-
cient to address the effective number of degrees of freedom. Secondly, the
number of exciters should be optimally located to excite a given mode. Finally,
the vector forcing function must be determined. Although all three problems are
difficult, the first and last can be automated with some success using various
methods. The optimum location of the exciters can be evaluated by way of finite
element pre-test analysis although no straight forward closed loop approach has

been identified.

The use of digital computers has been of great value in the MPE-SD approach.

Many of the force appropriation processes have been automated by the use of a
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computer controlled system. Data acquisition, storage, and display is more
easily handled in a computer based system. Unfortunately, there is no uniform
system available commercially that has found widespread use for the MPE-SD tech-
nigues. Much of the existing hardware in use has been custom built and ranges up

to 15 years in age.

Most MPE-SD techniques involve many similar considerations. A1l have elaborate
excitation control systems (often up to 16 shakers). Al1 depend upon the concept
of a phase resonance criteria for identifying the mode. Often Lissajous patterns
are used to confirm this. Free decay is normally used to calculate damping
factors and to verify the purity of the mode excited. Finally, the diagonaliza-
tion of the reduced finite element mass matrix is used to verify the orthogon-

ality of the measured modes.

Single Point Excitation--Frequency Response Analysis Method

Present day SPE-FRA techniques are based upon system identification procedures

related to a causal black-box concept of structural dynamics. Frequency response

functions are analyzed with modal parameter estimation algorithms to determine
estimates of modal parameters. Such a process was utilized nearly 20 years ago
with equipment known as Transfer Function Analyzers. This process was strictly a
swept sinusoidal excitation with tracking filters to determine the output versus
input. With the advent of fast Fourier analysis equipment nearly 10 years ago,
other forms of excitation, notably broadband frequency signals, allowed compliete
frequency response functions to be measured in reduced time. The basic approach
presently is to excite a structure with an appropriately chosen force signal at

one location at a time. The frequency response function between the input force
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and output response points of interest are measured and stored. Averaging of a

number of inputs and responses is common practice in the development of the
frequency response function. Modal parameters are estimated using any of a
number of single degree of freedom (SDOF) or multiple degree of freedom (MDOF)
algorithms. Often the modal parameter estimation routines take advantage of

redundancy in a data set to improve the accuracy of the algorithm.

The primary consideration of any SPE-FRA approach is to obtain the best possible
measurement data in the form of a frequency response function. This involves
identification of measurement errors, proper location(s) of the single excita-
tion to assure that no modes are missed, and determination of sufficient fre-
quency resolution to identify closely-spaced modes. The use of the coherence

function is vital in evaluation of measurement error and averaging requirements.

A secondary consideration of any SPE-FRA approach is to utilize proper modal
parameter estimation algorithms. SDOF algorithms are often unacceptable if the
modes are closely spaced in frequency. MDOF algorithms often use we:jhting
schemes which provide varying results with the amount of damping present. The
current trend is toward a flexible system with a number of SDOF and MDOF algori-

thms available.

Most SPE-FRA systems are very similar. The hardware is produced by a limited
number of manufacturers and is made up of nearly identical components. Certainly
the basic measurement capabilities are equal. Software to analyze the data is
often available from the manufacturers but no new software systems have been
available from this source for three to four years. Often, the individual users

program particular algorithms for use on typical structures of a given industry
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and much of this software is available from consulting firms, universities, and
others. Since all systems are computer based, matrix operations such as ortho-
gonality checks or modal vector manipulations are usually trivial computations

to implement.

Other Methods

Two or three approaches are under development which show some degree of promise
but for which there is little comprehensive documentation at present. A tech-
nique involving broadband multiple point excitation with frequency response
analysis is under investigation at the University of Cincinnati. This concept
would be very similar to a SPE-FRA approach but without the problems of energy
distribution or multiple configurations to assure no modes are missed. A tech-
nique based upon free decay and global eigenvalue/eigenvector concepts is under
investigation by Ibrahim {87, 88, 89). This system eliminates exciter problems
and completely automates the data reduction - 'cess. Another new technique under
evaluation by Link and Vollan (113) involves direct estimation of reduced mass,
stiffness, and damping matrices. This obviously would be of great value in the

interaction with finite element models.

For some further details in these areas, the background literature can provide
additional information., Little further discussion will be made regarding these
methods due to the lack of proven capability. It is of some interest to note,
though, that the hardware and general development of the SPE-FRA approach could
easily encompass many aspects of these other techniques should any one of them

prove to be superior in the future.
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2.3.2.3 Specific Techniques Used in Ground Vibration Testing

The state of the art of each of the principal facets of experimental model
analysis is described in this section. The various methods of experimental modal
analysis use different combinations of these components. These modal analysis

methods are discussed in Section 3.1.2.

Excitation Configuration

Excitation configuration refers to the number of simultaneous forces used to
excite the structure. Typically, the designation Single Input (SI) or multiple
input (MI) is a sufficient description of the situations used for the Multipoint
Excitation Sine Dwell (MPE-SD) or Single Point Excitation Frequency Response
Analysis (SPE-FRA) techniques. With respect to the two general cases (SI and
MI), SI is simple in terms of set-up time and cost of equipment. The inability to
distribute energy throughout the structure can cause problems because not all
modes can be excited from one point. Because of this, for most airplanes the SI

test must be repeated with the excitation at several different locations.

Narrowband (sinusoidal) and broadband frequency excitation with SI can effi-
ciently utilize the fast Fourier transform to develop freguency response

information.
MI requires duplication of exciter systems which increases both the set-up time

and costs. Additionally, the only practical technique using MI is a sinusoidal,

forced response analysis approach. This requires additional control equipment
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to achieve force appropriation for a particular eigenvector. If this tuning
process is automated (Asher (6, 7) Feix (57), Hallauer (70), Morosow (126, 127),
Su (199}, Traill-Nash (206)), more sophisticated control equipment is required.
No current technigues use broadband frequency excitation with MI. Problems with
estimating the number of exciters to use (based upon effective degrees of free-
dom) and with determining exciter location are difficult. The analysis of

eigenvalue and eigenvector is very simple when tuning is successful.

Response Measurement Configuration

Response measurement configuration refers to the transducers used to record the
structural mation. The designations of roving set or fixed set describe the
configurations commonly used. For the case of a roving set of transducers,
equipment is kept to a minimum but time can be a problem if multiple sets of data
must be taken. Therefore, this approach is generally unattractive with the MI
technique or with SI techniques when multiple configurations of the test struc-
ture are required. Calibration and set-up are minimized with a roving set of
transducers and the quality of data should be equal to the fixed set of trans-
ducers at frequencies below 500 Hertz. As higher frequencies are required, the
roving set of transducers must be rigidly attached to the structure. This is

normally too time consuming to use.

More equipment is generally required using fixed transducers than roving. Addi-

tional time is spent in pre-test calibration and set-up. However, the total

occupancy time on the test airplane can be reduced by using more channels of data
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acquisition. The amount depends upon the number of points and test configura-
tions. In the case of impact testing, one fixed transducer may be used while the
location of the impact excitation is moved. Both multipoint excitation and
single point excitation concept can utilize either a roving or fixed set of

transducers.
Excitation Signal Format

Excitation signal format refers to the frequency content of the force input(s).
The designation of sinusoidal is used to describe signals of only one frequency,
while broadband encompasses fast sinusoidal sweeps, transients, and all forms of
random signals. Sinusoidal signals have the advantage of minimum information
and, thus, an easily recognizable form. This permits time domain analysis in
terms of magnitude and phase and is psychologically reassuring during the test
phase. Both MPE-SD and SPE-FRA can use sinusoidal excitation although implemen-
tation is somewhat different. Normally, with sinusoidal excitation, the input-
output relationship is calculated one frequency at a time and modal interaction,
particularly in the MPD-SD, is desired to be minimal. This is sometimes not

possible to achieve.

Broadband excitation has the advantage of increased frequency content and,
therefore, maximum information. The analysis of such data requires digital
signal processing techniques such as fast Fourier transforms, digital filtering,

and averaging to obtain frequency response information. Thorough understanding

of the mathematics and peculiar physical phenomena (aliasing, leakage, etc.) of

digital signal processing are required. Modal interaction is not suppressed by

the excitation.
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Confidence Factors

There are several confidence factors applicable to measurement./ The first is
repeatability. This involves duplicate measurements using the same procedures
or measurements taken via different procedures. A second measure is to compute
the coherence function. Holes in the coherence function immediately flag defi-
ciencies in the measurement, local modes, or extraneous inputs to the system
such as noise or non-linearities. The third measure is decay trace frequency and
amplitude stability and logarithmic amplitude linearity. Oeviations will indi-
cate inadequate tuning, poor signal-to-noise ratios, nonlinearity and other

problems,

Data Acquisition

The measurement process may involve testing many configuration variations. In a
sinusoidal technique, data acquisition requirements dictate single word storage
for the input and output measurements at each identified frequency. In wideband
techniques, much more computer memory is required since many frequencies are
processed simultaneously. Both situations can achieve an improvement in accu-

racy through averaging.

Filtering equipment is normally involved in most techniques whether for purposes
of elimination of aliasing, narrow-band tracking, or reduction of noise. Care
must be taken in applying filtering techniques to avoid any compromise or degra-
dation of the data due to the unique problems associated with filters, e.g.,

rolloff, truncation.
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Transducer sensitivity and amplifier characteristics need to match the other

test equipment so that maximum accuracy can be maintained.

Sufficient time must be spent during the measurement phase to ascertain both the
validity and quality of the data. This involves averaging where necessary as
well as the use of coherence function. Even small errors or compensations made
during this phase increase the potential difficulty in estimating the modal

parameters.
Interpretation of Measurement

The current techniques of modal parameter estimation may be categorized as modal
parameter estimation via direct measurement and modal parameter estimation via
frequency response analysis. In the direct measurement technique the test appa-
ratus is adjusted so that, in the judgement of the operator, the test item is
vibrating in a normal mode. The frequency of vibration is recorded as the
natural frequency and the displacement amplitudes are recorded as modeshapes. In
the frequency response analysis technique, frequency response functions are
developed from the measurement. A frequency response function can be developed
by a slow sine sweep at constant input force amplitude, in which case the
frequency response function is the displacement as a function of frequency. More
commonly the frequency response function is developed by Fourier transforming
time histories of the input force and the resulting displacement. Note that a
frequency response function refers to the response of the structure at one point
to excitation at another, and that a set of frequency response functions is

necessary to describe the dynamic characteristics of the entire test item.
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In addition to modal parameter estimation by direct measurement and by frequency
response function analysis, there are several hybrid techniques that combine

features of both approaches.
Characteristics of Modal Parameter Estimation
Single Degree of Freedom - Modal parameter estimation techniques which involve

only one eigenvalue and eigenvector at a time are classed as single degree of

freedom (SDOF) techniques. The oldest method is attributed to Kennedy and Pancu

(96) and is often referred to as the "circle-fit" method. Using the amplitude

and phase at the damped natural frequency or the quadrature part of the frequency

response at the damped natural frequency are common techniques (Broadbent (23), j

D . Brown, (222), Klosterman(99)). More sophistication is gained by using a single |

' partial fraction expansion, in the area of the damped natural frequency, based

upon the Laplace domain formulation for a SDOF with damping (Stahle (194, 195},
Richardson (169, 170), Sloane (187)).

SOOF techniques are simple to implement and analysis time is kept to a minimum,

The amplitude and quadrature techniques are essentially those used in MPE-SD

L techniques. Little operator skill or interaction is required, however, closely
spaced eigenvectors and coupled eigenvectors can be very difficult to separate

with SDOF techniques.

Multiple Degree of Freedom - Multiple degree of freedom (MDOF) techniques are
more complicated in terms of time operator skill, and operator interaction. Such

techniques are usually based upon non-linear solution procedures of a partial
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fraction expansion of the Laplace domain formulation of the mathematical model.
Often matrix procedures are used to take advantage of special forms of the data.
These processes can be very slow since one frequency response function is
analyzed at a time. In addition, the current techniques do not take advantage of
redundant information (global eigenvalues or eigenvectors). This is the subject
of much current research and considerable improvement may be anticipated in the

future.

The operator skill is imperative in current MDOF techniques. The evaluation of
"goodness of fit" is not always obvious nor is the specific choice of the number
of degrees of freedom. These two considerations alone can mean the difference
between satisfactory and meaningless results. Additionally, the time required
by the operator to manually manipulate these factors causes the total time for
analysis to increase. Therefore, those MDOF techniques which can give better

results through automatic procedures are very attractive.

Complex Eigenvectors - Complex eigenvectors is the general characteristic found
in real structures, with real eigenvectors being a special case which occurs with
proportional damping. The MPE-SD techniques do not permit the formulation of
complex eigenvectors and, thus, the results are always real eigenvectors. The
SPE-FRA techniques allow complex or real eigenvectors depending upon the mathe-
matical model chosen. Currently, the mathematical model methods commonly used to
approximate the test configuration, due to time constraint, cost and experience,

are real eigenvector solutions. In the aerospace industry, the structures are
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often satisfactorily evaluated based upon real eigenvectors alone. When prob-
lems are encountered in force appropriation with MPE-SD techniques, the compli-
cation is attributed to poor exciter locations, insufficient number of exciters,
or inadequate iteration in the tuning. The existence of complex eigenvectors may

often be an additional significant source of difficulty.

Residuals - Both SDOF and MDOF techniques may or may not involve the use of
residuals. Residuals are variables which are used to approximate the effects of
eigenvectors below and above the frequency range of the modal parameter estima-
tion technique, The constant associated with the lower eigenvectors is often
referred to as inertia restraint and the constant associated with the higher
eigenvalues is called residual flexibility. Some techniques do not allow the use
of residuals (for example quadrature) but most of the sophisticated SDOF and MDOF
techniques permit them. Residuals are necessary in the separation of modal

interaction to accurately credit the proper influence to each mode.

Global Eigenvalue - Global eiganvalue refers to the concept that the eigenvalues
are constants with respect to the test structure. If this contraint is imposed
in the MDOF estimation techniques, the solution process can now be linearized.
This has the benefit of reduced operator interaction, simplification of
analysis, and overall improvement of eigenvalue estimate. Obviously, a side
benefit is a great reduction in analysis time (Brown (222), Ibrahim (87, 88)).
Some difficulty can be encountered if measurement errors or non-linearities are

present, since the eigenvalues will then appear to change between measurements.
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Global Eigenvector - Global eigenvector refers to the concept that the major
structural modes of vibration should be observed to be unchanged regardless of
where the test excitation is applied to the structure. Therefore, if multiple
applications of a single point excitation can be separately analyzed and combined
or collectively analyzed, the result should be a single eigenvector for each i
eigenvalue. Manipulation of estimates of eigenvectors from different test
points can give improved definition of a global eigenvector as well as statisti-
cal input as to the variance in the measurements. Work relating to this concept

has been formulated by Ibrahim (87, 88) and Richardson (172).

Local Eigenvectors - In addition to global eigenvectors, the ability to allow
local eigenvalues and eigenvectors is very important. Measurements in a certain
area of the test structure may contain modal parameters which are not found over
the rest of the structure. If the modal parameter estimation techniques cannot
permit additional degrees of freedom when this situation exists, the estimated

values for the global eigenvectors will be very poor.

The capability to handle local modal parameters as well as global modal parame-

ters requires increased refinement in the software. This will permit more

automation and less operator interaction. Current applications of such tech-
niques have been very time consuming because they are based upon non-linear
solution methods. The application of linearizing techniques to the solution as

well as increased automation may provide a great reduction in analysis time.

Confidence Factors - The confidence factors for use in modal parameter estima-

tion are less well developed than those for use in measurement. They detect poor

quality but do not ensure high quality.
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A first check is to compute the generalized mass matrix from the estimated mode
shape and a "given" point mass model of the test item. A general rule of thumb
requires the off diagonal terms be no more than 10 percent of the diagonal for an
acceptable mode. A second check is to compare modal parameters predicted in a
pretest analysis to those estimated from test. Since error metrics have not been
developed for use in this area, the basis for comparison is intuitive. A third
commonly used check is to predict the system response using the estimated
parameters. This is done most effectively in the time domain by predicting the
system response to a known arbitrary forcing function and comparing the measured
response to this forcing function. One may also predict frequency domain

response, although this is less useful.
2.4 SELECTION OF RECOMMENDED GVT METHOD
2.4.1 Criteria For Method Selection

This section contains the key points in the evaluation process. The criteria for
evaluation were developed from the contract Statement of Work, industry inter-
views, and perscnal experience. The weighting of the criteria is based upon
identifying the optimum GVT technique within the restriction of well-documented,
state of the art practice. Those criteria which rate purely mechanical consider-
ations and apply to most or all techniques equally have been given very little
weight. The evaluation of the general methods with respect to the criteria is
based upon a review involving literature, industry interviews, and personal

experience. This evaluation did not seriously consider many pieces of literature

which lacked a sufficient documentation of detail, a sufficient demonstration of

proficiency, and/or an adequate evaluation of real world examples.
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2.4.1.1 Primary Considerations

The following criteria are basic concerns in the evaluation of any GVT approach.

The subtopics are in order of decreasing importance in method selection.
Quality of Results

The MPE-SO approach and the SPE-FRA approach appear to be nearly equal in the
ability to obtain modal parameters for a given structure. Of the cther tech-
niques, insufficient documentation is presently available, although the Link and
Vollan (113} and Ibrahim (88) approaches show future potential. For aircraft
structures, the MPE-SD approach may be slightly superior but the continuing
availability of improved modal parameter estimation algorithms for the SPE-FRA ;

method indicates that any small advantage is temporary.
Time Constraint
The amount of time needed to complete a GVT is in direct conflict with the need

for quality of modal parameter estimates. Any reduction in available test time

due to impending flight schedules or previous delays contributes directly to the

degradation of the final result. None the less, the high cost of hardware, test

! fixturing, and personnel dictates that total test time be kept to a minimum.

The MPE-SD approach appears to give superior results for a reduced number of
modes if the time constraint is severe. Since each mode is tuned independently,

not all modes will be documented and potentially important modes will be missed.




This s a direct result of the variability of the amount of time needed to tune a
given mode. The requirement of individual tuning of modes does not permit any
separation of tasks (which would permit some of the analysis to be performed at a

later time).

When the time constraint is severe, the SPE-FRA approach will yield some data on
all or nearly all modes of interest. Also, based upon an exact time constraint,
-3 reliabie estimate of the maximum amount of data to be acquired can be made.
This assures, assuming confidence factors are utilized, that some information
about all modes can be obtained. This abitity to.spend the tota) test time
window in the measurement process, if needed, while deferring the time consuming
analysis phase represents a unique and powerful attribute of the SPE-FRA

approach.

When time constraints are completely removed, both approaches yield simitar
results, There is a tendency for the MPE-SD technique to obtain fewer modes even
though the global modes are found. An example of this can be seen in a recent

paper by Hanks, et all., (75).
Opérator Expertise

Both the MPE-SD and SPE-FRA approaches, with respect to the present state of the
art, require a very high level of operator expertise. Through industry inter-
views and literature discussions, it is obvious that this requirement is often
overlooked. The aircraft design that requires experienced finite element engi-

neers for the analytical solution often is left to completely inexperienced
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technicians and engineers for the experimental solution. This is a management

problem that needs to be corrected.

The MPE-SD approach is at a slight disadvantage since the operator expertise is
involved in tuning each mode. The primary involvement of operator expertise in
the SPE-FRA approach is in the modal parameter estimation phase. In both
approaches a knowledgeable test engineer is required to continuously evaluate

the measurement process.

A very popular misconception of the SPE-FRA approach relates to the concept of
operator expertise. An expert operator who is estimating moda) parameters using
various SDOF and MDOF algorithms cannot compensate for poor data (noise, alias-

ing, leakage, distortion, frequency resolution, etc.). These software routines

cannot efficiently extract reasonable modal parameter estimates if the data was
taken carelessly. This accounts for far more of the failures of the SPE-FRA

approach than is generally recognized.

Within the limitations summarized, both the MPE-SD and the SPE-FRA approaches

involve a similar degree of operator expertise and experience. Again, with
| future developments, the availability of better, faster, and more automatic
modal parameter estimation algorithms will give the SPE-FRA approach an

advantage.
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Closely Spaced Modes

Closely spaced modes create equal problems in all techniques. The MPE-SD
approach requires more tuning in force appropriation. The SPE-fRA approach
requires more interaction in the modal parameter estimation process. These
factors in terms of difficulty are judged to be essentially equal. The more
significant result of closely spaced modes is an increase in time to achieve

equivalent estimates of modal parameters.

Increased Accuracy

Since both the MPE-SD and SPE-FRA approaches currently result in similar quality
of results, the question of increased accuracy is dependent upon identification
and solution of the problem areas within each technique. To improve the MPE-SD
technique, the number of forces, the force location, and the force appropriation
must each be automated. Limited success has been achieved in determining the
number of forces and the force appropriation with automated procedures. No
documented effort has been made to determine optimum force location. An unfortu-
nate problem with the development of the MPE-SD approach is that only those
individuals interested in improving GVT techniques are contributing to the
improved procedures; there is no cross-furtilization of MPE-SD improvements from
other areas of technology. To improve the SPE-FRA technique, measurement tech-
nique and modal parameter estimation algorithms must be improved. Great success
in both areas has taken place over the last ten years and is continuing. The
distinct advantage in the development of the SPE-FRA approach is that these areas
are of great interest to researchers in other areas such as controls and

electronics. A reasonable amount of technology transfer can be expected.
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Many of the theoretical studies performed to analyze the accuracy of either
method have proven to be less useful than anticipated. Most examples Frave
utilized an MDOF model with random noise to use in a comparative study. In the
real test environment, the noise due to extraneous inputs and measurement error
is rarely white random and almost always biased. Studies based upon white random
noise are not necessarily appropriate measures of the ability to accurately

estimate modal parameters.

Complex Modal Coefficients

The question of real versus complex modes must be considered in terms of the
quality of the experimental modal analysis approach. The MPE-SD approach does
not lend itself to the concept of complex modes. All other approaches, including

SPE-FRA, can utilize real and complex mode concepts.

There is no doubt that much GVT work can be satisfactorily accomplished without
the complex mode concept. The real world though does have complex modes and in
order to accurately describe the phenomena measured, this capability is required
both analytically and experimentally. Some flexibility in the definition of
phase resonance and in the definition of orthogonality of modes is often taken
with the MPE-SD approach. This flexibility may be necessary to compensate for
the inability of the MPE-SD approach to deal with slightly complex modes. The
MPE-SD approach does not contain the flexibility to document this realistic_

possibility.

32

v—“



Complicating Factors

Most complicating factors in the GVT process are related to some nonlinear
characteristic in the test item. Neither MPE-SD nor SPE-FRA approaches are
ideally designed to address this kind of difficulty. Both approaches can handle
such a compiicating factor as a nonlinearity with equal effort and success. If
the mathematical form of the nonlinearity is known a priori, the SPE~FRA would

have a distinct advantage.

Confidence Factors

Recognition of good or poor estimates of modal parameters during the test window
is vital to the resulting quality of the GVT. The two basic approaches each
contain methods for on-line determination of confidence prior to completion of
the total test protocol. Using the MPE-SD approach, the ability to approach the
phase resonance criterion at all shakers for a given mode can be very useful,
Unfortunately, if too few inputs are utilized this result may be misleading. The
decay of the mode of vibration when the inputs are removed is another potential

measure of the purity of the single mode excited by the MPE-SD approach. This is

very useful in concept, but when a small amount of distortion is present, the
question of 'how much is too much' is not always easy to answer. Additionally,
the MPE-SD approach can involve mode orthogonalization as a measure of confidence

after each mode has been tuned.

‘ The SPE-FRA approaches have useful confidence factors as well., The coherence

function calculation associated with each frequency response function gives a
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good indication of the amounts of noise, sensitivity problems, and measurement
error such as leakage. Unfortunately, since this function is a frequency
dependent quantity between zero and one, the question of 'how bad is too bad'
must be answered. Additionally, any lack of experience and knowledge in using
the coherence function in this manner provides some difficulty. The ability to
estimate modal perameters quickly using SDOF techniques allows partial mode
shapes to be processed during the test to check consistency of data or problems
with closely spaced or coupled modes. The use of many separate input locations
and increased frequency resolution during an initialization stage also results
in on-line alteration of test protocol to assure that no modal information is
missed. Other techniques, such as mode orthogonalization, can be involved in the
on-line confidence factor process but realistically lend themselves to post-

processing confidence considerations.

In summary, both the MPE-SD and the SPE-FRA approaches have adequate confidence
factors available. The confidence factors available presently are of approxi-
mately equal merit but the SPE-FRA approaches require proper background educa-

tion. The ability to involve averaging in the measurement and analysis phases of

g the SPE-FRA approach allow for application of statistics in the confidence
|

building process. !
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2.4.1.2 Secondary Considerations

Some of the criteria involved in method selection need to be considered but are
not primary considerations. Four subtopics have been identified within this
weighting category. The first two subtopics are important but should be sacri-

ficed to maintain the integrity of the primary considerations. The final two

subtopics are also important but apply somewhat equally to the MPE-SD and SPE-FRA
approaches. Once again each succeeding subtopic is in order of decreasing

importance in method selection.

Cost Reduction

The total cost of a GVT is an important concern. With both the MPE-SD and the
SPE-FRA approaches, the test hardware represents a trivial cost compared to the
total test cost. It is remarkable, though, that despite this fact, there is some
reluctance to provide more hardware to facilitate parallel processing and com-
puter controlled data handling. The significant cost is normally the involvement
of the test airplane, fixturing, and personnel during the total test time window.

The ability to process more data faster significantly reduces total test cost for

very little expenditure. Therefore, the time constraint directly determines the
cost factor. Both the MPE-SD and the SPE-FRA approaches can be optimized in

terms of parallel data processing and handling in similar ways.

One significant advantage of the SPE-FRA approach with respect to cost reduction
is the ability to defer some or all of the analysis to a later time. In this way

the test configuration need only be maintained during the measurement phase.
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Only the equipment and personnel involved in the estimation of modal parameters

need to be budgeted for the total time period.

Personnel Reduction

At the present state of the art, neither the MPE-SD approach nor the SPE-FRA
approach can account for significant personnel reduction. Both testing concepts
can be run with minimum personnel involvement if time is not critical. Likewise,
both testing concepts benefit during test set-up and data measurement by parallel
tasking of technician level support. Since exciter and transducer set-up is
labor intensive, the SPE-FRA approach maintains a small advantage due to a

reduction in the number of exciters utilized.

Application to Sub-Assemblies

Any experimental modal analysis technique used for GVT purposes is capable of
testing subassemblies of the complete aircraft structure. Typical examples of
such components would be the landing gear, nacelle mounted engines, control
surfaces, stores or a scaled flutter model. The MPE-SD and SPE-FRA approaches
can both be used for such purposes. Since the SPE-FRA only requires a single
excitation and can be used with techniques such as impact testing, the flexibil-
ity of this technique is a distinct advantage when cost, time, personnel and/or

test fixturing problems would mitigate against the use of the MPE-SD approach.
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Post-Test Analysis

The ability of a GVT method to provide input to computational schemes for compar-
ing and checking experimental results with analytical prediction is another.
valuable criterion. The calzulation of generalized mass or the use of a reduced
finite element mass matrix to check mode orthogonality are common examples of
this need. Since the MPE-SD and the SPE-FRA approaches both normally involve a
direct interface to at least a mini-computer, such calculations can be attempted
with either approach quite easily. The frequency response functions utilized in
the SPE-FRA approach result in a larger available data base. The concepts of
modal synthesis, time domain simulation, frequency response and loads prediction
are all currently under development and may require a large data base to obtain
accurate results. As these methods are developed to the point of routine appli-
cation, the SPE-FRA approach appears to be more capable of providing the data

base that will be required.

2.4.1.3 Minor Considerations

The remaining criteria to be considered are of equal merit in both techniques and

cannot be heavily weighted for purposes of the selection of an optimum GVT

method.

Input/Output Format

The ability to present modal data in a variety of formats is extremely useful.

The data may need to be on punched cards or magnetic tape for further analysis.

Modal shapes should be animated for visual perception as well as CRT and hard
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copy plots with appropriate annotation for report purposes. There is no differ-
ence in capability of such presentation of the modal data in any of the experi-

mental modal analysis techniques.

Hardware Portability

Both the MPE-SD approach and the SPE-FRA approach are portable enough to provide
GVT capability. Any such system required can be placed in a large trailer and
moved to a remote site if necessary.

Safety

k { The safety of personnel involved with the test as well as the test airplane is of
vital concern always. No significant difference exists in the application of any

method discussed.

2.4.1.4 Summary

r The comparison of the MPE-SD and SPE-FRA methods is summarized in Figure 1. 1

Based on this evaluation, the SPE-FRA method is recommended as the better method.

The elements of the method are discussed in detail in Section 3.0.
The SPE-FRA method is selected as the method for further development when con-
sidering both the primary and secondary weighted criteria. Consideration of

minor criteria shows neither method at advdntage. Although the MPE-SD and the

SPE-FRA approach appear to be nearly equal in ability to obtain modal parameters
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Criteria

MPE-SD

SPE-FRA

Primary

Quality of results
Complex modal coefficients
Closely spaced modes
Complicating factors
Confidence factors
Increased accuracy

Time constraint

Operator expertise

ey

+

+ ++ L+

+

Secondary
Cost reduction

Personnel reduction
Subassemblies
Post-test analysis

+ + + +

+

Minor
1/0 format

Portability
Safety

-Summary

I++++

+
+
+
+
-+

Figure 1. Method Selection Summary
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of a structure, the continuing availability of improved modal parameter esti-
mation algorithms for the SPE-FRA method is a decided advantage. The considera-
tion of complex modal coefficients, closely spaced modes, complicating factors,
confidence factors and increased accuracy lead to a decision in favor of SPE-FRA.
The other primary criteria, the time constraint and operator expertise both favor
SPE-FRA. Consideration of secondary criteria, cost reduction, personnel reduc-
tion, treatment of sub-assemblies and post test analysis also support a decision

in favor of the SPE-FRA method.

2.4.2 Analytical Studies of the Modal Estimation Process

Part of the work for the method selection process was to conduct simple computer
evaluations of the potential methods. In the evaluation of the literature, there
were a number of computer studies of both the multi-point excitation and the
single point excitation methods: Craig and Su (34), Feix (57), Asher (6), Berman
and Flannelly (14), Sloane and McKeever (187) and Gold and Hallauer (223).
Instead of duplicating these studies in a similar fashion, the literature was

reviewed.

The computer simulations conducted were limited to evaluation of the parameter
estimation schemes that will be used during the contract. Studies were made upon
the sources of errors in making frequency response measurements and the sources
of errors in the evaluation of curve fitting algorithms which are used for the
parameter estimation phase of the GVT (see Section 3.1). It should be noted that
one of the problems noted in the literature and in our own computer studies is

that an ideal system is normally simulated and then its characteristics are
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computed using the algorithm to be evaluated. Most of the algorithms that are
evaluated in this fashion work well since in most cases noise added to the
process to simulate the noise involved in the measurement processes is Gaussian
distributed. Most of the curve fitting process work well on this type of data.
Unfortunately, the type of noise that is common to an actual measurement process
has large bias errors due to nonlinearities or other excitation sources which may
exist in the testing environment. As a result, these techniques which often

appear to work well in the computer studies do not work well in practice.

In the literature there were a number of studies where the multiple point method
was evaluated against single point random or some other method. It was clearly
evident from these studies that in most cases the testing group waé expert with
one technique but lacked experience with the other techniques. As a result, the
evaluation was clearly biased towards the method they were expert in. Another
problem was that a piece of hardware was tested whose exact characteristics were
unknown, The test structure was normally complicated. There were questions
concerning the validity of the existing finite element model. As a result, it

was difficult to determine just how well each technique performed.
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3.0 RESULTS
3.1 RECOMMENDED GROUND VIBRATION TESTING METHOD

The method which is recommended for ground vibration testing of aircraft is the
single point excitation/frequency response analysis method. The reasons for the

selection of this method are given in the previous section.

In this section the method that has been selected will be described in detail.
The implementation of the method is described in Appendix A, "Guide for Ground
Vibration Testing of Airplanes". Note that one of the main reasons for choosing
this technique is because it will be expanded by future research to include much
better parameter estimation schemes. When these are developed they will replace

some of the techniques which will be described in this section.

In this section the excitation procedures, measurement procedures and data
analysis method will be described. Also, measurement equipment and data analysis

equipment will be discussed.
3.1.1 Measurement Phase

In using this method it is necessary to measure the frequency response beiween q
number of exciter positions (force input points) and a number of outpﬁt points
(displacements). The frequency response measurements can then be used to esti-
mate the modal parameters of the aircraft and/or aircraft system. Different

exciter locations are used to estimate different sets of modal parameters. The

PRECEDING PAGE BLANK-NOT ¥ILMED
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number of exciter positions deperfds upon the nature of the GVT and the complexity
and modal density of the aircraft system. The frequency response measurements
can be made several different ways. The preferred technique is determined by a

number of factors:

1. The type of measuring equipment and the number of simultaneous input

channels,
2. The characteristics of the structure (linear or nonlinear),
3. The testing environment,
4., The test time window, and

5. The purpose and type of GVT (total aircraft, control surface, etc.).

The type of equipment used, analog or digital, is important. It is recommended
that a digital system be employed because it has the greatest flexibility in the
measurement phase and can also be used to reduce the data. The analog method is
very slow since it is limited to swept sine testing unless a large number of

multiple channels of data are processed simultaneously.

3 With the digital equipment, periodic, random, transient and operating inputs can
be used to measure the frequency response. Also, the digital system can be
updated periodically by simply updating the measurement and data analysis soft-

ware. As mer:'oned in the previous section, there is a great amount of research
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being conducted by a number of researchers in the area of structural system
identification and these improved techniques can be incorporated into a digital

system.

If the system is linear then any excitation technique can be used to measure the
frequency response of the aircraft. However, for nonlinear structures it is
important to use a measurement technique which will generate a frequency response
measurement which is compatible with the selected parameter estimation scheme.
In the following sections, the frequency response measurement and parameter

estimation schemes will be described in detail.

3.1.1.1 Excitation Techniques

The excitation techniques can be classified into four general categories;

periodic, random, transient and operating.

A periodic signal is one which repeats itself with a given time interval or
varies in a manner which is slow enough that in terms of signal processing it can
be considered periodic. Examples of this type of input are swept sine, pseudo

random and periodic chirps.

A random input signal is a non-deterministic signal which can be characterized by
a probability density function and a power spectral density function. This kind
of input can be pure random or periodic random, where periodic random is a cross

between pure random and pseudo-random.
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A transient signal is one where the excitation force changes drastically as a
function of time but changes in a deterministic fashion. In most cases the input
force decays to a steady state value after a short period of time. Examples of

transient inputs are impulses, unit steps and chirps (fast sine sweeps).

The operating input corresponds to input forces generated by the actual device

being tested.

Periodic Signals

Swept Sine Testing - Since swept sine testing has been in use since the early
1960's it is the most popular and best understood of the excitation methods. The
procedure used is a simple one. A sweep oscillator is used both as an input to an
electro-mechanical or hydraulic exciter and as the tuning signal to a narrow band
tracking filter. The frequency sweep rate is sufficiently low that the excita-
tion and response are very nearly sinusoidal. The force input to the system is
measured with a load cel!l and the response of the system is measured with a
suitable transducer such as an accelerometer or velocity pickup. The signals
from the transducers are passed through the tracking filters to log converters
where signals proportional to the logarithm of the force and response are

produced.

The logarithm of the force signal is subtracted from the logarithm of the

response signal yielding a signal proportional to the log of response divided by

force. The two signals are also passed through a phase meter to get the relative
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phase between the force and response. The output of this type of system typi-
cally goes to an X,Y,Z plotter where it is plotted as amplitude and phase versus
frequency. The output could also be digitized and fed into a digital computer
for further analysis. By sweeping the oscillator through the entire fregquency

range of interest, the frequency response can be generated.

The principal advantage of swept sine testing is that the input force can be
precisely controlled. This is particularly useful in the study of nonlinear
systems. By measuring the frequency response of the system with several dif-
ferent force levels, much can be learned about the cause and behavior of the
nonlinearity. Because all signals at frequencies other than the input frequency
are filtered out, swept sine testing gives the best signal to noise ratio at the
measurement frequency of any of the excitation techniques. Swept sine testing
also has the advantage that it can be performed with relatively inexpensive

analog or digital equipment.

The major disadvantage of swept sine testing is that it is slow. A test of the
frequency range from 1 Hz to 100 Hz with a two Hz bandwidth filter takes approxi-
mately 20 minutes. Another disadvantage of swept sine testing is that it gives a
very poor linear approximation of a nonlinear system. This is a serious problem
if the data is to be curve fitted to estimate modal parameters since digital
parameter estimation schemes are all based on linear models and the premise that

the structure behaves in a linear manner,
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The

Its

advantages of swept sine testing are:

It has the best peak to rms energy ratio;

It has, by far, one of the best signal to noise characteristics;

It is good for documenting the nonlinear characteristics of the test system;

It has the longest history of use and as a result it is the most widely

accepted input.

disadvantages are:

For nonlinear systems the measurement doesn't have the form that satisfies

the curve fitting models used to obtain the modal coefficients.

It is slow. It will take at least 20 minutes for a measurement in the 0-100
Hz range. For a typical modal survey conducted on an aircraft a total of
more than a thousand frequency response measurement may be taken. This would
correspond to several months of work. With the other techniques the test

could be done in several days.

Pseudo-Random - Because of the development of the digital Fourier analyzer,

pseudo-random input testing has become a practical method of frequency response

measurement, Using Fourier transforms it is not necessary for periodic inputs to

be sinusoidal; they can have almost any spectrum content. In fact it would be
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possible, though not practical, to tune a large number of oscillators to differ-
ent frequencies, mix the signals together and use the resulting signal to excite
a system. In one sample of data it would be possible to determine the frequency

response of the system at all the excitation frequencies.

In practice the procedure for implementing a pseudo-random signal is to use a
digital to analog converter (DAC) connected to the computer of the Fourier
analyzer to generate the excitation signal. The signal is created in the fre-
quency domain, normally with uniform amplitude and random phase angle throughout
the desired frequency range. If necessary, the amplitude versus frequency char-
acteristics of the signal can be modified to compensate for impedance mismatch
between the exciter and the structure thereby producing a flat shaker output
spectrum. Once the desired frequency domain signal is produced, it is ﬁourier
transformed into the time domain and output to the exciter system through the
DAC. This process leads to one of the important advantages of pseudo-random i
excitation. Because the excitation signal is created in the frequency domain and
transformed into the time domain, it is always periodic within the sample window
and therefore does not suffer from the leakage errors of the pure random signal.
Because the signal contains energy at all frequencies of interest, it is possi-

ble, in a low noise environment, to make a reasonably good frequency response

measurement with only one sample of data. In normal testing environments, a few

l samples may be required. One of the principle disadvantages of pseudo-random

'
f excitation is that nonlinearities or loose components will generate periodic

noise which cannot be averaged out of the data. Due to this condition, the

overall quality of a pseudo-random measurement is generally lower than that made

by any of the other techniques. However, in mode shape surveys, where several
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hundred measurements may be made with no intention of curve fitting for frequency

and damping, the speed of pseudo-random is a fair tradeoff for lower quality

data.

For linear systems in low noise environments, pseudo-random is a good choice for

modal surveys. A structure for which it would work well would be a frame type

structure. A structure for which it would not work as well would be an aileron

i system because of the nonlinearities in the flight control system.
The advantages of pseudo-random are: L
1. It is fast. For a frequency range of 0 to 100 Hz it takes one sample period

of the Fourier analyzer to produce the frequency response. This is about 6

seconds for 1024 time domain points. This compares to about 20 minutes for a

similar test using swept sine excitation.

2. It is controlled. Both the amplitude and frequency content of the excitation

signal can be precisely controlled.

3. It has a low ratio of peak to rms energy.

4. Noncoherent noise can be conveniently averaged out.

5. Leakage errors are eliminated by using an input that is periodic within the

sample window of the Fourier analyzer.




Its disadvantages are:

1. It is very sensitive to rattles. Loose components generate periodic coherent
noise which cannot be averaged out. The noise appears as spikes on the
frequency response measurement which can cause difficulty in curve fitting

the data to extract modal parameters.

2. The energy input at any given frequency is small compared to swept sine. The

reason, of course, is that all frequencies are being excited simultaneously.

Periodic Fast Sine Sweep - Another choice of a periodic time domain signal is the
periodic fast sine sweep. Good test results are obtained using the periodic log
swept sine forcing function by actually making the function a true transient
signal. The log swept sine forcing function is formed by means of software in a
Fourier data block and output through the DAC to the exciter. Since timing is
critical in making a truly periodic forcing function in the Fourief analyzer's
sample time (T), a transient signal is sometimes used that allows time for the
response to die out before the end of the time sample T. This is accomplished by
stopping the sweep typically at 85% of the total time sample taken. The modal
damping values of the system under test will dictate this length, Lightly damped
systems may require stopping the sweep at 70%. In any event, the sweep is
stopped, allowing enough time for the systems to decay out to 10% or less of its
peak resonnance. To soften startup and shutdown transients, the amplitude of the
sweep time history are also linearly ramped using a 5% ramp time at the beginning

and the end of the sweep.
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In the measurement phase of the test, the swept sine has an appealing nature
compared to random in that as each resonance is traversed the response blossoms,
giving a quick intuative feel as to signal-to-noise ratios and system dampings.
Data dropouts and other anomalies are much easier to recognize using sine versus
random. The periodic sine sweep gives good signal-to-noise ratios and good peak
to RMS energy ratios. Leakage errors are eliminated by virtue of its perio-
dicity. Its main disadvantage is that any nonlinearities are not averaged out.
In a ground vibration test of a complete aircraft, the small nonlinearities
within the structure can present a serious problem when attempting to curve fit

the data to obtain modal parameters.(93)

Random Sigrals

Pure Random - Pure random excitation typically has a Gaussian distribution and
is characterized by the fact that it is in no way periodic, i.e., it does not
repeat. The output of a random signal generator may be passed through a bandpass
filter to concentrate energy in the band of interest. Generally the filter
spectrum will be flat except for the filter rolloff and, hence, only the overall

level is easily controlled.

One disadvantage of this approach is that, although the shaker is being driven by
a flat spectrum, the structure is being excited by a force with a different
spectrum due to the impedance mismatch between the structure and the exciter.
This means that the force spectrum is not easily controlled and the structure is
not being excited in the optimum manner. Since it is difficult to shape the
spectrum because it is not generally controlled by the computer, some form of

closed loop force control system would ideally be used.
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A more serious problem of pure random excitation is that the measured input and
response signals are not periodic in the measurement time window of the Fourier
analyzer. A key assumption of digital Fourier analysis is that the time wave-
forms be exactly periodic in the observation window. If this condition is not
met, the corresponding frequency spectrum will contain "leakage" due to the
nature of the discrete Fourier transform; that is energy from the nonperiodic
parts of the spectrum will "leak" into the periodic parts of the spectrum, thus

i giving less accurate results (161).

In digital signal analyzers, nonperiodic time domain data is typically multi-
plied by a weighting function, such as a Hanning window, to help reduce the
leakage caused by nonperiodic data and a rectangular window. When a nonperiodic
time waveform is multiplied by this window, the values of the signal in the
measurement window more closely satisfy the requirements of a periodic signal.
The result is that the leakage in the spectrum of a signal that has been multi-

plied by a Hanning window is reduced.

However, multiplication of two time waveforms, i.e., the nonperiodic signal and
the Hanning window, is equivalent to the convolution of their respective Fourier
transforms (recall that multiplication in one domain is exactly equivalent to
convolution in the other domain). Hence, although multiplication of a non-
periodic signal by a Hanning function reduces leakage, the spectrum of the signal
is still distorted due to the convolution with the Fourier transform of the

Hanning window.
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With a pure random signal, each sampled record of data T seconds long is differ-
ent from every other sample. This gives rise to the single most important
advantage of pure random excitation. Successive records of frequency domain data
can be ensemble averaged together to remove nonlinear effect, noise, and distor-
tion from the measurement. As more and more averages are taken, all of these
components of a structure's motion will average toward an expected value of zero
in the frequency domain data. Thus, a much better measure of the least squares

estimate of the structural response can be obtained. This is especially impor-
‘ tant because digital parameter estimation schemes are all based on linear models

and measurements that contain distortion are more difficult to fit.
i The advantages of pure random are:
‘ 1. It gives the best linear approximation of a nonlinear system.

2. It is relatively fast. It is slower than impact or pseudo-random but is

significantly faster than swept sine.

3. It is well controlled. The force levels can be easily and accurately

1 controlied.

4. It has good peak to rms values.
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The disadvantages of pure random are:

1. For light), .amped systems, the frequency resolution of the discrete Fourier
transform can be a serious problem. However, this problem can be reduced or

eliminated by using a zoom transform.

2. It is difficult to control the frequency spectrum without using special

computer software and hardware.

3. Serious leakage errors exist because pure random excitation is not periodic

in the Fourier Analyzer time window.

Periodic Random - Periodic random input combines the best features of pure
random and pseudo-random, but without the disadvantages, that is, it satisfies
the conditions for a periodic signal, yet changes with time so that it excites

the structure in a purely random manner.

The process begins by outputting a pseudo-random signal from the DAC to the
exciter. After the transient part of the response has died out and the structure
is vibrating in a steady state condition, a measurement is taken, i.e., the auto
and cross spectrums are formed. Then, instead of continuing to output the same
signal again as in pseudo-random excitation, a different uncorrelated pseudo-
random signal is synthesized and output. This new signal excites the structure

in a new steady manner and a new measurement i: made.
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When the power spectrum of many measurements are averaged together, nonlinear-
jties and d stortion components are removed from the frequency response - ~.sure-
ment. Thus, the ability to use a periodic random signal eliminates ieakage
problems and ensemble averaging is now useful for removing distortion because the

structure is subjected to a different excitation before each measurement.

The only drawback to this method is that it is not as fast as pseudo-random or
pure random, since the transient part of the structure‘'s response must be allowed
to die out before each new ensemble average can be made. The time required for a
comparable number of averages may be from two to three times as long. Still, in
many practical measurement situations, periodic random provides the best solu-

tion in spite of the extra time required. i

The advantages of periodic random are:

1. It is the best signal for exciting a system to-determine its modal character-

jstics by curve fitting.

2. It, like pure random, gives the best linear approximation for a nonlinear

system.

3. Both the input level and spectrum can be carefully controlled.
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The disadvantages are:

1. It requires additional hardware over standard pure random measurements (DAC

output from the computer).

2. It is slightly slower than standard random measurements, however, it is up to

10 times faster than swept sine testing methods.

Random Transient - The random transient excitation function is basically the
previous "periodic random" modified so that it is totally observed transient.
This is simply accomplished by requiring a dead band at the end (typically the
last 20%) of each sample period of T seconds. The actual duration of the dead
band must be adjusted for each test specimen so that the sampled data satisfy the
criterion of a totally observed transient, i.e., no truncation of the measured
response data in the sample period, T. This is fairly easy to accomplish if the
test setup parameters establishing the duration of the T-second sample length
allow sufficient frequency resolution to adequately define all modes in the
excitation frequency range. This usually requires that Fourier transforms be
obtained with block sizes of 4K time domain data points for typical aircraft
structures. With the availability of new Fourier Analyzer systems with increased
computer data space, block sizes of 8 time domain data points are becoming

realizable.

The random transient excitation function exhibits all the advantages of periodic

random. It has random amplitude and phase in the frequency domain. Each

ensemble of the random transient is uncorrelated with previous ensembles.
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Response nonlinearities are thus randomized from one ensemble tb another such
that the ensemble average should obtain the best lTinear estimate of the struc-
tural transfer function. Since each ensemble, when properly executed, is a
"totally observed transient"; there are no leakage ertors. The input level and
frequency spectrum can be controlled. It does not have the severe time handicap
of the periodic random requirement that one or several ensembles be wasted while

establishing periodicity of the vibrating structure.(90)
Transient Signals

Impact - When the Fourier analyzer was first introduced it seemed as though
impact testing was the answer to every frequency response tester's dreams. In
theory it was possible to determine the frequency response of any structure
simply by hitting it with a hammer. This was felt to be possible since an impact
is an approximation to a unit impulse function which contains energy at all
frequencies. However, when impact testing was first tried, it produced a variety

of results. It seemed to work quite well in some cases and not at all in others.

A great deal of research has been conducted at the University of Cincinnati into
the use of impact testing (225). This research has shown that impact testing can
be one of the most useful testing techniques available if the proper‘restrictions
are applied as to the type of structure, selection of impactors and thg signal

processing techniques used.

There are two very important structural characteristics to be considered in

impacting: linearity and damping. Since impact has a very high ratio of peak to
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rms energy content, it tends to excite nonlinearities in a system. For this
reason, impacting does not work well on a nonlinear system. The amount of
damping in the system is also important. If there is too little damping, the
response signal will not decay to zero within the sampling time and severe
leakage errors will result, If there is too much damping in the system, noise
becomes a mure significant problem. This is because the response signal decays
to zero shortly after the start of sampling but any noise will be present
throughout the total time. Both of these conditions can be improved by the use

of the proper signal processing techniques.

The problems with impact testing are caused by the pulse-like nature of the
impact signal. It has a very high peak value with very short duration. This
causes the force to overdrive (i.e., excite the nonlinearities) the system while
putting very little total energy into it. As a result, nonlinear response is

greatly exaggerated while the signal to noise ratio for the entire measurement is

very low.

Impact Testing Technique - Unlike the exciter techniques, impact testing
requires much more care in setup and procedure to obtain good results. One
serious problem, caused by the high force levels involved, is that of overdriving
amplifiers, filters, digitizers, and the system itself. The possibility of this
occurring and going unnoticed is compounded by the anti-aliasing filters used
with digital processing systems. These filters can make even overloaded signals

look good. Extreme care must be used to be sure overloads do not occur.
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Mounting of transducers is also very important. Because of the high force levels
involved, high local accelerations can occur. For this reason, methods of
accelerometer attachment which may work well for other excitation methods do not
work with impacting. Magnets, for example, are very bad because of their

tendency to bounce.

The proper choice of an impact hammer is also important. The prime consideration
js what frequency range is to be excited. The frequency content of an impulse is
inversely proportional to the width of the pulse. Factors which affect the pulse
width are the weight of the hammer, the hardness of the hammer tip, the technigue
of the person swinging the hammer and the mass and stiffness of the structure
under test. Figures 2 and 3 show the effect of different hammers, tips and

masses on the excitation force spectrum.

If proper care is exercised in the test setup and procedure and with the proper
signal processing techniques, impact testing can be a very useful testing

technique.

The advantages of impact testing are:

1. Setup and fixturing time are a minimum of all the excitation techniques.

2. Equipment requirements are the least of all the testing methods.
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3. It is the fastest test method for low noise environments.

4, It is ideal for use in tight guar*ters where an exciter will not fit.

Its disadvantages are:

1. It has a very high peak to rms energy ratio and is therefore not suitable for

nonlinear systems.

2. Since little energy is input into the system, it has poor signal to noise

characteristics.

3. Special care must be taken to eliminate overloads to system, signal process-

ing equipment and/or the data analysis equipment.

Unit Step Function Testing (Step Relaxation) - A second type of transient input
frequently used for measuring the frequency response of a system consists of a
unit step function input. A unit step function is normally generated by pre-
loading the structure with a measured force through a cable and then releasing

the cable.

For aircraft testing this technique is of limited usefulness. Therefore, only a

very brief list of its advantages and disadvantages are given below:
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Its advantages are:

1. It can be used on very small or large structures.

2. The direction and magnitude of the force vector can easily be contro]ied.

3. It has superior low frequency energy content.

Its major disadvantage is that it is difficult to implement on normal structures.

A more detailed complete evaluation of this type of excitation can be found in

Reference 225.

Chirps (Fast Sine Sweeps) - A chirp is a nonperiodic fast sine sweep where the
sweep rate exceeds the quasi-steady state condition necessary for swept sine
testing. It has limited use for aircraft testing where the excitation signal is
supplied by an exciter system. However, it is used when operating inputs excite

the system. This will be briefly discussed in the following section.

Operating Inputs

Operating inputs would appear to be an ideal excitation source for measuring the
frequency response of a system where the actual force input due to operation is

used to excite the system. Unfortunately, except for simple cases the input

forces are very difficult to measure.

63




Successful operating inputs have been unbalances in rotating machinery and air-
craft control surfaces shaking an airplane via inertia forces. In the latter
case the operating command was derived from the stability augmentation system
computer and was actuated through the normal operating flight control system.

Signal processing for operating inputs is identical to that for random inputs.
A Comment On Linearity

In the preceeding paragraphs the importance of exciting the structure to minimize
nonlinear effects has been noted. This importance is a direct consequence of the
way the data will be used. In general, the goal of the engineer involved in a
structural dynamics test is to extract the best estimates of the modal parameters

of the structure, i.e., each mode's natural freguency, damping factor, and

characteristic shape. It is this information which is used to study, alter, and

improve the dynamic behavior of the structure.

Neariy all techniques in use today to extract modal parameters are based on

linear structural models. In general, a linear model is fitted to the measured

data by some form of curve fitting method. Any nonlinear distortion in the

L measured data will impair the ability of the analytical curve fitting algorithm

k to accurately extract modal parameters.

It is noted that evaluation of nonlinearities is not trivial. The study of a
structure’s nonlinear characteristics by exciting it with a sinusoidal source
where the frequency and amplitude can be accurately controlled is occasionally
required. However, if one wishes to extract modal parameters, the structure must

be excited such that it's linear characteristics may be measured.
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3.1.1.2 Test Setup

The test setup should be supported by a pretest analysis that identifies the
dynamic characteristics of the test article relative to various excitation in-
puts, exciter locations and transducer positions. This procedure maximizes the
success of the test. In the absence of a pretest analysis, experience, good test
practice and procedures, and additional test data must suffice. The important
aspects of the test setup include aircraft suspension, excitation equipment and

technique, and transducers.

Aircraft Suspension

The suspension of the aircraft falls into three categories: (1) frequency separa-
tion techniques to achieve nearly free-free modes, (2) known or measured boundary
conditions, and (3) a clamped condition. In any event the boundary condition
must be well understood so that interaction between the structure ard the con-
straint can be accounted for in the test results. Considerations of the aircraft
suspension is simplified when included as a part of a pre-test analysis. Without
pre-test analysis, a suspension system that introduces little contamination of
the deformation modes of the test article or whose characteristics are well

understood is essential.

Frequency Separation Techniques - The frequency separation techniques in common
usage attempt to obtain free-free modes of the structure by achieving a separa-
tion between the fundamental mode of the aircraft and the rigid modes of the

aircraft on the suspension. This implies that the constraints are very lightly




damped and well separated in frequency from the airplane modes. Various tech-

niques include testing on under-inflated tires with the landing ge~- effectively §
bottomed, suspending the aircraft on bungee cord, suspension on commercially
available air springs and the use of specially designed support systems such as
mechanical springs. The choice of technique here is dependent on the overall
size and weight of the aircraft as well as its fundamental mode. Care must be
taken so that the total suspension system does nct introduce modes in the fre-

quency range of the test article.

Known or Measured Boundary Conditions - The free-free techniques such as under-
inflated tires, air springs, bungee cord and mechanical springs can also repre-

sent known or measured boundary conditions. In these cases the effects of the

known or measured boundary conditions can be used in a pretest or post-test

analysis to compute the mathematical model of the test aircraft.

The "Clamped Condition" - In this case one attempts to achieve a cantilevered or
near-cantilevered boundary condition. A free-free airplane model is obtained
from the measured modal parameters by including rigid body degrees of freedom in
a post test analysis. The clamped condition is the most difficult boundary
condition to achieve and may or may not be successful. This technique is not

recommended for aircraft suspension, but may be suitable for testing airplane

components.
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Excitation Equipment

Excitation equipment falls into two main categories: shakers and impulsive
exciters. Both categories are recommended and their use is dictated by the test

article and personal preference.

Shakers - Shakers are categorized mainly as electromagnetic, hydraulic, air and
inertia. Electromagnetic and hydraulic are used for most applications. Air
shakers are generally quite limited and only used in applications where the
structure is so light that no single attachment to the structure can be made.
Inertia shakers are not usually used in ground vibration testing of aircraft but
quite often have application in flight flutter testing. The power requirements
for the shakers can best be determined by pre-test analysis, however, when a pre-

test analysis is not available experience must suffice.

Impulsive Exciters - Typical impulsive exciters are instrumented hammers,
bonkers and step relaxation equipment. The use of these techniques all require
measurement of the force imparted to the structure. The use of bonkers, which
are explosive devices such as shot shells, is somewhat Timited in aircraft
testing where they have been mainly used as flight flutter exciters. The use has

probably been supplanted by the use of aerodynamic vanes for that purpose (90).

Instrumented hammer techniques are in wide usage in industry for impact testing.
Their use can be restricted by local structure loading requirements but they have
been used on very large structures such as transmission towers and small and
lightweight structures such as flutter models. One selects an appropriate hammer

for each application.
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Step relaxation technigues can be used in some applications where hammer tech-
niques are inappropriate. With this method a measured impulse is imparted to the
structure under test by pulling on it with a known force and then impulsively

releasing, such as with a cut string.
Sensors

The selection of transducers may cover a wide range. Accelerometers, velocity
sensors, strain-gages, displacement sensors and force transducers are all
appropriate. Generally, accelerometers are recommended for most aircraft
testing. Accelerometer selection is dependent on the frequency resolution
required for the aircraft under test. When aircraft with low freguencies are :
being tested, servo type accelerometers or similar equipment with flat response
down to DC are required. If resolution to only 5 Hz is necessary, less expensive
accelerometers are used. The use of many fixed accelerometers are recommended
for large aircraft applications rather than the use of roving pickups because of
the cost of time on test. Another advantage is in being able to format the test

data display of vibration modes during the test.

3.1.1.3 Data Handling

Two data cnllection techniques are in use; a standard analogue technique and a
more automated state-of-the-art method using an analog to digital converter and a
multiplexer. The latter technique requires more specialized equipment. This
includes off-the-shelf 32-channel equipment that greatly improves the efficien-

cies of data collection and processing.
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The standard analogue technique acquires time domain data of all transducers
including the excitation signal, a data ready pulse and time code. The data is
stored to an analog tape recorder. Any one accelerometer is monitored on line
and provides a check of the quality of the measurement in the frequency domain,

The coherence function is also calculated and examined for each measurement.

The data acquisition is handled using a computer which is also used to provide
the excitation signals and a synchronous data ready pulse signaling the start of

each separate test ensemble.

The data is collected over a time period, T, chosen for each sample of data such
that the structural response has died out within the time period and that the

frequency resolution, 1/T, is sufficiently small to adequately define the reso- 1

nant peaks. Generally, the fregquency resolution should be about one-fourth the

half power point bandwidth of the resonant peaks.

Considerable improvements can be implemented in data acquisition systems via the

new generation of off-the-shelf hardware. Autoranging amplifiers, analog-to-

digital converters, digital link recording and computer-driven CRT's can be
integrated into a computer controlled system with little or no development work.
Data management is greatly simplified by using a computer system with a real time

executive.
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3.1.1.4 Data Processing

Computer Hardware

The computer equipment must be able to perform Fast Fourier Transforms, digital
signal processing, curve fitting and test control. Although these functions are
available in signal analyzer equipment, the minicomputer based modal analysis

computer system is preferred because of its greater capability and versatility.

Computer Software

Data processing to be performed consists of calculation of the frequency response
function fron the measured data, curve fitting the frequency response function,
calculation of the modal parameters (frequency, damping, modeshape amplitude and
phase, mass) and data display. Commercial software systems are available for

measurement and data processing.

The data generated will be output in printed arrays and/or animated mode shapes
in a CRT display. Display coordinates for each transducer will be defined. The
graphical displays will show the entire deformed structure relative to its unde-
formed shape or vector displays at each transducer coordinate. Hard copies of

the CRT display will be made.
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3.1.1.5 System Checks

System checks are controlled by a series of handbook procedures. These checks
cover all aspects of the GVT, in addition to procedures for checking the computer

based systems.
3.1.1.6 Signal Processing Techniques

Several signal processing techniques can be used to improve signal to noise ratio !
problems. One common source of noise on both the force and response signals is
electrical noise occurring at harmonics of the power line frequency. This noise
can be minimized by choosing a sample period such that the power line harmonics
are exactly periodic within the sample window, i.e., the total measurement time
is an integer multiple of 1/60 second. This will cause them to fall exactly on a
single spectral line of the analyzer where they can be modified without affecting
other data. One modification would be to set the power line harmonics to the

average value of the two adjacent spectral lines. Of course this technique is

only useful if the data of interest do not fall at the power line frequ=ncies.

Another source of noise is digitizer or "bit" noise. This is characterized by
random one or two bit excursions of the signal about zero volts. Figure 4
illustrates this with a greatly magnified force pulse. Intuitively it would seem
that this noise is insignificant when compared with the amplitude of the force
pulse. However, when the energy associated with the noise is compared with the

1 energy of the force pulse the noise becomes very significant.
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A technique which can be used to minimize the digitizer noise on the force signal
involves multiplying the time domain signal by a window or weighting function as
shown in Figure 5. The characteristics of this window are that it has unity
ampTttude for the duration of the force and a smooth transition to zero after the
force pulse is ended. Since the force signal is known to be zero after the
impactor has left the surface, no measurement errors are introduced by using this

technique. The effect of using this window is shown in Figures 6 and 7.

For severe noise problems SucH as might be encountered in analyzing tape recorded
data, curve fitting technigues can be used to clean up the force signal. Figure
8 shows a force spectrum from an impact with a signal to noise ratio of one (i.e.,
the rms noise level is equal to the rms signal level). Figure 9 shows the same
force spectrum after it has been fitted using a complex exponential algorithm
using five degrees of freedom (225, 226). Figure 10 shows a spectrum from the
same force signal with no added noise., It can be seen that this method can

recover a reasonable force signal even from a force pulse with very high noise.

Noise on the response signal is handled much like the digitizer noise on the
force signal except that a different weighting function is used. With a tran-
sient input, the signal level at the beginning of the sample is much higher than
at the end of the sample. Assuming a uniform noise level, the signal to noise
ratio decreases as the signal level decreases. Thus the data at the beginning of
the sample is much more reliable than that at the end. For this reason the
weighting function shown in Figure 11 is used. Unlike the force window, this
window does have an effect on the measured frequency response. However, the

effects are known and correctable. The window has the form of Ae""t and its
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