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ABSTRACT

Thisthesis describes an investigation into the practical and efficient implementation of
structural modification methods using experimentally-derived models. Structural
modification techniques and the associated methods for collection, assessment and
analysis of experimental data are reviewed in aliterature survey, from which the topics for
detailed study in this thesis are identified

The standard theory for impedance coupling and modal coupling structural modification
methods is presented with discussion of the specific advantages and disadvantages of each
when used with experimental data. Developments of the impedance coupling method are
shown which improve both the computational efficiency (very substantially) and the
potential accuracy. From impedance coupling theory and a rationa fraction form of
description for a Frequency Response Function (FRF), a new technique has been
developed to enable calculation of the sensitivity of modes to specific smple
modifications. The input data are the resonance and anti-resonance frequencies obtained
directly from point FRFs, measured in a preliminary survey of a structure, without the
need for extensive modal analysis procedures. A detailed measurement survey can then be
confined to the sensitive locations on the structure where particular care must be taken to
avoid influencing the response with the measurement equipment. Ranking the coordinates
in their order of importance for influencing each mode by simple modification provides a
valuable insight into the subsequent design and selection of practical modifications.

Problems of inconsistency and spatial and modal insufficiency in the measured data are
considered in detall. It is shown that rotational degree-of-freedom properties can bevital if
certain joint conditions are to be modelled correctly. Difficulties with the derivation of
these properties from measured trangational FRFs are discussed, together with the
implications for the type of joints used in the attachment of modifications.

Throughout the thesis, smple examples are used for illustration of many specific points.
A comprehensive case study of a helicopter structure is presented which draws together
many of the topics of the study in a demonstration and critical evaluation of the current
ability to select the most appropriate site for amodification and then to predict the effects
of that modification using experimental data.
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Nomenclature

The list of symbols described below represents the standard notation used throughout this

thesis.
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rth mode shape coefficient for coordinates j and k.
Static flexibility for coordinates j and k.
Force.

I nertance between coordinates j and k.

NS
Stiffness.

Effective stiffness (ref. Salter skeleton).
High-frequency residua term.

Mass.

Effective mass (ref. Salter skeleton).
Low-frequency residua term.

Time.

Displacement.

Velocity.

Acceleration.

Matrix.

Vector.

Force matrix.

| nertance matrix.
Identity matrix.
Stiffness matrix.
Mass matrix.

Transformation matrix.




® Frequency in radians/second.
kg, — it anti-resonance frequency for coordinatesj and k.
Q, - rth resonance frequency.
Eix —  Static accelerance for coordinatesj and k
A - rheigenvaue.
Ok —  Inertance for coordinatesj and k.
ﬁj} —  jth components of rth eigenvectors.
¢ —~  Viscous damping coefficient for rh mode.
nr —  Hysteretic damping factor for rth mode.
A ~ Difference (as used in AFRF).
(6] } | |
— Eigenvector matrices.
[o]
[A] —  Eigenvalue matrix.

— Inertance matrices.
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Chapter 1

| ntroduction

1.1 Preédiminaries

Modem techniques for the design and manufacture of structuresin which materials are
used far more efficiently than previously possible have led to structures that are now more
susceptible to vibration problems. Structures are designed to be just as strong as

necessary using the minimum amount of material, but the component parts, plates and
beams, etc. no longer have the individual stiffnesses of their previously overdesigned

counterparts. Additionally, modem trends to all welded construction, and components

milled from solid materia (e.g. fighter aircraft wing skins which incorporate web

sections), generate components that have little inherent damping. As a result, modem

structures are more likely to be excited into resonance, and when they are, to have very

high response levels due to the virtual absence of damping. Such conditions can lead

quickly to fatigue failure of the components.

For any aerospace structure the consequences of vibration are generally more severe than
for similar ground-based structures. Methods for alleviating these vibration problems are
restricted by structural and aerodynamic constraints and by performance requirements: any
mass addition reduces the available payload by the same amount. A modem helicopter isa
good example of a structure that is particularly prone to structural vibration problems and
it isimportant that vibration of these structures is controlled in the most efficient and
economical way. Therefore, helicopter-like structures provide the main focus for the work
contained in thisthesis.
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Fortunately, there are still many joints in aerospace structures that are riveted or bolted,
and a large number of these joints also incorporate some form of adhesive or sealing
compound. These joint features provide damping but can aso make the structure non-
linear in its vibrational behaviour, and thence more difficult to model theoretically.

1 .1.1 Cause, Consequence and Control of Helicopter
Vibration

The level of vibration found in a helicopter is generally higher than that experienced in
fixed-wing aircraft, especially when the helicopter is operating at high thrust or forward
speed. The primary causes of vibration in a helicopter are the high excitation forces
generated by the rotor blades and the downwash from each passing blade impinging on
the fuselage and tail surfaces. In forward flight, the main rotor system provides lift and
thrust ssimultaneously and the blades experience cyclic aerodynamic loading as the
apparent airspeed over each blade changes with the angle of the blade to the direction of
flight. At high forward speed the airflow at the tip of the advancing blade reaches a
transonic condition where there is a dramatic increase in blade drag. Simultaneoudly,
smooth airflow over the tip of the retreating blade cannot be sustained and a stall resullts,
causing large oscillatory loads in the blade and control system. Each blade experiences a
complete loading cycle in one revolution of the rotor and, therefore, the fundamental
excitation frequency transmitted to the airframe is given by (the number of blades, N) x
(the rotation speed, R), e.g. ‘NR’ which is approximately 22 Hz for a 4-bladed Westland
30 helicopter. These oscillatory loads provide a source of excitation that can lead to
structural vibration problems.

High vibration levels in a helicopter have several important consequences; the
environment can be uncomfortable and noisy so that pilots, crew and passengers cannot
tolerate the vibration for long periods of time. Fixed-wing aircraft have much lower levels
of vibration and, to some extent, expectations of passengers are set by the fixed-wing
standards. Military use of helicopters requires the crew to perform complex tasks at times
throughout the mission (e.g. weapons delivery, search and reconnaissance) and
prolonged vibration takes its toll by reduction in the efficiency with which the tasks are
executed. The reduction in performance of the pilot and crew occurs much more rapidly if
the predominant vibration frequencies coincide with certain resonances of the human
body, such as eyeball jitter. Furthermore, as military weapons and associated € ectronic
systems become more sophisticated their performance and reliability can be impaired by
vibration of the helicopter. Excessive vibration is also damaging to the components,
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critical flight systems and the structure of the helicopter itself and hence frequent, costly,
inspection and maintenance may be necessary.

There are three methods that have been used for the control of vibration in the airframe of
a helicopter

) Reduce the vibration excitation at the source - the main rotor blades

One of the most effective ways to minimise helicopter vibration is to use as many blades
as possible, thereby increasing the fundamental ‘NR’ excitation frequency — hence the
evolution of five-bladed helicopters from the more conventional four-bladed designs.
Considerations of hub complexity and blade manufacture and maintenance costs set a
practical limit on the number of blades used.

Passive, torsional vibration absorbers can be fitted to the rotor head but they suffer from
the disadvantage that they only operate in the plane of the rotor disc. Forces induced by
lift changes on the blades due to stall, etc., are perpendicular to the plane of the rotor disc
and, therefore, unaffected by the vibration absorber mounted to the rotor head.

Advances in materials technology have allowed production of aeroelastically adaptive
rotor blades with new aerofoil sections and blade tip planforms that delay the onset of
blade stall and improve the transonic performance of the blade tips. Rotor blades of this
type, with precisely matched dynamic and aeroelastic characteristics, have shown
promising reductions in excitation at the rotor head. This is another passive vibration
reduction technique.

An active vibration reduction technique - Higher Harmonic Control (HHC) - has been

used to allow precise control of the pitch of each blade. Hydraulic actuators replace direct

pitch linkages, thereby facilitating much greater control of the aerodynamic loading. With

thistechnique it is essential that the frequency responses of each actuator ate identical and

that an accurate and reliable control algorithm can be devised. Some reservations have
been expressed with regard to reliability and maintenance aspects of these systems and the
potential influence of any malfunctions on rotor performance and airworthiness. The
hydraulic power required for this type of active system is typically about 30 h.p. for the
Westland 30 helicopter.
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(i) Reduce the coupling between the rotor/gearbox/engine raft and theairframe

A combination of active and passive vibration isolation systemsis used in the Active
Control of Structural Response (ACSR) system developed by Westland Helicopters.
Hydraulic actuators are connected in parallel with elastomeric mountings between the raft
and the airframe. The actuators are computer controlled to minimise a summation of key
response functions at the blade passing frequency. Only a single response frequency is
considered otherwise the computations become impractical. Because the actuators are in
parallel with the elastomeric support and do not carry any steady load, there are no
airworthiness problems and an added bonus is that the hydraulic power is considerably
less than for HHC - about 4 h.p. for the complete installation in a Westland 30.

(iif)  Tailor the dynamic characteristics of the airframe to ensure minimal response at
anticipated excitation frequencies

The initial design and production of a helicopter airframe that has satisfactory dynamic
characteristicsis notoriously difficult, even with the availability of sophisticated Finite
Element (F.E.) analysis tools (some engineers even recommend that the designer should
try to place everything in resonance as away of ensuring that it will be off resonance
when it is built! ). The benefits of adaptive rotor blades, HHC and ACSR can be lost
completely if the airframe has a lightly damped resonance corresponding with an
excitation frequency.

The dynamic characteristics of an existing airframe may be altered by active or passive
modifications but, whichever method is chosen, it is desirable to make the modifications
at or between the most sensitive points, thereby minimising any weight penalty.

1. 1.2 Design and Selection of Structural Modifications

Many basic vibration problems can be investigated and minimized by the use of vibration
prediction and analysis techniques during the design phase of a project. Since there is no
hardware available for testing at the early stages, the techniques are invariably based on
finite element models produced from component drawings. However, there are so many
features and properties of real components, mechanisms and materials that are difficult to
represent adequately in afinite element model that the use of such amodel, inisolation, is
considered to be insufficient. Once a prototype component has been produced, vibration
testing and analysisis almost always required in order to validate the finite element model
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and the results therefrom More often than not, the finite element model is then adjusted to
reflect the vibration characteristics actually measured.

If the measured characteristics of a structure are such asto indicate the possibility of a
vibration problem arising in service, then some structural modifications may be required.

In the past, suitable modifications have been devised on an informed trial-and-error basis,

by people with awealth of experience in the field Each time a modification was made, the
structure had to be re-tested to ensure that the vibration characteristics were acceptable. If
not, the whole sequence of events was repeated in an iterative fashion, until a successful

conclusion was reached. This was a very costly and time-consuming operation which
eventualy resulted in a structure with acceptable dynamic characteristics, but not one in
which the changes had been made in the most efficient manner, nor in which an optimum
solution had necessarily been obtained.

The advent of relatively cheap computing and advanced analysis techniques allows a
mathematical model of a structure to be created directly from measured data. Modification
techniques can be used with these measured data to enable alarge number of different
modifications to be evaluated much more quickly and effectively than was previously
possible. Once a suitable modification is found using an experimentally-derived
mathematical model of the structure, the actual modification can be incorporated in the rea
structure which will then undergo one further complete vibration test to confirm the
predictions. The whole process may involve only two complete vibration tests, athough
many different modifications will have been ‘tried’. This can mean agreat saving in costs
because, usualy, it isthe acquisition of the data which represents the largest single cost in
any vibration test.

The main disadvantage of using an experimentally-based approach isthat it is only
available once a prototype structure has been built. At this stage, the project is well
advanced and the basic design, configuration and construction of the structure has been
finalised, thus severely restricting the type and extent of any physical changes which can
be made.

The initia process by which a modification is designed and selected can be improved if
the sensitivities of points on the structure to simple types of modification (such as added
masses or stiffnesses) are known. The intention isto select the most effective site and type
of modification at the earliest possible stage, preferably at a preliminary measurement
stage. A new method for calculating resonance frequency sensitivities for single degree-
of-freedom mass or stiffness modifications is developed in this thesis. The method is
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readily implemented, and is based on the use of resonance and anti-resonance frequencies
of the original unmodified structure. The sensitivity characteristics resulting from the
anaysis enable each degree-of-freedom to be ranked in its order of importance for
modification, for each mode of vibration.

Once an order of importance has been established for the coordinates at which
modifications may be incorporated, then decisions can be taken as to whichdegrees-of-
freedom should be measured for use in the full coupling analysis. Furthermore, if the
sensitive coordinates are identified as a result of a preliminary measurement survey,
special care can be devoted to the acquisition of accurate and reliable data from those
coordinates during the full survey. The overall data acquisition task is made more efficient
by concentrating the effort on the important, sensitive, degrees-of-freedom and reducing
the amount of superfluous data measured.

In the design of a vibration test program, sensitivity data can be very useful but it is
important to remember that there are 6 degrees-of-freedom for each point on the structure.
If the rotational motion of pointsisignored, 75% of the full FRF matrix islost. For basic
troubleshooting applications, the limited data set (without rotations) is not usually too
restrictive. However, for use in prediction of the characteristics of a modified structure,
the omission of rotational data may be very serious- especially when the modification
attachment involves anything other than ssimple pin-joints. The measurement of a complete
set of rotational FRF propertiesis known to be difficult and some detailed discussions and
examples are presented in thiswork to illustrate the consequences of neglecting rotational
degree-of-freedom in coupling analyses. One interesting finding is that the measurement
of arotational response is not too difficult but, the practical application of a pure torque
to provide arotational excitation to avibrating structure is significantly more difficult.

1.1.3 A Note on Terminology and Glossary of Terms

Frequency Response Function (FRF)

A frequency response function (FRF) is a frequency-dependent quantity derived from
knowledge of both magnitude and phase of a harmonic response and the excitation
causing that response. There are a number of different quantities that are classed as
frequency response functions, and these can be divided into two distinct groups;

(@) those denoting (response/force) characteristics; and,

(b) those denoting (force/response) characteristics.
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Each group can be subdivided further and categorized according to the actual response
parameter measured; displacement, velocity or acceleration. All the different quantities
have specific names which are summarized below.

Response type| @ r&eponse’force| (b) force/response

Displacement % = Receptance )—i— = Dynamic Stiffness
Velocity X = Mobility £ ~ Mechanical Impedance
f x
Acceleration 7 = Inertance 3fT = Apparent Mass
or Accelerance

Table 1.1

For harmonic motion the quantities in each column of Table 1.1 are related very simply

by theratio ja;j = v-1 and @ is the ‘circular’ frequency in radians/second.

X= jox =-02x

Because of this simple relationship, generic terms are often used to describe any of the
quantities in one column of the Table. Throughout this work, and in common with many
other publications, the following generic terms have been adopted,

I nertance for response/force quantities in general
and,
I mpedance for force/response quantities in general.

Measurement Practicalities

In the above genera definitions of inertance and impedance properties, important practical
conditions have been omitted. They are,

()  for inertance quantities — al points on the structure must be completely
unrestrained except for the single force excitation point. In mathematical
terms,

receptance :( ’%— ) with f, =0 for all k=#j
)
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and;
(i)  for impedance quantities— all points on the structure must be completely
restrained except for the single motion input point,
fi

dynamic stiffness:( = ) with x, = 0 for all k«j
J

Direct measurement of impedance quantitiesis virtually impossible since the requirement
to ground al coordinates on the structure, other than the motion input point, is very
difficult to achieve practicaly. In contrast, measurement of inertance quantities can be
simple; for a grounded structure, no specia precautions are necessary and for a free
structure, the only requirement is for a suspension system which imposes minimum
restraint on the structure under test, e.g. air bags, rubber bungee cords or soft springs.
Consequently, the majority of vibration measurements made are inertance type
measurements for the ssimple reason that they arc considerably easier to obtain.

Forced Response

Measurement of a forced response alone yields what is known as an operating response.
This response may arise from many different, simultaneous, excitations distributed
throughout the structure. A forced response can be considered as a linear summation of
the appropriate FRFs, assuming that the structure is linear and that the force distributionis
known or can be estimated. The forced response is a useful indicator of the operating
characteristics of the structure but it is not very useful for diagnosis of the cause of a
particular problem, nor for detailed investigations of structural modification or
optimisation.

Natural Frequency

A natural frequency of asystem is defined as a frequency at which free vibration can take
place. Natural frequencies are modal properties.

Resonance

In simple terms, the resonances of a structure are defined as the set of excitation
frequencies for which minimum force input produces a maximum — and possibly
damaging - response. The resonance frequencies are characteristics of the frequency
response function and generally coincide with the natural frequencies.
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The magnitude of the response at resonance is controlled by the amount of damping
present in the structure. For light damping levels, a resonance occurs when the forcing
frequency is approximately equal to anatural frequency.

Anti-resonance

An anti-resonance is defined as a frequency at which the ratio of the response at a point to
the force input tends to zero; afrequency at which the structure most strongly resists being
made to move at al at a point of excitation. This can happen when there is zero motion at
either the response measurement location, or at the excitation point. Anti-resonances are
specific to the force and response locations - they are local properties.

Degree-of -Freedom

The term ‘degree-of-freedom’ can be used with reference to physical space or to modal
space. It isimportant to note the differences in meaning of the two uses of the term. Firgt,
when degree-of-freedom is used in relation to physical space, it refers to a physica
coordinate point and direction. Terms such as coordinate, location and point are
synonymous for the physical space usage of degree-of-freedom. Second, degree-of-
freedom can be used in relation to modal space, in which case, the degree-of-freedom
refers to a complete mode of vibration. In this work there are many references to ‘single
degree-of-freedom modification’. These single degree-of-freedom modifications are in
physical space, i.e. a modification is considered which is only active at one point and in
one coordinate direction. Although the modification is only active in one physica
coordinate, the effects of the modification may extend to all of the modes of vibration. The
modification isnot single degree-of-freedom with reference to modal space.

Interface and Passenger Degrees-of-Freedom (coordinates)

The terms interface and passenger degrees-of-freedom refer to physical space and
are used in connection with the theoretical structural modification procedures. Interface
degrees-of-freedom are the coordinates on each component that are joined together directly
and are thus actively involved in the structural modification. The term * passenger
coordinate’ covers al the coordinates that are not directly involved in the coupling.

1.2 Literature Survey

The technique of structural modification using experimental data encompasses many
aspects of experimental modal analysis and requires the collection of more extensive and
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more accurate data than are necessary for less demanding applications. For the present
review of the literature, four broad areas for survey have been identified:-

@) collection, assessment and analysis of experimental data;

(i)  derivation or measurement of rotational degrees of freedom;
(iii) structural modification methods; and
(

iv) sensitivity aspects for optimum structural modification.

1. 2.1 Coallection, Assessment and Analysis of Experimental
Data

Of al the different stages in the experimental modal analysis of area structure, the
collection and assessment of experimental data is the least well defined. There are many
things that are left to persona preference, engineering judgement and experience rather
than being covered by strict rules and procedures, as used with the later, more
mathematical, stages. This situation probably reflects the wide diversity of structures that
are now subjected to vibration test and analysis. The variability of FRF measurements as
made by different organizations, but for the same structure, has been highlighted clearly
by Ewinsin arecent survey [ 1], where he advocates the need for much greater carein the
collection and assessment of experimental data.

It is known that there is a strong correlation between the thoroughness with which a
modal test is planned and a successful outcome. Ewins [2] points out the prime
importance of planning the complete vibration analysis procedure, from test right

through to final usage of the processed data, in order that just sufficient quantity of the
right quality data are measured The ultimate usage of the data influences the way in which
it is measured and how carefully it is analysed. Stroud [3][4] proposes a complete pre-test

analysis of the structure using the best available F.E. model, but as such an analytical

model is not always available, this approach may not be applicable. Ewins and Sainsbury

[5] discuss the quantity and type of data required to enable predictions of the coupled

properties of a simple beam with a block mass; another similar exercise was conducted by

Damms|[6] for coupling two beam structures.

Recently, Elliott [7] has shown that the spatial positioning of transducers on the base
structure must be adequate to describe the motion of the modified structure as well as the
base condition. If the modified state could not be measured adequately with the
transducers as they are positioned, then prediction of the effects of the modification will
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be unsuccessful. The problem is termed “ modal insufficiency”. Once again, this
reinforces the need for a comprehensive preliminary survey in which possible
modifications are proposed. Estimations of the modified structural behaviour then alow
transducers to be placed in the correct positions on the base structure for the full tests.

As an example of the engineering judgement involved in vibration testing, the selection of
a suitable pushrod for the measurements described in the paper by Damms, [6], was
largely a matter of trial and error. More detailed studies of the influence of the pushrod on
vibration measurements are discussed in works by Silva[8][9] and methods for designing
pushrods for particular applications have now been developed by Mitchell [10] and Heiber
[11], athough the quantity and type of input data required makes these impracticable in
most circumstances.

Work by Gleeson [ 12][ 13] has shown the care needed in mounting and aligning
accelerometers on a structure so that errors are not induced by the method of attachment,
or by excessive transverse motion. Ewins [14] has also shown how inaccurate positioning
transducers on locally flexible parts of a structure can lead to wide variations in the
measured results. Furthermore, the adverse effects that the measuring equipment can have
on the structure under test are illustrated by this author [15] and by Hopton [16].

Early vibration measurements were made using a Transfer Function Analyser (TFA) and
sinusoidal excitation at discrete frequencies, but with the advent of computer aided testing
systems and cheap Fast Fourier Transform (FFT) processors the emphasis shifted
towards broadband testing techniques. An excellent summary of the many types of
broadband excitation functions has been produced by Olsen [17], which notes the
advantages and disadvantages of each. The apparent demise of sine testing was lamented
by Lang [18] in 1985 and it is interesting to note that more sophisticated sine testing
techniques are now appearing once more [ 19].

Apart from the standard checks for reciprocity and repeatability, there has been little work
presented on means for assessing the quality of experimental data at the time of collection,
although the subject has been broached by this author [20][21]. Stroud [3] mentions the
use of ‘test-support analysis where powerful, on-line, computers are used for rapid
eva uation and assessment of the test results. The assessment consists of identification of
modal parameters and orthogonality checks of the measured modes with the analytic
modes produced in a‘pre-test analysis' - atype of modal assurance criterion. Once again,
though, such methods are not applicable if an analytic model is unavailable. Severa
papers, including [22] & [23], have reported ways by which the quality of a modal
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database can be estimated from the ability to predict accurately the effects of simple
modifications. However, this is not thought to be a very reliable method due to the
influence of other factors and, furthermore, it istoo remote from the testing phase to be of
any practical use.

With regard to the analysis of experimental data, since the introduction and devel opment
of cheap and powerful computational facilities, a vast quantity of work has been

published. The basis for many of the analysis methods in common use today is presented
in works by Brown, Allemang, Zimmerman and Mergeay [24], Ewins[25], Stroud [26]

and Fiillerkrug[27], which cover single reference single degree-of-freedom(SDoF) and

multi-degree-of-freedom (MDoF) methods and multiple reference MDoF time domain

methods. A unique interpretation of FRF curvesin terms of their “skeletal properties’ isto
be found in an interesting book by Salter [28].

The extensive modal surveys presented by Stroud [4] show how the implementation of
different excitation and analysis techniques on the same structure can be used to build
confidence in the final modal models. The desirability of an indication of the degree of
accuracy for any given model, is noted by Goyder [291, so that judgements can be made
as to the suitability of the model for further analysis purposes. Quite how this degree of
accuracy should be determined is not explained.

Works by Hopton [16], Wei [30], and Skingle [ 15] show the typical types of errors that
can occur through incorrect or incomplete modal analysis. Unfortunately, there are
relatively few of these most informative examples — professional pride dictates that only
successful results shall be presented!

1.2.2 Derivation or Measurement of Rotational Degrees-of-
Freedom

The possible need for the measurement of rotational degrees-of-freedom FRFs was
considered by Ewins and Sainsbury [5] and, later, Henderson [31] and Crowley [32]

have demonstrated the actual influence of rotational coordinatesin acoupling anaysis. As
indicated by Crowley, the need for rotational degrees-of-freedom is not universal; it is
highly dependent on the type of modification and the nature of the motion at the coupling
points. Similarly, papers by Smiley [33] and O’Callahan [34] develop, with examples,

reasons why rotational degrees-of-freedom can be vital. A theoretical necessity to include
rotational degrees-of-freedom in a coupling prediction can often be eclipsed by the
practical difficulties of measuring such quantities. There arc two different approaches used
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in the measurement and calculation of rotational FRF properties: (a) direct from measured
FRF data, and (b) from complex mathematical operations on identified mode shapes.

Ewins and Gleeson [35] propose an experimental method for multi-directional
measurements on beams and further work has been done by Silva[9] using a ‘ T-Block’
transducer method. A more sophisticated technique, than that described by Silva[9], for
the measurement of the full FRF matrix at a point, which includes the cross-axis effects of
the accelerometers, has been developed by Mead and Heron [36]. Nevertheless, despite
meticulous attention to detail, the calculated mobility terms which involved at least one
rotational degree-of-freedom deviated somewhat from the theoretical predictions. Several
possible reasons for the discrepancies are cited, but of particular interest is the influence of
the contact stiffness between the ‘transducer’ and the structure, the sire of the ‘transducer’
and the dynamic range of the FRF measurements used in the calculations. These key
factors were identified as being responsible for poor rotational degree-of-freedom
estimations in the case study of a modern helicopter presented in chapter 6. The
limitations of accelerometers used in the measurement of rotational properties are
discussed by Gleeson[13] and Licht [37].

O’Callahan [38] and Haisty and Springer [39] propose methods for determining the
rotational degree-of-freedom information by fitting spline functions to the mode shape
data and then differentiating to find the slopes. These methods have been shown to work
satisfactorily with data produced from F.E. analysis, but no results are presented for
experimental input data. Avitable [40] presents a method which uses transformation
matrices, derived from a F.E. model of a structure, to expand the measured data set to
include the required rotational degree-of-freedom properties. Once again though, such
methods are only applicable if a F.E. model is available, and then the accuracy of the
results is linked with the accuracy of the F.E. model.

In recent years optical techniques, such as laser doppler velocimeters and vibration pattern
imagers, have been developed. The large quantities of response data that can be obtained
by use of these techniques will provide much more accurate information about the
deflection shapes of a vibrating structure than is presently available. From the accurate
deflection shapes it is possible to derive the rotational responses. However, although it is
possible to measure all the trandlational and rotational responses by these techniques, there
is still no method for excitation of the structure with a pure torque.
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1. 2.3 Structural Modification Methods

Structural modification methods can be divided into two groups: (a) FRF Impedance
Coupling methods, and (b) Modal Synthesis methods. The analytical basis for the
impedance coupling method is described in the standard reference work by Bishop &
Johnson [41], and implementation of the method for practical structures is discussed by
many authors, such as Ewins [42], Goyder {29], and Lamonita [43]. The basic theory for
the modal synthesis method can be found in works by Snyder [44] and Lang [45], and an
adaptation of the method has been developed by Luk and Mitchell [46][47].

In theory, both the impedance coupling and modal synthesis coupling methods should
give the same results. In practice, however, each method has limitations which should be
clearly understood if assessment of the results is to be valid. Reviews of both categories
of modification methods have been conducted by Craig [48] and Jones [49] which show
the strengths and weaknesses of each type. FRF impedance coupling methods have the
advantages that out-of-range modes can be incorporated easily through the use of residual
terms and the final results of the modification prediction are in the most convenient form
for assessing the overall performance of the coupled structure — FRFs. Residual terms
cannot easily be incorporated directly into the model if amodal synthesis method is used
[88], and the immediate results of this type of analysis arein terms of eigenvalues and
elgenvectors — one stage removed from the FRFs of the modified structure. However, the
modal synthesis method does have one major advantage over the impedance method,
computationally it is very much simpler. Recently though, development of the impedance
coupling method by Jetmundsen, Bielawa and Flannelly [50] has made this method more
efficient, especially for large structural models with few coupling points, narrowing the
gap with modal synthesis methods quite considerably.

1. 2. 4 Sensitivity Aspects

As the design of structures has grown more and more scientific, the structures have
become highly efficient in terms of their utilization of materials. Although thisis
particularly relevant to aerospace structures, where unnecessary structural mass detracts
from the available payload, the trend isfiltering down to more everyday objects, driven by
the ever-increasing cost of raw materials. If modification of a structure is necessitated by
some unwanted operational characteristics, then the efforts to produce an efficient,
economical structure in the first place can be negated by a clumsy approach to the design
and siting of a modification. Studies of the sensitivity of a structure to various changes
have led to the concept of sensitivity analvsis, whereby more efficient modifications can
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be designed and selected. In an early alusion to sensitivity, Jones [51] considers the
effect of small changes in mass and stiffness on the natural frequencies of a vibrating
system, and concludes that the change in any mode frequency, for agiven modification, is
partly dependent upon the value of that frequency in relation to those of the other modes
of the system. Other work [52], [53] and [54] has shown that it is the relationship of the
resonances to the anti-resonances that is of greater importance than the spacing of the
resonances alone.

Many of the sensitivity analysis techniques have their roots in F.E. analysis, with early
references to rates of change of eigenvalues and eigenvectors by Fox and Kapoor [55].
More recently, sensitivities of elgenvalues and eigenvectors have been studied extensively
by Vanhonacker [56][57], where the emphasisis placed on methods requiring the input of
modal analysis data only. However, the methods involve lengthy calculation procedures
and rely quite heavily on the identified elgenvector matrices, even for the eigenvalue
derivatives. Rather than using the sensitivity analysis results solely as a method for
identifying types and locations for modifications, Vanhonacker has used the techniques
for the prediction of the effects of small or large changes. In some instances, this has
necessitated the use of 2nd order sensitivities of eigenvalues and eigenvectors. Equations
for the 2nd order sensitivities are even more complicated than those for the 15t order
sengitivities. In asimilar analysis procedure, Chou [58] notes that the cal culation of higher
order sensitivities becomes too complicated to be practical and To [89] suggests that use
of higher order sengitivities in prediction of modified resonance frequencies may not be
beneficial in al cases. Furthermore, the accuracy with which the actual behaviour of the
structure is represented by these higher order sensitivities must be questioned, especialy
if the input data for the calculations are derived from measurements.

A different approach to sensitivity analysis was initiated by the discovery, in 1972 by
Vincent [59], that the locus of a point response to a single excitation at a fixed frequency
when a single structural M, K, or C) parameter was varied, was circular when plotted in
the Argand plane. The plots are similar to Nyquist plots, where frequency is varied while
the structural parameters remain constant. Developments of what has become known as
the Vincent Circle theorem, have been made by Done, Hughes and Webby [60][61], in
which simultaneous modifications of two structural parameters are considered, and
feasible regions of the response points in the Argand plane are identified. Several other
developments have also been reported; Gaukroger [62] considers the application of the
method to undamped structures, for which the characteristic circles degenerate into
straight lines, and it is argued that this application of the analysis gives greater insight into
the effect of structural modifications than it does when applied to damped systems. In
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extending the ideas yet further to include many points of interest and many simultaneous
structural parameter changes, Sobey [63][64] exceeds the capabilities of the circle
presentation and reverts to consideration of a mean square weighted response function. A
strain energy method is presented by Hanson [65] in which structural elements with the
highest strain energy are targeted for modification. The results are compared closely with
those of Vincent’s Circle analyses, and although the same elements were identified for
modification it was concluded that the strain energy method was more suitable when many
elements are to be considered for changes simultaneously.

A different technique for sensitivity analysis has been developed by this author [66] which
is based on the use of experimental FRF data directly, and produces the differential
elgenvalue sensitivities to point mass or stiffness changes. The input data are resonance
and anti-resonance frequencies and can be obtained directly from measured FRFs — no
modal analysis is necessary — which can be a considerable advantage in preliminary
investigations.

1.3 Review of the Present State-of-the-Art of
Modal Testing and Analysis

As indicated in the literature survey, there are numerous different methods for data
collection. In recent years, increasingly sophisticated techniques have been developed to
meet the requirements for extensive quantities of high quality data. These developments
have resulted in very expensive and complex packages of computer controlled measuring
equipment and analysis software. In order to obtain the best results from these systems,
the user must have a detailed knowledge of how the data are processed. As the test and
anaysis systems become more complicated, the number of people who really know how
they work and how to run them to their best advantage becomes smaller. A great deal of
Insight into many vibration problems can be gained by proper use of the ssimplest
equipment coupled with a thorough knowledge and understanding of basic vibration
measurement and analysis theory. Extension of the basic theory with straightforward,
easy to implement, techniques for data assessment seems to have been eclipsed by these
more glamorous methods.

One areain which a great deal more work is required is that of assessing the quality and
accuracy of measured data. Preferably, this assessment should be available as soon as
possible after the data are measured so that repeat measurements can be made, if
necessary, without delay. Some assessment methods presently available are too remote
from the data collection phase to be of any real use - in al but research applications.
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VECTOR

Throughout the course of this work, the)djfference FRF (AFRF) has been used very

successfully for the clear assessment of various types of data, e.g. repeatability,

reciprocity, raw data vs synthesised data, etc. All the data assessment methods, including

the AFRF, are used to provide an indication of the quality of the data only. The absolute

accuracy of measured vibration data (i.e. X £ Y %) isvery difficult to quantify because an

‘exact answer’ isonly available for comparison in purely theoretical studies. With

experimentally measured data there are so many unknowns and possible sources of error

(structure loading by the measuring equipment, transducer calibration errors, digitization

errors, etc.) that normal error analysis methods yield unrealistic error bands. Generally,

there is no substitute for painstaking attention to detail for the collection of good, high
quality data. However, as the emphasis tends towards collection of greater quantities of

data, the quality will undoubtedly suffer as a result of the associated tedium felt by

operators. The problem is that large measurement surveys are often approached with a
‘dledge hammer’ method — measure everything in sight, just in case it turns out to be
important at alater stage. If it is known from preliminary analysis that certain coordinates
are particularly sensitive to modification, and therefore important, there is more incentive

to make these measurements accurately. While no quantitative assessment can be made, a
sensitivity analysis can provide a ranking of the degrees-of-freedom in their order of

Importance for altering the frequency of a particular mode. When testing time and

resources are limited, thisinformation can be of great value in helping to decide which
data should be measured and which measurements can be eliminated. The concept of

sengitivity studies is not new (see section 1.2.4) but, once again, it is important that the

techniques can be readily implemented at an early enough stage in any vibration

measurement program for subsequent use of the results in the design of modifications and

formulation of the full measurement test schedule. A criticism of sensitivity analysis

methods presently availableisthat they do not produce results at a sufficiently early stage

to be useful. The sensitivity analysis method devel oped during the course of this work

provide; results that are available soon after measurement of the data, and without the

need for modal analysis.

Mathematical methods for prediction of the effects of a structural modification on the
dynamic characteristics of astructure are well developed in theory (impedance and modal

coupling methods). However, there is still scope for development of the practical

implementation of these coupling techniques. Experimentally-derived vibration data are
neither accurate nor complete and both these deficiencies can have a significant influence
on the quality of coupling prediction results. Furthermore, use of numerical computational
algorithms in the coupling prediction calculations (especialy for matrix inversion in the
impedance coupling method) can also give rise to errors. Computers have afinite accuracy



Introduction 18

and the number of repetitive operations required in the numerical inversion of alarge

matrix can cause errors to build up quickly. Such problems will be exacerbated at

frequencies close to the natural frequencies of the structure and modification components

when the matrices become nearly singular and the computations take much longer to

converge to a solution, if at al. As the size of the dynamic models increases, the

computational time for modification predictions escalates rapidly. A large proportion of

the time is taken up with calculations involving passenger coordinates. Passenger

coordinate information is not required for calculation of global properties of the modified

structure but for calculation of the local properties only. The computationa effort is not

used in the most efficient manner. Several new formulations of the impedance coupling

method are presented in this work that improve the way in which the calculations are
performed. The number of matrix inversionsis reduced by afactor of three and the size of

the matrix for inversion is cut down to the number of interface coordinates. When the ratio
of interface coordinates to passenger coordinates is small, very substantial improvements
in computational speed are achieved.

Thereisadefinite requirement for some research into the *accuracy’ of resultsthat can be
achieved from coupling predictions based on experimental ly-derived data. If, for instance,
only a portion of the required input data are available, what will be the effect on the final
results and will it be worthwhile continuing the study if it is not feasible to measure all of
the data?

1.4 Outline and Scope of this Work

Thework presented in thisthesis can be divided into four sections,

@ areview of impedance and modal coupling theories with some recent
developments of the impedance coupling method that can improve the
calculation speed and efficiency very significantly;

@) the development of a smple sensitivity analysis technique which indicates
the most efficient sites for the modification, working from data collected
during a preliminary survey of astructure;

@(iii) aninvestigation of the practical aspects of vibration testing that influence the
type, quantity and quality of data that can be collected. Additionally, the
consequences of some of the practical measurement limitations on the results
from a coupling analysis have been studied; and,
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(iv) the techniques, analysis methods and assessment tools developed in the
theoretical stages of this study have-been applied to the measurement of a
modem helicopter and subsequent study of some simple modifications. In
this demonstration of the present ability to predict the effects of
modifications using experimentally-derived data, theoretical predictions of
the effects of modifications are compared critically with the measured results
when the actual modifications are made.

One am of this work is a demonstration of the present ability to predict the effects of a
simple practical modification on area structure (chapter 6). It wasintended that rotational
information should be included in these predictions but rotational measurements proved to
be beyond the capabilities of the apparatus and techniques and, therefore, the
modifications were limited to those in which rotational degrees-of-freedom could be
ignored. Although the resulting predictions for the dynamic characteristics of the modified
structure showed the correct trends, there were still some discrepancies between the exact
detail of the predicted and measured FRFs for the modified structure. These differences
have been traced to alterations in the base structure’ s properties not considered in the
modification. Even with knowledge of the possible cause of the problem, its solution

would have necessitated very many more FRF measurements for a range of contrived
loading conditions. Such measurements may have enabled correct prediction of the actua

measured result, but these measurements were not the type that would be made as part of
anormal measurement survey.

Although this study is primarily aimed at devising methods for aerospace structures, the
techniques will be equally applicable to other structures which have aless demanding or
restrictive vibration environment.




Chapter 2

Structural Modification -
Theoretical Basis

2.1 Introduction

Mathematical techniques for the prediction of the effects that a modification will have on a
structure’ s vibration characteristics are commonly known as structural modification or
coupling methods. The great advantage of such techniquesis that they do not involve
extensive trial and error procedures on the structure itself — any modification refinement
procedures are carried out on the the mathematical model of the structure. Whichever
method of structural modification prediction is used, the accuracy of the final results will
depend heavily upon the quality and extent of the mathematical models of the base
component(s). Therefore, it is absolutely vital that the mathematical model of the structure
isatrue and accurate representation of the characteristics of the real structure. Discussion
of whether or not the model is an accurate representation will be left until chapters 4 and
5.

In this chapter, the main methods of structural modification prediction are presented and
reviewed, with emphasis placed on experimental ly-based techniques.
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2.1.1 Structural Modification Methods

Structural Modification
Methods.

F.E. or Analytical Modal Coupling. Impedance Coupling.

re-analysis of modified
structure.

Techniques for prediction of the Effects of Structural Modifications.
Figure2.1

Methods for the prediction of the behaviour of modified structures can be divided into
three categories, as shown in Figure 2.1. The least flexible of the three methods is
complete F.E. or theoretical re-analysis of the modified structure — in effect, the
equations of motion for the complete modified structure are derived and solved. Such
methods are of greatest use in the design stages of a project when there is no physica
example of the structure available for test.

It is possible to address a vibration problem using measured modal properties and this is
the basis of the modal coupling method as presented here. Alternatively, instead of modal
properties, the impedance coupling method uses FRFs directly. The impedance coupling
method has some advantages when the structure has a high modal density and an infinite
number of modes (where consideration of residuals becomes important with the modal
coupling method: chapter 5) but, generally, the impedance method has the disadvantage
that a large quantity of dataisinvolved.

Modal coupling and impedance coupling methods are predominantly experimentally-based
methods, but they can also be used with the appropriate data derived from F.E. or analytic
models. This can be especially useful when investigating the effects of a theoretical
modification to an actual structure, where the properties of the modification may be
derived from an analytical or F.E. model and the structure is represented by measured
parameters. Whichever coupling method is adopted, an important assumption which is
made is that the structure is linear. At the present time, there are no experimentally based
procedures for including the effects of non-linegtities and any non-linear analytic or F.E.
based methods are highly computational and require complete definition of the non-linear
elements. Providing that any non-linearities are not too great, acceptable predictions of the
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models. This can be especially useful when investigating the effects of a theoretical
modification to an actual structure, where the properties of the modification may be
derived from an analytical or F.E. model and the structure is represented by measured
parameters. Whichever coupling method is adopted, an important assumption which is
made is that the structure is linear . At the present time, there are no experimentally based
procedures for including the effects of non-linedtities and any non-linear analytic or F.E.
based methods are highly computational and require complete definition of the non-linear
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effects of modifications may be obtained using a linearised model (or severa piecewise
linearised models). However, it is well known that the task of showing that a system
contains a non-linearity is considerably easier than locating and identifying the type and
magnitude of the non-linearity — which is by no means straightforward.

The theory underlying the impedance coupling and modal coupling methods is presented
in the following sections, together with brief comments on how and when each method
should be used.

2.2 The Impedance Coupling Method

2.2.1 Theory

Prediction of the dynamic behaviour of a modified structure by means of the impedance
coupling method requires the knowledge of a specific set of FRFs. As mentioned earlier,
these FRFs may be derived from a number of different sources, but care must be taken to
include the maximum amount of relevant data, i.e. number of points considered on the
structures and the type and extent of the data; data for rotational degrees-of-freedom must
be included along with that for trandational degrees-of-freedom where necessary. In the
illustrative example used below (Figures 2.2 and 2.3), degrees-of-freedom numbers 4 and
5 represent the interface coordinates (those actively involved in the coupling) while the
remainder constitute passenger degrees-of-freedom which may be included to provide data
for specific key points on the structure other than the modification points (e.g. the pilot’s
seat in an aircraft), or for purposes of identifying the modified mode shapes. The only
data available here are a 5x5 FRF matrix for component A and a 4x4 FRF matrix for
component B.

Consider the two components A and B, which are to be joined together in two degrees-of-
freedom (4 and 5) to form component C.
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A

| ‘ X2 X l—>
a4 b4 Xb7
X a1 Xa2 X a3

Definition of Coordinates for the Base Components.
Figure 2.2

In this statement of the impedance coupling method displacement and receptance quantities
have been used for convenience. The final ‘impedance coupling’ equations derived
(equations 2.10 and 2.11) are equally applicable for mobility or inertance data.

For compatibility of the displacements at the connection points,
Xa5=Xp5=Xcs5 anNd Xaga=Xpa=Xed Al

For equilibrium of the forces at the connection points,

fas + fp5 = f5 and fayqa+foa=f4 ... 22

xc5

| Xcs

X
c4 Xc7
xc‘l xc2 xc3

Coordinate Definition for the Modified Structure.
Figure 2.3
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Now, receptance is defined as the ratio of the displacement to the applied force -

xe™
Receptance Ow) Ef. eimt e (2.3
where, x = amplitude of harmonic displacement response,
f = amplitude of harmonic forcing,
i=+-1,
o = frequency in radians/second, and
t=time.

Therefore, for component A, the receptance matrix is defined in the following way:

Xal fal
Xa2 fﬂz
Xa3[ = O 4(0) fa3| (2.4)
Xad faq
Xa5 fas

similarly, for component B and the resulting component C:

Xba §b4
X

{xzi} ={ O (@) |- {fzi} --------------------------------------------------- (25)
Xb7 fv7

- —

Xc1 for

Xc2 feo

Xc3 fes

X4 (=] O (o) : ?4 .......................................... (2.6)
Xcs c5

xC6 fc6

Xc7 e - fc7'

Assuming that each of the receptance matrices is non-singular, equations (2.4), (2.5) and
(2.6) can be rearranged to give -

{fa) = [0 ! . (xa) ; (fp) = [O)T . (xp} and {f} = [O]!. (X} ... (2.7)

Now, invoking the equilibrium condition expressed in equation (2.2)

(fe} = (fa) ® {(fo) = ([O0] L. {xa)) @ ([OWIL {xp)})  ooooiiiiiinn, (2.8)

(where the @ sign represents an addition with due regard for the physical nature of the
coupling), and including the compatibility condition of equation (2. 1), gives:
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(fe) = ([0a] @ [Ob] 1) {Xe} oo, 2.9)

and by comparison of equation (2.9) with equation (2.7):  {f.} = [O]! . {x.}
It can be seen that, [o)! = (w-1 & [ab]'l) .................................... (2.10)
The receptance matrix for the coupled structure is formed by “adding” the receptance

matrices of the constituent components. The form of this matrix “addition” is shown
diagrammatically in Figure 2.4.

- . . . - 1

= ana - -1 !

P 12

T - A < 3

C @ .4,

[ B - ’1 ™

) - L-‘7‘
—iouimiwioioin
Diagrammatic Representation of Matrix “ Addition”.

Figure 2.4

For the special case of coupling in one degree of freedom and where interest is confined to
the coupling degree-of-freedom, the matrices revert to single terms, and equation (2.10)
becomes -

R (2.11)
o, Oy Oy

2.2.2 Discussion of the Impedance Coupling Method

In concept, the impedance coupling method is very simple and can be used with FRF data
derived from various different sources; F.E. model, analytic model or, more commonly,
from test measurements. The results produced by the impedance coupling method are in
the form of FRFs for the modified structure. These FRFs can be used directly in
predictions of the forced response of a modified structure. Since the ultimate aim of a
structural modification investigation is an improvement in the operating characteristics of
the structure, having the results presented in FRF format is considered a desirable feature.
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The FRF data produced using F.E. or analytic models is self-consistent — all the FRFs
have exactly the same resonance frequencies — but they may be inaccurate owing to
various simplifying assumptions which are inevitable with such models. Raw measured
data, however, may be less extensive and may show the resonance frequencies for al the
FRFs at dightly different frequencies — due to experimental or systematic errors in the
measurements. However, measured data does include the effects of all the modes and any
non-linear elements. The inconsi stencies with measured data can give rise to numerical ill-
conditioning problems in the inversion of the impedance matrices which can be overcome
if the raw measured data are first subjected to modal analysis and then the FRFs are
synthesised from the modal database. By definition, al the synthesised FRFs are
consistent and the system has been linearised, but unless sufficient modes have been
analysed, or residual terms are included in the synthesis, valuable information will be lost
in the process.

The size of the matrices involved in the coupling procedure depends very much on the
number of interface coordinates — those degrees-of-freedom actively involved in the
coupling — and the number of additional points for which the modified behaviour is
required — the ‘passenger’ coordinates. The minimum size of the matrices in any given
coupling analysis is the number of interface coordinates, in which case characteristics of
the modified system are only available for the interface coordinates. The globa modal
properties of the modified system — modified natural frequencies and dampings — can be
obtained by modal analysis of the FRFs produced by the coupling analysis. As more and
more passenger coordinates are included, for full characterisation of the modified mode
shapes, the matrices quickly become large and, it should be remembered that three full
matrix inversions are required for each frequency point considered. The large additional
computational effort necessary at present prohibits the inclusion of numerous passenger
coordinates. However, recent developments of the impedance coupling method — notably
by Jetmundsen, Bielawa and Flannelly [SO] ~ have reduced the number of inversions at
each frequency point from three to one, and the size of the matrix for inversion is only that
of the number of interface coordinates, regardless of the number of passenger coordinates
incorporated. In reference [50], the final result is quoted but in the following sections a
derivation of the result and further adaptations are presented.

2.2.3 Reformulation of the Impedance Coupling Method

The basic coupling equation (2.10) can be expressed as:

[CT' =AY ®IBI! s, (2.12)
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where the @ ‘addition’ reflects the physical coupling of the components.

Equation (2.12) can be written more formally as:

[C]-1= [A-1] o|l4fo o o

0 0| _-14
0 0 O 0B

The impedance matrices are augmented with zeros (zero matrices or vectors) to facilitate
direct addition; the zeros in each matrix correspond with the degrees-of-freedom which
are entirely related to the other component. The interface degrees-of-freedom are contained
in the overlapping parts of the [A] and [B] matrices.

Unfortunately the augmented matrices of equation (2.13) are singular and cannot be
inverted. However, the equation can be rewritten, without loss of generality, as.

ol+[[1] o o] lifo o
| o 0 [ 1 0 00
0 o[l] 0 B 0 0[l
} . - T = (2.14)

[CT" = [[Ar-

Small identity matrices are included in the augmented matrices and then subtracted again.
By this means, the augmented matrices referring to components A and B become diagonal
partitioned impedance matrices whichcan beformed by inversion of similar inertance
type matrices.

7= a] 410 o[l

!
o| |o 0
o ol o[B 0

Now, if we adopt the following notation:

[Aa] = A] 0 [BA]=[|]0 0 [lA]=|_[|]0 0
0

0

o oft] o[B ng[no]
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Equation (2.15a) becomes:

[CT =AY # BAT - TAl oo (2.15b)

By appropriate pre- and post-multiplications, the following equation for the impedance of
the coupled structure is obtained:

[C1" = [AA" ([Bal + [AA] - [AAl. Al [BAD [BAl"  ....(2.16)

Inversion of both sides of this equation leads to an expression for the inertance of the
coupled structure:

[Cl = [Bal ((Bal + [Aa] - [AAL[IALIBAD ' [AA] ........ (217)
A A2 0 I1 0 O

Now, we let [Aa] =[A21 Ax 0} and [Bal=| 0 B 323]I ...... (2.18)
0 0 1 0 B3z B3s

where the congtituent elements Ay, A1z,...etc. can be single numbers, sub-matrices or
vectors. After some algebraic manipulation (given in Appendix A) we obtain the following
expression,

Ay Az O A [Ap+Bplt Ay ApfAp+Byull Ay -Ap[Ap+Byl! By
[C] = A21 Azz 0 - Azz [An+B22]'1.A21 A22 [Azz+Bzz]'l.A22 -Azz.[An'f'Bz?J'l .B23
0 0 By -B3.[A3p+Byl LAy By [Ap+Byll Ay Biy [Ap+Byo] 1By

NERENRE

or, more concisely as.

ApipAp O A
[C] =[ An Ay O }-{Azz} . [A22+B2o] . { A2y Az -Bas} ...l (2.29)
0 0 Bszd -Bs

First, it will be noted that the number of matrix inversions has been reduced from three in
the original method to one in the new approach. Second, the size of the matrix for
inversion in the new method is only that of the number of interface coordinates. In most
modification studies, the total size of the model is much greater than the number of
interface coordinates and, therefore, reducing both the number of matrix inversions and
the size of the matrix inversions represents a very large saving in computational time.
Hence, the formulation of equation (2.29) is much more advantageous than that of the
original coupling procedure, equation (2.10).
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Thefirst matrix of equation (2.28) is a representation of the unmodified characteristics of
the base components, with A as the “reference” component. The second matrix of
equation (2.28) is a difference matrix between the representations of the constituent
components and the modified structure. Further consideration is given to these difference
functionsin later chapters.

The form of the result shown in equation (2.29) can be checked by a much simpler
anaysis, where interest isrestricted to the interface degrees-of-freedom only.

[CI = (A +IBIY e, (2.30)

[C1 = AT BIHAD BT oo, (231)

[C] = BY(BIAD T IAl oo, (2.32)

or, [C] = (TAI+[BI-IAD (BI+AD T [Al e (2.33)

and therefore, [C1 = [A] . [A] ((BIHIAD T TA]  woveeeeeeeeeeeeeeeeeeen (2.34)

In common with equation (2.29), the final result of this analysis, equation (2.34), only
requires one matrix inversion and the inertance properties of the modified structure are
given asthose of the base component [A], together with a difference matrix-

[A] (IB]+[A]) [AL

The new method has been tested for a system with component A having 6 degrees-of-
freedom (3 passenger degrees-of-freedom and 3 interface degrees-of-freedom) and
component B having 3 degrees-of-freedom, all of which relate to the interface. The results
for the modified structure were found to be identical to those obtained using the standard
method, and approximate timing of the computations showed the new method to be 2.5
times faster than the original. For larger models with proportionally fewer interface
degrees-of-freedom compared with the total number of degrees-of-freedom of interest, the
savings will be substantially greater.

2.2.4 Refinement of Method for Spring Modification
Components

One disadvantage of the new method, as presented above, isthat it does not permit the use
of idealised spring element modifications on their own. All the dynamic property matrices
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required in the new method are of the inertance ‘form’ of (response/force), i.e. inertance,
mobility, or receptance — but such matrices do not exist for smple spring elements.
However, afurther refinement can be made for such cases:

Assume that the modifying component consists only of spring elements, and that the
points of interest are confined to the main structure A, i.e. the modification component is
described solely by [B,,, the impedance matrix for the interface degrees-of-freedom of

component B. For convenience, we shall make the following substitution:

[B2ol ' = [B22]

Therefore, equation (2.13) becomes -

4 [Ann Az} [0 O
[CT = +Hoo (2.35)
A2 Ap 0 B22
re-arrangement gives:
4 [An AT [[I0 A A 00
[C] =[ J . [ ] + [ ] ............ (236)
Ay Ay 01 Az Axp 0 Ba2
and inversion of the whole equation produces:
rI 0 A A12 00 ! A1 A12
CE SRS [N | e I e
01 A1 An 0 B2 Az1 Ap
10 0 AB2 | [T A Ar
or, [C] = [ ] + [ ] ............................ (2.38)
01 0 AxPa Az A

From which it can be shown that:

Al A A 3
[C] =[ ]-{ }[Bzz][l+ A2B2a] ' { Azt Az} s (2.39)
Az A A2

Where the A;; elements are inertance sub-matrices, and [B,,] is an impedance
matrix.
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Thisformulation retains the advantage that there is only one matrix inversion and the size
of thismatrix is limited to the number of interface degrees-of-freedom.

2.3 The Modal Coupling Method

2.3.1 Theory

The classical matrix equation of motion for forced vibration of a non-proportionally
damped multi-degree of freedom system can be written as-

IM{x} +CI{x} + [KI{x} = {(F} ..o, (2.40)

[M] = mass matrix.
[C] = viscous damping matrix.
[K] = stiffness matrix.

all these matrices are square (N by N) and it is
assumed that they are all symmetric.

If N isthe order of the system (number of modes), the matrix equation consists of N
second order differential equationsin {x}. Using the method developed by Frazer,
Duncan and Collar [67], these N second order differential equations can be transformed
into 2N first order differential equations by changing the variables — transformation into
2N space.

Introduce the variable (v) ={ x }, and rewrite equation (2.40) as-
M {Vv} +[CI{x} +KI{x} = (F} ... (2.41)
With the identity IM{x}-IMI{(v} = {0) (2.42)

Now, combine these equations to form the single matrix equation -

[&Lcd]{:}{?;]{l}%ﬁ} ----------------------------------------- (243

The matrices and vectors are al now of order 2N. For free vibration, the problem reduces

to:
VDS | T S
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and assume the following form of solution:

(xI={0) e™ (2.45)
where A isacomplex variable.
Therefore, o= {xY=a{o)eM o, (2.46)
and, [v}={x} =2 o} e™ (2.42)

Substituting equations (2.45), (2.46) and (2.47) into equation (2.44), and simplifying;

OM Ay M 0 7| A
[[M C]}\T{ N }*[0 K]{ o HCM={O} """"""""""" 249)
O0M -M O r
and therefore, lix,[M C] + [ 0 K]:l{}j }: {0} e (2.49)
where A isan eigenvalue of the unmodified system
and, {6} isan eigenvector of the unmodified system.

The orthogonality relations are stated as.

OM
O VRS ] £ [——— (2550)
-M 0
R P 03 S T A — 251
Mo | ¢ [ Arér
where: [¢ ]= o [y e [ |>amatrixof all the eigfvectors for the
o J = U ¢r
Ar
unmodified system in 2N space, and [ A | = , adiagonal matrix
0

of the associated eigenvalues. (N.B. here, the * superscript denotes complex
conjugate.)
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For a Stiffness Modification

Following the derivation in [45], assume that a stiffness modification, [AK], is made
between two points, such that the modification may be described by the following
eguation,

AK] = k(@ (87 (2.52)

where: k is the spring stiffness and (t) is a tie vector which describes the physica

connections. For example, the tie vector for a single spring connected between
0

1
two degrees-of-freedom would be {t}= < 1 >, with 1 and -1 at the connection

Lo

degrees-of-freedom only.

Taking similar steps to those for the derivation of equation (2.44), the following
eigenvalue problem can be derived for the modified system:

V0| I WA [ T T e

This system of equations could be solved by a standard eigensolution, but this requires
knowledge of the original [M],[K], and [C] matrices. When the problem is approached
from the experimental side, these matrices will not be known and the following form of
solution is adopted:

assume a new form of solution
) ={e)eM (2.54)

where A isacomplex eigenvalue of the modified system
and (d>} is an eigenvector of the modified system.

Therefore, v} = {x} =A {®} M, (2.55)

and (v}={3)} = ®)}eM . (2.56)

leading to the following equation for the free vibration of the modified system:
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Y VP R S T POV |l ST o5

Now, the origina eigenvector matrix [d)] is made up from a set of orthogonal

eigenvectors and hence the new eigenvector can be formed from a weighted summeation of
the original eigenvectors. Therefore, assume:

AD;
{ o }= [¢] {Wr} """"""""""""""""""""""""""" (2'58)

T

where {W;} is the weighting vector, and substitute this equation into equation (2.57) to
give:

Alael (o el* [omlolom= (2.59)

Now, expand and pre-multiply through by [q)]T:

-M 0
0 K

[Ar[¢]T[fd§][¢]+[¢]T[ Jto1 + LI A‘;}m} (W= (0} .60

and employ the orthogonality relations stated in equations (2.50) & (2.5 1) to give:

[A,[ C]-[A] + T ¢]’[g A(i(][q;]] (W} ={0} ... (2.61)
From equation (2.52), [AK] = k.(t) {1} Tand by extending the tie vectors to 2N space,
with zeros
P B 3 N £ A — @e2
then, [A,[ 1]7-[a1 + «[e]'{}H{ ?}T[¢]] (Wi} = (0} .......... (263

If we now define a new vector, {U} = [¢]T{ (t)} ........................... (2.64)
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then, [A,[ I ] - [ A ] + k{U} {U}T {W;} = {0} Hinnnnnn (2.65)

or, [Ar[ I]-[A ]]{Wr} +F KUNUYEWD = (0} (2.66)

The vector product {U }T{ W;} isascalar quantity, which we shall define as L, (unknown).

Thus, [A,[ I]-1A ]]{w,} +Wk{U} = {0} ...l (2.67)
-1
and hence, A =-u1k|:A,[ I]-1 A ]] (U} (2.68)
Therefore,
A, 1
o [~ [0] (Wi} = -pk [0] [A,[I]-[k ]] Uy (6

Substitute equation (2.68) into equation (2.65) to yield -

1

-qu[A,[ I]-[A]+ k{U}{U}T][A,[ I]-[A ]] - (U} =(0y ...... (2.70)

-1 _—
or, -u,k[[l ]+k{U}{U}T[A,[I ] -[X ]:l 1[U] -0 v [l
Now, pre-multiply through by {U]T

-1
-k (UY(U) - mkz{U}T{U}{U}T[m[I]-[X ]] (U}=0 .27

Note that -k {U }T{ U }isascalar constant, and can be divided out, so that:

-1

u{l + k{U}T[A,[ 1]-12 ]] (U} =0 i) 2.73)
|
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-1
and, for iy # 0O: 1+k {U}T [A,[ I ] - [ A ]] {U} =0 ... (2.74)

1

7 [ALTT-A] @120 @79

-1
Now, [ A,[ I]- [ A ]] is a diagonal matrix, so its inverse consists ssimply of the

reciprocal of the individual diagonal elements, and hence equation (2.75) can be rewritten
without the use of matrix notation as -

2N

2.
+ (ﬁ} =0 (2.76)

n=]

Pp

Thisisapolynomial in A, which can be solved to give the new natural frequencies for the
modified system. Substitution of these values into equation (2.69) enables the
corresponding eigenvectors to be calculated. Subsequently, modal synthesis may then be
used to generate the FRFs for the modified system.

Mass or Damping M odifications

From equation (2.52) onwards, the analysis has been for a stiffness modification. Other
simple types of idealised modification are also possible, such as damping modifications
and mass modifications. By similar anaysis to that described above for a stiffness
modification, it is found that equation (2.76) is replaced by -

2N

2
— + —_—|=0 (2.77)
CAr Ar = A’ﬂ

n=1

for a damping modification.

The analysis for a mass modification is made easier if, instead of the identity of
equation (2.42), we use

K] {x} -IKI{V) = {0} oiviviiicicieeecee e, (2.78)
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and then stack the equations (2.41) and (2.78) as follows -

PN AR N —

The analysisis, once again, similar to that described above for the stiffness modification
and it isfound that equation (2.76) is replaced by -

2N

! Vo
E + (TTJ =0 (2'80)

n=1

for a mass modification. The important difference between this equation and
equations (2.76) and (2.77) isin the definition of the numerator of the summation. For
equations (2.76) and (2.77), the numerators are formed from components of the vector
(U), given by equation (2.64),

0= [oI'{ 7}

For equation (2.80) the numerators in the summation are formed from components of the
vector {V}.

where, =[5} (281)
and, [ 8] is the eigenvector matrix for equation (2.79)

The modal coupling method requires knowledge of the eigenvalues and eigenvectors of
the unmodified system only and the mass, stiffness and damping descriptions of the
modification.

2.4 Discussion of Coupling Methods

2.4.1. Practicalities for Implementation of the Coupling
M ethods

It can be seen that the modal coupling method requires much less input data than the
impedance coupling method — simply because the modal description of the vibration
characteristics of a structure is more compact than a corresponding description using
FRFs. In both of ‘these coupling methods, the vibration properties of the modified
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structure are produced in the same format as the input data, i.e. for the modal coupling
method, input and output data are in the form of modal and/or spatial parameters. Modal

parameter description of the vibration characteristics is not the most useful since,

frequently, the object of the modification exercise is to improve the operational

performance, characterised by forced response functions, and these must be derived from

appropriate weighted summations of the frequency response functions. These are
available directly from the impedance coupling method, but in the case of the modal

coupling method, must be generated in afurther stage of analysis.

When applying the modal coupling method, it is important to recall some of the
assumptions made in the modal analysis stages of the process. The basis of modal
analysisisthat the behaviour of a structure can be described by a sum of al the (N) modal
contributions. This can be expressed for asingle FRF as:

N

ajk(m) = T¢J r¢k + l’¢j* r¢k*
QL+ (@- Q,\j 1) QL +i(o+ Q,\/ 1-2)

r=1

In practical applications, this series is truncated to the number of modes measured, with
the implicit assumption that the contribution to the response of the modes which have not
been measured is negligible; i.e. the response can be described completely by alinear
summation of the measured modes. When a modification is made, the structure will
exhibit new response characteristics. Now, using the modal coupling method for
predicting the modified response, it can be seen that the new eigenvectors (mode shapes)
are ssimply formed from weighted summations of the original eigenvectors — equation
(2.69). Therefore, ultimately, the response of the modified structure is still described by
summation of the original measured modes. This assumes that the actual modified
response can still be described adequately by the original measured modes. If the
modification brings into play a higher mode of vibration, not incorporated in the original
measured set, then the modified response can no longer be described by the original set of
measured modes and the result predicted from the analysis will be erroneous. Elliott [7]
terms this effect ‘modal insufficiency’. Bolted beam stiffener type modifications tend to
cause these effects because the stiffeners restrain rotary motion which is amore important
feature than trandational motion in the higher order modes -just those modes that are left
out of the base model.
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2.4.2 Equivalence of Coupling Methods

By comparison of the termsin equation (2.76) for a point SDoF modification, with
equation (2.82), it can be seen that:

N ( Uy ) Ok 1Ok . Ok i
n§l Ar')bn _1'=1 Qrt.wr'*'i(m'grvl'Cf) QrCr"'i((’)"'QrV l'g)
= akk
............. (2.83)
and hence that equation (2.76) can be m-written as:
% +0xk(Q) = 0 (2.84)

with € as the new natural frequencies of the modified system.

Now, it has been shown that using the impedance coupling method for a SDoF
modification, equation (2.1 1), leads to the following equation for the natural frequencies
for a system modified by the addition of an idealised Single degree-of-freedom spring
component:

and therefore, i— F0a S0 o (2.85)

Equations (2.84) and (2.85) areidentical.

Provided complete representations of the systems are used, the impedance coupling and
modal coupling methods are equivalent.

2.5 Review of Chapter 2

In this chapter two methods for predicting the effects of a structural modification have
been presented - the impedance coupling method and the modal coupling method. Both of
these techniques can be used with data derived from experimental measurements of the
base structure and the modification component. The modal coupling method uses a more
concise form of description for the dynamic characteristics (a modal model) than the
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impedance coupling method (a response model; FRFs). However, the data required for
assessment of the performance of a modification are usuallyFRFs or aforced response
solution and thus the impedance coupling results are directly applicable.

The results obtained by use of either method will be identical providing that the dynamic

description of the base components is accurate and complete. When the dynamic models

are derived from measured data, the results of the coupling predictions can differ quite
substantially unless steps are taken to account for the effects of out-of-range modes.

Developments of the impedance coupling method have been made which improve the
computational speed and efficiency very significantly. These improvements reduce both
the number of matrix inversions and the size of the matrices for inversion and the effects
will be particularly apparent when there are relatively few interface coordinates compared
with the number of passenger coordinates. This situation is encountered frequently in the
assessment of modifications to aerospace structures where the physical modifications tend
to be localised but their effects must be investigated for the whole of the structure.
Actually, the ideal modification would be a small localised modification that had a major
beneficia effect on the dynamic behaviour of the whole of the structure. In this way the
modification would not reduce the available pay-load or accessibility by very much.

The new formulation of the impedance coupling method is not applicable for stiffness type
modifications because the method requires impedance descriptions of the components
which are not available for an idealised spring element. To overcome this restriction a
further refinement of the method was undertaken to yield a suitable form of the equation
that could accept the impedance description of simple spring elements directly.

By use of these new impedance coupling methods with data derived from experimental
structural measurement surveys there is no apparent deterioration in the accuracy of the
results but avery marked improvement in the speed of calculation.



Chapter 3

Sensitivity Analysis

3.1 Introduction

In the past, the initial selection and design of structural modifications to solve a vibration
problem have been dependent largely upon the expertise of people who have worked for
many years on the particular types of structures and their associated vibration problems.
Selection of a suitable modification is more a matter of “this worked before for a similar
problem” rather than design of a new modification for the particular case. The intention
should be to select the most efficient type of modification, at the earliest possible stage
and, for this, it is advantageous to know the sengitivities of the resonance frequencies to
particular types of simple modification.

3.2 Background

3.2.1 The Behaviour of Resonance Frequencies on Grounding
a Single Degree-of-Freedom

When a single degree-of-freedom (coordinate) of a structure is grounded, the resonance
frequencies al shift downwards to what were the point anti-resonance frequencies for the
degree-of-freedom which has been grounded. Consider the impedance coupling equation
for ageneral spring type modification, equation (2.34)
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Ay Ap Aj
CE R

Ay Ay 22}[[322] [1+ A22B22] ' { Az1 Az )

A refers to inertances of the unmodified structure; and,
B refers to impedances of the spring modification.

For a single degree-of-freedom modification equation (2.34) can be ssimplified to,

A1 A A1z
[C] =[ ]- '—'BL— }{ A21 Axn} (3-1)
Az Agp 1+ AxB22 LA,
Now, since
Bz _ 1
1+ ApBa Ly A,
22

and as the impedance of the spring, B2z, tends to infinity (the structure becomes grounded

at the modification point), El— tends to zero, so that equation (3.1) becomes -
22

(€] Al An ] 1 [ AppAy ApAn ] (32)
| Ag Azl A2| ApAy AnAn o
i [ A - ‘MLI] {0}
Thus, [C] = A 4 T L (3.3a)
L {0} 0

In summary, by grounding a single degree-of-freedom, the order of the system is reduced
by one, and the remaining FRFs for the modified system may be calculated from the
matrix equation;

ArA
[culz[Au- —%;j—‘] ....................................... (3.3b)

The new resonance frequencies are given by the solution of A, = 0.1t should be noted
that Az, = 0 isthe equation for the anti-resonance frequencies of the point FRF for the
unmodified structure at location 2; i.e. the new resonance frequencies are identical to the
old anti-resonance frequencies of the point FRF at the location of the single degree-of-
freedom modification.
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3.2.2 The Behaviour of Anti-Resonance Frequencies on
Grounding a Single Degree-of-Freedom

The anti-resonance frequencies of certain FRFs do not alter when a structure is modified
in a single degree-of-freedom. In particular, the anti-resonance frequencies of FRFs
having at least one degree-of-freedom in common with the single degree-of-freedom
modification remain unchanged. All the other anti-resonances are affected by the
modification.

Example

The behaviour of the resonance frequencies and the point anti-resonance frequencies for a
structure with a single degree-of-freedom modification are illustrated by this following
example. A mass is attached at the tip of a free-free beam in one transverse trandational
degree-of-freedom only. The point FRF for the modification degree-of-freedom is plotted
in Figure 3.1 for severa values of added mass. It can be seen that there are no changesin
the anti-resonance frequencies but that the resonance frequencies all shift, progressively,
down towards the preceding anti-resonances. The maximum possible frequency shifts for
this modification are given by the separation of the anti-resonances and the resonances,
i.e. Rp-ARy. If a grounded spring was attached in place of the mass, the resonances
would shift up towards the succeeding anti-resonances and the maximum possible
frequency shifts for this modification would be given by the separation of the resonance
and anti-resonance frequencies, i.e. ARp41-Ry.
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Free-Free Beam with SDoF Mass Modifications.
{

O

Log(Inertance; 1/Kg)

-

Log (Frequency; Hz)

Example - SDoF Mass Modification to the Tip of a Free-Free Beam.
Figure3.1

It isinteresting to consider what happens at the limits, where the mass or stiffness of a
single degree-of-freedom modification is infinite. From a practical viewpoint there is no
difference between attaching an infinite mass at a point or connecting that point to ground
through a spring of infinite stiffness. In the above example however, the resonance
frequencies move in opposite directions for mass and stiffness modifications (as would be
expected), leading to apparently different states at the limits. Fortunately, it can be shown,
mathematically, that the results as the mass or stiffness modifications reach infinity are
identical. Asan illustration of this point, consider the following simple 2DoF system:

X X2
o Lo L

m, [-MW—{m,

A\

2 DoF Mass-Spring System.
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For which the natural frequencies are given by;

(k1m2+k2m2+k2m1):t'\/ (kymo+komo+kom; )% 4mymok k2

= I e (34)
() ‘Ground' the structure by letting m; tend to infinity, to obtain,
w=82H) (35)
Therefore, w? :1:;—2 O, =0 ... (3.6)
(i) Now ‘ground’ the structure by letting k; tend to infinity, to obtain,
@r={02FM) e (3.7)

Therefore, w2 =0 Or, ®2 = g- which isindeterminate.

In this case, L’Hospital’s Rule must be used to find the limit , giving @2 = l-%, the same

asfor (i) above.

It should be noted, however, that the modes indicated as having natural frequencies of
0 Hz and « Hz are degenerate modes because the modal constants for these modes are
identically zero. The order of the system is reduced from two to one; grounding a degree-
of-freedom reduces the system order by one.

3.2.3 Physical Interpretation of the fact that Anti-resonances
of certain FRFs do not move when Single Degree-of-
Freedom M odifications are made

In order to provide a physical explanation of this phenomenon it is first necessary to
understand the nature of an anti-resonance. An anti-resonance is defined as a frequency at
which the ratio of the response at a point to a force input tends to zero. This can happen
when there is zero response at location i, or when infinite force is required at location j.
Both these conditions can be related to nodal points (points of zero motion) in the
deflection shape of the structure at that particular excitation frequency. If the response
location is at a nodal point (Figure 3.2), then it is obvious that there will be an anti-
resonance at this frequency in the FRF. Alternatively, if the excitation location isat a
nodal point this will also give rise to an anti-resonance because an infinite force will be
necessary to achieve any response.




Sensitivity Analysis 46

In summary, the anti-resonances are the set of frequencies for which there are noda
points in the deflection shape of the structure at either the response location i or the
excitation location j.

Now, consider the effects of a single degree-of-freedom mass modification at location Kk,
at a single frequency, for an arbitrary structure with the operating deflection shape at this
frequency shown in Figure 3.2. At this particular frequency the unmodified structure has
anoda point in the deflection shape at location k.

j

N

Figure 3.2

There is no trandational motion at location k and so a modification in this single
trandational degree-of-freedom will have no effect on the structure and, hence, no effect
on any of the anti-resonances for FRFs with the force or response location at k, i.e. the
anti-resonance frequencies will remain unchanged for al the FRFs in the kth row and kth
column of the FRF matrix, Figure 3.3.

k

Figure 3.3 Figure 3.4

If the modification is made at a point (p) which is not at a nodal point, Figure 3.4, the
modification will affect the structural behaviour. There will no longer be nodal points at
the original locations on the structure and, hence, all the anti-resonances are shifted.

In this illustration, the single degree-of-freedom modification is considered to be the
trandationa motion of a mass. Consequently, al subsequent discussion relates to the
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tranglational motion of the structure and the mass. If the rotational motion of the mass had
been chosen as the modification degree-of-freedom, the relevant nodal points on the
structure would have been positioned very differently. The nodal points, referred to
above, are nodal points in the trandational sense; they are not nodal points in the rotational
sense. The rotational nodal points are at positions of zero slope, at the peaks and troughs
of the operating deflection shape shown, whereas the translational nodal points are at the
positions of zero deflection.

Asauseful indication of whether or not any given modification can be considered asingle
degree-of-freedom modification, the converse of this criterion is used - if all the anti-
resonance frequencies for the FRFs involving the single modification degree-of-freedom
remain the same as for the unmodified state, then the modification isindeed single degree-
of-freedom. Otherwise, it can be stated that the modification is effective in more than one
degree-of-freedom. This test can be implemented very easily at the time of measurement
and can save a large amount of wasted effort by identifying, at an early stage, that the
modification is not in a single degree-of-freedom.

How is this of practical use? Various authors[23], [77] have proposed methods for
verification of amodal database by comparison of the predicted and measured resultsfor a
simple modification — the assumption being that if the predicted and measured results
exhibit a high level of agreement, then the modal database is sufficiently extensive and
accurate. The simple modification often chosen isthat of a single degree-of-freedom mass
addition. Now, if the actual modification made is not in a single degree-of-freedom the
two sets of results (predicted and measured) do not represent the same modified structure
and direct comparisons are meaningless. A simple check of the anti-resonance frequencies
for the measured FRF data will show whether the modification made is effectivein a
single degree-of-freedom only and whether any further comparison of the measured and
predicted results is worthwhile. Careful inspection of the anti-resonances for the point
FRF data presented in [77] shows that there are noticeable shifts and, hence, that the
modifications assumed to be in asingle degree-of-freedom are, in fact, active in more than
one degree-of-freedom and so the supposed vaidation of the modal databaseis fallacious.

As mathematical proof of this observation, consider equation (2.29) applied for a single
degree-of-freedom modification in degree-of-freedom number 2, where the elements Aj;
and By, are single numbers.

A1 Ay

Aq2
) 1 (3.8
A2 Azz] {Azz}‘ [A2+B22) . { Az Az ) (3.8)

=]
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hence, [C] _[ An Au] 1 [ ApAg A12A22]

P LAy Apd AntBnl AnAgy ApAxn
Now the anti-resonance frequencies can be found for the modified system by solving the
equations individually for Cj;= Ot

For Cy; : the coordinates of component A that are not actively involved in the
modification at the coupling interface (the passenger coordinates for component A).

ApAy
Cu-Au-g 357 =0 (3.10)
Since 2128212 0 for | o, there will be new anti-resonance frequencies for the
Ax+B2

modified FRFs associated with these passenger coordinates of component A.

For Cy2 and Cji.

A12A2 Az _
Ciz_An2- 7z 7B, - A12(1 - A48 )—0 -------------------------- (3.11)

Since B»#0, A1, must be equal to zero for the identity to be true, and hence the anti-
resonance frequencies for Cy2 & Az are the same. By’ symmetry, this also applies for
Co1.

For Cjs.

AxAr A22 _
Co2_ An- 1 TR, =Ax (1 " AptBay )— O (3.12)

Again, B»#0 and therefore Az, = 0, hence the anti-resonance frequencies for Caz & Az
are the same also; i.e. the anti-resonance frequencies for the{ Cy5}, {C21}, and { Cz2)
elements of the modified structure are identical to those of the {A12}, { Az}, and { Az}
elements of the component structure respectively. The anti-resonance frequencies remain
unchanged for all the FRFs that have at |east one force or response coordinate in common
with the single degree-of-freedom modification (at location 2 in this case).
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As an example, consider the following simple 2 degree-of-freedom mass and spring
system shown in Figure 3.5.

X, Xo
k | k I

my

7////////%///%
3

Example 2 DoF Mass & Stiffness System.

Figure 3.5
The matrix equation of motion is-
m O ]{’gl} [(k1+k2) -ka :Hxl} {fl}

+ =2 TP PP PPN 3.13
[ 0 mll ke (kotka) ] x2) 7 Ufy 19

from which, [ovw] = [[K] - @2[M]]!

1 | (k2+k3)-0?m; k2
= ﬁ[ ........... (3.14)
kp (k;+k2)-002my

with, det = o*(mmy) - ®2(k;my+kom;+komy+kym;) +k1ky +k1ks +koks ... .. (3.15)

The natural frequencies are given by setting the determinant to zero; i.e. det = 0. The anti-
resonance frequencies are given by setting the terms in [oc(m)] to zero, individually.

Hence, there are no anti-resonances for the off-diagonal terms in this example, since
k,#0, equation (3.14).

0, has an anti-resonance at a frequency of 2;2 3 radsfsec. ... (316)

and,

0, has an anti-resonance at a frequency of 1;1 2 radsfsec.  ........... (3.17)

It will be noticed that equation (3.16) for the anti-resonance frequency for ¢, does not
contain either k; or m; ; the parameters that would be altered in single degree-of-freedom
modifications at point 1. Therefore, this anti-resonance frequency is unaffected by such
modifications at point 1. Similarly,equation (3.17) for the anti-resonance frequency of
0l,, does not contain either k3 or my , the parameters involved in single degree-of-freedom
modification at point 2.
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3.2.4 Insufficiency of Anti-resonance to Resonance
Frequency Separation Alone, as an Indication of
Sensitivity

Although it has been concluded that the separation of the resonance and anti-resonance
frequencies is important in deducing the sensitivity of a mode to a single degree-of-
freedom modification at a certain point, [51] and [52], the separations of the resonance
and anti-resonance frequencies in the point FRFs are not sufficient one. The *effective
mass of the mode in that FRF (as defined by the Salter Skeleton [28]) also plays an
important role. If the separation between the resonance frequency of a mode and the
preceding anti-resonance frequency is the same for two point FRFs, then the point with
the smaller *effective mass' for that mode will be the more sensitive. Consider the
following example for a 2DoF system, Figure 3.6.

Xp

|_> et m=2Kg ; my=1Kg

k;=k=1000N/m.

my

Example 2DoF System.
Figure 3.6
m 0 4 ki+k ka7 (x 0
For free vibration, [ ' ]{xl}+[ (krtha) 2]{ 1} ={ } ............... (3.18)
0 mp J (X, -ko k2 Jixy 0

and the resonance fregquencies (equivalent to the natural frequencies in this case) are
obtained by solution of the equation formed by setting the determinant of [[K] - (o2[MJ]

to zero — aquadratic equation in @2,

o*(mimy) - @2(kymy+komy+komy) +kiko =0 (3.19)

This results in resonance frequencies of 2.7238 Hz and 6.5758 Hz. The anti-resonance

. . . . 2 1+K»
frequencies for the point FRFs for locations 1 and 2 are given by / —mK " and A / Xi3ks mIIE
respectively. For the system with the properties shown above, the anti-resonance

frequencies are identical, and equal to 5.0329 Hz. A plot of the point FRFs for locations
1 and 2 is shown in Figure 3.7.
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Inertayce.
10

10

-2
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=3 Point FRF* for Location 1.
—+— Point FRF for Lacrtlon. 2.

Frequency (Hz).

Point FRFs for the Example 2DoF System.
Figure 3.7

Although the FRFs display the same resonance and anti-resonance frequencies, the
‘effective mass and ‘effective stiffness’ characteristics are different. For the1st mode, the
effective masses (m,) are given by -

m, =Xe (3.20)
where, ke = effective stiffness; the low frequency asymptotic stiffness value.

At point 1, ke = k; and at point 2, ke = I(l-(l-‘;i-(ﬁ—z » giving the effective mass for mode

number 1 at point 1 as 3.41 Kg and the effective mass for mode number 2 at point 1 as
1.7 1 Kg. Therefore it is concluded that since the anti-resonance frequencies are equal,
because point 2 has the smaller effective mass for mode number 1 it will be more
sensitive to single degree-of-freedom modification than point 1. This reasoning is borne
out by the variation of the resonance frequency for mode number 1 to singledegree-of-
freedom modifications at points 1 and 2 respectively, which is shown in the graph of
Figure 3.8. The modifications were achieved by connecting a further spring (ks) between
the point in question and ground.
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Figure 3.8
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If we focus attention on mode number 2, the effective masses are; for point 1, 2 Kg, and,
for point 2,1 Kg (the reciprocals of the high frequency asymptotic values of the inertance
in each case). Once again, point 2 has the smaller effective mass and therefore will be the
more sensitive location for the purposes of modification. The variation of mode number 2
resonance frequencies with different single degree-of-freedom stiffness modifications is
shown in Figure 3.9.

'Vrletlon of Mode 2 Resonance Frequency . I

—»— Modificetion st Locetlon 1.
—4— Modification et location 2.

8.0

Mod et 2

7.5

thbd et 1

7.0

Modifled Resonance Frequency(Hz}.

0 200 i 4(';0 ' 6(50 ' 960 ' 10'00
Modification Stlffness (N/m).

Variation of Mode 2 Resonance Frequency for Different SDoF Stiffness Modifications.
Figure 3.9
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Once all the sengitivities have been derived in this way, the degrees-of-freedom can be
ranked in order of ‘importance’ for single degree-of-freedom mass or stiffness point

modifications. To relieve a particular vibration problem, subsequentreal modifications can

be designed which exploit fully the sensitive degrees-of-freedom identified in the ‘ ranking
table’, thus providing an efficient solution.

3.3 Theoretical Development of Sensitivity
Analysis

3. 3.1 Rational Fraction Description of FRFs for Undamped
Systems

(i) A Grounded Structure

It has been shown in severa papers, e.g. references [73] and [74], that any FRF of a
grounded undamped structure can be described completely in terms of resonance
frequencies, anti-resonance frequencies (although in some cases the anti-resonance
frequencies may be imaginary - see later) and a constant:

| v L) ] 1 L]

I Point FRF for a Grounded Structure. I
n

10

Inerta?ce.
10
3

?
10
2

10

10

I
1.0 10.
Frequency (Hz).

Point FRF for a‘ Grounded* Structure.
Figure 3.10a
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-2 Cix IiI'iI (l o )

sl
Ii(®) =—— S e (321)
1 - —
N o)
where: Ijk(m) = Inertance between points j and k.
Cjx = Static Flexibility
o = Frequency

Q; = rth resonance frequency.
ke, = ith anti-resonance frequency for Ijk

N.B. The 15t anti-resonance is defined as that one following the 18t resonance.

The equation was first derived by Duncan [74] and, thus, will be referred to as Duncan’'s
Equation.

If it is assumed that a system is undamped, then a measured driving point FRF (j=k),
e.g. Figure 3.10a, can be characterised by this equation. Knowledge of only N
resonance frequencies, (N-1) real anti-resonance frequencies, and a single point on the
FRF curve (used to calculate ij) is required. Although most systems have an infinite

number of resonance frequencies, quite accurate results for the inertance can be obtained

using a finite number of modes (N), providing that the ratio of (@) is small: a situation

which is easily obtained in practical applications.

The static flexibility (Cjk) can be determined from the low-frequency asymptote of the
FRF or by use of equation (3.21), in a rearranged form, with the resonance and anti-
resonance frequencies and an inertance value (Ijx) at a frequency @. The point chosen on
the FRF curve will be identified as a ‘reference point’. Comparison of the static
flexibilities derived using several different reference points with that determined from the
low-frequency asymptote provides a means for assessing the accuracy of the assumed
model.



Sensitivitv Analvsis 55

(i) A Free Structure

4

10 |

L{ L] ¥ L] ¥

l Point FRF for aFree Structure. l
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Point FRF for a‘Free Structure.

For afree undamped structure, the inertance can be expressed as:

G I (1 - g
Ii(w) = Jkﬁ:—(ll(- 532) ..........

where: Ex = Static Accelerance

Figure3.11a

oooooooooooooooooooooo

N.B. In this case, the 15t anti-resonance is defined as that preceding the 15t non-zero

resonance.

The main differences between a point FRF for a grounded structure and a point FRF for a
free structure occur below the first resonance frequency and can be seen by comparison of
Figures 3.10a & 3.1 la. The point FRF for a grounded structure is asymptotic to a
stiffness line at very low frequencies, whereas the point FRF for a free structure exhibits
an anti-resonance below the first resonance and becomes asymptotic to a mass line for

frequencies below the anti-resonance.
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Imaginary Anti-resonance Frequencies

It has been stated above that any FRF of an undamped structure can be described

completely by equation (3.21) or equation (3.22), for grounded or free structures
respectively. For point FRFs, resonance and real anti-resonance characteristics alternate;

there isalways area anti-resonance between each successive pair of resonance peaks. For
the situation where the force and response points are not the same- atransfer FRF - a
real anti-resonance need not occur between two successive resonances and there may be a
‘minimum’ instead of a‘zero’. Practical difficulties arise in this situation, athough there
are, mathematically, still N-I anti-resonance frequencies for a transfer FRF, some of them
are imaginary, and only the real anti-resonances can be extracted by visual inspection of a‘
measured FRF.

An FRF with an imaginary anti-resonance frequency has been synthesised using
equation (3.21). The FRF is shown in Figure 3.10b and has the appearance of a transfer
FRF, i.e. no ‘anti-resonance’ feature between the resonances just a minimum. The input
data used in the generation of this FRF are identical to those used for the FRF of
Figure 3.10a, except that the original real anti-resonance frequency of 6 Hz has been
made purely imaginary, e.g. (0 + i6) Hz. This imaginary anti-resonance frequency could
not be determined from visual inspection of the transfer FRF.

FRFe for a Grounded Structure. .J

Comparison for Real and laaglnary Antl-resonance Frequencies

©
o
-—

10

Inertapce.
10

?
10

-Real Antli-resonance Frequency.
Imaginary Ant | -resonance Frequency.

I T T B T T 1T 1

1.0 10.0
Frequency (Hz).

Comparison of FRFs for Real & Imaginary Anti-Resonance Freguencies.
Figure 3.10b
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Figure 3.10c shows the transition of the point FRF (Figure 3.10a) to the transfer FRF
(Figure 3.10b) as the anti-resonance frequency is changed from areal to an imaginary
value. The phase relationship is also plotted and the smoothing out of the 180° phase
change associated with the real anti-resonance can be seen. The 180° phase changes at the
resonances remain unaltered.
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3-D Plot Showing the Transition Between the FRF of a Grounded Structure with a Real

Anti-Resonance Frequency and that with an Imaginary Anti-resonance Freguency.
Figure3.10c
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3.3.2 Resonance Sensitivity for a Point Single Degree-of-
Freedom Mass Modification to a Grounded Structure

The resonance sensitivities of a grounded structure for a point single degree-of-freedom
mass modification are derived using simple impedance coupling theory together with
Duncan’s equation (3.21). The derivation is set out below.

The impedance coupling equations for one coupling coordinate only reduce to,

L (3.23)

« By
Where aand B are the component point inertances (at the attachment location j) and ¥ is
the point inertance of the coupled structure for coordinate j. The resonance frequencies of
the modified structure (€2g) are given by -i- =0

and hence a+B=0 (3.29)

. . _ 1
Now, working with inertances, a is given by equation (3.21) for the point j, and B = o

for a mass modification, so that;

N-1 2
- QR2.Cji . I1 (1 . .Q_R.) 1
=0

i=1 liw;2

+==0 .. (3.25)

N . Qg2 m

(- )
where p are the modified resonance frequencies, and re-arrangement gives,
N-1 Qr2) N Qg2

Qg2 Cjj 1 - —=|- 1-"==|=0 .............. 3.26
(R (8 o

Solution of this polynomial equation in €5 will yield the resonance frequencies for the
modified structure.

Definition of the Resonance Frequency Sensitivity Parameter

We shall define the senditivity of the resonance frequencies to a mass addition in a

dQ
single coordinate, as the differential Td'rr_lR‘



Sensitivitv Analvsis 59

Resonance frequency.

Freq.
(9)) Actual behaviour.
I \ Anti-resonance frequency.
0 Added Mass (m). =¥ =

Definition of Sensitivity.
Figure 3.12

The sensitivity to be calculated is a mathematical sensitivity in that it is the slope of the
frequency vs added mass graph (Figure3.12), for zero added mass. Actual, finite, mass
additions may have a different effect on the resonance frequencies to that predicted
through use of the sensitivity values.

Differentiating equation (3.26) with respect to mass, using the following formula for the
differentiation of a product,

&IOS EES) 621
leads to,
dQx ax & [0 11 -2

dm = R N-1 ..N-I
QN2 - Qp2 N1(Q;2 - iiw;2 1
2 . i =T](@2-Qr2) | - [ (@2 - Q&2
|: N2 i§l (J'J'mi2 - Qg2 #i( R )] Qek r=r1=|( %)

for the sengitivity of resonance frequencies to single degree-of-freedom modifications (for
the full derivation of equation (3.28), see Appendix B). Evaluation of equation (3.28)
requires the resonance frequencies of the modified system and, hence, prior solution of
equation (3.26), or measurement of the modified system. However, for the purposes of
ranking the coordinates, solution of equation (3.26) is avoided because the ranking is
based on theinitial sensitivities, i.e. for m tending to zero. Consider thislimiting case
for one mode at atime, so that Q, (the modified resonance frequency) tends to 2, the
corresponding resonance frequency of the unmodified structure. After some algebraic
manipulation we find that,
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N N-1
dQe| -cﬁ.Qp.xlz[l(Q,z)l;[I(jjmiz -0,2)

dmles o [1@2 - 02)
i=l T#p

This equation allows the sensitivities of each resonance frequency to be calculated for a
single degree-of-freedom mass modification at any position on a structure (§) for which a
point FRF is available. Arrangement of the sendtivities in decreasing order gives the
‘Order of Importance’ ranking of the coordinates for single degree-of-freedom mass
modifications.

This sengitivity parameter is expressed in terms of frequency shift/Kg of added mass. For
comparison of the sensitivities of severa modes it has been found that a ‘percentage
sengitivity’ is of more direct use. The percentage sensitivity is simply the sensitivity
expressed in equation (3.29) divided by the resonance frequency of the mode under
consideration, and multiplied by 100, giving an expression in terms of percentage
(%) frequency shift/Kg of added mass. The relative importance of modification at one
point for various modes can be assessed more easily with this parameter.

3.3.3 Resonance Sensitivity for a Point Single Degree-of-
Freedom Stiffness Modification to a Grounded
Structure

An analysis, similar to that of section 3.3.2 for a mass modification, has also been made
for a single degree-of-freedom stiffness modification. The stiffness modification is
modelled as a spring, one end of which is connected to the point in question and the other
end is grounded. The polynomial equation giving the new resonance frequencies (2R) for
the modified systemiis:

Ni/ 02\ N/ Qg2
k Cj 1 - —1|+ 1- —[=0 . 3.30
b xI;Il ( jj(oiZ) rI;Il ( Q.R) (330
or %+ OG(QR) =0 v, (3.31)
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and the corresponding expression for the stiffness sengitivity is.

gy Sll@)IIeer -0

a N-1 N
2.Qp. ]'[I (Iei2).JT(2:2 - Qp2)
1= #p

3.3.4 Relationship Between Mass and Stiffness Sensitivities

It will be noted that there is a close similarity between the mass and stiffness sensitivities
of equations (3.29) and (3.32) — in fact they are related very simply:
dQp _ -1 dQp

dk =0 Q,pz.dm

m=0

This relationship shows that the ranking of degrees-of-freedom from these sensitivity
caculations will be identical whether a mass or stiffness modification is to be made. A
simple explanation of this relationship is given below.

Consider the Salter skeleton mass and stiffness lines [28] for a single mode -

- - wm e ow

..k 2
By definition, — Qp

-—--eaaaw

Qg

Salter Skeleton for a Single Mode.
Figure 3.13

AQ
Now, if we require a shift in the resonance frequency from g to QR(H Q—R-) There
R

are two possible ways this could be achieved.
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(@) Increase k while m is kept constant;

1 +AQ
QR

Skeleton for Increased Stiffness (k).
Figure 3.14

CE) o o

Qr

or, (b) Decrease m while k is kept constant;

m [1 +_A_"D]
m

[)
[)
'
: Q.
- A
R QR 1 +2°°F
QR

Skeleton for Increased Mass (m).
Figure 3.15

o) [ P

Now, equating equations 3.34 and 3.35;

k(1+ Akk) (3.36)
[ 1+ 4 )J [ - J -----------------------------
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gives, AR AmAL (3.37)

Neglecting 274 order quantities and using the definition of Qg,

Am _-Ak k_-Ak 2
e and therefore, o-= == Qp
Hence, % e o - OO RUUTPPRPPRSTS (3.39)

Now, when equation (3.38) is compared with equation (3.33) -

dQR 1 dQR f hich t G dQR dk 2
K k=0 = Q iy or whnich, rearrangement gives, o e

the similarity becomes clear.

3.3.5 Sensitivity Analysis for Free Structures

The sengitivity analysis so far has concentrated on single degree-of-freedom mass and
stiffness modifications to grounded structures. As shown in equations (3.21) and (3.22),
the rational fraction representation of grounded and free structuresis quite similar and thus
the theory for the senditivity analysis of free structures follows the same lines as those for
grounded structures presented in sections 3.3.2 and 3.3.3 above.

If a single degree-of-freedom mass modification (m) is made to a free structure at location
j, then by suitable manipulation of equation (3.22), it will be seen that the resonance
frequencies for the modified structure can be obtained from solution of the equation:

2

m.gﬁ.ﬁ(l-gl‘i)+ﬁ(1-s-z—k-)=o ................ (339)

Q;2

The sengitivity of the resonance frequencies to this single degree-of-freedom mass
modification is derived by differentiating equation (3.39) with respect to m,

2

i H @) 1 (1 -——]

diw;2
dm . N N e
2.QR. z (MI_H(Q 2. QRZ))

Ji;?2 QR r#i

and taking the limit as the added mass tends to zero, giving:
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der il 8 L,

..................

m|’“'° 20 1'[(92 Q,2)

As in Section 3.3.4, the resonance frequency sensitivities for a single degree-of-freedom
stiffness modification are directly related to those for a single degree-of-freedom mass
modification by:

dQ 1 dQ
—D Zeme e 42
3, oF dm s 842

3.3.6 Internal Modification Between Two Points, and the Use
of Difference FRFs (AFRFs)

In sections 3.3.2, 3.3.3 and 3.3.5 above, the theory is presented which allows calculation
of the resonance frequency senditivities for single coordinate mass or stiffness
modifications to free or constrained structures. It is important to remember that they are
the sensitivities to single degree-of-freedom modifications. A single degree-of-freedom
mass modification can be achieved by connecting a mass to the structure through a
suitable joint, i.e. apushrod. A single degree-of-freedom stiffness modification can be
made by connecting one end of a spring to the structure and grounding the other end.
However, if a spring is connected between two points on the structure, which is atypical
forrn of structural modification, there are 2 degrees-of-freedom involved — independent
motion of each end of the spring - and the sensitivity analysis results derived from normal
FRFs will not apply. Consider the simple structure shown in Figure 3.16:

LN LY

SDoF Mod. 2DoF MOd
(b)

First Mode of Vibration.

Figure 3.16

A single degree-of-freedom stiffness modification, as shown in Figure 3.16(b), will
affect the structure because there is relative motion between the ends of the spring.
Sensitivity analysis with data from the normal FRF will correctly predict the sensitivity of
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mode number 1 to modification at location j. If the 2DoF modification shownin (c) is
made, there will be no effect on the structure because there is no relative motion between
the ends of the spring. The simple sensitivity analysis results for locations i and j are not
applicable in this case. Consider next the effects of the same modifications on the 2nd
mode, Figure 3.17:

N2 \_/™ N

SDoF Mod. 2DoF Mod.
(b) ©)

Second Mode of Vibration.
Figure 3.17

The single degree-of-freedom modification, Figure 3.17(b), will have a similar effect on
the structure to that on the 1st mode but, the 2 degree-of-freedom modification will now
have avery significant influence on this mode- even greater than the singledegree-of-
freedom modification — because there is alarge relative motion of the ends of the spring.
This 2nd mode will be more sensitive to the 2 degree-of-freedom modification than to the
single degree-of-freedom modification for which the normal sensitivity analysis applies.

Difference FRFs

The sensitivity analysis for a particular coordinate is performed using the point FRF for
that coordinate (sections 3.3.2 to 3.3.5). By default, the reference for both the force and
response measurements is ground: the force is measured between the point and ground
and the response is measured relative to ground. If this reference were to be atered from
ground, such that the force measured was that between locationsi and j, and the response
was that of i relative to |, then the resulting “point FRF” (point difference FRF, AFRF)
would be different to those for locationsi or j alone. A sengitivity analysis using this point
difference FRF would predict correctly the sensitivities of modes 1 and 2 to the
modification shown in Figure 3.17(c).

As a specific example we shall use the ssimple undamped 2 degree-of-freedom system of
section 3.2.4.
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Figure 3.18

The matrix equation of motion for the 2 degree-of-freedom system, with the coordinate
system as shown, is given by eguation (3.18):

T B [ RN

The choice of the x;, x; coordinate system is purely arbitrary and the following definition
of coordinate system (x; and y) is equally valid. Instead of using x, we adopt a new
coordinate, y, defined as the difference between x; and xl; y=(x2 - x1). The matrix
equation of motion for this choice of coordinatesis then,

e 4 R A R

The natural frequencies, which are global properties, are identical whichever coordinate
definition is used - and for an undamped system the resonance frequencies are equal to
the natural frequencies. The anti-resonance frequencies, however, will be different for
each particular FRF and for each choice of coordinates. For a system with the following
mass and stiffness properties:

m=3Kg mp=1Kg

and, ki = ko = 1000N/m.
the resonance frequencies are; 24263Hz and, 6.0275Hz
and the point anti-resonance frequencies are,
for the (x1,x1) coordinate System........cccovceviiiiiiiniiinneeee, 5.0329 Hz
for the (x2,x2) coordinate SyStemM.......ccccccvevviiiiiiiien e 41094 Hz
and for the ‘difference’ coordinate system (¥,y)...ccccovevneiniiinicicnicnne, 2.5165 Hz

The three point FRFs for the system are shown in Figure 3.19;
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2 DoF Example FRFs. I
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=3 Polint FRF for Locrtlon 1.
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Frequency (Hz).

Point FRFs & Point Difference FRF for the Example 2DoF System.
Figure 3.19

By use of equation (3.32) the stiffness sengitivities of modes 1 and 2 have been
calculated for separate single degree-of-freedom modifications in coordinates xi, x2
and y.

{Sensitivity Point FRF DoF.
%
Mode -N—/% X1 X2 Y
1 921_ 45.8e-3 77.7e-3 4.2e-3
dk |,
dQ,
2 3k 4.2e-3 22.3e-3 45.8e-3
k=0

It will be seen that, as expected, modification in coordinate y has very little effect for
mode number 1, but a very significant effect for mode number 2. The variations of the
resonance frequencies for a range of the modifications are shown in Figures 3.20 and
3.21.



Sengitivity Analysis 68

" .

™
=6~ Mod(flcation ot Locstion t,
—4— Mod|fication at Location 2. Hod et2
—&— ModIficetion between 1 & 2. Mod at 1

3.0

2.5

- — -o— Mod betwveen | & 2

IVorlntlon of Mode 1 Resonsnce Frequency. I

0 200 460 600 8(;0
Modification Stlffness (N/m).

Modiflied Resonance Frequency(Hz).

2.0

1
1000

Variation of Mode 1 Resonance Frequency with Stiffness Kj.
Figure 3.20
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Figure3.21

Consequently, when considering modifications involving the use of stiffness elements
internally in a structure, the sengitivity analysis results based on the measurement
coordinate system should be treated with caution. It is possible, however, to derive the
“point difference FRFs” from the normal FRFs alone by atriple product transformation as
shown below.
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Consider the coordinate systems used in eguations (3.18) and (3.43). Inertance matrices
[a] and [ B] can be formed from the modal properties as follows,

[o] = [6]. [0 0?1 [6]'

ond, [8] = [6]. A 071" [o]"

The eigenva ues (natural frequencies) will always be the same regardless of the system of
coordinates used. However, the mass normalised eigenvector matrices are different; [8]

for the X3, X, coordinate system and [¢] for the Y, X; coordinate system.

Now, if we assume that these eigenvector matrices can be related by the transformation
matrix [T], such that;

[e] =rm1.[6]
Then, M [o] = m.[6].[% 7] [6]"
and, m.[o]. (11" = (1. 6].[A2- ©2] [0]T (m1”
Now, [o]"=[ 6]" "
and therefore, (m.[a].0T1"= [6].[M2 2] [o]T
or, [T).[e].[T1"= [B]

The transformation matrix between the eigenvectors, [T], is the same as the
transformation matrix between the two coordinate systems, in this case;

[ x =7 o]
Xi17L1 0L X,
In summary, the difference FRFs may be calculated from;

[Hp] = [TLIHLITIT o, (3.44)
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where: [Hp] = n by n matrix of ‘difference FRFs’
[H] = p by p matrix of measured FRFs
[T] = n by p transformation matrix.

As an alternative to this method of calculation, if at an early stage it is thought that this
additional difference sengitivity analysis might be necessary, it may be better to measure
and store the force and response spectra separately for each location. Any desired AFRF
can then be formed by appropriate combination of the force and response spectra directly.

3.3.7 Second Order Sensitivities

In the work presented by Vanhonacker [56] & [57] and VanBelle [76], sensitivity values
are used in series expansions to provide estimates of the modified structure’'s new
resonance frequencies. It has also been shown that, to estimate the resonance frequencies
for finite modifications, the first order sensitivity parameters alone may not be sufficient,
i.e. using only the first two terms in the Maclaurin’s series expansion of equation (3.28).

. . x2_n xr (@
Maclaurin's Series:  f(x) = f(0) + xf(0)+2—!-f ©0) +...... = Z 7f © ....(34)
=0

Greater accuracy in the estimation of resonance frequencies for modified structures can be
achieved by including more terms in this series, but this necessitates the higher order
differential functions. Equations (3.28) and (3.40) have been differentiated once more
(Appendix B) to yield the following expressions for the 2nd order mass sensitivities for
grounded and free structures -
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For a Grounded Structure -

2
g T} -
dfi:(dQR [-4 dQR.(*).?]I( iy )+2QR§:1( 1 )+_1_}

dm ij-QR. dm i=1 iz(.ijo)iz - QRz) i=1 \ Qg2 - iiw;2 QR

with,

N

. L (L (az2.0. lﬁ(g2 Qx?)
-\ [aall @2-o) - Ella2-0x0)

Qr2\N-1(7Q;2 - ii;2 \{' 1 N-1 N-1 N1
+Qr|1- — - Q.2 - Qg2) - Q2 - Qg2
R( QNZ) i§1 ((”(Oi2 - QR2{-U(1)12 - Qg2 I-!‘$Il( ' &%) rél;lr( : &%)
s#i

|

g 2 .2 \ N1
Qr I;:’l (Q, Jw; ]H(Qrz‘QRZ)}

QN2 i=1 Uiwg2 - Qr2 )t

and, for aFree Structure -

2
dao dQr Y[ 4Qr dQr N Hw;2 N 1 1 ]
—s =0 3 - (*). 2. -

dm® " (dm [ g; dm -0 (Qiz(jj(ﬂi2 - ka)) trg (QR2 - jjwiz)

with,

*) = 1 1 Q2 .Qs2)- 02042
s#1

...................................................... (3.46b)

It is clear that further differentiation to derive higher order differentials would be far too
complicated.

Similar long and complicated 2rd order sensitivity terms have been used successfully by
Vanhonacker, and Van Belle to give improved accuracy, but it is noted by Chou [58] that
calculation of further order sensitivities becomes yet more complicated and of dubious
practical use.
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3.3.8 Example - 1st and 2nd Order Sensitivities for a Beam

A free beam with a single degree-of-freedom mass modification at the tip has been used in
anumerical study to illustrate the variation of resonance frequency and itsfirst and second
differentials with changes in the added mass. The unmodified beam is taken as the base
condition and a range of positive and negative mass additions to the tip of the beam have
been considered (negative modification masses represent mass removals). For each
modification the new resonance frequencies were found and used with the anti-resonance
frequencies (which remain unaltered) in equations (3.40) and (3.46b) for calculation of
the first and second differentials of the first mode frequency with respect to the added

mass. All the resonance and anti-resonance frequencies up to 5kHz were used in these
calculations (7 modes) and the mass addition ranged from -0.5 Kg through to+0.5 Kg.

Since the mass of the unmodified beam is only 1.04 Kg the maximum positive and

negative mass additions represent significant structural modifications.
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Free-Free Beam with SDoF Mass Modifications at the Tip.
Figure 3.22

A selection of FRFs for the total range of mass modificationsis shown in Figure 3.22.
As mass is added, the resonance frequencies al drop relative to the unmodified state and
when massis ‘removed’, the frequencies increase. In each case it can be seen that the
frequency shifts are bounded by the adjacent anti-resonance frequencies for the
modification coordinate point FRF. In Figure 3.23a the variation in resonance frequency
for the first mode is shown for the full range of added masses. For negative mass
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additions the curve is asymptotic to the succeeding anti-resonance frequency and for
positive mass additions the curve is asymptotic to the preceding anti-resonance frequency.
The dope of this curve isthefiit differential with respect to mass, as calculated by
equation (4.40), and is shown in Figure 3.23b.

Varlatlon of Resonance Frequency for Mode 1
with Changtt In the Added Mass.

Ant i-Resonance_of unwodifled bean ., n.5 W
g 8-
- -
3
§ .-
& a FREE-FREE BEANM.
®
(a) & N -gd-
] ) _{
s
H '
: AN
@ Ry @ nce of unmodif led bean.
©
L]
=
3 Ant | -Resonance of unmodifledd lbean .
) 1 | ] T T T T T ¥ i
4.5 4.a 4.1 0.1 0.8 0.5
Added Mass (Kg).
0.5 -0.3 -0.1 0.1 0.3 0.5
1 I 4 1 [ L 1
£
£
(b) > First Differentlal.
>
b
-
[
P>
|
N
. |
~ |
° {
X 1
~N
z 1
r \J\L
> 0.3 0.5
(C’ % -0].5 i b 4
®
4
3
£ B Second Differentisl.
&
b
s
e
&

-
g
1]

Variation of Resonance Frequency and 1% & 2nd Differential Sensitivities for Mode 1
with Changes in the SDoF Mass Modification.

Figure 3.23



Sensitivity Analysis 74

In section 3.3.2 the sensitivity has been defined asd% meo Which is the point where the

first differential curve crosses the Y-axis. As the mass modifications become larger and
larger (+ve or -ve) the incremental changes in the resonance frequencies become
progressively smaller and the first differential becomes asymptotic to zero. It would
appear that, in this example, the slope has the largest value when the actual resonance
frequency of the modified beam is mid-way between the adjacent anti-resonances, i.e. at
approximately 22 Hz. The second differential of the resonance frequency with respect to
the added mass is the sope of the first differential curve and this is shown in
Figure 3.23c. All the curves are finite and continuous.

By consideration of Figure 3.24a it can be seen that if the resonance of interest for the
unmodified structure is close to the succeeding anti-resonance then predictions of the
shifts in the resonance frequency for positive mass additions will be under-estimates.

Conversealy, if the resonance for the mode of interest for the unmodified structureis close

to the preceding anti-resonance (Figure 3.24b) the predicted shifts in the resonance
frequency for positive mass additions will be over-estimates. The transition between over-

and under-estimation of the frequency shifts occurs when the second differential curve
passes through zero.

(a) (b)
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Figure 3.24
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Differential Coefficients.
Figure 3.25

For the unmodified beam (added mass = 0) the first resonance frequency is 15 Hz, the
sensitivity is -28.14 Hz/Kg and the second order sensitivity is 329.04 Hz/Kg2.These
values have been used in the Maclaurin’s series expansion (equation 3.45) for estimation
of the new resonance frequencies of the beam for a range of mass modifications. The
predicted variation of the modified resonance frequency is plotted together with the actual
variation in Figure 3.25. It can be seen that the parabolic form of the prediction only
agrees with the actual behaviour for modifications over the range -0.1 to +O. 1 Kg.
Outside of this range there are very serious discrepancies between the prediction and the
actual behaviour. Therefore, it can be concluded that for macro modifications, the use of
terms up to and including second order differentials in a Maclaurin’s series expansion for
the modified resonance frequenciesis still not very accurate.
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For the unmodified beam (added mass = 0) the first resonance frequency is 15 Hz, the
sensitivity is -28.14 Hz/Kg and the second order sensitivity is 329.04 Hz/Kg2.These
values have been used in the Maclaurin’s series expansion (equation 3.45) for estimation
of the new resonance frequencies of the beam for a range of mass modifications. The
predicted variation of the modified resonance frequency is plotted together with the actual
variation in Figure 3.25. It can be seen that the parabolic form of the prediction only
agrees with the actual behaviour for modifications over the range -0.1 to +O. 1 Kg.
Outside of this range there are very serious discrepancies between the prediction and the
actual behaviour. Therefore, it can be concluded that for macro modifications, the use of
terms up to and including second order differentials in a Maclaurin’s series expansion for
the modified resonance frequenciesis still not very accurate.
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3.4 Anti-resonance Sensitivity for a Single
Degree-of-Freedom Mass Modification at a
Remote Point

The resonance frequency sensitivities to single degree-of-freedom point mass or stiffness
modifications are globa sensitivities for modification at particular points — because
resonance frequencies are global properties. It has already been shown, in sections 3.2.2

and 3.2.3, that the anti-resonance frequencies of FRFs having at |east one degree-of-

freedom in common with the modification point do not change, but anti-resonancesin all

other FRFs will shift. In just the same way as resonances can be moved away from a
troublesome excitation frequency, it may be desirable to move a particular anti-resonance
characteristic to the troublesome excitation frequency. However, it should always be
remembered that anti-resonance characteristics are local properties of FRFs — dependent

upon the choice of force and response coordinates. Positioning of an anti-resonance of
one FRF at a particular frequency does not mean that there will be an anti-resonance at that
frequency in al the other FRFs - unlike the behaviour of resonances. For successive
sequentia single degree-of-freedom modifications, it may be necessary to know the extent
to which the anti-resonances have shifted as a result of the preceding modifications. For
these reasons, a further analysis has been performed to derive the sengitivities of anti-

resonance frequencies to a single degree-of-freedom modification in a remote degree-of-

freedom. The anaysis begins with the matrix form of impedance coupling theory and the
general form of Duncan’s equation, then follows similar steps to those taken for the
resonance frequency sensitivities.

Using the matrix form of the impedance coupling technique:
[a]'® [B]'=[v]" o, (3.47)

For a 2 degree-of-freedom system, with a point mass modification made in degree-of -
freedom number 1,

1 -a -o’m 0 _
—2[ a2 ‘2:'+ ]=[y]1 ........................ (3.48)
o0 - O, -0l Oy 0 0
a1220)2m
hence, Yoz = Op + = (3.50)

-+ —
1-04;,w2m
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Now, using the following forms of Duncan’s equation,

@2 \N-1 ' N-1 @2
N1 U ()
O(w) = Ol(0) =
m | ‘”2) m | “’2)
r=I C Q,-2 r=I ( Qr2
N-1 w?
C2 1;[1 (1 T2 2)
Ox(w) — IN[ . )
r=I ( Qrz)

eventualy yields:

Y22 =

sz(NH 22(0 [ (s __) o anH (1-:% 2)]+ mzm[CnH(l-n 2)]

(-8 (1 - &) -wmeal] (1 -52)]

..(3.52)
as the point FRF at location number 2 - the remote point - for the modified system.
Now, represent ¥,, as
., M o2
Ca H(l ) *2)
i=1 W
Yo = N . o~ e (3.53)

where, the * superscript here denotes values for the modified system

Now, choose to evaluate the equations (3.52) and (3.53) at the new anti-resonance
frequencies of the point FRF at location number 2, o = @, = 22m;*, wherey,, tends to

zero, leaving:

N-1 0,2 \[ N ®,2 N1 @,2 ey 02 \f
C 1- —A_ |: .-A ). 0,2mC e ] C -4 =
22ir=11( 22&)9) I (1 Qrz) ATl @ “0312)+0)A =4 2a2)] "
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Solution of this polynomial equation in w, will yield the point anti-resonance frequencies
at the remote location for the modified structure.

In the same way as for the resonance frequency sensitivity analysis, we shall define the

L . . . d{Z2m,)
sensitivity of the anti-resonance frequencies to mass addition, as; dmy
ml=0

Differentiating equation (3.54) with respect to m;, using equation (3.27) and taking the
limiting case as m tends to zero (w, tendsto ®,; the anti-resonance of the unmodified
structure) leadsto:

N-1 ©.2 N-1
s Ciz. I (1 ; aZ)H (Zi2)
_dO)_a i=1 12004 ) =1 (3.55)
m1=0 = 2C H 1 0)82 ﬁl( 2 2) ........................... -
- S— w - 220).
22 =1 ( Szrz) 1¢u a 1

Some of the transfer FRF anti-resonance frequencies may not be real (section 3.3.1), and
so determination of these from a measured FRF is difficult. Therefore, we make a
substitution using equation (3.5 1) to obtain:

2 N N-1
| . 2w,) H(Qr2 . 22(1)32) H (220)12)
r=1 i=l

do
dma 1=0 = N N-l """""""""""" (356)
mi= 2C,, 20,3 H (QIZ) H (22ma2 - 220)i2)
r=I i*a
where: Ilz(”ma) isthel,2 transfer inertance evaluated at a frequency

corresponding to one of the 2,2 anti-resonance frequencies.

Once again, the sensitivity is given by a simple expression but, this time, it requires the
resonance and anti-resonance frequencies for the coordinates under consideration, and
specific values of the transfer inertance between those coordinates. Transfer
measurements of a structure are necessary so that these anti-resonance sensitivities may be
calculated.
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3.5 Application of Sensitivity Equations to a
Cantilever Beam

A theoretical model of a cantilever beam was developed, enabling FRFs to be derived for
the beam at positions 25%, 33%, 50%, 66% and 75% of the beam length from the
clamped end. The resonance and anti-resonance frequencies used were taken from these
calculated FRFs. | n addition to the resonance and anti-resonance frequencies, the static
flexibilities for al the FRFs (C;;) are required in equation (3.29) for the calculation of the
sengitivities. The static flexibility values for each point FRF were calculated using
equation (3.21), and the resonance and anti-resonance frequencies and the value of the
inertance (l,) at a frequency of 1 Hz. The static flexibilities calculated in this way agree
well with the low-frequency asymptotes of the inertance functions — which could aso be
used for calculation of the static flexibilities if it was so desired.

Resonance sensitivities have been calculated for the first four modes at each of the stations
along the beam, for trandation/tranglation point functions. The results are shown in
Table 3.1.

The sengitivities from Table 3.1 have been ranked with the most sensitive first, and thisis
shown in Table 3.2. This ranking for a single degree-of-freedom point mass modification
compares favourably with the ranking of Table 3.3 which was produced by ordering the
frequency shift values observed for 1 Kg single degree-of-freedom mass additions (N.B.
the cantilever beam mass is 1.04 Kg). The ranking is not identical, but this is due to the
fact that the ranking for Table 3.3 is based on

Q (m=0) - Q (m=1Kg)
m k]

while the ranking for Table 3.1 is based on the resonance sensitivity, defined as
dQp

Im . The differences in these dopes accounts for the differences in ranking
m=0

observed.

To confirm this explanation, frequency shift values were calculated and ordered for mass
additions progressively less than 1 Kg. As the mass addition became very small, the
ranking based on the calculated frequency shifts showed better and better agreement with
the ranking based on the sensitivity.

The cantilever beam model incorporates 1% hysteretic damping, but it will be recalled that
the theory upon which the sensitivity equations are based is for an undamped system.
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Damping of the level normally found in structural components (1% - 2%) does not seem
to influence the resonance frequency sensitivities to any significant extent.

Resonance Sensitivit

(Hz/Kg) for the Cantilever Beam

Mode]lFrequency @25% @33% @50% @66%

1 2.36 -0.043 -0.120 -0.534 -1.32

2 14.80 -4.94 -9.79 -14.8 -5.67

3 41.23 -41.6 -44.1 0.00 -33.5

4 80.87 -76.8 -10.2 -87.8 -3.10

Resonance Frequency Sensitivities for the Cantilever Beam.
, Mode | Position (%) M o d e| Position (%)

4 50 4 50
3 25 4 25
4 25 4 75
4 75 3 33
3 33 3 25
3 66 3 66
3 75 3 75
2 50 2 50
2 33 4 33
2 25 2 33
2 66 2 66
4 33 2 25
1 75 4 66
1 66 1 75
1 50 1 66
2 75 2 75
1 33 1 50
1 25 1 33
4 66 1 25
3 50 3 50

Order of Importance Ranking,
Ba:sed on Resonance Frequency

Shiftsfor alKg

Mass Addition.

(Most Sensitive First)

Table 3.2

@75%

-1.96

-0.619
-27.4
-65.5

Table 3.1

Order of Importance Ranking,
Based on Resonance

uency Sensitivities.

(Most Sensitive First)

Freq

Table3.3
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3.6 Discussion of Theoretical Sensitivity EXxpressions

The sensitivity equations [(3.29), (3.32), (3.41) and (3.56)] are all expressions
containing products of resonance and anti-resonance frequencies. All the calculations can
be implemented easily on a computer. Once the FRF measurements have been made, the
input data required are readily available without the need for modal analysis procedures.
Peak- and valley-picking routines can be used directly on raw FRF data plots to yield the
required resonance and anti-resonance frequencies.

Closely spaced modes of a structure will give rise to problems with this sensitivity
technique, as they do for other analysis techniques. The resonance frequency sensitivity
analysis relies on the use of resonance and anti-resonance frequencies from point FRFs.
Sufficiently high frequency resolution must be used for the measurement of such data in
order to define all the resonance and anti-resonance frequencies adequately.

Absorber structures are commonly used as a means of correcting vibration problems in
structures. The simplest absorber structure is a single degree-of-freedom mass/spring
system, and an attempt was made to derive a sensitivity expression for just such a simple
modification, in the same way as had been done for individual mass and stiffness
elements previously. However, it was found that this type of anaysis is not applicable
because the absorber introduces an extra mode into the system, and the concept of relating
frequency shifts directly is no longer valid.

As ageneralisation, the sensitivity analysis techniques developed in this chapter cannot be
used for anything other than simple mass or spring elements alone, because all other
modifications introduce extra modes. Nevertheless, if a particular modification can be
described adequately by mass or spring elements, abeit in a piecewise fashion over
various frequency bands, then these analyses will be valid for each particular frequency
band.

If this type of sensitivity analysis is undertaken using data from a preliminary survey of a
structure, then assessments can be made as to the suitability of certain locations for the
purpose of excitation for the full measurement survey. Idedly, the excitation should be
applied through a relatively insensitive degree-of-freedom. Identification of the sensitive
coordinates should ensure that sufficient care is taken during the full measurement survey,
so that the data are contaminated as little as possible by any of the measuring apparatus.
Conditions relating to the collection of experimental data are discussed further in chapters
4 and §S.
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3.6.1 The Influence of Damping

The sensitivity analysis study has been based on the use of rational fraction equations for
the FRF properties of undamped structures. In practice, though, al structures have some
damping. One effect of damping is to limit the level of the response at resonance and at
anti-resonance. At resonance, the ‘ Q-factor’ is reduced from infinity, for an undamped
system, to é At an anti-resonance, the magnitude of the response is a small, but finite,

value rather than zero. Furthermore, viscous damping alters the actual natural frequencies
and the anti-resonance frequencies. For an undamped system, the resonance frequencies
are equal to the natural frequencies of the system but, for example, for a proportionally
damped system the natural frequencies are the ‘ damped natural frequencies', given by,

QA [1- 0.

The anti-resonance frequencies are affected in asimilar way by the damping because they
arise from cancellation of al theindividual modal contributions. When the damping is
small and evenly distributed throughout the structure, the resonance and anti-resonance
frequencies can be assumed to be approximately equal to the resonance and anti-resonance
frequencies of the undamped structure.

The rational fraction equations are interesting in that the effects of damping are not
included in the sense of limiting the responses at resonance and anti-resonance
frequencies, but they may be included, implicitly, in the definition of the resonance and
anti-resonance freguencies used in the equations. When resonance and anti-resonance
frequencies are derived directly from FRF curves, they are the properties of the damped
system. An FRF curve synthesised using the rational fraction equation with damped
structural data will have undamped resonance and anti-resonance features at the damped
frequencies. In the sengitivity analysis procedure it is only the resonance and anti-
resonance frequencies that are of any importance, hence, whether or not resonance and
anti-resonance features are damped or undamped is irrelevant, provided that al the
frequencies are correct. Furthermore, since it is intended that the sensitivity analysis
should be used only as a method for ranking modification sites in their order of
importance for influencing particular modes, discrepancies will be unimportant providing
that the ranking is not altered.
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3.6.2 General Comments on the use of Experimental Data

In many cases, even real anti-resonances are not defined clearly in measured FRFs, and it

is difficult to ascribe accurate anti-resonance frequencies. It is possible to use synthesised

FRFs in which the anti-resonances are defined just as clearly as the resonances. However,

at an early stage of the procedure, the creation and validation of a modal database is
wasteful. 1t is much more advantageous to have the anti-resonances defined more clearly
in the measured data. To try and obtain better quality data around the anti-resonances, it
has been suggested that greater care could be taken throughout the measurements. In some
circumstances improvements can be made by changing the type of testing method - such

as changing broadband testing to sine testing using a Frequency Response Analyser and
concentrating data points in the anti-resonance regions as well asin the resonance regions.
Whilethisis possible for trandational type measurements which are to be used directly, it
isimpractical for ‘derived’ FRFs (such as difference FRFs) for which the specific anti-

resonance frequencies only emerge after processing. Only if some prior measurements
and calculations have been undertaken to deduce the approximate location of all the anti-

resonances will it be possible to concentrate the frequency data points in the correct
ranges.

3.6.3 An Alternative Definition of Sensitivity

The sengitivity parameter presented in the foregoing sections is the sensitivity of
resonance frequencies to changes at or between locations j and k on the structure,

. d
ogo KS Ks:o.

Figure 3.26
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The sensitivity to stiffness changes between two points will probably be the most useful

in practice because the most likely modifications will be interna stiffness changes to the
structure.

An aternative view of sensitivity is the sensitivity of the response at a remote location,

say i, to a change between locations j and k. It might be possible to calculate and plot a
response sensitivity such as,

dx;

asafunction of frequency. The function would be dependent upon -
the single response location chosen (i);
the pair of locations between which the modification is made(j and k); and

the particular forcing function used (the response is dependent upon the
input).

Therefore, it can be seen that the sensitivity analysis would require interpretation of a large
number of frequency dependent sensitivity functions simultaneously. As an example,
consider a structure which has n points of interest -

Figure 3.27

The number of different 2-point spring modifications that can be made is given by
selecting any 2 from n, with the order unimportant; the combination

n!
(nCr): rT(—n—_r)Twher er=2

For each of these different spring modifications there are n poss ble response locations

that could be considered. In total therefore, there aremfrequency dependent
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sensitivity functions that could be calculated for each forcing function chosen. A simple
system consisting of only 9 points of interest would produce 324 sensitivity functions for
each forcing function - avast quantity of information. The amount of data can be reduced
substantially if interest is restricted to a very small frequency range, or to asingle

!
frequency, but nevertheless, interpretation of g ngle sensitivity values would
- 1!

r! (n
be no smple task.

In the resonance frequency sensitivity method developed in this chapter, the sensitivities
are single numbers (instead of frequency-dependent functions) and relate to global shifts
of the resonance frequencies. It is necessary to calculate the sensitivities for the particular
modes of interest only, for al the different 2-point spring modifications that can be made.
If the number of modes of interest is m, the number of sensitivity values to be assessed
will be ﬂ% potentialy still alarge number of sensitivities to be assessed. It

should be remembered, though, that the sensitivity function developed in this chapter is
independent of any forcing function and that the number of modes of interest (m) will
usually be considerably less than the number of points of interest (n).

3.7 Review of Chapter 3

Techniques for predicting the effects which given modifications will have on the dynamic

characteristics of astructure are well proven. Two of the prediction methods are reviewed

in chapter 2. The selection and design of modifications to overcome a particular vibration

problem are much less well documented. Usually, the modifications are designed from
previous experience with similar types of problems. Although the modifications chosen

may bring about an acceptable vibration performance, they might not provide the optimum
solution. For the majority of ground-based machinery, such as machine tools, washing
machines etc., the only real penalty of an inefficient modification is the cost of any

unnecessary material used in the modification. With an aerospace structure however, there
is the additional penalty that any unnecessary mass in the modification detracts from the

available payload.

The selection of the most efficient sites for modifications - termed “ sensitivity analysis’ -
at an early stage, has two main benefits -

@i modifications can be designed to exploit the sensitive properties of the
structure; and
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(i)  the full measurement survey can be tailored to include sufficient quantity and
quality of data at the possible modification sites to enable accurate and
detailed prediction of the effects of the modification.

In this chapter a new approach to sensitivity analysis has been developed. The new
approach evolved from observations of FRF characteristics for a structure before and after
single degree-of-freedom modifications. It was found that -

»  when a single degree-of-freedom modification is made, the anti-resonance
frequencies do not change for FRFs which have at |east one coordinate in
common with the modification degree-of-freedom; and

. as the size of the single degree-of-freedom modification is increased the
resonance frequencies of the modified structure shift towards the (fixed)
anti-resonance frequencies of the point FRF for the modification degree-of-
freedom.

The emphasisis placed on the use of data measured during a preliminary measurement
survey so that the analysis can be performed at the earliest possible stage. It would be

possible to use data from an analytical or F.E. model of the structure at the design stage,

but the uncertainties associated with un-validated models may be too great for any

confidence to be placed in the results. Furthermore, at the design stage there is wide

freedom and scope for changes in the basic structure to solve potential vibration problems
and this would be far better than any of the add-on type modifications for which this
sengitivity analysisisintended.

The new approach to sensitivity analysis requires measurement of point FRFs for al the

degrees-of-freedom of interest, from which resonance and anti-resonance frequencies are

extracted. These frequencies are substituted into simple equations for the sengitivity of the

resonance frequencies to single degree-of-freedom mass or stiffness modifications at

given points. From the sensitivity values derived, the modification degrees-of-freedom
can be ranked in their “order-of-importance” for influencing any particular mode. These

rankings can be used in the subsequent design and selection of a suitable modification to

move a given resonance away from an excitation frequency. An important fact to

remember is that the rankings are identical whether single degree-of-freedom mass or

single degree-of-freedom stiffness modifications are being considered.

The use of the sensitivity equations has been extended to allow consideration of spring
modifications between two internal points on astructure. In this case, the ‘ point difference

FRFE’ are reniiired far the calrlilatinne and 11nlece theee ARRFRe are meaaiired directlyv it
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IS necessary to transform the standard FRF data or to record measured force and response
data separately, rather than combined into a single FRF asis normal practice. By this
meansit is possible to calculate any AFRF at a subsequent stage. This extension to the
sengitivity analysis method is particularly advantageous because the majority of practical
modifications involve stiffness changes between internal points on structures.

Although the range of modifications for which the analysisis directly applicable is still
restricted, the identification of the sensitive degrees-of-freedom for modification isvalid
in ageneral sense and can be used to guide the design of practica modifications. As noted
by Sobey, [63], it is assumed that the most effective individual single degree-of-freedom
modifications will be just as effective when applied together as a practical modification.

The main practical difficulties with this sensitivity analysis technique lie in the
determination of the anti-resonance frequencies - particularly when broadband testing
methods are used and the definition of anti-resonance features can be rather poor. In such
circumstances it may be necessary to adopt a stepped-sine testing method whereby the
anti-resonances can be defined much more accurately.



Chapter 4

Practical Considerations

4.1 Introduction

4.2 Overview of Testing Methods

There are several different approaches for measurement of the dynamic characteristics of a
structure. Historically, the approaches have been divided into Phase-Resonance methods
(Normal Mode testing or Sine Dwell testing) and Phase-Separation methods (Stepped
Sine Sweep and Broadband testing).

Phase-resonance methods rely on the ability to excite a single mode of vibration by use of
multiple shakers with independently variable force levels. The shakers each produce
sinusoidal excitation at the same frequency and are either in-phase or out-of-phase with a
reference source. The “normal-mode” excitation set-up effectively cancelsthe damping in
the structure- the exciting forces are distributed such that each energy sink is cancelled by
a corresponding energy source — and a single real mode can be excited. In this condition
of normal-mode vibration, the excitation frequency is the undamped natural frequency of
the mode, the response at all the points on the structure is in quadrature with the forces
and the structural responses relate directly to the mode shape vector. This method can be
very powerful and is popular for the ground vibration testing of aircraft structures because
of the ability to measure real normal modes (for direct comparison with F.E. studies) and
the ability tocharacterise non-linearities by study of the structural responses for awide
range of force input levels. The main difficulties with normal-mode testing are the
selection of excitation locations, the tuning of the force pattern and the choice of excitation
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frequency. The complete process has to be repeated for each different mode and
consequently the testing time can be lengthy.

Phase-separation methods rely on the fact that the forced response of alinear structureisa
weighted linear summation of all the uncoupled modes of the structure. The forced

response to a known excitation is measured and then the modal parameters are extracted

by means of mathematical curve fitting techniques. Phase-separation methods generally

produce | ess accurate results than the phase-resonance methods and thisis due, primarily,

to the mathematical assumption that the actual responses are formed from a linear

combination of the modes. In fact, the measured data may be inconsistent and contain the

effects of non-linearities. Nevertheless, with more and more sophisticated analysis
techniques and coupled with the fact that the phase-separation methods are much cheaper,

easier and quicker to implement than the phase-resonance techniques, the phase-separation
methods are now the predominant form of vibration testing.

Stepped sine testing and broadband testing are two types of phase-separation methods of
vibration testing that will be discussed further in this brief overview. The requirements for
extending the smple single point testing methods to multi-point methods are also
presented together with discussion of some of the multi-point testing techniques.

Although each method has specific advantages and disadvantages, the selection of a
testing technique is frequently based on the type of equipment available rather than its
suitability for a particular job.

4.2.1 Sine Testing

In the sine testing technique, a shaker is used to excite the structure sinusoidally at a
single, precisely controlled, frequency. The structure is alowed to settle under this
excitation and then steady-state measurements are made of the magnitude and phase
relationship between the input force and the response at the precise excitation frequency
for any desired response location. Division of the response by the force input gives the
value of the FRF at that particular frequency. The excitation frequency is then changed by
asmall increment and the measurement process is repeated once the structure has settled at
the new frequency. By this means, the FRF can be constructed for any frequency range.
There are no restrictions on the frequency spacing imposed by the testing method,
athough there may be restrictions due to the analysis methods to be used.
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At each excitation frequency the structure’s response is allowed to settle to remove any
transient effects associated with the step change in excitation frequency from the previous
measurement. This settling period is particularly important for excitation frequencies close
to resonances of the structure where transient changes cause the structure to ‘ring-on’.
The transient effects will be included in the measurement if insufficient time is allowed for
them to die away. A clear indication of whether the settling period is long enough can be
obtained by performing the measurement twice around a resonance peak, once with an
increasing frequency sweep, and once with a decreasing frequency sweep. An example is
presented in Figure 4.1 where the resonance peaks occur at different frequencies for the
two measurements (the decreasing frequency sweep producing a lower resonance
frequency than the increasing frequency sweep), the transient effects have not had
sufficient time to decay and the settling time should be increased.

AMPLITUDE
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Example of Sine Sweep Rate Influences on Measured FRFs.
Figure4.1

In a perfect environment, once the structure has had time to settle, a single measurement
of force and response should be sufficient to define the point on the FRF accurately.
However, in practice, noiseisinvariably superimposed on the signals to be measured and
it is prudent to make several measurements of the data and to calculate an average value.
Fortunately, one of the properties of random noiseis that, considered over along enough
period of time, the averaging process will reduce the random errors on the data to zero.
Averaging will only reduce the effects of random errors, it will not reduce the effects of
systematic errors introduced by the test set-up.
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A prime advantage of the sine testing technique is the large signal to noiseratio for all the
force and response measurements. This is a consequence of the single excitation
frequency for each measurement - there are no other significant sources of excitation to
contaminate the results. Furthermore, the input ranges for the force and response signals
can be adjusted automatically for each excitation frequency point, which allows the best
possible use of the measuring equipment.

The ability to concentrate data points in regions of greatest rates of change on FRFs is
particularly advantageous for efficient and accurate definition of resonance peaks andanti-
resonance troughs.

4.2.2 Broadband Testing

For broadband testing, the structure is excited with asignal containing energy over awide
range of frequencies simultaneoudly. The time-domain force and response signals are
filtered, digitized and then passed through a Fourier analysis process to transform the
time-domain information to frequency-domain spectra. By appropriate combination of the
force and response spectra, the required FRFs for the structure can be derived, Because of
constraints imposed by the Fourier analysis process, the frequency point spacing is
constant across the whole measurement frequency range. This represents an inefficient
use of the limited number of frequency points available because they cannot be
concentrated in the regions of greatest change on the FRFs — around the resonances and
anti-resonances.

There are very many different types of excitation that can be used for broadband testing.

Probably the ssimplest form of excitation method is hammer testing. A specially-
instrumented hammer is used to impact the structure at the desired excitation point, A very
short sharp excitation pulse is produced - approximating a Dirac delta function - which

has aflat spectrum over awide frequency range, although the amount of energy contained
in the impact pulse is necessarily small. By using hammer tips with different resiliences,

different pulse widths can be obtained. The main advantage of hammer testing is that the
excitation equipment (the hammer) is small, light and cheap. It is used mainly for

diagnostic purposes rather than for precise measurement of FRF properties.

Disadvantages of the hammer testing method are related to the inconsistency of the
excitation ~ the impact pulse is difficult to control accurately in size, in shape, in direction

and the duration of the pulse is very small compared with the measurement time frame.

Furthermore, pulse excitation is amajor disadvantage when the structure containsnon-

linearities.
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The most popular form of excitation is by use of an electromagnetic shaker driven with a
signal from the data acquisition system. The mechanical set-up isidentical to that used for
sine testing. Two common types of broadband excitation signals — random and pseudo
random — will be discussed here.

Random

A true random excitation signal has a continuous spectrum which is flat across an infinite
frequency range. In practice, 25 kHz is considered as an infinite frequency range in some
data acquisition systems. The random time-domain excitation signal is a reasonable
approximation to the type of excitation found in many typical installations. The probability
distribution of the random excitation is approximately Gaussian (Normal), with a peak to
RMS ratio of about 3:1. Additionally, for a linear system, the probability distribution of
the response to this excitation is also approximately Gaussian. Due to the random nature
of the excitation the structural response does not tend to “peak-up” at resonance
frequencies to the same extent as it does with some other forms of excitation (e.g. swept
sine) and hence, this type of excitation does not cause undue problems when applied to
non-linear structures. However, because the force and response signals are random, a
weighting function (e.g. Hanning window) must be applied to these signals before the
Discrete Fourier Transform (DFT) is performed, otherwise the mathematical assumptions
of periodicity in the measurement time frame are invalid.

The force and response signals from the transducers contain energy at al frequencies (the
true spectra are continuous), but because the measurement time frame is of a finite length,
the Fourier Analysis produces spectra that are discrete, rather than continuous, functions.
Therefore, thereisa‘spreading’ of energy from the actual continuous spectra into adjacent
spectral lines — this phenomenon is known as |eakage.

Pseudo Random

Pseudo random excitation is a special form of periodic excitation that has several benefits
for signal processing. Although called random, it is not random in the true sense of the
word. Within a time period equa to the analysis time frame, the signal is random, but the
same signal is then repeated continuoudly. Usually, the signals are generated inside the
data acquisition equipment in the frequency-domain. Once the measurement frequency
range and number of frequency lines have been selected, a flat excitation frequency
spectrum is generated by setting the magnitude of all spectral lines to the same value. The
phases of the spectral components are then randomised. By use of the Inverse Fourier
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Transform (IFT) this frequency-domain spectrum is transformed into the time-domain to
produce a random-like excitation signal in the analysis time frame. As a conseguence of
generating the signal in this way, it is exactly periodic in the analysis time frame and hence
both the force and the response signals will be periodic in the analysis time frame aso.
Therefore, there is no requirement for application of any window function to this type of
data. In fact, it has been shown [15] that it is detrimental to the quality of the resultsto
apply any form of window function to this type of data, other than a uniform window.
Because the signals are exactly periodic in the analysis time frame, they only contain
energy at the precise spectral component frequencies of the analysis and, therefore, there
are no leakage problems when pseudo random excitation signals are used.

Since the pseudo random excitation signal only contains energy in the frequency range of
interest, the signal-to-noise ratios for the measured force and response signals are much
better than they would be with pure random excitation.

Every different randomised arrangement of the spectral component phases will give a
different time-domain signal. If a large number of these signals are inspected, it is found
that the peak to RM S ratio is more often worse than3:1, than better ( the peak-to-RMS
ratio for a pure random signal). However, it is possible to arrange the phase relationships
of the spectral components such that the time-domain signal has the special form of a
swept sine -

2SN @F o (4.)

which has the instantaneous frequency given by [ % {@y?}=2a2% ] . For this signal

the spectral components have the following relationship-

Ny
F@) =22 (%)2 exp(%) ................................... (4.2)

Providing that the sweep rate is not too rapid - each cycle is approximately a sine wave of
constant frequency - the peak-to-R& IS ratio of the signal will be very similar to that of a
pure sine wave, i.e. 1.41: 1. For measurement of the input signd, this low peak-to-RMS
ratio is advantageous. Unfortunately, by the nature of the excitation signal, the structural
response builds up very significantly in the resonance regions, leading to highpeak-to-
RMS ratios in the measured responses. Furthermore, an excessive response range, such
as this, can cause problems when the structure contains non-linearities because these non-
linearities will be exercised to a greater extent than with aless well ordered excitation.
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Detailed derivations of the equations relating to the sine sweep excitation functions may be
found in the paper by White and Pinnington [71].

4.2.3 Single-Point Testing

The most common form of vibration testing used today is ‘single-point’ testing. A single
excitation input is used for each set of tests, although many response points can be

measured simultaneously if sufficient data acquisition channels are available. The standard
FRFs can be calculated smply, because the response at each point is due solely to the

single excitation force - which is the definition of an inertance type of FRF (see section

1.1.3). With a series of tests using a single excitation point it is possible to measure data
for one column of the FRF matrix. Data for the other columns can be measured

subsequently by repeating the measurements for a different excitation position.

Inconsistencies may occur in the measured data as the set of force and response
transducers are moved to all the required locations on the structure.

A deficiency with single point testing is that, by its nature, the energy input is very

localised. In large heavily-damped structures the excitation energy is quickly dissipated
before it has propagated far within the structure. In an effort to excite remote regions, the

single point forcing level is sometimes increased to excessive levels, thereby exercising

local non-linearities to a much greater extent than would otherwise be the case if the

excitation energy were distributed more evenly throughout the structure.

4.2.4 Multi-Point Testing

When testing large complicated structures with numerous joints, the undoubted presence
of non-linearities and the fact that the vibration energy is quickly dissipated within the
structure can indicate that the use of multi-point testing is preferable to a series of single-
point tests. By using multi-point excitation, alarger amount of energy can be fed into the
structure more uniformly than with single-point excitation and the vibration amplitudes at
various locations can be kept much closer to those found in operation. Energy is supplied
to the structure by several shakers, and so smaller and cheaper shakers can be used than
would be necessary for single-point testing. Furthermore, the effects of non-linearities,
which may occur with excessive single-point forcing, can be substantially reduced.
Connection of all the shakers to the structure before the start of the test also means that
systematic errors, which are aresult of repositioning the shaker for a series of single-point
tests, do not occur. The influence of the shakers on the structure is not removed, it just
remains constant throughout the whole of the test programme- a static base-condition
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error. Additionally, simultaneous measurement of multiple columns of the FRF matrix
means that the overall test timeis shortened and there is less opportunity for structural
changes (with time, temperature or humidity) to affect the measured results.

The most commonly used multiple shaker technique is known as Multi-Point Random
(MPR). For al multi-point excitation techniques, more sophisticated computer programs
are necessary to extract the standard FRFs from the measured data. To comply with the
mathematical assumptions made in the analysis, it isimportant that the excitation inputs to
the structure are pure random and uncorrelated. Although it is possible to ensure that the
excitation signals driving the shakers are uncorrelated, it does not necessarily follow that
the excitation force signals are uncorrelated At the resonance frequencies, in particular, it
is found that the motion of the structure tends to correlate the actual multiple forcing
inputs, leading to degradation in the quality of the derived FRFs at these frequencies.

As a conseguence of using broadband random excitation a window function (e.g. the

Hanning window) must be applied to the measured force and response signals before

Fourier transformation. Leakage is a potential problem and because of the large quantity

of superfluous high-frequency excitation energy, the signal-to-noise ratio is less than it
would be with a pseudo random type of excitation. Unfortunately, multiple pseudo

random excitation sources, as defined above, would be 100% correlated.

A new multi-point testing technique that is gaining in popularity is the Multi-phased
Stepped Sine technique (MPSS) developed by SDRC [19]. In essence, the technique is a
combination of the phase-resonance and phase separation methods of vibration testing. By
using multiple inputs with specific mono-phased force patterns (forces in-phase or out-of-
phase with each other), sweeps are made over the complete frequency range of interest.

The data are analysed and by use of the Multi-variate Mode Indicator Function (MMIF), it
is possible to identify the specific force patterns required to excite each normal mode.

Narrow frequency sweeps are performed around each resonance, using the appropriate
force patterns and the results obtained can be analysed easily by circle fitting methods. At
the undamped natural frequency the displacements of the system correspond to the
undamped normal mode shape - the basis of the phase-resonance technique of vibration
testing.

The benefits of the MPSS technique are the high signal-to noise ratio and the variable
frequency point spacing, all combined with a multi-point test configuration that allows full
identification of modes with amultiplicity greater than one. The FRF data obtained by this
method are generally smoother and easier to analyse than data from MPR type tests.
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Interleaved Spectral Excitation Technique (INSET)

Many of the disadvantages with present multi-point testing techniques (MPR and MPSS)
can be avoided with a new testing method known as INSET (INterleaved Spectral
Excitation Technique) [79]. The generation and use of the excitation signals is the main
difference between this technique and those presently available. The signa generation is
similar to that used for pseudo random signals described above. A single discrete
excitation spectrum is formed with spectral components of equal magnitude set at the
analysis frequencies. The frequency spectrum is then divided up into parts — one part for
each of the excitation sources, e.g. if there are to be 2 excitation sources the frequency
spectrum is split into 2 parts. There is no theoretical restriction on how the frequency
spectrum is split between the shakers, but for the best spatial distribution of excitation
frequency energy the individual spectra are formed by “combing” the complete spectrum,
e.g. for 2 excitation sources the 1t spectrum would consist of line numbers (2n), n=0 to

% from the complete spectrum, and the 2rd spectrum would be formed from lines

(2n + 1), as shown in Figure 4.2.

Complete Excitation Spectrum.

fy g g ft, f, g

0 ¢

“Combed” Excitation Spectra.

Derivation of Excitation Spectra.
Figure 4.2

Once the spectral content of each excitation source has been decided, the phase
relationships have to be fixed. An Inverse Fourier Transform (IFT) of each spectrum
produces the time-domain signals required. By careful arrangement of the phases of the
components in each spectrum it is possible to generate time-domain excitation signals
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having a minimum peak-to-RM S ratio. Thisis advantageous in reducing the degreeto
which non-linear elements are exercised.

So that each forcing location experiences the full excitation spectrum, the different signals
are fed to each shaker in turn. To avoid any transients associated with switching the
excitation signalsit is necessary to have a settling period after each change before any
further data are collected, This is analogous to the settling period mentioned in reference to
sine sweep testing.

Derivation of the standard FRF propertiesis a simple process, best illustrated by asimple
example.

Consider a system with two points of interest and a two-point INSET test set-up,
Figure 4.3. The complete excitation spectrum is assumed to consist of 6 components
from which the two individual excitation spectra (A & B) are “combed”, as shown in
Figure 4.2.
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Derivation of Frequency Response Functions from INSET Data.
Figure 4.3
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Initially, the excitation signal from the IFT of A isapplied at location 1 and the signal from
B is applied at location 2. We shall consider the response at location 1 to this excitation.
Since the overall excitation contains energy at all the spectral frequencies the responses
will aso contain energy at al the spectral frequencies. However, the response at
frequency f; must be due to excitation A because this is the only excitation containing
energy at f;. Excitation A is applied at location 1 and therefore it can be concluded that the
response spectral component at f; represents a point measurement; similarly for f3 and fs.
Response at frequency f; is the result of excitation B, applied at location 2, and hence it
represents a transfer measurement — asfor f4 and fg. When the excitations are reversed, so
that signal A is applied at location 2 etc, the point and transfer response spectra can be
compl eted.

Mathematically;

A A A A
X Xt X(t) X,
(2) (o)

Figure 4.4

The Fourier Transformed response Y,(f) of the system shown in Figure 4.4 is given by

Yia(f) = Hii(H).X1(5) + Hio(£).Xo(f) et (4.3)
and for Y n,(f)

Y1) = Hj1(5).X() & Hio(0).Xa) (44)

Now, X;(f) is non-zero for, say, odd lines of the spectrum, i.e. f, fs, . . . . etc, and X (f)
is non-zero for even lines of the spectrum, i.e. fy,f4, . . . . etc. Therefore, from
equation (4.3),

Yiafes. ) =HiXa(fig.) (4.5)

Yia(fos, ..)=Hi2.Xo(f24, ) i (4.6)
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and from equation (4.4) -

Yi(fig ) =HXao(fiz ) (4.7)

Yiu(fog ) =HuXolfz4, . ) (4.8)
Combining equations (4.5) and (4.8)

Yia(f1,3. ) + Yio(fou, . ) = HuXa(fi3 ) + HuXolf2g ) ... (4.9)

=HnXi1(f13...) + Xalf24...)) ......... (4.10)

Now, (X 1(f13 ) + X2(f2,4...)) isequal to the origina excitation spectrum (say, Xo)
before “combing”.

Therefore, Yia(fi3, )+ Yi(fos, ) =HnXo ....................... (4.11)
andthepoint FRF ~ Hj; = Yiaha, ;(; dbed ) (4.12)

Similarly, combining equations (4.6) and (4.7) gives the transfer FRF as -

H12=Yla(f2.4. . )X:) yib(fla . (4.13)

Averaging of the excitation and response spectra can be done in exactly the same way as
with standard single-point excitation techniques. Because the excitation signals are
generated by IFT of finite discrete frequency spectra with components at the analysis
frequencies, the time-domain signals are exactly periodic in the analysis time frame and
there is no requirement for any windowing of the excitation or response signals (see
section on pseudo random signals).

Only two excitation points have been used in this example, but it is a simple matter to
extend the technique for as many excitation locations as required (providing suitable
equipment is available).

A disadvantage of the interleaved spectral excitation technique is that it cannot be
implemented with many of the vibration measurement systems currently available as it
requires multiple channels of Digital to Analogue Conversion (DAC) that can be
controlled, switched and synchronised with the analysis time frame. Most readily-
available vibration measurement systems only have a single channel of DAC and, even
then, thereisinsufficient facility for user control of the DAC itself or of the signalsfed to
the DAC.
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Despite the obvious advantages of the interleaved spectral excitation technique, equipment
and time limitations inhibited its use for practical vibration measurements during the
course of this work.

4.3 Shaker - Structure Interactions

It is known that, on alog-log plot, the sharpness of the resonance and anti-resonance
features should be the same [25]. For broadband random testing, the frequency resolution
across the whole frequency range of interest is constant and, so, it is easy to assess
whether this criterion is met. Very often it is not, see Figure 4.5.
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The anti-resonances are much less well defined than the resonances. In normal
circumstances this is not seen to be too much of a problem because interest is focussed on
resonances rather than anti-resonances. This is unfortunate because the anti-resonances
provide a highly visual and accurate check on the performance of any modal analysis and
the subsequent synthesis of FRFs.
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When measured and synthesised FRFs are compared directly, Figure 4.6, the anti-
resonances from the two sets of data will only match if all the modes have been analysed
correctly and any residua effects have been taken into account. This is because an anti-
resonance is aresult of the contributions of all modes summing together to give zero. In
the vicinity of aresonance the structural behaviour is dominated by a single mode and the
contribution of all the other modes becomes relatively insignificant. In fact, thisisthe
assumption upon which the single degree-of-freedom analysis methods are based. When
the sensitivity analysis method, developed in chapter 3, is to be used it is important that
the measured anti-resonances are defined as clearly as the resonances, to facilitate direct
extraction of all resonance and anti-resonance frequencies by visual inspection or use of a
cursor feature available on the analyser. For thisreason, it is necessary to understand why
the anti-resonance characteristics are not usually as well defined as the resonance
characteristics when broadband random testing methods are employed so that some effort
can be directed towards improving the situation. The explanation is based in the
relationship of the force and response signals through resonance and anti-resonance
regions and the maximum dynamic range of the measuring equipment.

It is possible to produce an excitation signal from the analyser that has a flat spectrum.
The signal is amplified and used to drive an electromagnetic shaker but the actual force
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excitation applied to the structure (measured with a force gauge) does not have aflat
spectrum, due to the mechanical interaction between the shaker, its suspension, and the
structure. Thisisillustrated by the following arbitrary example, Figure 4.7:

Example System used for Representation of Shaker-Structure Interaction.
Figure 4.7

The ‘structure’ is modelled as a grounded 2 degree-of-freedom mass and spring system.
The shaker model consists of 3 eements; a mass (m,) representing the moving
components such as the coail, the table and the pushrod etc., a spring (k) representing the
stiffness of the coil suspension arrangement and a large mass (mg) equivaent to the total
reaction mass of the shaker. The force (F) generated inside the shaker has a uniform
spectrum and is considered to act between the moving mass and the reaction mass of the
shaker, i.e. in parallel with the suspension spring. The moving parts of the shaker are
connected to the force gauge on the structure by a pushrod.

We assume that for the ‘ structure’;

k;=1000 N/m ko = 1000 N/m

m; =3 Kg m; =1Kg
and for the shaker ;

m; = 0.0025 Kg ks, = 125 N/m

The response vector {X) is given by solution of -

(x) =[IKI- @2IMI]T YV {F) o (4.14)
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where, [M] and [K] are the system mass and stiffness matrices and { F) is the forcing
vector.

The force transmitted from the shaker to the structure (Ey) is given by -

Fr=F-(02ms-ke)X2-KsX3  ooovoiiiiiiiiiiiiiieee (4.15)

The receptances that would be measured in an experimental investigation can then be
calculated by dividing the appropriate response parameter byF,. For this example, the
point receptance for location 2 has been chosen for illustration. The Force, Response and
FRF characteristics are shown together on alog-log plot in Figure 4.8. The resonance
and anti-resonance frequencies calculated for the structure are 2.4263 Hz, 6.0275 Hz
and 4.1094 Hz respectively (see the example of section 3.3.6) and they are shown
correctly by the derived FRF in this plot.
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A careful study of these characteristics is instructive for understanding the interactions
between the structure and the shaker. At very low frequencies the transmitted force, F,.,

and the displacement at the interface, x, are in phase with each other. F.. passes through

zero as the frequency is increased to the first resonance frequency. The maximum
response occurs at a frequency dightly higher than the resonance frequency. Between the
resonance frequency and the frequency of maximum response, the force F. and the
response x, are out of phase. The force is working in opposition to the motion of mj. As
the response reaches a peak and passes from +e° to -eo the magnitude of the force aso
reaches a peak, but passes from -oo to +e0. Since both the force and the response each

reach an infinite value smultaneoudly, the ratio of the response and force (the FRF) has a
finite value. The force, F,, and the response, x2, remain out of phase until the anti-

resonance frequency, where the response passes through zero. The phases of F and x2

are now the same as they were at frequencies below the fiist resonance and the sequence
of phase changes is repeated for the second mode.

The key factors to note are that resonance occurs at zero force input and that an anti-
resonance Occurs at zero response. At resonance, almost al the force generated within the
shaker is used to accelerate the moving parts of the shaker and almost nothing is
transmitted through to the structure. In the limit, the dynamic range of the force can be
reduced to zero (Figure 4.9) by setting mg and kg to zero (the size of the reaction mass is
then irrelevant). In this situation, the dynamic range of the response is identical to that of
the receptance function.
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For most practica situations, where the dynamic range of the force function is greater than
zero, the dynamic range of the response function will be greater than the dynamic range of
the receptance function.

In cases where the moving mass of the shaker is large, there is little movement of the
shaker or the structure, and the dynamic range of the response can be reduced below that
of the receptance function, Figure 4.10.
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Force, Response and Receptance Functions for a Large Shaker Moving Mass.
Figure 4.10

It can be seen that, provided that the shaker and reaction mass are selected correctly for a
given structure, the dynamic range of the force signal can be reduced to manageable
levels, whereas the dynamic range of the response signal remains comparatively
unchanged. Correct matching of the shaker to the structure means selecting a shaker that
has minimum moving mass and minimum coil support stiffness for the necessary force
levels. The reaction mass should be as large as possible, although, specia care should be
taken when augmenting the reaction mass of a shaker by bolting on additional masses, as
the centre of gravity of the shaker must remain in-line with the forcing axis. If the centre
of gravity is displaced from the forcing axis, the reaction massis less effective and
undesirable rotational motion of the shaker system will result from the excitation forces.
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4.4 Preliminary Data Collection and Assessment

4.4.1 Preliminary Survey

There are so many factors which affect the final outcome of a coupling analysis that it is
believed strongly that an assessment of the expected results will only be possible from a
thorough, and possibly extensive, preliminary survey. The aim of such a survey isto give
some guidance as to the relative importance of different degrees-of-freedom at the
coupling points, for selected types of modifications, and the care with which they must be
measured.

M easurement Fregquency Range

Usually, in structural modification exercises, the region of interest is focussed on a
relatively small frequency range, situated about a problem frequency at the operating
condition of the machine. This small frequency range should be considered in careful
detail both before and after the modification prediction, so that the precise effect of the
modification in that region can be properly assessed.

Although the main interest is concentrated in a narrow frequency range, it is still vital to
have a much wider picture of the situation. It may be that as a consequence of improving
the dynamic characteristics in one particular frequency range, detrimental effects occur
elsewhere. This should be known, so that the overall suitability of a modification can be
assessed.

It has already been mentioned that the final results will be judged over a small frequency
range around a particular frequency of interest. However, it isimportant to remember that
the input data may have to be collected accurately for avery much wider frequency range,
particularly if a process of modal analysis and subsequent synthesis of the FRFs isto be
employed. In principle, if the raw measured FRF data were to be used directly in a
coupling analysis, then it would be necessary to measure data only over the small
frequency range of interest because this data includes the effects of all the modes of
vibration. Nevertheless, it has been found that slight inconsistencies in the raw data
(brought about by taking severa measurements sequentially rather than all
simultaneoudly) leads to predictions for the FRFs of the modified structure that are
contaminated by ‘ breakthroughs from the original data[31]. This problem can be avoided
if all the data are measured simultaneously, or the if FRFs are synthesised from a modal
database. Practically, it is not possible to collect al the data for the complete FRF matrix
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in one simultaneous multi-point excitation measurement - such a measurement would
necessitate an excitation source and a response transducer at every degree-of-freedom of
interest, including rotational degrees-of-freedom.

If the FRFs used in a coupling analysis are to be synthesised from a modal database, then

either: (i) sufficient modes must be included in the measured frequency range to account

for the effect of out-of-range modes in the narrow frequency band of interest, or

(i) residual terms must be accurately defined and incorporated for each FRF to be used in

the modification procedure. The question of what is a ‘ sufficient number of modes ?
depends upon factors such as the local modal density and modal dampings, and whether
there are any dominant modes nearby. It will be highly specific to the particular structure,

and the modification sites chosen. Once a sufficient number of modes have been measured
and analysed for one row or column of the FRF matrix, then al the terms in the matrix

may be synthesised accurately from the modal database. However, while the agreement of
measured and synthesised FRFs serves as a check on the results for the unmodified

structure, there is still no guarantee that the model will be adequate for accurate prediction
of the effects of any given modification.

If an impedance coupling method is used, the effects of out-of-range modes can be
included by the addition of residuals to the synthesised FRFs. The residual terms
approximate the effects of the out-of-range modes in the frequency range of interest.
However, if amodal coupling method is used, it is not easy to add in such correction
factors.

Frequency Resolution

Adeguate definition of the resonance features of a FRF is most important since these data
points are highly influential in the modal analysis process. Circle-fitting of single modes
in the Nyquist plane presentation of an FRF provides a clear example of the need for
sufficient data points in the upper half of the Nyquist circle, i.e. between the half-power
points. From preliminary measurements and the following analysis, it is a relatively
simple task to calculate the frequency resolution necessary to define the circle adequately
for the purposes of modal analysis; consider the Nyquist circle in Figure 4.11:
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Nyquist Circle Plot
® of Inertance.

Imaginary Axis.

Real Axis.

Derivation of a Criterion for Frequency Point Spacing.
Figure4.11

If we require aminimum of three points between the half-power points, w, @, and ,,
to define the circle for analysis purposes, then the frequency spacing (dw) is given by -

oW =i(f_)l_-_(!_)l_)_

B e (4.16)
It can be shown that for small levels of viscous damping,
T R (4.17)
20,
where €, = viscous damping coefficient for rth mode.

o is the resonance fregquency,
@ and @, are the half-power points.

Therefore, by substituting equation (4.16) into equation (4.17), the point frequency
spacing (dw) is found to be,

S =0, (4.18)

For hysteretic damping and close to a resonance, 0, = 2¢; and the expression for the point
frequency spacing becomes,
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For broadband random testing, the frequency resolution is generaly dictated by the
properties of the lowest frequency mode of interest. Elsewhere in the frequency range, the
resolution is usually more than adequate — data points are used inefficiently. The
maximum number of data points for atest is limited by the data block size available in the
analyser. Thus, in combination, the necessary resolution (for the low frequency modes)
and the restricted number of data points limit the frequency range that can be measured in
any one test. If the frequency range of interest is larger than this, there are two options
available;

(i) measure the additional frequency range using zoom measurements; or,

(i) reduce the frequency resolution and re-measure over a larger baseband
frequency range.

The choice is dependent largely upon the features of the analyser and the number of
channels measured simultaneously. Implementation of the zoom method requires
significantly more computational power and it is usua for either, (a) the number of
frequency points or, (b) the number of channels to be reduced by a factor of 2. Zoom
measurement has the advantage over extended baseband testing in that the data points are
used more efficiently — each mode is measured only once — however, zoom measurements
take longer than standard baseband measurements and there are some computational
difficulties (frequently zoom FRFs have a ‘spike’ at the centre-frequency). When using
extended baseband testing methods, the low frequency modes are measured several times
over, each with gradually increasing frequency spacing as the frequency range is
extended. In the subsequent modal analysis phase, only the highest frequency resolution
datafor each mode is used — the lower resolution data is superfluous.

Any noise on the force signal is likely to influence the resonances whereas noise on the
response signal will affect the anti-resonances. To minimise these effects of noise,
different estimators of the FRF can be used; for the best estimate of resonances, where
there is noise on the response signal, Hy should be used, and H; should be used where
there is noise on the force signal. The reverse applies for the anti-resonances. Derivation
of these results can be found in reference [80].

Quantity of Data — Number of Degrees-of-Freedom to Measure

The quantity of datato measure depends largely upon the purposes for which the data are
required. If the data are only required to identify the resonance frequencies of the structure
a small number of FRFs is al that is necessary. To be able to characterise the mode
shapes uniquely requires significantly more data. If the purpose of measuring the structure
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is to obtain data for use in a coupling anaysis of the behaviour of the structure when
modified in some way, the measurements must include, as a minimum, FRF data for all

the degrees-of-freedom actively involved in the coupling. The minimum quantity of data
will enable the new resonance frequencies for the modified structure to be identified but it
is probably insufficient to define the new mode shapes adequately. Further discussions on
the type and quantity of data necessary for the accurate prediction of the effects of a
modification isleft until chapter 5.

In chapter 3 the concept of a point difference FRF between two points on a structure was
introduced for the calculation of the resonance frequency senditivities to stiffness
modifications between selected pairs of points. At the outset of a measurement survey it
should be decided whether investigation of internal spring modifications is appropriate
and, hence, whether these point difference FRFs will be required. If so, the data recorded
in the measurement survey should include the excitation and response spectra separately,
in addition to the normal FRFs. Calculation of the point difference FRF between any pair
of degrees-of-freedom is then a matter of appropriate combination of the separate
excitation and response spectrafor the two degrees-of-freedom involved.

Presently it is envisaged that part of a preliminary survey may consist of making quick —
but not necessarily highly accurate - 6 degree-of-freedom point measurements for each of
the possible modification sites. This data would then be used together with similar data for
the modification component, to establish the relative importance of al the degrees-of-
freedom, hence giving some idea of the type and quantity of data to be measured for the
interface degrees-of-freedom.

Quality of Measured and Synthesised Data

During the preliminary survey, and indeed throughout the full modal test, some checks
should be done to assess the quality of the measured data. If the starting point for any
structural modification procedure — the synthesised FRFs — does not represent the
structure accurately, then erroneous results for the eventual predictions must be expected.

There are severa techniques already in general use which can provide an indication of the
quality of the data, e.g. repeatability, reciprocity and coherence. However, application of
some of these techniques in a much more systematic, rigorous and critical manner will
give a better performance than is presently achieved. Almost always, repeatability and
reciprocity checks are done by ‘eyeballing’ sets of FRF curves to see if there are any
major differences. The comparisons are made significantly easier if difference function
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(AFRF) curves are plotted for the sets of data — in just the same way, the difference
functions can be used in the assessment of the performance of different modifications.

4.4.2 Difference Functions

The AFRF is defined as the following vector difference:
AFRF(m) = FRF(w) for comparison - Reference FRF(w).
or AH(o) = H'(0) - H(o)

It has the same units as the origina FRF, and the same ‘form’, i.e., Receptance, Mobility,
Inertance, etc., and indeed, exhibits the properties and characteristics of a multi-degree-of-
freedom linear system. A single AFRF curve is easier to read and interpret than small
differences between two FRF curves, once the various features of the difference curves
have been characterised and are familiar.

The AFRF isthe vector difference of the two FRFs at each frequency . Thisis shown
clearly in the Argand plane (Figure 4.12) where the functions are assumed to have
dightly different resonance frequencies. The vector joining the two response function
vectors is the difference, and the magnitude of this difference vector can often exceed the
magnitude of one of the constituent FRF vectors.

H,
Nyquist Circle.

Imaginary Axis.

Real Axis.

Derivation of the Vector Difference Function.
Figure 4.12

The difference is given by the vector difference: A=(H, - Hy)
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Now, if we assume that IAI = IHy!, then @ = z-rads (45°) and, H, = V2 H,

On alog plot, the difference in the magnitudes of H; and H, would be 3 db in atotal
range of the function of possibly 60 db and, therefore, not easily seen.

The difference between a half-power point frequency and the resonance frequency is
given by &w, (from equation 4.16). For a system with a viscous damping of 1% critical
there would only need to be a 1% shift in the measured resonance frequency for the
magnitude of the AFRF to be the same as one of the constituent FRFs, i.e. the difference
function isavery sensitive function. Without very careful inspection of the FRF Bode
plots, even differences as large as this can be difficult to see.

Use of the AFRF in Repeatability and Reciprocity Checks

Repeatability checks are a means of assessing the stability of the structural characteristics
over aperiod of time. It is always assumed that the structure does not change with time or
as aresult of the excitation itself but there are a number of practical effects that can alter
the characteristics of a structure;

e.g. Bolts slackening,
Release of pre-loads,
Fretting,
Environmental factors, such as temperature and humidity.

For a linear conservative system, Maxwell’s Rule of Reciprocity applies: the measured

FRF for aforce at location j and a response at location i should correspond directly with

the measured FRF for aforce at location i and response at location j. The FRF matrix is

symmetric and this property can be used as a check on the quality of the measured data.

Additionally, the reciprocity check can give an indication of shaker and accel erometer
loading effects on the structure. When making reciprocity check measurements the

positions of the shaker and accelerometer are reversed. If the shaker and accelerometer
have negligible effect on the structure, then there should be good reciprocity (all else being
equal). But if the shaker and accelerometer do have a significant loading effect on the

structure, then the effects in the two configurations will be different and the reciprocity

check will reveal differences between the FRFs.

Repeatability and reciprocity checks are usually carried out over a frequency range
incorporating several modes, with the emphasis placed on the magnitudes of the
functions. In keeping with this practice, the magnitude of the AFRF is plotted alongside
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the two FRFs of the repeatability or reciprocity check for comparison. It isimportant that
the AFRF is interpreted with reference to the FRFs, from which it was derived, to
understand the possible causes of any large discrepancies indicated. If alarge peak on the
AFRF corresponds with a resonance region of the constituent FRFs, then it is likely that
the difference is due to a dlight shift in the natural frequency. When a peak occurs away
from resonance, it is usualy caused by differences in the magnitudes of the FRFs.

AFRF Examples

The following examples show the benefits to be gained from the use of the AFRF in the
presentation of repeatability and reciprocity data. The measurements are al taken from a
survey of an aerospace structure, with the repeatability measurements made over a period
of one week The same level of input excitation was used for all the measurements and, in
the case of the reciprocity measurements; no attempt was made to keep the response at a
particular point the same for each excitation. Therefore, there could be the influences of
non-linearities included in these results.

The AFRF in Repeatability Checks
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Figure 4.13

The two point FRF measurements, shown in Figure 4.13, were made at different times
as a check of the measurement repeatability. The vector difference between these two
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functions has been calculated and forms the AFRF which shows clearly the large
differences between the FRF measurements around the resonance regions. Without the
AFRF it would be all too easy to dismiss the small differences in the magnitude plots of
the FRFs.

The AFRF is of little value on its own, only when it is plotted alongside the FRFs from
which it was derived can meaningful interpretations be made.

Title: Repeatabliity (16 to 19 Hz).
Response 66Y+/Force 66Y+
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Nyquist Plot of Repeatability Measurements (1619 Hz).
Figure 4.14

In Figure 4.14, small portions of the same two FRF curves shown in Figure 4.13, are
plotted in the Argand plane around the 4t resonance (from 16 to 19 Hz). Although the
data points from the two FRFs are now widely separated, in the vicinity of resonance it
would be a reasonable assumption to say that they all lie on the same modal circle. The
differences are due to a dight shift in the resonance frequency and, because frequency
information is not usually displayed on an Argand plot, the resonance frequency shift is
not easy to deduce without further analysis.

The AFRF and Reciprocity Checks

The use of the AFRF in assessing the reciprocity of measured FRFs is shown in
Figure 4.15; two measured reciprocal FRFs are plotted together with the AFRF. It will be
noticed that the largest differences occur in the resonance regions. Once again, thisis due
primarily to dight shifts in the resonance frequencies rather than to changes in the
magnitudes of the FRFs; the 34 mode at around 11 Hz and the 4t mode at about 17 Hz
illustrate this clearly. An enlarged portion (16 to 19 Hz) of the plot is shown in
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Figure 4.16 where the shift in the resonance frequency can be seen clearly. Frequency
shifts such as this, caused through different loading of the structure by the measuring
apparatus for the two measurements, are not always quite so obvious but, nevertheless,
they can still give rise to problems at the modal analysis stage.
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It isinteresting to plot these FRFs and the AFRF for the 16 to 19 Hz frequency range in
the Argand Plane, Figure 4.17. The circles described by the two FRF measurements are
similar and without further analysis or inclusion of frequency information the frequency
shift is not obvious. However, the AFRF describes a cardioid shape, rotated 90° from the
modal circles. This is a feature of the AFRF which is characteristic of a shift in the
resonance frequency between the two constituent FRFs [21].

Title: Reciprocity (16 to 19 Hz).

Real {Inertance)

Imaginary {(Inertance)

—— Response 481+/Force 66Y- & |
—t— Response 66Y-/Force 492+ <
== Difference.

Nyquist Plot of Reciprocity Check using the AFRF (16-19 Hz).
Figure 4.17

Quality of Modal Analysis Data

A further use for the AFRF is in the assessment of the quality of modal analysis data. In
Figure 4.18, a measured FRF is compared with the same function synthesised, from a
modal database created from analysis of measured data. Thefirst point to notice is that the
synthesised function is smooth, whereas the measured function is rather “noisy”,
particularly in the anti-resonance regions. This smoothing represents a large proportion of
the low-level AFRF. Again, in the resonance regions, the AFRF shows marked increases
indicating that the measured resonance and the resonance synthesised from the modal
database do not quite coincide. Nevertheless, in this case, the AFRF for the measured and
synthesised FRFs has a similar general appearance to the AFRF for the repeatability
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measurements of the same function, Figure 4.13. It can be concluded therefore, that the
synthesised FRF is agood representation of the actual FRF in this particular case.
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Note:

Throughout the complete assessment of measured and synthesised data, it should be
remembered that the quantity and quality of the data are being assessed for their suitability
for aparticular purpose. The data may not have to be highly accurate in an absolute sense,

just sufficiently accurate for the required purpose; a fact which can contribute to

significant savingsin cost and time.

4.5 Review of Chapter 4

Unless an analytical model or a F.E. model is available, the vibration properties of a

structure must be derived from experimental measurements. The theoretical sensitivity
anaysis techniques and structural modification methods presume the availability of such

data, from whichever source.
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It isimportant to remember that the data obtained by different testing methods will not be
identical because of practical differencesin the way in which measurements are made.
Many of the differences occur as a consequence of non-linearities in the structure which
are excited to a greater or lesser extent with each different testing technique. Moreover,
some testing methods allow variable frequency point spacing which enables data points to
be concentrated in the areas of particular interest and greatest rates of change.

In abrief overview of anumber of vibration testing techniques, the practical consequences
of each method have been presented and discussed. It is possible to divide vibration
testing techniques into two basic categories; sine testing (or more specificaly, phase-
resonance methods) and broadband testing (phase-separation methods). Both of these
categories may be further sub-divided depending upon the number of excitation signals
used, i.e. single-point testing and multi-point testing. Recent development of multi-point
broadband testing has resulted in the INterleaved Spectral Excitation Technique (INSET),
which seems to have great potential, provided that sufficient user control is available for
multiple digital-to-analogue output channels in testing equipment.

An important point to remember when performing any vibration test is that, in almost all

forms of testing, the equipment used to carry out the test will itself exert some influence
on the structure under examination. There is interaction between moving parts of the
shaker and the structure which can lead to excessive dynamic range in the measured force
signal and, consequently, to poor quantification of the signal due to alimited dynamic
range of the measuring equipment. The dynamic range of the force signal can be confined
to manageable levels by appropriate matching of the shaker to the local structural

characterigtics.

Many of the potential problems with vibration testing only become apparent during the
actual tests. Frequently, it is not possible to predict such problems beforehand either
because there is no analytic model or because the model of the structure is
unrepresentative. For thisreason it is advocated strongly that a preliminary survey should
be performed prior to the full measurement survey. In the preliminary measurement
survey, which would consist of measuring at a small subset of the points for the complete
survey, the measurement frequency range, necessary frequency resolution and the likely
positions for structural modification can all be defined. The main advantage of the
preliminary survey isthat more effective use can be made of subsequent testing time and
resources.

As part of the preliminary survey, and during the full survey, critical assessments of the
quality of the measured data should be made. Preferably, these checks should be capable



Practical Considerations 119

of implementation at the earliest stage possible and they should be simple and easy to

interpret. Reciprocity and repeatability are two methods for assessing the quality of

measured data which have been used for many years. However, it has been found that

much of the information that could be derived from these checks is lost because the

respective FRFs are only compared by eye. Consequently, small differences between two

large quantities are invariably overlooked despite the fact that the differences may be

systematic and indicative of slight shiftsin the structural resonance frequencies. To aid the
assessment of data quality by these methods, the use of ‘difference functions' alongside

the actual FRFs has been found to be particularly beneficial.




Chapter 5

Incompleteness and |naccuracy
of Dynamic Models

5.1 Introduction

The theory for the impedance and modal coupling methods has been presented in
chapter 2. Additionally, it has been shown that, providing each of the modelsused isa
complete description of the component to which it refers, the results obtained from
impedance or modal coupling methods are identical. In practice, however, the
mathematical models used as descriptions of the dynamic characteristics of the
components are incomplete and inaccurate.

In every experimental study there will always be a certain degree of inaccuracy and
incompleteness. When a perfect and complete model is not available for reference, the
degree of inaccuracy or incompleteness of an experimentally-derived model is very
difficult to quantify. The quality of a model is often assessed by the ability to predict the
effect of certain simple modifications, using the model as a description of the unmodified
state. Measured and predicted characteristics of the modified structure are then compared
and conclusions are formed as to the sufficiency of the base model used;[23] & [77]. In
fact, this approach to assessing the adequacy of the model only indicates the suitability of
the model for predicting the effect of the simple modification tested; the model may be
highly unsatisfactory when used to predict the effects of another type of modification.

The terms ‘inaccuracy’ and ‘incompleteness’ are often used together in all-encompassing
statements about why a particular modification prediction has been unsuccessful.
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Although both definitions may apply, it is unfortunate that the terms are used in such close
conjunction when the causes of inaccuracy and incompleteness in a model are very
different.

5.2 Incompleteness

There are two quite distinct forms of incompleteness that can be present in a model;

() spatia incompleteness — where there are insufficient or inadequate
measurement points on the structure; and,

(i)  modal incompleteness — where not all the modes of the system are included
in the model.

5.2.1 Spatial Incompleteness

Spatial incompleteness has two main consequences - first, the mode shapes of a structure
cannot be identified uniquely, and second, it may not be possible to incorporate certain
joint configurations in predictions of the effects of modifications. While spatial
incompleteness may not be a problem if al the relevant data are available for the degrees-
of-freedom actively involved in a coupling, it becomes a very severe limitation if the
incompleteness extends to some of the coupling degrees-of-freedom. The most frequently
encountered example of this involves models lacking in rotational FRF properties at the
coupling points. When such models are used to predict the effects of actual modifications
that are coupled in both rotational degrees-of-freedom and trandational degrees-of-
freedom, the results are an underestimate of the actual effects because the modification
attachment is less stiff in the prediction than in the actual case.

Rotational Degrees-of-Freedom and Spatial 1ncompleteness

For the mgjority of modal surveys, measurements are made of trandational properties
only; usualy the translational acceleration at a point divided by the trandational force input
causing that response - the tranglational inertance FRF. Frequently, it is also the case that
only one of the 3 trandational responses is measured at any particular point. When one
considers that all points have 6 degrees-of-freedom, it is evident that any model derived
from measurement of a single degree-of-freedom must constitute a gross
oversmplification for most structures. The rotational terms of the 6 degrees-of-freedom
are neglected largely because of the difficulties involved in their measurement and the fact
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that, progressing from, say, 3 translational measurements at a point, to all 6 degrees-of-
freedom, represents afourfold increase in the number of measurements to be made, stored
and processed. There are, as yet, few proprietary rotational accelerometers or pure torque
exciters and any rotational excitation or response terms in the complete FRF matrix have
to be calculated from appropriate translational measurements.

Example of Spatial Incompleteness in the Coupling Degrees-of-Freedom
It has been mentioned earlier that a common source of spatial incompleteness is the

omission of rotational degree-of-freedom properties, simply because they are difficult to
measure accurately. In this example, the coupling of two free-free beamsis considered,

Translation.
4 4

A B

X
- Ly > Rotationl. L, >

Coupling of Beam Elements.

Figure5.1

@) thebeamsare coupled together in the translational and rotational degrees-of-
freedom in one plane. This represents a rigid joint between the beam
elements, giving a coupled structure equivalent to a single beam of length
Li+L,; and

(i) thebeams are coupled in asingle transverse trandational degree-of-freedom
only. Thisrepresents a pin-joint between the beam elements - the transverse
trangdlational motions of the coupled ends of the beam are the same, but there
IS no constraint on the rotational motions of the coupled ends.

(i) When points of interest are confined to degrees-of-freedom involved in the coupling,
the impedance coupling equation is in terms of 2x2 matrices, equation (2.34).

[v] = [a] - [o] ([B]+[e])" [o]

The point trandational FRF for the interface of the coupled beams is plotted in
Figure 5.2a.
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(i) For coupling of the transverse trandational degree-of-freedom of the beams only, the
impedance coupling equation reduces to equation (2.11) -

1 1 1

—_ —— g e

Y o B
when interest is restricted to the transverse trandational behaviour at the interface point

and there are no passenger coordinates. The FRF for the beams, pin-jointed in this way,
is also plotted in Figure 5.2b, below that for rigid coupling of the beams.

It can be seen that the two FRFs are markedly different. In the frequency range plotted,
the rigidly joined beam (&) has 5 modes, whereas the pin-jointed beam (b) exhibits only
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4 modes. As expected, the fundamental mode frequency is higher for the rigid beam,
because the rigidly joined beam is stiffer than the pin-jointed beam.

For very stiff structures, measurement of the translational FRFs only for use in a coupling
anaysisis quite often satisfactory. Unfortunately, alarge proportion of today’s structures
are insufficiently stiff for the implicit assumption that the rotational motion is negligible
compared with the trandational motion to be valid. In such situations, very careful
consideration of the structures and inclusion of selected rotational termsin a coupling
analysis becomes vital for valid predictions to be obtained.

Obvioudly, there are components and structures where symmetry indicates that there will

be no response in a particular direction. However, although this may be the case for an
individual component in isolation, it will not necessarily be the case when that component
is attached as a modification to alarger, more complex, non-symmetric structure. It isthen
essential to have measured, or have available, al the FRFs of all the components.

Measurement of Rotational Degrees-of-Freedom

In vibration analysis, the rotational degrees-of-freedom are usually neglected when the
FRFs are measured experimentally. The main reason for their exclusion is that they are

difficult to measure and is not because they are unimportant. As shown above, the

rotational degrees-of-freedom can be vita in certain circumstances.

‘T-Block’ Method for Measurement of Rotational Degrees-of-Freedom.

T-Block Transducer.
Figure 5.3
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A T-block, shown schematically in Figure 5.3, is attached to the structure at the point of
interest and trandational FRF measurements are made on the block itself. By mathematical
manipulation of the tranglational FRFs obtained, al the required FRFs, including those
for the rotational degrees-of-freedom, may be calculated and, at the same time, the mass
and inertia loading effects of the T-block on the base structure can be removed. The
derivation of an equation for calculation of the rotational degree-of-freedom properties
from T-block measurements is described fully in the work by Silva[9].

The transformation to produce the ‘rotational’ FRF data set for the attachment point from
measurement of trandational FRF data on the T-block is:-

-1
[H] = [Tl].[Hm][[Tz] - [M][Tl][Hm]l EEERERRRRRRRRRRERE

where:-
[H] = ‘rotational’ FRF data set for the attachment point.

[T;] = Transformation matrix containing information about the response positions
on the T-Block.

[Hn] = Matrix of measured ‘translational’ FRFs.

[T,] = Transformation matrix containing information about the forcing positions
on the T- Block.

[M] =“Mass matrix for the T-Block; used in the removal of the loading effects of
the block on the structure.

Discussion of the Measurement of Rotational Degrees-of-Freedom

(i) T-Block Transducer

The main problem with this method is that of attaching the transducer to the structure with
sufficient rigidity such that the behaviour of the structure is transmitted to the transducer
faithfully, see Figure 5.4.

A further disadvantage of this method is the large physical size and mass of the T-block
transducer. The whole transducer, consisting of at |east two accelerometers, aforce gauge
and the T-block itself, can be prohibitively large and may have a significant mass-loading
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effect at the measurement point. Although it is possible to ‘subtract’ this effect at a later
stage, equation (5.1), the accuracy of the final results obtained depends to some extent on
the mobility of the measurement point. If the point is not very mobile, the effect of the
transducer will be comparatively small and the fina results can be expected to be
reasonably accurate. However, if the measurement point is highly mobile, the effect of the
transducer may be so large that it dominates the structural response at that point, in which
case the process of removing the effects of the transducer is likely to produce inaccurate
results for the behaviour of the underlying structure. It is absolutely vital that accurate data
are obtained for the sensitive points on the base structure if any meaningful predictions are
to be made for the behaviour of a modified structure.

The only reason for using a T-block transducer is to enable calculation of the
rotation/rotation FRF. The rotation/trandation FRF can be derived by measuring the
trandation responses of two closely spaced points either side of the excitation position
and, providing that the short length of structure between the two response points is rigid,
calculation of the difference between the measured trandational FRFs. By Maxwell’s
‘Rule of Reciprocity’, the trandation/rotation FRF is identical to the rotation/translation
FRF. However, because it is difficult to apply a suitable pure torque excitation at the
measurement point directly, the rotation/rotation FRF cannot be obtained quite so readily.

Methods for measuring rotational or angular response are not new. In fact, the design for
just such an instrument,, based on a design similar to that of a moving mirror
galvanometer, is reported in [82] from about 1960. Today, it should not be too difficult to
adapt laser-based techniques for the (non-contact) measurement of trandational response,
to measurement of angular response. The design of a device to apply a pure torque
excitation, of areasonable amplitude, is more difficult to visualise.

(ii) Cross Axis Sensitivity of Transducers

Another problem that arises when trying to derive the rotational FRF set by the ‘' T-Block’
method is that of the cross axis sensitivities of the accelerometers. The cross-axis
sensitivities can be very important when differencing two FRF signals of similar size,
particularly when the motion in one of the transverse directionsis large. In such cases, the
difference between the measured FRFs can be of the same order of magnitude as the cross
axis sensitivity component. This is just the situation that may arise in calculations of the
rotation/translation, translation/rotation and rotation/rotation FRFs, where the
transformation from measured translational FRFs essentially involves differencing
operations. A similar observation has aso been made when calculating FRFs in the
coordinate directions from angled forcing inputs (see chapter 6).
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To minimise the effects of cross-axis sengitivities, it is necessary to align the maximum
cross-axis senditivity direction of each accelerometer with the direction of minimum
transverse motion at the attachment point, However, a polar plot of cross axis sensitivity
is rarely available for each transducer and even if it were, exhaustive tests would be
required to ascertain the direction of minimum transverse response at each location.
Furthermore, it is not aways possible to set a transducer a a particular angular
orientation. For accelerometers with a threaded base which are attached to the structure by
means of a stud, specific angular orientation can only be obtained by insertion of spacing
shims, of the correct thickness, underneath the bases of the accelerometers. precise
angular alignment is difficult to achieve (see section 5.3.1 for further discussion on cross-
axis sengtivity effects).

(i) Use of Synthesised FRFs

In the calculations to determine the rotational degree-of-freedom FRFs from ‘T-Block’
measurements, it is theoretically possible to use any form of FRF, e.g. the raw measured
data, ‘smoothed FRFs’ or FRFs synthesised from a moda database. Although ‘smoothed
FRFs’ or synthesised FRFs are noise-free, they may not contain al the important
information inherent in the measured FRFs, e.g. exact resdua information. If raw
measured data, Figure 5.4, or smoothed data are used in the calculations, the inconsistent
data gives rise to the phenomenon of ‘breakthrough’ [31]. The inconsistent resonance
peaks of all the FRFs used in the calculations breakthrough into the derived results for the
rotational degrees-of-freedom producing multiple peaks for each resonance.
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Implications for the Use of Measured Rotational Properties in Coupling
Procedures

The purpose of measuring rotational degree-of-freedom FRFs is so that they can be
included in predictions of the effects of modifications. The inclusion of rotational degree-
of-freedom properties allows more efficient use of modifying components through
rotational aswell as tranglational restraints at the interfaces. However, the underlying
assumption in the modification prediction is that the interface joint between the component
and the structure is rigid. If it is not rigid, then any predictions will be erroneous. In
previous work, [36], and in the case study of chapter 6, it is shown that, the interface
joint between the measurement-block and the structure is often not rigid. Because the
joint cannot transmit the rotational motion adequately and since it may not be possible to
ater the particular method of attachment, it may be better to consider the design of
modifications which have pin-jointed end connections, the results of which can be
predicted more accurately.

Consider the following procedures for prediction of the effect of a modification with
particular reference to rotational properties.

@
J J.. Modification
1
Component.
Base Structure. |
1] 1]
J3 Ji Jp
Actual Coupling. Theoretical Coupling.

Schematic Representation of Coupling when FRFs for Both
Components are Derived from Measurement.

Figure 5.5

FRFs for both the base structure and the modification component are derived from T-
block measurements, as described earlier. The T-block is assumed to be rigid and its mass
properties known. Therefore, it is possible to remove the effect of the T-block transducer
from the base structure, leaving the FRFs for a point on the externa side of a‘joint
component’, J;, assumed to exist between the base structure and the T-block, Figure 5.5.
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The same will apply for measurement of the modification component, except that this
joint, Jo, may have different properties from those of J;. When the actual modification is

made, the base structure and modification component can be considered to be separated by
yet another joint, J3. The theoretical prediction, using measured data, assumes arigid

connection between the external sides of J; and J, as shown in Figure 5.5, and only if

J1+J2=J3 will the theoretical prediction match the actual result. A special case of this

conditionisif al thejoints arerigid, which is probably the only practical way of achieving
good correlation between prediction and practice.

(ii)

Modification
Component.

Base Structure.

Jo Ji
Actual Coupling. Theoretical Coupling.

Schematic Representation of Coupling when FRFs for
Components are Derived from Measurement and Theory.

Figure 5.6

FRFs for the base structure are derived from T-block measurements as for (i) above.
Accurate theoretical FRFs are assumed to be available for the modification component.
When the actua modification is made, the components are separated by the joint
component Jo, Figure 5.6. In the theoretical prediction, though, J; separates the
components. If J1=J2 the prediction and actual result will match. This condition is
probably easier to achieve practically than that for (i) above.

5.2.2 Modal Incompleteness

If measured FRF data are used directly as the vibration model of a structure, then modal
incompleteness does not arise because the contributions of all modes are automatically
included in the measured data. If the FRFs are synthesised from a modal database, then,
unlessresidual information isincorporated in the synthesis, only the contributions from a
relatively small number of modes are included.
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While this may be sufficient to describe the behaviour of the unmodified structure over the
frequency range of interest, it may not be good enough when a modification is made.

Modal Incompleteness and the Use of Residual Correction Factors.

With an experimental measurement survey of a structure there are always practical
limitations which prevent derivation of a complete model. Here, discussion is focussed on
the problem of modal incompleteness and how some allowance can be made for the
effects of out-of-range modes in the frequency range of interest.

Modal analysis theory is based on the assumption that the dynamic behaviour of a
structure can be described completely by a summation of all the modal contributions. For
ahysteretically damped model -

N .
op(@) = ¥ ( ik J .................... (5.2)

r=1 Qf-m2+inr93

Except for the very simplest lumped mass and spring systems the majority of practical
structures have continuous distributions of mass, stiffness and damping and,
consequently, have an infinite number of modes. The summation of equation (5.2)
extends to infinity.

It is common for the measurements to span only the “frequency range of interest”, i.e. a
frequency range covering modes of particular concern. Thus the measured frequency
range covers only a small fraction of the total number of modes. Modes above or below
the measured frequency range cannot be analysed and, therefore, they cannot be included
in the modal database. Collectively, these modes are known as the out-of-range modes.

Following a modal analysis process, FRFs can be synthesised from information contained
in the modal database. When the synthesised FRFs are compared with their measured
counterparts, the influence of the out-of-range modes in the frequency range of interest
becomes apparent. If the data are accurate and the modal analysis has been performed
correctly, the synthesised resonance features will be defined clearly and correspond with
the resonances on the measured FRFs.
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Representation of Residuals as Linear Functions.
Figure 5.7

In off-resonance regions, even though the data used in the synthesis are accurate, the
correspondence between the measured and synthesised FRFs depends largely upon
whether the out-of-range modes have any significant influence. If the actual out-of-range
mode contributions are large, the synthesised FRF (which only contains information from
the analysed modes) will differ from the measured FRF markedly. The most obvious
differences are in the positioning of the anti-resonance features.
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Equation (5.2) can be r-e-written in 3 sections to represent;
(@ the low-frequency out-of-range modes, (r=1to L-l);
(b) the modesin the measured frequency range, (modes r=L to H); and,

(c) the high-frequency out-of-range modes, (r=H+1 to N).

=1 Sf- (’)2 +in; Qi
+ g Ak
| &-0®+in, Q?

g rAk } IIIIIIII (53)

L-1 .
(@) = ¥ ( Ak J

+ 2 2 . 2
=H+l - 07 +in Q7

The term representing the low-frequency out-of-range modes is known as the low-
frequency residual, and that representing the high-frequency out-of-range modes as the
high-frequency residual, see Figure 5.7. It can be seen that the residual terms are
dependent upon the force and response locations (j and k) and, hence, the residuals are
local properties.

It isinteresting to consider this equation for a narrow frequency band around a single
mode. The centre term is the contribution of the singe mode of interest only. For well
separated modes, where the effects of the high-frequency and low-frequency residual
terms can be considered to be constant in the narrow frequency range of interest,
equation (5.3) reduces to,

A
az(®) = Il D
3k(©2) [ Q-0 +in, Q32 ) (54)

whichisthe basis of single-degree-of-freedom modal analysis methods.
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In the circle-fitting technique of single- Resonance Point.
degree-of-freedom moda analysis, the
displacement (D) of the circle
(Figure 5.8) from the origin is a
reflection of the residual effects. At
resonance, the response is dominated by
the contribution of that single mode, the
constant residual effect can be
insignificant in comparison. D

Nyquist Circle.

Imaginary Part.

Real Part.

Figure5.8

However, away from resonance, and particularly at anti-resonances, the response is
formed from similar-sized contributions from a large number of modes. If the
contributions from a series of modes are ignored, there will be a large error in the
estimated response and the synthesised anti-resonances will be incorrectly positioned.

The relative importance of residua terms varies throughout the FRF matrix- for some
FRFs the residuals are essential, while for others they may be insignificant. There are
some genera trends for the relative magnitudes of different residual terms but discussion
of this aspect of residualsisleft until |ater.

The assumption that residual effects are constant isonly valid for narrow frequency bands
around each resonance. Over atypica frequency range of interest containing several
modes, residual effects will not be constant but, there are several ways in which they can
be represented,

(1) aslinear functions;

(2) asthe effects of two fictitious modes, one above, and one below the
measured frequency range; and

(3) by incorporation of sufficient modes from outside the frequency range of
interest.

(1) Residuals as Linear Functions

By consideration of Figure 5.7, where the FRFs are displayed on alog-log plot, it can be
seen that the low-frequency residual term could be approximated, in the frequency range
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of interest, by a mass line (Figure 5.7b) and that the high-frequency residual term could
be approximated by a stiffness line (Figure 5.7d).

For the low-frequency residual, where @ » Q.

L A -1
rAik m— )
Ei(ﬂf-mz+in,93] 02, Mjx 59

where My = low-frequency ‘mass-like' residual term.

and for the high-frequency residual, where ® « Qg

N
rAjk ]
r=§+{ -0’ +in, Q3 J Ky e (5.6)

where Ky = high-frequency ‘stiffness-like’ residual term.

The accuracy of this approximation depends upon how well separated the out-of-range
modes are from the frequency range of interest. The greater this separation, the closer the
actual residual effects are to the asymptotic characteristics and the better are the
approximations of linear functions for the residuals. As the out-of-range modes come
closer to the frequency range of interest, the approximation of the residuals as linear
functions becomes less and less valid.

Practica Implementation

Practical derivation of the residual terms involves the direct comparison of each pair of
measured and synthesised FRF curves, [43]. The low- and high-frequency residual terms
are then derived by fitting linear functions to the difference between the measured and
synthesised FRFs on alog-log plot. By this method, it is only possible to derive residuals
for terms that have a measured counterpart for direct comparison. This places a heavy
burden on the measurement programme because it is necessary to have measured all terms
in the upper or lower triangle of the FRF matrix if a complete set of residualsisto be
generated.

A modal database can be generated from measurement of one row or column of the FRF
matrix as an absolute minimum; for a system with N degrees-of-freedom, the minimum
number of FRF measurements required is N. In contrast, a complete data set for the upper

or lower triangle of the FRF matrix requi reﬁw measurements to enable calculation
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of al the residuals. This represents a substantial increase in the size of the measurement
survey and can lead to difficulties with -

the number of degrees-of-freedom which may become prohibitively large,
e.g. for a system with 12 degrees-of-freedom, the number of measurements
isnow 78 rather than the minimum of 12 required to form amodal database;
and,

restricted access to anumber of locations may mean that it is not possible to
excite the structure at these locations and hence there will be some pairs of
degrees-of-freedom for which measured FRFs are unavailable.

For example, if it is not possible to excite at j k
locationsj or k, the FRF terms in the two shaded
columns of Figure 5.9 cannot be measured
directly. However, it is possible to measure
termsinthe ‘)’ and ‘k’ rows of the matrix — bar
those marked with a cross — and hence, invoking
the principle of reciprocity, all the FRF termsin
the matrix can be determined except the 4
marked with crosses (the ‘j” and ‘k’ pointFRFs

Response.

Excitation.
and the reciprocal ‘j : K’ transfer FRFs). Figure 5.9

(2) Resduals as the Effects of Two Fictitious Modes, One Above, and
One Below the Measured Frequency Range

The effects of out-of-range modes can be incorporated into the database by representing
the residual effects by one fictitious mode above the frequency range of interest, and
another fictitious mode below the frequency range of interest. There are two approaches
to the derivation of the parameters for these fictitious modes-

(i) alocal method in which a measured and synthesised FRF are compared
with the aid of the AFRF. Thetail of an undamped single-degree-of-freedom
FRF can be fitted to the AFRF (rather like that shown in Figure 5.17) to
produce parameter sets for low-frequency or high-frequency fictitious
modes. These parameters will be valid for the single combination of force
and response locations only, al other FRF terms must be analysed

separately;
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(i) agloba method in which parameters for the fictitious single-degree-of-
freedom modes are derived in an iterative way. The estimation task can be
performed with measured data from a single row or column of the FRF
matrix to yield sets of modal parameters for the two fictitious modes- as
for standard modal analysis — that can then be incorporated in the synthesis
of al the FRF terms. One such method is reported by Cheung & Lee{72].

Practical implications for method (i) are the same as when using linear residua functions -
acomplete set of measured FRFs must be available for al the residuals to be calcul ated.
For method (ii) a minimum of one row or column of measured FRFs is sufficient to
enable calculation of all the residual effects.

(3) Extension of the Measured Frequency Range to Include Modes that
have a Significant Influence in the Frequency Range of Interest
(Inclusion of ‘Buffer Zones)

Inclusion of Buffer Zones Frequency
in the Frequency Range Range
Measured. ! | of Interest | !

Fov-Frequenc;r ’I‘H i gh-Frequenc’y:
Buffer Zone

Buffer Zone

LRS
LR4

§
I
i
|
|
1
|
i
1
t
|

LR3

LR1

\

Frequency Range Measured & Analysed

N SR I

Inclusion of ‘Buffer Zones' in the Measured Frequency Range
Figure 5.10
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In simple systemsit is easy to understand that if two modes are well separated their effect
on each other is small. In contrast, if two modes are closely spaced, the effect of one
mode on the other can be substantial.

By extending the measured frequency range beyond the “range of interest”, two “buffer
zones’ are created, Figure 5.10, and the remaining unmeasured modes are moved further
from the frequency range of interest. For the purposes of discussion we shall consider
only the effects of modes below the frequency range of interest. The unmeasured low-
frequency modes may have a substantial effect (LR;) on the response in the low-
frequency buffer zone, but their effect on the response in the frequency range of interest
will be small. Therefore, over the frequency range of interest, it is acceptable to ignore the
low-frequency residual due to the unmeasured modes. However, modes in the low-
frequency buffer zone will affect the response in the frequency range of interest and this
residual effect (LR3) cannot be ignored. Analogous arguments apply for the effects of
modes above the frequency range of interest.

The residual effects of buffer zone modes are incorporated in the frequency range of
interest by extending the measurement and modal analysis task to include these modes,
thus enlarging the modal database. In the buffer zones, the measured and synthesised
FRFs may differ, but over the central frequency range of interest they should be well
correlated.

Practica Implementation

This is probably the most straightforward method for improving the correlation of
measured and synthesised FRFs over the frequency range of interest. The improvement is
brought about by including more modes in the modal database. The correction isdonein
the modal domain rather than by addition of individual correction factors to each FRF in
the frequency domain. Therefore, the measurement survey requirement returns to the
measurement of a single row or column of the FRF matrix, but over an extended
frequency range. The main difficulty with implementation of thistechnique is the selection
of the new measurement frequency range - how many extra modes should be measured?
Obviously thiswill depend on many factors such as the relative modal participation factors
and the modal density. Usually though, the selection is done on atrial-and-error basis,
whereby the number of modes is gradually increased until acceptable correlation of the
measured and synthesised FRFs is achieved over the frequency range of interest.

Unfortunately, standard measurement and analysis methods do not alow for therigid
body modes of a structure to be incorporated in this way and they have to be included by
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use of technique (1), in which the residuals are modelled as linear functions over the
frequency range of interest.

Rigid Body Mode Residuals

At very low frequencies, unrestrained structures exhibit what is known as rigid body
motion. Thereis no elastic deformation of the structure, it moves bodily in each of the six
degrees-of-freedom at the centre of gravity. Mathematically, an unrestrained structure has
six zero-frequency modes which correspond with the rigid body motions of the structure.
As restraints are applied to the structure, the number of rigid body modes decreases,
e.g. asingle pin-joint coupling the structure to ground would restrain one translational
degree-of-freedom and the number of rigid body modes is reduced to five accordingly.
Although these rigid body modes are at zero frequency, their effects extend across the
whole frequency range, in just the same way as do the effects of the elastic modes.
Therefore, it may be necessary to include rigid body modes in the synthesis of FRFs.
This is done, implicitly, when linear residua correction factors are calculated by
comparison of measured and synthesised FRFs (see method (1) above). However, if it is
known that the measured frequency range includes al the low-frequency elastic modes,
the residual effects of the rigid body modes can be calculated directly from the static mass
and inertia properties of the structure (if available) by application of basic rigid body
mechanics equations. By definition, all the rigid body modes are real — al responses are
either in-phase or 180° out-of-phase with the response at a reference point.

Depending upon the accuracy of the mass and inertia properties used for the structure
[75], the theoretical rigid body residuals may be more accurate than those derived by
comparison of measured and synthesised FRFs and, certainly, they will be more
consistent.

Practical Example of the Need for, and the Incorporation of, Residuals

Figure 5.11 shows a measured FRF of afreely suspended aerospace structure together
with that synthesised from a modal database. The measurement was made for a baseband
frequency range up to 32 Hz and the transducers used had an operating frequency range
down to about 3 Hz. Modal analysis of the measured FRF data yielded the modal
parameters for 7 modes over the frequency range of interest from 3.2 Hz to 32 Hz. The
synthesised function shown in Figure 5.11 was produced using modal data for the first 7
modes only.
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As expected, there is reasonable agreement of the measured and synthesised FRFs in the
regions close to the resonance peaks. However, away from the resonances, and
particularly in the anti-resonance regions, the correlation of the two functionsis poor due
to the fact that the effects of out-of-range modes have not been included.

Title: Measured and Syntheslized (7 Modes)..
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Figure5.11

Two methods have been used for theinclusion of residual effects-

() the moda database has been extended to include higher frequency modes;
and

(i)  theoretical low-frequency residuals have been calculated for the effects of
the rigid body modes.

(1) The structure was re-measured up to afrequency of 64 Hz and the modal database
extended accordingly. Four extra modes were found in the frequency range between
32 Hz and 64 Hz. The FRF was synthesised again (over the frequency range 3.2 to
32 Hz), but this time incorporating the contributions of all 11 modes up to 64 Hz. Over
the frequency range of interest, the FRF synthesised using al 11 modes, Figure 5.12,
appears virtualy identical to that synthesised using only the first 7 modes. The difference



|ncompleteness& Inaccuracy 141

(AFRF) between these two synthesised FRFs is also calculated and plotted and it can be
seen that it has the form of atail to a single degree-of-freedom FRF. The significant
discrepancies between the measured and synthesised FRFs shown in Figure 5.11, still
remain. Therefore, it can be concluded that these differences must be due to the residual
effects of the rigid body modes.
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(if) The mass and inertia properties of the structure were obtained from a F.E. model,
[83], and basic rigid body mechanics was then employed to derive expressions for al the

residua termsin the FRF matrix, i.e. (’;—'Sfﬁjor all the response and reference locations.

These low-frequency residua terms were added to the FRFs synthesised using all 11
modes to produce the final set of FRFs; one of the point FRFs is shown in Figure 5.13.

The synthesised FRF including the low frequency residual terms now compares very well
with the measured FRF, Figure 5.13; they overlay almost exactly. All the resonances,
anti-resonances are correctly positioned and the only dight discrepancy is for the
resonance magnitude of mode 1. The low frequency residual is large for this FRF term
and, therefore, there is a large difference between the synthesised FRFs with and without
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the residual. Use of the synthesised FRF without the residual term in any form of
impedance coupling technique would give erroneous results for the characteristics of the
modified structure.
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The Reative Sizes of Residuals in the FRF Matrix

There are certain trends in the sizes of the residuals over the FRF matrix. The residuals for
point FRFs are generally larger than the residuals for transfer FRFs, with the differences
becoming larger as the physical separation of the points on the structure increases. This
can be explained simply by considering the signs of the modal constants in the summation
equation for an FRF, equation (5.2) -

N ]
ap@ =3 ( A J

r=1 Qf-mz-*iﬂrﬂf

For a point FRF, all the modal constants (:Ax) have the same sign and hence aresidual is
the summation of a part of this series in which all the terms have the same sign. A
characteristic of transfer functions is that the modal constants (;Ag) vA€Y insign. As
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the physical separation of the points increases, there is a trend for the number of minima

to increase (and the number of anti-resonances to decrease), giving rise to more sign

changesin the series of modal constants. Summation of a part of this seriesresultsin a
smaller value than if the modal constants had all been of the same sign. Consequently, the

residuals for transfer functions tend to be smaller than the residuals for point FRFs.

This observation may be of use in reducing the number of FRF measurements necessary
if the comparison methods of residua calculation are to be used. Where it is known the
residuals will be small, it may not be necessary to measure the particular FRF for direct
comparison.

Incorporation of Residual Effects in Modification Predictions using
Impedance or Modal Coupling Methods

The theoretical basis of the impedance coupling and modal coupling methods has been
presented in chapter 2. It was shown that, provided that complete models for the
components were available, the predictions of the two coupling methods were identical.
The impedance coupling method operates in the frequency domain and the modal coupling
method operates in the modal domain.

Generally speaking, in an experimentally-based study, the models obtained will be
inaccurate and incomplete. One form of incompleteness is modal deficiency and the
preceding sections have examined some techniques by which the effects of out-of-range
modes may be included in the frequency range of interest. It isimportant to be aware that
the choice of residual correction technique can preclude the use of certain coupling
methods in predictions of the effects of modifications and, likewise, prior selection of the
coupling technique to be used has implications for the way in which residual effectsareto
beincluded (if any).

Residual correction methods can be categorised by the domain in which the correction is
made;

(i)  frequency domain methods - linear residual functions and/or the effects of
ficticious modes calculated individually for each FRF element, and

(i)  modal domain methods- the effects of global ficticious modes and/or the
extension of the modal database beyond the frequency range of interest.

Only recently has it been shown to be possible to incorporate frequency domain residual
information directly into the modal coupling equations [88]. However, because FRFs can
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be synthesised from a modal database, modal domain residua correction methods do not
restrict the choice of coupling method - modal coupling and impedance coupling methods
can be used equally well.

5.2.3 lllustrations of the Effects of Spatial and Modal
| ncompleteness

As an illustration of the implications and effects of using incomplete models for the
prediction of the characteristics of a modified structure, we shall use the following
undamped 3 degree-of-freedom mass and spring example.

X X
1> 2 3
, o Lk,

m, —WW— M, FWW— mg

3 DoF Mass & Stiffness Example System
Figure 5.14

with, m=my=m3=1Kg.
ky =k, =1000 N/m and k3 =500 N/m.

The matrix equation of motion for the system, shown in Figure 5.14, is :-

1007 (x 2000  -1000 ?
[0 1 0] X2 +I: -1000 1500 - xz}={0}||||||||||||||||||||||||| i
001 X3 0 -500 5 x3.0

Solution of this set of equations yields the following elgenvalues and eigenvectors which
represent the modal database,

177 0O 0 -.285 -.577 .765
[Qr2] =[ 0 1000 O ] and [(I)] =l -.520 -.577 -.630:| ......... (5.8)
0 0 2820 -.805 .577 .136

The natural frequencies are 2.12 Hz, 5.03 Hz and 8.45 Hz and the mode shapes are
given by the eigenvector matrix which can be shown more clearly in pictorial form,
Figure 5.15,
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K K, ky
m, W~ m, F-AW—~ m;

/\ == Mode 3.
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Mode Shapes for Unmodified System
Figure 5.15

FRFs for points on the system can be generated by substitution of the eigenvalues and
elgenvectorsin the following equation for an undamped system- modal synthesis.

N
(97).Gx)

Qrz - 0)2
r=1

Qi) =

where,  (9;) = j® component of the rth mode shape vector.
o = frequency.
Q. = rth resonance frequency

Modelling Spatial 1ncompleteness

Spatial incompleteness will be simulated by assuming that there is no information
availablefor, say, location 2. Inapractical situation, thisis equivaent to omitting location
2 from the measurement survey.

For the system shown in Figure 5.14, the smulation of spatial incompleteness ssimply
means that no FRF is available for location 2, and therefore the mode shapes are deficient
for thislocation. At locations 1 and 3, the mode shape information is still correct. In terms
of the modal database, spatial incompleteness affects the eigenvector matrix only -
reducing the 1st dimension. In this example, row 2 is eliminated from the eigenvector
matrix, leaving -

oY 285 -.577 .765
[912]{ 0 1000 0 } and, [%M]{_'SOS i '136]....(5.10)
0 0 2820 e
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as the modal database simulating spatial incompleteness. The mode shapes of the spatially
incomplete model would now be shown as Figure 5.16;

m, - m, ] m,

N
* Mode 3.

v/ Mode 2.

——r— Mode 1.

—

Spatially Deficient Mode Shapes for Unmodified System.
Figure 5.16

The reduced resolution of the mode shapes means that for mode 3 there appear to be no
nodal points whereas there are, in fact, two.

It will be noted that it is still possible to synthesise exact FRFs using the data from
equation (5.10) in equation (5.9) for combinations of force and response points that do
not involve location 2, i.e. for j#2 and k#2 in equation (5.9).

Modelling Modal Incompleteness

Modal incompleteness will be simulated by assuming that there is no information available
for the 3 mode. This is equivalent to the practical situation where high frequency modes
are omitted due to insufficient (a finite rather than an infinite) measurement frequency
range.

Modal incompleteness means that certain modes have not been measured. Usually it isthe
very low frequency and/or rigid body modes, which are below the frequency range of
interest, and the high frequency modes which are above the frequency range of interest
that are missing. Both the eigenvalue and eigenvector matrices are affected. In this
example, the order of the eigenvalue matrix is reduced by 1 and the 3 column of the
eigenvector matrix is eliminated, leaving the modal database simulating modal
incompleteness as :-

-.285 -.577
0

[@2] =] 8" 1000 1

2

and, [q)Reduced] = [ -.805 57T
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The mode shapes are exact for the 1st two modes, but it is no longer possible to
synthesise FRFs that correctly represent the behaviour of the structure from this database
even in the limited frequency range including modes 1 and 2. This is shown in
Figure 5.17 for the point FRF at location 1. At frequencies away from the 15t two
resonances, the FRFs for the complete model and the modally deficient model are
different. The most obvious indication of the differencesisin the location of the anti-
resonances. If the two FRFs are subtracted to form the difference function (AFRF)
previously described in chapter 4, the result is a single-degree-of-freedom FRF curve
representing the contribution of the3rd mode throughout the frequency range.

Polnt FRF for locatlion 1.

O All 3 sodes in guamation.
X Flrst 2 modes In summation only.
8 Difference.

4

Log(Inertance; 1/Kg)

Log (Frequency; Hz) |

[llustration of Modal Deficiency in the Synthesis of a FRF
Figure 5.17

Effects of Modification to the System

Now, consider the effects of a very simple modification — amass of 1 Kg (m4) added at
point 1; the mass m is thus doubled from 1 Kg to 2 Kg.

Predictions Using the Complete Mode

The exact solution can be found by direct solution of equation (5.7) with the modified
value for m;. Alternatively, the following equation may be used, derived from the modal
coupling method in asimilar manner to equation (2.63) -
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[[22-22(m + [o] (v W7 [@]me)]W =@ ..o, 512
A2 is a new eigenvalue, and,

{ W}isaweighting vector defined such that -

{e}=[e] W} (5.13)

and {6} is an eigenvector of the modified system and [@] is the eigenvector
matrix of the origina system.

{t} isatie vector representing the connection of the modification; in this case for a
single-degree-of-freedom mass modification at location 1.

1
o-f
0

Equation (5.12) can be written more concisely as -

[TAT-AZIBIJIW) = (0} oo (5.14)

with, in this case,
177 O 0 1.081 0.164 -.0218
[A] ={ 0 1000 O :] and [B]=[ 0.164 1.333 -.0441] .. .(5.15

0 O 2820 -.0218 -.0441 1.585

Solution of this system of equations yields the following eigenvalues for the modified
structure.

162 0 0
[x,2]=[ 0 731 0 ] .................................................. (5.16)
0 0 2100

The new natura frequencies for the modified system are 2.03, 4.30, and 7.31 Hz,
compared with the natural frequencies for the unmodified system of 2.12, 5.03, and
8.45 Hz, equation (5.8).

By use of equation (5.13), {8} =[®] (W)

-.520 -.577 -.630-L. .035 4351 ... (5.17a)

2285 -577 7651 w231 .123
E|e=[
_805 .577 136  -015 .164
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and therefore, the new mode shape matrix is;

-.317 .613 .396
[9]=[--531 329 --8771 N (5.17b)
-.786 -.717 .273

It is instructive to look at the weighting matrix [W] of equation (5.17a) to see the

contributions of the unmodified system mode shapes in the mode shapes for the modified

structure. The terms on the leading diagonal of the weighting matrix are close to unity,
indicating that the predominant mode shape contributions are the respective unmodified

mode shapes. However, it will be noted that, with increasing mode number, there is

progressively more and more contribution of the other unmodified mode shapes in each

new mode shape vector, i.e. the higher frequency mode shapes are affected to a greater

extent than the lower frequency mode shapes for this particular modification.

Predictions using Incomplete Models

(1) Prediction using the Spatially Deficient Model

The spatially deficient model is represented by the modal database of equation (5.10).
The eigenvalues are the same as those of the complete model, equation (5.8). In
substituting the reduced matrices into equation (5.12), it will be seen that the resulting [A]
and [B] matrices are identical to those for the full system matrices. Therefore,
elgensol ution gives the same eigenvalues and eigenvectors for the system of equations as
found for the complete model. The natural frequencies for the modified system are still
estimated correctly — a spatialy deficient model produces correct results for the natural
frequencies of the modified system, providing that the spatial deficiency does not extend
to include the degrees-of-freedom actively involved in the coupling.

The effects of the reduced eigenvector matrix of the spatially deficient base model only
become apparent when calculating the mode shape vectors for the physical system using
equation (5.13). The new mode shape vectors are identical to those calculated using the
complete system model except that, in this case, thereis no information for location 2.

Using equation (5.9), FRFs for the modified system can be synthesised correctly for all
combinations of force and response locations that do not involve location 2.
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(2) Prediction using the Modally Deficient Model

The reduced modal database of equation (5.11) is used in equation (5.12). The whole
system of equationsis reduced from a 3x3 set to a 2x2 set, with -

A [177 0 ] B [1.081 0.164
[ ] = 0 1000 and [ ] = 0.164 1.333 1 R EERE RN

Eigensolution produces the following eigenvalues and new mode shape vectors for the
modified system -

163 0 r .277 .518 7
1] o el  aa  [e] =l 539 .468J ................ 519)
785 -719

The base system was assumed to have only 2 modes and therefore, the modified system
can have only 2 modes, each of which is alinear combination of the 2 unmodified mode
shapes. There are differences between this prediction for the modified system and that
using the complete model for both eigenvalues, equation (5.16), and the mode shapes,
equation (5.17), although, in this example, the differences are not very large. The natura
frequencies predicted for the modified system are now 2.03 and 4.41 Hz (compared with
2.03 and 4.30 Hz). The prediction of the first mode shape for the modified system differs
from the exact answer at location 1 only, the modification site. For mode number 2, the
errors in the mode shape prediction are larger and extend to location 2 as well.

- 1Kg Mass Addltlon et location 1.
Point FRF for location 1.

a Afil 3 modes In summation.
- X Firet 2 modes In susastion only.
® Difference.

A !
q/

Y

Log(Inertance; 1/Kg)

14

Log (Frequency; Hz)

The Result of Modal Insufficiency on Prediction of the Effect of a Modification
Figure 5.18
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If the parameters of equation (5.19) are used to synthesise FRFs of the modified system,
significant differences can be seen when they are compared with the true FRFs. A
comparison is presented in Figure 5.18 for the point FRF at location 1. The two FRF
curves show different resonance frequencies as well as a different number of resonances.
To aid the comparison, the difference between these two FRFs - the AFRF - has been
calculated and plotted. It will be noted that it is no longer a simple single-degree-of-
freedom FRF shape, as it was for the comparison of the complete and modally deficient
FRFs of the unmodified system (Figure 5.17).

In this simple example, the effects of modal insufficiency have been compared with those
of spatial insufficiency where the spatial insufficiency does not extend to the modification
degrees-of-freedom. It has been shown that, under these circumstances, modal

insufficiency is agreater problem than spatial insufficiency for the correct prediction of a
modification. However, when the spatial incompleteness includes some of the degrees-of-

freedom actively involved in the modification (e.g. rotational degrees-of-freedom) all

results will be incorrect, illustrated by the example of joining two beams together, in

section 52.1. The actual modification and thatmodelled theoretically arenot the same.

This can be avery much more serious problem than the spatial and modal insufficiencies
discussed above. The importance of the deficient degree-of-freedom in the actual coupling
is reflected by the sizes of the errors; if the deficient degree-of-freedom is very important
in amodification coupling, the errors will belarge.

In summary; spatial incompletenessis a severe problem only if it includes degrees-of-
freedom actively involved in a modification. Spatial incompletenessis a local problem -
modal incompletenessisaglobal problem. Spatial incompletenessis afactor whichis
independent of the type of model used, i.e. either raw measured FRF data or FRF data
synthesised from a modal database. In theory, modal incompletenessis only present if
modal analysis data are used as a description of the dynamic behaviour of the structure -
raw measured FRF data contain the effects of all modes. Practically, though, there are
severa reasons why raw measured FRF data are rarely used directly in amodification
prediction and therefore modal incompleteness is aways present, to some degree, when
the synthesised data are used instead.

2.3 |naccuracy

Measurement inaccuracy is the inability to quantify the behaviour of the structure
precisely. Thisinability can be subdivided into 2 types;
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(i) the inability to transduce the motion of the structure without affecting its
behaviour, and

(i) theinability to quantify the transduced signals.

5.3.1 Transduction |naccuracy

Selection of Transducers

The size and mass of the transducer has implications for its influence on the behaviour of
the base structure. Careful selection of the accelerometer such that its mass is small when
compared with the local mass of the test structure can help to avoid frequency shift
problems. Almost al transducers have some effect on the structure and it is a matter of
engineering judgement as to when the influence can be considered to be negligible, and
hence, which transducer is appropriate.

It is very much better to use asignal directly from a transducer that has minimal effect on
the structure than to try and compensate, at alater stage, for the effects of an inappropriate
transducer. The greatest care and attention should be directed towards the acquisition of
transducer signals giving a faithful representation of the actual behaviour of the structure
in its base condition.

To some extent, the vibration frequency range influences the size of the transducer. For
piezoelectric accelerometers, it is usually the case that the lower the frequencies to be
measured the larger the transducer — because a large seismic mass is required to produce
sufficient deformation of the crysta and thence a reasonable output charge signal.
Alternatively, much smaller transducers based on miniature strain gauged cantilever beams
are available, but these require careful handling and different drive and amplification
equipment.

For FRF type measurements, there must be at least one force input transducer and one
response transducer. The force transducer is often overlooked in transducer selection
considerations because it is quite usual for there to be just a single force gauge, but alarge
number of response transducers. Since the force transducer signal is used in all the FRF
calculations it is particularly important that the transducer responds to the true force input
to the structure.

Instead of using a force gauge to measure the force input into the structure, the force can
be calculated from measurements of the current fed to an electromagnetic shaker. From
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basic electromagnetic principlesit is known that a current-carrying conductor in a
magnetic field experiences aforce given by the expression-

FEBILN .o, (5.20)

where:  F =force(N)
B = magnetic flux density (Webers/m2)
| = current (amps)
L =length of conductor in flux field (m)
N = number of turns of length 1 in flux field

B, L and N remain fixed for a given shaker and hence the force applied to the structure is
directly proportional to the current flowing in the coil of the shaker. When a constant
current amplifier is used to drive the shaker, the force generated in the coil is constant and
there is no need for any on-line measurement of current. The relationship between coil
current and force applied to the coil can be derived from D.C. calibration measurements
with subsidiary force measuring equipment.

Although this would seem to be an ideal solution to some of the force measurement
problems, several important details must be borne in mind-

@i aconstant current amplifier with suitable capacity must be used. At
resonance frequencies high powers may be required,

@ii) the constant current drive arrangement provides very little inherent damping;

(iii) the large amplitude range may cause problems with unwanted excitation of
non-linearities; and

@iv) the moving components of the shaker and the pushrod are al considered as
part of the structure. The force calculated is the force applied to the coil and
not that actually transmitted through the pushrod-structure interface. If the
mass of the moving components of the shaker issmall compared with the
structural mass (e.g. in ground vibration testing of aircraft structures) the
errors caused by this assumption will be small. However, with lightweight
structures the errors can be significant and here aforce gauge is essential

Transducer Attachment Consderations

The purpose of a transducer is to convert one form of energy into another that can be
quantified by remote instrumentation. In the case of an accelerometer, the energy of
motion of component parts in the accelerometer is used to produce an electrical charge, or
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to control an external electric current, which is then measured. The signal produced is a
representation of the motion of the transducer. The implicit assumption is made that the
motion of the transducer is identical to that of the structure. This will be the case providing
that the transducer is rigidly attached to the structure. The attachment stiffness must be
sufficiently high that, throughout the frequency range of interest, the motion of the
transducer is identical to that of the attachment point on the structure. For low-frequency
work, it is quite acceptable to attach the transducer with bees wax or double-sided
adhesive tape, but for high-frequency measurements, the transducer must be bolted to the
structure firmly [25].

In alarge measurement survey, a further consideration is whether al the transducers are to
be fixed to the structure before the start of the test, or whether a small number of
transducers are to be moved around the structure to al of the test points in turn. Thisis
largely dictated by the size of the test, the number of transducers and the number of
simultaneous data acquisition channels that are available. In a test where al the
transducers remain fixed in place throughout the complete measurement phase, the
structure does not change as different response points on the structure are measured. The
structure will be dlightly altered from the base condition, but the important point here is
that no further changes occur throughout the measurement phase. When the measurements
are made in a series of tests where a small set of transducers are moved around, the
structure is atered differently for each test — a systematic error. The errors are most easily
seen as different positions of the resonance peaks for each successive set of measured
FRFs. Although the errors introduced in each test are potentially smaller than the overall
error caused by attaching all the transducers at the start, the systematic errors make the
task of analysis of the measured data significantly more complex.

Transducer Cross-Axis Sensitivity Influences

Transducers are designed to measure a particular quantity in a specific direction in relation
to the construction of the transducer, e.g. acceleration in a direction perpendicular to the
base of the transducer. Transducers are carefully designed and built such that motion of
the transducer in directions other than the specified measuring direction has little effect on
the output. Nevertheless, there is aways some degree of cross-axis sensitivity which may
influence the results adversely [13]. With care, this can be minimised by suitable
alignment of the transducer, but it is necessary to have a polar plot of the transducer cross-
axis senditivity which identifies the cross-axis sensitivity of the transducer as a function of
the direction of cross-axis excitation, Figure 5.19.
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Vectorial Representation and Polar Plot of Cross-Axis Sensitivity.
(Figures courtesy of Briiel and Kjer)

Figure 5.19

For minimum cross-axis effect, the direction of minimum cross-axis sensitivity should be
aligned with the direction of the maximum cross-axis response of the structure. There are
several difficulties with implementation of such a procedure;

() a polar plot of cross-axis sensitivity is seldom supplied with each
transducer;

(i) apreliminary measurement survey is necessary to deduce the directions of
maximum cross-axis motion at the measurement points;

(iii) the directions of maximum cross-axis motion will alter with the excitation
frequency as different modes become more prominent; and

(iv) it can be quite difficult to set a particular angular orientation of the transducer
because of the fixing methods used.

In the light of these difficulties, it is unusual for much consideration to be given to cross-
axis sengitivity influences.

Cross-axis sengitivity effects can be of particular importance when trying to calculate
rotational degree-of-freedom properties from two sets of closely spaced trandational
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degree-of-freedom FRF measurements. The calculation of the rotation/trand ation,
trandation/rotation, and rotation/rotation FRFs from the tranglation/trandation data
essentially involves differencing operations. When the motion in one of the transverse
directionsis large, the difference between the measured FRFs can be of the same order of
magnitude as the cross-axis sensitivity component, so that the cal culated rotational degree-
of-freedom properties will contain significant errors.

5.3.2 The Use of Dummy Transducers

The systematic error incurred as aresult of moving the transducers around on the structure
during the course of the test can be turned into a single error by the use of dummy

transducers. Instead of instrumenting the whole structure with transducers at the outset of

the test program, dummy transducers are used. The dummy transducers are designed to

have similar mass properties to the real transducers. The dummies are systematically

replaced (temporarily) by the real transducers for the measurements, until al of the

measurement locations have been covered. The results from this type of test should be the

same as if a complete set of rea transducers had been attached to the structure at the

outset. The use of dummy transducers for response measurements is an established

practice; what is rarely considered is the use of dummy force transducers at the excitation

locations. These may be just as applicable as dummy response transducers when a series

of single point tests are performed to measure several columns of the FRF matrix. Itis
suspected that the use of dummy force transducersis generally overlooked because of the

very much smaller number of forcing locations compared with the number of response
locations in the mgjority of vibration tests. Additionally, the conception of exactly what a
dummy force transducer has to represent is somewhat obscure — unlike the response

transducer counterpart. To understand this problem, some background details of the

construction of force and response transducers is appropriate. The diagrams of Figures
5.20 and 5.21 show typical cross-sections of a piezoelectric accelerometer and a
piezoelectric force gauge.
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A Piezodlectric Accelerometer

Total Mass of Accelerometer
= 13¢g (B & K4367)

Piezoelectric Crystal.

Seismic Mass. /
@

L— Centre Post.

Base
and case.

Cross-Section of a Piezodlectric Accelerometer
Figure 5.20

The cross-section of atypical piezoelectric accelerometer is shown in the above diagram,
Figure 5.20. There are four basic components; a base/case, a centre post, an annular
section of piezoelectric ceramic and an annular seismic mass element. The piezoelectric
ceramic and seismic mass are arranged concentrically around the centre post. The base of
the accelerometer moves with the motion of the structure to which it is attached, and to
cause equivalent motion of the seismic mass, a force must be applied — Newton’s 1t
Law. Thisforceis transmitted through the piezoelectric crystal which deforms as a
consequence. The deformation produces a charge in the piezoelectric crystal whichis
proportiona to the deformation and hence, ultimately, to the acceleration of the seismic
mass and the structure.

The important point to note here is that the apparent mass of the accelerometer, as seen by
the structure, is the same in the axial and lateral directions and equal to the total mass of
the transducer.
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A Piezodectric Force Transducer

Total Mass of Force Gauge Force Input.
= 21 g (B &K8200) l

__Transducer Case

Typical Mass Distribution.

Piezoelectric

18 g above crystal. Crystal

3 g below crystal.

Cross-Section of a Force Transducer
Figure5.21

The force transducer, Figure 5.21, works on the same principle as the accelerometer, but
more directly - the deformation of a piezoelectric crystal produces a charge output
proportiona to the force transmitted. The shaker applies a force through the case of the
force gauge to the top of the piezoelectric crystal. The lower end of the crystal is fixed to
the base of the transducer which is, in turn, attached to the structure. In the axial direction,
the force applied to the structure is that transmitted through the piezoelectric crystal
(measured) minus the force that is required to accelerate the base of the force gauge. For
this reason, the mass of the base of the force gauge is kept as small as possible to
minimise the effect on the structure. The mass of the transducer case is irrelevant in the
axial direction. Lateral motion of the structure causes lateral motion of the whole force
gauge and since no forces are measured in the lateral directions, the total mass of the force
gauge has an effect on the structure.

The ratio of the apparent mass of a force gauge in the axial and lateral directions, as seen
by the structure, is small; 23—1 g for the B&K 8200 Type of force gauge, Figure 5.22.

A Axial: 3 g.
Lateral: 21 g.

oz 22222

Figure 5.22
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The problem with the use of dummy force gauges arises because the structure “sees’ the
mass of the force gauge differently in the axial and transverse directions. Axialy, only the
base mass of the force transducer is seen by the structure; in the transverse directions, the
full mass of the force transducer is seen by the structure. An inert dummy force gauge
cannot represent these different effects.

If the force gauge were to be mounted upside-down (incorrectly), with the larger mass

attached to the structure, then there would not be such different apparent loading

influences on the structure in the axial and transverse directions. The ratio of axia and
. 18 i

lateral apparent massesis now 570, Figure 5.23.

A Axial: 18 g.

Lateral: 21 g.
<«

A P A a7

Figure 5.23

With this arrangement, it is possible to use dummy force gauges, in the same way as
dummy accelerometers, to obtain consistent measurements of the structure as the force
and response locations are moved around. However, to deduce the true FRF
characteristics of the underlying structure, it will be necessary to subtract the effects of all
the point mass additions at the force and response locations once amodel of the measured
structure has been produced.

As the amount of transverse motion increases, the lateral motion of the force transducer
has a greater effect on the response. Normally, when the predominant motion isin the
axial direction of the force transducer, the cross-axis motion of the force transducer has
only asmall influence on the measured FRFs. However, when two sets of closely spaced
trandational FRF measurements are made, with the intention of using them in calculations
to derive rotational degree-of-freedom FRF properties, the cross-axis motion of the force
transducer can have alarge effect on the final derived results, despite the fact that thereis
only arelatively small influence on each of the measured trandational FRFs (see
section 5.2.1). Thisis especially evident if there is a high degree of rotational motion.
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5.3.3 Errors in Quantification of Transduced Signals

Once the transducer and conditioning equipment has converted the force or response
quantities into electrical signals, the signals have to be quantified. Nowadays, the
measurement instrumentation is primarily digital in nature and a large proportion of the
errors in quantification of these signals are associated with details of digital signal
processing. There is a large quantity of published literature relating to digital signal
processing techniques and it is not proposed to enter into any lengthy discussion of these
topics here.

Calibration errors are also a common source of inaccuracies in measured data.

Dynamic Range of the Measuring Equipment

The force and response signals returning to the analyser from the transducers are analogue
signals. The analysers work with digital representations of these analogue signals. The
interface processis called Analogue to Digital conversion. The signals are sampled at
regular intervals and the instantaneous value of the analogue signal is compared with
fixed, discrete, digital levelsin the analogue-to-digital converter (ADC). The digital level
which most closely approximates the instantaneous value of the analogue signal is
selected. ADCs have afixed number of discrete levels — usually expressed in terms of the
number of binary bits used to describe the levels. A 12 bit ADC istypical of the type
found in many analysers today. The dynamic range of the ADC is expressed as the ratio
of the maximum to the minimum signal level that can be resolved, in db. For a12 bit ADC
there are (212~ 1) = 4095 possible levels, i.e. anything smaller than 20—193'“‘ of the

input range cannot be resolved. The dynamic range of a 12 bit ADC is 72.25 db.

Before the start of a measurement, the input range for each signal is scaled to make the
best possible use of the dynamic range available. The ranges are set using the peaks of the
input signals. Providing that the dynamic range of the analogue input signal is less than 72
db, the digital representation will be quite adequate. However, if the analogue signal has a
dynamic range greater than 72 db, very small levels in the signal cannot be resolved and
they are al represented as zero.

Lightly damped structures can produce analogue response signals with a dynamic range
greater than 72 db, in which case, the range is truncated upon conversion to a digital
signal. The errors become evident at small response levels, i.e. a the anti-resonance
frequencies. Where the response levels are high, at resonance frequencies, the
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quantisation of the analogue response signals is quite adequate. The same analogue-to-
digital conversion is applied to the force signals, only, in this case, the conversion errors
are more apparent at low force levels, i.e. at the resonance frequencies. Therefore, in the
absence of noise, the definition of the resonance and anti-resonance features will be
equally poor if the analogue force and response signals have similar, excessive, dynamic
ranges. If the response signal has an excessive dynamic range while the range of the force
signal is much less, errors will occur at anti-resonances and not at resonances.
Alternatively, if the force signal has a large dynamic range, the errors occur at the
resonances and not at the anti-resonances. For more detailed discussion on how the
dynamic range of the force signal can be influenced by the interaction of the shaker with
the structure under test, see section 4.3.

5.4 Review of Chapter 5

All vibration models — analytic, F.E. or experimentally-derived — are incomplete and
inaccurate representations of the dynamic behaviour of real structures. The analytic or
F.E. model can describe completely and accurately the behaviour of the idealised ‘ paper
model’ of the structure. The overall insufficiencies of the model are a direct result of the
paper description of the structure. Joint conditions may be incorrectly modelled and the
distribution of damping is often ignored or crudely approximated. With an experimentally-
derived model the incompleteness is caused by insufficient measurement points —
structural responses are only measured at afew discrete points - and by analysis of only a
small subset of the structural modes.

In this chapter, attention has been focussed on the causes of incompleteness and
inaccuracy in experimentally derived models, how these deficiencies can beminimised
and the consequences of using incomplete modelsin predictions of the effects of structural
modifications. The terms spatial and modal incompleteness have been defined to describe
the two forms of incompleteness commonly found with experimentally derived models.

Spatial incompleteness is discussed with particular reference to the measurement and use
of rotational FRF properties which are notoriously troublesome to measure and, for this
reason, they are frequently overlooked in measurement surveys. However, this absence
of rotational degrees-of-freedom in a coupling analysis can provide a convenient
explanation of the subsequent inability to predict accurately the effects of a modification!

The procedure for calculating rotational degree-of-freedom properties from trandational

measurements made on a T-block transducer is examined carefully and some probable
causes of errors have been identified. It has been stated that the only reason for using a T-
block isto facilitate the collection of sufficient datafor calculation of the rotation/rotation
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FRF. If the structure islocally stiff, the angular response can be derived equally well from
closely spaced transducers placed directly on the structure. With this arrangement and a
linear excitation position mid-way between the response transducers, it is possible to

derive the trandation/trandation, the rotation/trandlation and, by reciprocity, the
tranglation/rotation FRFs at the measurement point. The rotation/rotation FRF cannot be
derived with this arrangement and it is for this reason alone that the T-block appendageis
used. Asyet, there are no simple and direct methods for applying a pure torque excitation

which are unaffected by any trandational motion of the structure that may occur. A

fundamental problem which has emerged is related to the attachment of the T-block

transducer to the structure and, indeed, the subsequent attachment of any modification.

Usually it is assumed that these joints are absolutely rigid In practice, however, the joints
will not be rigid and the results for the rotational degree-of-freedom properties will contain

some influence of the joint. Only if the joint conditions for the T-block transducer are
identical to those of a subsequent modification -which isarather unlikely event — will the

model used in a prediction of the effects of the modification be an accurate representation.
It would be possible, theoretically, to include separate ‘joint components’ between the
structure and the T-block or the modification, but the practical difficulties and uncertainties
involved in the determination of the dynamic properties of these joint components are
likely to be prohibitive.

Modal incompleteness arises from the use of modal anaysis data where insufficient
modes have been measured, analysed and included in the modal model. Various methods
have been described which allow for compensation of the effects of the out-of-range
modes. The main purpose of residual correction methods is to provide a better basic
model of the dynamic characteristics of the structure that can be used in predictions of the
effects of modifications. A practical example is used to show how the need for residua
corrections can be identified and the improvement in the FRF model that is possible by
inclusion of residual terms.

Further examples have been presented which illustrate the effects of modal and spatial
incompleteness on the results of a simple coupling analysis. It is shown that the most
serious effects occur when the spatial incompleteness of the model extends to include
some of the degrees-of-freedom that are actively involved in amodification coupling.

Modal incompleteness has, potentially, the next most serious effect, followed by spatial

incompleteness where the incompleteness is confined to passenger coordinates only. In

this last case of spatial incompleteness the results that are obtained will be correct, it isjust
that they are insufficiently extensive to describe the behaviour of the modified structure
completely in a spatial sense.
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The question of inaccuracy has been divided into two distinct areas; transduction
inaccuracy; and quantification inaccuracy. These forms of inaccuracy arise at opposite
ends of the measurement chain. The transduction inaccuracy isthe inability to obtain some
form of signal that describes accurately the force input or the response output of the base
structure. Several factors may contribute to this inaccuracy - loading of the structure by
the measuring equipment, inappropriate attachment of the transducers to the structure and
the influence of cross-axis motion on the outputs from the transducers. Once the signals
have been produced, environmental interference can corrupt the data before it reaches the
measuring apparatus. The data acquisition equipment can introduce inaccuraciesin the
data as a consequence of digitisation processes. It has been shown that this can be a
particular problem with lightly damped structures that have large dynamic ranges in the
force and response signals.



Chapter 6

Case Study;
A Helicopter Structure

6.1 Introduction

The vibration environment of a helicopter is probably ‘one of the most severe of any
aircraft. The excitations are primarily due to the periodic change in the velocity and
incidence of the airstream seen by the rotor blades when the helicopter isin forward flight.
Additionally, there are excitations due to the interaction of each blade with the wash of
preceding blades and the tail rotor. Y et further sources of excitation arise from the gearbox
and transmission between the engines and rotors. All of these excitation sources are
largely avoided in fixed wing aircraft. Overall, the excitation frequencies tend to be
relatively low, but the forcing levels are very high.

A helicopter airframe has been used in detailed investigations of many aspects of vibration
measurement, modal analysis and sensitivity analysis, leading on to the prediction of the
effects of various modifications.

A preliminary survey of the structure was performed in which more stringent methods
than normal were used to check the repeatability and reciprocity of measurements. This
was followed by a full measurement survey where attempts were made to derive FRF
properties for rotational degrees of freedom. Modal analysis of a full set of translational

degree-of-freedom FRF data was performed and the final resulting synthesised FRFs,

including residual terms, are compared with the original measured FRFs.
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One of the difficulties encountered in the present exercise was an inability to measure
certain FRFs directly due to inaccessibility of points for excitation - a problem frequently

encountered with experimental measurements. The idea of forcing at an angle and then

calculating the desired FRF using other additional FRF information was explored. It is
shown that this technique can yield acceptable results for those FRFs that cannot be

measured directly but that the method has many problems in common with those found

with the measurement of rotational degree-of-freedom properties.

Measurement of rotational degree-of-freedom FRF properties using the T-block method

was aso investigated, and the results highlighted the importance of a‘rigid’ joint between

the T-block and the structure in order to obtain afull set of high quality rotational FRF
data. Application and measurement of a pure torque excitation for derivation of FRFs

relating rotational response due to rotational excitation is still the main obstacle in the

measurement of a complete set of rotational FRF data at the present time since the

measurement of rotational responseis comparatively easy.

The sensitivity analysis method (chapter 3) has been used to indicate the sensitive degrees-
of-freedom and hence the places where modifications could be made most efficiently. The
predictions of sengitivity for Single Degree-of-Freedom (SDoF) modifications have been
verified experimentally. Additionally, more practical modifications — adding a mass
(3 coupled trandlational degrees-of-freedom) and adding a spring between two points —
have been made and the measured and predicted FRFs for the modified structure are
compared.

Some simplified predictions of the new resonance frequencies of the modified structure,
based on the sensitivity analysis results, have been found to compare well with the
measured results for the modified structure.

The helicopter structure used for all the work reported here is currently located in the
Dynamics Laboratory at the Royal Aerospace Establishment (R.A.E.) in Farnborough.
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6.1.1 Details of the Helicopter Test Structure

Photograph of the Helicopter.
Figure 6.1

The test structure is based on a standard helicopter which has had all the internal electronic
equipment, cabin seating and doors removed. The main and tail rotor blades have aso
been removed. To prevent rattles of the transmission system, the tail rotor hub and links
are attached to a wooden clamping fixture, and the four main rotor blade attachments are
bolted to the arms of a cruciform structure made of steel beam sections. The whole
helicopter isfreely suspended by a steel hawser between the cruciform and a purpose-built
gantry frame, Figure 6.1.

To alow comparison of the results of this work with previous experimental measurement
and F.E. analysis surveys, [83] & [84], and current F.E. analysis work at R.A.E., the
coordinate axes and location of points have been defined in the same way. Only two
points — 49 and 66 - have been used for this work, but multiple degrees of freedom have
been included. Point 49 is mid-way aong the leading edge of the tailplane and point 66 is
located on the intermediate gearbox at the base of the tail fin, see Figure 6.2.
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Wire Model of Helicopter
Point 489

Point 66 .

Wire Model of the Helicopter Structure.
Figure 6.2

A further reason for choosing the points used previously was that the excitation fixtures
(steel blocks) and triaxial accelerometer blocks (aluminium) were already in position on
the helicopter.

6.2 Experimental Set-Up

6.2.1 Details of Measurement Equipment

The measuring equipment is centred around a Gen-Rad 2515 Computer Aided Test
System. The excitation signal is generated in the Gen-Rad 2515, from where it is fed
through a Kemo bandpass filter unit to an H.H. Electronics power amplifier, and then on
to aLing Dynamics shaker. It has been found necessary to install afilter unit in this signal
path to smooth out the excitation signal generated within the Gen-Rad 25 15. If thisis not
done, alarge amount of high frequency energy associated with step changes in the digital
signal isfed to the structure unnecessarily, leading to noise on the measured force and
response signals. Furthermore, filtering out the low frequency components of the
excitation signal (less than 3 Hz) reduced the extent to which the shaker bounced around
on its suspension throughout the excitation sweep. Because the helicopter is amassive
structure compared with the Type V409 shaker used, the shaker was bolted to a reaction
mass of approximately 50 Kg to achieve reasonable force levels at the low frequencies. To
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keep the rocking excitation to a minimum, efforts were made to try and keep the centre of
gravity (C.G) of the whole arrangement in line with the forcing axis of the shaker.

A wire pushrod was used between the shaker and the force gauge (PCB Type 208B)
attached to the helicopter. The pushrod decouples the structure and the shaker system in
all degrees-of-freedom except the primary translational excitation degree-of-freedom. For
the majority of the tests, a pushrod 100 mm in length and made of 1 mm diameter ‘piano
wire' was used.

The vibration response of the helicopter was measured using Entran type EGA 125-F
accelerometers. These are very small and light, and are based on miniature strain gauged
cantilever beams with seismic masses at their tips. Each accelerometer has a mass of just
1 g, and hence the loading effect of all 6 accelerometers on the helicopter is negligible.
The accelerometers are connected to Vishay strain gauge amplifiers (Type 2120) which
amplify the strain gauge bridge signal to asuitable level for input to the Gen-Rad 2515.

The Gen-Rad has 12 bit Analogue to Digital Converters(ADCs) on the inputs, which limit
the dynamic range of the equipment to 72 db. Resonances are captured well because the
auto-ranging facility enables the ADCs to be used to their full extent. However, the anti-
resonances, which are frequently 3 or 4 orders of magnitude (60 or 80 db) smaller than
the resonance peaks, are sometimes lost due to insufficient resolution in the ADCs.

A schematic diagram of the measuring equipment set-up is shown in Figure 6.3.
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Helicopter Structure.
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Schematic Diagram of the Measuring Equipment.
Figure 6.3

6.2.2 Calibration of Measurement Channels

Before any measurements were made on the helicopter, channels were calibrated using a
ratio calibration technique. All the accelerometers were fixed to a freely suspended mass

which was then excited by a shaker driving through aforce gauge in just the same way as

measurements are performed on the helicopter itself. The strain gauge amplifier gains

were adjusted until the measured inertances all had values equal to (I/calibration mass)
across the whole frequency range. There are several advantages to this type of calibration

over aternative methods such as absolute calibration:-

. it is arelatively simple method,
»  thecomplete measurement chain is checked out and calibrated; and

»  thepossibility of error issmall.
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6.3 Measurement of Trandational FRF Properties

A single-point random testing method was selected for these measurements to make the
best possible use of the response channels and to allow use of the ‘repeated random’
excitation signal available as part of the Gen-Rad RTA (Rea Time Acquisition) data
acquisition program. For the modal analysis stage an SDRC program, MODAL PLUS,
was used.

The helicopter is situated in afairly quiet environment and all the possible sources of
rattles inside the structure have been removed and, with the use of repeated random
excitation, good quality FRFs were achieved with only four averages. For most of the
measurements, the FRFs hardly changed at all throughout the averaging process. It must
be noted, however, that any transient behaviour associated with starting the excitation,
had had sufficient time to decay while the input levels were being adjusted (either
manually or by auto-ranging).

6.3.1 Preliminary Phase

(1) Excitation Source Level Effects
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FRF Measurements for Different RMS Forcing Levels
Figure 6.4
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In the preliminary measurement phase, the effect of using different excitation levels was
investigated together with the repeatability of measurements. The purpose of this was to
try and discover whether there were any major non-linearities and whether the structure

was stable over time.

A baseband frequency range of 64 Hz was used for all these measurements which were
made exciting at point 66 in the Y -coordinate direction with a 100 mm long pushrod, for
excitation source levels of 0.25 v, 0.5 v, 0.1 v and then a repeat measurement at 0.25 v.
The point FRFs measured are superimposed in Figure 6.4. for comparison. With
reference to previous experimental work [84] and the F.E. analysis[83], the following
natural frequencies (Table 6.1) can be identified;

Natural
Mode | Frequency Description
(Hz)

1 6.54 Fuselage 15t lateral bending.
2 6.64 Fuselage 1 st vertical bending.
3 12.00 Tailplane 1 st vertical bending.
4 14.04 Fuselage 2nd vertical bending.
5 17.17 Tailplane 1 st F/A bending.
6 22.34 Cruciform.
7 23.93 Torsion of tailcone assembly.
8 26.21 Fuselage 3rd vertical bending.

Table 6.1

Several observations can be made from the FRFs shown in Figure 6.4;

(@) thefrequency resolution (0.125 Hz) isinsufficient at low frequencies,
i.e. below 20 Hz;

(b) there appears to be little difference between the FRFs measured at different
excitation levels; but

(¢) the minimum and maximum excitation level FRFs bound all the FRFs; and

(d) there does not seem to be any shifting of the resonance frequencies with
differing excitation levels.

As observations (b) to (d) are concerned with the differences between FRFs, it is
instructive to calculate and plot the AFRFs. The FRF made at an excitation source level of
0.25 v is used as the reference FRF; Figure 6.5 shows the difference for 0.5 v excitation.
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It should be noted that the scales for the FRF and the difference function are the same on
the plot and that the difference is the magnitude of the vector difference between the
FRFs, calculated at each frequency point. From Figure 6.5 it can be seen that the average
difference across the whole frequency range is about 10% of the maximum inertance of
the FRF. However, in the regions close to the resonances at 11 and 17 Hz the difference
function shows sharp increases (rising to about 50% of the resonance peaks) which are
indicative of dight shiftsin the resonance frequencies since the magnitudes of the FRFs in
the resonance regions appear to be unchanged
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Figure 6.5

The broad peak in the AFRF at around 24 Hz indicates that the difference is not only
caused by a shift in resonance frequency, but that there are aso differences in the

magnitudes of the FRFs in this region. This can be seen by careful inspection of the
original FRFs.
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Figure 6.6

In Figure 6.6 the FRFs measured using nominally the same excitation source levels are
compared. As would be expected, the differences are smaller than those measured with
different excitation levels but there are still identifiable peaks in the difference function
corresponding with the resonances. Nothing has been changed on the structure between
the two measurements. The differences are caused by variation of the structure with time.
There is little that can be done to improve this aspect of testing.

(i) Reciprocity Checks

One of the reciprocity checks is shown in Figure 6.7, comparing FRFs R49Z+/F66Y -
and R66Y+/F49Z- : measurements between different points and in different coordinate
directions. Once again, the measurements suffer from insufficient frequency resolution at
the the low frequency region and this could have some bearing on the poor results around
6.5 Hz. The reciprocity looks good for the mode at about 11 Hz, but there is obvioudly a
frequency shift of the 17 Hz mode which is clearly indicated by the difference function.
The FRFs themselves do not show that there is aso a frequency shift for the 11 Hz
mode, but this is shown by the difference function.
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Figure 6.7

It will be seen later that the poor reciprocity between coordinates 49Z and 66Y in the
region of the 11 and 17 Hz modes is a result of shaker loading effects on the structure at
point 49. The inconsistent loading was brought about as a consequence of space
limitations which necessitated the use of a 20 mm pushrod for excitation in the Z-direction
at point 49, rather than the 100 mm pushrod used elsewhere.

(i) Definition of Frequency Range and Frequency Resolution

It has already been mentioned (in (i)) that the baseband measurements up to 64 Hz (using
512 lines; resolution 0.125 Hz) had insufficient frequency resolution for definition of the
low frequency modes. It was decided that doubling the resolution, to 0.0625 Hz (a
32 Hz baseband measurement), would be adequate to define al the FRF terms for
anaysis of the high frequency modes and for the purposes of estimating high frequency
residual terms. Baseband measurementsto 16 Hz and 8 Hz with frequency spacings of
0.03125 Hz and 0.015625 Hz respectively, will be used to define specific FRFs in
sufficient detail for modal analysis of the low frequency modes.
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6.3.2 Full Measurement Survey for Translational Degrees-
of-Freedom

It was intended that the complete FRF matrix shown in Figure 6.8 should be measured in
the full survey, despite the fact that modal analysis only requires a minimum of one row
or column to identify fully the modes tested. However, it is usua to measure more FRFs
than the minimum set required to ensure that none of the modes has been missed by poor
choice of excitation location. Measurement of the complete matrix, or even just the upper
triangle, is excessive from the modal analysis point of view, but it is vital if afull set of
residual terms are to be calculated from comparison of synthesised and measured data.
Residual terms cannot be calculated for the whole matrix through knowledge of only one
row or column.
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8. 66Z+
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© © ol & o
© © Old < <
Excitation

FRF Matrix Representation for the Helicopter Case Study
Figure 6.8

At the start of the full survey, six accelerometers were bolted to triaxial mounting blocks

aready attached to the structure and none of the accelerometers was moved throughout the
tests. A single force gauge was moved to each excitation coordinate in turn. For the

majority of measurements a pushrod 100 mm in length was used, except for excitation at

point 49 in the Z direction where, because of space limitations, it was necessary to use a

pushrod only 20 mm long.

Severd difficulties with the excitation arrangements soon became apparent;

()  point 66 is located on the side of the intermediate gearbox which is usualy
concealed beneath fuselage fairings. This made excitation at point 66 in the
X-direction (66X) very awkward and, additionally, excitation in the Z-
direction could only be achieved by using a short extension tube added on to
the pushrod; and,
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(i) point 49 is located on the leading edge of the tail-plane at mid-span.
Excitation in the Y direction (along the leading edge of the tailplane) was
only possible with the aid of a pushrod extension of about 1 m length. There
was a resonance of this extended pushrod arrangement within the 32 Hz
measurement band and the resulting FRFs were all rather poor, with
generaly low coherence levels.

As aresult, measurements involving excitation at either 66X or 49Y were abandoned for
the initial phases of this study. As a consequence of this, it was not possible to obtain
measured FRFs for the 3 elements marked with an *X* in the upper triangle of the matrix
shown in Figure 6.8 and, hence, residual terms for these elements of the matrix could not
be derived by comparison of measured and synthesised functions.

Excitation in the Y -direction at point 66 produced a set of FRFs in which all the modes
were reasonably well defined and hence 66Y was chosen as the reference degree-of-
freedom for the set of FRFs to be used in the modal analysis procedures. The shaker was
returned to coordinate 66Y, and measurements for all of the 6 response positions were
performed four times using baseband measurements to 8, 16, 32 and 64 Hz. Point FRFs
for coordinate 66Y, for all the four frequency ranges, can be seen in Figures 6.9 to 6.12.
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6.3.3 Excitation at an Angle to the Coordinate Axes

Although the point FRFs for excitation at 49Y and 66X could not be measured easily by
direct means, it was thought that it might be possible to derive them from additional
measured data made with the excitation direction inclined to the coordinate axes. The
following simple example shows how this can be done; the full analysis to produce FRFs
in the coordinate axes from such measurements is given in Appendix C. Satisfactory
results proved to be difficult to obtain when experimentally measured input data were
used.

Angled excitation direction (W)

X

Definition of Axesfor Angled Excitation.
Figure 6.13
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For example, referring to Figure 6.13, assume that it is not possible to excite in the X-
direction and that normal FRFs have already been obtained for excitation in the Y-
direction. For angled excitation tests, the force is measured in the direction W and the
responses are measured in the X- and Y- coordinate directions. FRFs produced from
these measurements are Y/W and X/W. Now, combining these angled excitationFRFs
together with the normal X/Y FRF it is possible to derive Y/Y and X./X FRFs (Appendix
C). The Y/Y FRF, which, it is assumed, has already been measured in the normal way is
available for comparison with the derived Y/Y FRF.

(1) Excitation at Point 66

Shaker.

Pt.

TailFin.\, 8 oty o

Schematic View of Angled Excitation at Point 66.
Figure 6.14

The shaker was set up as shown in Figure 6.14, with the forcing direction at an angle of
32° to the X-axis. Even with the shaker in this position, it was necessary to use a 200 mm
pushrod extension tube with a 20 mm pushrod to gain access and to avoid resonances of
the pushrod arrangement in the measurement frequency band. The excitation force was
measured in the direction of the excitation (W) and the responses were measured in the X,

Y and Z coordinate directions, as before.

Movement of the shaker during these tests was found to be more of a problem than it had
been before. The reason for this was that since the shaker had been rotated in its gimbals,
the centre of gravity of the shaker and reaction mass arrangement was now no longer in
line with the excitation axis. This resulted in quite severe rocking of the shaker on its
suspension, particularly at low frequencies.
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Results for Point 66

Point FRF results for coordinate 662 are presented in Figure 6.15. There are 3 functions
superimposed on this plot; the point FRF measured directly, the point FRF derived from
angled forcing and the vector difference between these two FRFs. Over the range 3.2 to
11 Hz, the derived FRF compares favourably with the FRF measured directly, athough
there are differences in the location of the first anti-resonance. Above 11 Hz, the derived
result is not particularly good compared with the FRF measured directly; the difference
function often being of the same magnitude as the FRF itself. Assuming this poor
correlation also extends to the derived point FRF for 66X (Figure 6.16), for which there
is no measured FRF for direct comparison, the derived FRF will be of little use in any
modal analysis procedure.
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(ii)  Excitation at Point 49

Shaker.
450 \_Pt. 49. Tail
( ) Fin.
Tailplane.
Y4
| (Looking Aft)
Y

Schematic View of Angled Excitation at Point 49.
Figure 6.17

Similar measurements were made at point 49, except that here the excitation angle was45°
(Figure 6.17) and it was only necessary to use a pushrod extension tube of 90 mm on the
20 mm pushrod to gain access.
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Results for Point 49

(8)49Z

The results for coordinate 49Z are presented in Figure 6.18 in the same format as used
previoudly for 66Z. This time, however, the level of agreement between the measured and
derived FRFs is generally much better, exhibiting a similar level of agreement to that
found for the reciprocity. In comparing the measured and derived FRFs, the positioning
of the anti-resonances between modes 2 and 3 is the most obvious discrepancy.
Furthermore, the difference function shows that there are large discrepancies at the
resonance frequencies. It would not seem unreasonable to expect the derived point FRF
for 49Y (Figure 6.19) to be equally as good as that for coordinate 492, in which case it
could be used quite successfully in a modal analysis procedure.

The peaks in the difference function at the resonances are, once again, indicative of
resonance frequency shifts caused by the shaker system loading the structure differently
for each of the measurements involved. It has already been noted that point 49 is
particularly sensitive to shaker loading in the X and Z directions.
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(b) 49y

The derived point FRF for 49Y has been plotted, Figure 6.19, together with the origina
point FRF for 49Y measured using a 1 m pushrod extension tube. Here, the quality of the
measured FRF isinferior to that of the derived FRF. The resonance at about 11 Hz is not
shown on the measured FRF, whereas it can be seen clearly on the derived FRF. The use
of the derived FRF could prove to be beneficia in this case.

6.3.4 Comments on the Use of the Angled Excitation
Technique

These examples of the angled excitation technique show considerable variability in the
results. The probable cause of the poor quality results for point 66 is that the FRF for
response in the X-direction (along the fore-aft axis of the helicopter) due to excitation in
the Z-direction (vertical axis) isused in the calculation. The responses measured alongthe
fore-aft axis of the helicopter at point 66 have all been very small and difficult to measure
accurately. Thisis probably due to the fact that the X-direction axis passes through both
the helicopter centre of gravity and point 66 and that the axial stiffness of the fuselage is
significantly larger than its flexural or torsional stiffness.
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The angled excitation results for point 49 are very much better than those for point 66.
Point 49 is located on a more mobile part of the helicopter and the measured FRFs used in
the angled excitation cal culationsare of a higher quality than those for point 66.

In general, by use of the angled excitation technique it is possible to derive FRFs which
cannot be measured directly due to difficulties of access for excitation. The technique
appears to work best for points on a mobile part of the structure where the FRF has
pronounced modal characteristics. The FRFs are derived using raw measured data which
include all the effects of out-of-range modes. Therefore, in theory, the derived FRFs
should also contain all the relevant information about out-of-range modes and this is the
primary reason for using this form of the data since comparison of a synthesised FRF
with its derived counterpart enables calculation of residual correction factors for the
synthesised FRF. Thisis of particular importance for point FRFs because these FRFs
usualy require the largest residua corrections (see chapter 5).

6.4 Measurement of Rotational Degrees-of-
Freedom

The need for measurement of rotational degree-of-freedom FRF properties has been
discussed in chapter 5, where the possible consequences of their omission from a
coupling analysis areillustrated. One objective of this case study is a demonstration of the
ability to predict accurately the effects of a modification. Therefore, to have the best
possible chance of success in the prediction, it is necessary to measure the rotational
degree-of-freedom FRF properties. Once they have been measured in a preliminary
survey, the sensitivity analysis study will reveal whether or not they are of particular
Importance and warrant more extensive investigation in the full measurement survey.

Attempts have been made to measure these rotational degree-of-freedom FRF properties
using the T-block method described in chapter 5 and in references [9] and [81]. The
dimensions of the T-block and its mass properties are given in Appendix D. Initialy, the
measurements were made to enable calculation of 6x and 6z at point 66 but,
subsequently, the procedure was repeated for @y at point 49 also.

6.4.1 Measurements at Point 66

The results for 8x and 6z at point 66 are very similar and, therefore, only those for 6x
will be described in detail in this section.
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The trandlational FRF data measured on the T-block were assessed for quality in the same
way as the standard trand ational FRF data have been; by repeatability and reciprocity
checks. A typica repeatability check is shown in Figure 6.20. The two FRF
measurements were made on different days and the T-block was removed and the
transducers stripped off between measurements. The AFRF has been calculated and is
plotted together with the FRF curves. On the whole, the repeatability is good with an
average difference of about 10% across the complete frequency range. Once again there
are dight frequency shifts of the 11 and 17 Hz modes which give rise to the sharp peaks
in the difference function at these frequencies.

A typical reciprocity check for the translational FRF measurements on the T-block is
shown in Figure 6.21. The reciprocity is very good: there are the sharp peaks in the
difference function at the resonance frequencies, but elsewhere the differences are
approaching the noise floor for the measurements.
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Figure 6.21

Results for Point 66

Transformation of the measured T-block trandational FRF data set, as described in
chapter 5 (section 5.2.1), produces the following rotational FRF data set for the point of
attachment of the T-block to the structure:-

(i) Translation/Translation FRF Results

The trandlation/trand ation FRF from the transformation can be seen in Figure 6.22, along
with the same FRF that was measured directly. There is good agreement between the two
FRFs, especially considering that they were measured on different days and by different
methods. However, the transformation to obtain this FRF is essentially an averaging of
the FRFs measured on the T-block,

1rRy Ry Ry R
a(F1+F1+F2+F2)

Any dlight discrepancies, such as those found in the reciprocity and repeatability checks,
are averaged out.
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(i)
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These two, supposedly, reciprocal translation:rotation FRFs are shown in Figure 6.23.

The difference function is also plotted, but it is difficult to distinguish. The results are
very poor; they are so noisy that the resonance peaks are amost lost; there are no clear
anti-resonance features. Overall, the reciprocity is very bad — the magnitude of the
difference is amost the same as the magnitudes of theFRFs themselves throughout the
whole frequency range.

For these FRFs, the calculation formula is:-
1 'rRy Ra2\, (R Rz
15 (Fl' Fz) (Fz Fl)

where, § = separation of points on the block.

% and 5—12 are reciprocal terms whose reciprocity has been checked (Figure 6.21). The

B_le)

difference function in Figure 6.21 plot essentially gives the value of ( 5

%—ll— and %—22— are the point FRFEs on the T-block and they are shown with their differencein

Figure 6.24 below.
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It will be noted that the difference functions of Figures 6.21 and 6.24 are largely noise,
each with a similar mean value. The translation/rotation FRF of Figure 6.23 is given by a
scaled average of these two difference functions (Figures 6.21 and 6.24), and it is now
not too difficult to see why the trandlation/rotation FRF is so poor. The primary cause is
caculation of the small difference between two large numbers which have come directly
from measurements. The calculation is essentially the average of two differences.

(iv)  Rotation/Rotation FRF Results

Theformulafor calculation of the rotation/rotation FRF can be expressed simplyas:-
(%) (B 32
as2 || F Fz) (Fz Fi )

In this formulathe inner terms are the sum of the point FREs and the sum of the reciprocal
FRFs respectively; shown in Figure 6.25. Each of these terms is smoother than its
congtituent parts. The rotation/rotation FRF is essentially the scaled difference of these

two sums.
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The 0 rotation/rotation FRF shown in Figure 6.26 has a surprising characteristic - that
of astraight line. Thereis very little ‘noise’ and there are no resonance or anti-resonance
features. The line has aslope of +2 on alog-log plot of inertance, which meansthat itisa
stiffness line — indicating a pure torsion spring. There is no detectable modal behaviour.
By using the information from a point on this line, the torsional stiffness represented by
this FRF was calculated as 6.18E3 Nm/rad.

When the trandational FRF measurements for 6z were transformed to the rotational set,
the results were found to be similar to those for 8x above but, the rotation/rotation results
were identical to those for 6x, another perfect straight line of slope +2; atorsional
stiffness of 6.18E3 Nmy/rad, again.

These results indicated that the rotation/rotation properties derived using the T-block at
point 66 on the helicopter had no modal characteristics and were independent of the
orientation of the T-block (6x or 6z). Because such characteristics are highly unlikely for
the helicopter, it was strongly suspected that what had been measured was the attachment
stiffness of the T-block to the helicopter. In comparison with the local stiffness of the
helicopter, the attachment stiffness was small and would have to have been increased very
substantially before the true rotational behaviour could be measured accurately. Similar
measurements were made at point 49, for the Oy rotational properties, in the hope that the
local stiffness at this point would be low enough for the T-block attachment stiffness to be
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adequate for transmission of the structural motion. Unfortunately the T-block attachment
stiffness was again insufficient and poor results were obtained.

At this stage it was decided that, to avoid the need for rotational FRF data and to save a
considerable amount of time and effort, any subsequent modifications to be made to the
helicopter would have to be pin-jointed. This simplification is often made implicitly when
measurement of the rotational FRF properties is not even considered, or just overlooked.
Furthermore, the discussion presented in section 5.2.1 has exposed some fundamental
discrepancies between the assumptions made in the theory and in the practice of coupling
rotational degrees-of-freedom.

6.4.2 Bedplate M easurement

To confirm the suspicion that the T-block attachment stiffness had been measured, the T-
block was moved to alarge bed-plate and bolted down in asimilar way to that used to fix
it to the helicopter. Translational measurements were made on the T-block and then
transformed to form the rotational set. The rotation/rotation FRF again had a perfect
stiffness line characteristic, but this time it had a value of 7.18E3 Nmy/rad, slightly higher
than that measured on the helicopter. A smaller attachment stiffness on the helicopter can
be explained by the fact that the T-block is bolted to an excitation block which is stuck to
the helicopter with ‘ Plastic Padding’ whereas the T-block is bolted to thebedplate directly.
The Plastic Padding interface is the source of the extra flexibility measured.

Further confirmation that the rotational stiffness measured was, in fact, the attachment
stiffness of the T-block was provided by some theoretical calculations of this stiffness,
Appendix E. Although the theoretical rotational stiffness does not agree exactly with that
measured, it is of the right order and the discrepancies can be accounted for by some of
the assumptions made regarding key dimensions and material properties used in the
analysis.

6.4.3 Discussion of the Measurement of Rotational Degrees-
of-Freedom

(i) T-Block Transducer

The results obtained here demonstrate clearly the difficulties associated with measurement
of rotationa degree-of-freedom FRFs using the T-block transducer method. The main
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problem was attaching the transducer to the structure with sufficient rigidity that the
behaviour of the structure could be correctly detected by the transducer.

(i) Cross-Axis Sensitivity of Transducers

The influence of accelerometer cross-axis sensitivities on the rotational FRF results
derived from T-block measurements has already been discussed in chapter 5. It was
suggested that the cross-axis effects could be minimised by careful angular orientation of

the accelerometers, but this is not always possible. In this instance, the triaxid

accelerometer blocks and the T-block were al pre-drilled to accept the accelerometers
aligned with the coordinate directions. With accelerometers having a threaded base and
attached to the structure with a stud, specific angular orientation can only be obtained by
insertion of spacing shims of the correct thickness underneath the bases of the
accelerometers. precise angular alignment is difficult to achieve.

(i)  Useof Synthesised FRFs

All the calculations made here to determine the rotational degree-of-freedom FRFs have
used the raw measured trandational FRFs. It has been suggested [25] that ‘ smoothed
FRFs’ or FRFs synthesised from a modal database would be better. This would
necessitate a modal analysis of the measured data first and, although the synthesised FRFs
are noise-free, they may not contain all the important information inherent in the measured
FRFs, e.g. exact residual information. It isimportant to remember that the synthesised
FRFs can only represent, at best, what has been measured by the transducers; any
attachment flexibility effects will be included in the synthesised FRFs, just as they are
included in the measured FRFs. There is no way of differentiating between the component
of the response caused by the base structure and that caused by the attachment flexibility.
Therefore, the use of synthesised FRFs in these calculations may have resulted in smooth
well-defined rotationa degree-of-freedom FRFs, but it is doubtful whether the underlying
characteristics would have changed significantly.

6.5 Modal Analysis of the Trandational FRF Data
Set

A SDRC program — Modal Plus, implemented on the Gen-Rad 2515 — was used for
Modal Analysis of the measured translational FRF data set.
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6.5.1 Polyreference Analysis

Four different force input locations have been used, one at a time, for the 32 Hz and
64 Hz baseband measurements; i.e. a series of single-point tests have been performed
rather than one multi-point test. The use of multiple single point tests has led to some
inconsistencies in the measured data due to different loading effects of the excitation
system on the helicopter at each of the forcing locations. For 8 Hz and 16 Hz baseband
measurements, F' RF data are available for only one forcing location, 66Y .

The Polyreference analysis method has been used over the 8 and 16 Hz baseband
frequency ranges with a single reference location - equivalent to a Complex Exponential
analysis. For the 32 and 64 Hz baseband data, two out of the four reference locations
have been chosen for the analysis, 66Y and 492. The reference locations are at different
points on the helicopter and in different coordinate directions.

In thisanalysisatotal of 11 modes were extracted from the 64 Hz baseband frequency
measurements. There are two close modes at around 6.5 Hz which proved to be quite
difficult to separate, requiring the highest frequency resolution data to achieve reasonable
results. Another problem which compounds the situation is that the second of the two
close modes has a damping value of about 0.3%, less than half that of the first mode
(-0.7%). Above 32 Hz the modes are generally more highly damped, less well defined
and consequently more troublesome to analyse than those in the frequency range of
interest (3.2 to 32 Hz). Since the modes above 32 Hz are only used to account for high
frequency residual termsin the frequency range of interest, the exact values of the
parameters are not of prime importance as long as the overall residual effects are correct.
The parameter and mode shape data are presented in Tables 6.2 and 6.3.

Throughout the modal analysis process, analytical FRFs were generated and compared
with measured FRFs in the resonance regions. The quality of the analysis was assessed
by the level of agreement between the analytical and the measured FRFs. This was judged
by eye. In the off-resonance regions, there can be large discrepancies because, at this
stage, no account has been made for the effects of out-of-range modes. The reliability of
the results was checked by performing the complex exponential analysis for several
dightly different narrow frequency bands around each of the resonance peaks, with
different numbers of roots in each of the analyses. If the answers for the non-
computational roots (frequencies) were within 1 or 2% for each analysis and the damping,
mode coefficient [78] and phase compared favourably, then the results were taken as
acceptable estimates.
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| Label | Frequency | Damping | Amplitude | Phase | Ref. | Res.

1 6.57 .009 3.12E-3 1571 | eeY- | 662+
2 6.74 .003 2.58E-3 -1.571 | 66Y- | 66Z+
3 11.92 .006 9.06E-3 1571 | 66Y- | 66Z+
4 17.06 .006 1.16E-2 1571 | 66Y- | 66Z+
5 22.17 017 1.49E-2 -1.571 | 66Y- | 66Z+
6 24.08 .021 1.01E-2 1571 | 66Y- | 66Z+
7 26.24 .015 9.70E-2 -1.571 | 66Y- | 66Z+
8 42.47 .025 1.62E-2 -1.571 | 66Y- | 66X+
9 51.14 .045 2.19E-2 -1.571 | 66Y- | 66X+

10 52.26 018 4.72E-2 1571 | 66Y- | 66X+

11 53.58 .035 0.11 -1.571 | 66Y- | 66X+

Mode Parameter Table. Table 6.2
Mode | Location | X Coeff. | Y Coeff. |Z Coeff.

1 49 2.214E-2 -5.431 E-2 5.308E-2
66 7.557E-4 -1.055E-2 8.355E-3

2 49 1.690E-2 -7.201 E-3 -3.495E-2
66 2.783E-3 -1.453E-3 -1.834E-2

3 49 1.440E-1 -1.200E-2 | -3.752E-1
66 3.492E-3 -3.706E-2 2.101E-2

4 49 -6.714E-1 -8.483E-2 | -9.969E-2
66 9.016E-4 -8.416E-2 1.908E-2

5 49 3.862E-2 2.264E-2 5.890E-3
66 3.043E-3 -4.862E-2 | -6.448E-3

6 49 7.172E-2 5.139E-2 1.353E-2
66 1.568E-2 -1.468E-1 3.199E-3

7 49 -2.657E-2 -2.649E-3 1.212E-2
66 -3.042E-3 -1.412E-2 -3.766E-2

8 49 2.435E-2 3.660E-2 | -4.833E-2
66 -2.417E-3 -1.838E-2 -8.348E-4

9 49 2.260E-3 2.029E-3 2.385E-2
66 -1.526E-3 -2.738E-3 -1.164E-3

10 49 -5.023E-3 -1.281 E-2 -4 158E-2
66 8.094E-3 4.200E-3 -2.601 E-3

11 49 4.066E-3 1.263E-2 4541 E-2
66 -9.594E-3 6.541 E-4 4.148E-3

Mode Shape Table. Table 6.3
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6.5.2 Synthesis of FRFs from the Modal Database

The modal database generated by the method described above was used to synthesise all
the FRFs in the upper triangle of the FRF matrix (Figureé6.8), over the 32 Hz baseband
frequency range. The primary purpose of this was validation of the modal database by
comparison of synthesised and measured FRFs for excitation locations other than 66Y .
When this was done two trends immediately became apparent;

() the off-resonant characteristics of the measured and synthesised FRFs were
often significantly different; and,

(i)  for several setsof response and excitation coordinates there were differences
between measured and synthesised FRF resonance frequencies for modes 3
and 4.

Differences between measured and synthesised FRFs in the off-resonant regions are
amost certainly due to the effects of out-of-range modes which have not yet been
incorporated in the synthesised FRFs.

Errorsin the 3td and 4th mode resonance frequencies between the measured and
synthesised FRFs are a confirmation of the behaviour noted earlier: that, with excitation at
point 49, the transverse loading effect of the shaker system on the helicopter causes shifts
in some of the resonance frequencies. By definition, all the synthesised FRFs have the
same resonance frequencies- those contained in the parameter table (Table 6.2)- and it is
the measured resonances which contain the changes.

Calculation of Residuals by Comparison of Measured and Synthesised FRFs

Within Modal Plusthereisafacility for calculating residual termsfor a synthesised FRF if
the measured counterpart is available for comparison. Here, calculation of low-frequency

residual inertance terms was required to account for the rigid body modes of the
helicopter. Rigid body inertances are all real - ( |/mass) - but the program produces
complex residual terms by default. There was no direct way of calculating real-valued
residual terms and so it was necessary to calculate the complex residua inertances and
then truncate to the real part only (N.B. For al of the residuals calculated, the imaginary

parts were at least an order of magnitude smaller than the real parts). There were only 4
elementsin the full 6x6 FRF matrix for which residual terms could not be calculated

because of unavailability of certain measured FRFs — 66X/66X; 49Y/66X; 66X/49Y and

49Y/49Y, see Figure 6.8.
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The low frequency residual inertances can be seen in Table 6.4, where they are shown in
the matrix grid pattern.

Excitation.

Resp. 66X+ | 66Y+ | 66Z+ 49X- | 49Y+ 497+
66X- N/A -.10OE-3 .59E-4 .45E-4 N/A -.64E-3
66Y- 34E-2 | -.17E-3 | -.47E-3 31E-2 .66E-3
66Z- .18E-2 .00 -31E-4 .43E-2
49x+ .00 .13E-5 .00
49Y- N/A .00
497- .00

N/A = Not Available

Low Frequency Residual Terms from Comparison of Measured and Synthesised FRFs.
Table6.4

It must be noted that the analyses to determine these low-frequency residual terms were
not very satisfactory. In many cases, significantly different results were obtained when
the measured and synthesised FRFs were compared over different frequency ranges. The
low-frequency residual results presented in Table 6.4 are those that gave the closest
agreement between the measured and synthesised FRFs. The positioning of the anti-
resonances in the synthesised FRFs was particularly useful in this assessment.

Theoretical Calculation of Residual Terms

In the above section the low-frequency residual terms have been found by comparing the
synthesised FRFs with their measured counterparts. There were 3 functions in the upper
triangle of the FRF matrix for which the measured FRFs were not available, hence low-
frequency residuals could not be caculated for these functions. It was felt that an
incomplete database of residual terms of questionable accuracy was not a good starting
point for predictions of the effects of modifications; recall the discussions in chapter 5 on
the effects of using incomplete and inaccurate models in modification predictions.
Fortunately in this case, the low frequency residua terms only represent the rigid body
modes of the helicopter — the lowest frequency flexural modes have been measured — and
it is possible to derive the low frequency residual terms from the rigid body properties of
the structure. In this case, the mass and inertia properties of the helicopter were obtained
from a F.E. modd of the helicopter at the R.A.E. Famborough, and basic rigid body
mechanics was then employed to derive expressions for al the low-frequency residual
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terms in the FRF matrix, i.e. (%ff—)for all the response and reference locations. They are

all purely real valued and are shown in Table 6.5.

Excitation.
Resp. 66X+ ABY+ | 66Z+ | 49x+ |  49Y+ | 4974+ |
66X+ | .36E-3 .22E-5 | -.26E-4 .36E-3 .27E-5 | -31E4
66Y+ 31E-2 | -13E-6 | -.41E-3 37E-2 | -.24E-4
66Z+ .28E-2 | -.31E-3 .16E-5 .34E-2
49x+ .46E-3 | -.49E-3 | -.38E-3
49Y+ 47E-2 .29E-3
497 + .43E-2
Theoretical Low Frequency Residua Terms.
Table 6.5

For 66X/66X the residual term is very close to (I/total mass of test structure). Thisis
because coordinate 66X passes through the centre of gravity of the helicopter.

An initid comparison of the low-frequency residual results presented in Tables 6.4 and
6.5 reveals large discrepancies.-

(i) thesignsof anumber of the residual terms are different; and,

(i) theresidual values are frequently very different.

In mitigation though, the residual terms for each FRFfrom the two estimation methods
should be compared together with a measure of the overall inertance level for the FRF
term under consideration. For example, consider an FRF with ahigh overall inertance
which requires a comparatively small residua correction of, say, 0.1x10-3 Kg-1. Now,
assume that another residua estimation indicates a residual correction of 0.1x10-6 Kg-r.
Oninitial comparison of these residual terms in isolation, the difference between 0.1x10-3
Kg1and 0.1x10-6 Kg! looks to be very significant but, in fact, compared with the size
of the FRF itself, both estimates of the residua are negligible.

6.5.3 Comparison of Measured and Synthesised FRFs

In Figures 6.27 and 6.28, a selection of measured FRFs are plotted alongside the
synthesised versions, with and without low frequency residual terms added. As a genera
rule, correlation of measured and synthesised FRFs in anti-resonance regions provides a
much better check on the whole analysis than correlation in the resonance regions where
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the response is dominated by a single mode and good results may be achieved by using a
single degree-of-freedom approximation (this is the basis of SDoF modal analysis
methods). In anti-resonance regions, the contributions from all the modes combine and
cancel out. Even if only one of the modal contributions is estimated incorrectly, the
position of the anti-resonance will be altered.

() Response 66Y+/Force 66Y-, (Figure 6.27)
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Figure 6.27

The low-frequency residua correction term is most important for this FRF, as shown by
the marked effect it has on the FRF characteristics in the low-frequency part of the range.
The most obvious effects of the residual addition are the appearance of an anti-resonance
at afrequency just below the first resonance and the shift of the anti-resonance between
modes 3 and 4 from about 7 Hz to about 10 Hz. The residua correction has virtually no
effect in resonance regions. With the residual correction applied, al the synthesised anti-
resonance features are positioned correctly and the synthesised FRF agrees very well with
the measured FRF right across the frequency range.
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(ii) Response 66Y+/Force 49X+, (Figure 6.28)
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Response 66Y+/Force 49x+

10

E
3
T N
0 o
S v
o 23 e
(& 3 -
C -
@ 3
FY)
Cm ?
QC) © o o
—— 3 -
ke v
o o
—>— Measured.
i —+— Svntheslzed Without Resldual.
s —&— Synthesized With Residual. w
o 0

10.0 32.0
Frequency (Hz).

Comparison of FRFs With & Without Residuas (66Y+/49X+)
Figure 6.28

For these FRFs the agreement between the measured and the synthesised FRF with the
low frequency residual termis seen to be generally good. The level of agreement tends to

become better with increasing frequency. The amplitude estimates for modes 1 and 2 are

dightly incorrect and this is probably the cause of the poor correlation of the measured

and synthesised anti-resonance between modes 2 and 3. At the low frequency end of the
range, the residual has a large effect on the synthesised FRF, but as the frequency

increases, the magnitude of the FRF increases generally and the residual has
proportionally less effect.

There is asmall difference between the resonance frequencies for mode number 3 of the
measured and synthesised FRFs. Thisis a problem with the measured FRF, not the
analysis or synthesis; there was some loading of the helicopter by the excitation system at
point 49 which has cause the small increase in the frequency for mode number 3 in the
measured FRF.




Case Study 200

6.6 Sendgtivity Analysis

The sensitivity anaysis procedure developed in chapter 3 has been applied to data
collected from the moda survey of the helicopter. Where synthesised data are required,
those derived from polyreference analysis together with theoretical residual terms have
been used.

6.6.1 Extraction of Input Data for Sensitivity Analysis

All the necessary information can be extracted from the point FRFs; the resonance
frequencies, the anti-resonance frequencies and a data point on each of the FRFs to fix the
curves in the Y-axis. The resonances are obvious features which are not too difficult to
determine reasonably accurately, even by ssmple cursoring. The anti-resonances can be
troublesome to locate however, if raw FRF data are used. The first anti-resonance for
many of the FRFs would have been particularly difficult, or impossible, to locate using
raw data for the helicopter. There are no reliable data available for frequencies less than
about 3 Hz since frequencies below this were filtered out from the excitation signal.
Additionally, the piezoelectric force gauge was at the limit of its operating range at 3 Hz.
The poor quality of the FRF data in the anti-resonance regions is closely linked with the
input magnitude resolution of the measuring instruments used, see chapter 5.

In this analysis the problem was overcome by the use of FRFs synthesised from the
modal database where the anti-resonances are defined just as clearly as the resonances.
Nevertheless, great care had to be taken to ensure that the synthesised anti-resonance
frequencies matched those measured. The anti-resonance frequencies were found from
these synthesised FRF curves using a ‘valley picking’ routine available within Modal Plus
and the resonance frequencies were taken from the moda anaysis parameter table,
although use of data obtained with a ‘peak picking' routine would have been equally
valid. The resonance and anti-resonance frequencies for al the point FRFs are listed in
Table 6.6, together with several coordinates on each of the curves, to be used as reference
points. The information was then entered into the sensitivity analysis program to produce
all the mode sensitivities for each of the location points and directions.
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Anti-resonance Resonance _
Frequency (Hz){Frequency (Hz) Reference Points
Location 66X
6.50 6.74
11.81 11.92 1) 0.235. 103 Kg-" @ 6.31 Hz
23.38 24.08 2) 0.212 . 102 Kg-" @ 6.81 Hz
25.75 26.24 3) 0.707* 103 Kg-* @ 8.31 Hz
Location 66Y
6.25 6.57
10.13 11.92 1)0.195* 102 Kg-" @ 8.13 Hz
13.38 17.08
18.19 22.17 2)0.567 . 102 Kg-" @ 11.50 Hz
22.69 24.08
26.00 26.24 3)0.551.102 Kg-* @ 15.31 Hz
Location 66Z
5.31 6.74
11.69 11.92 1)0.545* 102 Kg-* @ 6.13 Hz
16.88 17.06 2)0.719.102Kg! @ 8.31 Hz
20.69 26.24 3)0.618* 102 Kg-" @ 12.38 Hz
Location 49X
1.50 6.57
6.63 6.74 1)0.298 . 10 Kg-" @ 9.19 Hz
7.19 11.92
12.50 17.06 2)0.892.10"! Kg-* @ 13.81 Hz
21.88 22.17
23.69 24.08 3)0.855.10°1 Kg-* @ 16.50 Hz
25.81 26.24
Location 49Y
4.50 6.57
11.81 11.92 1)0.531* 102 Kg-* @ 5.31 Hz
16.38 17.06 2) 0.755 .10 Kg-* @ 6.38 Hz
21.27 22.17 3)0.139* 10 Kg-* @ 9.81 Hz
23.38 24.08
Location 492
2.81 6.57
6.63 6.74 1)0.148 .10 Kg-" @ 4.88 Hz
8.19 11.92 2)0.292* 10" Kg-* @ 7.50 Hz
16.94 17.06 3)0.368 . 1071 Kg-" @ 11.30 Hz

Input Datafor Sensitivity Analysis

Table 6.6
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6.6.2 Sensitivity Analysis Results
(i) Low Freguency Asymptotes

In addition to the mode sensitivities for each point, the analysis produces a theoretical
value of the low frequency asymptote for the FRF curve - either mass or stiffness,
depending upon whether the structure is free or grounded. The value of this asymptote is
calculated from the same input data as are used in the calculation of the sensitivities;
resonance and anti-resonance frequencies and a reference point. The theoretical asymptotic
value can then be used as a check on how well the assumed model approximates the actual
data. If the theoretical and measured values have a close correlation then the assumed
model is reasonable and the sensitivities produced can be expected to be reliable. If they
do not agree, then some explanation must be sought. The low frequency asymptotic
values for different reference points were calculated and compared with each other and
with the values derived from the measured FRF curves.

Sensitivity Analysis Results.
Theoretical

Point Value 1 2 3

66X .36E-3 51E-3 .47E-3 .60E-3

66Y 31E-2 .30E-2 B1E-2 31E-2
667 .28E-2 .30E-2 .29E-2 27E-2

49x .46E-3 .73E-3 .73E-3 .74E-3

49Y 47E-2 .48E-2 .45E-2 B1E-2

497 43E-2 .44E-2 .46E-2 .49E-2

Static Accelerance Results (Units: Kg1)
Table 6.7

Theoretical values for the low frequency residual properties of the helicopter were
calculated as part of the modal analysis. These residuals are the low frequency asymptotes
of the FRFs - the Static Accelerances and they have been used for comparison with the
static accel erance results from the sensitivity analysis. The calculations have been repeated
three times, with different reference points, for al the point FRFs. The results can be seen
in Table 6.7. Thereis generally close agreement of the sensitivity analysis estimates of the
static accelerances for each of the point FRFs. The largest variation isfor the 66X degree-
of-freedom and thisis areflection of the difficulties with measurement and analysis of the
data from this coordinate, which is comparatively immobile. On the whole, the sensitivity
analysis static accelerances agree quite closely with the theoretical residual values. There
are two exceptions; coordinate 66X and coordinate 49X. In both these instances the
theoretical residual valueislower than that calculated in the sensitivity analysis. It will be
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noticed from the listings of Table 6.6 for the anti-resonance frequencies that the first anti-
resonance in the point FRF for degree-of-freedom 49X isat 1.5 Hz - very much lower
than the first anti-resonance frequency in any of the other point FRFs. The calculations are

sengitive to the positioning of this first anti-resonance and this affects the results
calculated.

It has also been found that the choice of reference point (which is used in the calculation
of the static accelerance) can influence the results from the sensitivity analysis. It is
believed to be better to choose reference points where the measured and synthesised FRFs
have close agreement; i.e. close to, but not at, resonance frequencies and away from anti-
resonance regions of the FRF curve.

(i)  Resonance Frequency Sensitivities

The resonance frequency sensitivities for each coordinate are shown in Table 6.8. Only

the mass sensitivities are given. The stiffness sensitivities follow directly from these mass
sensitivities (see chapter 3) and the ranking of coordinates for single degree-of-freedom

mass or stiffness modificationsisidentical. The different reference points (Table 6.6)

gaveriseto small variationsin the sensitivity values, but this was not considered to be too

important since the sengitivity analysisis only intended for use as a means of ranking the

degrees-of-freedom in their order of importance for modification. Provided that variations
in the sengitivities are not sufficient to alter the ranking order, the analysis is satisfactory.

Prediction of the effect of amass or stiffness modification with the sensitivity analysis
datais considered to be of secondary importance and always liable to some degree of error
because of the definition of sengitivity as the initial rate of change of the resonance

frequency with point single degree-of-freedom mass or stiffness alterations.

SDoF Mass Sensitivity (%/Kg)

Natural
Mode | Frequency| 66X 66Y 66Z 49x 49Y 497

1 6.57 -.011 -.044| -260| -.168
2 6.74 |-.002 -.087 | -.069 -.333
3 11.92 |-.000:| -.021 -.009 | -313| -.009]/-1.91
4 17.06 -.047 | -.003 |-2.92 | -.040| -.067
5 22.17 -.091 -.172| -.038

6 24.08 |-.001 | -.247 -.227| -.061

7 26.04 |-.002 | -.046 | -.167 | -.269

Resonance Frequency Sensitivities for the Helicopter.
Table 6.8
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The extent of variation found in the sensitivity values tended to increase with increasing
frequency. This is to be expected because the theory presented in chapter 3 is based on
the use of an expression involving the product of terms for all modes which is truncated
to include only the measured modes. The effects of the high frequency modes, which
have been excluded, are felt most strongly by those modes at the upper end of the
frequency range of interest and, therefore, it is these mode sensitivities that are determined
least accurately.

From the sengitivity results, Table 6.8, it is immediately obvious that point 66 is
insensitive to any form of single degree-of-freedom modification, whereas modification at
point 49, in the X and Z directions, will produce comparatively large shifts in the
resonance frequencies for modes 4 and 3 respectively. Modification at point 49 in the Y

direction (along the axis of the tailplane) is ineffective for al but the first mode - lateral

bending of the fuselage.

6.6.3 Comparison of Theory with Experiment for a SDoF
Mass M odification

The sengitivity analysis technique has been developed as a means for ranking the
coordinates in their order of importance for single degree-of-freedom modification. As a
method for predicting the actual shiftsin resonance frequencies from given modifications
the technique can only be expected to yield accurate answers if the modification is small or
if the variations in resonance frequencies are linear for the particular modification (see
Figures 3.12 and 3.24). Single degree-of-freedom mass modifications were made
experimentally and the actual resonance frequencies for the modified structure were
compared with those predicted from the sensitivity analysis results to establish the size of
errors associated with these predictions.

(i) SDoF Mass Modification at Point 49Z

The sensitivity of mode number 3 (11.916 Hz) to mass modification at point 49Z is-
1.9%/Kg. Therefore, to achieve a reasonable shift in the resonance frequency - say 1 Hz
— the single degree-of-freedom mass change required is 4.42 Kg. Using laboratory
weights bolted together, a modification with a mass of 4.62 Kg was constructed. This
mass modification was attached at point 49 (in the Z-direction) by means of a standard
excitation pushrod 18 mm long by 1 mm in diameter. This ensured that the mass had little
effect in any coordinate other than 49Z and would act as a single degree-of-freedom
modification. Re-calculation shows that the actual mass modification of 4.62 Kg should
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produce a downwards shift of 1.05 Hz for mode number 3, resulting in a resonance
frequency of 10.87 Hz for the modified structure. The next largest frequency shift
predicted is-0.104 Hz (1.5%) for mode number 2.

o o
-3 T T T T T T TE —
3 Response B6Y+/Force B6Y- -
] Title: SDoF Mass @ 497 L
‘o Lo
R o
o 2= L. o
O 7 3 E
C E =
© 7] o
4
Co ] =
2 © o L o
-« =
! 1
o = O
7| ew— Unmod1f led.
? —— Measured tlodif ied. w
0 T Y T T T T 1 2
3.0 10.0 32.0

Frequency (Hz).

Effects on the Point FRF for 66Y of SDoF Mass Modification at 492
Figure 6.29

The modified helicopter structure was excited in the Y-direction at point 66 and
trandlational response measurements were made in the X, Y and Z coordinate directions at
points 66 and 49. The point FRF curves for coordinate 66Y of the modified and
unmodified structure are shown in Figure 6.29, from which it can be seen that there was
indeed a marked shift (1.1 Hz) in the resonance frequency for mode number 3, but little
changein al the other resonances, except that modes 1 and 2 now appear as a single peak
on the FRF plot. The resonance frequency of mode number 3 for the modified structure
has been measured as 10.8 Hz, which compares well with the 10.87 Hz predicted.

It should be noted that, for the FRFs measured with excitation at 66Y and single degree-
of-freedom modification at 492, there are shiftsin al the anti-resonance frequencies.
Another series of FRF measurements were taken with the excitation applied in the Z-
direction at point 49; the same degree-of-freedom as the modification. The point FRF
from this series of measurements is shown in Figure 6.30 together with that for the
unmodified structure. The major anti-resonance frequencies for this degree-of-freedomare
not changed as a result of the modification and this confirms that the modification made
was indeed a single degree-of-freedom modification, effective only in the Z-direction at



Case Study 206

point 49 (see chapter 3). If the modification had had significant effects in any degree-of-
freedom other than 49Z, then the anti-resonance frequencies of the point FRF at 49Z
would have shown changes a so.
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Effects on the Point FRF for 49Z of SDoF Mass Modification at 49Z
Figure 6.30

Inspection of the point FRFs for 492, Figure 6.30, shows that there is a discrepancy
between the resonance and anti-resonance frequencies in the region of 17 Hz. The
sensitivity of mode number 4 to single degree-of-freedom modification in the Z-direction
does not account for the shift observed. The problem is a result of the different pushrods
used for the two measurements. For the origina measurement of the unmodified
structure, a pushrod of length 20 mm was used because of space limitations, but, when
the single degree-of-freedom mass modification was made at49Z the whole helicopter
pitched tail down sufficiently to allow use of the 100 mm pushrod. It was the |ateral
restraint of the helicopter by the short pushrod used in the original measurement, that
caused the 4th mode frequency to be raised dightly. The preceding anti-resonance
frequency is also raised by a similar amount.
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Inspection of the point FRFs for 492, Figure 6.30, shows that there is a discrepancy
between the resonance and anti-resonance frequencies in the region of 17 Hz. The
sensitivity of mode number 4 to single degree-of-freedom modification in the Z-direction
does not account for the shift observed. The problem is a result of the different pushrods
used for the two measurements. For the origina measurement of the unmodified
structure, a pushrod of length 20 mm was used because of space limitations, but, when
the single degree-of-freedom mass modification was made at49Z the whole helicopter
pitched tail down sufficiently to allow use of the 100 mm pushrod. It was the |ateral
restraint of the helicopter by the short pushrod used in the original measurement, that
caused the 4th mode frequency to be raised dightly. The preceding anti-resonance
frequency isalso raised by a similar amount.
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(i) SDoF Mass Modification at Point 49X
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Effects on the Point FRF for 66Y of SDoF Mass Modification at 49X
Figure 6.31

The same 4.62 Kg mass modification was attached to point 49 by a pushrod in the X-
direction in the horizontal plane. In this situation however, the mass was freely supported
from an independent structure. FREs were measured using excitation at 66Y and it can be
seen (Figure 6.31) that there is a large downwards shift of mode number 4 to 14.93 Hz
(-12.5%). The shift in the resonance frequency of mode number 4 (17.061 Hz) predicted
from the sensitivity analysisis -2.302 Hz (-13.5%), giving a resonance of 14.759 Hz
for the modified structure, which compares well with the measured results. There isllittle
changein all the other mode frequencies, as expected.

6.7 Prediction of Effects of Actual Modifications

Once a sengitivity analysis has been completed successfully, the next stage in the solution
of a structura vibration problem is the design and selection of a modification that most
effectively exploits the sensitive locations on the structure to bring about a desired
ateration in the dynamic characteristics. Once amodification has been designed, its effect
on the structure can be assessed mathematically (see chapter 2). By this meansiit is
possible to ascertain whether the modification will have the desired effect and whether or
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not it will be adequate. If the modification is not satisfactory, it can be redesigned and the
mathematical coupling process repeated.

In the typical sequence of events described above, there is one mgjor assumption that is
often overlooked; that the mathematical prediction of the dynamic characteristics of the
modified structure is a correct and true representation of the behaviour of the modified
structure. The underlying theory for predicting the effects of structural modification is
fairly smple but this only servesto mask the difficulties that may be encountered when it
is used in a practical Situation.

The following examples illustrate some of the problems found when using measured
FRFs for the base structure and theoretical FRFs for the modification component. The
effects of two different types of modification to the helicopter have been studied,

(i) amassmodification at point 49; and,

(i) adtiffness between points 49 and 66.

The predictions of changes to the structure’ s properties have been accomplished using the
impedance coupling technique which is discussed fully in chapter 2.

6.7.1 Mass Modification

Actual Coupling in 6 Degrees-of-Freedom;
Theoretical Coupling in 3 Degrees-of-Freedom

The effects of single degree-of-freedom mass modifications at point 49 have been
investigated (section 6.6.3) and the agreement between measured and predicted resonance
frequencies for the modified structure was quite reasonable. However, a single degree-of-
freedom mass modification is not a very practical case and would rarely be contemplated
in practice. The most likely implementation of a mass modification is to bolt the massin
position — a coupling involving all 6 degrees-of-freedom (see chapter 5). Such a
modification has been attempted at point 49 where the mass was attached as shown in the
diagram of Figure 6.32. Measurements of the modified helicopter’s dynamic
characteristics were made and it was found that the modification had a greater effect than
when attached as aSDoF modification in either of the X- or Y- directions alone.
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6 Degree-of-Freedom Point Mass Modification.
Figure 6.32

A computer program was written to perform the theoretical coupling analysisin 3degrees-
of-freedom. The mass was considered to be acting equally in all three trandational
degrees-of-freedom at point 49. FRFs for the unmodified and modified helicopter are
presented in Figure 6.33, where it can be seen that the modification has major effects on
modes 3 and 4 - the sensitive modes - and relatively little effect on any of the other
modes.
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For mode number 3 the actual modification causes a greater downwards frequency shift
than that predicted theoretically by the coupling procedure; a predicted resonance
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frequency of 10.86 Hz compared with a measured resonance frequency of 10.65 Hz.
The unmodified resonance frequency is 11.92 Hz

Thereisamuch larger discrepancy between the predicted and measured resonance
frequencies for mode number 4. Once again, the measured resonance frequency for the
modified helicopter (13.84 Hz) is considerably lower than that predicted (15.04 Hz).
The unmodified resonance frequency is 17.06 Hz.

However, it was known that there was amajor deficiency with the theoretical prediction;

no FRF data for the rotational degrees-of-freedom were available because they could not
be measured and, therefore, by default all the rotational degrees-of-freedom were assumed
to be free. It is common for such sweeping assumptions to be made in practice without
further consideration of the real implications.

Discrepancies such as these are probably unacceptable for real-life applications. The
predicted FRFs do not properly match the behaviour of the modified helicopter and could
be dangerously misleading.

When examining the FRF curves of Figure 6.33 it isimportant to compare the FRFs asa
whole, rather than just looking at the correspondence of predicted and measured
resonance frequencies for the modified condition. In Figure 6.33 the measured FRF for
the modified helicopter has an anti-resonance at about 16 Hz while the predicted FRF
has a resonance at the same frequency. There is a difference in the FRF magnitudes near
this frequency of approximately 100 times. Although this is the worst situation, there are
many other areas where the differences in the magnitudes of the predicted and measured
FRFs are of the order of 10 times.

This mass modification used has quite a high rotational inertia about the X- and Y - axes. It
IS suggested that it is the coupling of this rotational inertia by bolting the mass to the
tailplane that is the cause of the discrepancies. In the theoretical predictions using the
impedance coupling method, no rotational inertia effects are included and thisis believed
to explain why the actual modification has a greater effect than that assumed in the
prediction.
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Actual Coupling in 3 Degrees-of-Freedom;
Theoretical Coupling in 3 Degrees-of-Freedom

() Short Mass

Since it was not feasible to include rotational degrees-of-freedom in the coupling
procedure the actual modification was altered to mimic the theoretical model, to find out
whether a better level of agreement could be achieved between the measured and predicted
results. This time, the mass was attached at point 49 via a very short (=2 mm) turned
down section of bar, which acted like a pin-joint; see the diagram of Figure 6.34. The full
effect of the mass (4.62 Kg) was felt by the helicopter in the Z-direction, while in the X-
and Y -directions the effective mass modification was much less (0.47 Kg). This was
calculated by assuming the mass modification to be a uniform beam pin-jointed at one
end. Therotational effects are decoupled, but so too is much of the massin the X- and Y-
directions.

Excitation Block.

Tailplane. ‘“Turned down’

Attachment
Block.

‘Short Mass'.

jam s

Short Mass: 3DoF Point Mass Modification.
Figure 6.34

FRF measurements were made for this modification. Throughout the tests, the mass could
be seen moving in relation to the helicopter, proving that the link was indeed flexible.
Slight alterations were made to the computer program to allow different mass effects to be
added in each of the coordinate directions. The results from this new theoretical prediction
for the point FRF at 66Y may be seen in Figure 6.35. Comparison of the theoretical
results with those measured for the actual modification indicates a much higher level of
agreement than beforehand. All the new resonances and anti-resonances are estimated
fairly accurately. However, when the results for the modified structure are compared with
those for the unmodified structure, it will be seen that there is only an appreciable
ateration for mode number 3; al the other modes remain largely unaffected. The results
for this modification are very similar to those for a single degree-of-freedom modification
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in the Z direction, because most of the effect in the X- and Y -directionsis removed by the
pin-joint connection.
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(1) Extended Mass

The reason why, for the previous modification, the apparent massin the X- and Y-

directions is so small is that the mass is too concentrated and too far away from the
attachment point. It was not possible to raise the mass any closer to the attachment point,

so another modification had to be designed. The criterion was that the modification should
have a high moment of inertiain the X- and Y -directions about its centre of gravity. This

was achieved easily, as shown in Figure 6.36. The total mass of this modification was
4.87 Kg and the effective mass in the X- and Y -directions was calculated to be 2.1 Kg.

To check this result a point FRF measurement was made at the attachment point on the

extended mass. The resulting FRF should have been a horizontal line, but the
measurements showed a characteristic rolling off indicative of an anti-resonance just

above 32 Hz (the measurement frequency range). Over the frequency range 5 to 20 Hz,

the apparent mass was calculated as between 1.667 and 2.222 Kg. In preference to using

the theoretical effective mass, an average measured value of 1.9 Kg has been taken as the

effective massin the X- and Y -directions for the coupling prediction.
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It isinteresting to compare the measured resonance frequencies for the modified structure
with those predicted using the full impedance coupling method, and those predicted using
the results from the sensitivity analysis. Predictions using the sensitivity analysis are set
out in Table 6.9. Sensitivities less than 0.1%/Kg have been ignored.

49x 49Y 492
Mass =1.9Kg Mass = 1.9Kg || Mass = 4.87Kg Predictions Measured
Unmod. Sens. |Coupling {ModifiedUnmod.
Mode Freq Sens. Shift Sens. | Shift Sens. Shift Freq. Freq. Freq. Freq.
(Hz) | (%/Kg) (Hz) | (%! Kgi) (Hz) | (%/ Kgi) (Hz) (H2) (Hz) (Hz) (H2)
1 6.57 -26 | -.03|| -17 | -.05 6.48| 6.44 6.44| 6.57
2 6.74 -33 ] -11 6.63] 6.69| 6.61| 6.74
3 11.92 -.31 -.07 -.19 |-1.11]10.74]| 10.91] 10.76| 11.92
4 17.06 -29 | -.09 16.11 | 16.09] 15.94| 17.06
5 22.17 -17 ] -07 22.09]22.14|22.16] 22.17
6 24.08 -23 ]| -10 23.97]24.03]24.07] 24.08
7 26.24 -27 ] -14 26.10] 26.19]26.21 | 26.24

Frequency Predictions for the Extended Mass Modification.
Table 6.9

The effects of modification in each of the coordinate directions have been assumed to be
completely independent of the modifications in the other directions. It can be seen that
there is good agreement between the sensitivity predictions, the impedance coupling
predictions and the actual measurements for all the modes apart from mode number 4,
where the sensitivity analysis prediction gives a significant overestimate of the frequency
shifts. Thisis not unexpected because the sensitivity analysis only givestheinitial change
in frequency with single degree-of-freedom mass modification. Nevertheless, the
sensitivity-based prediction is a smple method that can be used for preliminary
determination of the resonance frequencies for a modified structure. These results show
that quite accurate results are indeed possible. In practice, though, it would be prudent to
treat all of the predictions based on the sensitivity analysis results with caution.

6.7.2 Stiffness Modification

The second type of modification to the helicopter selected for investigation was a stiffness
modification between the tailplane and the fuselage. In this case, the stiffness modification
was achieved by stretching a single strand of thin stainless steel wire between points 49
(on thetailplane) and point 66 (on the intermediate gearbox). A tensioned wire has several
practical advantages for this investigation; it can be considered to be pin-jointed at the ends
- no rotational FRF properties are required — and it has a negligible mass compared with
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Extended Mass: 3 Degree-of-Freedom Point Mass Modification.
Figure 6.36

Measurements of the actual modified structure were made as before and the 66Y point
FRF result is shown in Figure 6.37a together with the theoretical prediction and the

unmodified condition. In Figure3.37b the AFRF is plotted alongside the measured and
predicted FRFs for the modified structure. It can be seen that the predicted and measured

results for the modified helicopter show better than those for the short mass described in

(i) above. The resonances and anti-resonances are predicted more accurately, and there is
now an appreciable shift in the resonance frequency for mode number 4 as well as that
for mode number 3. Away from resonance the AFRF has a magnitude of about 20% of
the FRFs themselves and much of the variation in the AFRF is due to the irregularitiesin

the measured FRF. When viewed with Figure 6.5 (a AFRF plot for different forcing

levels) the two AFRFs are seen to be quite similar. Therefore, it can be concluded that the
mathematical models of both the helicopter and the modification are adequate in this case,

producing a very satisfactory result for the properties of the modified structure —

especially when it is noted that this modification produces frequency shifts of almost 10%
for mode numbers 3 and 4, and these frequency shifts are predicted accurately.
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modification will be described first, followed by a discussion of the practical
implementation of the modification and measurement of the modified helicopter.

Measurement of the Axia Stiffness of the Wire Modification

Experience with the mass modification has shown that it is much better to measure the
properties of the modification component rather than make assumptions to obtain
theoretical values. For the tensioned wire modification, it was necessary to measure its
axial stiffness, including that of the loops formed in the ends of the wire for the purposes
of attachment.

Stiffness of Single Wire Modification.

Wire Extension (mm)

Experimental Results for the Stiffness of the Single Wire Modification
Figure 6.38

The wire was suspended from a support frame and loaded with laboratory weights.
Extension of the wire was measured with a dial gauge positioned between the frame and
the weight carrier. After pre-conditioning, where the wire was left fully loaded overnight,
the load-extension graph of Figure 6.38 was measured (measurements include both
loading and unloading of the wire). The stiffness of the wire is the slope of the load-
extension graph line, i.e. 89.1 kN/m

Theoretical Coupling

The tensioned wire was assumed to act exactly like a pin-ended spring. There are atotal of
6 trandlational degrees-of-freedom involved in the coupling, 3 at each end of the spring.
However, before the impedance coupling technique could be applied it was necessary to
transform the synthesised FRFs for the helicopter and the spring into a consistent global
coordinate system. The globa coordinate system chosen was that of the helicopter.
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An inertance or receptance matrix for a free spring element does not exist, but an
Impedance matrix can be defined directly. The impedance matrix for the spring
modification component was defined initially ‘in a coordinate system in which the X-
direction lay along the spring axis. From knowledge of the coordinates of points 49 and
66, a transformation matrix was formed from the direction cosines of the local X-, Y- and
Z- axes in the globa coordinate system, Appendix F. This transformation,
equation (6. 1), was then used to produce an impedance matrix for the spring in the global
coordinate system

Zd =[AMJTIZI[A] 6.1)

where, [Z] = Impedance matrix for spring.

(subscripts g and 1 refer to global and local coords.)
[ Transformation matrix.

Adding the impedance matrices for the helicopter and the spring modification produced an
impedance matrix for the coupled structure which was then inverted and the resulting

FRFs for the modified helicopter were then transformed back into the coordinate system

used for the origina measurements.

The order in which the transformation and inversion processes are carried out should not
make any difference to the final results. Three dlightly different coupling procedures were
tried and the results compared as a means for checking that the modification prediction
methods had been applied correctly.

(a) Coupling in Helicopter Coordinate System (method described above)

1)  form stiffness matrix for spring inlocal coords;

i) transform to datum coords;

i) read inertance matrix for helicopter in datum coords,

Iv) invert inertance matrix for helicopter in datum coords;

v) add impedance matrices for helicopter and spring in datum coords; and,
|

vi) invert to forminertance matrix for modified helicopter in datum coords.

() Coupling in Spring Coordinate System.
@ form stiffness matrix for spring in local coords;
@) read inertance matrix for helicopter in datum coords;
(iii) transform inertance matrix for helicopter to local coords;
@iv) invert inertance matrix for helicopter in local coords;
(v) add impedance matrices for helicopter and spring in local coords;
(vi) invert to form inertance matrix for modified helicopter in local coords; and,
(vii) transform back to datum coords.




Case Study 218

(c) Coupling in Spring Coordinate System.
Reverse the transformation and inversion processes (iii) & (iv) and (vi) &
(vii) in method (b) above.

The results were al identical.

Practical Implementation of the Taut-Wire Modification

The modification is a 1 mm diameter single strand stainless steel wire 1.55 m in length,

with loops formed at the ends. Additional components were necessary to attach the wire to
the helicopter at each end, and to tension the wire once it was fixed in place. At point 49,

on thetailplane, a shaped pad was stuck to the leading edge with Plastic Padding. The
wire was attached to this pad by a removable pin passing through the loop in the wire.
The other end of the wire was connected to a small turnbuckle attached to the intermediate
gearbox (point 66) through an angle bracket. The turnbuckle was used to tension the wire,

thus preventing it becoming slack at any time throughout the excitation sweep.

Measurements of the point FRF at point 66 in the Y -direction, for varying tensionsin the

wire, demonstrated that the required tension was not very great and that once the
modification effect had been established, the behaviour did not ater as the tension was

increased quite substantially, Figure 6.39. The wire tension was set at about half the
maximum tried, and a full set of FRF measurements were made for the modified

helicopter, using excitation in the Y-direction at point 66.

Tltle: Effects of Changlng the Pre-tenslon In the WireModiflcation.
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Comparison of Measured and Predicted FRFs for the Single Taut-Wire
M odification

FRF measurements for the modified helicopter have been made for only one excitation
(coordinate 66Y) and, therefore, comparison of measured and predicted results is limited
to FRFs for this reference location. A comparison of point FRFs for coordinate 66Y
before and after modification is presented in Figure 6.40 where it can be seen that the
stiffness modification has a large effect on mode number 4 and virtually no influence on
any of the other modes. Qudlitatively, thisis correctly predicted, but the frequency shift
for mode number 4 is overestimated; for the unmodified helicopter mode 4 has a natural
frequency of 17.06 Hz; the measured frequency for the modified structure is 18.93 Hz
(+10.9%) while the predicted frequency is 19.7 Hz (+15.5%). In turn, this
overestimation affects the positioning of neighbouring anti-resonance features.
Nevertheless, the results are encouraging in that none of the other modes shows any
frequency shift in either the measured or predicted FRFs.

Response B66Y+/Force B6Y-
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Figure 6.40

The prediction overestimates the effect of the modification: the actual modification is not
as stiff as that assumed in the coupling procedure. The sensitivity analysis results were
used to estimate a value of spring stiffness that would produce the same effect as as the
actual modification. After two iterations, a spring stiffness of 60 kN/m was found to
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produce predicted results that matched the measured modified results very closely. Since
the measured static stiffness of the modification was 89.1 KN/m, the modification appears
to be only 67% effective when it isin place. The new predicted point FRF for 66Y with
the 60 kN/m stiffness is shown in Figure 6.41 for comparison with the measured result;
the level of agreement is at least as good as that for the measured and synthesised FRFs
for the unmodified helicopter.

Response 66Y+/Force 66Y-
Title: Single Taut Wire ModIflcatlon {60 kN/m).
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Comparison of Measured and Predicted FRFs for a Double Taut-Wire
M odification

Two strands of the same wire were used to produce a modification having twice the
stiffness of the previous case. The above procedures were repeated using a theoretical
stiffness value of 178.2 kN/m, and it was again found that the prediction gave an
overestimate of the measured resonance frequency for mode number 4; measured at
20.2 Hz (+18.4%) and predicted to be 21.1 Hz (+23.7%). Sensitivity analysis results
were employed to give an adjusted stiffness value of 102 kN/m (57%) for which the
prediction of the effects of modification agreed well with those measured, Figure 6.42.
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Reeponee 66Y+/Force 66Y~
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Figure 6.42

6.7.3 Discussion of Results for the Wire Modification

The discrepancies between the predicted and measured results were thought at first to be
due to incorrect theoretical values for the stiffness element. When the stiffness of the
modification was adjusted, very good prediction results could be obtained. Two
possibilities that could account for the lower actual stiffness of the wire modification have
been investigated and these are discussed below.

(i) Insufficient Tension in the Wire.

If the wire becomes slack at any time during the vibration, the modification constitutes a
non-linearity — a one-sided spring — and this could account for the discrepancies observed.
The operating tension level in the wire must always be positive.

The preliminary tests where the wire pre-tension was varied over a wide range
(Figure 6.39.) have demonstrated that this is not the cause of the problem. The
characteristics of the structure did not change when the wire remained in tension
throughout the compl ete test.
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(ii) Incorrect Wire Stiffness Assumed in the Prediction.

Care was taken to measure the stiffness of the actual wire modification for use in the
theoretical prediction. The static stiffness was measured severa times and the results were
repeatable. Nevertheless, it was thought that with the tumbuckle as part of the
modification, the dynamic stiffness may be different. The following method was used to
measure the dynamic stiffness of the total wire modification.

Shaker.

i Force Gaugel  cantilever Beam.

3 o) ’

S Accelerometer.

Wire.

-Turnbuckle.

RS

Experimental Arrangement for Measurement of the
‘Dynamic Stiffness’ of the Single Wire Modification
Figure 6.43

A simple cantilever beam arrangement was set-up, as shown in Figure 6.43. A point FRF
measurement was made at a point about half-way aong the beam. The wire modification
was then attached at the measurement point and tensioned with the turnbuckle. Another
measurement was made for the point FRF of the modified structure. The point FRFs
before and after modification of the beam can be seen in Figure 6.44 and there are severa
points that it isworth noting:-

()  the resonances are clearly defined,

(if) there are significant shifts in the resonance frequencies when the
modification is made (e.g. 13.5 Hz to 26 Hz);

(iif)  the anti-resonances are defined clearly, but limitations of the analogue-to
digital conversion process are evident;

(iv) the anti-resonance frequency does not change when the modification is
made. This indicates that the modification is in a single degree-of-freedom
and that it is made at the measurement point (chapter 3);
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(v) only alight pre-tension of the wire was necessary; and,
(vi) dl the measurements were repeatable.
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With the assumption that the modification is a single degree-of-freedom modification at
the measurement point, it isasimple process to work back from the pointFRFs for the
unmodified and modified structure, using equation (2.1 1), to find the FRF characteristics
of the modification itself;

1 -1 41
& Oy Op
where, d = inertance
and subscripts, a = unmodified beam

b = wire modification
¢ = modified beam.

a, and o have been measured, so

oap=2G (6.2)
aa'ac

This calculation has been performed with the raw measured data shown in Figure 6.44
and the result is presented in Figure 6.45: a straight line of slope +2 on an inertance plot -
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a stiffness line, as would be expected for the properties of the wire modification. In the
frequency range around the anti-resonances of the unmodified and modified beam, the
results for the properties of the modification are very poor. Thisisadirect consequence of
the data acquisition digitisation errors that occur for the very small responses measured at
these frequencies. The approximate value of the stiffness was calculated as 87.8kN/m;

once again very close to the static stiffness measured and used in the theoretical

predictions.
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Neither of these possibilities can account for the 30% reduction in apparent stiffness of the
modification when it was applied to the helicopter.

More Detailed Study of the Dynamic Behaviour of the
Tailplane

The search for an explanation of the discrepancies observed between the measured and

predicted results for the wire modifications led to a closer examination of the interface
between the tailplane and the fin of the helicopter. The tailplane is attached to the fin at a
single point, approximately atenth of the base chord back from the leading edge. Thejoint
itself is some form of elastomeric bush arrangement and this fact has introduced the

possibility of non-linear behaviour as the cause of the discrepancies observed
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To investigate the possibility of non-linear behaviour of the tailplanejoint for the4th mode
of vibration (17 Hz; tailplane fore/aft bending), a series of sine sweep measurements, at
different levels of excitation input, were carried out using a Solartron 1172 Frequency
Response Analyser (FRA). The equipment was set-up with the excitation applied inthe Y -
direction at point 66 and the response was measured at point 49 in the X-direction.

AMPLITUDE
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INREENT : .81 Mz B.5Vrms
OP VILTAE : .25 V RNS .
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FREQUENCY ( Hz )

Sine Test FRFs for Mode 4, Measured with Different Excitation Levels
Figure 6.46

M easurements were made sweeping up and sweeping down over the frequency range
16.8 to 17.3 Hz and the results from the measurements were compared to ensure that a
sufficiently low sweep rate was used. The power amplifier was set to constant current
configuration and four measurement sweeps were taken for excitation signal levels of
0.25v, 0.5v, 0.75v and 1.0v from the FRA. The results are shown in Figure 6.46, from
which it can be seen that;

(i)  theresonance frequency drops as the forcing level increases,
(if) themaximum inertance amplitude reduces with increasing force level;

(iif)  the incremental reductions in resonance frequency and maximum amplitude
become progressively smaller as the force increases - it would appear that,
above a certain force, there will be no further changes in resonance
frequency and maximum amplitude (however, this aspect could not be
investigated any further due to the already large levels of response for the
tailplane); and,
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(iv) the FRFs measured with force levels of 0.25v and 0.5v are not symmetric
about their resonance frequency points.

These observations lead to the conclusion that the tailplane joint is, indeed, non-linear and
has the characteristic of a softening spring; asforce isincreased, the stiffness (slope of the
line) reduces.

Loaded

4

Force. | unioaded

Stiff nesses given by
slopes of lines.

Extension.

A Softening Spring Characteristic.
Figure 6.47

A softening spring characteristic like that shown in Figure 6.47 helps to explain the
differences observed between the measured and predicted results for the helicopter with
the wire modification. Consider the following hypothesis in which it is assumed that the
wire modification acts in two stages; (i) the effect of the wire pm-load on the structure,
and (ii) the stiffness effect of the wire itself:

The wire modification acts across the tailplane joint and the effect of the wire pre-
load on the joint isto cause the stiffness of the joint to reduce (a softening spring).
The natural frequency of the tailplane fore/aft bending mode drops as a
consequence of the reduced joint stiffness. The base condition of the helicopter is
altered by the effect of the pre-load alone. Now, when the stiffness of the wire
modification is included, the effect is added to the new base condition created by
the pre-load, raising the natural frequency of the 4t mode again. The final

predicted result for the frequency of the 4th mode is not as high as when the pre-

load effect is ignored in the prediction.

In order to try and test the mechanism proposed in this hypothetical argument, some
further measurements were necessary. The object was to investigate whether application
of apre-load to the tailplane would cause the natural frequency of mode number 4 to drop
sufficiently to account for the differences between the measured and predicted results for
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the wire modification. It was difficult to apply a pre-load force to the tailplane without
introducing any other modification effects. Asacompromise, along length of thin bungee
cord was tensioned and attached, at one end, to the tailplane. The bungee cord had a low
stiffness which, together with alength of approximately 8 m, meant that the force applied
to the tailplane was nearly constant throughout the vibration test. Furthermore, the thin
bungee had a mass of only 74 g and so the mass loading effect was negligible. A tension
of about 60 N was the maximum that could be achieved with this thin bungee cord and
this was considerably less than the estimated pre-load of 600 N in the wire. The results of
some sine sweep tests of the helicopter with and without the bungee in position are shown
in Figure 6.48.
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Sine Sweep Test FRFs of the Helicopter With and Without the Bungee

Figure 6.48
Analysis of these two curves has yielded the following results;
Without Bungee With Bungee
Resonance: 17.010 Hz Resonance: 17.000 Hz
Phase: 180.78' Phase: 180.79
Damping Loss Factor:  0.0115 Damping Loss Factor:  0.012

(variance 0.1%) (variance 0.1%)

Modal constant 7.69x10-3Kg-’ M odal constant 6.97x103 Kg'

The differences between the natural frequencies for mode number 4, with and without the

hiinnea are viernr emall The tendnn in the hi innea wiac rnna Aerahlvy loaee than the
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estimated pre-tension in the wire and this could explain why there is only a small
difference between the measured natural frequencies with and without the bungee
modification. It was not possible to increase the tension in the thin bungee and, so, a
larger size of bungee cord was used. Unfortunately, although the larger bungee could be
tensioned to approximately 170 N, the mass loading effect of the bungee on the tailplane
was much larger than before (493 g), and it was difficult to assess what caused the
downwards shift in the natural frequency, the mass loading effect or the tension.

A further question to be addressed is why was this non-linearity effect was not picked-up
during the preliminary tests with the wire, when the pre-load was varied over a wide
range? This could be explained if the joint non-linearity was similar to a bi-linear softening
spring, e.g. Figure 6.49, rather than a progressively softening spring, as shown in
Figure 6.47. For a bilinear softening spring a small initial pre-load would move the
mean operating point from the high- to the low-stiffness regime. A further increase in the
pre-load would not produce any further change in the stiffness. The initial prediction of
the effect of the wire modification is based on the, incorrect, assumption that the joint
stiffnessis linear and of the high stiffness value, because the measurements of the
unmodified structure only exercise the structure in the high stiffness regime. In fact, the
pre-load changes the base condition to a state which is not incorporated in the modal

database produced from the initial measurements. If it were possible to identify accurately
the new base condition of the helicopter, then it is probable that a prediction using the true
value of the wire stiffness (89.1 kN/m) would produce better results.

Force.

Extension.

Bi-linear Softening Spring Characteristic.
Figure 6.49

In the preliminary survey of the helicopter, measurements were made at different forcing
levels (section 6.3.1) to try and ascertain whether there were any non-linearities that could
cause problems. No indications of the non-linearity in the tail joint were found at that
stage. In hindsight, it is obvious why not. Theinitial checks using different forcing levels
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were made using a broadband random testing technique- any form of random testing on a
non-linear structure tends to linearise the results. Furthermore, the original random
excitation did not allow the structural response levels to build-up to such an extent aswith
the sine testing method and, therefore, the non-linear& es, which are amplitude dependent,

were not exercised to the same degree.

6.7.4 Modification Prediction Using Raw Experimental FRF
Data

Impedance coupling methods for the prediction of the effects of modifications use FRF
data (chapter 2). The FRF data can be obtained from test, modal analysis, or F.E.
modelling and analysis. Modal analysis and F.E. analysis FRF data are subject to
assumptions made about the structure whereas test data contain all the information and no
assumptions are made about the nature of the structure. It is sometimes suggested that it
may be better to use raw measured FRF data in the impedance coupling procedures.
However, there are severa major drawbacks to the use of such data:-

(i) it can be difficult and/or expensive to obtain a consistent data set.

(i) it can bedifficult to measure all the FRFs required (spatial incompleteness -
chapter 5).

(iif) limitations of the equipment used in random testing for FFT analysis can
lead to poor quality FRFs in the vicinity of anti-resonances.

Despite these drawbacks, a predominantly measured FRF data set for the helicopter has
been used in a prediction of the effects of the extended mass modification. Wherever an
FRF matrix term has been measured, it has been used, however, there were till 4 terms
for which measured FRFs were unavailable (R66X/F66X, R66X/F49Y, R49Y/F66X,
and R49Y/F49Y, identified in Figure 6.8). Since the modal analysis had already been
performed, appropriate synthesised FRFs were available and these have been used
instead. There are atotal of 36 terms in the FRF matrix for the helicopter, the measured
FRFs account for 89% of the matrix and the remainder are synthesised from the modal
database.

For the extended mass modification component, the same theoretical FRF data were used
as for the prediction described in section 5.1.2 (ii). The 66Y point FRF for the modified
structure calculated using:- (i) the raw data set, and (ii) the synthesised data set for the
helicopter are presented in Figure 6.50 together with the FRF for the unmodified state. It
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can be seen that the result using raw data agrees well with that using synthesised data for
the new resonances and anti-resonances of the 3rd and 4th modes. It is also apparent that
there are still major resonance-like peaks at the unmodified resonance frequencies in the
prediction using raw data. This phenomenon was observed by Henderson [14] and is
termed ‘breakthrough’. It is caused because the raw data does not come from a consistent
data set — each resonance has a very dlightly different natural frequency for each measured
curve. Inthisinstance, it isthe result of different interaction of the shaker with the
helicopter at different points and variation of the helicopter’ s properties with time.
Simultaneous multi-point excitation tests may improve the consistency, but it is still very
unlikely that the whole FRF matrix could be measured at one time and so there will
aways be some variation.
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Figure 6.50

Definition of the anti-resonances in the prediction using raw datais of asimilar quality to
those measured for the unmodified condition. The prediction using synthesised data has
clear, sharply defined anti-resonances in the same way as the synthesised data for the
unmodified structure.
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Using the raw datain thisway provides confirmation that the modal analysis model of the
helicopter, from which the synthesised FRF data were created, is adequate for this
particular modification and that sufficient modes and residual terms have beenincluded in
the synthesised FRF data set.

6.7.5 Presentation of Data

Composite Response Spectra

The ultimate aim of a structural modification process, such as that described here, is the
overall improvement in the vibration characteristics of the structure under its normal
operating conditions. Reduction of the vibration level at one point may be accompanied by
asevere increase elsewhere. Furthermore, the actual responses will be dependent upon the
magnitudes and location of multiple force inputs. While multiple forcing does not
influence the resonance frequencies, it does affect the off-resonance behaviour. For this
reason it is important to examine a weighted composite response spectrum to assess the
overall behaviour of a structure. An estimate of the magnitude of each force input is
required so that response spectrafor each location may be generated. An indication of the
overall performance of the structure is obtained by forming a weighted sum of these
spectra. The weighting to apply to each response spectrum would reflect the importance
attached to the motion at each particular location, e.g. a location on the pilot’s seat in a
helicopter would have a much higher weighting than a location on, say, part of the
undercarriage. Integration of the composite response spectrum over a small, key,
frequency range yields a number which can be used as a performance indicator. Different
modifications will give different performance indicators and the best modification can then
be selected.

To investigate the use of composite response spectra, various FRF data for the helicopter
have been summed together:-

(@) raw measured data for the unmodified helicopter;
(i)  synthesised data for the unmodified helicopter;

(iif) raw measured data for the helicopter modified with the extended mass; and,
(iv) data predicted for the helicopter modified with the extended mass.

For each example, the magnitudes of the 6 FRFs for coordinate 66Y excitation are added
together to form the composite response spectrum, i.e. all the FRFs are given equal

weighting and no phase information is used. Comparisons of these composite spectra are
presented in Figures 6.54 and 6.55.
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It will be seen that these composite response spectra have typical resonance characteristics
of an FRF, but no anti-resonance features. This is ssimply due to the fundamental
difference between resonances and anti-resonances. Resonances are global properties -
they have the same frequencies regardiess of where they are measured on the structure
but, not all FRFs have anti-resonances at identical frequencies. When the FRFs are added
the anti-resonance features disappear, while the resonance features are reinforced,

It will be seen from Figure 6.51, showing the measured and synthesised FRFs of the
unmodified helicopter, that there are now only small discrepancies in the off-resonance
regions for the composite spectra. The summation process has smoothed out the
irregularities in the individual raw data FRFs. The agreement between the composite
response spectrafor the raw and synthesised data close to resonancesis generally good.

The composite response spectra, shown in Figure 6.52, for the helicopter with the
extended mass modification are superimposed on the composite spectrum for the
unmodified state to indicate the substantial effects of this ssimple modification. There are
dight differences in the predicted and measured resonance frequencies for modes 3 and 4,
but these differences are small in comparison with the changes from the unmodified state.
The prediction has underestimated the actual effect by a small amount.
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Another aternative method of presentation has been used for comparison of this data-

&relation Plots, Figures 6.53 and 6.54. When there is perfect correlation of the two data

sets, the points lie on a straight line of slope +1, passing through the origin. Deviation

from this line indicates correlation errors. It can be seen from Figure 6.53 that thereis

generally good correlation between the measured and synthesised data for excitation in the
Y-direction at point 66. There are no obvious |oop characteristics at high inertance values

which tend to indicate incorrect estimation of the natural frequencies.
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In the correlation plot of the measured and predicted data for the extended mass
modification (Figure 6.54) there are discrepancies around the natural frequencies which
show up as loops in the plots towards the top right-hand end of the correlation line,
I.e. the large inertance values at resonances indicating erroneous prediction of the
resonance frequencies for the modified structure. Similar ‘loop characteristics' in thistype
of plot were noted by Kirsenboim [90] for FRFs measured with sine excitation at different
force levels. In [90], estimation of the loop area is taken as a measure of the degree of
non-linearity exhibited by the test structure. The main disadvantage of this type of plot is
that there is no indication of frequency, so it is not easy to see which mode is incorrectly

predicted from this plot alone.
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6.8 Review of Chapter 6

There were two main objectives of the case study on the helicopter:

@) evaluation of the data assessment and sensitivity analysis techniques with a
set of experimentally-derived data; and,

(i)  demonstration of the present ability to predict the effects of a modification.

From initial measurements of the helicopter it was found that the resonance frequencies
were approximately equal to those measured in previous tests, and comparable with the
frequencies predicted from F.E. models. The AFRF was used successfully in assessment
of measured data for repeatability and reciprocity. Small differences between response
functions were shown clearly by peaks in the AFRF. Visual comparisons of FRFs for
repeatability and reciprocity checks are a highly subjective method of assessment and
would not have yielded the same quality or quantity of information.

Restricted access to severa points on the helicopter prevented measurement of the
complete FRF matrix. Such measurement restrictions are not uncommon and, in fact, itis
rarely possible to measure the complete FRF matrix. Fortunately thisis not usually too
much of a problem because, by modal analysis and synthesis techniques, a full set of
FRFs can be generated from measurement and analysis of a single row or column of the
FRF matrix. Attempts were made to derive specific FRFs from FRF measurements made
at an angle to the coordinate axes. Where the point under consideration was situated on a
reasonably mobile part of the structure, derivation of FRFs in the Cartesian axis coordinate
directions from angled excitation measurements proved to be a viable proposition.
However, for a point on a comparatively immobile part of the structure, the
transformations to form the desired FRFs involved small differences of large numbers
and, together with the added problem of rather ‘noisy’ measured FRFs, the results were
of arather poor quality and certainly not good enough for incorporation in any modal
analysis procedure.

It should be noted that although it is theoretically possible to use measured FRFs directly
in an impedance coupling procedure this is not often feasible because, as mentioned
above, the complete FRF matrix is rarely measured.

Difficulties were a so encountered with measurement of rotational degree-of-freedom FRF
properties by the T-block method. Despite careful checks of reciprocity and repeatability
of trandational FRFs measured on the T-block, transformation of these FRFs to a
‘rotational set” yielded poor results for al terms involving at least one rotational coordinate
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although the point transational FRFs derived from measured T-block data matched

closely those measured in the traditional way. Some rotational FRFs were ill-defined -

due to use of measured data directly in the transformations - but, more seriously, the

rotation/rotation FRFs had no modal features, just the characteristics of a simple spring

element. Eventually the cause of this behaviour was traced to the flexibility of the joint

between the T-block and the helicopter. The interface joint was much less stiff than the

surrounding structure and motion of the T-block relative to the helicopter tended to

dominate the measured response. Unless the attachment can be made with sufficient

rigidity to ensure that motion of the structure is transmitted to the accelerometers faithfully
over the frequency range of interest, the measured FRFs will contain an unknown

contribution from the joint flexibility. In structural modification predictions it is sometimes
assumed that arotational transducer block is joined to the structure in the same way as a
subsequent modification would be, and hence, that the unknown effects of the joint will

be the same in each case. Although successful modification predictions based on this
assumption have been reported, [9], there is little direct evidence to support this

assumption for general application. For this investigation, modifications were confined

largely to those in which rotational degree-of-freedom properties were not actively

involved in the coupling, i.e. pin-jointed modifications.

After a full measurement survey of the translational degree-of-freedom FRFs of the
helicopter, the Polyreference technique was used successfully for modal analysis of the
data. Two methods were then employed for evaluation of the low-frequency residual
terms associated with rigid body mation of the helicopter (there was no requirement for
high-frequency residuals because the measured frequency range extended sufficiently
above the frequency range of interest),

() by comparison of synthesised and measured FRFs; and,

(i) by rigid body mechanics calculations with mass and inertia properties
supplied from aF.E. model of the helicopter.

It was not possible to generate residual corrections for all the FRF e ements by the
comparison technique because not all FRFs had been measured and, also, it was found
that residual terms generated by rigid body mechanics calculations were more consistent
than those calculated by comparison of measured and synthesised FRFs. The low-
frequency residual corrections were added to the synthesised FRFs which then compared
very well with their measured counterparts with the exception of FRFs for excitation at
coordinate 66X - along the fuselage axis.
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The measurements for this case study of the helicopter confirm that it is quite feasible to
measure sufficient, consistent and accurate data for modal analysis and subsequent
structural dynamic modification prediction for alarge and complex structure, by means of
successive single-point excitation tests.

The new sengitivity analysis method (developed in chapter 3) was applied to the point
FRFs and the results correctly identified that mode 3 was particularly sensitive to
modification at coordinate49Z and that mode 4 was sensitive to changes at 49X. Input
data for the sensitivity analysis — resonance and anti-resonance frequencies — were easily
obtained by use of peak- and valley-picking routines on the synthesised FRFs. Checks on
the static accelerance of each plot showed, repeatable and consistent results for all point
FRFs except those for coordinates 66X and 49X.

Two types of modification have been used in demonstrations of the ability (or failure) to
predict the effects of structural modifications on the dynamic characteristics of the
helicopter:

(1) several mass modifications; and,

@) adtiffnessmodification between two points on the helicopter.

Predictions of the effects of a single degree-of-freedom modification are trivia in
comparison to other, more extensive, modifications. However, a single degree-of-
freedom mass modification was used to demonstrate that anti-resonance frequencies
remain unchanged for all FRFs that have at least one coordinate in common with the
single degree-of -freedom modification.

When a mass modification was bolted to the helicopter — a coupling involving al 6
degrees-of-freedom — prediction of the effects based on models deficient in rotational
information was found to give incorrect results. The size of errors between the predicted
and measured FRFs for the modified structure gave an indication of the importance of the
rotational degrees-of-freedom in the coupling. However, when a modification which did
not involve any rotational degrees-of-freedom was made- the extended mass modification
— the predicted and measured FRFs showed a high level of agreement. For this
modification the actual major resonance frequency shifts were predicted reasonably
accurately from the sensitivity analysis results, but the theoretical analysis of chapter 3
indicated that all such predictions should be treated with the utmost caution.

A tensioned single-strand steel wire was used as a stiffness modification between the
taillplane and the intermediate gearbox on the helicopter. The actual modification
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approximated a pin-jointed stiffener between the two points, but, despite careful
measurements for the dynamic properties of the modification, it was still not possible to
predict its effects on the dynamic characteristics of the helicopter accurately. The single
mode frequency that would move significantly was correctly identified, together with the
fact that all other mode frequencies would remain virtually unchanged, however, the
magnitude of the single frequency shift was significantly over-estimated. Initially the
problem was thought to be with the dynamic characteristics of the wire modification or the
attachment fixtures but, subsequently, it was found to be a non-linearity in the tail-plane
joint which was only exercised sufficiently when the wire was connected and tensioned.
Motion of the tail-plane joint during testing of the unmodified helicopter was too small to
show-up the non-linear effects.

These coupling exercises have demonstrated that, although theoretical techniques for
prediction of the effects of amodification are well developed, practical implementation of
the methods is not simple and straightforward. The most serious problem is usually
incomplete, rather than inaccurate, dynamic models of the component parts. Nevertheless,
with care and attention to detail during the early planning and data acquisition stages,
many of the problems can be overcome or, at least, their effects minimised. The success
of the ‘extended mass modification predictions are an indication of what can be achieved.




Chapter 7

Conclusions

7.1 Conclusions

7.1.1 Collection and Assessment of Experimental Data

At the outset of any structural modification exercise based on the use of experimentally-

derived data, it is important that the genera type and possible location of any

modifications are pre-defined and clearly stated. It israre for there to be acompletely free

choice of the type and location of modifications and the earlier that these practical

restrictions are recognised the better. Furthermore, careful consideration should be given

to the way in which the final modifications will be attached. If bolted, riveted or welded

joints will be used (involving considerable rotational restraint at the joint) then it is vital

that dynamic data for rotationa degrees-of-freedom are also measured for incorporation in
modification predictions.

The use of experimentally-derived data as a basis for prediction of the effects of structural
modification has severa advantages. The most important advantage is that measured data
are arecord of exactly how a structure behaved during a particular test, whereas
theoretically-derived data constitute an idealised representation of the dynamic behaviour
of astructure based on a series of assumptions about structural detail and deformation
characteristics. It isimportant to remember that the dynamic model of a structure can only
be as accurate as the data from which it is derived (measured or theoretical). For this
reason a means for assessing the quality of measured data is desirable. In this work, the




Conclusions 24 1

‘difference frequency response function’ (AFRF) has been used extensively in the
assessment of reciprocity, repeatability and synthesised data. The AFRF isavery smple
and versatile function that has the same characteristics as a standard FRF. It can be formed
from measured data directly and, consequently, any adjustments to the measurement
technique that may be necessary can be accomplished at the earliest possible stage. The
AFRF highlights differences between FRFs that may be overlooked normally. If a AFRF
peak coincides with a resonance frequency of the FRFs, a dight difference in the
resonance frequencies of the two FRFs is probably the cause. When a AFRF peak occurs
elsewhere in the frequency range it is unlikely to be as sharp as that found at a resonance
frequency nor to have such alarge magnitude and it is probably the result of magnitude
differences between the FRFs.

The new sendgitivity analysis technique is based on the use of resonance and anti-
resonance frequencies derived from measured point FRFs. Resonance frequency
information of sufficient accuracy can be obtained from measured FRFs with the aid of a
peak-picking routine. Anti-resonance frequencies can be more troublesome to locate
precisely than resonance frequencies and this is particularly true with broadband
measurements where amplitude resolution in anti-resonance regions is often poor and the
true anti-resonances may not be obvious. The definition of an anti-resonance can be
improved if the broadband test is conducted over a narrow frequency range or if a zoom
measurement technique is used - thus increasing the frequency resolution and possibly
reducing the overall dynamic range of the FRF in the measured frequency band. A more
efficient measurement technique is that of sine testing whereby measurements are made at
discrete frequencies. Sine testing has several distinct advantages,

« quantification of the response at each discrete excitation frequency is
completely independent of that at any other frequency: all frequency points
are defined to the same percentage accuracy;

»  thestructure only responds to a single frequency input and hence the signal
to noiseratio is very much higher than for broadband measurements; and,

. the measurement method does not restrict the distribution of points
throughout the frequency range. Data points may be concentrated in
resonance and anti-resonance regions, where the rates of change with
frequency are high. Where the FRF varies more slowly data points can be
spread out.
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It is always important to remember the fundamental difference between a resonance and an
anti-resonance; aresonance is a global property and an anti-resonanceis alocal property.
Anti-resonance frequencies are dependent upon the choice of excitation and response
coordinates whereas natural frequencies are not. As a consequence, anti-resonance
frequencies of derived functions - such as AFRFs, rotational FRFs and FRFs in different
coordinate systems — will not have the same anti-resonance frequencies as the measured
FRFs used in their generation. Data points cannot be grouped in the frequency range as
necessary without some prior knowledge of where the anti-resonances of the derived
functions will be located.

The importance of a thorough and carefully planned preliminary survey of the dynamic
characteristics of all the components involved in a structural modification must be
emphasised. Results from the preliminary surveys enable identification of the sensitive
degrees-of-freedom, ‘tuning’ of modifications to exploit these most sensitive degrees-of-
freedom and optimisation of the full test program such that the most important data are
measured with the greatest accuracy.

The use of shaker excitation techniques in a preliminary survey can be time consuming
because the shaker has to be re-positioned and realigned for each separate measurement.
Usually, high quality data are obtained but, in proportion to the time taken for a complete
measurement survey, such alengthy preliminary survey may not be justifiable. An
aternative method of testing is to use impact excitation but this also has disadvantages,
e.g. the low total energy input, poor repeatability and poor results when non-linearities are
present. However, further investigation is required, on area structure, to ascertain
whether the results obtained from impact testing are acceptable for the purpose of ranking
the coordinates in a sensitivity analysis.

7.1.2 Refinements of the Impedance Coupling M ethod

With the growing complexity of structures in recent years, there has been a trend for the
size of dynamic models to increase. This has brought with it a penalty in terms of
computation time when the dynamic models are used in impedance coupling predictions.
A development of the impedance coupling technique has been found that decreases the
computation time very significantly by reducing both the size and the number of matrix
inversions necessary. Further development of this method has now extended it for use
with simple spring type modifications which do not have inertance matrix representations.
In addition to marked increases in computational speed, these new formulations are
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potentially more accurate than the original methods because there is less opportunity for
the build-up of errors with numerical inversion of large matrices. The size of the matrix
for inversion is limited to the number of interface coordinates and, consequently,
improvements in speed will be greatest for systems which have alow ratio of interface
coordinates to the total number of coordinates.

7.1.3 Development of a New Sensitivity Analysis Technique
— A Guide to Structural Modification

Sengitivity analysis techniques are frequently used in theoretical (F.E.) studies to locate
the most suitable type and site for a modification to bring about a desired change in the
dynamic behaviour of a structure. In this study arelatively simple sensitivity analysis
technique has been developed that can be used with measured data from a preliminary
survey of the structure. This new sensitivity analysis technique enables the differential

sensitivityg%!nill of any particular resonance frequency to be calculated for single
m=0

degree-of-freedom mass (or stiffness) modifications. The value of this differential
sensitivity for infinitesimal single degree-of-freedom mass or stiffness modificationsisthe
criterion upon which coordinates are ranked in their order of importance for influence on
the resonance frequency of a particular mode. For many applications, particularly
aerospace structures, the smaller the modification that has the desired effect, the better -
unnecessary mass represents wasteful 1oss of revenue-earning payload. The coordinate
ranking information can be valuable in several different ways,

. identification of the coordinates at which modification is most appropriate;

«  provision of guidelines for the design of areal modification to exploit all of
the most sensitive coordinates;

. Identification of the coordinates at which the loading effects of the
measurement apparatus (transducers, shaker, etc.) on the structure are most
likely to affect the FRF results; and,

. help in production of atest schedule for the full measurement phase in
which limited time and resources can be used efficiently to collect only the
most important data.

This new techniqueisintended, initially, asa‘guide to structural modification’ only.
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Resonance frequency sensitivity eguations have been derived for both grounded and free
types of structure for single degree-of-freedom mass or stiffness modifications.
Additionally, it has been shown that the stiffness sensitivity equation can aso be used
with difference FRFs between two coordinates for the sensitivities of modes to interna
stiffness modifications between two points. Thisis especially useful since an internal
stiffness modification is a much more practical type of modification than a single degree-
of-freedom spring modification in which one end of the spring is connected to ground. In
just the same way that resonances may be shifted away from an excitation frequency to
reduce a vibration problem, so it may also be possible to move a particular structura anti-
resonance to coincide with an excitation frequency. A similar analysis has been performed
for the anti-resonance frequency sensitivity at one point due to single degree-of-freedom
mass modification at aremote point (Note; for FRFs which have at |east one coordinate in
common with the single degree-of-freedom modification, none of the anti-resonance
frequencies change). In addition to point FRF measurements required for the resonance
frequency sengitivity, transfer measurements are necessary for evaluation of the anti-
resonance frequency sensitivity. It should be noted that, in general, repositioning anti-
resonances may not be as efficient as repositioning resonances for the control of structural
vibration because anti-resonances are local, and not global, properties of a structure.

All of the sensitivity equations developed in this work (for resonances and anti-
resonances) are based on arational fraction form of representation for an FRF. The exact
rational fraction representation of an FRF involves products of an infinite number of
resonance and anti-resonance frequencies. In practice, the number of termsin the products

is limited to the number of modes measured. Provided that the rati({-g%) « |, theFRF
N

synthesised from this rational fraction formulation is an accurate representation of the
actual FRF. The measured frequency range should extend to include several modes
beyond those in the frequency range of interest to ensure that this criterion is met.

All FRFs can be represented in rational fraction form. For point FRFs all resonances and
anti-resonances have real frequency values, but for transfer FRFs, some of the ‘anti-
resonance’ frequencies may be imaginary. An imaginary anti-resonance frequency
corresponds with a minimum between two resonance peaks instead of the zero of area
anti-resonance.

It has been shown (section 6.7.1) that the new sensitivity analysis technique can be used
successfully to predict the most effective coordinates for modification but that, except
under certain circumstances (such as for small modifications), use of the 1st and 2nd order
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sengitivity valuesin aMaclaurin’ s series expansion should not be relied upon to give good
estimates of the new resonance frequencies for a modified structure, particularly when
predicting the effects of ‘large’ modifications. (It should be noted that similar restrictions
will also apply to the use of any sensitivity parameters howsoever derived). Theoretically
it is possible to continue the differentiation process to obtain higher order sensitivity
parameters but thisis not really a practical proposition. For ranking of coordinatesin an
order of importance it is not necessary to measure the resonance and anti-resonance
frequencies to a high degree of accuracy, provided that the overall ranking is not altered
by dlight variations in the frequencies. The reliability of a ranking can be checked by
recalculations with small, but representative perturbations of the resonance and anti-
resonance frequencies supplied.

An important physical concept used during the development of the sensitivity analysis
technique is that none of the anti-resonance frequencies moves for FRFs with at least one
coordinate in common with the single degree-of-freedom modification made. This
phenomenon can be used as a very simple practical test of whether an intended single
degree-of-freedom modification isindeed active in only one degree-of-freedom.

7.1.4 Inaccuracy and Incompleteness of Experimentally-
Derived Dynamic Models

Any experimentally-derived mathematical model of the dynamic characteristics of a
structure will be incomplete and inaccurate; it is the degrees of incompleteness and
Inaccuracy that are important. Some factors which affect the accuracy of measured
vibration data are asfollows,

. selection of the most appropriate transducers for the application
(measurement capacities vs transducer size);

. attachment of transducers to the structure;
. Cross-axis sensitivities of transducers;

. loading of the structure by the measurement equipment (transducers and
shaker system, etc.). It has been shown that, in some circumstances,
mounting the force gauge upside-down may make the loading effects of the
force gauge more consistent — particularly when there is large cross-axis
motion - and hence more amenabl e to subsequent loading corrections; and,
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»  accuracy of equipment used to quantify the transduced signals (e.g. limited
dynamic range and digitization errors).

Incompleteness in adynamic survey can take two forms,

i)  Modal incompleteness—- where insufficient modes are included either by
poor choice of excitation point or frequency range; and,

i)  Spatial incompleteness — where measurements are made at insufficient
coordinates on the structure.

Modal incompleteness restricts the frequency range over which any synthesised FRFs are
valid. Spatial incompleteness in a set of measured FRFs means that structura mode
shapes cannot be defined uniquely. If the spatially incomplete data set isused in a
modification prediction, the quality of the results depends on whether the spatial

incompl eteness extends to some of the interface coordinates, i.e. whether FRFs for all the
degrees-of-freedom actively involved in the coupling are included. If al the data for the
interface coordinatesar e included in the coupling, predictions for the characteristics of the
modified structure will be accurate in a global sense (modified resonance frequencies and
damping values) but still incomplete in the spatial sense (non-unique definition of mode
shapes). However, if the spatial incompleteness extends to the interface degrees-of-

freedom in a coupling prediction, the results will be incorrect in both the globa and the
local senses. The degree of error will be largely a reflection of the relative importance of
the degrees-of-freedom omitted from the mathematical coupling procedure. The most
frequent cause of spatial incompleteness in measured data is the absence of rotational

information. Rotational type measurements are often ‘overlooked’ in measurement
surveys because there are relatively few transducers for direct measurement of rotations.

Furthermore, accurate derivation of rotational data from suitable trandational

measurements can be difficult to achieve. Some work is being done on the development of
transducers for the measurement of rotational response data but, this alone, will not
facilitate direct measurement of the complete FRF matrix — methods for application and

measurement of a pure torque excitation are also necessary.

The lack of success with accurate measurement of rotational FRF properties of a test
structure has led to doubts about the incorporation of rotational degree-of-freedom datain
modification predictions. The traditional, implicit, assumption is that the interface joint
between the rotational transducer and the test component is either rigid or identical to the
condition that will pertain when the component and structure are joined. Thereislittle
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evidence to support such assumptions in the majority of cases. Measured rotational
degree-of-freedom FRF properties will, therefore, always contain an unknown
contribution from the joint flexibility which will propagate into any modification
predictions. Until an accurate reliable and easy-to-use method for the measurement of all
rotational degree-of-freedom FRF properties becomes available, the use of modification
components including rotational restraints should be questioned serioudly. Pin-jointed
modification components have no rotational constraint and hence there is no need for
rotational degree-of-freedom properties. Pin-joints do, however, severely reduce the
potential effectiveness of certain modifications, e.g. a pin-jointed beam modification is
substantially less stiff than a bolted beam (encastré). Nevertheless, in the interest of being
able to predict the behaviour of a modified structure accurately and reliably, the reduced
effectiveness of such modifications may be an acceptable penalty in order to avoid
unforseen problems caused by inaccurate assumptions about joint characteristics.

7.1.5 The Helicopter Case Study

The inability to measure acceptable rotational degree-of-freedom FRF properties of the
helicopter restricted the case study to the use of simple pin-jointed modifications — mass
additions and wire stiffness modifications.

The case study of a helicopter structure has allowed a very limited trial of the data
assessment and sensitivity analysis techniques on real measured data. The modal database
for trandational degrees-of-freedom, created from the measured data, was judged to be of
agood quality based on a comparison of measured and synthesised functions using the
AFRF. Very successful prediction results were obtained for the helicopter modified with a
mass, but the results for the taut wire modification were not quite so good. The prediction
correctly identified the mode with the greatest shift in frequency, but the extent of the
frequency shift was over-estimated. In subsequent investigations to ascertain the cause of
this over-estimation of the wire’s modification effect, it was found that the tailplane joint
condition altered as a result of the modification - the base structure became different to
that used in the mathematical prediction. Pre-tension in the wire caused the joint to operate
in adifferent stiffness regime. Measurements of the structure’ s FRFs at |low amplitudes of
vibration did not show up the non-linear characteristics of the joint which only appeared
with very large displacements. Furthermore, it is doubtful whether any non-linearities
would have been detected had it been possible to test the helicopter with the joint pre-
stressed. Once again, measurements at different dynamic force levels and relatively small
amplitudes, would have shown the structure to be linear, albeit with a different stiffness.
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7.2 Summary of Topics Investigated

In afmal review of the work presented in thisthesisit is considered that contributions to
the understanding of ‘ Structural Modification from Experimental Data’ have been made in
the following areas;

«  reformulation and refinement of the impedance coupling method to give very
much improved computational efficiency and the ability to cope with all
forms of modification component;

. the value of a preliminary survey;

. the use of a AFRF in the assessment of repeatability and reciprocity and for
comparison of measured and theoretical data;

e  the development of a simple sensitivity analysis technique based on
experimentally-derived resonance and anti-resonance data for ranking
possible structural modification sites in their order of importance for
influencing each particular mode;

o theuse of preliminary survey sengitivity analysis results in definition of a
full measurement test programme;

« illustration of the possible errors that can be incurred when 1st and 2nd order
sensitivities are used in prediction of the effects of ‘large’ modifications;

«  the key importance that rotational degrees-of-freedom can play in the
outcome of a coupling analysis has been demonstrated once again. The
present practical ability for prediction of the effects of modifications
involving rotational restraint at the attachment points has been reviewed;

«  demonstration of some problems with prediction of the effects of
modifications that can be caused by the presence of non-linearities — an
illustration of just how far removed experimental practice is from theory;

« discusson of the causes of incompleteness and inaccuracy in an
experimentally-based dynamic survey and the consequences for prediction
of the effects of modifications are discussed at length;
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7.3 Recommendations for Future Study

As a consequence of this study various aspects of vibration testing and theory have been
identified for future study to improve the understanding and application of the techniques
developed. Some genera topics that should be considered in any further studies are
outlined below (N.B. some tasks in the following list are much more substantial than
others),

«  investigation of impact testing as a quick and efficient method for collection
of preliminary survey data;

»  deveopment of techniques and equipment for accurate and reliable
measurement of rotational degree-of-freedom FRF properties — particularly
the design and development of a practical torque exciter,

e  detailed investigation of actual joint conditions between; (&) transducer and
component, and (b) between two components;

«  development of asimple assessment method to show when agiven joint can
be considered to be ‘rigid’;

»  research into alternative measurement or analysis techniques for the accurate
identification of anti-resonance frequencies - particularly with reference to
broadband type measurements (anti-resonance frequencies can be identified
accurately at present if a discrete sine dwell test method is adopted);

»  development of ‘on-line’ methods for evauation of the quality of measured
data in addition to the use of the AFRF with repeatability and reciprocity
data;

. investigation into whether suitable approximations can be found for the
sengitivity analysis equations that give acceptable results but use less of the
resonance and anti-resonance frequencies - noting the apparently smple
shape of the curve showing the relationship of resonance frequency to mass
added, Figure 3.23;

«  thereationship of this new sensitivity analysis method to that known as
Vincent's Circle;




Conclusions 250

extension of sensitivity analyses for use with modifications other than single
degree-of-freedom masses or springs (or ‘internal stiffness’ modifications);

use of the sensitivity analysis techniques in tailoring a modification and its
dynamic properties to produce desired shifts in several resonance
frequencies of the base structure simultaneously;

incorporation of sensitivity analysis techniques into some form of
‘optimisation’ program for consideration of the best place to make a
modification to achieve alterations in several mode frequencies;

what is the physical explanation, if any, of an imaginary anti-resonance
frequency? and,

can any simplified approximation to the sensitivity analysis equations be
used to predict the resonance frequencies of a modified structure more
accurately than a Maclaurin’'s series expansion with 15t and 2nd order
differential coefficientsonly (chapter 3 and Figure3.25)?
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Appendix A

Algebraic Manipulations for the Reformulation of the
|mpedance Coupling Method (see chapter 2)

Note: Equation numbers follow on from those in chapter 2.

Theinertance of a coupled structure can be expressed as follows,

[C] = (Bl (Bl + [AAl - [AA)-[1aL.[BAD ' [AA]  ........ (2.17)
where,
A1 A2 0 I1 0 O 100
[Aal=| A21 A2 0| [Bal= 013221323:| and [I&=] 000} ......... (2.18)
0 0 I 0 B33 B33 001
Then,
A Ap O 100 I1 0 O A;; 0 O
[AA).[1a].[Bal =[A21 Axn 0].[0 0 0}.[0 Ba2 st]=[A21 0 0 }
0 0 I 001 0 B3y Bis 0 Bs; Bis
................ (2.19)

and,  [Bal +[Aa]-[Aal. (Al [Ba]l =

1 0 O A A2 O A;; 0 O 1 App 0
[0 Bs> B23}+[A21 Ary Ojl-[Azl 0 O }:I:O Az+B1yy B23:|

0 B3z Bis 0 0 I 0 Bj3; B3 0 0 I
................ (2.20)
Now, it can be shown that:
I Ap 0 11 [ 1 -Aiz[A22+B2]?! Ag2.[A22+B2]1.B2s
[ 0 Ay;+B2; B3 ] = 0 [A22+B2s]} -[A22+B127]'1.Bys ceeen (220

which, on substitution into equation (2.17), gives,
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1 0 0 | -A12.[A22+B2]! A12.[A22+B22]1.B23 | Ay App O
[C]= [ 0 Bz Bys ] 0 [A2+B2]! -[A22+B22]1.B23 { A2 Ay 0]
0 B3, Bij 0 0 | 0 01
....................................................... (2.22)
and therefore;

All'AIZ‘[A22+B22]-1'A21 A12'A12'[An+B27J-l .Azz Alz.[Azz"'Bn]'l.Bn
[C] = Bn.[An+Bzz]'l 'A21 Bn.[Aﬂ"’Bzﬂ'l .Azz 'Bzz.[An'i'Bz)J'l .B23+BB

B32.[A22+B27J'l 'A21 B32. [An"'Bz?J -1 .An -B32. [A22+Bzﬂ'l .B23+B33 I
o en

Now, this matrix may be split up into two matrices, the first of which contains inertance
properties of the unmodified components alone:

Ay Ap O A [Ap+Byl Ay A [Ap+BpllAy  -Ap[AptByl'By
A21 An 0 - Azl-Bn.[An+B22]'l.A21 Azz-Bzz.[Azz+B22]'l.An Bzz.[An'FBz?J'l.BB'BB
0 0 Bs By, [Ap+By,l 1Ay -B1,.[Ap+Bl 1Ay Bs,.[Ap+Byl 1By |
. (2.24)
and, by consideration of the termsin the middle row of the second matrix;
A2 -B[An+BpllA2n = (I-Ba.[A2+Bnl!).An
= ([A22+B22] -B23).[A22+B 2] 1. Ay
= Aga [A2+Baa- Y Agy (1)
Similarly,
A2 -B22.[A2p+B2] 1Az = A2a.[A2+B2)-llA2y L
and
B22.[A22+B23]'1.Bo3 -Bas  =-Ag.[A2+B22l 1Bz ..., thy
Equation (2.24) becomes:
Ay Ay O Ap[Ap+BpllAy; AplAp+BpllAzy -Ap[Ap+ByllBy
[C] = A21 Azz 0 - A22°[A22+B2?J-1-A21 A22 [A22+B27J'1.A22 -A22.[A22+B27J'1.B23
0 0 Bj -Bip.[Apt+Bpll Ay -BapfAp+Bil 1Ay Bip[Ap+ByllBy

LD DD D D D T T T (2.28)
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or, more concisely as.

[Au Ap 0 ‘I Az
[Cl=| A21 A2 O [-{Axn;.[A2+B2] ! { A21 A22 -B23} ... (2.29)
L 0 0 B33 .I -B3»

Notes:
only one matrix inversion is necessary;

. the matrix for inversion only contains information relating to the interface
coordinates of each component;

. the first matrix of equation (2.28) is a representation of the unmodified
characteristics of the components, with ‘A”as the reference component;

. the second matrix of equation (2.28) is a matrix of the differences between the
unmodified and the modified representations of the components.
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Intermediate Steps in the Derivation of the 1st and 2nd
Order Mass Sensitivity Equations for a Grounded
Structure (see chapter 3)

Note: Equation numbers without the ‘B’ prefix refer to those in chapter 3.

The resonance frequencies for a grounded structure modified with a single degree-of-
freedom mass (m) are given by solution of the following polynomial equation in Qg.

N-1 Qr2\ N Qg2
Qr2Cj; l- —|- - —|= 2
m Qg+ C; l1;[1( J'J'coi2) LII( Qrz) 0 (B1)or (3.26)

The sensitivity of resonance frequencies to single degree-of-freedom mass modifications is
given by differentiation of equation (B 1) with respect to mass,

d (N1 QRZ} dQgr N1 QR2:I
C:m Q2_{ 1 - ——pB+20p — R
i [ R dm H( . 2) R dm 11;11( )

i=1 N iiw;2
N-1 Qr2\ d {N ka}
+C;i Qg2 1- —|-+— 1- —t=0 ... ..(B2
naigl( ﬁwiz)dmg( Qﬁ) ®)
Now,
4 (N1 Qg2 } dQp N Qg2 N 1
— 1 - —— 1 =2Qp 4—— 1 - (B3
dm{ll;ll ( iim@) R"dm 11;11 ( J'J'coi2} i=1 (QR2 - J'J'(oi2) """ B3
and, similarly,
d (N QRZ } dQr N QRZ N 1
_— 1- — | =2Qp—=—— 1- —— —_—) B4
dm{rl;[l( 9,2) R"dm xl;ll( Q,Z}El(QRZ-Q,Z) B

Therefore, by substitution of equations (B3) and (B4) into equation (B2) and after
rearrangement, we obtain,
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N-1 Qg?
40 2 ¢ I (1 - 535)
- s e (B5)

d _
U i) e R ) o)

As the mass modification tends to zero, equation (B5) can lead to some computational
problems due to the form of the denominator. Expansion and further rearrangement of the
denominator eventually yields the following equation which is well behaved for al values
of mass addition,

N-I N-1 QR
4O o oslle s :rz)
—— 1= 1
dm ~ ; -
QN2 - Qr2 N1(Q.2 - iiw;2
2 ‘ Q.2 - Qg2 Q.2 - Qr?
-0 (0007 faz-00) - LA (@2 -00)
......................................................... (B6)
and in the limit as the mass addition tends to zero, Qg tendsto Q, leaving,
N N-| .
dQp -ij.Qp.H(Q,z).I_II(JJmi2 -Q,?)
= - (B7) or (3.29)

dm m=0 -

Z.ﬁ(ﬁmﬁ).ilp(nﬂ -Q,7)

For the 2nd order sensitivity, equation (B6) must be differentiated with respect to mass once
more. To simplify the procedure, we shall write equation (B6) as follows,

N-1 2
dQR %"‘ [1(2?) .ox. H (1 ‘l ) O (B8)

=]

where,

i=1 ”(012 QR i

(D)=(QNZN§’R ) Nzl(m jj""21'1(92 an))-—H(Q2 Qx?)
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Then
d2QR _C N-1 . N-1 Or d ) 1 d N-1 QRZ
ok =S @A) a1 (1- 2] dlor) + o' {an 1T (1- 25

........................................................ (B10)
Now, L (O} =1D)*&{(D)) oo B
and,
L o)-=
4] a2 2 2 QN2 - Q2 N 92 o2 T s 00
& oellar-an) {2500 B2 e flar o

........................................................ (B12)
or dm (D)} =g= (DD} +3={D2)}) ... (B13)
Now,
d _2 90 41 2. Qp2 Q.2 - Qg2
GRS -{QR [T@2-a) - ¥l@2-0)| 111

s#1

and,
d
= ((D2)) =

) H(92 Qr?)

dQR Qr2\| N1 Qi2--‘-‘0)1 rei
SRR . Q 2_0y2
sfi
1 N1(Q2. w2 N
"oz ;( o 21‘[(92 QR2)J .............. (B15)
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Therefore, collect terms to obtain,

_{(D)1}__2dd§3nR(D)2{_1_R(L21i[11(92 QR2)+ EH(QZ QRZ)J

+Qp (1 - QL)N : [(912 - ﬁwiimo 2. : Qg2 H (Q:2- Qgr?) - 2 H (@2 - QRZ)D

On? ) i=1 |lilw;2 - Qg r#i =i gpr
s#i
O (22 S0P\ T ig2 . 0g) (B16)
QNZ & (Jjwlz _ QRz) L r ROJ[ ceneecaenncnnnes
d . dQ ;
or, o {(D) 1} =-2mR (D) 2, *) (B17)

with,

Qr2 Fsi =l gar

<*>={-—[—n<m o)+ T11 (02 ax)

+Or (1-9" )E [(QZ o ng oo H(92 Qg?) - ZH(Q 2- QRZ)D

QNZ jiw;2 - QR2 i =i ger
s#i
QR N-1 Q 2 jj(ol }
- Q2-Qr2)r B18
N2 is P (JJO)Z Qg2 )I;I,( ) (B18)
Also,
d N-1 QRZ } R N-1 1 1 N-1 QRZ
—{Q 1-=———=} - Qp.—.[2Q —_ 1- ——
dm{ R r-l-Il ( 11(012) R*"dm [ R El (ng -diw 2) QR] i=1 ( Dm,z)
........................................................ (B19)

Now, bring together equations (B6), (B 10), (B 17), (B 18) and (B 19) to give,

d2QR dQR dQR « dQr N1 1 1
- dm( X Oy ()) (m [2911-2( o) ]
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and, eventually,
2 ..
d Qr dQR[-4 dQg .. N ii;2 1 1 }
= 2Q — _
dm’ (dmjz Cj-Qr dm At H (912(”0312 ka))‘” y 2 (QRZ-”OJP) " o
........................................... (B21) or (3.46a)
Note:

. theanaysisfor afreestructureisvery similar but slightly more straightforward!




Appendix C

Derivation of FRFs in Coordinate Directions from
M easurements with Excitation at an Angle to the Axes

Y Angled excitation
direction (W)
0
>
X
YaA Y
FYT
> >
F > X X

Rx =Oxx Fx = OxxFwcos(0)  Ryx= Oyy Fy = Oy Fy sin (8)
Ry = Oy Fx =0OxyFy C0S (0)  Ry=0yy Fy =04y Fy sin (6)
Therefore, total responsesin the X- and Y- axes are :-
Rx = Oxx Fw cos(O) + a,, Fy 9n@) = (Otxx.cos(e) + axy.sin(e)) Fw

and,
Ry = Oy Fy cos(e) + Oyy Fy sin(O) = (Otxy.cos(e) + Ocyy.sin(e)) Fw
Hence,
B = (Otxn.cos(8) + Otxy.sin(6))
and,

%‘5 = (Otxy-cos( 0) + Olyy.sin(6))

Providing either axx , Oixy O Olyy is known, then the other terms may be calculated from
knowledge of g—", £~ and the angle of excitation 6.
w w




Appendix D

T-Block Transducer Mass Properties, and
Transformations to Derive RotationalFRF Properties

Y
—— 55NM ———p Dimensions in mm
Thickness =15mm
X Material : Aluminium Alloy.
15mm
1 '
: 20mm
1
Py ¢
) G | X
e
20 mm : 775 mm
Y
T-Block Transducer.
Ixx = 27.7 * 10°6 Kgm2 &  Iyy=87*100 KgMm2

Therefore, since Ip = Inx + Iyy 1p = 36.4 * 100 KgM2
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Inclusion of Accelerometer and Pushrod Adapter Mass in the Inertia Calculation.

Mass is assumed to be
concentrated at the 3%
geometric centre of the

f ter.
orce gauge and adapter 12.5mm

_____ 1| |r T 35mm

| |

: | Ip for force gauge = 89.7 * 10°6 KgM?2

] 1

L -Po - ___L 2
Therefore, total Ip = 126.1 * 10-6 KgM

>
17.5mm

For this investigation, only a small amount of ‘rotational’ information was required, and so
the matrices were all (2x2), and the [T, ,[T,], and [M] matrices were defined as

follows:-
m 0 _ % -3
M = [ ] m = 47.2 * 103 Kg.
0 Ip Ip=126.1* 10-6 KgM2
1
b
[Ty 1 $1=215* 103 M
251 2S|m
11
[Ty] = [ ] Sy =175* 103 M
Sy -§3
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Theoretical Calculation of T-Block Attachment Stiffness

R
T-block pivot point is
assumed to be on the
outer edge.
:
]
L R

e — b o=

|

The applied torque is FgXs, and for equilibrium, FyXp = FsXs

: - _rTorque FgXg Fp.Xp
Now, rotational stiffness Angk g 6

The bolt stiffness = K = ¢

where e, = extension of bolt.

but, ey, = Xy,0 in rads for small angles, and therefore,

Kp fo_ ,oiving Fp=KpXp0 ...

=Xb9

ooooooooooooooooooooooo
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and, substituting for Fy in (E2),

the attachment stiffness =-)§3Kb Xp 0 = Kp Xp2

Now, consider the bolt alone,

Young'sModulus E = SSJ_;;SEQ’KE-L: g%
and,

Stiffness K =-Ig therefore E=K.17',"-
and hence, Kb=E—£°‘b—b- .....................

where, E =Young'sModulus of bolt material
Ly = original length of bolt.

Substituting (E7) into (E4),
E.Ap

Attachment rotational stiffness = Xp2. i

Assuming the following:-

& = 7.5 mm

E =207 * 109 Nm=2 (for mild steel)

bolt core diameter = 3.5 mm
Therefore, Ap = 9.62 * 10-6 m2

Lp =30 mm

. (ES)

and hence, the attachment rotational stiffness =

3.73 * 103 Nm/rad.

This value for the attachment rotational stiffnessis of the same order of magnitude as that
found experimentally, and it provides yet further confirmation that the experimental results

were just measurements of the attachment stiffness.



Appendix F

Coordinate Transformation Matrices for the Stiffness
Modifications to the Helicopter

Reference [86]: Theory of Matrix Structural Analysis
J. S. Przemieniecki
McGraw Hill.
1968.

The matrix equation relating displacementsin the local coordinate system, [Ur], to thosein
the datum system,[Up}, is:-

B Aox | where, Aox = [ lox mox nox ]
7"0y 0 loy=[loy Mgy rloy]
Aoz | Aoz = loz moz Nz ]
(ULl = - - - (Upl]
I Aox _ - :
0 | Aoy represents matrices of direction cosines for
. | Aoy the OX, OY and OZ directions

respectively, measured in the datum
system. [Up] represents element
displacementsin the datum system.

The direction cosines for the X- axis in the loca coordinate system have been calculated
from the coordinates of points 49 and 66:-

lox = 0.78216 mpx = 0.45614 nox = 0.42445

We now require direction cosines of Y- and Z- axesin thelocal coordinate system. The
orientation of the perpendicular Y- and Z- axesinthe Y - Z plane is arbitrary.

To find the direction cosines for a Z- axis in the local coordinate system, choose an
arbitrary point, P=lj, and assume this point lies in the local coordinate X - Y plane. Then,
the vector product: XA P=z isavector along the new Z- axis (N.B. The order of this

product retains aright-hand axis sense). The direction cosines of the local coordinateZ-
axisare found by normalizing this Z vector: ]% =%, which leads to:-
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loz =-0.47696 mez = 0.0 noz = 0.87892

The direction cosines of the Y- axis in the local coordinate system are found simply from
the following vector product : §=2 A%

loy=-040091  moy=0.88990 gy =-0.21756

The complete transformation matrix is shown below.

— 0782 0.456 0.424 0.000 0.000 0.000 7
-0.401 0.889 -0.218 0.000 0.000 0.000
-0.477 0.000 0.879 0.000 0.000 0.000
0.000 0.000 0.000 0.782 0.456 0.424
0.000 0.000 0.000 -0.401 0.889 -0.218

- 0.000 0.000 0.000 -0.477 0.000 0.879 -

Now, from the definition of the FRF matrix in the local coordinate system -
(ULl =[HL] . [FL]

which can be expressed in terms of the datum coordinate system properties as -
[A] . [Upl=[HL]. [A] . [Fp)

therefore,  [Up] =[A]". (L] . [A] . [Fol

but, [Upl] = [Hp] . [Fp]

andhence,  [Hp] = [A]". (HL]. [A]

The FRF matrix in the datum coordinate system [Hp] can be calculated from that in the
local coordinate system [Hp] providing the transformation matrix [l] is known.

Furthermore, it should be noted that the transformation matrix [l] will be orthogonal and
-1
hence [A]" = [A]"

Therefore, Hpl = [A]". HL1. [A]




