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Preface

This book is primarily intended as an introductory text for newly qualified graduates,
and experienced engineers from other disciplines, entering the field of structural
dynamics and vibration, in industry. It should also be found useful by test engineers
and technicians working in this area, and by those studying the subject in universities,
although it is not designed to meet the requirements of any particular course of study.

No previous knowledge of structural dynamics is assumed, but the reader should be
familiar with the elements of mechanical or structural engineering, and a basic knowl-
edge of mathematics is also required. This should include calculus, complex numbers
and matrices. Topics such as the solution of linear second-order differential equations,
and eigenvalues and eigenvectors, are explained in the text.

Each concept is explained in the simplest possible way, and the aim has been to give
the reader a basic understanding of each topic, so that more specialized texts can be
tackled with confidence.

The book is largely based on the author’s experience in the aerospace industry, and
this will inevitably show. However, most of the material presented is of completely
general application, and it is hoped that the book will be found useful as an introduc-
tion to structural dynamics and vibration in all branches of engineering.

Although the principles behind current computer software are explained, actual
programs are not provided, or discussed in any detail, since this area is more than
adequately covered elsewhere. It is assumed that the reader has access to a software
package such as MATLAB’.

A feature of the book is the relatively high proportion of space devoted to worked
examples. These have been chosen to represent tasks that might be encountered in
industry. It will be noticed that both SI and traditional ‘British’ units have been used
in the examples. This is quite deliberate, and is intended to highlight the fact that in
industry, at least, the changeover to the SI system is far from complete, and it is not
unknown for young graduates, having used only the SI system, to have to learn the
obsolete British system when starting out in industry. The author’s view is that, far
from ignoring systems other than the SI, which is sometimes advocated, engineers
must understand, and be comfortable with, all systems of units. It is hoped that the
discussion of the subject presented in Chapter 1 will be useful in this respect.

The book is organized as follows. After reviewing the basic concepts used in
structural dynamics in Chapter 1, Chapters 2, 3 and 4 are all devoted to the response
of the single degree of freedom system. Chapter 5 then looks at damping, including
non-linear damping, in single degree of freedom systems. Multi-degree of freedom
systems are introduced in Chapter 6, with a simple introduction to matrix methods,
based on Lagrange’s equations, and the important concepts of modal coordinates and
the normal mode summation method. Having briefly introduced eigenvalues and

xiii



Xiv Preface

eigenvectors in Chapter 6, some of the simpler procedures for their extraction are
described in Chapter 7. Methods for dealing with larger structures, from the original
Ritz method of 1909, to today’s finite element method, are believed to be explained
most clearly by considering them from a historical viewpoint, and this approach is
used in Chapter 8. Chapter 9 then introduces the classical Fourier series, and its digital
development, the Discrete Fourier Transform (DFT), still the mainstay of practical
digital vibration analysis. Chapter 10 is a simple introduction to random vibration,
and vibration isolation and absorption are discussed in Chapter 11. In Chapter 12,
some of the more commonly encountered self-excited phenomena are introduced,
including vibration induced by friction, a brief introduction to the important subject
of aircraft flutter, and the phenomenon of shimmy in aircraft landing gear. Finally,
Chapter 13 gives an overview of vibration testing, introducing modal testing, environ-
mental testing and vibration fatigue testing in real time.

Douglas Thorby
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This introductory chapter discusses some of the basic concepts in the fascinating
subject of structural dynamics.

1.1 Statics, dynamics and structural dynamics

Statics deals with the effect of forces on bodies at rest. Dynamics deals with the
motion of nominally rigid bodies. The two aspects of dynamics are kinematics and
kinetics. Kinematics is concerned only with the motion of bodies with geometric
constraints, irrespective of the forces acting. So, for example, a body connected by a
link so that it can only rotate about a fixed point is constrained by its kinematics to
move in a circular path, irrespective of any forces that may be acting. On the other
hand, in kinetics, the path of a particle may vary as a result of the applied forces. The
term structural dynamics implies that, in addition to having motion, the bodies are
non-rigid, i.e. ‘elastic’. ‘Structural dynamics’ is slightly wider in meaning than ‘vibra-
tion’, which implies only oscillatory behavior.

1.2 Coordinates, displacement, velocity and acceleration

The word coordinate acquires a slightly different, additional meaning in structural
dynamics. We are used to using coordinates, x, y and z, say, when describing the
location of a point in a structure. These are Cartesian coordinates (named after René
Descartes), sometimes also known as ‘rectangular’ coordinates. However, the same
word ‘coordinate’ can be used to mean the movement of a point on a structure from
some standard configuration. As an example, the positions of the grid points chosen
for the analysis of a structure could be specified as x, y and z coordinates from some
fixed point. However, the displacements of those points, when the structure is loaded
in some way, are often also referred to as coordinates.



2 Structural dynamics and vibration in practice
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Fig. 1.1 Double pendulum illustrating generalized coordinates.

Cartesian coordinates of this kind are not always suitable for defining the vibration
behavior of a system. The powerful Lagrange method requires coordinates known as
generalized coordinates that not only fully describe the possible motion of the system,
but are also independent of each other. An often-used example illustrating the
difference between Cartesian and generalized coordinates is the double pendulum
shown in Fig. 1.1. The angles 6, and 6, are sufficient to define the positions of
m; and m; completely, and are therefore suitable as generalized coordinates. All
four Cartesian coordinates x;_yi, X2 and y», taken together, are not suitable for use
as generalized coordinates, since they are not independent of each other, but are
related by the two constraint equations:

M4yt=r and (x2—x1)+ (02— n)’=1r3

This illustrates the general rule that the number of degrees of freedom, and the
number of generalized coordinates required, is the total number of coordinates minus
the number of constraint equations. In this case there can only be two generalized
coordinates, but they do not necessarily have to be #; and 6,; for example, x; and x;
also define the positions of the masses completely, and could be used instead.

Generalized coordinates are fundamentally displacements, but can also be differ-
entiated, i.e. expressed in terms of velocity and acceleration. This means that if a
certain displacement coordinate, z, is defined as positive upwards, then its velocity, z,
and its acceleration, Z, are also positive in that direction. The use of dots above
symbols, as here, to indicate differentiation with respect to time is a common conven-
tion in structural dynamics.

1.3 Simple harmonic motion

Simple harmonic motion, more usually called ‘sinusoidal vibration’, is often
encountered in structural dynamics work.



Chapter 1. Basic concepts 3
1.3.1 Time History Representation

Let the motion of a given point be described by the equation:
x =X sinwt (1.1)

where x is the displacement from the equilibrium position, X the displacement
magnitude of the oscillation, w the frequency in rad/s and ¢ the time. The quantity
X is the single-peak amplitude, and x travels between the limits £X, so the peak-to-
peak amplitude (also known as double amplitude) is 2.X.

It appears to be an accepted convention to express displacements as double ampli-
tudes, but velocities and accelerations as single-peak amplitudes, so some care is
needed, especially when interpreting vibration test specifications.

Since sinwt repeats every 27 radians, the period of the oscillation, 7, say, is 27/w
seconds, and the frequency in hertz (Hz) is 1/T = w/2x. The velocity, dx/dz, or x, of
the point concerned, is obtained by differentiating Eq. (1.1):

X = wXcoswt (1.2)

The corresponding acceleration, dzx/dtz, or X, is obtained by differentiating
Eq. (1.2):

¥ = —w’ X sinwt (1.3)

Figure 1.2 shows the displacement, x, the velocity, x, and the acceleration X, plotted
against time, .
Since Eq. (1.2),

X = wX coswt

can be written as

X = wXsin (wt + g)

Displacement ‘

g t

VJX | 2w | —
Velocity t
X f
dex — | 2w |—
Acceleration ¢

Fig. 1.2 Displacement, velocity and acceleration time histories for simple harmonic motion.
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or
¢ = wXsin|w(i+5-)] (1.4)
X = WA SIn |w - .
2w

any given feature of the time history of X, for example the maximum value, occurs at a
value of ¢ which is 7/2w less (i.e. earlier) than the same feature in the wave represent-
ing x. The velocity is therefore said to ‘lead’ the displacement by this amount of time.
This lead can also be expressed as a quarter-period, 7/4, a phase angle of 7/2 radians,
or 90°.

Similarly, the acceleration time history, Eq. (1.3),

¥ = —w’ Xsinwt
can be written as
¥ = —w Xsin(wt + 7) (1.5)

so the acceleration ‘leads’ the displacement by a time 7/w, a half-period, 7/2, or a
phase angle of 7 radians or 180°. In Fig. 1.2 this shifts the velocity and acceleration
plots to the /eft by these amounts relative to the displacement: the lead being in time,
not distance along the time axis.

The ‘single-peak’ and ‘peak-to-peak’ values of a sinusoidal vibration were intro-
duced above. Another common way of expressing the amplitude of a vibration level is
the root mean square, or RMS value. This is derived, in the case of the displacement,
x, as follows:

Squaring both sides of Eq. (1.1):

x? = X% sin’ wr (1.6)

The mean square value of the whole waveform is the same as that of the first half-
cycle of X sinwt, so the mean value of x?, written (x?), is

2 T/2
(x?) = XZ—/ sin” wr - dt (L.7)
T Jo
Substituting
1 1 2
t=—(wt), dt=—d(wr), T:j,
w w w
T/w X2
() = Xzf/ sinw - d(wr) = 2 (1.8)
™ Jo 2

Therefore the RMS value of x is X/\/f, or about 0.707X. It can be seen that this
ratio holds for any sinusoidal waveform: the RMS value is always 1 / V2 times the
single-peak value.

The waveforms considered here are assumed to have zero mean value, and it should
be remembered that a steady component, if present, contributes to the RMS value.
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Example 1.1

The sinusoidal vibration displacement amplitude at a particular point on an engine
has a single-peak value of 1.00 mm at a frequency of 20 Hz. Express this in terms of
single-peak velocity in m/s, and single-peak acceleration in both m/s* and g units. Also
quote RMS values for displacement, velocity and acceleration.

Solution

Remembering Eq. (1.1),

x = Xsinwt (A)
we simply differentiate twice, so,

X = wX coswt (B)
and

¥ = —w Xsinwt ©

The single-peak displacement, X, is, in this case, 1.00 mm or 0.001 m. The value of
w = 27f, where f'is the frequency in Hz. Thus, w = 27(20) = 407 rad/s.

From Eq. (B), the single-peak value of X is wX, or (407 x 0.001) = 0.126 m/s or
126 mm/s.

From Egq. (C), the single-peak value of & is w?>X or [(407)*x0.001] =15.8 m/s> or
(15.8/9.81) = 1.61¢.

Root mean square values are 1 /\/Z or 0.707 times single-peak values in all cases, as
shown in the Table 1.1.

Table 1.1
Peak and RMS Values, Example 1.1

Single peak value RMS Value
Displacement 1.00 mm 0.707 mm
Velocity 126 m/s 89.1 mm/s
Acceleration 15.8 m/s’ 11.2 m/s?

1.61g 1.14g rms

1.3.2 Complex Exponential Representation

Expressing simple harmonic motion in complex exponential form considerably
simplifies many operations, particularly the solution of differential equations. It is
based on Euler’s equation, which is usually written as:

e = cosf +isind (1.9)

where ¢ is the well-known constant, 6 an angle in radians and iis v/ —1.
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w Im
s AXIS \
wX
X
X2 Re AXIS

w?X /

T x=Im(Xelh) = Xsinwt
N 4 T X= Im(wXelt) = wXcos wt

T ¥= Im(wRXet) = —w2 X sin wt

¥=Re(w?Xe“!) = —w?Xcos wt

x=Re(wXe“!) =—wXsinwt

""" - x=Re(wXe“!) = Xcos wt

Fig. 1.3 Rotating vectors on an Argand diagram.

Multiplying Eq. (1.9) through by X and substituting wt for 6:
Xe' = X coswt + iX sinwt (1.10)

When plotted on an Argand diagram (where real values are plotted horizontally,
and imaginary values vertically) as shown in Fig. 1.3, this can be regarded as a vector,
of length X, rotating counter-clockwise at a rate of w rad/s. The projection on the
real, or x axis, is X cos wt and the projection on the imaginary axis, iy, is 1.X sin wt. This
gives an alternate way of writing X cos wt and X sin wt, since

Xsinwt = Im(Xe™") (1.11)
where Im () is understood to mean ‘the imaginary part of ( )’, and

X coswt = Re(Xe) (1.12)
where Re () is understood to mean ‘the real part of ().

Figure 1.3 also shows the velocity vector, of magnitude wX, and the acceleration

vector, of magnitude w?X, and their horizontal and vertical projections
Equations (1.11) and (1.12) can be used to produce the same results as Eqs (1.1)

through (1.3), as follows:
If

x = Im(Xe*") = Im(X coswt + iXsinwr) = Xsinwt (1.13)

then
¥ = Im(iwXe™') = Im[iw(X coswt + iX sinwr)] = wX coswt (1.14)
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(since i> = —1) and
% = Im(—w?Xe"") = Im[—w?(X coswr + iXsinwr)] = —w Xsinwr (1.15)

If the displacement x had instead been defined as x = X coswt, then Eq. (1.12), i.e.
Xcoswt = Re(Xe"), could have been used equally well.

The interpretation of Eq. (1.10) as a rotating complex vector is simply a mathema-
tical device, and does not necessarily have physical significance. In reality, nothing is
rotating, and the functions of time used in dynamics work are real, not complex.

1.4 Mass, stiffness and damping

The accelerations, velocities and displacements in a system produce forces when
multiplied, respectively, by mass, damping and stiffness. These can be considered to be
the building blocks of mechanical systems, in much the same way that inductance,
capacitance and resistance (L, C and R) are the building blocks of electronic circuits.

1.4.1 Mass and Inertia

The relationship between mass, m, and acceleration, ¥, is given by Newton’s second
law. This states that when a force acts on a mass, the rate of change of momentum (the
product of mass and velocity) is equal to the applied force:

d dx
dt(mdt> =r (1.16)

where m is the mass, not necessarily constant, dx/dz the velocity and F the force. For
constant mass, this is usually expressed in the more familiar form:

F=mx (1.17)

If we draw a firee body diagram, such as Fig. 1.4, to represent Eq. (1.17), where F and
x (and therefore x and ¥) are defined as positive to the right, the resulting inertia force,
mX, acts to the left. Therefore, if we decided to define all quantities as positive to the
right, it would appear as —mx.

Mass
m
Force Accelt_a'ranon

F H X

Inertia force
mx

Fig. 1.4 D’Alembert’s principle.
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A Fy
197 Y
e
N
Xj
m;
ri
m, [ i
||a XG F,
X

Fig. 1.5 Plane motion of a rigid body.

This is known as D’Alembert’s principle, much used in setting up equations of
motion. It is, of course, only a statement of the fact that the two forces, F and mx,
being in equilibrium, must act in opposite directions.

Newton’s second law deals, strictly, only with particles of mass. These can be
‘lumped’ into rigid bodies. Figure 1.5 shows such a rigid body, made up of a large
number, n, of mass particles, m;, of which only one is shown. For simplicity, the body
is considered free to move only in the plane of the paper. Two sets of coordinates are
used: the position in space of the mass center or ‘center of gravity’ of the body, G, is
determined by the three coordinates xg, yg and 6g. The other coordinate system, x, y,
is fixed in the body, moves with it and has its origin at G. This is used to specify the
locations of the n particles of mass that together make up the body. Incidentally, if
these axes did not move with the body, the moments of inertia would not be constant,
a considerable complication.

The mass center, G, is, of course, the point where the algebraic sum of the first
moments of inertia of all the n mass particles is zero, about both the x and the y axes, i.e.,

n n
Zm,ﬁi:Zmi&:O, (1.18)
i1 i=1

where the n individual mass particles, m; are located at x;, YV (i = 1ton)in the x, y
coordinate system.

External forces and moments are considered to be applied, and their resultants
through and about G are F,, F, and My. These must be balanced by the internal
inertia forces of the mass particles.
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Thus in the x direction, since F, acts at the mass center,

n
Fet Y —mi%i = 0; (1.19a)
i=1
or
Fy = mig; (1.19b)

where m = X7 m;= total mass of body.
Note that the negative sign in Eq. (1.19a) is due to D’Alembert’s principle.
Similarly in the y direction,

Fy+ Y —mi =0 (1.20a)
i=1

or
F, = mjg (1.20b)
For rotation about G, the internal tangential force due to one mass particle, m; is
— m;rifg, the negative sign again being due to D’Alembert’s principle, and the
moment produced about G is — m,-rizﬁc,. The total moment due to all the mass

particles in the body is thus 327, (— m#20), all other forces canceling because G is
the mass center. This must balance the externally applied moment, My, so

Mo+ mirilc) =0 (1.21a)
=1
or
My = Ig0G (1.21b)
where
n
Ic = Zmi r? (1.22)
i=1

Equation (1.22) defines the mass moment of inertia of the body about the mass center.
In matrix form Eqs (1.19b), (1.20b) and (1.21b) can be combined to produce

F, m 0 0 XG
F, =10 m 0 yG (1.23)
My 0 0 I OG

The (3 x 3) matrix is an example of an inertia matrix, in this case diagonal, due to
the choice of the mass center as the reference center. Thus the many masses making up
the system of Fig. 1.5 have been ‘lumped’, and can now be treated as a single mass
(with two freedoms) and a single rotational moment of inertia, all located at the mass
center of the body, G.

In general, of course, for a three-dimensional body, the inertia matrix will be of
size (6 x6), and there will be six coordinates, three translations and three
rotations.
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1.4.2 Stiffness

Stiffnesses can be determined by any of the standard methods of static structural
analysis. Consider the rod shown in Fig. 1.6(a), fixed at one end. Force F is applied
axially at the free end, and the extension x is measured. As shown in Fig. 1.6(b), if the
force F'is gradually increased from zero to a positive value, it is found, for most materials,
that Hooke’s law applies; the extension, x, is proportional to the force, up to a point
known as the elastic limit. This is also true for negative (compressive) loading, assuming
that the rod is prevented from buckling. The slope §F/6x of the straight line between
these extremes, where 6F and ¢x represent small changes in F and x, respectively, is the
stiffness, k. It should also be noted in Fig. 1.6(b) that the energy stored, the potential
energy, at any value of x, is the area of the shaded triangle, § Fx, or $kx?, since F = kx.

Calculating the stiffness of the rod, for the same longitudinal loading, is a straight-
forward application of elastic theory:

OF 60 a Ea
Tox e L L (1.24)
where «a is the cross-sectional area of the rod, L its original length and 6o /de the slope
of the plot of stress, o, versus strain, ¢, known as Young’s modulus, E.

The stiffness of beam elements in bending can similarly be found from ordinary
elastic theory. As an example, the vertical displacement, y, at the end of the uniform
built-in cantilever shown in Fig. 1.6(c), when a force F'is applied is given by the well-
known formula:

FL?

y

Elastic limit

l

Area = Vakx?

Force, F

Slope §F/6x

] F .
\1 Extension, x

(a) (b)

(c) (d)

Fig. 1.6
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where L is the length of the beam, E Young’s modulus and 7 the ‘moment of inertia’ or
second moment of area of the cross-section applicable to vertical bending.
From Eq. (1.25), the stiffness 6F/dy, or k,, is

_6F 3EI

TR (1.26)

For a rod or beam in torsion, fixed at one end, with torque, 7, applied at the other
end, as shown in Fig. 1.6(d), the following result applies.

T Gy
J L
where 7'is the applied torque, J the polar area ‘moment of inertia’ of the cross-section,
G the shear modulus of the material, ¢ the angle of twist at the free end and L the
length.
From Eq. (1.27), the torsional stiffness at the free end is

(1.27)

_oT_GI

== 1.28
s L (1.28)

Example 1.3

Figure 1.7, where the dimensions are in mm., shows part of the spring suspension unit
of a small road vehicle. It consists of a circular-section torsion bar, and rigid lever. The
effective length of the torsion bar, L, is 900 mm, and that of the lever, L,, is 300 mm.
The bar is made of steel, having elastic shear modulus G = 90 x 10° N/m? (= 90 GN/m”
or 90 GPa), and its diameter, d, is 20 mm. Find the vertical stiffness, for small displace-
ments, as measured at point B.

Solution

From Eq. (1.28), the torsional stiffness, &, of the bar between point A and the fixed
end, is
oT  GJ
= —=" — A
¢ (S(p Ll ( )
where 67 is a small change in torque applied to the bar at A and 6 the corresponding
twist angle. G is the shear modulus of the material, J the polar moment of inertia of
the bar cross-section and L; the length of the torsion bar. However, we require the
linear stiffness k, or 6F/éx, as seen at point B. Using Eq. (A), and the relationships,
valid for small angles, that 67 = 6F - L,, and 6¢ = 6x/L,, it is easily shown that

LOF_ST 1 G111
Yoox e L3 Ly Y L3

(B)

Numerically, G = 90 x 10° N/m® J = nd*/32 = 7(0.02)*/32 = 15.7x 10~” m*
Li=09m; L, = 0.30m giving k, = 17 400 N/m or 17.4 k N/m.
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Fixed end

Torsion bar

(Dimensions in mm)

Fig. 1.7 Torsion bar discussed in Example 1.3.

1.4.3 Stiffness and Flexibility Matrices

A stiffness value need not be defined at a single point: the force and displacement can
be at the same location, or different locations, producing a direct stiffness or a cross
stiffness, respectively. An array of such terms is known as a stiffness matrix or a matrix of
stiffness influence coefficients. This gives the column vector of forces or moments f7, /5,
etc., required to be applied at all stations to balance a unit displacement at one station:

N ki ki | [x1
LNk ko X (1.29)
or
{/} = [K{x} (1.30)

The stiffness matrix, [k], is square, and symmetric ( i.e. k; = k; throughout).
The mathematical inverse of the stiffness matrix is the flexibility matrix which gives
the displacements x;, x», etc., produced by unit forces or moments f3, f>, etc.

x| o o | [N
xo W~ oy an .. |[!fa (1.31)
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or

{x} = [o]{f} (1.32)

The flexibility matrix, [«], is also symmetric, and its individual terms are known as
flexibility influence coefficients.
Since [a] is the inverse of [k], i.e. [a] = [k] ",

[ [k] = k]~ K] = [1] (1.33)

where [/] is the unit matrix, a square matrix with all diagonal terms equal to unity, and
all other terms zero.

Since the stiffness matrix (or the flexibility matrix) relates forces (or moments)
applied anywhere on a linear structure to the displacements produced anywhere, it
contains all there is to know about the stiffness properties of the structure, provided
there are sufficient coordinates.

Example 1.4

(a) Derive the stiffness matrix for the chain of springs shown in Fig. 1.8.
(b) Derive the corresponding flexibility matrix.
(c) Show that one is the inverse of the other.

Solution

(a) The (3 x 3) stiffness matrix can be found by setting each of the coordinates x;, x;
and x; to 1 in turn, with the others at zero, and writing down the forces required at
each node to maintain equilibrium:

when : x; =1 X, =0 x3=0 (A)

then: f1 = kix| +kaxz Jfo = —kaxy f3=0 :

when: x; =0 X, =1 x3=0 (As)
2

then: fi=—kyx, fr =kyxo + k3x; f3 = —ksx,

hen:x; =0 =0 =
when @ Xy X2 X3 (A3)
then: f; =0 Jr = —k3x3 f3 =ksx3

Fig. 1.8 Chain of spring elements discussed in Example 1.4.
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Equations (A;) now give the first column of the stiffness matrix, Eqs (A,) the
second column, and so on, as follows:

S (ky + k) —k» 0 X
{ﬁ } ) |: 7k2 (k2 X k3) k3] { o } (B)
f3 0 —k3 k3 X3

The required stiffness matrix is given by Eq. (B).
(b) The flexibility matrix can be found by setting f;, /> and f5 to 1, in turn, with the
others zero, and writing down the displacements xi, x, and x3:

=1 f2=0 f3=0

x;=1/k xy=1/k x3 = 1k; (Cy)

fi=0 fH=1 =0 -

xi=1/ki  xa=1/ki+1/ky  x3=1/ki+1/k 2
=0 =0 -1

. ; " (C3)

x1=1/k1 XQZI//(]—Fl/kz X3=1/k1+1/k2+1/k3

Equations (C;) give the first column of the flexibility matrix, Eqs (C,) the second
column, and so on:

{x1 } |:1/kl 1/ky 1/ky ] {f1 }
xy 0= | Uk (1/ki+1/ks) (1/ki + 1/k2) f (D)
X3 Vke (Vki+1/ky) (ki +1/ky +1/ks) | \ /3

Equation (D) gives the required flexibility matrix.

(c) To prove that the flexibility matrix is the inverse of the stiffness matrix, and vice
versa, we multiply them together, which should produce a unit matrix, as is,
indeed, the case.

(kl-l-kz) —ky 0 l/kl l/kl l/kl
[ —ky (k2 +k3) —kslx[l/kl (1/ky + 1/k2) (1/ki + 1/k2) ]
0 —k3 k3 Uk (1/ki+1/ks)  (1/ki +1/ka + 1/k3)
1 0 0
—[0 | o] (E)
0 0 1

1.4.4 Damping

Of the three ‘building blocks’ that make up the systems we deal with in structural
dynamics, mass and stiffness are conservative in that they can only store, or conserve,
energy. Systems containing only mass and stiffness are therefore known as conserva-
tive systems. The third quantity, damping, is different, in that it dissipates energy,
which is lost from the system.
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Some of the ways in which damping can occur are as follows.

(a)

(b)

©

(d)

(©

The damping may be inherent in a structure or material. Unfortunately, the term
‘structural damping’ has acquired a special meaning: it now appears to mean
‘hysteretic damping’, and cannot be used to mean the damping in a structure,
whatever its form, as the name would imply. Damping in conventional jointed
metal structures is partly due to hysteresis within the metal itself, but much more
to friction at bolted or riveted joints, and pumping of the fluid, often just air, in
the joints. Viscoelastic materials, such as elastomers (rubber-like materials), can
be formulated to have relatively high damping, as well as stiffness, making them
suitable for the manufacture of vibration isolators, engine mounts, etc.

The damping may be deliberately added to a mechanism or structure to suppress
unwanted oscillations. Examples are discrete units, usually using fluids, such as
vehicle suspension dampers and viscoelastic damping layers on panels.

The damping can be created by the fluid around a structure, for example air or
water. If there is no relative flow between the structure and the fluid, only
radiation damping is possible, and the energy loss is due to the generation of
sound. There are applications where this can be important, but for normal
structures vibrating in air, radiation damping can usually be ignored. On the
other hand, if relative fluid flow is involved, for example an aircraft wing traveling
through the air, quite large aerodynamic damping (and stiffness) forces may be
developed.

Damping can be generated by magnetic fields. The damping effect of a conductor
moving in a magnetic field is often used in measuring instruments. Moving coils,
as used in loudspeakers and, of particular interest, in vibration testing, in electro-
magnetic exciters, can develop surprisingly large damping forces.

Figure 1.9 shows a discrete damper of the type often fitted to vehicle suspensions.
Such a device typically produces a damping force, F, in response to closure
velocity, x, by forcing fluid through an orifice. This is inherently a square-law
rather than a linear effect, but can be made approximately linear by the use of a
special valve, which opens progressively with increasing flow. The damper is then
known as an automotive damper, and the one shown in Fig. 1.9 will be assumed to
be of this type. Then the force and velocity are related by:

F=cx (1.34)

where F is the external applied force and X the velocity at the same point. The
quantity c is a constant having the dimensions force/unit velocity. Equation (1.34)
will apply for both positive and negative values of F and x, assuming that the
device is double-acting.

Fixed

Fig. 1.9 Common form of damper used in vehicle suspensions.
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Example 1.5

An automotive damper similar to that shown in Fig. 1.9 is stated by the supplier to
produce a linear damping force, in both directions, defined by the equation F = ¢x,
where F is the applied force in newtons, X is the stroking velocity, in m/s, and
the constant ¢ is 1500 N/m/s. A test on the unit involves applying a single-peak
sinusoidal force of #1000 N at each of the frequencies, f=1.0, 2.0 and 5.0 Hz.
Calculate the expected single-peak displacement, and total movement, at each of
these frequencies.

Solution

The applied force is F = c¢x, where F = 1000 sin(27ft). The expected velocity, X, is
therefore:

F_ 1000 sin (27f7)

_r A
c 1500 (A)
The displacement x is given by integrating the velocity with respect to time:
1000 cos (27ft
_ 1000 cos (2nf1) | (8)

1500(27/)

where the initial displacement xq is adjusted to mid-stroke. The single-peak displace-
ment, |x|, measured from the mid-stroke position, is therefore:
1000 0.106
= = C
=TS0 %o ™ ©

The expected single-peak displacement and total movement at each test frequency
are given in Table 1.2.

Table 1.2

Frequency f (Hz) Single-peak displacement |x| (m) Total movement of damper piston (m)
1 0.106 0.212

2 0.053 0.106

5 0.021 0.042

1.5 Energy methods in structural dynamics

It is possible to solve some problems in structural dynamics using only Newton’s
second law and D’Alembert’s principle, but as the complexity of the systems analysed
increases, methods based on the concept of energy, or work, become necessary. The
terms ‘energy’ and ‘work’ refer to the same physical quantity, measured in the same
units, but they are used in slightly different ways: work put into a conservative system,
for example, becomes the same amount of energy when stored in the system.
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Three methods based on work, or energy, are described here. They are (1)
Rayleigh’s energy method; (2) the principle of virtual work (or virtual displacements),
and (3) Lagrange’s equations. All are based on the principle of the conservation of
energy. The following simple definitions should be considered first.

(a) Work is done when a force causes a displacement. If both are defined at the same
point, and in the same direction, the work done is the product of the force and
displacement, measured, for example, in newton-meters (or 1bf. -ft). This assumes
that the force remains constant. If it varies, the power, the instantaneous product
of force and velocity, must be integrated with respect to time, to calculate the
work done. If a moment acts on an angular displacement, the work done is still in
the same units, since the angle is non-dimensional. It is therefore permissible to
mix translational and rotational energy in the same expression.

(b) The kinetic energy, T, stored in an element of mass, m, is given by T = Imxi?,
where x is the velocity. By using the idea of a mass moment of inertia, /, the kinetic
energy in a rotating body is given by 7' = %102, where 6 is the angular velocity of
the body.

(c) The potential energy, U, stored in a spring, of stiffness k, is given by U = %kxz,
where x is the compression (or extension) of the spring, not necessarily the
displacement at one end. In the case of a rotational spring, the potential energy
is given by U :%1@92, where ky is the angular stiffness, and 6 is the angular
displacement

1.5.1 Rayleigh’s Energy Method

Rayleigh’s method (not to be confused with a later development, the Rayleigh—Ritz
method) is now mainly of historical interest. It is applicable only to single-DOF
systems, and permits the natural frequency to be found if the kinetic and potential
energies in the system can be calculated. The motion at every point in the system (i.e.
the mode shape in the case of continuous systems) must be known, or assumed. Since,
in vibrating systems, the maximum kinetic energy in the mass elements is transferred
into the same amount of potential energy in the spring elements, these can be equated,
giving the natural frequency. It should be noted that the maximum kinetic energy does
not occur at the same time as the maximum potential energy.

Example 1.6

Use Rayleigh’s energy method to find the natural frequency, w;, of the fundamental
bending mode of the uniform cantilever beam shown in Fig. 1.10, assuming that the
vibration mode shape is given by:

LGy ®

where p is the single-peak amplitude at the tip; y the vertical displacement of beam at
distance x from the root; L the length of beam; m the mass per unit length; E the
Young’s modulus and 7 the second moment of area of beam cross-section.
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YT

Fig. 1.10  Uniform cantilever beam used in Example 1.6.

Solution

From Eq. (A) it is assumed that

x>
y=yr ﬁsm wt (B)
Then,
. x?
V= wiyr pycoswt (®)

The maximum kinetic energy, Tiax, occurs when coswt = 1,1i.e. when y = wiyrx?/L?,
and is given by:

L L
_ 1,22 _ 11 2 2 4 _ 1 2 2
Tmax*/) My *EﬁwlyT/O x'-dx =g mLwiyr (D)

To find the maximum potential energy, we need an expression for the maximum
curvature as a function of x.

From Eq. (A),

X2 .
y= yTﬁsm wt

SO
dy 2x .
dx =T ﬁsm wt
and
d’y 27 .
SR L
therefore
d’y 2yt
=7 _ 2T E
(&), -7 )

This is independent of x in this particular case, the curvature being constant along the
beam. The standard expression for the potential energy in a beam due to bending is

L d2y 2
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The maximum potential energy U,,. is given by substituting Eq. (E) into Eq. (F), giving

U 2EIl -y}
max — L3

(G)

Now the basis of the Rayleigh method is that 7T;,, = Upnax. Thus, from Eqgs (D) and
(G) we have

2FI - y3
2.2
LwlyT — L3 T7

Em

which simplifies to

V20 [EI 447 |EI

W=\ T2\, )
L m L m

3.52 \/EI so the Rayleigh method is somewhat

The exact answer, from Chapter 8, is =55/,
inaccurate in this case. This was due to a poor choice of function for the assumed

mode shape.

1.5.2 The Principle of Virtual Work

This states that in any system in equilibrium, the total work done by all the forces
acting at one instant in time, when a small virtual displacement is applied to one of
its freedoms, is equal to zero. The system being ‘in equilibrium’ does not necessarily
mean that it is static, or that all forces are zero; it simply means that all forces
are accounted for, and are in balance. Although the same result can sometimes
be obtained by diligent application of Newton’s second law, and D’Alembert’s
principle, the virtual work method is a useful time-saver, and less prone to errors,
in the case of more complicated systems. The method is illustrated by the following
examples.

Example 1.7

The two gear wheels shown in Fig. 1.11 have mass moments of inertia /; and /.
A clockwise moment, M, is applied to the left gear about pivot 4. Find the equivalent
mass moment of the whole system as seen at pivot 4.

Solution

Taking all quantities as positive when clockwise, let the applied moment, M,
produce positive angular acceleration, +46, of the left gear. Then the counter-clockwise

acceleration of the right gear must be — (R/r)é. By D’Alembert’s principle, the
corresponding inertia moments are

. ) R
Left gear: — 1,0 Right gear: +1,—0
r
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Fig. 1.11

A virtual angular displacement + 66 is now applied to the left gear. This will also
produce a virtual angular displacement — (R/ré0) of the right gear. Now multiplying
all moments acting by their corresponding virtual displacements, summing and equat-
ing to zero:

.. R R .
M-80—10-60——80-L—0=0 (A)

W+ (f)zzzlé ®)

This is the equation of motion of the system, referred to point A. The effective mass
moment at this point is 7, 4+ (R/r)*L.

or

M =

In Example 1.7, the mass moment of inertia, />, was scaled by (R/r)z, i.e. by the
square of the velocity ratio. This result can easily be generalized for any linear
devices, such as masses, springs and dampers, connected via a mechanical velocity
ratio. It does not work for non-linear devices, however, as shown in the following
example.

Example 1.8

Figure 1.12 shows part of an aircraft landing gear system, consisting of a lever and a
double-acting square-law damper strut. The latter produces a force F, given by
F = Cz#*sgn(2), where £ is the closure velocity of the strut, and C is a constant. The
expression ‘sgn(Z)’, meaning ‘sign of (Z)’, is simply a way to allow the force F to
change sign so that it always opposes the direction of the velocity. Thus, upward
velocity, z, at point 4, produces a downward force F on the lever, and vice versa.



Chapter 1. Basic concepts 21

o
l— r > . IF

Fig. 1.12 Part of a landing gear system discussed in Example 1.8.

If Fis an external force applied at point B, and y is the velocity at that point, find an
expression for the equivalent damper, as seen at point B, in terms of F and y.

Solution

Defining the forces and displacements at 4 and B as positive when upwards, let a
virtual displacement + 6y be applied at B. Then the virtual displacement at A4 is
+ (r/R)6y. The forces acting on the lever are + F at B, and — C((r/R)y)* at A.

Multiplying the forces acting by the virtual displacements at corresponding points,
and summing to zero, we have

o+ o |-C(z5) ] =0 (A)

or
(e ®

So the effective square-law damping coefficient at point B is the actual value C,
multiplied by the cube of the velocity ratio (r/R) = (z/y), a useful result when dealing
with square-law dampers.

1.5.3 Lagrange’s Equations

Lagrange’s equations were published in 1788, and remain the most useful and
widely used energy-based method to this day, especially when expressed in matrix
form. Their derivation is given in many standard texts [1.1, 1.2], and will not be
repeated here.

The equations can appear in a number of different forms. The basic form, for a
system without damping, is
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Sy o ou g
dr\og;) 0q; Oqi = (1.35)
i=1,2,3,...,n

where

T is the total kinetic energy in the system,;

U is the total potential energy in the system;

q; are generalized displacements, as discussed in Section 1.2. These must meet certain
requirements, essentially that their number must be equal to the number of degrees
of freedom in the system; that they must be capable of describing the possible
motion of the system; and they must not be linearly dependent.

Q; are generalized external forces, corresponding to the generalized displacements ¢;.
They can be defined as those forces which, when multiplied by the generalized
displacements, correctly represent the work done by the actual external forces on
the actual displacements.

For most structures, unless they are rotating, the kinetic energy, 7, depends upon
the generalized velocities, ¢;, but not upon the generalized displacements ¢;, and the
term 07/0q; can often be omitted.

Usually, the damping terms are added to a structural model after it has been
transformed into normal coordinates, and do not need to appear in Lagrange’s
equations. However, if the viscous damping terms can be defined in terms of the
generalized coordinates, a dissipation function D can be introduced into Lagrange’s
equations which, when partially differentiated with respect to the ¢; terms, produces

appropriate terms in the final equations of motion. Thus, just as we have T' = %mxz for

a single mass, and U = $kx? for a single spring, we can invent the function D = lex?
for a single damper ¢, where ¢ is defined by Eq. (1.34), i.e. F = cx. Lagrange’s

equations, with this addition, become

d /0T or ouU 9dD
— =) ——+—+—=0;, i=1,2,3,....n 1.36
dr <6q,> 8q,~ 6q,~ 8q,~ Q ( )

Lagrange’s equations, without damping terms, may sometimes be seen written in
the form:

d /oL oL

where the kinetic potential, L is defined as:
L=T-U (1.38)

By substituting Eq. (1.38) into Eq. (1.37), the latter can be seen to be exactly the
same as Eq. (1.35), since 9U/d¢; = 0.

Many examples showing the practical application of Lagrange’s equations appear
in Chapters 2, 6 and 8.
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1.6 Linear and non-linear systems

The linearity of a mechanical system depends upon the linearity of its components,
which are mass, stiffness and damping. Linearity implies that the response of each of these
components (i.e. acceleration, displacement, and velocity, respectively) bears a straight
line or linear relationship to an applied force. The straight line relationship must extend
over the whole range of movement of the component, negative as well as positive.

Nearly all the mathematical operations used in structural dynamics, such as super-
position, Fourier analysis, inversion, eigensolutions, etc., rely on linearity, and
although analytic solutions exist for a few non-linear equations, the only solution
process always available for any seriously non-linear system is step-by-step solution in
the time domain.

Fortunately, with the possible exception of damping, significant non-linearity in
vibrating structures, as they are encountered in industry today, is actually quite rare.
This may seem a strange statement to make, in view of the large number of research
papers produced annually on the subject, but this is probably due to the fact that it is
an interesting and relatively undeveloped field, with plenty of scope for original
research, rather than to any great need from industry. In practical engineering
work, it is quite likely that if very non-linear structural behavior is found, it may
well be indicative of poor design. It may then be better to look for, and eliminate, the
causes of the non-linearity, such as backlash and friction, rather than to spend time
modeling the non-linear problem.

1.7 Systems of units

In dynamics work, the four main dimensions used are mass, force, length and time,
and each of these is expressed in units. The unit of time has always been taken as the
second (although frequencies in the aircraft industry were still being quoted in cycles/
minute in the 1950s), but the unit of length can be feet, meters, centimeters and so on.
The greatest cause of confusion, however, is the fact that the same unit (usually the
pound or the kilogram) has traditionally been used for both mass and force.

Any system of units that satisfies Newton’s second law, Eq. (1.17), will work in
practice, with the further proviso that the units of displacement, velocity and accel-
eration must all be based on the same units for length and time.

The pound (or the kilogram) cannot be taken as the unit of force and mass in the
same system, since we know that a one pound mass acted upon by a one pound force
produces an acceleration of g, the standard acceleration due to gravity assumed in
defining the units, not of unity, as required by Eq. (1.17). This problem used to be
solved in engineering work (but not in physics) by writing W/g for the mass, m, where
W is the weight of the mass under standard gravity. The same units, whether pounds or
kilograms, could then, in effect, be used for both force and mass. Later practice was to
choose a different unit for either mass or force, and incorporate the factor g into one
of the units, as will be seen below. The very latest system, the SI, is, in theory,
independent of earth gravity. The kilogram (as a mass unit), the meter, and the second
are fixed, more or less arbitrarily, and the force unit, the newton, is then what follows
from Newton’s second law.
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1.7.1 Absolute and Gravitational Systems

The fact that the pound, kilogram, etc. can be taken as either a mass or a force has
given rise to two groups of systems of units. Those in which mass is taken as the
fundamental quantity, and force is inferred, are known as absolute systems. Some
examples are the following:

(a) the CGS system, an early metric system, used in physics, but now obsolete. Here
the gram was the unit of mass, and acceleration was measured in centimeters/s”.
The resulting force unit was called the ‘dyne’.

(b) an obsolete system based on British units, also used in physics, where the pound
was taken as the unit of mass, acceleration was in ft/s*, and the resulting force unit
was called the poundal.

(c) the current SI system (from Systéme International d’Unités), in which the mass unit is
the kilogram, acceleration is in m/sz, and the force unit is the newton.

The other group, gravitational systems, take force as the fundamental quantity, and
infer mass. The acceleration due to gravity, even at the earth’s surface, varies slightly,
so a standard value has to be assumed. This is nominally the value at sea level at
latitude 45° north, and is taken as 9.806 65 m/s?, or about 32.1740 ft/s*. In practice, the
rounded values of 9.81 m/s? or 32.2 ft/s* will do for most purposes. Some gravitational
systems are the following:

(a) A system using the pound force (Ibf) as the fundamental quantity, with accelera-
tion in ft/s>. The unit of mass is given by Eq. (1.17) as m = F/%. Since a unit of Fis
one Ibf, and a unit of ¥ is one (ft/s?), then a unit of m is one (Ibf/ft/s?), more
correctly expressed as one (Ibf ft~'s?). This is known as the ‘slug’. Its weight, W,
the force that would be exerted on it by standard gravity, is equal to the value of F
given by Eq. (1.17), with m=1 and X = g, the acceleration due to gravity, about
32.2ft/s>. Therefore, W=F=mg=(1 x 32.2)=232.2 Ibf.

(b) A system, as above, except that the inch is used instead of the foot. The mass unit
is one (Ibf in.~! s?) sometimes known as the ‘mug’. This has a weight of about
386 Ibf, as can be confirmed by applying the method used in (a) above.

(c) A system, formerly used in some European countries, taking the kilogram as a
unit of force (kgf), and measuring acceleration in m/s*. Using the same arguments
as above, the unit of mass, the kilopond (kp), is seen to be one (kgf m~' s?), and
has a weight of 9.81 kgf. In this system the kilogram-force (kgf) is very close to one
decanewton (daN) in the SI system, a fact sometimes used (confusingly) when
presenting data.

Table 1.3 summarizes the six systems of units mentioned above. Some are now
completely obsolete, but are included here not only because they can be found in old
books, and are of historical interest, but also because they help to illustrate the
principles involved.

Although the SI system will eventually replace all others, some engineering work
still appears to be being carried out in the two British gravitational systems, and
many engineers will have to use both SI and British units for some time to come.
Also, of course, archived material, in obsolete units, may be kept for many years. The
best way to deal with this situation is to be familiar with, and able to work in, all
systems. The examples in this book therefore use both SI units and the British units
still in use.



Table 1.3

Some Current and Obsolete Systems of Units

Absolute systems

Gravitational systems

SI CGS British (1) British (2) British (3) European
Where used International International English speaking  English speaking English speaking ~ European mainland
(STATUS) (Current) (Obsolete) countries countries (Becoming countries (Obsolete)
(Obsolete) obsolete) (Becoming
obsolete)

Mass unit kilogram (kg) gram (g) pound mass slug (Ibft~! %) ‘mug’ (Ibin.”'s%)  kilopond (kp) (kg m~" s?)
(Ibm)

Force unit newton (N) dyne (dyn) poundal (pdl) pound force (1bf) pound force (Ibf)  kilogram force (kgf)

Length unit meter (m) centimeter (cm) foot (ft) foot (ft) inch (in.) meter (m)

Time unit second (s) second (s) second (s) second (s) second (s) second (s)

Acceleration due to  9.807 m/s* 980.7 cm/s” 32.17 ft/s* 32.17 ft/s* 386.1 in./s” 9.807 m/s”

gravity (approx)
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To summarize, the rules, when working in an unfamiliar system, are simply the
following:
(a) The mass and acceleration units must satisfy Newton’s second law, Eq. (1.17); that
is, one unit of force acting on a unit mass must produce one unit of acceleration.
(b) Acceleration, velocity and displacement must all use the same basic unit for
length. This may seem obvious, but care is needed when the common practice of
expressing acceleration in g units is used.

1.7.2 Conversion between Systems

When converting between SI units and British units, it is helpful to remember that
one inch =25.4 mm exactly. Therefore, if the number of inches in a meter is required,
it can be remembered as (1000/25.4) inches exactly. Similarly, a foot expressed in
meters is (12 x 25.4)/1000 m. Unfortunately, there is no easy way with force and mass,
and we just have to know that one pound force (Ibf) =4.448 22 N, and one pound
mass =0.453 592 kg.

Example 1.6

(a) The actual force output of a vibration exciter is being measured by using it to
shake a rigid mass of 2 kg, to which an accurately calibrated accelerometer is
attached. The exciter specification states that when supplied with a certain sinu-
soidal current, it should produce a force output of +100 N. When this current is
actually supplied, the accelerometer reads +5.07g. Calculate the actual force out-
put of the exciter. The stiffness of the mass suspension, and gravity, may be
ignored.

(b) Repeat the calculation using the British pound—inch—second system.

Solution

(a) Itisclear from the data given that the SI system is being used. The required force
output is given by Eq. (1.17):

F=mx

We note that in this equation, the force, F, must be in newtons, the mass, m, must
be in kilograms, and the acceleration ¥, in m/s>. The acceleration, given as 5.07 g,
must therefore first be converted to m/s*> by multiplying by 9.807, giving
+(5.07 x 9.807) = +49.72 m/s>. Then the force output of the exciter in newtons is
F=mX = +£(2 x 49.72) = £99.4 N, slightly less than the nominal value of £100 N.

(b) In the stated British gravitational system:

Thetestmass = 2kg = (2/0.4536) = 4.4091b. wt = (4.410/386.1) = 0.011421bin.s.

The measured acceleration = =+ 5.07g = =+ (5.07 x 386.1) in./s> = + 1958 in./s".

The required force output in 1bf. is, as before, given by Eq. (1.17):

F=mi = +(0.01142 x 1958) = £22.36 Ibf
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Converting back to SI units: £22.36 ibf=4(22.36 x 4.448) N=499.4 N,
agreeing with the original calculation in SI units. The conversion factors used in
this case were accurate to four figures in order to achieve three figure accuracy
overall.

1.7.3 The SI System

The main features of the SI system have already been described, but the following
points should also be noted.

Prefixes are used before units to avoid very large or very small numbers. The
preferred prefixes likely to be used in structural dynamics work are given in Table 1.4.

Prefixes indicating multiples and sub-multiples other than in steps of 10° are
frowned upon officially. The prefixes shown in Table 1.5 should therefore be used
only when the preferred prefixes are inconvenient.

It should be noted that the centimeter, cm, is not a preferred SI unit.

Only one prefix should be used with any one unit; for example, 1000 kg should
not be written as 1 kkg, but 1 Mg is acceptable. When a unit is raised to a power,
the power applies to the whole unit, including the prefix; for example, mm? is taken
as (mm)> = (10> m)® = 1072 m?, nor 1073 m°>.

The SI system, unlike some other systems, has units for pressure or stress. The
pascal (Pa) is defined as one Nm 2. Young’s modulus, E, may therefore be found
specified in pascals, for example a steel sample may have £ = 200 GPa (200 giga-
pascals), equal to (200 x 10%) N m 2. The pascal may also be encountered in defining
sound pressure levels.

Table 1.4

Preferred SI Prefixes

Prefix Symbol Factor
giga G 10°
mega M 10°
kilo k 10°
milli m 103
micro w 10°¢
Table 1.5

Non-preferred SI Prefixes

Prefix Symbol Factor
hecto h 10
deca da 10
deci d 107!

centi [ 1072




28 Structural dynamics and vibration in practice

The bar (b), equal to 10° Pa, is sometimes used for fluid pressure. This is equivalent
to 14.503 1bf/in®, roughly one atmosphere.

Units generally use lower case letters, e.g. m for meter, including those named after
people, when spelt out in full, e.g. newton, ampere, watt, but the latter use upper case
letters when abbreviated, i.e. N for newtons, A for amperes, W for watts.

A major advantage of the SI system is that the units for all forms of energy and
power are the same. Thus, one newton-meter (N m) of energy is equal to one joule (J),
and one J/s is a power of one watt. All other systems require special factors to relate,
say, mechanical energy to heat or electrical energy.
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Single degree of freedom (single-DOF) theory, as outlined in this and in the next
two chapters, enables a surprisingly large proportion of day-to-day structural
dynamics problems to be solved. This chapter first describes how the equations of
motion of single-DOF systems can be set up, using a variety of methods. It will be seen
that most systems can be reduced to one of the two basic configurations:

(1) Systems excited by an external force;
(2) Systems excited by the motion of the base or supports.

Having set up the differential equations of motion, their direct solution by ‘classical’
methods is then discussed. These methods are somewhat tedious in use, and more practical
methods of solution are discussed in Chapters 3 and 4. However, they are fundamental to
an understanding of vital concepts such as damped and undamped natural frequencies,
critical damping, etc., and cannot be omitted from any study of structural dynamics.

2.1 Setting up the differential equation of motion

Several methods can be used to set up the differential equation of motion. The three
methods introduced here are the following:

(a) By inspection of the forces involved, using Newton’s second law, with D’Alem-
bert’s principle, and the fundamental properties of mass, stiffness and damping.
This is only suitable for very simple systems, such as that shown in Fig. 2.1.

(b) For single-DOF systems with multiple mass, spring or damper elements connected
together by levers or gears, the principle of virtual work, introduced in Chapter 1,
provides a simple approach.

(c) Using Lagrange’s equations, introduced in Chapter 1. This is the standard energy
method, always used for dealing with multi-DOF systems, but it can also be used
with advantage for some of the more complicated single-DOF systems.

2.1.1 Single Degree of Freedom System with Force Input
Figure 2.1 shows a single-DOF system, with viscous damping and external forcing,
in schematic form. The reality may look quite different; it may have several springs,

masses and dampers, or the motion may be angular.

29
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F zzZ F mz
Mass
m
Spring Damper
k c
I::I kz cz
\ Free body diagram

Fig. 2.1 Single-DOF system with applied force in schematic form.

The mass, m, is assumed to be excited directly by an external force, F. The system
will be assumed to be in equilibrium when the applied force is zero; any compression
or extension of the spring due to gravity, for example, is assumed to have already
taken place, and can be ignored as far as the vibration response is concerned.

In the following, the applied force F, and the coordinates z, Z and Z are functions of
time, and should strictly be written F(¢), z(¢), Z(¢) and Z(¢). However, the () will be
omitted here for clarity. It should also be noted that if, as in this case, z is defined as
positive upwards, then its derivatives z and Z will also be positive upwards.

The system shown in Fig. 2.1 is simple enough for the first method listed above to
be used: simple reasoning, using Newton’s second law and D’Alembert’s principle.
Considering the free body diagram for the mass, on the right, upward displacement,
z, will extend the spring, and thus produce a downward force, kz, on the mass.
Similarly, upward velocity z, acting on the damper, will produce a downward force
¢z on the mass. By D’Alembert’s principle, upward acceleration of the mass will
produce a downward inertia force, mZ, upon itself. The applied force, F, is positive
upward by definition. So, considering the four forces as they act on the mass, and
regarding them as positive when upwards and negative when downwards, we have,
for equilibrium,

—mi—czZ—kz+F=0
or
mz+cz+kz=F (2.1a)

and this is the equation of motion of the system shown in Fig. 2.1.

If the system had, instead, consisted of a moment of inertia, 7, rotating about a fixed
point, a rotary spring, kg, and a rotary damper, ¢y, and had an external applied
moment, M, the equation of motion would have become

10 + cof) + ko = M (2.1b)

This is mathematically equivalent to Eq. (2.1a), however, and exactly the same
procedures can be used for its solution.
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The following example shows how an apparently more complicated system can be
reduced to the schematic system of Fig. 2.1, using either the principle of virtual work
or Lagrange’s equations.

Example 2.1

The system shown in Fig. 2.2(a) consists of a pivoted, rigid beam, considered
massless, with two attached concentrated masses, m; and m,. The spring, ki, and
the viscous damper, ¢;, connect the beam to fixed points, as shown. An external force,
F, is applied vertically to m,.

Derive the equation of motion, for small displacements, of this single-DOF system,
using:

(a) the principle of virtual work;
(b) Lagrange’s equations.

Solution

(a) Method 1: using the principle of virtual work
The system has only one degree of freedom, and its motion must be represented
by only one coordinate. However, the choice of which coordinate to use is arbitrary.

m ; F
1%} Pivot k1 /‘
® /0\ ¢ \(éo m,
(a) '::‘ G i_l 52
77777 !
- L L L
3 3 3
ki (l z ) m,Zz
(b) fe) ° (@)
Coo e e e
™ (32)
T % 6z
(c) < °

-7
-+—0

Fig. 2.2 Pivoted beam considered in Example 2.1.
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Possible candidates are the angle of rotation about the pivot, or the vertical dis-
placement of one of the masses. Let us choose to use the displacement, z, of the mass
my, which is defined as positive in the downward direction. It follows that the velocity,
z, and the acceleration, z, will also be positive downwards at that point. The inertia,
stiffness, damping and external forces acting are shown in Fig. 2.2(b). These forces are
now assumed not to change when an infinitesimal additional downward virtual dis-
placement, 6z, is applied to m,. Figure 2.2(c) shows the resulting virtual displacements
at this and other points in the system. The virtual displacement at the left end of the
beam, for example, is %62, and upwards. At the point where the spring and damper are
attached, the virtual displacement is %62, and downwards.

The total work done by the forces in Fig. 2.2(b), acting on the corresponding virtual
displacements in Fig. 2.2(c) (counting the work as positive when the force and virtual
displacement are in the same direction, and negative when they are in opposite
directions), is, by the principle of virtual work, equal to zero, so:

—m (;z> (;&) —myZ -6z — ky (;z> <;5z> - <;z> (;62) +F-6z=0 (A)

Dividing Eq. (A) through by 6z, and simplifying, gives the required equation of
motion:

(lm1+ln2)2+ (41101)2+ (‘1‘-/{1>Z=F (B)

It is seen that the above process has ‘lumped’ the two masses m; and m, into a single
effective mass of ($m; + my), considered to be located at the point where z and F are
defined, at the right end of the beam. Similarly, the stiffness and damping have
changed because they have been referred to the new location.

(b) Method 2: using Lagrange’s equations

If a single-DOF system has viscous damping, and also the kinetic energy depends only
upon the velocities (i.e. not the displacements) of the masses, as in this case, Lagrange’s
equation is given by Eq. (1.36), Chapter 1, noting that 97/dq = 0:

d /o oU 0D
)220

where ¢ is the single generalized coordinate, taken as equal to z in this case; 7 the total
kinetic energy in the system; U the total potential energy in the system; D a dissipation
function, included to represent the energy lost in damping and Q the generalized external
force. This last quantity, Q, must be defined so that when it acts upon ¢, the correct
expression for the work done by the external force is obtained, so that in this case, since
g = z, then Q = F, since clearly Fz is the work done by the external force F, and this
must be equal to Qgq.

The kinetic energy, 7, the potential energy, U, and dissipation energy, D, of the
system can now be written down. We know that the kinetic energy of a single mass
particle, m, with velocity z is equal to %mz’z; the potential energy stored in a spring of
stiffness &, with displacement z, is %kzz, and the dissipation energy lost in the damper ¢
with closure velocity z is %CZQ. Using these simple relationships, we have, by inspection
of Fig. 2.2(a):
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T= %ml @L z') 2+; myz? = %ml (; z') 2+; myz? (D)
o=t () =1 () ®
p-ta(ffs) da(3e) "

Applying Eq. (C), term by term:

d /oT d /oT 1 .

i) = (5) = Gmem): ©
ou oU 1

aﬁq—a—zklz (H)
oD 0D 1

g 0F a“” )
Q=F J)

Substituting Eqs (G), (H), (I), and (J) into Eq. (C) gives the equation of motion:

(im] +m2)2+ (41161>2+ (ikl)z =F (K)

which is seen to agree with Eq. (B), derived by the principle of virtual work.

By comparing Eq. (B) or (K), in the example above, with Eq. (2.1a), it can be seen
that the apparently more complicated system shown in Fig. 2.2(a) can be represented
by the basic schematic single-DOF system of Fig. 2.1, if ‘equivalent’ values are
substituted for m, ¢, k and F.

2.1.2 Single Degree of Freedom System with Base Motion Input

The system discussed in Section 2.1.1, and illustrated in Fig. 2.1, was excited by an
external force. The same mass, spring and damper could also be excited by applying
motion to the base, which was previously assumed fixed. This important case is
illustrated in Fig. 2.3. A translational system is shown, but a rotational system is
also possible. ‘Lumping’, as in the worked example above, may be required to reduce
the system to this simplified form.

In Fig. 2.3, the absolute displacement of the base is x, the displacement of the
mass, m, relative to the base is y; and z is the absolute displacement of the mass in
space.
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Fig. 2.3  Single-DOF system with base motion input in schematic form.

In the free body diagram, on the right, for positive x and y, there are three down-
ward (negative) forces acting on the mass, so for equilibrium:

—mz—cy—ky=20

or

mz+cy+ky=0 (2.2)
but since

y=z—-Xx, y=z—x%, and j=Z-X (2.3)
then

my + ¢y + ky = —mx (2.4)

It should be noted that y is a relative, not an absolute, coordinate, and that the
inertia force acting on m is mz, not my.

Equation (2.4) is seen to be of the same form as Eq. (2.1a), but with the term —mx
replacing the force F.

If Eq. (2.4) is required in terms of the absolute coordinates, x and z, Eqs (2.3) can be
used to write it in the form:

mz + cz+ kz = cx + kx (2.5)

2.2 Free response of single-DOF systems by direct solution of the equation of motion

If the system shown in Fig. 2.1, and represented by Eq. (2.1a), has no applied force,
the equation of motion becomes

mz+cz+kz=0 (2.6)
This is a linear, second-order, homogeneous (because all terms are of the same kind),
differential equation, and it can be solved by trial. Since there is no input, it can only

represent the free response of the system; however, it can do this with various initial
conditions. We try the solution:

z = CeM (2.7)
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where C is a constant. Then,
i =\Ce (2.8)
and
7= \CeM (2.9)
Substituting Eqs (2.7) — (2.9) into Eq. (2.6):
mACeM + eACeM + kCe =0

and Eq. (2.7) is seen to be a solution. Dividing through by Ce gives the characteristic
equation:

mA + A+ k=0 (2.10)

Solving this quadratic equation by the formula method:

R (L)Z_ﬁ @.11)

2m 2m m

which consists of two roots, A; and \,, say, where

—c c\2 k
P P— (—) _E 2.12
' om + 2m m ( )
and
—c c\?2 k
A = S 7) _E 2.13
27 m (2m m ( )
so z = C1eM’ and z = C,e™' are also solutions, and their sum is the general solution:

z=CeM + Cre™ (2.14)

Particular solutions now depend on the constants, C; and C,, which are determined
by the initial conditions, which are the values of x and x at 7 = 0.
If there is no damping, i.e. ¢ = 0, then Eqs (2.12) and (2.13) become

)\11\/% and )\2:—1 E
m m

where i is the complex operator v —1.
Substituting in Eq. (2.14):

7= C1e“ 4 Cre ! (2.15)
where
o — % (2.16)

wy 18 the undamped natural frequency, which is a useful concept, even in damped systems.
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Returning to the system with damping, using Eq. (2.16), Eq. (2.11) can be written as:

p— (i)z—uﬂ @.17)
 2m 2m n '
The nature of the two roots A\; and X, given by Eq. (2.17) depends upon whether the
quantity under the square root is positive, exactly zero, or negative. When it is
exactly zero, wy, = ¢/2m, and this particular value of ¢ is called the critical value, c.,
given by:

Ce = 2mwn (2.18)

The critical value of damping is so called because it marks the boundary between
oscillatory and non-oscillatory behavior.

The non-dimensional viscous damping coefficient, v, is defined by:
y=< (2.19)

Cc

Also known as the ‘fraction of critical damping’, v is the most generally used
measure of damping. It is sometimes expressed in percentage terms, for example
~v = 0.02 may be referred to as ‘2% viscous damping’.

It is now helpful to write Eqs (2.6) and (2.17) in terms of the undamped natural
frequency, w,, and the non-dimensional damping coefficient . Using Eqs (2.16),
(2.18) and (2.19), Eq. (2.6) is first written in the form:

Z 4+ 2ywnz + wrzlz =0 (2.20)
Then, using Eqs (2.18) and (2.19), Eq. (2.17) can be written as:

A= —qwy twny/ (72— 1) (2.21)

Since i = v —1, Eq. (2.21) can also be written in the form:
A = —qwy £iwgy/ (1 —4?) (2.22)

The form of the solution of Eq. (2.20), now depends upon whether ~ is less than 1,
more than 1 or equal to 1 as follows
(a) Critical damping, v = 1:
From Eq. (2.21):

A=A =X = -y

So the roots are real and equal. This apparently gives only the solution
z = Ae "' but it can be shown that z = Bre 7“»’ is another solution, so the
general solution is

z=(A+ Bre = (2.23)

(b) More than critical damping, v > 1:
From Eq. (2.21), A = —ywy + wy /(7% — 1), the roots are real and different, and
from Eq. (2.14):

z = C]C/\lt + Cze/\zf
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or:

2= el [Cle*w (=1 4 CyenV/ (-1 (2.24)

(c) Less than critical damping, v < 1:
This is the case of most practical interest, since most engineering structures
will have far less than critical damping. In this case it will be more convenient
to take the roots from Eq. (2.22), A = —qw, £ iw,+/(1 —~2) which can be

written as:

A= —yw, tiwg (2.25)
where

wg = wny/ (1 =92) (2.26)

and wy is the damped natural frequency. This is the frequency at which the system
vibrates when disturbed. It is lower than the undamped natural frequency, w,, but
negligibly so for small .
The general solution, from Eq. (2.14), is z = C;eM’ + C,e™’. Substituting Eq. (2.25)
into Eq. (2.14):

z=e 1 (Ce !+ Cre i) (2.27)

Using the identities: e“’ = coswqt +isinwgt and e “¢' = coswqt — isinwqt,
Eq. (2.27) can be written as:

z=¢ """ (Acoswyt + Bsinwqyr) (2.28)
where A = (C) + C3) and B =i(Cy — (7).

Example 2.2

The system shown in Fig. 2.1, but without the applied force, F, has the following
properties: m = 1 kg; k = 10000 N/m and ¢ = 40 N/m/s. Plot the time history of z for
the initial conditions: z = 0.1 m, Z=0, at r = 0.

Solution

From Eq. (2.16),

Wy = \/E_ 1/M: 100rad/s
m 1

From Egs (2.18) and (2.19),

Cc Cc

7::0:2me

From Eq. (2.26), wq = wp/ (1 —42) = 1004/(1 — 0.2%) = 98.0rad/s.

=40/(2 x 1 x 100) = 0.2
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Fig. 2.4 Free response of a single-DOF system (Example 2.2).

Since v < 1, the response is given by Eq. (2.28):
z=¢""(A coswql + B sinwq?) (A)
We shall also require an expression for the velocity, z. Differentiating Eq. (A):
z=e ™ [(Bwg — Aywy) coswqt — (Awg + Bywy) sinwgl] (B)

The constants 4 and B can be found from Eqs (A) and (B) by substituting the numerical
values of wy,, wy and +, as calculated above, and the initial conditions, z = 0.1, and z= 0
atr = 0, giving A = 0.1, and B = 0.0204. Then from Eq. (A):

z=2¢2(0.1 cos 98.0¢ + 0.0204 sin 98.0) ©)
This is easily plotted using a spreadsheet program, as in Fig. 2.4.

2.3 Forced response of the system by direct solution of the equation of motion

If, now, a force, F, is applied to the system, the equation to be solved is
mz+4cz+kz=F (2.29)

and so far we have only considered the case where F = 0. We found that the solution,
or complementary function z = C1eM' + C,e™', Eq. (2.14), made the left side of the
equation equal to zero, as required. However, we now wish to make it equal to F, and
the complete solution will be, say,

z=CieMN + CreM + X (2.30)

where X is whatever is required to achieve this. The function X is known as the
particular integral. Standard texts on the solution of linear, second-order differential
equations list particular integrals that should be tried for various forms of F, and
Table 2.1 is an example.
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Table 2.1

Form of F Form of the particular integral
F = a constant z=C

F = At z=Ct+D

F=A47 z=CP+Di+E

F= Asinwt or Acoswt z= Ccoswt + Dsinwt

Example 2.3

(a) Derive an expression for the displacement response, z, when a step force of
magnitude P is applied to the single-DOF system shown in Fig. 2.10. Assume
that the damping is less than critical, and that the initial conditions are z =z = 0
att = 0.

(b) Plot the displacement, z, in non-dimensional form, as a multiple of the static
displacement for the same load, x; = P/k, with the non-dimensional viscous
damping coefficient, v, equal to 0.1, and the undamped natural frequency, wy,
equal to 10 rad/s.

Solution
Part (a):
In this case the equation to be solved is
mZ+cz+kz=P (A)

Equation (A) can be written in a form similar to Eq. (2.20), sometimes known as the
‘standard form™:

Z 4 2ywnZ + wﬁz =P/m (B)

Since v < 1, the complementary function z = e~ 7“n(A4 cos wqt + Bsinwqt), Eq. (2.28),
is appropriate. For the particular integral, from Table 2.1, we try z = C, which makes
z=0 and Z = 0. Substituting these into Eq. (B) gives C = P/ mw?, so the complete
solution is

z=e "'(Acoswat + Bsinwgt) + P/(muw;) ©
Differentiating
z=¢e ™[(Bwg — Aywy)cos wyt — (Awq + Bywy)sin wyt] (D)

Inserting the initial conditions z = 0 and z= 0 at ¢+ = 0 into Eqgs (C) and(D), and
solving for the constants 4 and B gives, using Eqs (2.16) and (2.26),

A=-P/(mw}) = —P[k (E)
and
Py

NI (F)

B = —Pyw, /(mwliwg)= —
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Fig. 2.5 Step response of a single-DOF system (Example 2.3).

Inserting Eqs (E) and (F) into Eq. (C), gives the solution:

P . 0 .
z=—|1—e " coswyt + ————=sin wyt G
’ ( s )] @)
Part (b):

Now the displacement of the system when a static load, equal in magnitude to P, is
applied, is zg, say, where z; = P/k. Dividing both sides of Eq. (G) by z;, we have a
non-dimensional version:

(H)

Zs

z .
Z=1-c¢ /“’“’<coswdt+

~ 7 sin wqt
V1 —2

This is plotted in Fig. 2.5, with v = 0.1 and w;,, = 10. It is seen that the displacement
approaches twice the static value, before settling at the static value.

Example 2.4

Derive an expression for the displacement response of a single-DOF system excited
by a force of the form F = Psinwt. Assume that the initial conditions are z = Z = 0 at
t = 0, and that the non-dimensional damping coefficient, -, is less than 1.
Solution

In this case the equation to be solved is, from Eq. (2.29),

mz + ¢z + kz = Psinwt (A)

or in standard form:

£ 4 2ywnZ 4 Wiz = (P/m)sinwt (B)
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and the initial conditions are z =z =0 at ¢t = 0. Since the damping is assumed less
than critical, i.e. v < 1, the appropriate complementary function is

z=¢ "™ (Acoswyt + Bsinwqt) (©)

The particular integral assumed will be as given by Table 2.1, i.e.,

z = Ccoswt+ Dsinwt (D)
then

z=—wCsinwt + wDcoswt (E)
and

7= —w*Ccoswt — w*Dsinwt (F)

Substituting Eqs (D)—(F) into Eq. (B):

—w?Ccoswt — w’Dsinwt — 2ywpwCsin wt + 2ywhwD cos wt + wﬁCCOS wt

PP . (G)
+ w;Dsinwt = (P/m) sinwt
Sine and cosine terms in Eq. (G) can now be equated:
Sine terms:
— WD — 2yw,wC +w:D = P/m (H)
Cosine terms:
— W C+ 2ywpwD + W2 C =0 1)
Solving for C and D:
P(=2
C— ( 2anw) - )
m [(wﬁ — w?)” + (29wnw) }
Plw 2 _ 2

[(w2 _ wz)z + (2yww) }

The complete solution is the sum of the complementary function and the particular
integral:

z=¢e " (A coswyt + Bsinwyt) + Ccoswt + D sin wt (L)

where 4 and B have still to be found. This requires another equation, which is
obtained by differentiating Eq. (L):

z=e " [(Bwyg — Arywy) cos wyt — (Awq + Brywy) sinwgt] — Cwsinwt + D wcos wt
M)
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A and B are now found from the initial conditions, in thiscase z =2 =0at ¢t = 0,
using Eqgs (L) and (M) as a pair of simultaneous equations, as follows:
From Eq. (L):
P(2ywhw)

A=—-C =
] (3 —w2)” + (2] ™

and from Eq. (M):
(Cywy + Dw) Pwl(w? —wl) + (29%w?)]

B=— = n 0
wd mwq {(wﬁ - w2)2 + (27wnw)2} ©

where C and D are given by Egs (J) and (K) above

Example 2.5

Plot the displacement response of the system shown in Fig. 2.1, for the two cases
given in Table 2.2, commenting on the results.

Table 2.2
Forcing Undamped nat.  Viscous
frequency frequency damping coeff.
Forcing f w Ja W
Case  function Peak force P (N) Mass m (kg) (Hz) (rad/s) (Hz) (rad/s) v
(a) Psin wt 100 100 10 62.83 10 62.83 0.02
(b) Psin wt 100 100 9 56.55 10 62.83 0.01

z(mm.)
o N
N
~
T
—

pal —
—
—
—

-6 t(sec.)

Fig. 2.6 Response of a single-DOF system to a sinusoidal force at the natural frequency (Example 2.5 (a))
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Fig. 2.7 Response of a single-DOF system to sinusoidal excitation close to the natural frequency,
showing beating.

Case (a)

In this case the input force is Psinwt? and the displacement response is given by
Eq. (L), in Example 2.4. The values of the constants 4, B, C and D are given by Eqs
(J), (K), (N) and (O), of Example 2.4.

The response is shown in Fig. 2.6, which illustrates the surprisingly long time taken
for the response to approach the steady-state amplitude when a system is excited at its
resonant frequency.

Case (b)

The displacement response is again given by Eq. (L) in Example 2.4, and the values
of A, B, C and D are again given by Eqs (J), (K), (N) and (O), in Example 2.4. Fig. 2.7
shows the response, z, for this case, with the forcing frequency, at 9 Hz, close to, but
not equal to, the undamped natural frequency, at 10 Hz. This shows a phenomenon
known as beating, between the forced and the transient responses.
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Chapter 2 looked at how the differential equations of motion of linear single-DOF
systems can be set up, and how the free and forced response can be found by direct
solution of those equations, using classical mathematics. This method is not only
tedious in use, as has been seen, but also requires the forcing function to be analytic,
and the system to be linear. In this chapter, therefore, additional methods for find-
ing the time or ‘transient’ response of a single-DOF system, more suitable for
everyday use, are introduced. All methods fall into one of the three groups listed
below.

(a) Other exact analytical methods.

If the input function can be expressed analytically, and the system is linear,
there are two main alternatives to the direct solution of the differential equation
of motion, as already discussed. These are
(i) The Laplace transform method;

(i1) The convolution integral method.
These, like the classical method, are exact analytical methods.
(b) ‘Semi-analytical’ methods.

When the system is linear, but the input function, usually an applied force, is not
known analytically, it can be split up into sections, not necessarily short sections,
and an analytic, exact, solution applied to each section. These can be called ‘semi-
analytical’ methods, because once the input function has been approximated, the
subsequent operations give the exact analytical solution to that input.

(c) Step-by-step numerical methods using approximate derivatives.

In these methods, the response is always calculated in very small increments.
In ‘direct’ methods, the solution at the next step is found without iteration;
‘indirect’ methods use iteration between steps. No method of this type is exact,
but they can give acceptable accuracy for most purposes, and they can be used
for linear and non-linear systems. Four methods of this type are described in this
chapter:

(1) The Euler method;
(i) The modified Euler method;

45
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(ii1) The central difference method;
(iv) The fourth-order Runge-Kutta method.

3.1 Exact analytical methods
3.1.1 The Laplace Transform Method

The Laplace transform method can produce the time response, from the equation of
motion, in exactly the same form as the classical method described in Chapter 2. It
requires the input function to be known analytically, and as with the classical method,
the effects of both the input and the initial conditions can be found. The following
introduction has been simplified by assuming that all initial conditions are zero, as in
most practical cases.

In the system shown in Fig. 2.1, suppose that we wish to find the time history of z
when various force time histories, F, are applied. The equation of motion was seen to be

mz + cz+kz =F, (3.1

where z and F should strictly be written z(¢) and F(¢), to show that they are functions
of time, 1.
Using Eq. (2.16):
k

wn =1/—
m

Equation (2.18):
Ce = 2muwy,
and Eq. (2.19):
¢

Y=
Cc

Equation (3.1) can be expressed in the standard form:

F 4 2ywnz 4 Wiz = F/m (3.2)

The transfer function

To express Eq. (3.2), for example, in Laplace notation, provided that the initial
conditions (i.e. the values of z and z at ¢+ = 0) are zero, we simply replace d/dz by the
Laplace operator, s (and d?/ds* by s%) so that it becomes

(s* + 2ywns + wi)z = F/m (3.3)

where it will be noticed that z and F have been changed to z and F, respectively, to
indicate that they are now functions of s rather than of ¢, and should, strictly, be
written as z(s) and F{(s).

Writing Eq. (3.3) in the form

z 1 1
S 34
(F> m (s2 4 2ywns + w?) (3:4)

the quantity (z/F) is an example of a transfer function, in this case relating z and F.
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Equation (3.4) gives the displacement due to an applied force. Other possibilities are
that we may need to know the response in terms of velocity, or acceleration, rather
than displacement, or the excitation could be by base motion rather than an external
force. These alternate forms are easily found using Laplace notation; for example, if
velocity, z, rather than displacement, z, was required as the response, then, since
differentiation corresponds to multiplication by s,

z S 1
=) =2 3.5
(F) m (s + 2ywps + w2) (3:5)

If the acceleration, Z, was required as the response, we simply multiply by s again:

-
F) m (32 + 29was + wﬁ) .

If the excitation is by base motion, as in the system shown in Fig. 2.3, rather than by
an applied force, its equation of motion is

mjy + ¢y + ky = —mx (3.7)
where x, y, etc. are defined by Fig. 2.3. Equation (3.7) can also be written as:
P4 2ywnp + wly = —% (3.8)

which, it will be noticed, is independent of m. This means that for a given base motion
input, the response is independent of the scale of the system, depending only upon the
natural frequency and damping coefficient.

Using the rule, as before, of replacing d/ds by s to find the transfer function,
Eq. (3.8) can be written as:

Y —5?
= = 3.9
(X> (5% + 2ywns + w2) (3:9)

The transfer functions ()J;) and (ﬂg) are also given by Eq. (3.9), since the s or s>

in both numerator and denominator can be canceled. It is also easily shown that

Cc) - (i) T2 27:)is+w%) (3.10)

and

J -1
(x) (5% + 2ywns + w2) (3.11)

The Laplace transform
The Laplace transform, f{ss), of a function of time, f{7), is defined as:

As) = / et (3.12)

0
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Equation (3.12) can be written as f{s) = L[f(¢)], where L[ ] indicates ‘the Laplace
transform of [ ]'.

The Laplace operator, s, is complex and can be written as s = o + iw. In the special
case of 0 =0, the Laplace transform reduces to the Fourier transform, and if the latter
exists, it can therefore be formed from the Laplace transform by substituting iw for s.
However, the inclusion of the real part, o, enables the integral to converge for a wider
range of functions than the Fourier transform, making the Laplace transform more
generally useful for representing transients.

The Laplace transforms of common functions of time are tabulated in standard
texts, and a short table is given in Appendix A. It will be noticed that the Laplace
transform of a unit impulse is 1, so the Laplace transform of the impulse response of a
system is equal to its transfer function.

To find the time history, z(¢), when a force time history, F(¢), or other input, acts on
a single-DOF system, we proceed as follows:

(1) The Laplace transform of F{(¢) is looked up in Appendix A, and is, say, L[F(?)].

(2) The Laplace transform of the response, z(¢), which is L[z(?)], is then given by
multiplying the Laplace transform of the force (or other input) by the transfer
function of the system:

LI=()] = LIF()] x (F) a13)

(3) The inverse transform of the right side of Eq. (3.13) is the required response, z(¢),
and, in principle, the tables are then used in reverse to obtain it. Unfortunately,
some algebra is usually required to achieve this.

Example 3.1

Use the Laplace transform method to solve Example 2.3, i.e. to find an expression
for the displacement response, z(¢), of the system shown in Fig. 2.1 when the force,
F(t), consists of a positive step, of magnitude P, applied at 1 = 0, with the initial
conditions: z=z=0at ¢ = 0.

Solution

The Laplace transform of the displacement response z(¢) is given by Eq. (3.13),
z
(0] = L) < (£) (A)

where in this case, L[F(?)], the Laplace transform of the force, F(¢), is that of a unit step
function, which from the table is 1/s, multiplied by the magnitude of the step, P, so

Llz(0)] =~ (B)

From Eq. (3.4), the transfer function is

z 1 1
S C
(F> m (5% + 2ywps + w2) (©)
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Substituting Eqgs (B) and (C) into Eq. (A),

P 1 1 P
L[Z(l)]:;xg'(sz_i_z 2\ " m
Ywns +w2)  m

1 1

. D
5 (s + 2ywns + w?) (D)

Ignoring, for the present, the constant P/m, which simply multiplies the final answer,
we now require the inverse transform of

1 1
[s . (2 4 2ywns + w?)

This will not usually appear in standard lists of transforms, and it must be written in
the form of partial fractions. The rules for forming partial fractions can be found in
standard texts, often under ‘integration’, since this is a common method for breaking
expressions down into smaller components before integration. In this case the rules
say that the required partial fractions are given by:

4 Bs+C
=2 il (E)

s (824 2ywns + w?)

1 1
[s . (2 4 2ywns + w2)

where 4, B and C are constants to be found. Equation (E) is an identity, valid for any
value of 5. Writing it in the form

1= A(s* + 2ywns + wp) + Bs® + Cs (F)

the constants, 4, B and C can now be found, either by sequentially substituting any
three values for s, say the numbers 1, 2 and 3, or by equating the constants, the
coefficients of s and those of s%, on each side of the equation, in turn. Using the latter
method:

Equating constants: 1 = Au? or A=+%
Equating coeffs of s: 0=2Avyw, +C or C=—-14(2ywn)
Equating coeffsofs>: 0=A+ B so  B=-4.

Substituting for 4, B and C into the right side of Eq. (E) we have

1|1 S 4 2ywy

|- G
w2 ls (24 2ywns + wl) S

We now require the inverse transforms of the two terms in the square brackets. The
first, 1/s, is no problem, but we cannot find the inverse transform of the second term in
Appendix A and this requires a little more algebra. Writing (s? + 2ywns + w?) as

(s + Ywn)* 4w} where w} = w2 (1 — 4?), the expression (G) can be written as:

9l
11 sHen {VW} -

Wi S (sHawa)Hwd (s wn)’+ o]
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The inverse transforms of the three parts of expression (H) can now be found, using
Appendix A, and the result (now re-inserting the constant, P/m) is

P
z=—= [l —e ™| cos wat + — 7 in waqt 90
mw; (1- ’Yz)

agreeing with Eq. (G) of Example 2.3, since mw? = k.

h =

3.1.2 The Convolution or Duhamel Integral

The ‘convolution’, ‘Duhamel’ or ‘superposition’ integral enables the exact response
of linear systems to be found when the input function, usually an applied force, is
known analytically. It is therefore a possible alternative to direct solution of the
equation of motion by classical methods, as discussed in Chapter 2, or the Laplace
transform method, discussed in Section 3.1.1. When the input function is known, but
not analytically, perhaps because it was derived from test data, the convolution
method can also form the basis of one of the ‘semi-analytical’ methods discussed in
Section 3.2. It will be seen later that the impulse response of a system, usually called
h(t), is a fundamental way of describing the system, with several applications, for
example in random vibration. It is first introduced here as an exact analytical method
for finding the response of a single-DOF system. However, first we must define the
unit impulse function.

The unit impulse function
If a force, F, acts on a mass, m, for time 6z, we know from Newton’s second law that

the impulse, f(f "F.du, is equal to the change in momentum, m - 6v, where év is the
change in the velocity of the mass, so

5t
/ F-dt=m-bv (3.14)
0

If the time 67 is very small, the actual shape of the impulse is not important, and all
that matters, as far as the change in velocity, év, is concerned, is the value of the

integral f(ft F-dt. A unit impulse is defined as one where,

ot
/ F-di=1 (3.15)
0

Now if the mass, m, is part of a spring—mass—damper system, and a unit impulse of
force is applied to it, then it follows, from Eqs (3.14) and (3.15), that if v is the change
in velocity, then év = 1/m, but the change in displacement is negligible. If, for
example, the equation of motion of the system is given by Eq. (3.2),

£ 4 2ywnz 4 WPz = F/m
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then the unit impulse response will be that of the free system Z + 2ywy, 2 + w?z = 0 with
initial conditions z= O and z = 1/m, at 1 = 0. If the area of the impulse is P rather than 1,
then the initial conditions become z = 0, and z = P/m, at t = 0. So the impulse response
can be found using the methods already discussed in Section 2.2 for dealing with free
response.

It should be pointed out that in the above discussion, ‘impulse’ retains its original
physical meaning, literally the time integral of a force. It can have other units, for
example control engineers often define it as the time integral of a voltage rather than
a force.

Example 3.2

Find the unit impulse response /(7) of the single-DOF system represented by Eq. (3.2),
assuming that the damping is (a) zero and (b) non-zero, but less than critical.

Solution

In both cases, the response to a unit impulse at # = 0 is equal to the free response of
the system when the initial conditions are z = 0, z = (1/m), at t = 0. The method is
then the same as that used in Section 2.2 to find the free response

Case (a): with zero damping:

The equation of motion is Z + w2z = 0. The displacement response is, from Eq. (2.28),
in Chapter 2, noting that v = 0 and wq = wy, in this case:

z = Acoswyt + Bsinwyt (A)
where 4 and B are given by substituting the initial conditions. Differentiating Eq. (A):
z=—Aw,sinwyt + Bw, coswy! (B)

Substituting z = 0 and r = 0 in Eq. (A), and z = (1/m) and =0 in Eq. (B), we find
that 4 = 0 and B = (1/mwy), so from Eq. (A), the unit impulse response of the system
is

sinwyt = h(1) ©

z =

mwy

Case (b): with non-zero damping, but less than critical:
The equation of motion is
P4 2ywnz+wlz=0 (D)
From Eqs (A) and (B) of Example 2.2, the free response is given by:
z=e (4 coswqt + Bsinwqt) (E)
and
z=e [(Bwq — Aywy) coswyt — (Awg + Bywy) sin wyl] (F)
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Substituting the same initial conditions as for Case (a) into Eqs (E) and (F), we find
that 4 =0, and B= (1/muwg), so from Eq. (E), the required unit impulse response is
IR
=—(en 1) = h(t G
z e (e sinwgr) (1) (G)
where the damped natural frequency, wq, is given by wq = wy+/1 — 2, and wy, is the
undamped natural frequency.

Derivation of the convolution integral

In Fig. 3.1(a), the curve represents the input force history applied to a system,
plotted against time 7. Time 7 is measured in the same units as the general time, ¢, but
is equal to zero when the force pulse starts, which is not necessarily at t=0.

T is the time at which the response is required, regarded as fixed for the present. Let
the time between 7=0 and 7= T be divided into 7 strips, numbered 1—n, where 7 is
very large, each of width 67. Each strip, of which strip i is typical, is regarded as an
impulse of magnitude (area) P; where,

P,‘:F,‘(ST (316)
where F; is the value of the force at strip i.

The response of the system, /(7), to a unit impulse, is assumed to be known.
Fig. 3.1(b) shows the response, z;, to the impulse P;, which is

zi=Ph(T—7)=F6rh(T—1) (3.17)

Its particular value at time 7 is z(7) and the total response of the system, z(7), at
time 7 is the sum of all such responses to impulses 1 to n:

Z(T) = ZI(T) + Zz(T) +Z3(T) +-+ Zn(T)

or
2(T)=F -WT—71)o1r+ F- (T —1)ét+ -+ F, - h(T — 7,)67 (3.18)
@) (b)
F z -
Strip i h
Area=P;=F;57 ::
= . i P;h(T
I: /Z’: ih(T =)
|
|
0
-
Ti \><
(T=m)=  z(T)
0

Fig. 3.1 Illustrating the derivation of the convolution integral.
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or
n
2(T) =Y F-h(T—7)ér (3.19)
i=1
In the limit, as 67 — 0, this becomes a continuous integral:
T
z(T) = / F(1) - h(T — 7)d7 (3.20)
0
It should be noticed that the integration is with respect to 7, and that the integration

limit, 7, is regarded as a constant. However, 7 can take any value, and it is usually
replaced by ¢, giving the following more usual expression for the convolution integral:

z(1) = /0 F(r)-h(t—T1)dr (3.21)

Example 3.3

Use the convolution integral to find the response of the single-DOF system represented
by Eq. (3.2), assuming that the damping is zero, when a step force of magnitude F is applied
at =0, if the initial displacement, z, and the initial velocity, z, are both zero at = 0.

Solution

From Eq. (C) of Example 3.2, the unit impulse response of the system is

h(t) = : sin wy, (A)

mwy,

The applied force, F(7), is

Fir)=F 0<7<

From Eq. (3.21) and Eq. (A) (bearing in mind that sin(—6) = —sinf, and
cos(—0) = cosb):

z(t) = fol F(r) - h(t —7)dr = miw"fot sin wy (1 — 7)dr = miwnf()t sin(—wn 7T + wyt)dT

F(r)=0 T<0 (B)

=_£ fol —sin(wnT — wyt)dr = L}

o = dlcos(wnT — wnt)]

z(1) = mi% (I —cos wyt) = %(1 — COS wy)

(since k = mw?).

3.1.3 Listings of Standard Responses

The three basic methods, discussed so far, for calculating the exact response of a
single-DOF system were (1) direct solution of the equation of motion using classical
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Table 3.1
Transient Responses of the System: 1/(s* + 2ywys + w?) (y < 1)

Input function F

Unit Unit Unit Response
impulse 6(7) step H(f) ramp ¢ sin wt cos wt functions
1 -2 .
0 — ;Y 0 0 Unit step
w? wd H(1)
1 .
0 0 — 0 0 Unit ramp ¢
wn
2 _ .2 2
0 0 0 e Ty sin wr
(w2 — w?) " +(2ywnw) (w2 — w?) " +(2ywnw)
_2 2 _ 2
0 0 0 anw 3 “n 5 d > cos wt
(w2 — ) +(2ywnw) (@2 — ) +(2ywaw)”
1 — 292 —1 wl(W? = w?) + 27923 —ywn (W2 + W? .
. 2 /72 [( ) 28 ]2 il “( ; ) 5 e 1“n’ sin wat
wd Wnwd Wnd [ Wi — wz +(2ywnw) ] wd {(wﬁ — w?) +(2ywnw) ]
-1 2y 2ywnw W — Wl e
0 W2 W 2 2)2 2 22\ , 2 ¢t cos wat
n n (w2 — w?)"+(2ywaw) (@2 — &) +(2ywnw)

w = forcing frequency (rad/s); w, = undamped natural frequency (rad/s), wy, = \/k/m; wq=damped natural
frequency (rad/s), wq = wny/1 — 72; 7= non-dimensional viscous damping coefficient.

methods; (2) solution using Laplace transforms and (3), solution using the convolu-
tion integral. These are all tedious to carry out by hand, and in practice computer
methods are used. For simpler problems, a table of standard responses, such as
Table 3.1, is useful. This was based on a report by Huntley [3.1], intended for use in
control engineering. Although it uses transfer functions in Laplace notation to char-
acterize the equation of motion, the actual responses are obtained by superposition in
the time domain. Table 3.1 lists the displacement response, z, of Eq. (3.2),

F4 2ywni + Wiz = F/m

when the applied force, F, is any one of the unit functions listed at the top; the mass, m,
is unity; the non-dimensional viscous damping coefficient is less than 1 and the initial
conditions are z =z =0 at ¢t =0. The transfer function of the system in Laplace
notation is therefore

1

(5% + 2ywns + w?)

Example 3.4

Use Table 3.1 to find the displacement response of the system shown in Fig. 2.1 and
represented by Eq. (3.2), when,
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(a) a step force of magnitude a force units is applied at 1 = 0 and the initial conditions
arez = 0andz=0att=0.

(b) a ramp force, starting from zero and growing linearly at the rate of b force units/
second, is applied at + = 0, with the same initial conditions, z = 0 and z =0 at
t=0.

Assume that the non-dimensional damping coefficient, -, is less than unity.

Solution

Case (a), step input:

The response, z, to a unit force step, of a system with wunit mass, is found by
multiplying all the constants in the second column, “unit step’, by the corresponding
response functions in the last column, and adding the products. For a step of
magnitude ¢, and a system mass of m, the result must then be multiplied by a/m:

1 — -1
=4 (= H(1) + T e sin wyr + [ — Je 7 cos wqt (A)
m w% WnWwd w%
which can be simplified to the following, for # > 0 if the step function H(¢) starts at
t=0:
a v Y :
z=—— |1 —e ™| cos wyt + —————sin wqt B
T (P AR v

Case (b), ramp input:

In this case, the constants in the third column, “unit ramp’, are individually multi-
plied by the response function in the last column, the products added, and the whole
multiplied by b/m, as follows:

b|/-2 1 29 — 1 . 2
z=— —;y H()+ (5 )t + 72 e " sin wyt + —Z e cos wqt
m |\ w w2 wiwg w3

©)
which can be simplified to
b 2 292 —1
z=—> [t - —7(1 —e ™ coswqt) + ( 2l )ew"‘ sin wdt} (D)
mwy Wh wd

3.2 ‘Semi-analytical’ methods

When the input function to a single-DOF system is not known analytically, for
example it may have been obtained from test data, but the system is linear, it is not
always necessary to use the step-by-step numerical methods (such as the Runge—Kutta
method) described in Section 3.3. Instead, the input function, usually an applied force,
can be broken down into sections, such as impulses, steps or ramps, and the problem
is solved piecewise, using any of the exact methods discussed above. The solution is
then partly analytical, making it, in theory, very accurate, and issues such as conver-
gence do not arise.
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3.2.1 Impulse Response Method

If the force input function is known only in graphical or tabular form, analytic
solution using the convolution integral, Eq. (3.21), is not possible, but a summation
based on Eq. (3.19) can still be used, i.e.:

() = Y Fi-h(t — 7)1
i=1

where F; represents the approximated force at intervals of 6¢, but i(t — 7;) is the exact
analytic unit impulse response evaluated at the same small intervals. Computer
programs based on this method are available.

3.2.2 Straight-line Approximation to Input Function

An alternative to the impulse method described above is to approximate the input
function, F, by straight-line ramp segments, as shown in Fig. 3.2.

In this approach, the force input, F, at ¢, consists of a constant (step) value, plus a
constant slope, or ramp. The displacement and slope between ¢y and ¢ are calculated
from the standard analytic responses of the single-DOF system to these inputs
(see Example 3.4), and the values of these at 7; become the initial conditions for a
similar calculation between #; and 7,, and so on. Computer programs based on this
method are available. Such programs are simplified if the time steps are made equal,
since many of the intermediate calculations then only have to be done once, although
this is not essential. The calculated response using this method is exact for the
polygonal approximation to the force, but not, of course, for the underlying curve.

3.2.3 Superposition of Standard Responses

The response to simple force inputs, made up by the superposition of steps, ramps,
sinusoids, etc., can easily be plotted using simple spreadsheet methods. The procedure
is illustrated by the following example. It differs from the straight-line segment
method, above, in that superposition is used, to avoid carrying initial conditions
from section to section.

fo

Fig. 3.2 Input function approximated by straight lines.
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Example 3.5

Use an exact piecewise-linear method to find the displacement response, z, of the
system represented by Eq. (3.2):

F4 2ywnz 4 Wiz = F/m (A)

from t=0 to r=0.5s when F consists of the force pulse shown in Fig. 3.3(a), and the
other numerical values are as follows: mass, m = 100 kg; damping coefficient v = 0.05; the
undamped natural frequency, f, = 10 Hz (w, = 207 rad/s). Assume z =z = 0 at 1 =0.

Solution

As shown in Fig. 3.3(b), the required input function can be formed by the super-
position of:
(1) a positive ramp of slope 4000 N/s starting at t = 0;
(2) a similar negative ramp starting at ¢ =0.05 s; and
(3) a negative step of 200 N starting at 7 = 0.2's
Once started, these functions all continue to the end of the computation.
From Example 3.4, the exact response to a ramp of slope b is

b 2 N P A
z=—> [—1(1 —e " cos wyt) + ( 7 )e’“"’sm wdt} (B)
mwy Wh wd
(a)
200 - - -
|
|
|
: t(sec.)
0 005 0.2
(b)
F F, =4000t
0.05 0.2 t(sec.)
0
F3=—-200(t—0.2)
e ——_—

F,=-4000(t - 0.05)

Fig. 3.3 Input pulse produced by superposition of standard functions.
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0.6 -

0 T T T T T T T T T
0 005 01 015 02\ 025 03\ 035 04 W 0{5
0.2+

z(mm.)

Fig. 3.4 Response of a single-DOF system to the input force pulse shown in Fig. 3.3.

and the exact response to a step of magnitude a is

a o ~ .
z= 1 — e 0| coswqt + ————sin wqt C
mwﬁ[ ( AN (= )] “

where

wqg =wny/ 1 =72

Inserting numerical values, the response to the first ramp, z;, which is required for
0<t<0.5,1s

z1 = 0.01013{7r — 0.001591[1 — exp(—3.1415¢) cos 62.7531]

D
— 0.01585exp(—3.1415¢)sin 62.7531} (D)

The response, z», to the second ramp, which is required for 0.05 < ¢t < 0.5, is

2= —0.01013{(t—0.05)—0.001591[1 — exp(—3.1415(1 — 0.05) )cos 62.753(1—0.05)]
—0.01585exp(—3.1415(1—0.05))sin 62.753(t—0.05)}

(E)
and the response, z3, to the negative step, which is required for 0.2 < ¢ < 0.5, is

23 = —0.0005066{1 — exp[—3.1415(r — 0.2)]

x [cos 62.753(¢ — 0.2) 4+ 0.05006 sin(z — 0.2)]} ®)

The response, plotted from a spreadsheet, is shown in Fig. 3.4.
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3.3 Step-by-step numerical methods using approximate derivatives

The analytical or semi-analytical methods described above should always be used,
when possible, to find time history solutions for any system, since there is no question
about their accuracy. They cannot be used, however, when the system is non-linear, and
step-by-step numerical methods must then be used. In these methods, the time, ¢, is
broken down into a series of small steps, /4, say, and the solution proceeds step by step,
each small computation being based on the information available at the time.

In this section, the use of such methods to solve single-DOF problems only is
considered; however, most methods can also be used for multi-DOF systems. The
number of numerical methods available today is very large, and it will only be possible
to introduce a few of the simpler methods here. However, these include the useful and
popular Runge—Kutta fourth-order method. The application of the Runge—Kutta
method to multi-DOF systems is discussed in Chapter 6.

In all methods, the general idea is to extend the solution, i.e. the function of ¢ that
we are trying to generate, say z(t), by one time step, /, at a time. This will normally be
from ¢, to ¢;1;, as shown in Fig. 3.5. At the very beginning of the computation, let
j=0, say, so we can refer to the starting time as 7, the next point as #; and so on. The
initial conditions at 7, are assumed to be known.

In the case of the single-DOF system, considered here, the equation of motion to be
solved is

mi+ci+kz=F (3.22)
where the constants m, ¢ and k are known numerically, as is the complete time history

of the force F.

In some methods, Eq. (3.22) can be used as it stands. It is then simply rearranged as:
F ¢ k

[Py pp (3.23)
m m m

More usually, Eq. (3.22) is split into two simultaneous first-order differential
equations, as follows. Let u = Z, then,

I=u (3.24a)

z(t)

\

le—h—>+—hH—>

Fig. 3.5 Notation for step-by-step methods.
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and, since Z = 1,

F ¢ k
U=———u——z (3.24b)

m m m
Many methods use the Taylor series, and this should be reviewed before proceeding
further. Applied to the present context, the Taylor series makes it possible to calculate
the value of a function at a point in time different (i.e. either later or earlier) than
another point where the value of the function, and all its derivatives, are known. In
then the value of z; | at £;,, (an amount of time / later) can, in theory, be found. In
practice, of course, it can only be found approximately, since only a few derivatives

will be known. The Taylor series is used in the form:

1 h?
Zjt1 =Z,+hzj+jzj+§zj+ (325)
It also allows a past value, say zj_,, to be found, since / can be negative, so,
LR R
Zj-1 :Zj7h2j+52j7?2j+"' (326)

(where ! indicates a factorial value, e.g. 3! = 3x2x1 = 6)
3.3.1 Euler Method

The Euler method uses the equation of motion, Eq. (3.22), in the form of the two
first-order equations, Eqs (3.24a) and (3.24b). In this method, z and « are updated at
each step in the following simple way:

Ziyl = Zj + hu, (327&)

and:
Uil = Uj + hu, (327]1))

The procedure will be clear from Table 3.2, which is the beginning of a simple
spreadsheet to calculate the response when any input force history, defined by
Fy, F\, F>,etc., is applied to the system of Eq. (3.22). The response may be required
in terms of displacement, z, velocity z(= u) or acceleration Z(= u). The initial condi-
tions zg = 0 and uy = 0 at 7y have been inserted in the first row; these could be any
other desired initial values. It will be seen that u; is obtained from Eq. (3.24b), i.e.:

Table 3.2

Spreadsheet for the Euler Method

7 lj % U i £
F : k

0 =0 =0 =0 =L -Eg =F,
m m m
F

1 =h = zo+huy = uy + hiig :717£u1 7E21 =F,
m m m

=2h = z1+ huy = + hiyy .:F3

3 =3h
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L Euler mehod h=0.001 sec

Exact solution

0.15 0.2 0.25
t(sec.)

0.3

Fig. 3.6 Simple Euler method compared with exact result. Time step 0.001 s.

5

c

k

b=t Zy— =z
J m m] mj

where Fj is the known value of the applied force, F.
In Fig. 3.6, the time history of z, as given by the spreadsheet, Table 3.2, is compared

with the exact solution (from Example 2.3), using the following numerical values:
F = constant = 100 N (a step force of 100 N applied at ¢t = 0).

m =1 kg;

k =10 000 N/m;
¢ =20 N/m/s;
h = the time step = 0.001 s
This is a disappointing result, and it appears to indicate that the wrong value of
damping has been used. This is not the case, however, since when the time-step, 4, is
reduced to 0.0002 s., the improved result shown in Fig. 3.7 is obtained.

z(mm)

20

Euler method h=0.0002 sec
Exact solution

0.15 0.2 0.25

t(sec.)

0.05 0.1 0.3

Fig. 3.7 Simple Euler method compared with exact result. Time step 0.0002 s.

61

(3.28)
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These examples illustrate the generally poor performance of the simple Euler method.
The modified Euler method is a considerable improvement, as discussed below.

3.3.2 Modified Euler Method

In the original Euler method, the change in z or # over one increment of time, /, was
assumed to be given by the slope at the first point multiplied by 4, for example
Zjp1 = zj + hu; and w1 = u; + hiy;. A better approximation to the slope over the
whole time step would be the average of the slopes at ¢; and ¢ . Thus, in Eq. (3.27a),
u; would be replaced by %(uj—i— ujH), and in Eq. (3.27b), u#; would be replaced by
(i + ij11). This is the basis of the modified Euler method. Applying these changes to
Eqs (3.27a) and (3.27b), they become

Ziyl =z + %h(uj + ujs1) (3.29a)
and

%J:W+EM@+%H) (3.29b)

Since ;1 and ;1 have not been calculated at step j, they must be approximated

from the information available at step j. In Eq. (3.29a) we can use Eq. (3.27b), i.e.

Ujrr = wj + hii;
and in Eq. (3.29b) we can use Eq. (3.28), i.e.:

Fooc k

=y - =z
J m m J m ]

However, in Eq. (3.29b) we also need an approximation for u;,1, and this can be

i, where,
. F'+] Cc k F'+] c . k
oy === =t =z === = (4 i) = — 2+ ) (3.30)

noting that Fj; is available at step j and Eqs (3.27a ) and (3.27b) have been used.

Table 3.3 is a spreadsheet program based on these equations, again assuming that
Zo=Uy= 0.

This was used to produce Fig. 3.8, using the same numerical values as before,
with a time step of 0.0025 s. When compared with the exact answer (from Example
2.3), this result is better than that from the unmodified Euler method (Fig. 3.7), in
spite of the step 4 being 12.5 times longer.

3.3.3 Central Difference Method

If Eq. (3.26) is subtracted from Eq. (3.25), and derivatives higher than Z; are
ignored, we have

Zjy1 — zj—1 = 2hZ; or rearranging: Z; = % (3.31)
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Table 3.3
Spreadsheet for the Modified Euler Method
Iy 5 Zj U i iy
F1 C
F K =———(up + hiug)
0 =hj =F =0 -0 =20 L - s mom
m m

k
o (zo + hug)

Fz c .
| | Foc & =———(uy + huy)
I =hj =F =zo+hu+zhig =u+-h(io+iy) =———u ——z o
2 2 m - m m k
——(z1 + huy)
m
1 1
2 =h =hF =z + huy +§h2ﬂ1 =u +§h(u1 +u’l)
20
18 | Modified euler method h=0.0025 sec
------- Exact method
16
14 +
_12F
E 10+
N
8+t
6
4+
2+
0 . .
0 0.05 0.1 0.15 0.2 0.25 0.3

t(sec.)

Fig. 3.8 Modified Euler method compared with exact result. Time step 0.0025 s.

If Eq. (3.26) is added to Eq. (3.25), ignoring derivatives higher than Z;, then we have
. . i1 — 2z 4 zj-

Zje1 +zjo1 = 2z;+ h*Z;  or rearranging: % = Z/Hh# (3.32)

It is not necessary, in this case, to split the second-order equation of motion,
Eq. (3.22), into two first-order equations, and Eqs (3.31) and (3.32) can be substituted
into it directly. However, it will be noticed that these equations both require a value
for z;_;, and this is not available at t=0, so the method is not self-starting. An
approximation for the required value of z_; may, however, be found as follows.
From Eq. (3.26) we have, ignoring derivatives above the second,

2
Zj1=zj—hij+ 5%

2!
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With j = 0 this is
2
z_1 =zo— hZy -‘r?fo (3.33)
Now zy and Zj are the known initial conditions, but we still need a value for Z,. This
is given by the original equation of motion. If, for example, this was mz + ¢z + kz = F,
then at t = 0:

F k
50 :fo—iz.()—*Z() (334)
m m m

Example 3.6

(a) Write a spreadsheet program to solve the equation mZ + ¢z + kz = F by the
central difference method.

(b) Plot the displacement time history, z, with F' = constant = 100 N; initial condi-
tions zg = Zo = 0, and

m = 1kg;
k = 10 000 N/m;
¢ = 20 N/m/s

Compare the plot with the exact answer from the expression derived in Example 2.3.

Solution

(a) Substituting Eqs (3.31) and (3.32) into the equation of motion, mZz + ¢z + kz = F,

we have
Ziy1 — 2z + 2z, Zivl — Zi_q
m("+ hZJ - )+c( ta T . )+kzj:Fj (A)
Rearranging,
Zip1 = mzj + arzjy + a3 F; (B)
where
2 1ch m 2

2m — kh Het T h
a =" g =2 a3 =—— (©)

lcthm 1ch+m 1cthm

2 2 2

The value of z_; is taken from Eq. (3.26), i.e.
2
Z_1=Zy— hZ'o "‘r?fo

where

. . Fo o c. k
Z():Z():O and o =———Zp) —— 2y
m m m
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Table 3.4
Spreadsheet for Central Difference Method

J 4 E; z
/12F0

-1 — 1 _rto

Y 2m
0 =hj =k =0
1 =hj =F =aizo + az_1 + a3k
2 =F =aiz) + @z + a3k
3 .

from Eq. (3.34). Therefore,
WFE, IF,
4=0-0+——=— D
s + 2m 2m (D)
Table 3.4 is a spreadsheet to calculate z.
The constants «a;, a, and a3 are given by Egs (C).
(b) Inserting the values of m, k and ¢, and initial conditions zy = zo = 0, Fig. 3.9 is a
plot of z using a step length # = 0.005s, compared with the exact solution from
the expression derived in Example 2.3.

20

18 Central difference method h=0.005 sec

....... Exact method

16

14}

12

10

z(mm)

0 0.05 0.1 0.15 0.2 0.25 0.3
t(sec.)

Fig. 3.9 Central difference method compared with exact result. Time step 0.005 s.

3.3.4 The Runge—Kutta Method

We have seen that the accuracy of the methods discussed so far depends critically
upon the estimation of the average slope of the function from one point to the next.
The simple Euler method uses only the slope at the first point to predict the change in
value at the second. The modified Euler is an improvement, in that it also uses an
estimate of the slope at the second point. The central difference method uses three
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values of the function, the past, present and future values. The Runge—Kutta method
continues this series of improvements by using a more sophisticated method, based on
Simpson’s rule, to predict the average slope over the interval 4. In the case of the
fourth-order Runge—Kutta method, described next, it does this by introducing a
temporary point half way between each pair of grid points. The mean slope of the
function over each interval, /, is then based on a weighted average of four estimates of
the slope, obtained from three different times, the beginning, the center and the end of
each interval, the center point being used twice. The simple Euler method is used for
the half-interval calculations within each main interval /.

The Runge-Kutta method is very accurate, self-starting and easily adapted to
multi-DOF systems, as discussed in Chapter 6. It is therefore probably the most
popular method in general use.

For the solution of a single-DOF system, as discussed here, the second-order
equation, for example Eq. (3.22) or (3.23), is split into two first-order equations,
Eqgs (3.24a) and (3.24b), i.e.,

u==z

. . F c k
n=i=———u——z
m m m
These are solved in the same way as for the simple Euler method, described above,
except that the mean slopes (1) and (i) are obtained by taking a weighted average over
each interval £, for example the interval between times ¢; and ¢;, |, as follows:

1/ 1 2 3 4
(u) :g(u} D2 4 20 ) (3.34)

and
. 1 . (1 . (2 . (3 . (4
(i) = 6(”1( )+ 214](- ) 4+ 2u§ )+ uj( )) (3.35)

where the significance of the superscripts is explained below.

The solution of Eqs (3.24a) and (3.24b), for an arbitrary force input F, proceeds as
follows. At each step in the computation, say step j, at ¢;, we calculate four values each
of z;, u; and #; (designated z" to z¥, etc.), as shown in Table 3.5.

Table 3.5
Intermediate Calculations in the Runge—Kutta Method
m_ m w_E_cm_ ko
= = W= T T
@__ . "o @_, o o_F_ ¢ o ko
Zj Z/+§“j u; *“i""iuj i T mb m
®_._ "o & _ o o) _ 5ok o
Z —z]+§uj u; 71«lj+§uj o =T =g
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It is seen in Table 3.5 that the first quantity, denoted by (V| is at the beginning of the
interval, the second and third are half way through, i.e. at /2, and the fourth is at
the end.

These results are then used to calculate z; | and u; 1, as follows:

;

zir = 5+ 2 () + 207 + 20l + ) (3.36)
ey oo o) L

e =y + 2 (i + 20 + 20 + il (3.37)

The whole procedure, using Table 3.5, and Eqs (3.36) and (3.37) again, is repeated
to calculate z;, , and u;, > and so on.

Incidentally, the method for finding the average slope over the interval / can be seen
to be related to Simpson’s rule, which for three slopes, u;, u, and uz spaced at intervals
of h, would give

1 1
(u)y = 5 gh(m +dur +u3)| = E(u‘ + duy + u3)

The similarity to Eqs (3.34) and (3.35) can be seen if the center term is split into
two.

Example 3.7

(a) Write a spreadsheet program to solve the equation mZ + ¢z 4 kz = F by the
fourth-order Runge—Kutta method.

(b) Plot the displacement time history, z, with F = constant = 100 N; initial condi-
tions zy = up = 0 and

m = 1kg;
k = 10 000 N/m and
¢ = 20 N/m/s.

Compare the plot with the exact answer from the expression derived in
Example 2.3.

Solution

(a) A suitable spreadsheet layout, based on Table 3.5 and Eqs (3.36) and (3.37),
using one row per value of j, is shown in Table 3.6. The initial conditions z, and
uy in the first row are set to zero in this case. Fj is the value of F at 1.

(b) Fig. 3.10 is a plot of the Runge—Kutta result compared with the exact solution
from Example 2.3. The time-step, A, was 0.005 s in this case. An acceptable result
was also obtained with 2 = 0.0075 s.



Table 3.6
Spreadsheet for the Fourth-order Runge-Kutta Method

j ot z/m and response z; 21(2) zj(-3) 2;4) uj(l) and response Z; uj(-z) uj(-3) uj(-4) Y and L 1'41(2) ';3) 12](-4)
Fy Fy Fy Fy
0 0 =Zp =20 =2y =20 = Uy = Uy = Uy = Uy = — = — =— = —
N p p N m m m m
(= initial value of z = 0) +§ ué” +§1 u(()z) +huf)3) (= initial value ofu = 0) +§1 t't(()l) +§ u((f) +hil) - - uéw — uéz) - uff) - u(()4)
(1) (2) (3) k (4)
w7 —w3% % 70
F F F F
1 h =z + =z =z =7 =uy + =1 =u =u :il :71 :71 :71
/ h h h h h ” ” ” ”
h . . .
g(ug” + 2+ 2u) + uf{‘)) +3 ul! +3 WP ) g<a(§‘) +2a) 4+ 2if) + uf{") +5 il +3 R 7
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Fig. 3.10 Fourth-order Runge—Kutta method compared with exact result. Time step 0.005 s.

3.3.5 Discussion of the Simpler Finite Difference Methods

There are many more finite difference methods available, such as predictor—corrector
methods, the Newmark-B method, and more. The four methods described above,
however, have introduced the subject. The relative performance of these simple methods
can now be assessed roughly, since the same single-DOF problem was used in each case.
This was chosen to be the excitation of a linear system by a step force input, so that the
exact solution could be found for comparison. The undamped natural frequency was
100 rad/s (15.9 Hz) and the natural period about 0.063 s.

The simple Euler method cannot be recommended, and required extremely short
time steps, around 300 steps per period of the oscillation, to produce acceptable
results. Worse, it sometimes gave believable but inaccurate results. The modified
Euler method was a considerable improvement, giving a good result using a time
step of 0.0025 s., or about 25 steps per period.

The central difference method gave a good result with a time step of 0.005 s, about
12 steps per period. The Runge—Kutta method gave a very good result using the same
time step, and an acceptable result with a step as long as 0.0075 s, only about 8 steps
per period of the oscillation. These results are in line with the usual advice given, when
using these methods, that there should be at least 10 time steps per period of the
highest expected response frequency.

The results from the central difference method and the Runge—Kutta method are
actually quite similar, and better than the Euler and modified Euler methods.
However, a disadvantage of the central difference method is that it is not self-
starting, and of the methods discussed here, the Runge—Kutta method is
recommended.



70 Structural dynamics and vibration in practice
3.4 Dynamic factors

The dynamic factor is a useful engineering concept that, at its simplest, compares the
maximum dynamic displacement response of a system with the static displacement
that would be produced by a steady force with the same magnitude as the peak value
of the actual force. The idea can be extended to responses other than displacement,
and inputs other than force, such as base motion. Although the concept can be applied
to systems with any number of degrees of freedom, the approach is over-simplistic for
multi-DOF systems, and it is usually applied only to single-DOF systems. The
dynamic factor is a fairly crude concept, and should not be used to replace a proper
dynamic analysis. However, as an aid to engineering judgement, in the early stages of
a design, it can be of considerable value.

3.4.1 Dynamic Factor for a Square Step Input
As a simple example of a dynamic factor, consider the undamped system shown in
Fig. 3.11(a). The equation of motion is
mZ+kz=F (3.38)

and it was shown in Example 3.3 that the displacement response, z, when the applied
force, F, consists of a step force of magnitude F, as shown in Fig. 3.11(b), is

(I = coswnt) (3.39)

zZ =

=1 Ml

where wy, is the natural frequency, /k/m, in rad/s

(d)

Fig. 3.11 Response of an undamped single-DOF system to a step input.
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The static displacement, z,, say, of the same system, if a steady force equal in
magnitude to the step, F, was applied (since then # = 0), is

F

= — 3.40
Z=1 (3.40)
Then,

ZE: 1 — coswyt (3.41)

This is sketched in Fig. 3.11(c). The dynamic factor (DF) is defined in this case as
the maximum displacement of the system, divided by the static displacement, when a
static load equal to the peak value of the dynamic load is applied, i.e.,

DF = “m (3.42)
Zs
where zp.x 1S the maximum value of z occurring anywhere in its time history. The
dynamic factor is seen to be the maximum value of Eq. (3.41), which is 2 in this case,
and it occurs at time 7 = 7/wy,.
Dynamic factors can also be defined for systems excited via the base, such as that
shown in Fig. 3.11(d). The equation of motion is in this case given by Eq. (2.4), but
with the damping omitted, i.e.,

mj + ky = —mx (3.43)

By comparing Eqs (3.38) and (3.43), we see that the spring displacement, y, relative
to the base, when the base acceleration changes by a step, ¥, is

:_me(l — coswp!) (3.44)
Also, from Eq. (3.43), it can be seen that the steady spring displacement, y,,
when a steady base acceleration, equal in magnitude to the acceleration step ¥, is

applied, is:

—mx

yo=—7 (3.45)

then from Eqs (3.44) and (3.45),

L (1= cos wni) (3.46)
Vs
which is seen to be of the same form as Eq. (3.41), and the non-dimensional response
»/ys is the same as z/z. Clearly, the same result would be obtained whenever the
applied force and base acceleration functions were of the same shape, and it follows
that the same dynamic factor applies for both. It should be noted, however, that this
applies only to the non-dimensional responses and dynamic factors, and that the
displacements z and y are defined differently.

The approach used above is easily extended to damped single-DOF systems. In the
case of a step force the non-dimensional response z/zg was derived for v < 1 in
Example 2.3 as Eq. (H), i.e.,
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(3.47)

Zg

z .

—=1—e"" cos wqt ++sm wqt |,
V1 =2

which can be solved for its maximum value for any value of «. For small « the sine

term can be neglected and wy can be approximated by wy,.

3.5 Response spectra

A response or shock spectrum, sometimes known as a shock response spectrum,
(SRS), describes the variation of the dynamic factor, as defined above, when a
parameter that it depends upon is varied.

Response spectra will be derived for two important cases, a rectangular pulse and a
sloping step. The input function will be assumed to be a force time history applied to the
mass, i.e. the system shown in Fig. 3.11(a), but, as has been seen in the previous section,
the results will, in fact, also apply to the system of Fig. 3.11(d), provided the base input
function is acceleration. These are only two of the many ways that the input and
response could be defined: the input could be base displacement or velocity, for example
and the response could be velocity or acceleration, defined either as an absolute value
at the mass or as a relative value between the mass and the base. Response spectra for
many of these combinations, with many different input functions, are given by
Ayre [3.2].

Response spectra are usually derived for an undamped system since this gives the
worst case response and is not unduly pessimistic for light damping.

3.5.1 Response Spectrum for a Rectangular Pulse

The displacement response of an undamped single-DOF system to a rectangular
force pulse can be found by adding the response to a positive step to that of a delayed
negative step, as shown in Fig. 3.12. The positive step, of magnitude F, and its
response are shown in Fig. 3.12(a). This response is, from Eq. (3.39),

F
z= E(l — COS Wy )
or, non-dimensionally, from Eq. (3.41),
z
— = (1 —coswpi) (3.41)
Zs

Defining the duration of the pulse as Ty, the similar but negative step, — F, and its
response are shown in Fig. 3.12(b). This response is delayed by Tj. It does not exist for
t < Ty, but for t > Ty it is given by:

zZ=—

[l — coswy(t — Tp)] (3.48)

| =
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Fig. 3.12  Force pulse generated by superposition of two steps.
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or, non-dimensionally:

23: —[1 = coswy(t — Ty)] (3.49)
S
In Fig. 3.12(c), the two steps are combined to form the pulse, and the response, z/zg

is as follows:
For t < Ty, from Eq. (3.41),

z
—=(1- t
- (I — coswnt)

For ¢t > T), by adding the responses from Eq. (3.41) and Eq. (3.49),

fzm—mWM—U—mwm—Rm
or
Zi: [coswn (1 — Tp) — coswn!] (3.50)

Defining 7' = 27/w, as the natural period of the system, if T,/7 > 1/2, the first
peak will always occur before the end of the pulse, and the maximum value of z/z,
equal to zmay/zs, Will be given by Eq. (3.41), and is equal to 2. However, if To/T < 1/2,
Zmax/zs Will be given by Eq. (3.50), and will be some value between 0 and 2 depending
on Ty/T. This can be found by differentiating Eq. (3.50) and equating to zero, to find
the time at which zp,y/z, occurs. Substituting this time into Eq. (3.50) then gives
Zmax/zs @s a function of Tj/T. This can be shown to be

Zmax . To
sm(ﬂT> (3.51)

Zs
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Fig. 3.13 Response spectrum for a rectangular pulse.

The complete response spectrum for the rectangular pulse is shown in Fig. 3.13.

This shows only the maximum value reached at any time, sometimes known as
the maximax, which is usually of most interest. Some response spectra found in
the literature also show the magnitude of subsequent peaks, known as the residual
spectrum.

3.5.2 Response Spectrum for a Sloping Step

The displacement response of the same single-DOF system, as shown in Fig. 3.11(a),
to a step with a sloping leading edge, can be found by combining the response to a
positive ramp function, Fig. 3.14(a), with that of a negative and delayed ramp,
Fig. 3.14(c). Adding these inputs produces the desired sloped step, as shown in
Fig. 3.14(e).

The responses to the two ramps, shown in Figs 3.14(b) and (d), are similarly added,
to produce the complete response, as shown in Fig. 3.14(f).

In this case, T is defined as the rise-time of the sloping step, and T is the natural
period of the system, as before. The response spectrum in this case is the peak value of
the non-dimensional response shown in Fig. 3.14(f), zmax/z,, plotted against To/T.

Using Example 3.4(b), but setting v = 0, mw? = k, and wyq = w,, the displacement
response of an undamped single-DOF system to a ramp input force of slope F/Ty is

F 1 .
z:kTO<t—wnsmwnl) (3.52)

Since the static displacement, zs, due to a steady force Fis z; = F/k, Eq. (3.52) can
be written as:

1 1
o (z - sinwnt) (3.53)

Zs B Ty Wn
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Fig. 3.14 Sloping step generated by superposition of two ramps.

and this is the response to the first, positive ramp. For ¢ < Ty, this is the only response,
and there are no response peaks during this time, all peaks occurring when ¢ > 7). The
response to the second, negative ramp exists only for ¢ > Tj, and is given by:

z 1 sinwy (1 — T)

—_= (I—To)

Zs i Wn

(3.54)

The response to the complete sloping step for ¢ > T} is given by the sum of the
responses from Eqs (3.53) and (3.54), and is
z sinwy(t — Tp)  sinwyt

Z 1
Zg + Town Town

(3.55)

By differentiating Eq. (3.55) and equating to zero, the values of ¢ at which maxima
occur can be found, and substituting these into Eq. (3.55) gives

LI Tl 2(1 — cos Towy) (3.56)

Zs 0Wn

or, since T = 27/wh,

Zmax 1
=l +W\/2[1 —cos 21(To/T)] (3.57)

Figure 3.15 is the response spectrum for the sloping step, plotted from Eq. (3.57) as
a function of Ty/T:
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Fig. 3.15 Response spectrum for a sloping step.
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In this chapter, the response of single-DOF systems to sinusoidal or simple harmo-
nic excitation is discussed. The two single-DOF configurations discussed in Chapter 3
are included, i.e. excitation by a directly applied force and excitation by base, or
support, motion. However, there is now a third case to consider, excitation by a
rotating unbalanced mass. Figure 4.1 shows the three standard configurations.

The following notation is used throughout:

For all configurations:

m = total moving mass;
k = spring stiffness, k = mw, for single-DOF system;
¢ = dimensional viscous damping coefficient;
w = forcing frequency, rad/s;
f = forcing frequency in Hz, where f'= w/2m;
wy, = undamped natural frequency, rad/s;
fn = undamped natural frequency, Hz, where f;, = w,/2;
wg = damped natural frequency, rad/s, wq = wp/1 — 7%
~v = non-dimensional viscous damping coefficient.y = ¢/2mwy;
Q = frequency ratio w/w, = f/f,.
For Fig. 4.1(c) only:
m = rotating unbalanced mass.
r = radius arm for unbalanced mass.

4.1 Response of a single degree of freedom system with applied force
4.1.1 Response Expressed as Amplitude and Phase

The first configuration to consider is that shown in Fig. 4.1(a). The equation of
motion is

mi+cit+kz=F (4.1)

77



78 Structural dynamics and vibration in practice

TF
z z z
___ m
//
/ r
/ wt z
m m |W( !
\ /
\ 7
T--7 \(m—ﬁ))
y
« 2 o 2 o « 2 e
X

(a) (b) (c)

Fig. 4.1 Common single-DOF configurations in schematic form: (a) direct force excitation, (b): base
motion excitation, (c) rotating unbalance excitation.

or, written in ‘standard form’, by substituting k = mw? and ¢ = 2mw,:
£ 4 2ywnz 4 WPz = F/m (4.2)

When the force, F, is, for example, defined as F = Psinwt, the response consists of
two parts, the complementary function and the particular integral. It was shown in
Example 2.4 that the total response is

z=2¢""(A4 cos wyt + B sin wyt) + C cos wi + D sin wt (4.3)
where the first two terms, those including e 7', are the ‘complementary function’ or
transient terms. If damping is present, these components soon die away, leaving only

the last two terms, due to the ‘particular integral’. The steady-state displacement
response to a sinusoidal force F = P sin wt is therefore simply:

z = C cos wt+ D sin wt (4.4)

The constants C and D were given in Example 2.4, as Eqs (J) and (K) and are
P(—2ywyw)

€= m [(wfl - wz)z + (2’ywnw)2} )
_ P(w; — )
b= [(wz — wz)z + (2ywhw) ] (46)

It is neater to express Eqs (4.5) and (4.6) in terms of the frequency ratio, 2, where
Q = w/w, = f/fs. With this substitution, and also putting k = mw?:

_P 0
Tk (1 - 9% +(279)? 7
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D=

(4.8)

P 1 -
J

(1 - 0%)*+(290)°

So the steady-state relationship between the force, F, and the displacement, z, is such
that when F= P sinwt, then z = C cos wt + D sin wt, where C and D are as given above.

It can be seen from Eq. (4.7) that C is negative for any value of €2, and from Eq. (4.8)
that D is positive for 2 < 1, and negative for 2 > 1. So considering a case when 2 < 1,
the waveforms P sin wt, C cos wt, and D sin wt must be as sketched on the left in
Fig. 4.2.

It is possible to find the amplitude and phase of the displacement response, z,
relative to the force, F, by trigonometry alone, but as is often the case, using complex
rotating vectors makes it easier. The waveforms on the left of Fig. 4.2 can be related
to the vectors on the right, using the relationships introduced in Chapter 1. It can be
seen from the right side of Fig. 4.2 that the magnitude, or modulus, of z, say |z|, is
given by:

|z| = vV C?*+ D?
Substituting for C and D from Eqs (4.7) and (4.8) leads to:
1

P
k \/(1 — )+ (290)°

The phase angle, ¢, by which the displacement vector, |z|, lags the force, P, is given by:

-C 2782
t = — =
an ¢ D 7

|2 =

(4.9)

(4.10)



80 Structural dynamics and vibration in practice

Equation (4.9) can also be expressed in non-dimensional form. From Eq. (4.1), the
static displacement zg of the system, when a static force equal to the peak value, P, of
the applied force, F= P sin wt, is applied (since z =z = 0) is

P
n=% (4.11)
Using Eq. (4.11), Eq. (4.9) can be written in the form:
2] 1

lzl _ (4.12)
a0 (1-0) 42y

The phase lag, ¢, is, of course, unaffected, and is still given by Eq. (4.10).

Example 4.1

Plot graphs showing |z|/zs and ¢ versus 2 for the damping ratios, v = 0.5, 0.2,
0.1, 0.05, 0.03 and 0.02, for the system shown in Fig. 4.1(a), and comment on the
results.

Solution

The magnitude of the steady-state displacement amplitude, as a multiple of the
static displacement for a static load equal to the peak value of the exciting force, is
given by Eq. (4.12), and the phase angle, ¢, by which the displacement lags the force is
given by Eq. (4.10). These are plotted as Figs 4.3(a) and (b), respectively.

All the magnitude plots show a clear resonant peak near 2 = 1, i.e. where the
excitation frequency, w, equals the undamped natural frequency, wy, except for the
case with v = 0.5, i.e. half of critical damping. It can be shown that the true peak
response occurs at the frequency ratio, 24/1 — 292, and its value is 1/(2% /1 —72).
For small damping, however, these values are so close to 2 and 1/2, respectively,
that most plots do not show the difference.

An amplitude response, such as Fig. 4.3(a), can be used to obtain a rough estimate
of damping from a measured response. It can be shown that at frequencies f; and f;
which are, respectively, 7 f, below and ~ f,, above, f,,, the amplitude is 1 / V2 or 0.707
times the maximum value. Then the damping coefficient, v, is given, to a good
approximation, by: v = (f — f1)/2fa. The frequencies f; and f> are known as the
half-power points.

When the excitation frequency is much smaller than the natural frequency, the
system behaves like a spring, and the dynamic response is close to the static displace-
ment, so |z|/zs = 1. At the other extreme, when the excitation frequency is much
higher than the natural frequency, the system tends to behave like a mass.

From the phase plot, Fig. 4.3(b), it can be seen that the displacement lags the force
by an angle that is near zero at very low excitation frequency, and approaches w, or
180°, at high excitation frequency. However, for any value of damping, the phase lag
is always 1/2, or 90°, when the excitation is at the undamped natural frequency, a fact
useful in test work.
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Fig. 4.3 (a) Non-dimensional magnitude response of a forced dingle-DOF system, (b) phase angle
corresponding to (a).

4.1.2 Complex Response Functions

In Fig. 4.2, it was seen that the functions of time on the left are given by the
projections, on the vertical axis, of the rotating vectors on the right. We know that at
any frequency, w, the displacement vector, z, has a fixed complex relationship,
(a +1b), say, to the force vector, F, i.e.,

z=(a+ib)F (4.13)
Thus if we define the force vector by:
F = Fel! (4.14)
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then the displacement vector, z, is defined by:
z = ze“ = (a +ib)Fe", (4.15)
and the velocity and acceleration vectors are defined by:
2=z = iw(a + ib)Fe' (4.16)
and
5= ze = —w*(a + ib)Fe! (4.17)

These quantities are shown in Fig. 4.4.
Substituting Eqs (4.14)—(4.17) into the equation of motion, Eq. (4.2), Z + 2yw,z +
w2z = F/m, and dividing through by Fe“'gives
1
(a+ib) (—w* +iw - 2wy +w}) = - (4.18)
But from Eq. (4.13), (a + ib) = z/F, so:
1

z
= _ 4.19
F om(w —w?+iw- 2ywy) (4.19)
or
z 1
== - 4.20
F mwli(l—Q%+1-27Q) (4.20)
where

Q=w/w,

Rationalizing Eq. (4.20) by multiplying numerator and denominator by
(1—(22—i-27§2):
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(1-02) —i(2yQ)

Z_ - - (4.21)
Eopup [(1 — 02 +(299) }
Since mw? = k, it is sometimes convenient to write Eq. (4.21) in the form:
1 -Q%) —i(27Q
2= (1= ) ~i2) (4.22)

k|(1 = 97 +(290)°]

The quantity z/F is an example of a frequency response function, FRF, in this case
expressed in complex form. FRFs in general are discussed in more detail in the next
section.

4.1.3 Frequency Response Functions

The response of a single-DOF system to a directly applied force has been expressed
above as a displacement, either in the form of amplitude and phase or as a complex
number. The response can equally well be expressed in other ways, such as velocity or
acceleration. Once we have an expression for one of these, it is easy to derive the others;
for example, if the response is given in the form of complex displacement, versus the
excitation frequency, w, in radians/second, it is simply multiplied by iw to produce

complex velocity or by (iw)2: —w? to produce complex acceleration. In the case of
displacement expressed as amplitude and phase, the same effect is achieved
by multiplying the displacement magnitude by w to produce velocity, and increasing
the phase angle, ¢, by 7/2 radians or 90°. To convert from displacement to acceleration,
the amplitude is multiplied by w” and the phase angle is increased by 7 radians or 180°.

The response in the form of displacement, velocity or acceleration, divided by the
force, is known as a standard frequency response function, irrespective of whether it is
plotted as a complex quantity or as amplitude and phase. The inverse quantities, the
applied force divided by displacement, velocity or acceleration, are known as inverse
FRFs. The six resulting FRFs have names, in some cases several alternate names, as
shown in Table 4.1. Although given here for reference, the use of names for FRFs can
cause confusion; for example, the name impedance could be thought to mean ‘force
per unit displacement’, but actually means ‘force per unit velocity’. It is therefore
recommended that if the names are used, the meaning should also be given, for

example: ... ‘mobility (velocity per unit force)’.

Table 4.1

Names of Frequency Response Functions

Standard FRFs Inverse FRFs

z/F Receptance, Admittance, Dynamic Compliance, F/z Dynamic stiffness
or Dynamic Flexibility.

z/F Mobility F/z Impedance

Z/F Inertance or Accelerance F/z Apparent mass
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Example 4.2

(a) Write expressions for:

(i) the complex receptance, z/F; (ii) the complex mobility, z/F; (iii) the complex
inertance, Z/F, of a single-DOF system with direct force excitation, having the
following parameters:

mass, m = 1 kg;

undamped natural frequency, f, = 10 Hz;

viscous damping coefficient, v = 0.05.

(b) Plot the results for the excitation frequency range f = 0-30 Hz in each case, as
‘Nyquist’ or ‘circle’ plots. These are plots where the real part is plotted versus the
imaginary part on an Argand diagram. Show spot frequencies on the plots in Hz.

(¢) Comment on the results.

Solution

Part (a)(i):
The complex receptance, z/F, is given by Eq. (4.21):

é _ (1 — 92) — 1(2’}/9) (A)
o [(1 - 92)24-(279)2}

where
gl _w

fo wn

f = forcing frequency in Hz. f = 0-30 Hz

fu = undamped natural frequency in Hz = 10 Hz

w = forcing frequency in rad/s

wy, = undamped natural frequency in rad/s= 20n

m = mass = 1 kg

~ = non-dimensional viscous damping coefficient = 0.05.

Part (a)(ii):
The complex mobility, Z/F, is given by multiplying the complex receptance z/F
by iw:

w[(1-0) —i(29)]  20/(299) +i(1 - @)

z
7= 5 > (B)
Eoop [(1 — 02 +(299) ] me? [(1 — ) (299) ]

Part (a)(iii):

The complex inertance, Z/F, is given by multiplying the mobility by iw or the

receptance z/F by (iw)* = —w?:

~P[(1-02) —i(299)]  —Q2[(1 - 92) —i(270)]

m? [(1 - 92)2—1—(279)2} Com {(1 - 92)2+(2m)2} ©

leSTISE
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Part (b):
The three plots are shown as Figs 4.5(a), (b) and (c). The following notes refer to the
units used.
(1)  The unit of the receptance, as given by Eq. (A), is m/N (meters/newton). This has
been changed to mm/N, by multiplying by 1000, in the plot, Fig. 4.5(a).
(i) The unit of mobility, as given by Eq. (B), is m/s/N, and are plotted in this form in
Fig. 4.5(b).
(iii) The unit of inertance, as given by Eq. (C), is m/s*>/N. This has been changed to
the more usual g/N, by dividing by 9.81, in the plot, Fig. 4.5(c)

Part (c):

‘Circle’ or ‘Nyquist’ plots were introduced into vibration analysis by Kennedy and
Pancu [4.1] in 1947, and still provide a simple and fairly accurate method for analysing
vibration test data. Plots from vibration tests can be used to estimate a natural
frequency and damping coefficient of a system, as follows:

-15 - -05 0 0.5 1 15
1.0 -051 2 9.0Hz
£
£
14 (g.’)
10.5 =
9.5Hz
10.4 -15
9.6
10.3
- 9.7
10.2
9.8
10728 9.9
0.0 Hz

0.1

0.08

0.06

0.04

IMAG. (m/s/N)
o

-06 -04 -02 0 0.2 0.4 0.6
(© REAL (g/N)

Fig. 4.5 (a) Plot of receptance z/F, (b) mobility Z/F, (c) inertance Z/F.
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(1) The natural frequency can be identified as the point at which the spacing,
on the plot, for equal increments of the excitation frequency, is widest. So
from any of the three figures shown, the natural frequency can be seen to be
10 Hz.

(2) The method of estimating the damping coefficient of a system from the half-power
points of the amplitude response, mentioned in Example 4.1, can usually be applied,
somewhat more accurately, in the case of Nyquist plots such as Figs 4.5(a)—(c). The
‘half-power’ frequencies f; and f, can now be identified as:

/1 = excitation frequency at a phase angle 45° below the phase of the resonant
frequency, fu;
f>= excitation frequency at a phase angle 45° above the phase of the resonant
frequency, f,.

Then, as before, an estimate of vis v = ((f2 — f1)/2fn). From any of the three plots,
this gives v =((10.5—9.5)/(2 x 10.0)) = 0.05, which was, of course, the value of ~
used in plotting the curves.

Although all three plots, Figs 4.5(a)—(c), look circular, it can be shown that with
viscous damping, as used here, only the mobility plot, Fig. 4.5(b), is a true circle.
With hysteretic damping, as discussed in Chapter 5, only the receptance plot is a
true circle.

Frequency response functions can be plotted in a number of ways, depending
upon the application. The use of the ‘Nyquist’ or ‘circle’ plot has been illustrated in
Example 4.2. This is sometimes the best way to plot FRFs, but it does not give a
good overall view of the response versus frequency. Amplitude and phase plots, of
which Figs 4.3(a) and (b), together, form an example, are better in this respect, and
in vibration tests it is usual to plot these first, using Nyquist plots to define the areas
near resonance more precisely.

When log scales are used for both magnitude and frequency, amplitude plots are
sometimes known as ‘Bode plots’.

A third possible way to plot FRFs is as graphs of the real and imaginary parts
versus excitation frequency.

For a useful discussion of different ways to plot FRFs, Chapter 2 of ‘Modal
Testing’ by Ewins [4.2] is recommended.

4.2 Single-DOF system excited by base motion

In the second standard configuration, shown in Fig. 4.1(b), the excitation is pro-
vided by motion of the base instead of by a force applied to the mass. The schematic
diagram is repeated as Fig. 4.6.

There are now more possible input/output combinations to consider. The input
base motion may be defined, for example, in any of the three ways: as a
displacement, x, a velocity, x, or an acceleration, X. The response can also be
expressed in any of these ways, and there are two different responses to consider:
the absolute motion of the mass, z, Z or Z, or its motion y, y or y relative to
the base.
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[ = e,
!

Fig. 4.6 Schematic diagram for base excitation of a single-DOF system.

L 1

4.2.1 Base Excitation, Relative Response

The equation of motion of a single-DOF system with base excitation was derived in
Section 2.1.2. From Eq. (2.4), we have

my + ¢y + ky = —mx
Expressing this equation in complex vector form, so that, for example, y and x,

which are functions of time, 7, become y and x, to indicate that they are functions of
iw, and also making the usual substitutions, ¢ = 2yw,m and k = mwﬁ, this becomes.

J 4 2ywny + wpy = —% (4.23)

If we require, say, the complex frequency response ratio y/x, we can use the
method given in Section 4.1.2, as follows. The following substitutions are made into
Eq. (4.23):

Y =iwy V= —wy = —uw’x (4.24)

With these substitutions, Eq. (4.23) can be written as:

. Py ) O2[(1 - 02) —i(2yQ)] 4.25
% (szl — W+ iw.2'ywn) [(1 _ Qz)2+(279)2} (4.25)
where
O = w/wn

Equation (4.25) can also be expressed in amplitude and phase form. The amplitude
ratio, |y|/|x], is

pM__ o
M- @m0

(4.26)
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and the phase angle, ¢, by which the relative displacement, y, lags the base displace-
ment, x, is given by:

2702
tan¢:1 i

e (4.27)

Equations (4.26) and (4.27) are shown graphically in Figs 4.7(a) and (b).
The relative motion between the mass and the base, and the input base motion,
can casily be expressed in terms of velocity or acceleration, as well as displacement.

[yV/Ixl
(o)) (o]
e —
—

(b) 180

135

90

|

¢ (deg)

Fig. 4.7 (a) Relative displacement between mass and base per unit base displacement, (b) phase angle
corresponding to (a).
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If, as in Eq. (4.25), complex notation is being used, then the following relationships
apply:

X =iwx, i=—uwx, y=iwy, j= —wly (4.28)

Then it can be seen that

. 2

J_o—wy
= = 4.29
3 (4.29)

l= 1=

— Py

so Eq. (4.25) applies unaltered for the complex ratios X/E and X/X
Other complex ratios that could be required are easily found using Eqs (4.28). Some
examples are

L 30 O e
X iw\x) & W \x) X x) x X

where(y/x) is given by Eq. (4.25) in all cases.
If an amplitude and phase representation, rather than a complex ratio, is required,
Eq. (4.28) can be expressed in the form:

X =wlxl, R =Pl Pl=whl, = (4.31)

where |x]|, |X], |7, etc. are single-peak or modulus amplitudes. Corresponding versions
of Eq. (4.30) can also be formed, i.e,

| | . .
J.’|:.(|y|>7 |)j|:2.<|y|>7 b}l:w.(lﬂ)7 |y|:w2.(|y|> (4.32)
L w NI X @ )T ] x| x |x]

where |y|/|x| is given by Eq. (4.26) in all cases.

Remembering that the phase angle, ¢, given by Eq. (4.27) is defined as the angle by
which the relative displacement, y, lags the base displacement, x, then ¢ is reduced by
/2 or 90° for each multiplication by 7 in the complex plane.

Example 4.3

Most accelerometers consist of a small single-DOF mass—spring—damper system, as
represented by Fig. 4.6. The displacement, y, of the mass relative to the base is
measured, typically by semi-conductor strain gages on the spring, or by the piezo-
electric effect. For the frequency range from zero up to some fraction of the natural
frequency, the output from the gages is nearly proportional to the acceleration applied
at the base.

(a) Find expressions for the frequency response of such an accelerometer:
(i) in complex form;
(i1) in the form of ampltude and phase.

(b) Comment on the results.
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Solution

Part (a)(i):
The complex ratio giving the displacement, y, of the mass relative to the base, per
unit base displacement, x, is given by Eq. (4.25):

2 e Y i
o[ 92) (299)] )
(1= 92 +(270)]

[= =

However, in the case of the accelerometer, we require the complex ratio y / X.
From the second part of Eq. (4.30):

20

so the required complex response is given by substituting Eq. (A) into Eq. (B),
giving:

[=:]1=

y_ —0? [(1 — QZ) — i(2’yQ)] (C)
£ [(1 - Qz)2+(2yQ)2}

or since Q = w/wy :
3

@ (1= 02)’+(290))

This is the complex relationship between the base acceleration and the output of the
accelerometer, which is proportional to the spring displacement.

Part (a)(ii):
Equation (D) can also be expressed in amplitude and phase form. The spring
displacement magnitude |y| per unit of base acceleration magnitude, ||, is

bl_1 : (E)

S e V(1= 2 4(240)°

By considering the complex response y / X given by Eq. (D), y apparently lags X by
180° at 2 = 0, by 270° at 2 = 1, and approaches 360° lag at high values of . This is
essentially due to the way we have defined x and y, which is arbitrary, and we can
reverse the phase of the output, so that y is in phase with X at 2 = 0, lags by 90° at
Q =1, and so on. The phase lag ¢ is then given by:

2782
tan ¢ = ey (F)

which is the same as both Eqgs (4.10) and (4.27).
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Part (b):

It is interesting to note that, ignoring overall constants, the response of an accel-
erometer, expressed as relative base to mass displacement for base acceleration input,
as shown by Eqs (D)—(F), is the same as the displacement response of a single-DOF
system for direct force excitation. The latter was given by Eqs (4.9), (4.10), (4.21) and
(4.22). Therefore Figs 4.3(a) and (b) can also be interpreted as the amplitude and
phase characteristics of an accelerometer, ignoring constant factors.

It can be seen from Fig. 4.3(a) that high damping is required to obtain a ‘flat’
response for frequencies up to about half the natural frequency. However, this also
introduces phase error. With low damping, the phase error is small for a wider
frequency band, but the magnitude error becomes large at frequencies approaching
the natural frequency, and accelerometers with low damping, which are the majority,
are used only for frequencies up to about 20% of the natural frequency, limiting the
theoretical error to about 6% compared with the flat portion of the curve.

4.2.2 Base Excitation. Absolute Response

For some applications, the absolute motion of the mass, shown as z in Fig. 4.6, is of
more interest than its motion relative to the base, y, as discussed above. The equation
of motion relating base motion, x, to z was derived in Chapter 2 as Eq. (2.5):

mzZ+cz+kz=cx+kx

Using the complex method, as before, and introducing the usual substitutions,

¢ = 2yw,m and k = mw?, this becomes

[—w2 + iw(2ywn) + wi]; = [iw(2ywn) + wﬂz (4.33)
or

z 1 4+i(27Q)

x (1-0)+i(27Q) (4.34)
where

Q=w/wy

From Eq. (4.34) the amplitude ratio is

|zl 1+ (270)*
X[ \/(1 — )+ (2yQ)? (4.35)

and the corresponding phase lag is
2960

tanp = ——
YT (20)

(4.36)
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Equation (4.35) gives the absolute displacement of the mass per unit displacement
of the base, known as the displacement transmissibility. This is the ratio by which
the motion of a mass supported by springs and dampers is reduced (or increased)
compared with the motion of the base or supports. This should not be confused
with force transmissibility, which is the ratio of the force transmitted to the sup-
ports, assumed fixed, when a sinusoidal force is applied to the mass, as discussed in
Section 4.3. Surprisingly, it will be seen that force transmissibility, although a
completely different concept from displacement transmissibility, is given by the
same expression.

Example 4.4

(a) Plot the vertical displacement transmissiblity,|z|/|x|, of a mass—spring—damper
system, as shown in Fig. 4.6, versus 2, the excitation frequency divided by the
undamped natural frequency, for the following viscous damping ratios: v = 0.05,
0.1, 0.2, 0.5 and 1.0.

(b) Discuss the application of the curves to vibration isolation systems.

Solution

(a) The displacement transmissibility is shown in Fig. 4.8, plotted from Eq. (4.35).

(b) Electronics equipment, and other delicate objects, can be isolated from the vibrat-
ing structure to which they are attached, by interposing some form of spring and
damper between them. Considering sinusoidal motion of the base as the input,
and the absolute response of the mass as the output, it is easily shown that this
configuration magnifies components of vibration for Q < /2, and attenuates
them for Q > v/2. So vibration reduction only occurs for frequencies greater
than v/2 times the natural frequency of the system, and it is important to recognize

~+=0.05

Transmissibility
S
\
\

|
\Xgm
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bt
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Fig. 4.8
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that for input frequencies lower than this, the vibration level will be increased,
possibly by a very large factor if the excitation frequency is close to the natural
frequency.

The effect of damping is to reduce the response close to the resonant frequency, which
is desirable if the excitation frequency is ever in that band. On the other hand, increased
damping actually reduces the vibration attenuation at higher frequencies.

Vibration isolation is a specialized subject, further discussed in Chapter 11.

4.3 Force transmissibility

Figure 4.9 repeats the mass—spring—damper model shown in Fig. 2.1, but this time,
instead of considering only the free body diagram for the mass, we also consider the
forces applied to the base, or support structure, which in this case is assumed fixed.

From Eq. (2.1a), we have

mi+cz+kz=F (4.37)

which was, of course, obtained from the free body diagram. However, Fig. 4.9 also
shows the reaction forces applied to the base. If the sum of these forces is Fr, then,

Fr = kz + ¢z (4.38)

The force transmissibility is defined as the ratio |Fr|/|F|, the magnitude of the total
reaction force divided by the magnitude of the applied force.

Expressing Eqs (4.37) and (4.38) in complex form, and making the usual substitu-
tions, ¢ = 2ywym and k = mw?, they become

F=(—w'm+iw- 2ymw, + mw)z (4.39)
and
Fr = (iw - 2ymw, + mw;)z (4.40)
F F

Free body
m diagram
mZ
|:| kz l lcz
c
k kz cz
7 Forces applied

to base

Fig. 4.9 Single-DOF model for force transmissibilty.
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It is easily shown that
Fr 1+1-29Q

=T 4.41
F (1-0)+i- 290 (441)
where Q = w/wy, and the magnitude ratio is
2
1Fx| _ L) (4.42)
|F] (1 —Q2)°+(27Q)

The right side of Eq. (4.42) is seen to be precisely the same as that of Eq. (4.35), the
expression for displacement transmissibility,|z|/|x|, when a similar system is excited
via the base. However, the base is fixed in the case of Eq. (4.42), so although
displacement transmissibility and force transmissibility are given by the same expres-
sion, the system configurations are not quite the same.

It follows, of course, that Fig. 4.8 is a plot of force transmissibility as well as of
displacement transmissibility.

4.4 Excitation by a rotating unbalance

A case of considerable practical interest is when the exciting force applied to the
mass is an inertia force due to an unbalanced rotating mass, 77, at a radius, r, from
a shaft fixed with respect to the main mass. The analysis is simplified if the main
mass, m, is considered to include the rotating mass, 7. The non-rotating mass is
therefore (m — 7). The configuration of the system is shown in Fig. 4.1(c), repeated
here as Fig. 4.10.

The notation is given by the figure. The unbalanced mass 77z at radius r rotates at
angular velocity w rad/s, and its vertical displacement relative to the main mass at any
instant is z. The main mass is assumed to have only vertical motion, and lateral forces are
ignored.

z
o m

;7 S

/ r _
Iw wt z
| ( .

\ /

\ /

o7 [~ (m-m)

Fig. 4.10 Model for excitation by rotating unbalance.
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4.4.1 Displacement Response

The equation of motion is easily found by considering the equilibrium of the main
mass:

(m—myzi4+miE+2)+kz+cz=0 (4.43)

Equation (4.43) can also be written as:

mi + ¢z + kz = —miz (4.44)
But,

— 77 = 7iirw’ sin wt (4.45)
and so

2

mz + ¢z + kz =mrw” sin wt (4.46)

It should be noted that in Eq. (4.44), the quantity — 7z (or mrw” sin wt) is not the
inertia force applied to the system by the mass m, which is (% + Z), and that Z is a
relative, not an absolute, acceleration.

If P is substituted for i rw?, it is seen that Eq. (4.46) is the same as an equation
already considered, i.c.,

mzZ + ¢z + kz = Psinwt (4.47)
The magnitude of the response, |z|, was given by Eq. (4.9) as:
L !
©Ju-ap@ny

|2l =

so it follows that, with P replaced by 7irw?’:

1 — )’ +(270)°

S 2
E= ’"2“’ : : (4.48)
V(1= 2 4(240)°
Since k = mw?, Eq. (4.48) can be rearranged in the non-dimensional form:
m 02
<%> |z = \/ (4.49)
(

The right side of Eq. (4.49) will be recognized as being the same as that of Eq. (4.26),
which gives the relative displacement, |y|, between mass and base, per unit base dis-
placement |x|, for the system shown in Fig. 4.6. Thus, Fig. 4.7(a) will also serve as a
plot of (m/mr)|z| versus €.

It must be remembered, when using Eq. (4.49), that m includes the out of balance
mass 71.
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4.4.2 Force Transmitted to Supports

The magnitude of the force transmitted to the ground or support structure, |Fr|, can
be found from the force transmissibility equation, Eq. (4.42):

|Fr| _ 1+ (279Q)°
|F| (1 — Q) +(27Q)?
where|F] is given by:

|F| = mirw? (4.50)

Example 4.5

The washing machine shown in Fig. 4.11 consists of a rotating drum, containing the
washing, inside a non-rotating cylindrical ‘tub’. The whole assembly, complete with
ballast masses (to increase the mass), and wet washing, has a mass of 40 kg. It is
supported within the casing on an arrangement of springs and dampers, so that its
undamped natural frequency, for vertical motion, is 5 Hz, and the linear viscous
damping coefficient is 0.2. The design spin speed is 1200 rpm. It is estimated that
the maximum likely unbalance due to the wet washing is 0.2 kg m.

At the design spin speed of 1200 rpm, find the following:

(a) the vertical tub vibration displacement relative to the casing, which is assumed fixed;

(b) the total vertical force transmitted to the casing;

(c) the vertical force that would have been transmitted to the casing if the tub and
drum assembly had been rigidly attached to it.

Forces other than vertical forces may be ignored.

Solution

Part (a):
The design spin speed of 1200 rpm corresponds to a forcing frequency, f, of 20 Hz.
The undamped natural frequency, f4, is 5 Hz, so at this speed, 2 = f/f, = 4.

Ballast
" mass

.- Casing
I Outer tub

.- Washing
Rotating drum

Spring/damper units

Ballast mass

Fig. 4.11 Washing machine discussed in Example 4.5.
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The single-peak displacement amplitude of the tub, |z|, is given by Eq. (4.49):
QZ
1 — 022 4+(240)°

(%)'Z‘ - \/(

or
_ (7 %
o <m> V-2 (20)? Y

Inserting the numerical values:
m = total mass of non-rotating and rotating parts = 40 kg;

mr= 0.2 kg m;
v=0.2;
Q= 4.

Then from Eq. (A),
|z|= 0.00530 m = 5.30 mm

Part (b):

The peak force transmitted to the casing, |Fr|, is given by Eq. (4.42):
|Fr| _ 1+ (27Q)* ®)
|F| (1 —22)°+(2y0)*

where from Eq. (4.50),
|F| = mrd? (®)
From Egs (B) and (C),

2
|Fr| = ey |— 2D
(1 - 2 +(27Q)

Using the numerical values above, with w? = 272 = (407)?,

|Fr| = 395N

Part (c):

With the tub and drum rigidly fixed to the casing in a vertical sense, the peak out of
balance force transmitted to the casing would be 7irw? = 0.2 x (40m)> = 3158 N.

So the effect of the suspension system is to reduce the force transmitted to the casing
by a factor of nearly 8.
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Damping was introduced in Chapter 1 as one of the ‘building blocks’ making up the
systems we deal with in structural dynamics, and some of the ways in which it can be
generated were discussed. The effects of linear, viscous, damping, on the response of a
single-DOF system, were discussed in Chapters 2, 3 and 4. In this chapter, we also
look at another form of linear damping, hysteretic damping, and compare it with
viscous damping. We then discuss how damping is related to energy loss; the different
ways in which damping is quantified; two common forms of non-linear damping; and
methods of approximating them with linear models. Damping in multi-DOF systems
is discussed, with those systems, in Chapter 6.

5.1 Viscous and hysteretic damping models

These are the two linear damping models, and so far we have only discussed the
viscous model. Hysteretic damping is sometimes called structural or solid damping, so
unfortunately, the phrase ‘structural damping’ can mean either the damping (of any kind)
in a structure or hysteretic damping. Therefore, only the latter term will be used here.

Comparing viscous and hysteretic damping is only possible by comparing frequency
responses, since systems with hysteretic damping do not have an analytic transient
response.

We first rearrange the equation of motion of a single-DOF system with viscous
damping, into a slightly unusual form more casily compared with that for a system
with hysteretic damping, as follows.

The familiar system shown in Fig. 5.1 has the equation of motion:

mi+ci+kz=F (5.1)

99
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Ground

. Viscous
Spring k damper ¢

z

Mass m 4?
T

F

Fig. 5.1 Spring, mass and damper system represented by Eq. (5.1).

From Chapter 2, the non-dimensional, viscous, damping coefficient, v, of this
system is defined as:

T== (5:2)

Cc
where ¢ is the critical value of damping, given by:
Cc = 2muwy (5.3)

and wy, is the undamped natural frequency, in rad/s, where

k
== 5.4
wn =1/ (54)
Using Eqs (5.2)—(5.4), the dimensional damping coefficient, ¢, can be replaced in

Eq. (5.1) by 2v(k/wn), giving:

2k
m2+(7)z'+kz=F (5.5)
Wn
Equation 5.5 can also be expressed in complex frequency response form.
. [ 2k
{mwz + iw <7> + k]z =F (5.6)
Whn

where w is the excitation frequency in rad/s. The displacement, z and the force, F, both
functions of ¢, have been replaced by z and F, respectively, rotating vectors in the
complex plane.

Finally, making the substitution €2 = w/ “n, Eq. (5.6) can be written as:

[—mw? +i12yQ) k +klz = F (5.7)

In the case of hysteretic damping, the damping force is proportional to the dis-
placement, z, but in phase with the velocity z. Thus a single-DOF equation with
hysteretic damping can be formed simply by making the stiffness complex:

mz+k(l +ig)z=F (5.8)

where g is the hysteretic damping coefficient.
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Equation (5.8), however, is very questionable mathematically. Since z is a real
function of time and g and k are real, the damping force igkz is an imaginary function
of time, which makes no sense physically. Therefore it is only permissible to write it in
that form if it will later be converted to frequency form.

If Eq. (5.8) is written in complex vector form, i.e.,

[—mw? +igk +klz =F (5.9)

the result, Eq. (5.9), can be compared directly with Eq. (5.7), and we see that they are the
same, except that in the case of hysteretic damping, g replaces 2v£2. If the excitation
frequency, w, is equal to the undamped natural frequency, wy,, then 2 = 1, and

g§=2v (5.10)

At higher excitation frequencies the viscous damping becomes larger than the value
given by Eq. (5.10), and at lower frequencies it becomes smaller. This would be
expected to make a considerable difference to the response at values of {2 not near
to 1, but the following example shows how little the frequency response of a single-
DOF system with viscous damping differs from that of a system with hysteretic
damping, provided Eq. (5.10) is applied.

Example 5.1

For sinusoidal forcing, at a range of frequencies from zero to 5 times the resonant
frequency, plot the non-dimensional magnitude of the displacement response of the
single-DOF system shown in Fig. 5.1, with:

(a) Viscous damping, with v=0.02, and ‘equivalent’ hysteretic damping with
g=0.04, typical of a metal or composite structure.

(b) Viscous damping, with 7=0.20, and ‘equivalent’ hysteretic damping with
g=0.40, typical of a vibration isolation system using elastomeric supports.

Solution

We require expressions giving the magnitudes of the non-dimensional frequency
responses of the two systems; that for viscous damping was derived in Chapter 4
(Section 4.1.1), as Eq. (4.12):

E 1
a0 -2y

where z, is the displacement of the system when a static force equal in magnitude to F
is applied.

An expression for the same system, but with hysteretic damping, can be obtained
from Eq. (5.9):

(A)

[—mw? +igk + klz = F (B)
Using Eq. (5.4), and making the substitution 2 = (w/wy), as before:

mw? = mwiQ? = kQ?
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Fig. 5.2 Comparison of the frequency response of a single-DOF system with: (1) a viscous damping
coefficient of 0.02 and (2) a hysteretic damping coefficient of 0.04.

and

1
A0 +ig ©

The modulus or magnitude ratio is

z
E

b1 (D)
\F|_ 2)2 2
k\/(1—02) +¢g

Again introducing the static displacement, zs, when a static load equal in magnitude
to |F| is applied to the system, then z; = |F|/k and Eq. (D) becomes
2] 1
—_——— (E)
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Fig. 5.3 Comparison of the frequency response of a single-DOF system with: (1) a viscous damping
coefficient of 0.20 and (2), a hysteretic damping coefficient of 0.40.
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Figure 5.2 is a plot of the non-dimensional magnification |z| /zs versus 2 for viscous
damping, using Eq. (A), with v=0.02, and hysteretic damping, using Eq. (E), with
g=0.04. The curves are, in fact, so similar over the whole frequency range that they
cannot be distinguished at the scale used.

Figure 5.3 is a similar comparison with the viscous damping set at v=0.2 and the
hysteretic damping at g =0.4. In this case it is possible to distinguish the two curves,
but they are very similar.

Example 5.1 illustrates the fact that, for most purposes, it makes very little differ-
ence which of the two linear damping models is used, in spite of the apparently large
difference in damping force at frequencies well above, and well below, resonance. This
is, of course, because, in most cases, nearly all the response is confined to a narrow
band of frequencies close to the natural frequency, where the damping force has been
matched. Also, in any case, well below the natural frequency, the response is largely
controlled by stiffness, and well above the natural frequency, by mass. In practice,
therefore, the choice of damping model is usually made on the basis of convenience.
So, if we require a time solution, only viscous damping will work. On the other hand,
provided only solutions in the frequency domain are required, hysteretic damping is
sometimes more convenient.

If the hysteretic damping model produces frequency responses practically indis-
tinguishable from the viscous model, and it cannot be used for solutions in time, we
may wonder why it was introduced in the first place. The first reason appears to be
mainly historical, and is related to the solution of aircraft flutter equations. In the
early days of flutter analysis, it was realized that this strictly requires a complex
eigenvalue solution, which was, at that time, virtually impossible. However, by
introducing fictitious hysteretic damping into the equations, in such a sense, positive
or negative, that it just allowed a steady-state flutter condition, a much easier real
eigenvalue solution could be used. The second reason is that it provides a very
simple way to add damping to a multi-DOF system. This topic is discussed further
in Section 6.4.

5.2 Damping as an energy loss

Damping is an energy loss, and relating it to a hysteresis diagram gives some insight
into the mechanism of damping, and helps to introduce some fundamental measures
of damping such as specific damping capacity.

5.2.1 Energy Loss per Cycle — Viscous Model

In the system shown in Fig. 5.4, consisting of a spring and viscous damper in
parallel, with no mass, let the displacement x be prescribed as:

x = Xsinwt (5.11)
then the velocity
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Fig. 5.4 Model for energy loss.

X = Xwcoswt (5.12)

The force input F required to produce this displacement must also be sinusoidal,
and given by:

F=kx+ cx =kXsinwt + cXwcoswt (5.13)

The power dissipated at any instant is Fx, and the energy lost over one complete
cycle, eq, is equal to the integral of FX over that period of time, 27/ seconds in this
case. Therefore

27 /w
eq = / [(kX sinwt 4+ ¢Xw coswt)(Xw cos wr)]dt (5.14)
0
which simplifies to
21 /w

eq = chwz/ cos® wt - dt = meX*w (5.15)

0
If the damper is part of a complete spring—mass—damper system, with stiffness, £k,

and mass, m, then, using Eqs (5.2)—(5.4), the dimensional damping ¢ can be written in
terms of the non-dimensional damping coefficient, -y, as follows:

2vk
¢ =2ymuw, = i (5.16)
Wn
so the energy loss per cycle, eq, can also be expressed as:
eq = 2k X*~Q (5.17)

where Q = (w/wy), the excitation frequency divided by the undamped natural frequency.

5.2.2 Energy Loss per Cycle — Hysteretic Model

By definition, the hysteretic damping force is proportional to the displacement, x,
but in phase with the velocity, x. The displacement is again assumed to be prescribed
by Eq. (5.11), and Eq. (5.12) again gives the velocity. However, the force F becomes

F = kXsinwt + kXg cos wt (5.18)
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The energy loss per cycle, eg, is, as always, fo " py dt, which in this case is

27 /w
eq = / [kX(sin wt + gcoswt)(wX coswr)|dt (5.19)
0

which reduces to
eq = TkXg (5.20)

This is the same as Eq. (5.17) except that g has replaced 2~£2.
The maximum energy stored in the spring, es, will be required later, and is

e = %sz (5.21)

5.2.3 Graphical Representation of Energy Loss

The expressions derived above for the energy loss due to damping can also be
obtained graphically. For the viscous damping model, if the force, F, from Eq. (5.13),
is plotted against the displacement, x, from Eq. (5.11), as in Fig. 5.5, the elliptical area
traced out on the graph represents the energy dissipated in one complete cycle. The
area of the ellipse, equal to the energy dissipated per cycle, is seen to be mcX?w,
agreeing with Eq. (5.15).

In the case of hysteretic damping, Fig. 5.6, the force, F, and the displacement, x, are
given by Eqgs (5.18) and (5.11), respectively. The area of the ellipse, representing
the energy dissipated per cycle, is in this case seen to be e¢q = TkgX?, agreeing with
Eq. (5.20).

F
Spring alone
cXw or
Damper 2kXQ
alone kX
X
X
Spl;ing
and
damper

Fig. 5.5 Spring and viscous damper in parallel.
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Fig. 5.6 Spring and hysteretic damper in parallel.

5.2.4 Specific Damping Capacity

Young’s modulus, E, and the corresponding shear modulus, G, both defined as
(stress/strain), provide the information required about a material to derive its stiffness
properties, but tell us nothing about its ability to dissipate energy. Most structures
dissipate very little energy, but some materials, including elastomers, essentially
natural and synthetic rubbers, can be formulated to have quite high internal damping,
as well as stiffness. This makes them very suitable for the manufacture of low cost
vibration isolators, engine mountings, etc., that combine stiffness and damping in one
molding. In order to model such materials, Young’s modulus, £ (or G) can be used to
describe the stiffness at a fundamental level, but we also need a simple measure of
internal damping. The specific damping capacity, usually given the symbol W, is just
what is required. This is defined as the ratio:

g=% (5.22)
€s
where ¢4 is the energy dissipated in one complete cycle of an oscillation, assumed to be
simple harmonic, and e is the maximum energy stored during the same cycle. In the
following derivation of W, tension—compression loading is assumed, but shear loading
could be assumed equally well.

A simple block of material with length L and cross-section area A4 is assumed to
behave like a linear spring and a hysteretic damper in parallel, as in Fig. 5.6. Let the
displacement, x, be prescribed, as before, by Eq. (5.11), i.e., x = X'sinwt, then the
applied force is, as before, from Eq. (5.18):

F = kxsinwt + kXgcoswt
However, since the cross-sectional area is 4
F=o04 (5.23)
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where o is the stress, and

x=¢cL (5.24)
and also
X=enlL (5.25)

where L is the original length of the block, € the strain and ¢, its magnitude or ‘peak
value’. Then,

k=F/x=0A/eL=EA/L (5.26)

where E is Young’s Modulus (stress/strain) or o/e.
Substituting Eqs (5.24) and (5.25) into Eq. (5.11) gives the strain:

€ = emsinwt (5.27)
and substituting Eqs (5.23), (5.25) and (5.26) into Eq. (5.18) gives the stress:
0= Eep(sinwt + g coswt) (5.28)

We can now plot stress against strain, as shown in Fig. 5.7. The energy dissipated
per cycle is the area of the ellipse, eq=n E e,,°g, and the max energy stored is
es= YoEen>.

From Eq. (5.22) the specific damping capacity (SDC), ¥, is

U =eq/es = (7TE€m2g)/(1/2E€m2) =2ng (5.29)

The loss coefficient, sometimes given the symbol, 7, is the SDC expressed per radian
rather than per cycle, that is, divided by 2m, so n=g, the hysteretic damping
coefficient!

Finally, it can be seen that although E and G are real quantities, hysteretic damping
can be introduced into a system at the same time as the stiffness by regarding them as
complex, i.e.,

E=E( +ig) (5.30)

Stress

Strain
13

€m

Fig. 5.7 Energy diagram expressed as stress versus strain.
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and
G=G(1+1ig) (5.31)

where E and G replace E and G, respectively. It must, of course, be remembered that
this is only valid in the frequency domain.

5.3 Tests on damping materials

The energy diagrams discussed in the foregoing sections suggest a simple way of
assessing the stiffness and energy dissipation properties of materials. If the test is
arranged so that stress is plotted against strain, or what amounts to the same thing,
except for scaling factors, load is plotted against displacement, the resulting figure
gives some insight into the nature of the stiffness and damping properties of the
material. First, assuming sinusoidal forcing, an elliptical plot indicates linearity at
that particular frequency and excitation level. Secondly, hysteretic damping is indi-
cated by the ellipse remaining of constant aspect ratio as the frequency is changed. On
the other hand, a tendency for the ellipse to become proportionally fatter with
increasing frequency points to viscous damping.

Tests of this nature are commonly used to measure the two essential properties,
Young’s modulus, £ and specific damping capacity, ¥ (or one of its equivalents).
Young’s modulus, E, is, of course, given by the slope of a mean line through the
hysteresis diagram, and ¥ can be found from the areas representing energy lost and
energy stored.

5.4 Quantifying linear damping

We have already discussed several ways of quantifying damping:
(a) The dimensional viscous damping coefficient, c;
(b) The non-dimensional viscous damping coefficient, ;
(c) The hysteretic damping coefficient, g;
(d) The specific damping capacity (SDC), ¥;
(e) The loss coefficient, 7.
A few methods not listed above are now introduced.

5.4.1 Quality Factor, Q

A term borrowed from the electronics field is the ‘quality factor’, Q. This is the
magnification, at resonance, of a circuit containing an inductor and a capacitor, and
the name comes from the fact that it is a measure of the ‘quality’ of the inductor,
which is reduced by its internal resistance. It is analogous to the magnification of a
spring-mass—damper system at resonance, which is 1/2~ for viscous damping or 1/g
for hysteretic damping. These are therefore equivalents, so roughly

0=1/2v=1/g (5.32)
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Another definition of Q is that it is equal to the center frequency of a resonant
response divided by the ‘half-power bandwidth’, which is the width of the frequency

band over which the magnification is more than 1/1/2 (about 0.707) of the response at
the resonant frequency.

5.4.2 Logarithmic Decrement

The decay rate of a single-DOF spring—mass—damper system can, of course, be used
to estimate the damping, and the ‘logarithmic decrement’, ¢, has sometimes been used
to quantify the system damping also, as an alternative to v or g.

The log dec. is defined as the natural log (base ¢) of the ratio of the heights of two
successive peaks, for example the ratio (X;/X>) in Fig. 5.8.

Any freely decaying single-DOF response (see Chapter 2) can be represented by:

x =e ™ (4 coswqt + Bsinwgt) (5.33)

where wy, is the undamped natural frequency and wy is the damped natural frequency,
related to wy, by:

wg = wpy/ 1 — 2 (5.34)

A and B are constants depending on initial conditions.
In the decaying oscillation shown in Fig. 5.8, if the height of the first peak, X7, is

X| = Ce et (5.35)

where C is a constant depending on 4 and B, then the height of the second peak, X>
which occurs 2n/wqy seconds later, is

X, = Celen(n+2n/wa)] (5.36)
From Eqs (5.34), (5.35) and (5.36), the ratio (X;/X>) is given by:

X e(f_—> (5.37)
2

Amplitude
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The log dec., 4, is defined as:

27y

X
6=log.— =——= 5.38
or for practical purposes, if «y is small,
6 =logdec. = 2wy (5.39)

Example 5.2

Find the approximate value of the non-dimensional viscous damping coefficient, =y ,
for the decay record shown in Fig. 5.8, given that X; = 0.7304 and X, = 0.5335.

From Eq. (5.38), 6 = log. (0.7304/0.5335) = 0.314

Then from Eq. (5.39), v = 0.314/2x = 0.05.

5.4.3 Number of Cycles to Half Amplitude

The number of cycles of a decaying oscillation required for the amplitude to fall to a
half, or some other fraction, of a given peak height is sometimes used to estimate, or as
a measure of, damping. If we generalize Eq. 5.36 to give the height of the nth peak,
X1+, n complete cycles after X7, i.e.:

N (il
Xiin = Ce[ ! ( “ )} a0
Then from Eqs 5.34, 5.35 and 5.40:
X n (—27rn “’—") _omy
1+ =e Yoy =e V12 (541)
X

or approximately for small -~ :

X1+n
Xi

= exp(—2mny)
or

X
log, )1;1 = (=2mny) (5.42)

where X14,/X, is 2, or whatever other fraction of the initial amplitude is required
after n complete cycles.

Example 5.3

Find the approximate number of cycles to half amplitude corresponding to
~=0.01, 0.02 and 0.05.



Solution

From Eq. (5.42), for small ~,

fog. (13 = (~2mm)

X

where in this case

() -
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Now log. 2 =-0.6931, so the number of cycles to half amplitude, 74, is

nyy = (—log, 12/2my) = (0.6931/27y) = 0.110/v

Table 5.1 gives the value of 1., corresponding to each value of ~.

Table 5.1

v

Number of cycles to half amplitude, 1,

0.01
0.02
0.05

11.0
5.5
2.2

5.4.4 Summary Table for Linear Damping

Table 5.2 below lists eight ways of expressing linear damping, summarizing the
methods covered in this section. All are non-dimensional except c.

Table 5.2

Different Ways of Expressing Linear Damping.

Name

Usual symbol

Validity and equivalents

Viscous damping: dimensional

Viscous damping: non-dimensional
coefficient

Hysteretic damping: coefficient

Quality factor

Log decrement

Cycles to half amplitude

Specific damping capacity
Loss coefficient

C

S »IQ o«

SN

Valid for any system, including a discrete damper.
Dimensions are force (or moment) per unit linear
(or angular) velocity.

Valid only in a system containing mass, m, stiffness,
k, and damping, c.

v = ¢/c. where ¢ = 2mw, = 2vkm

The system must also contain stiffness.

g =2vy(w/wn). g = 27y for most purposes.
0=1/2y0rl/g

6 =2my

ny = (—log.}/(2my)) and similarly for other
fractions.

The system must also contain stiffness. ¥ = 27g

The system must also contain stiffness. n = U27 =g
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The ‘validity’ in the last column is a reminder that non-dimensional ways of
expressing viscous damping only make sense in the context of a system that also
contains mass and stiffness. Non-dimensional ways of expressing hysteretic damping
require stiffness but not necessarily mass.

5.5 Heat dissipated by damping

The heat generated by damping should not be forgotten. This point is illustrated by
the following example.

Example 5.4

A vibration isolation system, consisting of a rigid equipment tray supported on four
vibration isolators, is being tested. The isolators are manufactured from an elastomer
having a specific damping capacity, ¥, equal to 2.5 at all frequencies. The tray, with
payload, has a mass, m, of 20 kg, and its natural frequency, f,, is 20 Hz. A proposed
accelerated endurance test on the complete assembly requires it to be placed on a large
shaker, and excited at its resonant frequency, so that the elastomeric mounts develop a
relative displacement amplitude of +5mm. Calculate the total heat dissipation of the
four mounts.

Solution

The combined stiffness of the four isolators, assumed constant, is given by k=m
wy? =m (2nf,)?, where m = 20kg and f,, =20 Hz. Then k =20(2n x 20)* = 315800 N/m.

The hysteretic damping coefficient, g, from Table 5.2 is (¥/2r) =(2.5/21) = 0.40
approximately. From Eq. (5.20), the energy dissipated per cycle (in J) is given by

eq = kgX?
where in this case X' =5mm or 0.005m, so
eq = (m x 315800 x 0.4 x 0.005%) = 9.92J percycle or (9.92 x 20) = 198J/sor W
The power dissipation of each of the four isolators is therefore about 50 W, and

since they would be quite small, probably about 50 mm in diameter, and 25 mm in
depth, high temperatures, and possible failure, are to be expected.

5.6 Non-linear damping

While the damping inherent in structures is often slightly non-linear, linear models
usually work quite well, provided that the damping constants, which usually have to
be measured, or estimated from similar structures, are well chosen: for example, they
should allow for the possibility that the damping may change with amplitude, time or
temperature. Some discrete dampers, such as friction or hydraulic units, however, are
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inherently non-linear. Two examples, dealt with here, are Coulomb damping, asso-
ciated with sliding friction, where a friction force opposes the motion, and square-law
damping, which is obtained naturally when fluid is forced through a simple orifice.

5.6.1 Coulomb Damping

This is produced when the movement of the system generates a friction force
opposing the motion. The magnitude of this force is the product of the normal force
acting between the rubbing surfaces and the coefficient of friction of the material. In
the simple analysis below it is assumed constant. Such devices were used on early road
vehicles, and are still sometimes used, in conjunction with metal springs, in vibration
isolation systems, especially on washing machines. They suffer from the disadvantage
that the system is locked, and ineffective as an isolator, below some level of applied
force determined by the static friction. Another problem is that the friction force
actually produced is somewhat variable in practice.

5.6.2 Square Law Damping

This is usually produced, in practice, by forcing hydraulic fluid through a small
orifice by some form of piston. The resulting turbulent flow means that the pressure
acting on the piston increases as the square of the velocity. If the flow could be made
laminar, linear damping would result, but this is rarely done, for practical reasons. In
practice, therefore, a hydraulic damper usually produces a force proportional to the
square of the piston velocity. Such a device can only work effectively when the fluid is
in compression, since a fluid will ‘cavitate’ below some value of absolute pressure, so
in order to obtain damping in both directions, either the device must be double-acting
or two units, acting in opposite senses, must be used. The force, F, produced by a
damper when the fluid is being compressed is of the form:

F=Cx? (5.43)

where C is the square-law damping coefficient, analogous to, but not to be confused
with, the linear viscous coefficient ¢ introduced above, and x is the velocity in the
direction causing fluid compression. In the case of a single-acting unit, the damping
produced in the opposite direction will be close to zero. If a double-acting unit is used,
the damping produced on the return stroke will also be as given by Eq. (5.43), but the
value of the constant C will not necessarily be the same in the two directions.
However, if the unit is designed so that C has the same value in both directions, the
force F will be given by:

F = Cx*sgn(x) (5.44)

where sgn(x) is taken to mean ‘the sign of X’. In computer applications, Eq. (5.44) can
conveniently be written as:

F = Cx|x| (5.45)
which has the same effect as Eq. (5.44).
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Square-law devices such as this are used in shock-absorbing applications, but can
also be used to control vibration. It should be mentioned that an ‘automotive damper’
as fitted in road vehicle suspensions, although operating on the same principle, usually
has a special valve which changes the orifice area with flow rate, so that the device
approximates to a linear viscous damper, not a square-law damper, as might be
expected.

The shock-absorber struts used in aircraft landing gear are usually of the square-law
type, since this provides efficient energy absorption during impact with the ground.
To minimize bounce, the value of C is usually made higher for rebound than for the
initial compression. However, an aircraft landing gear has a secondary role as a
vehicle suspension unit during taxy. Here the square-law characteristic is less desir-
able, and the value of C may be made dependent on strut closure, closure velocity, etc.
to improve the performance during this phase of operation.

Also in the aerospace field, a hydraulically operated power control unit may be
used, part of the time, as a hydraulic damper. This requires only minor modifications
to the device, such as switching in a bypass orifice. The damper so formed will then
usually be of the square-law type, and can be dealt with as such. Examples of this
practice are (1) the use of a nose gear steering actuator as a part-time shimmy damper,
and (2) the use of aileron, elevator or rudder power units as flutter dampers in certain
failure cases.

5.7 Equivalent linear dampers

It will be seen from the above discussion that, although, it is unusual for an engineer
in industry to have to deal with a truly non-linear structure, non-linear damping,
particularly the square-law type, does crop up from time to time. When only a few
degrees of freedom are involved, time-stepping methods will probably be used to
investigate these non-linear systems, since few analytical methods exist. However,
this may not always be practical for, say, a multi-mode aircraft flutter investigation.
When only the damping is non-linear, there is an approximate method of solution that
can give good results in many cases. This uses the concept of an equivalent linear
damper, a hypothetical damper, usually assumed viscous, giving the same energy
dissipation per cycle as the actual non-linear damper. Using this concept, ordinary
linear methods can still give useful results. Another application for the method is when
a time-stepping method of solution is proposed, but we perhaps do not know what
non-linear damping coefficient to use. The equivalent linear damper method can then
be used to find a good approximation to the best value before running the time-
stepping solution.

Expressions giving the equivalent viscous damping for systems with Coulomb and
square-law dampers are derived below. These assume that the displacement time
history, x, say, and therefore the velocity and acceleration time histories, x and X,
remain truly sinusoidal throughout. This is not strictly true, but the method can give
surprisingly good results.
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5.7.1 Viscous Equivalent for Coulomb Damping

The equivalent viscous damper can be determined, for sinusoidal motion, as fol-
lows. In Fig. 5.9, let the displacement, x, be prescribed as:

x =—Xcoswt (5.46)
then
X = wX sin wt (5.47)

F is the friction force, and is assumed constant, but can act in either direction,
depending on the sign of the velocity, x. In the half-cycle r=0 to t=mn/w, when X is
upwards, F'is as shown in Fig. 5.9, and

F=kx+F (5.48)
but in the half-cycle r=m/w to t = 2m/w, the velocity is reversed, and
F=kx—-F (5.49)
2/

The energy, eq4, dissipated per complete cycle is fo Fx - dt, equal, in this case, to
2 fg/w Fx - dt. Substituting for F and x:

m/w
eq = 2/ (—kXcoswt + F)(wXsinwt) - dt = 4FX (5.50)
0
From Eq. (5.15) the energy dissipation per cycle, eq4, for a spring and viscous damper,

is meX?w, so for the system with Coulomb damping to have the same dissipation per
cycle as the system with viscous damping:

eq = mee Xow = 4FX (5.51)
SO
4F
== 5.52
Ce TwX ( )

where c¢. is the required equivalent viscous damper.

Ground
) Friction
Spring k damper
kx £ f
X

Fig. 5.9
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It can be seen that in the usual case, when F and w remain constant, the equivalent

viscous damping, c., falls inversely with increasing amplitude, X. This is usually an
undesirable characteristic; the damping effectively reduces just when it is most needed.

5.7.2 Viscous Equivalent for Square Law Damping

In Fig. 5.10, the square law damper is assumed double-acting, so that the damping
force, Fp, is given by Eq. (5.44): Fp = Cx’sgn(x)

To derive an expression for a viscous damper, ¢., ‘equivalent’ to a square-law
damper, we assume, say, that

x =—Xcoswt (5.53)
then
X = wXsinwt (5.54)

For the half-cycle =0 to t=m/w,
F=kx+Cx

and for t=m/w to t = 2w/w
F=kx — Cx?

So the energy dissipated per complete cycle is

m/w
eq = 2/ (—kX cos wt 4+ Cw?X? sin® wr)(wX sin wr) - dr
0

m/w 8
eq =2 / Cw*Xsin®wr - dr = ng2X3 (5.55)
0

Ground

Square-
- law

Spring k damper

kx

Fig. 5.10
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From Eq. (5.15), the energy dissipation per cycle, eq, for a linear spring and viscous
damper, is mcX? w, so for the system with square-law damping to have the same
dissipation per cycle as the system with viscous damping:

8
eq = ﬂ'Cesz = §Cw2X3

and so

SCwX
Ce = 37

where ¢, is the equivalent viscous damper defined above.

(5.56)

5.7.3 Limit Cycle Oscillations with Square-Law Damping

It can be seen from Eq. (5.56) that for constant frequency, w, the equivalent viscous
damper, c., tends to increase proportionately with amplitude, which means that when
the amplitude is very small, so is the fraction of critical damping. This characteristic is
important when attempting to use a square-law damper to stabilize a dynamically
unstable system, that is, one that would otherwise flutter or shimmy. Usually, some
particular value of linear viscous damping coefficient is required to stop the oscillation
altogether, and at very small amplitudes the square-law equivalent of this may not be
developed. The system vibration amplitude therefore increases until sufficient damp-
ing to stabilize it is produced, and a steady-state limit cycle oscillation (LCO) at that
amplitude results. This may nevertheless be acceptable if it is both non-destructive,
and occurs only rarely.

An equation like Eq. (5.56) can be used to find the amplitude at which the LCO will
stabilize. The equivalent viscous damper, c., is set to the amount of damping, known
from a calculation, or test, to be necessary just to stop the instability, and w is the
frequency of the instability in rad/s. Then X is the LCO displacement corresponding
to any given value of C.

5.8 Variation of damping and natural frequency in structures with amplitude and time

Variations of the measured values of damping coefficients and natural frequencies
in structures must be considered at the same time, because the two tend to go together.
It is tempting to believe that the natural frequencies and damping coefficients of real
structures have accurately reproducible, constant, values, like the mathematical mod-
els used to represent them. This is actually far from true, and the following variations
are quite normal in metal aerospace structures, for example:

(a) Variation of up to about 1% in measured natural frequency with different forcing
levels;

(b) Variation of up to about 50% in measured damping coefficients with forcing level,
and also with time.

Generally, plotting the variation of natural frequency against the variation of
damping tends to produce a consistent trend; that is, those structures showing the
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largest frequency variation also show the largest damping variation. This is not too
surprising when it is realized that stiffness and damping are two aspects of the same
hysteresis diagram.

These effects are not generally sufficiently important to make us abandon the idea
that structures can safely be treated as linear systems. The typical variation in
measured natural frequency, of up to about 1%, for example, corresponds to a
stiffness variation of about 2%, and most structural dynamics engineers would be
happy to regard such a system as linear. However, there is an areca where relatively
small variations of natural frequency and damping can have effects disproportionate
to their importance. This is in the field of modal testing. Some methods for adjusting
the relative force levels in multi-point excitation, for example, rely on trial phase
measurements. It can be seen from the ‘circle plots’ in Example 4.2 that in the region
of resonance, phase is extremely sensitive to changes of frequency, and a change of
natural frequency is just as effective as a change of excitation frequency. So the typical
1% change of natural frequency mentioned above is worth 45° of phase change in a
typical structure, with, say, v= 0.02. It can also be seen that a typical 50% change in
damping, other things being equal, from say y= 0.02-0.03, can also produce a
considerable phase change.
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Multi-degree-of-freedom (multi-DOF) systems are defined as those requiring two
or more coordinates to describe their motion. This excludes continuous systems,
which theoretically have an infinite number of freedoms. However, with the almost
universal application of the finite element (FE) method, systems that would, in the
past, have been treated as continuous have now become multi-DOF systems, so these,
with single-DOF systems, now cover most practical tasks in structural dynamics.

Multi-DOF systems fall into two groups:

(1) Simple lumped-parameter systems, consisting of only a few degrees of freedom,
not generally requiring the use of the finite element method to set them up.

(2) Structures, which are now almost always set up by using the finite element
method. The displacement coordinates will be those produced by the FE package,
and will be Cartesian (x, y, z) linear displacements at ‘nodes’ or ‘grid points’,
usually with rotations about them, known as global coordinates.

In this chapter, the basic principles are first introduced by discussing very simple
systems, which fall into the first group above. While Lagrange’s equations are regarded
as the basic method for setting up the equations of motion, other methods are also
discussed. Matrix methods, essential for dealing with larger systems, are then intro-
duced, leading on to transformation into modal coordinates, discussing assumed and
normal modes, with an introduction to eigenvalues and eigenvectors, and their proper-
ties. After a discussion of damping in multi-DOF systems, the two main methods for
calculating the response of multi-DOF systems, the normal mode summation method,
and the alternative, direct solution of the equations in the time domain, are introduced.

6.1 Setting up the equations of motion for simple, undamped, multi-DOF systems
The undamped 2-DOF system shown in Fig. 6.1(a) will be used to illustrate three
different methods for setting up the equations of motion of simple multi-DOF

systems. These are (1) using Newton’s second law, and D’Alembert’s principle, as for

119
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Fig. 6.1 Undamped 2-DOF system in schematic form.

the single-DOF systems discussed in earlier chapters (2) generating the static stiffness
(or flexibility) matrix and adding the inertia forces; and (3) using Lagrange’s equations.

6.1.1 Equations of Motion from Newton’s Second Law and d’Alembert’s Principle

This method, introduced in Chapter 2 for single-DOF systems, can also be used for
simple 2- or 3-DOF systems.

Figure 6.1(b) shows all the forces acting on the two free bodies, m1; and m,. Taking
forces as positive when upwards, and equating all the forces acting on each mass to
zero, we have

for my:

F1—I’ﬂlf]—klZl"-kz(Zz—Zl):O (618,)
and for my,:

Fz—mzfz—kz(ZZ —Z]) =0 (61b)

Writing Eqs (6.1a) and (6.1b) in matrix form gives
BRI O
This is one of the several possible forms of the equations of motion for this system.

6.1.2 Equations of Motion from the Stiffness Matrix
If we remove the masses from Fig. 6.1(a), we are left with the two springs shown in

Fig. 6.1(c). We can find the stiffness matrix for this simple system using the same
procedure as in Example 1.4. This gives

{2} B [(kl—;jq) _k]ﬂ {2} (6.3)
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Now replacing the masses m; and m», the forces F; and F; in Eq. (6.3) become
(Fy —mzy) and (F, — maZ,), respectively:

Fi—mizy | _ (kl + kz) —ky ]
{ Fz — M222 } - |: —/Q kz ) (6.4)
which can be written as:

S S e

which is the same as Eq. (6.2). Thus, the equations of motion can also be obtained by
regarding the inertia forces as additional external forces acting on the stiffness matrix.
These inertia forces are, of course, negative (downwards in this case) for positive
(upwards) acceleration, by D’Alembert’s principle. It will often be found easier to first
derive the flexibility matrix, and invert it to form the stiffness matrix. It will be seen
later that if the equations are to be used to find eigenvalues and eigenvectors, the
flexibility matrix can be used without inversion.

6.1.3 Equations of Motion from Lagrange’s Equations

The use of Lagrange’s equations is the standard method for setting up the equations
of motion of multi-DOF systems. If the kinetic energy does not depend upon the
displacements of the masses (which is usually true except in rotating systems, when
centrifugal and Coriolis forces play a part), and damping is ignored, then Lagrange’s
equations can be written as:

d (0T\  oU o
a (6q-l> + aql - Qi (l - 172) (6'6)

where T is the total kinetic energy of the system, and U the total potential energy.
The ¢; (¢; and ¢, in this case) are generalized coordinates, and the Q; are generalized
forces.
Certain restrictions apply to the choice of these generalized quantities:
(a) The coordinates must be independent of each other;
(b) The generalized forces, Q;, must do the same work as the actual forces, F; and F>.
These requirements are satisfied if we let ¢y = zy, ¢ = z3, Q1 = Fy and Q) = F>.
Writing down the kinetic energy, 7, and the potential energy, U:

T=1mz +1mz (6.7)
U:%klz% +%k2(22 —21)2: %klz% +%k22§ — koz122 Jr%kzz% (6.8)
Then,

d(oTy_d(ory . d 0T\ _d(oT\ _ .

di\ag,) ~di\az )~ ™A di\ag,) ~di\az ) ~ "

oU  dU oU  9U

= kiz1 — kyzo + ko2 = kozy — kozy

g 071 g2 0z
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Substituting these into Eq. (6.6), together with F; = Oy and F, = O5:
miZy +kizy — kyzo + kozy = F (6.93.)

myzy +kyzy —kozy = F, (6.9b)

or expressed in matrix form:

v ol E) [ 2 1)

which is, of course, the same as both Eqgs (6.2) and (6.5).

6.2 Matrix methods for multi-DOF systems

The analysis of larger multi-DOF systems will be seen to involve several coordinate
transformations. The first of these is usually from basic mass and stiffness elements to
equations of motion in global coordinates. This first stage is often carried out auto-
matically by a finite element program, as discussed in Chapter 8. Secondly, the
coordinates are often transformed from global coordinates to modal coordinates.
These transformations are carried out by matrix methods to be developed in this
and the next section.

6.2.1 Mass and Stiffness Matrices: Global Coordinates

We first consider the transformation of the mass data, from basic elements to the mass
matrix in global coordinates. Displacements of the global coordinates will imply some
related displacements of the individual mass elements. This is often based on the static
displacements within a finite element when a unit displacement is applied at each global
coordinate. Alternatively, the mass elements closest to a given node, or grid point, may be
assumed to move with the global coordinates, in rigid-body fashion. Whatever the exact
relationship, which we do not need to define now, let us assume only that it is linear, and is
given by:

{r} = [Xml{z} (6.11)

where {r} is a vector of displacements of the individual mass particles, and {z}
represents global coordinate displacements.
Equation (6.11) can be differentiated with respect to time, giving

{7} = [Xw]{z} (6.12)

Let the mass particles be m;, m», m3, etc. Since the kinetic energy of a single mass
particle, m;, say, is %m,-r?, where 7; is the velocity of that particle, the kinetic energy, 7,
in the whole system is

T:%mlhz—&-%mzfzz—i—%my@z—i—--- (613)
This can be written in matrix form as:

T =3{i} ml{i} (6.14)
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where [m] is a diagonal matrix of mass particles, {7} a column vector of the velocities
of the individual mass particles and {/}" its transpose.
Substituting Eq. (6.12) into Eq. (6.14), noting that transposing both sides of

Eq. (6.12) gives {#} = {z}"[X,,]", we have

T = 42} o] ] X} 2} (6.15)
or

7= 1T M)z (6.16)
where

[M] = [Xun]" (7] Xrn]. (6.17)

It can be shown that [M] is the mass matrix of the system expressed in terms of
global coordinates. Equation (6.16) is an important result giving the kinetic energy of
the system in terms of the equations of motion in global coordinates.

Just as the mass properties of a structure can be traced back to individual particles of
mass, the stiffness properties can be traced back to individual stiffness elements or ‘springs’,
ki, k», ks, etc. Then, since the potential energy stored in a single spring of stiffness k; and
compression or extension, s;, is %kisf, the potential energy, U, in the whole system is

U=1kisi+5kosy + - (6.18)
where sy, $3,..., etc. are the compressions or extensions of the individual stiffness
elements. Writing Eq. (6.18) in matrix form:

U=4{s} [k]{s} (6.19)

where {s} is a column vector of individual spring element compressions or extensions,
{s}T its transpose and [lﬂ a diagonal matrix of spring element stiffnesses.

Now suppose that the spring compressions or extensions, {s}, are related to the
global displacement coordinates, {z}, by the transformation:

{s} = [X{z} (6.20)
Substituting Eq. (6.20) into Eq. (6.19), noting that {s}' = {z}"[X;]", gives
U=3{z}" (X [k] [X{z) (6.21)
or
U = =)7Kz (6.22)
where
K] = (X" [K] [x] (6.23)

It can be shown that [K] is the stiffness matrix of the system, expressed in global
coordinates, in the same way that [M] is the mass matrix.

Equation (6.22) is an important result, giving the potential energy of the system in
terms of the equations of motion in global coordinates, and is seen to be analogous to
Eq. (6.16) which gives the kinetic energy.
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Example 6.1

The equipment box shown in Fig. 6.2, to be fitted into an aircraft, is vibration
isolated by two pairs of springs, of combined stiffness kjand k,. When empty, the
mass of the box is m and its mass center is at G. Its mass moment of inertia about G,
when empty, is /. Three heavy items, which can be treated as point masses, m1;, m, and
m3, are fixed in the box as shown. The motion of the box is defined by two global
coordinates, z and 0, the translation and rotation, respectively, of the reference center,
point C.

Use matrix methods to derive the equations of motion of the box and contents in
terms of the coordinates z and 0. Assume that the system is undamped.

Solution

Since there are no external forces or damping, the equations of motion will be of the
form:

[M]{Z} + [K]{z} = 0 (A)
where {z} = {7}. It is now required to find the 2x2 matrices [M] and [K].
The mass matrix, [M], is given by Eq. (6.17):

[M] = [X] " 1] [ X (B)
where
m 0 0 0 O
0O 7 0 0 O
=10 0 m 0 O ©
0 0 0 mm O
0 0 0 0 m

i.e. a diagonal matrix of the individual mass or inertia elements. Note that there are no
cross terms between the mass of the empty box, m, and its moment of inertia, I,
because the latter is defined about the mass center, G.

vy
- BB

<—a—>1l/f -—

<—b—>|<—c—>
d ' e

Fig. 6.2 Vibration-isolated equipment box discussed in Example 6.1.
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The matrix [X,] is defined by Eq. (6.11), {r} = [Xw]{z}, and is the transformation
matrix, for small angles, between the five displacements, 7,,, 17, F1n, , 'y, 'm; Of the five
‘mass’ elements m, I, m; ,my, mz and the two global coordinates z and 6, as shown in
Fig. 6.2. It is therefore of size 5 x 2, i.e. five rows and two columns. To derive the
matrix [Xp,], the first column consists of the displacements 7y, 77, Fuy s Fimy Fimy» When
the global coordinate z is increased from 0 to 1 unit, i.e. displaces one unit upwards.
The second column of [Xy,] consists of the displacements 7y, 77, ¥, , ¥y, 'my When the
global coordinate # is increased by one unit (one radian) clockwise.

The two columns of [Xy,], and the complete matrix [Xy,], are therefore as follows:

I'm 1
ry 0
rm ¢ =41 (D)
T'my 1
'my ) 1
I'm _f
ry 1
S QI (E)
'm, b
r ms3 2 —C
and
L =7
0 1
[Xn]= 1|1 a (F)
| )
1 —c

The displacement r; in the first column is zero, because it is defined as a rotation,
and displacement has no effect.

The small angle approximations are justified here because the expected vibration dis-
placements are all very small compared with the dimensions of the box. The assumed unit
displacements of one meter and one radian (say) should not, of course, be taken literally.

The mass matrix, in global coordinates, is now given by Eq. (B):

1 —f1"[m 0 0o o o07[1 —f
0 1 0 7 0 0 O 0 1
M) = Xl [A][Xa] = |1 a 00 m 0 0|l a (G)
1 b 0 0 0 mm O 1 b
1 —c 0 0 0 0 my 1 —c¢
which multiplies out to:
M| = (m+ my +my + ms) (amy + bmy — cmy — fin) (H)
= | (amy + by — emsy — fm)  (I+ fPm+ @®my + bPmy + Pms)

The stiffness matrix in global coordinates is given by Eq. (6.23):
(K] = [x)" [k] X ()
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where [k |is a diagonal matrix of spring elements, in this case ﬁ)‘ /?2 ], and [X;] a
matrix of individual spring displacements, when unit displacements of the global
coordinates z and # are applied. Either compression or extension may be taken as
positive, but the same convention must be used throughout. Taking the spring exten-

sions s1 and s;, as shown in Fig. 6.2, as positive, Eq. (6.20), {s} = [X;]{z}, becomes:

=l ) 2

Then from Eq. (I):

S R PR A I a0} IS

Now that we have the mass matrix [M] and the stiffness matrix [K] in global
coordinates, the equations of motion, in the form of Eq. (A):

[M{Z} + [K){z} = O

are simply:
(m + my + my + m3) (amy + bmy — cmy — fin) Z
(amy + bmy — cms — fim) - (I+ >m+ a®my + b?ms + *m3) | | 0

e oy (@ 1222) [{i1=0

6.2.2 Modal Coordinates

Up to this point, we have considered coordinates that are easily recognizable as
such; for example, in the system shown in Fig. 6.1(a), the two coordinates are simply
the actual displacements, z; and z,, defined as positive upwards, of the masses n7; and
my, respectively. In general, with a large structure, the global coordinates will be
identifiable translations and rotations at nodes (or ‘grid points’), and indicate the
displacements only at the point concerned.

In a multi-DOF system, however, it is possible to define modal coordinates instead,
which define the amplitude of a deflection shape known as a mode. Thus, changing a
single modal coordinate can affect the displacement over all or part of a structure.

There are two important classes of modes.

(1) The first type are simply assumed, or arbitrary, shapes. Assumed modes are used
in component mode methods, often combined with normal modes of the compon-
ents, and in the finite element method, the ‘displacement functions’ are essentially
assumed modes defined between grid points.

(2) The other class of modes is that of normal modes. These have the important
property of making the system matrices diagonal, i.e. separating the freedoms so
that they can be treated as a series of single degrees of freedom, and therefore
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much easier to deal with than a coupled system. Calculation of normal modes,
however, requires the use of eigenvalues and eigenvectors.

6.2.3 Transformation from Global to Modal Coordinates

Suppose that we wish to transform the equations in global coordinates, say,
[M{z} + [K]{z} = {F} (6.24)
into an alternate form in modal coordinates, say,

[M{g} + [K[{q} = {0} (6.25)

The first step is to define the transformation giving the relationship between the
global displacements, {z}, and the modal displacements, {¢}:

{z} = [XN{q} (6.26)
from which

{z} = [X[{4} (6.27)

{z}'={g}"IX]" (6.28)
and

{2} ={g} X1’ (6.29)

If the number of displacements in {¢} is the same as in {z}, no information is lost,
and [X] is a square matrix. This is often the case for smaller systems, and means that
the transformation is reversible. More usually, the number of modal coordinates in
{q} is far smaller than the number of global coordinates in {z}. There is then a
theoretical loss of accuracy, and such a transformation must be justified on physical
grounds, for example that the freedoms discarded represent motion at very high
frequencies, beyond any possible excitation frequencies.

Transformation of the mass matrix
From Eq. (6.16), the kinetic energy in the global system is
T =4z} [M){z)
From Eqs (6.16), (6.27) and (6.29):
T =3z Mz} = HaY (X IM (X} = 3{a} [M){q} (6.30)

where the mass matrix in the new, modal system is [M], which from Eq. (6.30) can be
seen to be given by:

(M) = [X]"[M][X] (6.31)
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Transformation of the stiffness matrix
From Eq. (6.22), the potential energy in the global system is

U=3{z}" [K){z}
From Eqs (6.22), (6.26) and (6.28):
U=z} [KI{z} = Ha} (X [KIX{g} = 3a} ' [KI{q} (6.32)
where the new stiffness matrix, in the modal system, is [K], given by:

K] = [X]"[K][X] (6.33)

Transformation of the external forces
The expression for the transformation of the external forces, {F}, to the modal
external forces, {Q}, can be found using the method of virtual work, as follows.
Suppose virtual displacements, {Z}, are applied to the global system. The work, W,
done by the external forces, {F}, is then the sum of each virtual displacement multi-
plied by the appropriate external force, which is simply:

w={z}'{F} (6.34)

If {Q} is the set of external modal forces giving the same loading as {F}, and {g} is
the corresponding set of virtual displacements, the same work is done, and

w={z}'{F} = {3}"{Q} (6.35)
The relationship between {z} and {¢} has already been specified in Eq. (6.26) as:
{z} = [X{4}
This transformation must also apply to the virtual displacements, so we can write:
{z} = [X{g} (6.36)

and, of course,

gy ={ay" (" (6.37)
Substituting Eq. (6.37) into Eq. (6.35):

w={q}'[XI"{F} = {3} {0} (6.38)
Therefore

{0} = (X' {F} (6.39)

which is the required expression relating the actual external forces, {F}, to the
generalized or modal forces, {Q}.
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A summary of the essential relationships

The matrix relationships derived in this section are of fundamental importance in
the analysis of multi-DOF systems. In view of this, it is perhaps a good idea to run
through them once more.

We started with the undamped equations of motion in global coordinates:

[M{z} + [K){z} = {F} (6.24)

and showed that the equivalent equations in modal coordinates are

[M{q} + [K{q} = {0} (6.25)
provided that

[M] = [X]"[M][X] (6.31)
and that

K] = [X]"[K][X] (6.33)

where [X] defines a relationship between coordinates {z} and {¢} given by:

{z} = [X{q}- (6.26)

It was then shown that the relationship between the actual external forces, {F}, and
the external forces expressed as generalized forces, {Q}, is

{0} = [XI"{F} (6.39)

These relationships apply to any transformation from global into modal coordin-
ates, whether the modes are assumed or normal modes. They can also be used, with
appropriate change of notation, to transform any set of equations from one coordi-
nate system to another.

Example 6.2

(a) Use assumed modes to transform the equations already derived for the system
shown in Fig. 6.1(a), repeated here as Fig. 6.3, into a form having no stiffness
coupling.

(b) Show how actual input forces, F; and F>, can be applied to the transformed
equations as generalized modal forces, and how generalized modal displacements
can be converted back to actual local displacements.

Solution

Part (a):
The equations for this system were derived in Section 6.1 as Eqs (6.2), (6.5) and
(6.10), which are all the same. They are
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Fig. 6.3 Schematic 2-DOF system discussed in Example 6.2.

m 0 2 (k] + kz) —ks 1 | F
|: 0 I’}’lz] { 22 } + |: 7k2 kz ) o F2 (A)
These equations were formed by taking the displacements, z; and z;, of the indivi-
dual masses, m; and m,, as the generalized coordinates. This resulted in a coupled

stiffness matrix, but an uncoupled mass matrix.
We can now transform the coordinates, using the transformation defined by Eq. (6.26):

{z} = [X){q} (B)

Let us choose to represent the motion of the system by two coordinates, g;and ¢,
where the actual displacements, z; and z,, of the masses m; and m; are given by the
following transformation, corresponding to Eq. (B):

Z1 1 0 1

-0 e ©
The columns of the 2 x 2 matrix are simple examples of assumed modes; we have
arbitrarily decided that the first mode is {i}, i.e. the two masses move one unit
upwards together, and the second mode is {(l)}, i.e. m; does not move at all, and
moves one unit upwards. From Fig. 6.3, we see that the first mode compresses &, but
not k;, and that the second mode compresses only &, not k. We would therefore

expect that using these modes would remove the stiffness coupling.

We can now use the expressions developed in Section 6.2.3 to transform the
equations from the form of Eq. (6.24):

[MI{z} + [K){z} = {F} (D)
to the form of Eq. (6.25):
(M]{G} + [K{q} = {0} (E)
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The new mass and stiffness matrices are given by Eqs (6.31) and (6.33), respectively,
i.e.,

(M) = [x]" [M][X] (F)
and

K] = [X]"[K][X] (G)
where

=1 1) (H)

Substituting Eqgs (F) and (G) into Eq. (E) gives the new equations:

X [MIX){G} + (X [K][XHq} = {0} (D)

(k]-i-kz) —k> 1 0 q1
—ky ky |11 1] (g2

or written out in full, using Eq. (H):
1 o] [ 011 0](d 1 o]"
_|_
11 0 m||l 1]||d2 11

Multiplied out, these become

(my + my) m2:|{(.[.1} |:k1 0}{(11} {Ql}
.. = K
[ m my | | ¢2 1o ka | | 92 10)) K)
This has had the desired effect of uncoupling the stiffness matrix, and the mass
matrix is now coupled instead.

Part (b):
It is now easy to input actual external forces F; and F> by using Eq. (6.39),

{0} =X {F} (L)
to convert them to modal external forces {Q}. In this example:
Cfol 1 o1 R _[1 1|[F
@=1a)=1 1=l iR ™

If the equations were then solved to find the time histories of ¢; and ¢, Eq. (C)
could then be used to find the local displacement time histories, z; and z;

=120 e




132 Structural dynamics and vibration in practice
6.3 Undamped normal modes

In Section 6.2.3, we established rules for transforming a set of equations of motion
in one coordinate system, say the global system, {z}:

[M{Z} + [K){z} = {F} (6.24)
into an alternate form in modal coordinates, {¢}:

[M{q} + [K[{q} = {0} (6.25)

In general, there will be coupling between the modes of a system after a coordinate
transformation, and one or both of the matrices [M] and [K] will tend to be fully
populated. However, there is a form of coordinate transformation that will remove all
the coupling between the modal coordinates. This occurs when we choose to form the
matrix [X] in Eq. (6.26), {z} = [X]{¢}, by making its columns consist of the eigen-
vectors of the original global system. This transformation into normal or principal
modes is of fundamental importance in structural dynamics. Before discussing it in
detail, however, we should pause briefly to consider eigenvalues and eigenvectors.

6.3.1 Introducing Eigenvalues and Eigenvectors

Eigenvalues and eigenvectors are mathematical concepts, and their use is not
confined to vibration theory. The words incidentally are derived from the German
word eigen, meaning ‘own’, so the eigenvalues of a set of equations are its own values,
and the eigenvectors are its own vectors. They tend to arise, for example, when the
deflection shape of a system depends upon its loading, but the loading, in turn,
depends upon the deflection shape. This is obviously true of a vibrating system with
more than one degree of freedom, and it will be seen that such a system possesses as
many eigenvalues, which are related to its natural frequencies, as there are degrees of
freedom, and that each is associated with a shape function known as an eigenvector.

It is possible to find the eigenvalues and eigenvectors of a system explicitly only up
to two degrees of freedom. Above that number, the process must be iterative, as will
be discussed in Chapter 7.

Eigenvalues and eigenvectors can be real or complex, and this is determined entirely
by the damping in the system. Systems with no damping have real eigenvalues and
eigenvectors. If the damping is of the proportional kind (see Section 6.4.4), the eigenva-
lues are complex, but the eigenvectors remain real. Other than in these special cases,
both the eigenvalues and the eigenvectors become complex, and significantly more
difficult to deal with. Fortunately, when the damping terms are small, the eigenvalues
and the eigenvectors are ‘nearly real’ (i.e. the imaginary parts are small compared with
the real parts), and in practice real eigenvectors can be used as a good approximation
for practically all structures, and most systems generally. There are, however, some
important exceptions, such as systems with significant gyroscopic effects, such as
helicopter rotors, and aircraft flutter or response calculations using equations based
on the p method, where acrodynamic damping terms can couple the modes.

Suppose we wish to find the eigenvalues and eigenvectors of the general undamped
system represented by Eq. (6.24):
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[M{Z} + [K]{z} = {F}

Since the eigenvalues and eigenvectors are unaffected by the applied forces, they can
be obtained from the ‘homogeneous’ equations given by omitting the external forces:

[M]{z} + [K|{z} = 0 (6.40)
or, say,
nmiq miy ... 51 k]] k12 1
mpy mpy ... 22 + kz] k22 e Zn =0 (641)

Since there is no damping, if the system is assumed to have been set in motion at
frequency w, all the elements of the vector {z} will vibrate in phase, or exact antiphase,
with each other. The responses at all the points z, z;, etc. can be considered as
horizontal or vertical projections of a rotating, complex unit vector, e/, multiplied
by the real constants Zj, z,, etc. Then the responses of all the points, zy, z;, etc., are
given by:

Z1 Z1
{z} ={ 72 3 =< 22 3el = {F}el! (6.42)

The vector of accelerations, {Z}, is given by differentiating Eq. (6.42) twice with
respect to time:

Z1 Z1
{Z} _ 22 _ 7w2 Z eiwt _ 7w2{2}eiwt (6.43)

Substituting Eqs (6.42) and (6.43) into Eq. (6.41) and dividing through by e’ gives
my mp .| 2 ki ki

Z)
—w2 nmyy My ... 5 R kot koo .. Zn =0 (644)

or
(—2[M] + [K]) {2} = 0

or writing \ = ?

(=AM]+ [K]){z} =0 (6.45)
Equation (6.45) is an eigenvalue problem, although not in standard mathematical
form. It can be satisfied by n different values of A, say A;, Ay, ..., \,, which are the
eigenvalues, and n corresponding vectors, {z}, say {z},, {Z},,..., {Z},, which are the

eigenvectors, where n is the number of degrees of freedom.
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There are several different ways of expressing Eq. (6.45), and many ways of
extracting the eigenvalues and ecigenvectors. Some of these will be discussed in
Chapter 7, but for the present, we can use the following, very basic, method.

(1) Expansion of the determinant |[K] — A[M]| gives a polynomial of order n in X, of
which the n roots are the n eigenvalues, A\, Ay, ..., A,

(2) Substituting each eigenvalue in turn into Eq. (6.45) gives the eigenvectors. It can be
seen from Eq. (6.45) that any eigenvector {z} could be multiplied by any overall
factor and still satisfy the equations, so only the relative sizes of the elements can be
found. There are two standard methods for normalizing the size of eigenvectors:
(a) The element having the largest absolute value in each column (i.e. largest

ignoring signs) is set equal to unity. Thus each element in the column is
divided by that element. This method is useful when it is desired to plot the
mode shapes.

(b) The elements in each column are scaled so that the final mass matrix, formed
by using the eigenvectors as modes, is a unit matrix. The modes are then
sometimes described as weighted normal or orthonormal modes. This method is
useful within programs, since once this convention is adopted, the generalized
masses are always known to be unity.

However the eigenvectors are normalized, when the transformation matrix, [X],
in Eq. (6.26), instead of simply being based on assumed modes, as in the previous
section, is formed by writing its columns as the eigenvectors of Eq. (6.24), something
remarkable happens: both the mass and the stiffness matrices of the modal equations
then become diagonal, and the system is transformed into a set of completely indep-
endent, single-DOF equations. This transformation into ‘normal’, or ‘principal’,
coordinates is so useful that it is used in the analysis of almost all multi-DOF systems.

These processes will become clear after working through the following simple
example.

Example 6.3

(a) Find the eigenvalues and eigenvectors of the undamped system shown in Fig. 6.3
with:
my = lkg, my=2kg k; =10N/m k;=10N/m

Scale the eigenvectors so that the largest absolute element in each column is set to
unity.
(b) Demonstrate that a transformation to modal coordinates using the eigenvectors
as modes enables the equations to be written as uncoupled single-DOF systems.
(c) Rescale the eigenvectors so that the mass matrix, in normal mode coordinates, is a
unit matrix.

Solution

Part (a)
The equations of motion for this system, in terms of global coordinates z; and z»,
and with external forces F| and F», have already been derived as Eq. (6.10):
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nmy 0 Z1 (kl + kz) —ky 1| Fi
|: 0 nh:| { 52 } + |: —kz kz z - F2 (A)
Inserting the given numerical values:
1 0|[Z 20 10|z | _ A
o ol R - {F) ®

Omitting the applied forces F| and F, gives the homogeneous equations, from
which the eigenvalues and eigenvectors can be found:

o B[ 20 W {a) o ©

Arranging into the form of Eq. (6.45): ([K] — A[M]){z} = 0, we have

(EiE R EE o

e L B ()

The two eigenvalues, A; and \,, are now found by writing the matrix in Eq. (E) as a
determinant and equating it to zero:

or

‘(20)\) —10 ‘:O
—10 (10 —2X) ’
or
(20 — A)(10 — 2)\) — 100 = 0,
giving

M — 25X+ 50=0. (F)

Solving this quadratic equation by the formula )\ = 23£v2=200
eigenvalue, A\; = 2.1922, and the higher eigenvalue, A\, = 22.807.
The two natural frequencies are

gives the lower

wi = VA1 =V/2.1922 = 1.480rad/s, and
wy = VA = v/22.807 = 4.775rad /s

The two eigenvectors can now be found by substituting the eigenvalues, one at a
time, into Eq. (E). Since the eigenvectors are arbitrary to an overall factor, we can
only find the ratio (z)/z;)in each case. Either row of Eq. (E) can be used, giving

B)- (52 =()
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Thus we have

for A=A\ =2.192, (2‘> —0.5615
22/

for A=\ = 22807, <Z> — 35615
2

2

The eigenvectors can now be called ‘normal modes’, and it is usual to write them as
vectors:

@={2} we-{2} @)

Using the first of the standard methods for normalizing the eigenvectors (making
the largest absolute element in each column equal to unity), these are

@ ={"7 oh={ )y | (H)

Part (b)

The procedure for transforming the equations of motion into normal coordinates is
now as outlined in Section 6.2.3, which could be applied using any set of modes. What
is special about a normal mode transformation, in contrast to an assumed mode
transformation, however, is that the matrix [X] in Eq. (6.26):

{z} = [¥H{q}

is now formed by using the eigenvectors of the original equations as its columns. The
transformation matrix [X], in this case, is therefore:

0.5615 1 } (1)

2= [ohi) = | *FF 300

From Eq. (6.31), the new mass matrix [M], in modal coordinates, is given by:

or numerically:

M) — 0.5615 1 It 07[0.5615 1 ~ 2315 0 ")
= 1 —0.2807 0 2 1 —0.2807 0 1.157
From Eq. (6.33), the new stiffness matrix, [K], in modal coordinates, is given by:
K] = (X" [K][X]
or numerically:

~ [0.5615 1 T[zo —10”0.5615 1 }

K=" 02807 |“10 10 1 —0.2807

5.075 0
0 26.40

(K)
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The complete equations in normal mode coordinates are now given by substituting
Eqgs (J) and (K) into Eq. (6.25):

(M]{4} + [Kl{q} = {0}

giving

{2%15 1?57}{22}*[5%75 26940}{3;}:{82} (L)

It can be seen that the use of the eigenvectors as modes in the transformation has
made the mass and stiffness matrices diagonal. Equation (L) now consists of two
completely independent single-DOF equations:

my g1 + kg1 = 04 (M)
and
MGy + kypngs = 0 (M)

where the numerical values of m,,, m,,, k;; and k,, are clear from Eq. (L).

The quantities m1;, and m,, are known as the generalized (or modal) masses of modes
1 and 2, respectively, and similarly k;, and k,, are the generalized (or modal) stiff-
nesses. The absolute numerical values of the generalized masses and stiffnesses have
no significance, since they depend upon how the eigenvectors are scaled. However,
ki1 /my, should always be equal to w?, and ky, /n,, should equal w3. It is easily verified
that this is so in this example.

Part (¢)
The other standard method for normalizing the eigenvectors is to scale them so that
the new mass matrix, [M], in modal coordinates, is equal to the unit matrix, [/].

ag =2 0 1=1g 0] = )

[1i5%)

The eigenvectors are then described as weighted normal or orthonormal, and the
corresponding stiffness matrix, [K], then becomes

s- % 2] -0 n-[9 5 ©
that is, a diagonal matrix of the squares of the natural frequencies. Scaling the

eigenvectors so that the mass and stiffness matrices take these simple forms can be
achieved in two ways.

Method(1):

If the diagonal mass and stiffness matrices in modal coordinates have already
been evaluated, using some other scaling for the eigenvectors, as in Eqs (J) and (K),
they can be re-scaled to orthonormal form by multiplying each eigenvector {¢}; by a
factor «;, where

|

(P)
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where m; is the diagonal element of the new mass matrix (in modal coordinates)
corresponding to eigenvector i. In this case, from Eq. (L):

1
and o) = —

1
V2.315 V1.157
Multiplying the old vectors from Eq. (H) by these factors:

Q) =

new 1 0.5615 0.3690

ew | 1 {09294
{oh™ = m{ —0.2807} B { 0.2609} (Q2)

where Eqs (Q;) and (Q,) give the rescaled eigenvectors. The new transformation
matrix, now based on orthonormal eigenvectors, is

0.3690 —0.9294
] R)

(X" = [{o}{¢},] = {0.6572 0.2609

It is easily verified that using this matrix in the transformation of the mass and
stiffness matrices changes them to the forms of Eqs (N) and (O), respectively:

[M]:[X]T[M][X]:|:0369O —0.9294?{1 oHo.369o —0.9294}:[1 o]

— 0.6572 0.2609 0 2/]0.6572 0.2609 0 1
(S)
so [M] becomes a unit matrix and
T 0.3690 —0.9294171 20 —107[0.3690 —0.9294
K] = [X]"[K][X] =
0.6572 0.2609 —10 10 ] [0.6572 0.2609
2.192 0
- | } ™)
0 22.807

where the diagonal terms are now seen to be equal to the squares of the natural
frequencies, w} and w3.

Method (2):

The eigenvectors in orthonormal form can also be calculated directly from the
original mass matrix, [M], and the eigenvectors in any form, by noting that in
Eq. (P), the generalized mass, m;;, for mode 7, in the modal (transformed) equations,
can be calculated from

m;; = {?}T[M] {?}z (U)

where {#} represents eigenvector i in any arbitrary form, for example, in the non-
standard form:
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3361 } (Vi)(V2)

@ ={""} e g0 {7

and [M] is the original mass matrix in global coordinates, in this example given as
10

Equations (P) and (U) can be combined, giving the more usual expression for «;:

(W)

o=

1
" (w}?w}{aﬁ})

Substituting the numerical values above into Eq. (W) gives a; =0.6572 and

ar=0.2609. The orthonormal eigenvectors are then:

@) =anfeh —oes2{ L {00001

~3.561 —0.9294
(6}, = ar{d), = 0.260958{ 3156 } = { 83639}

which are seen to be the same as the eigenvectors given in Eqs (Q;) and (Q») by the

(X1)

(X2)

first method.

The methods used in Example 6.3 above can be generalized to apply to undamped
equations of motion of any size, and it will always be true that if we form the

transformation from global coordinates to modal coordinates:
(6.26)

{z} = [XN{q}
by making the columns of [X] equal to the eigenvalues of the global system:
[MI{z} + [K){z} = {F} (6.24)

then the resulting equations in modal coordinates
(6.25)

[M]{q} + [Kl{q} = {0}
will have the desirable property that the matrices [M] and [K] both become diagonal,

and Eq. (6.25) can be written as

my G + kg = Q1

MGy + konga = Q0o
(6.46)

mnnq" + knnqn = Qn
that is, as a series of completely independent single-DOF equations.
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It can now be seen that this transformation makes calculating the response of even
large multi-DOF systems a relatively simple operation. Any of the methods for finding
the response of single-DOF systems discussed in Chapters 3 and 4 can be used, and the
results are summed. This is known as the normal mode summation method, to be
discussed in Section 6.5.

Eigenvalues and eigenvectors from the flexibility matrix

In Example 6.3 above, the eigenvalues and eigenvectors were obtained from the
mass and stiffness matrices, [M] and [K], respectively. The equations of motion were
written in the form of Eq. (6.45):

(=AM]+ [K]){z} =0 (6.45)

where A = w?. The eigenvalues, );, were then found as the roots of the characteristic
equation given by expanding the determinant |[K] — A[M ]|, or |[M]'[K] — A[I]|, and
the eigenvectors were found by substituting the eigenvalues back into the equations of
motion.

Very often, the flexibility matrix, [K ]71, is known rather than [K]. In this case, there is

no need to invert [K]™" to give [K], since the eigenvalues and vectors can be extracted
equally well from the mass and flexibility matrices, as follows. Pre-multiplying

Eq. (6.45) by [K] ™" gives
—AK| T [MI{z} + (K] [K]{z =0
or

(1K1~ [M) = Al ) {2} = 0 (6.47)

where A = /A = l/wz. The eigenvalues ); are then given by the roots of the character-
istic equation:

1K) M) = Al = 0 (6.48)
and the eigenvectors are obtained by substituting the eigenvalues, one by one, into
Eq. (6.47). When using this method, the eigenvalues found, );, are the reciprocals of

the squares of the natural frequencies, w;, but the eigenvectors are the same as those
found using the stiffness matrix.

Orthogonality properties of eigenvectors

The extreme simplicity of Eq. (6.46) comes about due to the orthogonality proper-
ties of the eigenvectors with respect to both the mass and stiffness matrices, and this
should now be discussed. Returning to Eq. (6.45)

(=AM + [K]){z} =0
for one eigenvalue );, and corresponding eigenvector, {z},, this is

[K[{z}i = NMI{z}, (6.49)
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and for a different eigenvalue, );, and eigenvector {Z}j, it is
[K{z}; = MMz}, (6.50)

Premultiplying Eq. (6.49) by {2}/
{2}/ Kz}, = Az} (M){z), (6.51)

and transposing Eq. (6.50), using the fact that [M] and [K] are symmetric, then post-
multiplying by {z},, we have

{2} [KI{z}, = Nz} (M43, (6.52)
Subtracting Eq. (6.52) from Eq. (6.51) gives

0= (N — ) {2} [M){z}, (6.53)
Assuming that \; # );, Eq. (6.53) can only be satisfied if

{z}] [M){z},= 0 (6.54)

showing that any two eigenvectors are orthogonal with respect to the mass matrix,
[M]. From Eq. (6.51) or (6.52) it must also be true that

{z}/ [K){z};=0 (6.55)

showing that they are also orthogonal with respect to the stiffness matrix.
If i=j, Eqs (6.51) and (6.52) can both be written as:

{2}/ [KI{z} = M2} M)z, (6.56)
or

ki = Nimy (6.57)
thus defining the generalized mass, m;, as:

my; = {2} [M){z}, (6.58)

and similarly defining the generalized stiffness, k;;, as:
ki = {Z}I'T[K]{Z}f (6.59)

Advantages of normal modes
The advantages of working in normal modes can be listed as follows:

(1) The equations are vastly simplified, and the mass and stiffness properties, at least,
are reduced to simple, diagonal matrices.

(2) Provided the damping is not such as to couple the modes significantly, which is
true in the majority of cases, the response of a system can be found very easily by
summing the responses of the normal modes, each of which can be treated as a
single-DOF system.
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(3) Since each normal mode has a known natural frequency, it is usually possible to
omit those having natural frequencies well above any possible frequency compon-
ents in the excitation, so reducing the number of equations.

(4) Perhaps most important of all, the easiest method for validating a structural
model consists of comparing the calculated normal modes with measured normal
modes, and usually it is worth calculating the normal modes of a structure for this
reason alone. It will be seen that it is relatively easy to measure the undamped
normal modes of a damped structure, and these are then directly comparable with
the undamped calculated modes.

6.4 Damping in multi-DOF systems
6.4.1 The Damping Matrix

The system shown in Fig. 6.4(a) is the simple 2-DOF system considered throughout
this chapter, with the addition of the viscous dampers ¢; and ¢;.

The equations of motion can be derived using any of the methods used earlier in this
chapter for undamped systems: for example, the free body diagram shown in Fig. 6.1(b)
now has additional forces due to the dampers, as shown in Fig. 6.4(b). Alternatively,
Lagrange’s equations, taking z; and z, as generalized coordinates and F; and F> as
generalized forces, can be modified to include dissipation energy, D, as follows:

d /or\ oD 0U ~ .
where in this case the dissipation energy, D, analogous to the kinetic energy 7 and the
potential energy, U, is given by:

D=Lez tle(z—2) (6.61)
Whichever method is used, the equations of motion are the same as for the

undamped system, but with additional terms due to the damping:

Fy kyzy ¢y
Ky cy T

—lm1 Z

kz% é‘jcz k2(221—21) %2(22—21)

_ z

m, _J 2 . .
th 2 —lmz Z
',

(@) (b)

Fig. 6.4 Damped 2-DOF system in schematic form.
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Fi—mi —kizi — ez, + (22 —21)+ka(zo—21) =0 (6.62a)

Fy —myiy —a(zp—21) —ka(zp —21) =0 (6.62b)
or in matrix form:
KIS 11 A e (E S S Y
0 m|| % -0 1) Zy —ky k> z F
(6.63)

Equation (6.63) may be generalized to represent any system in global coordinates, with
viscous damping and external forces. The equations of motion will always be of the form:

mpy mipp ... 21 11 Ci2 ... 21 kll klZ Z1 fj]
myy mnmpy ... Vi) + ¢y Cxp ... Zy k21 k22 .o o\ — F2
(6.64)

or more concisely:
[MI{} + [C){z} + [K){z} = {F} (6.65)

The damping matrix, [C], is a square, symmetric matrix, comparable to the mass
and stiffness matrices.

There are fundamentally two ways of solving an equation such as Eq. (6.65) for
particular forms of the applied forces {F } These are
(1) Solution by the normal mode summation method.
(2) Direct solution of the global equations of motion.

Method (1), the normal mode summation method, is usually preferred, as it is
completely analytic. Unfortunately, some forms of the damping matrix, [C], can
cause problems when we try to use it, and these are discussed in the next section.

6.4.2 Damped and Undamped Modes

It has been shown that when there is no damping, any system of equations in global
coordinates can be transformed into normal mode coordinates, so that the mass and
stiffness matrices, [M] and [K], become diagonal. The equations of motion can then be
expressed as a set of uncoupled single-DOF equations. A potential problem in
extending this idea to damped systems, however, is that the transformation, which
consists of real eigenvectors, does not always make the damping matrix, [C], diagonal
also, so that the modes can remain coupled by damping terms.

One solution to this problem would be to use the fact that any damping matrix can
be made diagonal, together with the mass and stiffness matrices, if complex eigen-
values and eigenvectors are used. This is a considerable extra complication, and is
avoided when possible, but there are some systems where this approach has to be used.
Some examples are the following:

(1) Rotating systems such as helicopter rotors, where centrifugal and Coriolis forces
can lead to damping coupling between the modes;
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(2) Aircraft flutter analysis and response calculations using the p method, where large
cross-damping terms can arise from aerodynamic forces. The original flutter
solution method, now known as the k& method, was, in fact, originally devised
specifically to avoid the use of complex eigenvalues and eigenvectors.

(3) Systems such as vehicle suspensions where discrete hydraulic dampers may couple
the modes.

(4) Some buildings and off-shore structures where the soil or sea-bed damping can be
large in relation to that of the structure itself.

Although generally beyond the scope of this text, an indication of how complex
eigenvalues and eigenvectors are derived is given in Chapter 7.

Apart from specialized areas such as those listed above, it is found in practice that
normal mode summation methods can usually be based on real eigenvalues, especially
when the system is a structure. Two arguments can be used to support this common
practice:

(1) In a structure, the damping terms tend to be small, and ill-defined, and although
the damping may, in theory, couple the modes, the eigenvectors are ‘nearly real’
and the undamped modes are a good approximation to the actual modes.

(2) The damping can often be considered to be of the proportional or Rayleigh type. This
exists when the damping matrix is of a form that can be diagonalized by the same
real eigenvectors used to diagonalize the mass and stiffness matrices. The eigen-
values, however, are complex. This form of damping is discussed in Section 6.4.4.

6.4.3 Damping Inserted from Measurements

For structures, the usual method for introducing damping into a set of equations
based on normal modes is, first, to derive the diagonal mass and stiffness matrices,
ignoring the damping, and then add an appropriate diagonal damping matrix, on the
basis of measurements on the structure, if it exists, or estimates based on similar
structures, if it does not.

If there is any doubt about the amount of damping in a given structure, it is usually
safer to underestimate it than to overestimate it, since damping almost always tends to
reduce vibration response.

The procedure is illustrated by the following example.

Example 6.4

In the modeling of a certain structure, the natural frequencies of the first three
normal modes, as calculated, and then verified by tests, were

fi=10.1Hz, fo=178Hz and f; =253Hz

The measured non-dimensional viscous damping coefficients of these modes,
expressed as a fraction of critical damping were

v =0.018, 7, =0.027, and ~; =0.035

respectively. If the modal vectors were scaled to make them orthonormal (so that the
mass matrix is a unit matrix), write down the equations of motion.
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Solution

145

It is assumed that the system, in normal mode coordinates, can be treated as three
uncoupled, single-DOF, equations as follows:

mygi + ciqi + kygi = Qi (i=1,2,3)
where
m; = 1.

Using Eq. (2.16) and Egs (2.18-2.19):
ki = miiw? = m,»l-(27rf,-)2 = (27Tfi)2

ci = 2vyimuw; = 4myaf; (=1, 2, 3)

(A)

where w; is the (undamped) natural frequency of mode 7 in rad/s, and f; the corres-

ponding natural frequency in Hz.
Table 6.1 gives the numerical values.

Table 6.1

Calculation of Stiffness and Damping Terms from Measured Data

Mode Mode Generalized Damping Damping coefficient Stiffness ~ Damping
number frequency  mass (% Critical) (Fraction of critical)  term term
i fi(Hz) n; Vii ki Cii
1 10.1 1 1.8 0.018 4027 2.28
2 17.8 1 2.7 0.027 12508 6.04
3 253 1 3.5 0.035 25269 11.13
The equations of motion are therefore:
1 0 0] (d 228 0 0 i
01 0[<édp+]| 0 604 0 0
00 0| L0 0 1113 | g3
[ 4027 0 0 qi Q1
+1 0 1258 0 e v={ 0 (E)
0 0 25269 | ¢ 0;

6.4.4 Proportional Damping

Viscous proportional damping

In the case of a set of damped equations of motion in global coordinates such as

Eq. (6.65),

(M{2} + [C{z} + [K){z} = {F}
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the eigenvalues and eigenvectors of the homogeneous equations
[M{2} + [C{z} + [K{z} = {0} (6.66)

are, in general, complex. However, if [C] has the form either [C] = a[M] or [C] = b[K],
then the real transformation that diagonalizes both [M] and [K] will also diagonalize
a[M] or b[K]. Therefore [C] can be made diagonal by the real eigenvectors of the
undamped system if it is of the form:

[C] = a[M] + b[K] (6.67)

where ¢ and b are any constants.
If the matrix [C] in Eq. (6.66) is written in the form of Eq. (6.67), the equations,
when transformed into normal mode coordinates, become

[M]{g} + [C{q} + [K[{q} = {0} (6.68)

and all three matrices are diagonal. If a single equation, say the one representing mode
J, 1s taken from the set, Eq. (6.68):

1y + ¢ + Kjq; = 0 (6.69)
then ¢; will be given by:

¢; = amy; + bk (6.70)

=/

and the non-dimensional damping coefficient for that mode, ~;, will be
S a | bw

N Zmﬂ»wj o 2w 2

where the relationship k; = mj,-wf has been used, and w; is the undamped natural
frequency of mode ;.

Although a and b can take any arbitrary values, they must apply to the whole
system, and cannot be adjusted mode by mode. So the viscous damping coefficient ;
can be made inversely proportional to the mode frequency, wj, or proportional to it, or
a combination of these. Since there are only two constants in Eq. (6.71), however,
truly proportional damping can only be used to set the damping coefficients for two
frequencies, i.e. for two modes. The method described in Section 6.4.3 is therefore
more often used in practice.

Hysteretic proportional damping

A more useful form of proportional damping is obtained if it is based on hysteretic,
rather than viscous, damping, and it is made proportional to the stiffness matrix only,
although hysteretic damping proportional to the mass matrix also is possible. The
equations of motion in global coordinates then become

[MI{z} + (1 +ig)[K]{z} = {F}
[M{z} +ig[K){z} + [K){z} = {F} (6.72)
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Comparing this with Eq. (6.65), it is seen that the viscous damping forces, [C]{z},
have been replaced by the hysteretic damping forces, ig[K]{z}, where g is the hysteretic
damping coefficient defined in Chapter 5.

Since the transformation that diagonalizes [M] and [K] will also diagonalize ig[K],
the equations in normal mode coordinates, will be

[M]{q} + (1 +1ig)[Kl{q} = {Q} (6.73)
where [M] and [K] are diagonal. Now equation j of the set represented by Eq. (6.73) is
m; Gy + gk 4y + Ky q; = Q; (6.74)

However, since hysteretic damping is strictly only valid as a concept in the fre-

quency domain, this should be written as:
(_wzmjj +igk;; + kii)gj = Qj (6.75)

It can be seen that the same value of hysteretic damping coefficient, g, now applies
to all the modes. This gives a particularly simple method for dealing with the
elastomeric (rubber-like) materials often used in vibration isolation systems, engine
mounts and some vehicle suspensions, that can be formulated to have quite high
damping. If the same elastomeric material is used for all the ‘springs’ in the system, the
Specific Damping Capacity (defined in Chapter 5), and hence the hysteretic damping
coefficient, g, is likely to be constant throughout, justifying the use of a damping
matrix equal to the whole stiffness matrix multiplied by ig.

Of course, hysteretic damping can only be used in the frequency domain, ruling out
its use for finding transient responses. However, it can be used in the important cases
of periodic and random inputs.

6.5 Response of multi-DOF systems by normal mode summation

We have seen that the equations of motion of a damped system in global coordinates
[MI{2} + [CKz} + [Ki{z} = {F} (6.76)

can be transformed into normal mode coordinates using the real eigenvectors of the
undamped system, provided that the damping is light, or if not light, of the propor-
tional type, and that this covers the majority of structures, although there are some
significant exceptions.

The resulting equations, in modal coordinates, are then assumed to be of the form:

[M]{g} + [C{q} + [Kl{q} = {Q} (6.77)

where [M], [C] and [K] are diagonal, and the whole system consists of n completely
separate single-DOF equations, each of which is of the form:

mygi + ¢iqi + kygi = Qi (i=1,2,...,n) (6.78)

Provided that the system is linear, any of the methods described in Chapters 3 and 4
for finding the response of single-DOF systems can be applied to each of the equations
represented by Eq. (6.78), and the results summed to produce the response of the
multi-DOF system, a process known as normal mode summation. This provides a
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simple, analytic method for finding the response of even quite large multi-DOF

systems, to practically any input, and is therefore almost always the first method

considered. It is usually found, in larger systems, that it is not necessary to use all n

equations, since those having natural frequencies well above any frequencies present

in the excitation will not respond, and can be omitted.

Assuming that the response of the multi-DOF system represented in global coordi-
nates by Eq. (6.76), or in modal coordinates by Eq. (6.77), is required, the procedure is
as follows:

(1) The applied external forces will be known in the form of {F} in Eq. (6.76), i.e. as
individual force time histories applied at the nodes or ‘grid points’ of the global
system. These must be converted to modal forces, {Q}, using the original trans-
formation, from global to modal forces, Eq. (6.39):

{0} =X {F}

Since the transformation was to normal mode coordinates, [X'] will be the modal
matrix.

(2) The modal responses {¢}, {¢} or {{} are calculated from Eq. (6.78). This consists
of applying the appropriate modal force to each single-DOF equation in the set
represented by Eq. (6.78), using any of the methods discussed in Chapters 2 and 3.

(3) The modal responses {q}, {¢} or {§} are converted back to actual responses {z},
{z} or {£}, as required, in the global system, using the same transformation, in the
form of Eq. (6.26), say, that was used to form the modal equations:

{z} = [XN{q} (6.26)
If global velocity or acceleration responses are required, Eq. (6.26) can be used in
differentiated form: {z} = [X]{¢} and {Z} = [X]{§}.
The following example illustrates the normal mode summation method applied to a
simple 2-DOF system.

Example 6.5

The simple structure shown in Fig. 6.5 consists of a beam, considered massless, with
constant EI, free to bend vertically, with two concentrated masses, m; and m;,, located
as shown. Numerical values are

L=4m; EI=2x10°Nm?%* m =10kg m>=8kg

Tests on a similar structure have suggested that the viscous damping coefficient for
both normal modes should be 0.02 critical.

(a) Derive the flexibility matrix for the system in terms of the global coordinates
z1 and z, and the external forces F; and F>.

(b) Use the flexibility matrix, with mass data, to find the normal modes of the system.
Sketch the mode shapes and express them in orthonormal form. Check the results
by showing that the orthonormal eigenvectors transform the original mass matrix
in global coordinates to a unit matrix in normal mode coordinates.

(c) Write the equations of motion of the system in normal mode coordinates.

(d) Use the normal mode summation method to calculate the time history of z; when
F is a step force of 1000 N and F, is zero, i.e.:
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Fy = 1000H(t) F,=0

where H(¢) is the Heaviside unit step function.
(e) Plot the displacement history of z;.

Z4 25
/I\’TH my

N

2 2

T F, L Fy
D — —_ ,| P ——
Fig. 6.5 Simple beam structure discussed in Example 6.5.

Solution

Note: The numerical operations in this example were carried out using a larger
number of significant figures than indicated.

Part (a):
The flexibility matrix for this problem was derived by the area-moment method in
Example B1 of Appendix B:

== [ ]2

E]R

az1 Q2

e 458]
(A)

wl—

Part (b):
The equations of motion of the system in global coordinates can be written in the
form of Eq. (6.76):

[M{z} + [C{z} + [KI{z} = {F} (B)

To find the real eigenvalues and eigenvectors, [C] and {F} are omitted, leaving the
undamped homogeneous equations:

[M]{Z} + [K]{z} = {0} (©)

With the usual substitution, valid for undamped systems: {z} = {Z}e"’, Eq. (C) can
be written as:

(IK] = w*[M]){z} =0 (D)

In this example, the flexibility matrix, [K]™', is known, rather than the stiffness
matrix, [K]. Therefore, Eq. (D) is pre-multiplied by [K]fl, giving:

(1517111 - 5101 23 =0 (E)
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From Eq. (A) we already have

|

The mass matrix, [M], can be derived, as in Section 6.1.2, by noting that the masses,
m; and m;, produce inertia forces, mZ; and m»Zz,, respectively, on the left side of the
equation, so the mass matrix simply consists of the masses n; and m, written as a
diagonal matrix:

my 0 10 0
[M]{ol m2][0 8] (E)
Equation (E) then becomes
L* 2 s57[10 o] 1[1 0 z
wals wlo o=l izt ©

which can be written as:

([?8 14208]”{3) ?D{Z}:O (H)

where A is one of the two eigenvalues, defined here as:

1

7L3 24

K =2

Gof— ;g‘ux

S
48

48ET 1.5 x 10°
T3 2

(D)

since EI =2 x 10° and L = 4, and w is one of the two natural frequencies.
The two eigenvalues are given by the roots of the characteristic equation, obtained
by multiplying out the following determinant, and equating to zero:

(20 — A) 40
50 (128—A)

A% — 148A + 560 = 0 0

= (20 — A)(128 — A) — 2000 = 0

The two roots, or eigenvalues, are

2 _
A:148i«/1428 4(560):74:|:70'114

that is A} = 144.11, and A, = 3.885, in ascending order of natural frequency. From
Eq. (I), the natural frequencies are w; =102.02 rad/s and w, = 621.30 rad/s.

The ratios (z)/2,), and (2)/22), can be found: by substituting each eigenvalue in turn
into Eq. (H):

z —40 —40
L - =0.3222 K
(zz>1 20— A, 20— 144.11 (K1)

2 —40 —40
=)= = = 2482 K
(Z2>2 20— A; 20— 3.885 (K2)
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Temporarily setting Z, to 1 in both cases, the two eigenvectors or mode shapes are

(o) = {2}1: {0.31222} L)
and
feh,- {2} - {7 (L)

These are sketched in Fig. 6.6. To rescale the eigenvectors, or mode shapes, above,
so that they are orthonormal, each of them is multiplied by the scalar «;, given by the
following expression, derived in Example 6.3 as Eq. (W):

| 3
o = - M
<wﬁmwﬁ (M)

where {¢}; = {:ﬁ‘} is eigenvector 7 and [M] the mass matrix in global coordinates.
- L

2

Mode 1 102.02 rad/s

1
— ; x(m)
0 2 4
Mode 2 621.30 rad/s
0 2 /?1
T xX(m
3 (m)
—2.482
Fig. 6.6

Thus for mode 1:

_ T _ 2 T
_ 7 m 0 7 _[0.3222 10 0[0.3222)
= ({ab e ml{a)) -y {0} o
(N1)
and for mode 2:

o 12 Ty 07 (3 77: 248217710 07 ( —2.482 01198
’ L), 0 m] (2], 1 0 8 1 '

(N2)
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The orthonormal eigenvectors or mode shapes, {¢}, and {¢},, are

(6}, = o), = 0.3326{ 03022 } - {g;%é } (o)

{6}, = {9}, =0.1 198{ _2"1‘822 } = { —8:??32 } (0,)

It can be seen that the scaling applied to the original eigenvectors is immaterial,
since the process of converting them to orthonormal form cancels out any overall
scaling factor.

The modal matrix, [X], consists of the eigenvectors, in this case the orthonormal set,
written as columns:

0.1071 —-0.2975
} )

(X = [{o}{o}:] = [0.3326 0.1198

The matrix [X] will later be used for two purposes:
(1) As the transformation matrix between the global coordinates, {z}, and the modal
coordinates, {¢}:

{z} = [X{g} Q)

(2) As the transformation matrix between the actual external forces, {F}, and the
modal forces, {Q}:

{0} = X'{F} (R)
At this point it is as well to check that the transformation:
[M] = [X]"[M][X] (S)

does, in fact, produce a unit matrix. Using the numerical values from Eqs (P) and (F):

_[0.1071 —0.2975]T[10 0“0.1071 —0.2975]:[1 0}=[1] 1)

[M] 0 8//03326 0.1198 0 1

— 103326 0.1198

and this is clearly the case.

Part (c):

The essential relationships for forming the undamped equations of motion in modal
coordinates, from the equations in global coordinates, were derived in Section 6.2.3.
These apply whether the transformation is based on assumed (or arbitrary) modes, or,
as in this case, normal modes. However, in the present case, the mass matrix and the
stiffness matrix, in modal coordinates, will both be diagonal. Moreover, if the eigen-
vectors are scaled to orthonormal form, as here, the mass matrix in modal coordinates
will become a unit matrix, and the corresponding stiffness matrix will consist of the
squares of the undamped natural frequencies in rad/s on the leading diagonal.

The equations in global coordinates, Eq. (B), are now transformed to modal
coordinates. The damping terms are initially omitted, and will be based on measured
data in the modal equations. Eq. (B) then becomes

[M{z} + [K){z} = {F} (U)
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Then the undamped equations of motion in normal mode coordinates will be
(M]{G} + [KI{q} = {0} V)

Now recalling that the modal matrix [X] was scaled to be orthonormal, i.e. to make
[M] a unit matrix, we already know that

=y 1]

Also, since the two equations represented by Eq. (V) are completely uncoupled, and
we know the undamped natural frequencies, w; and w;, it follows that

-7 4

Therefore the undamped equations in normal coordinates are simply:

o a9 al{ar-{8) -

The damping matrix can now be inserted. Since it is assumed that the damping does
not couple the modes, the equations can continue to be treated as two completely
separate single-DOF equations, and the damping term, ¢;;, for Mode i, is

Ci = 2yiwimy; (X)

where ~; is the non-dimensional damping coefficient for Mode i, w; the normal mode
undamped natural frequency for Mode i and m; the modal or generalized mass for
Mode i, equal to unity, by definition, in this case.

The complete equations of motion are therefore:

L 0])d 2y1wi 0 ]{41} [w% 0]{%} {Ql}
. + . + = Y
{0 1] { 7B } { 0 2mw |l ¢ 0 Wil 0> (Y)
Numerically, since w; =102.02, w, =621.30 and v, =, =0.02:

27w = 4.080, 27w =24.85, wi = 10408, w3} = 386020

In order to put the equations to practical use, we shall also require the relationship
between the actual (global) displacements, {z}, and the modal displacements, {¢},
which is

B [z} 01071 —0.29757 [ 1
{z} = [Xl{g} or: {22} - [0.3326 0.1198}{512} )
and the relationship between the actual external loads, [F], and the modal forces, [Q],
which is

{0} = X' {F}

O | _|0.1071 —0.2975 ' Fr | | 0.1071 0.3326 | | F; (a)
0> 103326  0.1198 F [ |-02975 0.1198 || F»

or
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]IEchl;taiido)ﬁ (Y) can now be treated as two uncoupled, single-DOF equations:
g1+ 2mwigr + wigr = 0 (b1)
and
G2 + 2pwigs + wigr = 0> (b2)
From Eq. (a), we have
01 =0.1071F; 4+ 0.3326F, (c1)
and
0> = —0.2975F, + 0.1198F» (c2)

The external applied force F) is defined as a step force of 1000 N, and F is zero:
F = IOOOH(Z), Fr,=0

where H(1) is the unit step or Heaviside function.

Thus,
0, = (0.1071 x 1000)H(z) (dy)
and
0> = (—0.2975 x 1000)H (1) (da)

From Eq. (B) of Example 3.4 in Section 3.1.3, the response of a single-DOF system
to a step force of magnitude « is given as:

v .
—————sin wqy t> } (e)
V(=9
where z is the displacement; m the mass; «y the viscous damping coefficient and w, the
undamped natural frequency, all of a single-DOF system. Also, wq is the damped
natural frequency given by wq = wp+/1 — 2.
In Eq. (e), z is replaced by ¢; and ¢, in turn, and «a is replaced by the magnitudes of

the step modal forces, Q| and Q5 in turn, to give the responses of the two equations,
Eqgs (by) and (b»):

a
zZ =

[1 — e el (cos wyt +

2
mwy

0.1071 x 1000 .
q1 = 75 [1 — e”‘“"’(cos wiql +— in wuﬂ)] (f1)
wi (1=1)
—0.2975 x 1000 :
o = —2X {1 _ et <cos wagl + ——2—sin W2dl>] (f2)
w3 (1-93)

Finally, the required displacement history, zi, is given by Eq. (Z), which can be
written, since z; is not required in this case:

z1 =0.1071¢g; — 0.2975¢, (2)
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where ¢, and ¢, are given by Eqgs (f}) and (f;). The numerical values are

w; is the undamped natural frequency of Mode 1=102.02rad/s; w, the undamped
natural frequency of Mode 2=621.30rad/s; v; the damping coefficient of Mode
1=0.02; v, the damping coefficient of Mode 2=0.02; w;q the damped natural
frequency of Mode 1=w;y/1 —v2=102.02v1 —0.022 =101.99 and wyq the

damped natural frequency of Mode 2 = wy+/1 — 122 = 621.30v1 — 0.022 = 621.17.
The time history of z; is plotted in Fig. 6.7.
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Fig. 6.7

6.6 Response of multi-DOF systems by direct integration

Direct, stepwise solution of the equations of motion in global coordinates can be a
useful alternative to the normal mode method described above. When the damping is
neither light nor of proportional form, and a time history solution is required anyway,
it avoids the complication of complex eigenvectors, and of course it is generally the
only viable method for non-linear systems.

The equations of motion to be solved are assumed to be in the form of Eq. (6.76):

[M{Z} + [C{z} + [K]{z} = {F} (6.76)

where the matrices [M], [C] and [K] may all be fully populated. In all methods, Eq.

(6.76) is pre-multiplied by [M]_l so that each acceleration depends only on the known
input forces and lower derivatives:

{2} = M) ({F} — [z} — [K){=}) (6.79)

The fourth-order Runge-Kutta method, discussed in Chapter 3, can easily be
extended to multi-DOF problems, as explained below.
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6.6.1 Fourth-order Runge—Kutta Method for Multi-DOF Systems

In Chapter 3, the single-DOF equation
mz+4cz+kz=F

was split into two first-order equations

u=: (3.24a)
and, since Z = 1,
F k
azi_ﬁu_fz (3.24b)

m m m

To extend Eqs (3.24a) and (3.24b) to cover multi-DOF systems, such as Eq. (6.76),
the single variables are written as column vectors:

{u} ={z} (6.80a)
and, using Eq. (6.79):
{i} = {z} = (M) ({F} — [CH{u} — [KI{z}) (6.80b)
Equations (6.80a) and (6.80b) are usually combined, giving:
{ubl _ [0] us {z} 0
W)= onw —oal i)+ L' o)] (651

The equations defining the average slopes for the single-DOF case, Eqs (3.34) and
(3.35),

(uy =< ( +2u +2u <4)>

and
(i) = (i + 27 + 2 + i)

now become vectors of average slopes for the multi-DOF version:

= 1({u}V + 20} 20}V + {4} ) (6.822)
=4 ({a} "+ 20} + 2 £} + {}Y) (6.82b)
Vectors also replace single variables in Table 3.5 as shown in Table 6.2:
Table 6.2
Definition of Average Slopes in Fourth-order Runge-Kutta Method
{51 ==} {w}"V = {w} (i} = )™ ({5} - [}V - [(K{z}"

(
R R (7 S U R () B 1 ) SR () e (/e ({ [} = [K){z}'

{539 = (=} + Hu}® {w}™ = {w} + 4} {i}V = (M) <{ [}V - [KI{z}"
3V = {3 +afu}”  {w} = {wy+na}? ()} =D ({F/} A} - k{3

)
)
)
)
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The recurrence equations for the single-DOF version, Eqgs (3.36) and (3.37), are also
changed to vectors in the multi-DOF version:

{zie1} = {5} + 5L} + 203 +2{u}V + {0} Y) (6.83a)
fur} = Lo} + 5L} 24} 24} + i} ) (6.83b)

Solution then proceeds in the same way as for the single-DOF problem of
Example 3.7.
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It was shown in Chapter 6 that provided the eigenvalues and eigenvectors of a
system can be found, it is possible to transform the coordinates of the system from
local or global coordinates to coordinates consisting of normal or ‘principal’
modes.

Depending on the damping, the eigenvalues and eigenvectors of a system can be real
or complex, as discussed in Chapter 6. However, real cigenvalues and eigenvectors,
derived from the undamped equations of motion, can be used in most practical cases,
and will be assumed here, unless stated otherwise.

In Example 6.3, we used a very basic ‘hand’ method to demonstrate the deriva-
tion of the eigenvalues and eigenvectors of a simple 2-DOF system; solving the
characteristic equation for its roots, and substituting these back into the equations
to obtain the eigenvectors. In this chapter, we look at methods that can be used
with larger systems.

7.1 The eigenvalue problem in standard form
In Chapter 6, it was shown that the undamped, homogeneous equations of a multi-
DOF system can be written as:

my mpy o ... Z1 kn ki ... 21

— A ma myn ... Ny kor ko ... 2\ —9 (7.1)

or concisely,
(—w’[M] + [K]){z} =0 (7.2)

where

[M] is the (n x n), symmetric, mass matrix, [K] the (n x n), symmetric, stiffness
matrix, w any one of the » natural frequencies and {z} the corresponding (n x 1)
eigenvector.

159
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Putting A = w?, Eq. (7.2) can be written as:
(=AM + [K]){z} =0 (7.3)

where ) is any one of the n eigenvalues.

In order to take advantage of standard mathematical methods for extracting
eigenvalues and eigenvectors, Eq. (7.3) must usually be converted to the ‘standard
form’ of the problem. This is the purely mathematical relationship, known as the
algebraic eigenvalue problem:

[4[{z} = Mz} (7.4)

where the square dynamic matrix, [A], is, as yet, undefined.
Equation (7.4) is often written as:

([4] = Al{z} =0 (7.5)

where the unit matrix [/] is introduced, since a column vector cannot be subtracted
from a square matrix.

In Eqs (7.4) and (7.5), although X is shown as a single scalar number, it can take n
different values, where 7 is the number of degrees of freedom. Similarly, n correspond-
ing eigenvectors,{z}, can be found.

There are now two ways in which Eq. (7.3) can be expressed in the standard form of
Eq. (7.5):

(1) The first method is to pre-multiply Eq. (7.2) through by [M]fl, giving:

— W [M] [MI{z) + [M] ' [K]{z} = 0 (7.6)

Since [M]'[M] = [1], the unit matrix, this is now seen to be in the standard form of
Eq. (7.5):

(4] = Al){zt =0 (7.7)
where [4] = [M]'[K]; and \ = w?.
(2) The second method is to pre-multiply Eq. (7.2) through by [K] ™', giving:
— WK M{z} + (K] [K){z} =0 (7.8)

Since [K]'[K] = [I], this is also seen to be in the standard form of Eq. (7.5):
(141 - Ain) {z} = 0 (7.9)

where [4] = [K]”'[M]:and A = %

The matrices [4] and [4] are not the same, but both can be referred to as the

dynamic matrix. In general, these matrices are not symmetric, even though both [M]
and [K] are. The eigenvectors,{Z}, given by the two methods are identical, but it can be

seen that the eigenvalues produced by the two methods are not the same. In the first

case, A = w?, and in the second case, \ = ﬁ
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Both of the above ways of defining the dynamic matrix, are in common use. It

should be noted that the first method uses the stiffness matrix, [K], and the second
method uses the flexibility matrix, [K] .

There are many methods for extracting eigenvalues and eigenvectors from the
dynamic matrix, and some of these are discussed in Section 7.2.

7.1.1 The Modal Matrix

When matrix transformation methods are used, it is often convenient to form the
eigenvectors into a single matrix known as the modal matrix. Then Eq. (7.3),

(=AM + [K]){z} = 0
can be written as:

[K][®] = [M][®][A] (7.10)
where [®] is the modal matrix formed by writing the eigenvectors as columns:

(@] = [{z}i{z}, - ] (7.11)
and [A] is a diagonal matrix of the eigenvalues:

N0
[A]=]0 X . (7.12)

Similarly, when the equation is in the form of a dynamic matrix, such as
Eq. (7.5),

([A] = Al){zt =0
it can be written as:
[4][®] = [®][A] (7.13)

where [®] and [A] are defined by Eqs (7.11) and (7.12), respectively.

In Eq. (7.3), although it is possible to find n eigenvalues and n corresponding
eigenvectors, they do not necessarily all have to be extracted. This may be justifiable
on physical grounds; for example, we may not be interested in the response of the
system above a maximum frequency component in the applied forcing. Therefore,
although the matrices [M] and [K] in the foregoing discussion will always be of size
nxn, as will the dynamic matrix [4] or [A4], the modal matrix, [®], may be a
rectangular matrix of size n x m ( i.e. n rows and m columns), where m < n. The
diagonal matrix of eigenvalues, [A], will then be of size m x m. It should be pointed
out, however, that some methods for extracting eigenvalues and eigenvectors require
all n to be found.
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7.2 Some basic methods for calculating real eigenvalues and eigenvectors

Only a brief introduction to this quite complicated subject can be given. The
following basic methods are described in this section:

(a) Eigenvalue (only) extraction from the roots of the characteristic equation. The
eigenvectors can then be found by substituting the eigenvalues back into the
equations, and extracted using one of several methods, of which Gaussian elimina-
tion is used as an example below.

(b) Matrix iteration, giving both the eigenvalues and the eigenvectors.

(¢) Jacobi diagonalization. The Jacobi method requires a symmetric dynamic matrix
as input, and since [4] and [4] are not naturally symmetric, this must first be
arranged. If both the mass and the stiffness matrices are fully populated, Choleski
factorization is used to ensure that the dynamic matrix is, in fact, symmetric. If, as
is often the case, either the mass matrix or the stiffness matrix is diagonal, a much
simpler method can be used.

7.2.1 Eigenvalues from the Roots of the Characteristic Equation and Eigenvectors by
Gaussian Elimination

Finding the eigenvalues from the roots of the characteristic equation has already
been demonstrated for a 2 x 2 set of equations in Example 6.3. The following example
further illustrates the method, and goes on to find the eigenvectors by Gaussian
elimination.

Example 7.1

(a) Find the eigenvalues, and hence the natural frequencies, of the undamped 3-DOF
system shown in Fig. 7.1, by solving the characteristic equation for its roots.
(b) Using the eigenvalues, find the eigenvectors by Gaussian elimination.
The numerical values of the masses m1;, m, and mj3, and the stiffnesses, k|, k, and k3,
are as follows:

n :2kg, np = lkg, M3:2kg;
ki =1000 N/m; k, =2000N/m; k3 = 1000 N/m.

Solution

Part (a):

The stiffness matrix for the springs of this system was derived in Example 1.4. Using
the method described in Section 6.1.2, the equations for the undamped unforced
system are as follows:

my 0 0 Z (kl +k2) —k» 0 Z]
0 m O Zy p + —k» (kz + k3) —k3 zy » =0 (A)
0 0 nms 53 0 _k3 k3 Z3
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my

my

mg

Fig. 7.1

Substituting {z} = {Z}e“’ in the usual way, and inserting the numerical values gives

2.0 07 (2 3 -2 0] (z
|0 1 0|8z p+10°] -2 3 —1|<Z =0 (B)
0o 0 2 zZ3 0o -1 1 Z3

Substituting w? = X and introducing the scaling A = 1073\ to simplify the matrices:

32 0 2.0 0 z)
-2 3 —1|=Al0 1 0 7 » =0. (C)
(12 2k )

The determinant D of Eq. (C) is now equated to 0:
(3-2) -2 0
p=| -2 (3 - X) 1 =0 (D)
0 -1 (1-24)
Using the standard rule for evaluating a determinant:

D=0G-20)[3=-N(1=2))-1]+2[(=2)(1-2))]=0 (E)

which when simplified gives

M —5)\2 44250 -05=0 (F)
Using a standard roots solution program, the scaled roots, \;, as calculated, are:

A =0.1401, X\, =0.9017, A3 =3.958
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However, since the roots, )\;, were defined as \; = 1073)\,, the eigenvalues of the
physical problem, )\;, are
M =140.1 =i, XA =901.7=w), X3 =23958=uw]
The natural frequencies, w;, in rad/s are

wy = 11.83rad/s, w, =30.03rad/s, w;=6291rad/s

Part (b):
From Eq. (O):
(3 - 2&) 2 0 , .
2 (3 - X) - Hp=40 (G)
0 -1 (1 - 2?\) & 0

The scaled roots 5\1, X\, and \; are now substituted, one at a time, into Eq. (G), and
Gaussian elimination is used to find the corresponding eigenvectors. Substituting the

first root, \; = 0.1401, into Eq. (G) gives

27198 -2 0 2 0
2 28599 1 oy =<0 (H)
0 -1 0798z, Lo

The vector has the subscript (1) to indicate that it is the eigenvector corresponding
to the first eigenvalue.

Gaussian elimination is a standard method for solving any set of linear equations.
The general idea is to eliminate the terms in the matrix below the leading diagonal,
then the values of Z, z; and z3 can be found by back-substitution.

In this case the term —2 in the first column can be removed by multiplying the first
row by (=2/2.7198) = —0.7353 and subtracting it from the second row, giving

27198 -2 0 z 0
0 13893 —I oy =<0 (1)
0 -1 07198 (), L0

Without going further, from Eq. (I) we have the ratios:

2 _ 07198, ZL—0.7353 and
3 2

|‘N|

[\

L2l 22 2 (0.7353 x 0.7198) = 0.5293
3 22 Z3

If Z3 is now arbitrarily assigned the value 1, then the first eigenvector is

‘l\l\

[N

B2 0.5293
Z s =1 0.7198 )
) 11.0000
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The second eigenvector can be found in precisely the same way, by substituting the
second scaled root, A, = 0.9017, into Eq. (G), and repeating the process of eliminating
terms below the diagonal and so on. The whole process is then repeated for the third
eigenvector.

7.2.2 Matrix Iteration

This method extracts both eigenvalues and eigenvectors from the dynamic matrix.

Its use is illustrated by the following example, where the flexibility matrix [K]*l rather
than the stiffness matrix [K] is used. Since the matrix iteration method always finds the
mode with the largest eigenvalue first, it can be seen from Eq. (7.9) that this will
correspond to the lowest natural frequency, and this is usually desirable.

Example 7.2

(a) Basing the calculation on the flexibility matrix, use the matrix iteration method to
find the eigenvalue and eigenvector of the lowest frequency mode of the 3-DOF
system of Example 7.1.

(b) Indicate how the second and third modes can be found.

Solution

Part (a):

Although we intend to base the calculation on the flexibility matrix, [K]fl, suppose
for a moment that the homogeneous equations of motion, in terms of the stiffness
matrix, [K], are

[M]{z} + [K[{z} = {0} (A)
Substituting {z} = {Z}e“! in the usual way:
(M) + [K]){z} =0 (B)
Pre-multiplying by [K] -1
— KT Mz} + (K] K){zE =0 ©)
leads to a standard form

[4]{z} = A{z} (D)

where

[

=

=K' M] and A=
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The flexibility matrix [K]f1 for the same system was derived in Example 1.4 as:

l/kl l/kl 1/kl
K™= | 1k (1/k1 + 1/k) (1/ky + 1/ks) (E)
Uk (1/ki+1/ka)  (1/ki + 1/ka + 1/k3)

Inserting the numerical values, the matrices [M], [K] "' and [A4] become

2.0 0 11 1 2 1 2
Ml={0 1 0f, [K'=107|1 1.5 15|, [4]=[K]'[M] =102 1.5 3
00 2 1 15 25 2155

Equation (D), to be solved by matrix iteration, is then,

2 1 2 Z1 . Z1
2 15 3[{5 =Mz (F)
2 15 5 Z3 Z3

where

A 1
A= (10°)) and A=—

To find the first eigenvector {Z}, and first scaled eigenvalue, A\, a trial vector, {z},
say,

Z1 04
{Z}:{ZZ}:{%} ©)
Z3 1.0

is inserted on the left side of Eq. (F). The equation is then evaluated with this
assumption, normalizing the resulting vector by dividing by the largest element:

2 1 2 0.4 34 0.5074
2 1.5 3 0.6 p =¢47 =674 0.7014 (H)
2 15 5 1 6.7 1

The process is repeated, using the normalized column on the right in place of the
trial vector on the left. After four such repeats, we have

2 1 2 0.5292 3.7782 0.5293
2 1.5 3 0.7198 » = ¢ 5.1381 » =7.1381¢ 0.7198 90
2 1.5 5 1 7.1381 1

The final vector on the right is now seen to agree with the first eigenvector
from Example 7.1 by the Gaussian elimination method, to four significant figures.
The root A = 7.1381 = 103 X = 10% /w? gives w = 11.83 rad/s agreeing with the result
of Example 7.1.
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Part(b):
To find the second eigenvalue and eigenvector, the first eigenvector, already found,
must be completely removed from the dynamic matrix [4]. This can be achieved by

using the orthogonality relationship, Eq. (6.54):
{2}/ M){z},=0 ()

At some point in the iteration procedure, the impure vector {Z} must consist of a
linear combination of the three pure eigenvectors being sought

{z} = C{zh+ Gz} +G{zs (K)
where C;,C, and Cj are constants. Pre-multiplying Eq. (K) by {Z}IT[M}
{2 [MI{z} = C{z} Mz} + oz} MI{23,+Ca {2} [M){2), (L)

Now due to the orthogonality relationship for eigenvectors, Eq. (J), the last two
terms in Eq. (L) must be zero, and

{ZH M)z} = Ci{z} M)z}, (M)
To produce a vector {Z} free from {Z}, we can now set C; = 0, and since clearly
{z}[M){Z},# 0, it must be true that

{EHMz} =0 )
or written out, using the notation:
(Zl)l Z1
{zh= 1 @) and {z} =4 2
(23)1 zZ3
(Z1)ymZ1 + (22) a2 + (23)ym3Z3 = 0 0)
from which
Z1 = 8122 + 5123 (P)
where
—my(22);  —1(0.7198)
= = =—0.6799
B mi(Zy), 2(0.5293) (Q1)
and
o= 2D geg Q)

mi(z1),  2(0.5293)

The known values of s; and s, can now be incorporated into a sweeping matrix, [S],

where:
ST S 0 —0.6799 —1.8892
1 0|=10 1 0 (R)
0 0

0
[S] = [0
0 1 0 1
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This is incorporated into the original iteration equation, Eq. (D), as follows:

4][S{z} = Mz} (S)

and Eq. (F) becomes

21 270 06799 —188921 (%) (=
2 15 3o 1 0 HV=3 5 (T)
_2 1.5 5 0 0 1 zZ3 Z3

or
[0 —0.3598 5.7784 Z 2
0 0.1402 —0.7784 I p =M I (U)
|0 0.1402 1.2216 3 3

This is then solved for the second eigenvector and second eigenvalue, in precisely
the same way as before, using an estimated vector to start the process.

7.2.3 Jacobi Diagonalization

So far we have considered two forms of the eigenvalue problem:
(1) From Eq. (7.7):
(1) = ALz} = 0
where
[4] = [M]"'[K]; and A =o?
(2) From Eq. (7.9):
([4] = AlI){z} =0

where

[

Unfortunately, both [4] and [4] are non-symmetric matrices, and cannot be used
directly in the Jacobi diagonalization, which requires the dynamic matrix to be
symmetric. It can always be made symmetric, however, by applying a suitable trans-
formation to the eigenvectors:

{zr=1'{n (7.14)

-1

= K '[M]and A= &

=

where [U] is a square matrix, as yet undefined, equal in size to both [M] and [K], [U]
its inverse and {y} the transformed eigenvector.
To define the matrix [U], we return to Eq. (7.2):

(—2[M] + [K]){z} = 0
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and substitute Eq. (7.14) into it:
(~e o)+ KU ) (5} = 0 (7.15)
Equation (7.15) is now pre-multiplied by the transpose of [U}fl, ie. {[U]fl] T, which
can be written [U] '
(—wz[U]fT[M}[U]”HU]*T[K][U]*I){,V} =0 (7.16)

We now consider two cases, which also define the matrix [U]:

Case 1.
We let [M] = [U]"[U], and substitute it into Eq. (7.16):

(Ao T ) TR ) ) =0 (7.17)

But since both [U] " [U]" and [U][U] ™" are equal to [I], the unit matrix, Eq. (7.17)
simplifies to

(—0r] + 10K ) () = 0 (7.18)
or
([B] = Ay} =0 (7.19)
where A = ? and
1B = (U] T [KI[U]" (7.20)
Case 2:

Let [K] = [U]"[U] and substitute this into Eq. (7.16):
(—wz[U]’T[M}[U]’IHU]’T[U]T[UHU]’I){f} =0 (7.21)
which simplifies to
([é] - A[I]) =0 (7.22)
where in this case A = 5 and

(8] = (U " [M][U]” (7.23)

Equations (7.19) and (7.22) are both now in the standard form required, and the
new dynamic matrix, whether it is [B], given by Eq. (7.20), or [B], given by Eq. (7.23),
depending upon which of the above methods is used, will be symmetric, as required
for the Jacobi method of solution.

The Jacobi method can now be used to find the eigenvalues and eigenvectors of
either Eq. (7.19) or Eq. (7.22). To demonstrate the method we can represent either

case by:

(B - AI{7} = 0 (7.04)
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However, if [B] represents [B], then A = «?, but if [B] represents [B], then A = 1/w?.

For the Jacobi method, Eq. (7.24) is written in terms of the desired modal matrix,
[P], i.e. in the form of Eq. (7.13):

[B][¥] = [W][A] (7.25)
where
(0] = [{7H {7} ] (7.26)

and [A] is the desired diagonal matrix of the eigenvalues, J;, these being equal to either
w? or 1/w?, depending on whether the dynamic matrix was formed by using the
method of Case 1 or Case 2 above.

The Jacobi method relies on the fact that, provided [B] is a symmetric, real matrix,

then,
(0] (B[] = [A] (7.27)

where [U] and [A] are defined above.
If we apply a series of transformations [77], [T»], [T3], etc., to [B] in the following

way:
first:

18]V =[11]"[B)[T] (7.28a)
then:

B)9= (12" [B]"Y[T2] = [T.] [T [BI[T1)[ T2 (7.28b)
then:

1B = (15T [B)P[13) = (T3] [ 1) [ 1) T [B)[ T[T [ T5) (7.28¢)

and so on, then provided the transformations are such that the off-diagonal terms in
[B] are removed or reduced with each application, then [B] will eventually be trans-
formed into [A], and the matrix of eigenvectors,[¥], will be given by the product of all
the transformation matrices required to achieve this, i.c.,

(V] = [TW][T2][T5] ... (7.29)

b
by

form, in one operation, by a transformation matrix:

. . b . .
Now a 2 x 2 symmetric matrix, say, [ blz } , can be transformed into diagonal
2

7] = [cos 6 —sin 9]

sin @ cos 6 (7.30)

that is

cos —sinf]" by bip||cosf® —sinf| [A O (7.31)
sinf cos6 byt by ||sinf cos® | |0 X '
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It can be shown, by equating the terms in Eq. (7.31), that the value of 6 required to
achieve this is given by:
2b1s
by — bx

If it is desired to diagonalize a larger matrix, say the following 4 x 4 symmetric
matrix,

tan 20 = (7.32)

bit bin biz bu

byt by by by
Bl = 7.33
(2] bsi b b3z by (7.33)

byt ba by bus

it must be carried out in stages. The terms in [B](l) corresponding to b3 and by, i.e.

b(llz) and bgll), where the superscript(1) indicates that these elements belong to [B](U, can
be made zero by the transformation:

18)"=[11]" B[] (7.34)
where
cosf)y —sinf; 0 O
sin 6 cosf 0 0
=17 o 1 0 (7.35)
0 0 0 1

and 60 is given by

2
tan 291 = ﬁ (736)

Similarly, the terms bgi) and bfé) in [B] @) can be made zero by applying:

8% = (12" (B (1] (7.37)
where
1 0 0 0
|0 cosf, 0 —sinb,
0 sinf, 0 cosb,
and
2pD)
tan 20, = % (7.39)
byy — by

It may then be found that elements b<122> and bng in [B]® have become non-zero, but
their absolute values will be smaller than those of their original values, bj, and by;.
Further sweeps may be necessary to reduce them, and all other off-diagonal terms, to
some acceptably small tolerance.
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This procedure is illustrated numerically in Example 7.3.
It must be remembered that the dynamic matrix was made diagonal by a coordinate
change, Eq. (7.14),

= {n

and, of course, if the Jacobi method is used on the matrices [B] or [B], the eigenvectors
found will be the {7}, not the {Z}. To obtain the eigenvectors relevant to the physical
problem, {Z}, they must be transformed back, using the relationship {z} = [U][__l{j/}.

Although we have defined the matrix [U] as being given by either [M] = [U] [U] or
by [K] = [U]"[U], we have not yet discussed how it is evaluated. In general, if the
matrices [M] and [K] are both non-diagonal, Choleski decomposition, described later
in Section 7.3, will be required to find the matrix [U], and hence [U]",[U]”" and,
[U]"". However, if either [M] or [K] is diagonal, [U], [U]™", etc. are of particularly
simple form, and can be derived very easily. This is illustrated by the following
example.

Example 7.3

Use Jacobi diagonalization to find the eigenvalues and eigenvectors of the 3-DOF
system used in Examples 7.1 and 7.2.
Solution

The equations of motion of the system can be written as:

(—w’[M] + [K)){z} =0 (A)
or since A = w?
(=AM] + [K]){z} =0 (B)

where ) is an eigenvalue and {z} is an eigenvector. In numerical form, for this example:

2.0 0 32 0 z
A0 1 o] +10°| -2 3 -1 5 =0 (@)
00 2 0 -1 1 73

Since the mass matrix is diagonal in this case, decomposing it into [M] = [U]"[U] is
very easy since:

= 0 ymm 0 |=|0 1 0 (D)
0 0 ms3 0 0 \/Z

The inverse of [U], [U] ™" is found by simply inverting the individual terms:

Ol—

[U] = [M]

1
fom 00
[ =1 0 = 0 [=1]0 10 (E)
. 1
0 0 = 00 7
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> otk
o - o
Sko o

From Eq. (7.19), the eigenvalue problem to be solved is
([B] = AlD{r}r =0 (G)
where from Eq. (7.20):

8] = (U] [K)[U]! (H)
and A = .
A more convenient form of Eq. (G), using the modal matrix, [¥], is
[B][W] = [¥][A] O
where
(0] = [{7h{7h {0}s] ()
and
A0 0 wi 0 0
Al=10 X 0|=]0 w} 0 (K)
0 0 X 0 0 ui
Evaluating [B] from Eq. (H)
M1 1 3 =2
| 0 0 3 2 0][g 0 0 2 v _01
[Bj]=10°]0 1 0 -2 3 -1 01 0=|% 3 > (L)
1 1 _
I 0 0 = 0o -1 1 0 0 7 0 7% %
[ 1.5 —1.4142 0
[B] = 10° | —1.4142 3 —0.7071 (M)
0 0 0.5

The end result of the Jacobi diagonalization that we are aiming for is, from
Eq. (7.27),
(0] [B][W] = [A]. (N)

So if we can find a series of transformations that eventually change [B] into [A], the
product of these transformations must be the modal matrix, [¥]. The first transforma-
tion, aimed at reducing the b, and by terms to zero, is

1B = [1]"[B)[T) (0)
where
cosfy —sinf; O
[T)] = { sinf;  cosé, 0} (P)
0 0 1
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and
tan 20, = bnzli”bzz - 2(1;“11;‘2) = 1.8856
giving 0, = 0.5416.
Substituting for 6y,
0.8569 —0.5155 0
[T\ = |0.5155 0.8569 0 Q)
0 0 1
Then,
[0.8569 —0.5155 07"
()= [1,]"[B][T\] = 10° | 0.5155 0.8569; 0
L0 0 1
T 15 —14142 0 0.8569 —0.5155 0
~14142 3 ~0.7071 | [ 0.5155 0.8569 0
0 0 0.5 0 0 1
0.6492 0 —0.3645
BY=10| o0 3.8507  —0.6059 (R)

—0.3645 —0.6059 0.5000

This has reduced the b(llz) and b(211) terms to zero, as expected. We next reduce the b(213)

and b(312) terms to zero by the transformation:

18]% = [1]"[B)"V[T] (S)
where
1 0 0
[T, = |0 cos#, —sinb, (T)

0 sinf, cosb,

2 2(—0.6059)

= = 0.361
S0 00~ 38507 — 05000 20100 )
33




Chapter 7. Eigenvalues and eigenvectors 175

giving 6, = —0.17351

1 0 0
[Ty)= [0 09849 0.1726 (V)
0 —0.1726 0.9849
Applying Eq. (3): [B]?= [T2]"[B)'"V[T2], gives
0.6492  0.06291 —0.3590
[B]P=10%| 0.06291  3.9569 0 (W)
03590 0 0.3938

This has reduced the b(213) and b(312) terms to zero, but the previously zero b(llz) and b(zll)

terms have changed to 0.06291.
Three more transformations were applied, in the same way, with results as follows:
Third transformation, 6; = —0.6145:

[cosf; 0 —sinbs] [0.9025 0.05140 0
T5]=1] 0 1 0 (B]%'=10%]0.05140 3.9569 0.03626
| sinf; 0 cosf; | | 0 0.03626 0.1404
Fourth transformation, 684 = —0.0168:
[cosfs; —sinfy O] [0.9017 0 —0.0006
[Ty = |sinfy cosfy 0]: [B¥=10"] 0 39577 0.03626
| sin 63 0 1 0 0.03626  0.1404
Fifth transformation, 65 = 0.0095:
10 0 [0.9017 0  —0.0006
[Ts]= |0 cosfs —sinfs|: [B¥=10] 0 3.9581 0
|0 sinfs cosOs | | —0.0006 0 0.1401

This could be continued for one or two more transformations, to further reduce the
off-diagonal terms, but it can already be seen that [ﬁ](s ) has practically converged to a
diagonal matrix of the eigenvalues. From Example 7.1, representing the same system,
these were, in ascending order:

A =140.1, X\ =901.7, A3 =3958

It will be seen that they appear in [ﬁ](s) in the different order: Ay, A3, ;.

The matrix of eigenvectors, [¥], is now given by Eq. (7.29). These are the eigenvec-
tors of matrix [B], not those of the system, since it will be remembered that the latter
were transformed by [U]™' in order to make [B] symmetric. Since there were five
transformations, [7}] through [T5], in this case, the eigenvectors [¥] are given by:

(V] = [T1][T>][T3][T4][T5] (X)
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or numerically:

0.8569 —0.5155 O] |1 0 0 0.8170 0 0.5766
[U] = |0.5155 08569 0]||0 0.9849 0.1726 0 1 0
0 0 1110 —0.1726 0.9849 | | —0.5766 0 0.8170
0.9998  0.01682 0] [1 0 0
x | —0.01682 0.9998 0| [0 0.9999 —0.0095

0 0

0.7598  —0.4910 0.4260

= 03216  0.8534 0.4099
—0.5649 —0.1745 0.8064

—_—

0 0.0095 0.9999

The final matrix product above, in the order in which it emerged from the diag-
onalization, is the modal matrix:

(0] = {7 {0} ]

To find the eigenvectors, {Z}, of the physical system, we must use Eq. (7.14):
{z} = (U}

All the vectors can be transformed together by writing Eq. (7.14) as:

(Y)

where [®] is the modal matrix of eigenvectors {Z} and [¥] the modal matrix of
eigenvectors {y}. From Eq. (Y):

S5}

'if 0 0 0.7598 —0.4910 0.4260
0 1 0 0.3216  0.8534  0.4099

0 0 L|]|-05649 —0.1745 0.8064

- 2 (2)
0.5373  —0.3472 0.3012

=1 03216 0.8535 0.4099

| —0.3994 —0.1234 0.5703

These are, finally, the eigenvectors of the system, {z}, in the same order as the

eigenvalues, i.e. {Z},, {Z};, {Z},. These would normally be rearranged into the order
of ascending frequency.

As a check, we would expect the product [®]"[M][®] to equal the unit matrix, [7],
and this is the case, to within four significant figures, showing that the eigenvectors
emerge in orthonormal form, without needing to be scaled.

1.000 0 0
[(I)]T[M][@]:{ 0 1.000 0 }

0 0 1.000
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Another check is that the product [®]"[K][®] should be a diagonal matrix of the
eigenvalues, which is also the case to within four significant figures.

901.7 0 0
[@"[K|[® =] 0 3958 0
0 0 140.1

It should be noted that the presentation of the numerical results above, to about
four significant figures, does not reflect the accuracy actually used in the computation.

7.3 Choleski factorization

In Example 7.3, advantage was taken of the fact that the mass matrix, [M], was
diagonal, which enabled the transformation matrix [U] to be found very easily. It was
then easy to form the dynamic matrix [B] in symmetric form, by Eq. (7.20), as:

(8] = (U] [K][U]

This does not work if the matrices [M] and [K] are both non-diagonal, and in this,

more general, case, Choleski factorization has to be used to find [U].

We saw in Section 7.2.3 that

(1) If the mass matrix [M] can be decomposed into [M] = [U]"[U], then the transfor-
mation [U] '[M][U]"" makes the mass matrix into a unit matrix and the trans-
formation [U] "[K][U]"' makes the stiffness matrix symmetric.

(2) If the stiffness matrix [K] can be decomposed into [K] = [U]'[U], then the opposite
happens, the transformation [U] '[K][U]”' produces a unit matrix, and
[U]"T[M][U]"" is a symmetric mass matrix.

Either way, the dynamic matrix becomes symmetric, as required by many eigenva-
lue/eigenvector extraction programs.

In the Choleski factorization, [U] is written as an upper triangular matrix of the
form:

uir Uiz U3

0 Uy U3 e

and its transpose [U]" is

Ui 0 0
Ui U 0 .
"= | 4 (7.41)

This means that, depending on whether [U] is derived from [M] = [U]"[U] or from
[K] = [U]"[U], the products [U] "[K][U]" and [U] " [M][U]"" will either be equal to



178 Structural dynamics and vibration in practice

the unit matrix, [/], or be symmetric, and in either case a symmetric dynamic matrix
will result.

It can now be seen why the matrix [U] is so named; it is because it is an upper
triangular matrix. It should be pointed out that some authors define the basic matrix
as the lower triangular matrix, [L]. This makes little difference, since for a triangular
matrix [U] = [L]" and [L] = [U]" and so [U]"[U]=[L][L]". Then [M] or [K] can be
decomposed into [L][L]". However, we will stay with the [U] convention.

Decomposing either [M] or [K] into the form [U]'[U] is fairly straightforward, due
to the triangular form assumed for [U]. Assuming that [M] is to be decomposed, we
can write it as:

mpy mip nmpzoo... Uil 0 0 uilr U2 U3
mpy Ny Nz ... Uiy U 0 - 0 Uyy Uzz ...

= (7.42)
m3y mzy; mzz ... Uiz Uz U3z NN 0 0 uzz ...

By equating corresponding elements on the left and right sides of Eq. (7.42), a
general expression for the elements of matrix [U] can be derived.
The matrix [U]', the inverse of [U], will also be required. Since

U= 1] (7.43)

where [U] is known, [U] "' unknown and [/] the unit matrix, a general expression for

the elements of [U]f1 can be found relatively easily, again due to the triangular form
of [U]

7.4 More advanced methods for extracting real eigenvalues and eigenvectors

The foregoing description of the Jacobi method gives some insight into how modern
methods for extracting real eigenvalues and eigenvectors work. There are now more
efficient methods, and although these are beyond the scope of this book, they should
be mentioned.

One of these, the QR method is a development of the Jacobi method, with several
improvements. The dynamic matrix is decomposed into the product of an orthogonal
matrix, [Q], as in the Jacobi method, and an upper triangular matrix, [R]. Diagona-
lization then proceeds as in the Jacobi method, but the zeros are preserved, so that [R]
is formed in a finite number of sweeps. The decomposition of the dynamic matrix
required for the QR method is achieved using the Householder transformation.

The Jacobi and QR methods are used to find complete sets of ecigenvalues and
eigenvectors. When the set of equations is very large, and only the lower frequency
modes are required, alternatives are sub-space iteration and the Lanczos method. The
latter is a method for transforming the mass matrix to a unit matrix, and the stiffness
matrix to tri-diagonal form, before using the QR method.
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7.5 Complex (damped) eigenvalues and eigenvectors

As discussed in Section 6.4.2, there are some systems where damping couples the
modes significantly, and real eigenvectors cannot be used to define the normal modes.
Transformation into normal modes is still possible, but the modes are then complex.
The use of such modes is generally beyond the scope of this text, and only a brief
introduction of the method is included here.

Suppose that the general equations of motion for a damped multi-DOF system at
the global coordinate level are

[M{Z} + [C{z} + [K{z} = {F} (7.44)

where [M], [C] and [K] are of size n x n. If the terms of the damping matrix [C] can not
be considered to be either small or proportional to [M] or [K], then the eigenvalues and
eigenvectors can still be found, but with greater difficulty.

The initial approach is similar to that already used in Section 6.6.1, to express
second-order equations of motion as first-order equations of twice the size. This is
referred to as working in the state space. First, a column vector,{x}, of size 2n is
defined as:

{x} = { g } (7.45)

Differentiating with respect to time:

N 8 3¢
{x} = { (%) } (7.46)
and re-arranging Eq. (7.44) to
{£} = M) ({F} — [C{z} - [K){=}) (7.47)
Equations (7.45)—(7.47) can be combined as:
{x} = [4{x} + [B{F} (7.48)
where
_ [0 [
4= _pgug i 7:49)
and
_ | (0]
8= | | (7.50)

Since we only require the eigenvalues and eigenvectors of Eq. (7.48), the external
forces, {F}, can be set to zero, and

{x} = [4{x} (7.51)
where the matrix [4] is of size 2n x 2n. This first-order set of equations can be solved
by the substitution:

{x} =eM{x} (7.52)
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leading to
[A{x} = M5} (7.53)

which is recognizable as an algebraic eigenvalue problem in standard form. Unfortu-
nately, the matrix [A4] is not symmetric, the eigenvalues and eigenvectors are, in
general, complex, and the eigenvectors are not orthogonal. These difficulties can be
overcome, but the reader is referred to more advanced texts [7.1,7.2] for the details.
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Traditionally, structures have been analysed either as continuous or as discretized
(‘lumped’) systems. Some structures, such as uniform beams, can still usefully be
treated as continuous systems, but most are now regarded as discrete multi-DOF systems.
The finite element method, in fact, can be said to combine both approaches: it is
continuous within the elements, but discrete at the global coordinate level.

In this chapter, discussion of continuous systems has been limited to uniform
beams, and the classical Rayleigh—Ritz method. A description of the latter has been
included, even though it is now obsolete, to show the historical link with later
methods, such as component mode synthesis, the branch mode method and the finite
element method, which are still known as ‘Rayleigh—Ritz’ methods.

Structures tend to be characterized by low damping, justifying the use of real
eigenvalues and eigenvectors in most cases, and this will be assumed in this chapter.

The basic principles outlined in Chapter 6, such as the use of energy methods and
normal coordinates, are timeless concepts. However, the application of these funda-
mental principles to everyday tasks in structural dynamics has changed considerably
over the years, due to the development of modern computers. Therefore, to put
current methods of analysis into perspective, a brief discussion of their historical
development is first presented.

8.1 A historical view of structural dynamics methods

To place the various methods for dealing with the vibration of structures in context,
it is helpful to consider how they have developed. It will be seen that the main driving
force, over the years, has been the development of computers and computer algo-
rithms rather than of basic mathematical theory. To take the aircraft industry as an
example, the classic text by Scanlan and Rosenbaum [8.1] gives a clear snapshot of the
methods in use in 1951. These were stated to be, at that time: (1) Rayleigh’s method;
(2) The Rayleigh—Ritz method; (3) the Stodola method; (4) the Holzer method; (5) the
Myklestad method; and (6) Matrix (flexibility) influence coefficient methods. Of these,
the Rayleigh, Stodola, Holzer and Myklestad methods are now mainly of historical

181
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interest, since they can be replaced by any modern eigenvalue/eigenvector software.
Strictly, as noted above, this is also true of the classical Rayleigh—Ritz method, in
which a combination of a relatively small number of continuous functions was used, in
an optimization process, to find the normal mode shapes of beam-like components.
This gave fair accuracy with, above all, small eigenvalue problems, which was very
attractive before fast computers were available. However, as we shall see, given
enough computing power, each of the functions used in a ‘Rayleigh—Ritz’ analysis
need only represent a part of the structure, and component mode and finite element
methods first appeared around 1960. These are still called Rayleigh—Ritz methods,
even though they do not now use the original solution process.

The influence coefficient method, the most modern of the methods available in
1951, survived, in everyday use, well into the 1970s. In this method (of which Example
6.5 in Chapter 6 is a simple example), separate flexibility matrices for each major
component of a structure, typically derived by using the area-moment method for
beams, were calculated. In the case of an aircraft, these would be the wings, fuselage,
stabilizers and fin, etc. The flexibility matrices were then used with mass data to find
the normal modes of each component. This then allowed normal modes of the
complete structure to be found, using component mode methods. Working in several
stages, in this way, did not overstretch the computers of the time.

Eventually, more powerful computers, and the wide availability of relatively easy-
to-use finite element software, made other methods uncompetitive. Currently, there-
fore, the analysis of nearly all structures consists of a finite element analysis, giving the
equations of motion in global coordinates, usually followed by transformation into
normal mode coordinates.

8.2 Continuous systems
8.2.1 Vibration of Uniform Beams in Bending

It is still useful to be able to calculate the natural frequencies and vibration modes of
uniform beams, plates, cables, membranes, etc. These are sometimes used in structures, and
they are also useful as test cases for unfamiliar programs, since the exact analytic answers
are known. As an example, the bending modes of a uniform beam are now derived.

From simple beam theory, for static loading, the following well-known relation-

ships apply:

d2

EI dT; = M(x) (8.1)
d3

EI (Txﬁ = S(x) (8.2)
d4

EI chZ - W(x) (8.3)
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where

E is the Young’s modulus, 7 is the second moment of area about bending axis,
y is the displacement normal to the beam centerline at distance x along the beam,
M (x) is the bending moment at x, S(x) is the shear at x, and W(x) is the load per unit
length at x.

If there is no applied force or damping, the load distribution W{(x) will be the inertia
loading due to the mass of the beam:

>y

W(x) = —n'sd (84)

where 1 is the mass of the beam per unit length, constant in this case, and y is now a
function of time, ¢, as well as of x. The negative sign in Eq. (8.4) is, of course, due to
D’Alembert’s principle.

From Egs (8.3) and (8.4):

4 2
Py >y

o~ Moe ®.3)

Due to the assumption that there is no applied force, or damping, only simple
harmonic motion is possible, i.e.,

y =y sin wt (8.6)
and
2
% = W’y sin wr (8.7)

where y is a mode shape factor, a function of x only. The maximum loading cor-
responds to sin wt = 1, so for this condition, 9%>y/dr* = —w*y. Substituting this into
Eq. (8.5) gives:

84)/ 'uw2 B

e mrY T By (8.8)
where
§ = (8.9)

VEI/
The general solution of Eq. (8.8) is
¥ = A sin Bx + B cos Bx + Csinh x + D cosh fx (8.10)

The constants A, B, C and D depend upon the boundary conditions, i.e. whether an
end is fixed, pinned (simply supported), free, etc.
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As an example, a cantilever beam, of length L, has the following boundary condi-
tions, where x =0 at the fixed end and x = L at the free end:

dy
Atx=0,y=0; tx=0, —=0 8.11
x=0,y=0; atx=0, - (8.11)
d*y d*y

Substituting these conditions into Eq. (8.10), differentiating it as necessary, gives
A=—-C and B=-D (8.13)

C(sin L + sinh SL) + D(cos SL + cosh L) =0

) ) (8.14)
C(cos BL + cosh BL) + D(sinh SL —sin L) =0

The roots of the simultaneous equations, Eq. (8.14), are given by the determinant:

(sin BL +sinh BL) (cos SL + cosh BL)

. . =0 (8.15)
(cos BL + cosh BL)  (sinh BL — sin L)
which can be simplified to:
1+ cos L coshBL =0 (8.16)

Equation (8.16), the ‘characteristic equation’, can be solved numerically. The first
four roots are

(BL),= 1.87510; (BL),=4.69409; (BL),=7.85476 (BL),= 10.99554

From Eq. (8.9), the natural frequencies, w;, are given by:

g B 8.17
wj ﬁ,\/: (8.17)

The values of the constants 4, B, C and D can be found from Eqs (8.13) and (8.14),
and mode shapes are then given by Eq. (8.10).

The procedure for beams with different end conditions is similar to that shown
above for the cantilever. Table 8.1 lists the characteristic equation, its roots and the
constants, A, B, C and D, for several different configurations. The mode shapes
evaluated from the constants given in the table are not normalized to any particular
amplitude.

Analytical methods can also be used to find the natural frequencies and mode
shapes of beams or rods in torsion or longitudinal vibration, uniform strings or cables,
and uniform membranes and plates with rectangular or circular boundaries.
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Table 8.1
Natural Frequencies and Mode Shapes for Uniform Beams in Bending

Characteristic
End equation
Conditions and roots (3;L A B cC D
Simply-supported sin;L =0 1 0 0 0
(Pinned-pinned) BL=m

ﬂzL =27

/63L =37

ﬂ4L =47

in ;L — sinh 3;L in ;L — sinh 3;L

Free-free cos B;L - cosh 3;L =1 1 % 1 %

BiL = 473004 cosh 3;L — cos [3; cosh 3;L — cos [3;

G L = 7.85321

Fixed-fixed

Cantilever
(Fixed-free)

(x is measured from
the fixed end)

Fixed-pinned
(x is measured from
the fixed end)

B3L = 10.99561
Bal = 14.13717

cos B;L - cosh 3;L = 1
61 L = 4.73004

G L = 7.85321

B3L = 10.99561

Byl = 14.13717

cos 3L - cosh B;L = —1

8L = 1.87510
6oL = 4.69409
ByL = 7.85475

BsL = 10.99554

tan ;L —tanh 3;L =0
Bi1L = 3.92660

B L = 7.06858

B3L =10.21017

B4l = 13.35177

sinh ﬁ,L — sin ﬂ,L

sinh B,L — sin B,L

" cos B;L — cosh 3;L

sin ;L + sinh ;L

cos ;L — cosh ;L

sin 3;L + sinh 3;L

"~ cos BiL + cosh 3;L

sin 3;L — sinh 3;L

cos B;L + cosh ;L

sin 3;L — sinh 3;L

" cos B;L — cosh 3;L

cos 3;L — cosh ;L

Notes

In all cases the natural frequencies, in rad/s, are w; = ﬁ,.z \/ EI/ i, where values of 3;L, where L is the length of
the beam, corresponding to the first four non-zero natural frequencies, are given in the second column of the
table. The mode shape is given by:

y; = A sin B;x + B cos Bix + C sinh 3;x + D cosh 3;x

where A, B, C and D can be found from the table. The mode shapes are not normalized to any particular
amplitude. Note that the free—free beam has zero frequency rigid modes.

Example 8.1

A helicopter manufacturer is developing a code of practice for the installation of
hydraulic service pipes, and wishes to comply with a ‘minimum standard of integrity’
vibration standard, which defines, among other requirements, a sinusoidal accelera-
tion level of +£5.0g from 50 to 500 Hz, at the pipe’s attachments to the aircraft
structure. One investigation considers straight lengths of steel pipe, installed with
spacing, L, between support centers, as shown in Fig. 8.1(a). Only the fundamental
vibration mode of the pipe is considered, and this is taken as the exact first bending
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mode of a simply supported, uniform beam. It may be assumed that a separate
investigation has shown the response in higher order modes to be negligible.

Note: The system of units used in this example is the ‘British’ Ibf inch system, in
which the acceleration due to gravity, g, is 386 in./s*, and mass is expressed in b in"'s?,
a unit sometimes known as the ‘mug’.

The properties of the pipe are as follows:

E = Young’s modulus for the material =30 x 10°Ibf/in.?

D = outer diameter =0.3125in.

d =inner diameter =0.2625in.

I = second moment of area of cross-section, = (r/64) (D* — d*) = 0.2350 x 103 in.*

1 = total mass of pipe per inch=0.0214 x 10 mug/in. (including contained fluid).

The non-dimensional viscous damping coefficient, +, can be taken as 0.02 of critical.

Find
(a) The vertical single-peak displacement at the center of the pipe span, relative to the

supporting structure, if L = 171n.;
(b) The maximum oscillatory stress in the pipe.

Solution

Part (a)
From Table 8.1, for the first normal bending mode of a simply supported uniform beam:

EI
wy =3 n and BL=m

therefore:

= [EI

where w; is the natural frequency in rad/s, and E, I, L, and u are given above.

Also from Table 8.1, the shape of the first mode, with i = 1, is given by y; = sin §;x.
Since ) = 7/L, then y; = sin(7x/L). Defining y; = y/y. where y is the actual dis-
placement at distance x along the pipe and y. is the maximum displacement at the
half-span position, then:

X

y:ycsin(L) 0<x<L (B)

which is sketched in Fig. 8.1 at (b). The slope, dy/dx, and the curvature, d?y/dx?, are
given by differentiating Eq. (B) twice with respect to x:

%:yc%cos(ﬂ—;); 0<x<L (©)
& T ()] o<x<z (D)

These are sketched in Fig. 8.1 at (c) and (d).
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Fig. 8.1 Hydraulic pipe installation discussed in Example 8.1.

We can now derive an equivalent system to describe the vibration of the pipe, lumping
the mass, stiffness and damping at the center of the pipe, where the displacement relative
to the base is y.. With the base fixed, the kinetic energy, 7, in the pipe is

1 L
T=—-u / Adx (E)
2 Jo
Now differentiating Eq. (B) with respect to time:
.. . TX
V= Jesin— (F)
which gives the vertical velocity at every point on the pipe.
Therefore:
1 .2 L . 2 TX 1 .2
T=ymlﬂnfm=yMz (G)

This must be equal to the kinetic energy of the equivalent mass, m, which is

1

T= 5 m 2 (H)

Thus,

| .

T=uLyl =5 my;

and so

1

m=—ulL 8y

- 2
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The equivalent stiffness, k, could be found in a similar way by equating the
potential energy U in the pipe to that of the equivalent spring stiffness, k, but
a short cut is to use the fact that we already know the first natural frequency, w,

from Eq. (A):

w2 |EI
wlzﬁ ;,

and since k = mw%, then:
o

1

The pipe with damping and base motion can now be represented by the lumped
model shown at Fig. 8.1(e). This is secen to be the same as that of the system shown
in Fig. 2.3, and the equation of motion is given by Eq. (2.4). In the present notation
this is

@c"_gc"‘k ¢ = —mXp (K)

where Xg is the base acceleration input, in this case the acceleration at both pipe
attachments.

The modulus of the frequency response function |y.|/|xp| of the equivalent system
represented by Eq. (K) was given as Eq. (4.26):

el - 02420
where
w f
Q = — = —;
wr S

and

w is the excitation frequency in rad/s, w; the undamped natural frequency in rad/s,
[fthe excitation frequency in Hz, f; the undamped natural frequency in Hz and ~ the
viscous damping coefficient.

Also, from Eq. (4.32), but using the present notation:

|yc| o l ) |.Vc|
o () M)
From Eqgs (L) and (M):
. 0
el _ (N)

| X8| wz\/(l _ QZ) 279 w \/ 1— QZ 279)

Equation (N) now gives the magnitude of the displacement, |y.| at the center of the
pipe in terms of the base acceleration magnitude, |¥g|. The maximum value of |y.| will
occur, for practical purposes, when the excitation frequency coincides with the natural
frequency, i.e. when Q2 = 1. Therefore:

| XB|

oy (0)
2yw?

Velmax =
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The natural frequency wy, in rad/s, is given by Eq. (A). Inserting numerical values:

EI (30 x 106) x (0.2350 x 10-3)
[ 172 OO214><10)

=619.8rad/s (or fi=98.6 Hz).

Referring to the vibration specification, the required input at this frequency is =+ Sg,
so |¥p| = (5 x 386)in./s* = 1930in./s>. Substituting these values and v = 0.02 into
Eq. (0), the required single-peak displacement amplitude at the center of the pipe is
|Xp| 1930

= =0.1261in.
29wt 2% 0.02 x (619.8)°

Velmax=

Part (b)
From Eq. (D), the curvature of the pipe is given by:

T ()

The curvature at the mid point, (d*y/dx?),, where x = L/2, is

d?y 2 LT 2
<dx2> =segs(-sing) = ez (P)

The corresponding bending moment is M, = EI(d’y/dx?)_ and the corresponding
stress, s¢, at the center of the span and distance D/2 from the bending neutral axis, is

Se = M.

D DE(d’\  wDE Q)
2 2 \dv)” Tt

The negative sign in Eq. (Q) is of no importance, since it is arbitrary whether tensile
or compressive stress is taken as positive, so we can simply say that

™ DE
[selmax = Y7 [Velmax (R)

Inserting numerical values into Eq. (R), D=0.3125 in.; E=30 x 10° Ibf/in.%, L=17
in. and [yc|yax =0.1261n., gives

Isc|lyax = 20 1001bf/in.”

8.2.2 The Rayleigh—Ritz Method: Classical and Modern

The classical Rayleigh—Ritz method, as devised by Ritz in 1909, and usually applied
to continuous beams, is now of historical rather than practical interest. However,
the idea behind the method is very much alive, and is the basis for many of
today’s methods, including all component mode methods and the finite element
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method. Thus, ‘Rayleigh—Ritz method’ is now often used as a generic term meaning
any method for setting up the equations of motion of a system using assumed modes.

In view of the importance of the Rayleigh—Ritz method, this section includes an
explanation of the original procedure, dating from 1909, which is not now used, and
the modern equivalent, based on Lagrange’s equations. So the 1909 method has been
replaced by the ‘more modern’ method of 1788!

In Example 8.2, the historical Rayleigh—Ritz method is illustrated by an example
taken from Scanlan and Rosenbaum’s classic text [8.1]. It is then shown that the same
result can be produced, more elegantly, using Lagrange’s equations.

To understand the classical Rayleigh—Ritz method, we first consider the simpler
Rayleigh energy method. This was essentially a method for finding the natural fre-
quency of a single mode, usually of a beam in bending or torsion, the mode shape being
assumed. Taking the bending case as an example, the potential energy, U, in the beam
is given by:

I N
U=- EIl — ] d 8.18
2/0 (8x2) ) (819
where E'is Young’s modulus, 7 the second moment of area of the beam cross-section,

y the lateral displacement of the beam at a distance x from the end and L the length of
the beam. The kinetic energy in the beam, 7, is similarly given by:

1 [t foy :

where 4 is the mass of the beam per unit length.
In Eqs (8.18) and (8.19), E, I and p may vary along the length of the beam.
Rayleigh’s method is based on the fact that if the beam is vibrating with simple
harmonic motion, the maximum value of the potential energy, U .5, must be equal to
the maximum value of the kinetic energy, Tmax. These do not, of course, occur at the
same instant of time: U, occurs at the maximum value of y, but 7.« occurs at the
maximum value of dy/dt, which, for simple harmonic motion, we can take as wy.
Therefore:

1t rd’
Umax - 5/0 EI(d‘CJZ}) dx (820)
and
1 L
Tax = sz/o puy*dx (8.21)

Since Upax = Tmax, from Eqgs (8.20) and (8.21), an expression giving the natural
frequency is

2 2
IS EI(SJZ}) dx
e (8.22)
Jo ny*dx
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where it is understood that y is now the maximum value, at a given value of x, and is a
function of x only.

The modification by Ritz, in 1909, assumed that the deflection of the beam
was made up of the sum of several functions, rather than just one in the Rayleigh
method, i.c.,

y=a1¢1(x) + axpa(x) + - - (8.23)

where ay, ay, etc. are scalar factors, and ¢;(x), ¢»(x), etc. are assumed shapes.

It can be shown that the combination of the factors, a;, a», etc., producing the best
approximation to a normal mode is that which minimizes the natural frequency, w.
This is found by (partially) differentiating Eq. (8.22) with respect to a;, a;, etc. in turn,
and equating to zero, producing as many equations as there are factors «;:

0w?
Oa i

-0 i=1,2,... (8.24)

Eq. (8.22) may be differentiated by noting that it is a quotient, and it can be shown,
after some manipulation, that the required equations are given by:

R
ga':o i=1,2,... (8.25)
where:
L 2N\ 2 L
R= / El(g);> dx — / p2dx (8.26)
0 X 0

These equations form a dynamic matrix, or eigenvalue problem, which is solved in
the usual way, giving approximations to the natural frequencies and normal mode
shapes. They are stated here in historical form, and it can be seen that the terms on the
right side of Eq. (8.26) are equal to rwice the maximum potential and kinetic energies,
respectively, and when partially differentiated with respect to each factor ¢; in turn,
they will produce a dynamic matrix in which each term is twice as large as the
corresponding term based on Lagrange’s equations. This is confusing, but of no
great importance, since the partial derivatives are, in any case, equated to zero.
However, later writers have sometimes placed the factor % before the integral signs
in Eqgs (8.22) and (8.26), for compatibility with the Lagrange method.

Example 8.2

(a) Use the classical Rayleigh—Ritz method to derive a dynamic matrix enabling the
approximate natural frequencies and normal modes of a uniform cantilever beam,
in bending, to be found. Use the following two-term series to represent the
displacement:

y = a1x2 -+ a2x3 (A)
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where x is the distance along the beam from the fixed end. The length of the beam
is L; Young’s modulus is E; the second moment of area of the cross-section is /
and the mass per unit length is p.

(b) Show that the same result can be obtained by the use of Lagrange’s equations,
taking ¢ and ¢ as generalized coordinates, defined by:

y=qx* + @x° (B)
Solution
Part(a)
From Eq. (A):
V2 = ax* + 2a1a0%° + d3x® ©)
62
87):2} = 2a; + 6ax (D)
Py\° 2 2.2
e = 4ay + 24a1a0x + 36a5x (E)

From Eq. (8.26), using Eqs (C) and (E):

L L
R= EI/ (4ai + 24a1arx + 36a5x7)dx — mw? / (aix* + 2a1a>x° + a3x°)dx
0 0
(F)
2L5 L6 2L7
— EIAG L+ 2ajae* + 1283 L°) — mw? ("1 e > (G)
OR 2 1
— = EI(8aiL + 12a,L%) — pw?( Za1 L +<anL° | = 0 (H)
Bal 5 3
OR 1 2
e EI(12a,L* + 24a,L*) — pw? <3a1L6 + 7a2L7) =0 (1)
or combining Eqs (H) and (I) in matrix form:
25 Lye
8L 12L2 2 5 3 ay _
E1[12L2 24L3} TR, {a2 =0 )
*L6 7L7
3

This can now be seen to be an eigenvalue problem, and it can be solved in any of the
usual ways to obtain the two natural frequencies and the two ratios (a;/a»), and
(ai/az),. The two normal mode shapes are then found from Eq. (A).
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Part (b)

The equivalent modern approach is to use Lagrange’s equations to derive the
equations of motion in terms of the generalized coordinates ¢; and ¢, (which replace
a; and a;). With no damping and no external forces, Lagrange’s equations are

d /0T oU d /oT ou
dt<8ql>+8ql_0 and dl<8(]2)+a(12_0 (Kl)(Kz)

To find the kinetic energy, 7:
From Eq. (8.19),

r-! / u(?;)zdx (L)

0

From Eq. (B),

y=qx + X

and

0 . .

87); = §1X" + ¢ox° (M)
SO

dy : 2 4 s 5, 2.6

o) =0 +2¢1G>x° + ¢5x (N)

From Egs (L) and (N):
1t .. . 1 />, L°. . L7,
T= 5#/0 (1" + 241423 + 5x°)dx = o <5qf i+ 7q§> (0)

To find the potential energy, U:
From Eq. (8.18):

L
1 P\’
v=3 / EI<—8x2> dx (P)
0

From Eq. (E), replacing a; by ¢; and a; by ¢; in each case, we have

82)’ ? 2 2.2
(W) = 4q7 + 24q1q2x + 36¢5x Q)

From Eqgs (P) and (Q):

1 L
U= EEI/ (447 + 24q1¢9>x + 36¢3x7)dx = EI(2L%q} + 6Lq1g> + 6L°¢5)  (R)
0
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Using Eqs (O) and (R), the partial derivatives required for Lagrange’s equations are

afory_ (L. L )
dl 6q1 7:“’ 5‘]1 6Q2 1
and
o(ory_ (1, U 5
91 \ 9 =W 6(]1 742 2
oU
—— = EI(4L 6L> T
90 (4Lq) +6L°q>) (Ty)
and
oU
—— = EI(6L* 1213 T
o0 (6L°q) + 0) (Ta)

Substituting — w?q; for §; and — w?¢, for §», and writing in matrix form:

1 5 1 6
E1[4L 6L2]— W S {41}20 (U)
o> 12| " 1 e
I8 IL
6 7

Comparing Eq. (U) with Eq. (J), it can be seen that each term in Eq. (J) is twice as
large as the corresponding term in Eq. (U). As pointed out above, this is due to the use
of Eq. (8.26), the historic version of the Rayleigh—Ritz equation, in Part (a) of the
solution, and Lagrange’s equations in Part (b). It is of no importance, since both sets
of equations are equated to zero.

Modern ‘Rayleigh—Ritz’ methods include all component modes methods, such as all
variants of the component mode synthesis method, the branch mode method and the
finite element method. All these methods are mathematically similar, differing only in the
type and size of the components used as assumed modes. These later developments of the
Rayleigh—Ritz method are briefly described in the following sections of this chapter.

8.3 Component mode methods

Two component mode methods are now described. The first of these, known as
component mode synthesis, is usually associated with Hurty [8.2, 8.3], and further
developments have been made by Craig and his associates [8.4, 8.5].

The other method, less well documented, but very useful in practical work, is the branch
mode method , originally suggested by Hunn [8.6] and further developed by Gladwell [8.7].

As computers have become more powerful in recent years, there has been a
tendency to represent even a complicated structure by a single, large, finite element
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model, rather than to build it up from component modes. These methods therefore
now tend to be used less than was the case a few years ago.

8.3.1 Component Mode Synthesis

Component mode synthesis methods enable structures to be analysed as two or
more separate substructures, which when joined together become the complete struc-
ture. This can have advantages, such as permitting analysis to proceed independently
on each substructure, and making each analysis smaller. Each of the individual
analyses is now usually carried out by the finite element method.

Component mode synthesis can take many forms, but there are two main variants:
(1) the fixed interface method and (2) the free interface method.

In the first of these, the initial modal analysis, on each substructure separately, is
made with the interface coordinates fixed. To allow the interface coordinates to move,
special constraint modes are introduced. These consist of the szatic displacements of a
substructure when unit displacements are imposed at each interface coordinate in
turn, a similarity with the finite element method, described later. All the modes, in all
the substructures to be joined, are then used in a Rayleigh—Ritz analysis of the
complete structure.

In the second method, the free interface method, the initial modal analysis of each
substructure is carried out with the interface coordinates free to move. To ensure that
coordinates at points subsequently joined move together, constraint equations, mak-
ing the displacements equal at junctions, are derived. This introduces linear depen-
dencies between the modes of the complete structure, i.e. there are more coordinates
than independent degrees of freedom, and Lagrange’s equations cannot be used.
A special transformation to remove the superfluous coordinates must therefore be
used before Lagrange’s equations are finally used to set up the equations of motion
of the complete system.

In both the fixed and the free interface methods, the modes used (other than the
constraint modes in the case of the fixed-interface method) are usually normal modes of
the substructures. This has several advantages, and is assumed in the following discussion.
It is, however, perfectly possible to use assumed polynomial modes, as in Example 8.3.

Both the fixed and the free interface methods are now described. It is assumed here,
in both methods, that the equations of motion, expressed in global coordinates,
are available for each of two substructures, R and S, which are to be joined. Damping
and external forces will be ignored for simplicity, as it is relatively easy to include them
later. It will also be assumed that the substructures do not have rigid-body freedoms.

The fixed interface method

The following [8.8] is known as the Craig—-Bampton method [8.4]. It is stated by
Craig [8.9] to differ only slightly from the Hurty method [8.3].

Let the equations of motion of each of the substructures, R or S, in global
coordinates, without damping or external forces, be of the form:

[M]{z} + [K]{z} = 0 (8.27)
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where the vector, {z}, contains two kinds of global coordinate:
(1) those not at junctions or boundaries, designated {zn }. These are always free to move.
(2) those at junctions or boundaries, designated {zg}. These are initially fixed, but
will later be joined to another substructure.
The vector {z} in Eq. (8.27) is now partitioned as follows:

{z} = {i:} (8.28)

The matrices [M] and [K] can be similarly partitioned, so Eq. (8.27) can be written as:

M~ | Mas] ([ En Kan | Kng ] [ 2n
+ | =0 (8.29)
Mzg | | ZB Kgn | KB ZB

MpN

Since the boundary coordinates are fixed at this stage, {zg} = 0. The natural
frequencies and normal modes of the substructure, with junctions fixed, are therefore
given by the solution of the ‘top left’ partitions of Eq. (8.29) only:

[Mnn{En} + [Knn]{zn} =0 (8.30)
With the usual substitution:

{an} = e {on} (8.31)

([Knn] = *[Man]) {280} = 0 (8.32)

which can be solved for natural frequencies, w;, and eigenvectors, {Zx},, i = 1,2,...1in
the usual way.
The resulting modal matrix is then, say:

[on] = [{2n}{2n}s -] (8.33)

The modal matrix, [¢n], usually has more rows than columns, since often only the
first few normal modes are required.
The modal coordinates, {¢gn}, are related to the non-boundary global coordinates,

{zn}, by:
{ZN} = WNHQN} (8-34)

All the above operations are carried out on both substructures, R and S.

Constraint modes are now generated, for each substructure, by applying a unit static
displacement to each element in {zg}, in turn, the other elements in {zg} being fixed.
The displacements of each constraint mode are the resulting values of {zx}. It can be
seen from Eq. (8.29) that since, for static loading, all the accelerations are zero, then
{z~n} and {zp} are related by:

[Knn{zn} + [Kngl{zB} = 0 (8.35)

or

{zn} = —[Knn] "' [Kngl{zs} = [oc]{zs} (8.36)
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where [¢¢], equal to —[KNNT1 [Kng], can be regarded as a ‘modal matrix’ giving the
displacements of the non-boundary coordinates, {zn}, for unit displacements of the
boundary displacements {zg}. Again, these operations are carried out on both
substructures.

The following transformation matrix is then applied to Eq. (8.29), which can be
taken to represent either of the substructures, R or S:

- Bl

where [¢n] and [¢c] are defined by Eqs (8.33) and (8.36), respectively and {gn} is
defined by Eq. (8.34). This gives, for substructure R:

(M5 G} + K" (g} = 0 (8.38)
where

=[] i b - [abia] oo

- ([ ]| il [9] - [t oo
and

fy— {Z: }R (8.41)

In Egs (8.39) and (8.40), [Mnn] and [Knn] will be diagonal matrices if the sub-
structure concerned is represented by normal modes, as is usually the case. It can be
shown that the [Kng] and [Kpn] matrices, missing from Eq. (8.40), are always zero, for
any kind of mode.

Equations similar to Eq. (8.38) can be written for subsystem S:

(MG} +K {q}*= 0 (8.38a)

where [M]%, [K]%and {¢}® are defined in the same way as [M], [K]" and {¢}*.
The equations of motion for the two substructures, R and S, combined into a single
system, can now be written as:

i {a}+ [K){ay =0 (8.42)
where:
N
{ah=1 g (8.43)
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(M] = 0 1 MYy M3y (8.44)

and
KRei 0 0
K] =| 0 ! K 0 (8.45)
0 0 | K8+ K5y

where the superscript R or S indicates the substructure. The boundary coordinates
{zs}, in Eq. (8.43), are, of course, common to both substructures, when joined,
and appear only once. The total number of modes used in the final equations, Eqs
(8.43)—(8.45), is therefore the sum of the interface-fixed modes used in the two
substructures plus the number of joint displacement coordinates.

Equation (8.42), representing the complete structure, will usually be solved for
eigenvalues and eigenvectors, using {¢} in Eq. (8.43) as a set of generalized coordin-
ates. Local displacements, {zn} and {zp}, are then found from Eq. (8.37).

The free interface method

In the free interface method, the two subsystems to be joined, R and S, are each
analysed separately, as before, but with the junction, or boundary, coordinates free
rather than fixed.

The undamped, unforced equations of motion for subsystem R in global coordin-
ates are, say,

[ME{E%} + [K¥]{="} =0 (8.46)
and similarly for subsystem S:
[MEI{E}+ [} =0 (8.47)

Equations (8.46) and (8.47) are now both transformed into modal coordinates, as
described in Chapter 6. These are usually normal mode coordinates, but assumed
modes can also be used (as in Example 8.3). Let the transformations applied to
Eqs (8.46) and (8.47) to achieve this be, respectively:

{5} = [o"1{r"} (8.48)

and

{Z} =[0I} (8.49)
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The resulting equations in modal coordinates for the two, still unconnected, sub-
structures are then:

[ME]{p" } + [KE{p"} =0 (8.50)
and

[P} + [K]{p*} =0 (8.51)
where:

(%] = [6%]" [M*][6"] (8.52a)

(K%)= [¢"]' [K*] [6"] (8.52b)

[115] = [6°]" [M°] "] (8.53a)

(K%)= [6)" K% [¢"] (8.53b)

The matrices [MR], [KR], [M®] and [K®] will be diagonal if, as in the usual case, the
modal matrices [¢®] and [¢%] consist of the eigenvectors of Eqs (8.46) and (8.47),
respectively, but not if they are based on assumed modes, as discussed in Chapter 6.

Equations (8.50) and (8.51) are combined, as follows:

- B -

Equation (8.54) consists of the equations of motion of the two substructures, not
yet connected together, and there is still no coupling between them. Joining is, in fact,
achieved by applying a transformation to Eq. (8.54), and this is now developed.

The modal matrices [¢R] and [¢%], in Eqs (8.48) and (8.49) respectively, consist of
some rows which correspond to global coordinate displacements at junction (or
boundary) nodes, and some which do not. If the global coordinates at junctions are
separated out, and designated {z§ } and {z} }, for substructures R and S, respectively,
then they must be equal when the substructures are joined, i.e.,

{m} = {3} (8.55)
Using Eqgs (8.48) and (8.49):
{z} = [es[{r"} (8.56)
and
{3} = [63]{P°} (8.57)

Therefore from Eqs (8.55), (8.56) and (8.57):
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[os){P"} = [031{r°} (8.58)

Each connection in Eq. (8.58), between a mode in subsystem R and a mode in
subsystem S, reduces the number of independent degrees of freedom in the system by
one. Since the generalized coordinates, to be used in Lagrange’s equations, must be
independent, the following method is used to eliminate the dependent or superfluous
coordinates.

First, Eq. (8.58) is rearranged into the form:

(08—} ] {E-s-} = (8.59)
or
[A]{p} = 0 (8.60)

The vector {p} is of size n,, where n, is the number of modal coordinates in both
subsystems taken together. The matrix [4] is rectangular and has n, columns and np
rows, where ng is the number of global displacement coordinates at the boundaries of
either subsystem, this number obviously being the same for the two subsystems.

Equation (8.60), [4]{p} = 0, is partitioned, and the order of the terms is changed to:

[A; | Az]{.é’f’.} =0 (8.61)

The matrix [4;], which must not be singular, is a square matrix, formed from those
columns of [4] associated with the dependent coordinates, {pq}. The matrix [4;]
consists of the remainder of the columns, associated with the independent
coordinates {pr}. In theory, it does not matter which ng coordinates are chosen to
be dependent, but some choices may be more convenient than others in practical
cases.

Writing Eq. (8.61) as:

[41[{p}q + [42[{p};=0 (8.62)
then

{pYe= —[4]) [P} (8.63)

Introducing the trivial equation {ps} = [I]{pr}, Eq. (8.63) can be written as:

[m) l:l_f_l_d_l_[ézl] o (8.64)

Equation (8.64) is the required transformation, but the individual terms will
usually have to be re-arranged to make it compatible with Eq. (8.54), i.e.

the elements in the vector {-g-d-} must be changed back to the original order,

pr

R
{-IZ-S-}, with corresponding changes to the matrix, which then becomes, say, [J].
p
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Also, the independent coordinates, {ps}, on the right side of Eq. (8.64) are desig-
nated as generalized coordinates, {¢}.
Thus, Eq. (8.64) becomes

R
v = { £} = e} (8.65)
The transformation, Eq. (8.65), is now applied to Eq. (8.54), as follows:
1" o2 it + 1T [ 1ty o (8.66)
or
[M]{4} + [K]{q} = 0 (8.67)
where
g Mr) O
[M] = (4] [ . J 18] (8.68)
and
gt KR O
(K] = (4] [ Ry ][ﬁ] (8.69)

Equation (8.67) is the equation of motion of the complete, joined system. It will
usually be solved for natural frequencies and normal modes in the usual way, and
damping and external forces can then be added.

The following example illustrates the use of the free interface method. It is intended
only to demonstrate the mathematical steps involved, and does not represent a typical
everyday problem.

Example 8.3

Use the component mode synthesis, free interface, method to find the normal
modes of the single system formed when the two uniform cantilever beams, R and
S, of lengths L and 2L, respectively, as shown in Fig. 8.2, are subsequently rigidly
joined at the free ends. The two cantilevers have the same mass per unit length, g,
and the same values of Young’s modulus, E, and second moment of area of cross-
section, /.

Represent the cantilever R by two assumed modes with modal displacements p; and
P2, defined as follows:

= (%>2P1 + (%) 3P2 (A)
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2 Y2
A
_X1A>T - X5
] [
Ao L —>] l< 2L >
R S

Separate subsystems

R S

Joined system

Fig. 8.2 Example showing the joining of two subsystems by the component mode synthesis method.

Represent the cantilever S by three assumed modes with modal displacements p3, p4
and ps defined by:

X2 X2 X2
B
Y2 = (2L> p3+(2L) p4+(2L> ps (B)
where x;, X2, y1, y2 and L are defined by Fig. 8.2.

Solution

We shall need the following relationships:

From Eq. (A):
dyr  2x 3x1
hCA C
e (©)
d2y1 2 6X1
o ph e )
From Eq. (B):
dy2 X2 3 3
an, el Tt Al (E)
d? L) 1 3x; 3x3
F
a2 T 4L3p4+4L4p5 (F)

To derive the equations of motion for the two ‘substructures’ R and S, separately,
we use Lagrange’s equations, which require expressions for the kinetic energies Tr
and T, and the potential energies, Ur and Us, of R and S, respectively.

1 1 [ET/x\2 1 1 1 1
TR*E"/ yidvi = 2“/ {(L)pHL(L)pz] dx= 2“L(5p1 3”1””7’)2)

(G)
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! &y 1[4, 2y 36x)
= £l dx; = <EI J
Ur 2 /0 (dx1> X 3 / L4P1 + I3 —s Dip2+ 76 p2 X1

EI
=33 (4p1 + 12p1p> + 12p3)

Applying Lagrange’s equations

d (0TR\  OUr . .
dt(apl>+ap[—0 (1—1,2)

to substructure R gives the two equations:

1. 1. EI
pL <§p1 + gp2> +73 (4p1 +6p2) =0

1. 1. EI
pL <6P1 +7P2> +F(6P1 +12p2) =0

or in matrix form:

P EIt4 6 |fpi]| _
{m}*p {6 2\ ="
Similarly, for substructure S:

To — %,i /0 " 2 - %u /0 B [(;z) et (2L> pat (2L)4P5} v,

and

ulL

AN — | —
=N = N =

203

(H)

122\’ A v 32\’
Us = -EI —= | dx, ==EI 2 d M
573 /0 (de) A /0 (2L21”+4L3p4+4L4 ) v M)

Applying Lagrange’s equations:

d [0Ts oUg _
a<a_Pj)+ap, =0 (i=3,4,5)

to substructure S leads to:

201 2 13
5 3 7 [')'3 E124 D3
1 2 1 - 3 3 9 _
pL13 7 g P tps|a 3 a |y =0
21 2| UBs 1o 1| Lps
7 49 s
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Combining Eq. (K), representing substructure R, with Eq. (N) representing sub-
structure S:

L1000 0](/ 4 6 0 0 07 ([m
L'logo of|p 6 120 0 0]|n
. EI
pLIO 0 % 5 F1ap 45|00 5§ Tiqgps =0 (0)
00 43 i |n 00 51 3|
.. 9 18
0 0 3 & 5] Ups 00 T 7 51| ps

These are still two separate sets of equations, and represent the two substructures
not yet joined together.

The constraint equations are now derived by observing that at the junction, where
x; = L and x, = 2L, when the substructures are joined, the displacements and slopes
must be the same for the two beams, i.e.,

y1(L) = »(2L) (P1)
dy dy,
chl(L) = _chz(ZL) (P2)

Note: In Eq. (P,), the negative sign is due to the fact that x; and x; are defined in
opposite directions, affecting slopes but not displacements.
Substituting x; = L and x; = 2L into Egs (A), (B), (C) and (E) gives

Y1 =pi+p (Q1)
dyl - 2 3

d TR + P2 (Q2)
V2 =p3+ps+ps (R1)
dy, 13 2

dv TPstoppatops (Ry)

Combining Egs (P}),(P»),(Q1).(Q2),(R}) and (R»):
p1+py—p3—ps—ps =0 (S1)
3
2p1+3p2+p3+ P4t 2ps =0 (S2)

or in matrix form, corresponding to Eq. (8.60):

P1
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Equation (T) is now partitioned in the same way as Eq. (8.61). Since there are five
modal coordinates, and two constraint equations, the number of independent coordi-
nates, ¢;, that will finally represent the complete system, is three. These can be any
three of the five modes in the system, so choosing:

q1 =P3, 42 =Pp4, {3 =Pps,

then:
P
11 i—l -1 -1 D2
(A1 A ){p} = i 3 py =0 (U)
2 3141 3 2 Pa
Ps
Now applying Eq. (8.64):
Pd [41]”'[4)]
Ldl ) T 72 \Y
{2l el V)

or numerically, noting that the order of the terms in {p} was not changed in this case,

1 177! -1 -1 -1

D1 —[ ] 3
P2 23 1 2 2 q1

{pt=qprs ¢ = 1 0 0 q2 (W)
P4 q3

01 0
Ps
| 0 0 1 |
or

)2 4 4.5 5
P2 -3 =35 -4 q1

pr=4ps =1 0 0 |¢q =I[0{q} (X)
Da 0 1 0 q3
Ds L 0 0 1

The two separate subsystems in Eq. (O) are now joined together, by applying the
transformation {p} = [5]{¢q}. Eq. (O) then becomes

[M{g} + [K]{g} = 0 (Y)
where, from Eq. (8.68):
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- ]
4 45 571756 00 0iry 45 5
3 35 4| |e 3 0001 3 35 4
uL 0 0 00 242 1 0 0
0 1 0 00 121 0 1 0 )
0o 0 1 N
00 7335

0.8857 0.850_0 0.8333
=L |0.8500 0.8357 0.8333
0.8333 0.8333 0.8413
and from Eq. (8.69):

4 45 s57T[4 6 00 0]
3 35 _4 6 12 0 0 0
X Kr 0 EI ' 13
K] =8| K]w]=p 1o o [0 23
S 339
0 1 0 00 332
o0 oo gl g,
4 45 5
-3 35 —4 o 28.50 33.75 39.00
0 0| =77]3375 40.50 4725
0 1 0 39.00 47.25 55.60
0o 0 1

Thus Eq. (Y), the equation of motion of the joined subsystems, expressed in
numerical form is

0.8857 0.8500 0.8333 q1 £l 28.50 33.75 39.007 ( q1
nL {0.8500 0.8357 0.8333] {qz } +— [33.75 40.50 47.25} {qz } =0 (a)
0.8333 0.8333 0.8413 q3 39.00 47.25 55.60]1 \ g3

To find the natural frequencies and normal modes, since there is no damping, we
may substitute {g} = {g}e!“" and {{j} = —w*{g}e“" in the usual way. Equation (a) can
then be written as:

28.50 33.75 39.00 0.8857 0.8500 0.8333 q
( {33.75 40.50 47.25] - A [0.8500 0.8357 0.8333} ) { > } =0 (b)
39.00 47.25 55.60 0.8333 0.8333 0.8413 a3

where:

Wrpl?
EI

A= (c)
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Using a standard eigenvalue/eigenvector program, solution of Eq. (b) gives the first
two eigenvalues as A\; = 6.206 and \; = 49.44. The corresponding eigenvectors, arbi-
trarily scaled to make g3 = 1, are

q1 2.371
g p =« —3.103 (dy)
9 ), 1

and
q1 0.9267
g ¢ =1 —1.978 (da)
Q3 2 1

From Eq. (c), the two natural frequencies w; and w, are

1 [EI 2491 |EI
w1 —E I\/ Al = 12 I (61)

1 |EI 7.031 |EI
Wy = y 7\/ A = 12 7 (e2)

The corresponding mode shapes can be plotted by substituting each eigenvector, from
Eqgs ((dy) and (d,), in turn, into Eq. (X), to find the values of p; to ps, for each mode. The
local beam displacements, y; and y,, are then given by Eqs (A) and (B). The two mode
shapes, scaled to a maximum displacement of unity, are plotted in Fig. 8.3

Since the joined cantilevers form a fixed—fixed uniform beam of length 3L, it is
possible to compare the results above with exact answers from Table 8.1. The first two
normal mode frequencies are given by 3;(3L) = 4.7300 and (3,(3L) = 7.8532.

Then the exact natural frequencies for a fixed—fixed uniform beam of length 3L are

9
First
Wemax >< mode

0.5

05 1& D 25
-0.5
Second
mode

Fig. 8.3 Mode shapes calculated by the component mode synthesis method.

-1
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EI 2485 |EI
w1=(ﬁ1)2\/;= I UI (f1)
nd
EI 6852 |EI
wz:(ﬂz)ﬂ/;:TU? (f2)

The natural frequencies, w; and w,, calculated by the component mode synthesis
method, and given by Eqgs (e;) and (e,), are 0.24 and 2.6% higher, respectively, than
the exact values given by Eqs (f}) and (f5).

From Fig. 8.3, the mode shapes are seen to approximate to the first two modes of a
uniform fixed—fixed beam.

a

8.3.2 The Branch Mode Method

The branch mode method appears to have been devised by Hunn [8.6], for finding
the normal modes of complete aircraft structures, and was further developed by
Gladwell [8.7]. It was mentioned by Hurty, in his 1965 paper [8.3], and described as
being similar to the component mode synthesis method. During the period when it
was widely used, say from about 1960 until 1980, the influence coefficient (flexibility)
method, or, later, the finite element method, was used to calculate the normal modes
of the ‘branches’ of an aircraft structure, for example the fuselage, wings, vertical and
horizontal stabilizers, etc., and the branch mode method was then used to combine
them into a mathematical model of the complete aircraft. As more powerful compu-
ters became available, the finite element method became viable for complete struc-
tures, making it unnecessary to use the branch mode method. It remains useful,
however, in some circumstances, such as:

(a) when a given parameter, say the stiffness of a particular actuator or joint, is
required to appear explicitly in the equations of motion at modal level, either
because it is to be varied widely or because it is non-linear. In the latter case it is
possible, for example, to separate the linear and non-linear parts in a system of
equations.

(b) The method can also be used to make small modifications to models of complete
structures at modal level, without having to re-run a large FE model.

The branch mode method uses a special way of defining the shapes of the
assumed modes, avoiding the use of constraint modes or constraint equations, as
required in component mode synthesis methods, and is therefore much easier
to use, essentially being a ‘non-mathematical’ version of the component mode
synthesis method. Although it can be used with completely arbitrary modes, the
following describes the more usual procedure, in which normal modes of branches
are used.

The method is most easily explained by a simple example. Consider the L-shaped
lumped-mass structure shown in Fig. 8.4(a). The normal modes of the two beams, AB
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Branch BC
C
jA Branch AB I B
()

Branch mode 1 Rigid

Distorting

A B 3 .
‘K""“W"‘(‘LB Branch mode 2 Rigid
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A B

Normal modes of branch AB Branch mode 3 Distorting
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C C C :
Branch mode 4  Distorting
B B B
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Normal modes of branch BC

(b) (©

Fig. 8.4. The branch mode method: (a) a branched structure; (b) normal modes of AB and BC as
Cantilevers; (c) branch modes

and BC, are first calculated, as separate cantilevers, i.e. fixed at A and B respectively.
These are known as the ‘branches’. Any suitable method can be used for this first
stage, such as the influence coefficient method or the finite element method.

The equations of motion for the two cantilevers, treated as two separate systems,
are, at global coordinate level, say,:
for cantilever AB:

[(Ma[{ZaB} + [Ka[{zaB} =0 (8.70)
and for cantilever BC:
[Myc]{Zpc} + [Kpcl{zpc} =0 (8.71)

where [Map] and [Mpc] are the mass matrices at global level, and [Kag] and [Kpc] are
the corresponding stiffness matrices. The vectors {zag} and {zgc} are the global
coordinates.
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These are solved in the usual way, producing two sets of normal modes, with modal
matrices [Xap] and [Xpc]. Three of the normal modes of each cantilever are sketched
in Fig. 8.4(b). They are now available for use as component modes in a branch mode
analysis.

The unique feature of the method is now shown in Fig. 8.4(c), where four examples
of the many possible assumed modes, known as branch modes, are sketched. Branch
mode 1, for example, consists of the first bending normal mode of beam AB, with
beam BC attached to it, but the part BC is constrained to be rigid, although free to
move with AB. Similarly, branch mode 2 consists of the second bending normal mode
of AB, with BC as a rigid extension. In branch mode 3, section AB is assumed rigid,
and also fixed, but section BC is allowed to distort in its first cantilever mode. Branch
mode 4 is the same, except that the second cantilever mode of BC is used. Of course,
when the normal modes of the branches are modified in this way, they become
assumed, not normal modes, of the complete structure and cannot be expected to
diagonalize the equations of motion as a whole.

It can be seen that forming the branch modes from cantilever modes, as described
above, will introduce the need for additional coordinates at some grid points. As an
example, the rotation at point B in the cantilever AB must be known, to define the
lateral displacements of points in BC, and these points must also have the freedom to
move vertically as well as laterally. The need for these extra coordinates must be
anticipated when setting up Eqs (8.70) and (8.71).

The branch modes, say the four shown in Fig. 8.4(c), are now used in a straightfor-
ward ‘Rayleigh—Ritz’, assumed modes analysis, which is carried out by applying
Lagrange’s equations. The four generalized coordinates required are, say, pi, pa2, P3
and py, corresponding to branch modes 1-4. The third normal mode of each cantilever
was not used in this case.

The end result of this will be the 4-DOF equations of motion:

[M){p} + [K]{p} =0 (8.72)

where [M] and [K] are the 4 x 4 mass and stiffness matrices of the final system. How
these matrices are derived is discussed next.

There is, incidentally, no need to account for the constraint forces required to keep
one part of the system rigid while another part is allowed to distort. These forces do
no work, and therefore do not contribute to the kinetic or potential energies.

The mass matrix

The matrix [M] for the complete system is derived using the standard rules for
assumed modes methods, as developed in Chapter 6, which are based on Lagrange’s
equations. Thus,

(M) = [X]"[M][X] (8.73)

where the matrix, [M], is

(M] = {OMOBC] (8.74)
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The matrices [M ] and [Mpc| are the mass matrices as used to calculate the original
cantilever modes of AB and of BC, respectively, in Egs (8.70) and (8.71), assuming
that provision for the extra coordinates introduced by the formation of the branch
modes, as discussed above, has been made.

The modal matrix, [X], for the complete system, is now given by:

X] = [—39-*-‘3-15----0---] (8.75)

where:

[Xag] consists of the coordinate displacements in the part AB, due to its distortion,
in branch modes 1 and 2, written as one column for each mode. They are a subset
of those found for the cantilever AB in isolation, so have already been calculated.
[XBc] consists of the coordinate displacements, due to distortion, of the part BC,
in branch modes 3 and 4, also written as one column for each mode. They are a
subset of those found for the cantilever BC in isolation.

The matrix [Xac] is new and is a matrix of coordinate displacements in the part BC
due to its rigid motion in branch modes 1 and 2. It is formed, using small-angle
approximations, using the linear and angular coordinate displacements at point B.
The displacements of points in AB, in branch modes 3 and 4, are zero in this example.

The mass matrix [M] is now formed using Eqs (8.73), (8.74) and (8.75):
Xag | 0 ]T[MAB 0 ] [XABE 0 ]

Xac i Xpc 0 | Mgpc| |Xac ! Xpc
_ [ ([XAB]TMABXAB + [XAC]TMBCXAC) [Xac] MpcXpc
[Xnc]" MpcXac [Xnc]" Mpc Xae

1) = [T [M][X] = [

(8.76)

Since [Xap] and [Xpc] consist of the eigenvectors of the original simple cantilever
systems AB and BC, respectively, the products [X, AB}T[M AB][XaB] and
[Xsc]" [Mpc][Xpc] are both 2 x 2 diagonal matrices. However, the other matrix pro-

ducts are not diagonal, and [M], as a whole, is not diagonal.

The stiffness matrix

The overall 4 x 4 stiffness matrix, [K], for the complete system, could be found in a
similar way to the mass matrix. However, due to the way the branch modes are
formed, a short cut can be taken, as follows.

If the 4 x 4 stiffness matrix is written out in full:

ki ki kiz ki
K] = kyy kxn kao ka
kst ks ki ki
kot ka kg ks

(8.77)

Then the following arguments can be used:
(1) The following pairs of branch modes have no distorting sections in common:

Branch modes 1 and 3;
Branch modes 1 and 4;
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Branch modes 2 and 3;
Branch modes 2 and 4.

As discussed in more detail by Gladwell [8.7], in order to create cross-terms
between these modes, stresses in one mode would have to do work on the corre-
sponding elements in the other mode. However, in this case the elements in the
other mode involved are always rigid, and no work can be done. Therefore all the
cross stiffness terms between the pairs of branch modes listed above are zero, and

kis=kia=kn=ku=kyi=ky =k =ksp=0 (8.78)

(2) In general, stiffness coupling between modes 1 and 2 and modes 3 and 4 is still
possible. However, it can be seen from Fig. 8.4(b) and (c) that the potential energy
in branch mode 1 must be exactly the same as that in the first cantilever mode of
AB, since all the distortions are the same. Similarly, the potential energy in branch
mode 2 is the same as that in the second cantilever mode of AB. The stiffness
matrix for branch modes 1 and 2 must therefore be the same as for the first two
cantilever modes of AB. The latter are normal modes in this case, and their
stiffness matrix is diagonal. The same argument applies to branch modes 3 and
4, and so the following cross-terms are also zero:

kio=ky =k =ksyz=0
Therefore the stiffness matrix [K] is given by:

kn 0 0 0

10 kn 0 0
0 0 0 ku

where k; and kj; are the generalized stiffnesses of the first two normal modes of
the original cantilever AB and k33 and k44 are the generalized stiffnesses of the first
two modes of the cantilever BC.
If normal modes of the complete system are required, Eq. (8.72) is solved for
eigenvalues and eigenvectors in the usual way, and the following further coordinate
transformation is applied:

{r} = [®}{q} (8.80)

where {¢} are normal mode coordinates and [®] is a modal matrix derived from some
or all of the eigenvectors of Eq. (8.72). The equations of motion, without damping or
external forces, expressed in terms of the normal mode coordinates, {¢}, are then:

[M]{g} + [K]{q} =0 (8.81)
where
[M] =[] [M][®] (8.82)

(K] = [@]"[K][@] (8.83)
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The matrices [M] and [K] are now both diagonal, and with the addition of damping
and external forces may be used to represent the complete structure for any purpose,
such as its response to external loading by the normal mode summation method.

In the simple example above, the whole structure was restrained at point A. It need
not be restrained, and could represent a free—free structure, floating in space or water.
This would require the introduction of up to six rigid modes of the whole structure,
with appropriate changes to the branch modes used: for example, the two beams used
as branches could be considered cantilevered at B.

8.4 The finite element method

The finite element method was originally devised for static stress analysis, but was
soon applied to vibration problems also. It is now used to the exclusion of almost all
other methods for setting up the equations of motion of structures.

Its development required no new mathematics, since the basic ideas, essentially the
Rayleigh—Ritz concept (1909) of using assumed modes and Lagrange’s equations
(1788), had been around for a very long time. However, because it relies upon carrying
out a huge number of calculations, its practical implementation had to wait for the
development of high-speed computers, and in practice the use of the method dates
from about 1960.

Fundamentally, there are two finite element methods; the force method, where
forces are assumed and displacements calculated, and the displacement method
where displacements are assumed, and forces calculated. The latter is mostly used
for vibration analysis, and is the only one discussed here.

8.4.1 An Overview

The development of a finite element model for a structure, using the displacement
method, consists essentially of the following four stages. These are now briefly
described, using Fig. 8.5 to illustrate each stage pictorially.

Stage 1: dividing the structure into finite elements

As is well known, many kinds of finite element can now be used, such as rods,
distorting axially or torsionally; beams in bending; membranes; triangular plates;
quadrilateral plates; and solids such as tetrahedrons, pentahedrons and hexahedrons.

This stage is shown diagrammatically in Fig. 8.5(a), where a part of a larger
structure, consisting of a curved beam, lying in the plane of the paper, is broken
down into elements. The elements of the structure are, say, ¢, r, s, ¢, u, ..., of which r
and s are shown. When discussing elements in isolation, with the ends free, we shall
refer to the left end as « and the right end as b.
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Element s

Node rs

Element r

(@)

Zy

Element r

g

(d)

Fig. 8.5 Stages in the development of a finite element model: (a) finite element approximation to structure,
(b) separate elements in local coordinates, (c) separate elements transformed to global coordinates, (d)
assembled elements in global coordinates
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Stage 2: deriving the equations of motion for each element in local axes

The equations of motion for each element separately are usually based on quite
simple static displacement functions, obtained by imposing a unit static displacement,
in turn, to each of the coordinates at the extremities or edges of the element, with the
others remaining fixed. The axis systems used for this are whatever is most convenient,
and are called local axes.

The equations of motion for the element are set up using the static displacement
functions as assumed modes, the edge displacements being used as generalized coor-
dinates in a set of Lagrange’s equations. This stage is shown pictorially in Fig. 8.5(b),
where two of the elements, r and s, are sketched separately. In this example, each
element has freedom to bend, and to stretch or compress axially, and has constant
properties over its length. Such an element could, in practice, be formed by combining
the equations for two of the elements discussed later; an axial rod element and a beam
bending element without axial deformation.

Since each element has only a limited number of assumed freedoms, six in this
example, it is relatively easy to derive its equations of motion from the kinetic and
potential energies in the usual way. Except for constants, the equations of motion of
elements of the same type are all of the same standard form, and can be built in to the
FE program, once and for all. Element r, for example, shown in Fig. 8.5(b), has a 6-
DOF equation of motion of the form:

] {2} K] {2} = {F} (8.84)
where {z}", {Z}" and {F}" are, in this particular case:

r
Za

Uy
(2)'= fb (8.85a)
Up

o
Zy
iy

(zy={ % (8.85b)

Zb

FyY=93E. (8.85¢)

The end displacements, {z}', are shown in Fig. 8.5(b). The corresponding accelera-
tions, {£}", and forces {F}" (not shown) act in the same sense as {z}'. Suffices a and b
indicate the left and right ends of the element respectively.
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The element mass and stiffness matrices, in this case [m]" and [k]", are standard results,
and their derivation, for some of the simpler elements, is discussed in Section 8.4.2.

In the derivation shown here, the mass matrix for an element is based upon the same
deflection shapes as the stiffness matrix, and this is known as a consistent mass approach.
It is also possible to use a lumped mass approach, where the stiffness matrix is the same,
but all the mass is lumped at the node points. The latter approach has possible
computational advantages, in that the mass matrix is diagonal, or more nearly diagonal.

Stage 3: transforming the equations of motion of each element from local axes
to global axes

The displacements, accelerations and forces/moments, defined, as above, at the
ends or edges of each element, are in local coordinates, and may act at a variety of
different angles. Before the elements can be assembled into the overall global system,
the displacements, accelerations, and forces, must all be transformed into that system,
as shown in Fig. 8.5(c) for elements r and s.

The derivation of the transformation to achieve this is illustrated by Fig. 8.6, where
point O is located, say, at the left end of element r. Point O is also taken as the origin
of both the global axis system, &, zZ and of the local axis system, u, z. The local axes are
rotated by angle a counter-clockwise from the global axes.

Let the displacements at the end of the element, parallel to global axes, be repre-
sented by vectors i, and Z,, shown in Fig. 8.6 as #i,= OA and z,= OB. Resolving these
in the local axis system, i,, produces the components OC and OD, and z, produces
components OE and OF, in the local axis system. The total displacement along the u
axis, u,, 18

Z axis Z axis
\
\
\
\
\
\ B
E\ .-k
z, ‘\
\ .
o \ u axis
\ P
\ c .-
\
\
\F \\
o \
_--~"No Uy .-~" A UTaxis
\
\
\
\
\
\
\

Fig. 8.6 Transforming from local axes to global axes.
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u, = OC + OF = &1, cosa + Z, sin (8.86)
Similarly, the total displacement along the axis, z, is

zo = —OD + OE = —i, sina + Z, cos « (8.87)
Writing Eqs (8.86) and (8.87) in matrix form,

{ua}: { co§a sina}{?a} (8.88)
Zy —sina cosa | | Z,

it can be seen that ¢, is unchanged by the transformation, and so ¢, = ¢,. We can
therefore write

U, cosa  sina 0 iy
Za p= | —sina cosa 0 Za (8.89)
Pa 0 0 11 Uo

Although derived for end a of element r, Eq. (8.89) also applies to end b, and, in
fact, to either end of any beam-like element where the local axes are rotated by angle «
counter-clockwise from the global axes. The transformation matrix for all six coordi-
nates of a complete element is therefore given by:

Za cosa  sina 0 Za
Uy —sina cosa 0 0 Ua 1
q[)a _ 0 0 1 (bd (8 90)
Zp cosa  sina 0 Zp '
Uy 0 —sina cosa 0 ity
Pb 0 0 1 P
or in shorter notation:
{z} = [1{z} (8.91)

Note: The transformation matrices in Eqs (8.88), (8.89) and (8.90) are orthogonal
matrices, having the property that [7]"[T] = [7][T]" = [1], the unit matrix.

Equation (8.90) is the required transformation from local to global coordinates. It
has been derived for displacements, but since the accelerations and forces are also
vectors, acting in the same directions as the displacements, the same transformation
matrix, [7], applies, and

{2} = (113} (8.92)
{F} = [TI{F} (8.93)

where quantities in global axes are indicated by bars. Written out in full, the displace-
ment, acceleration and force/moment vectors for element r are as follows.
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(z)= (8.94a)

=4 % (8.94b)

(=47 (8.94c)

The displacements are shown in Fig. 8.5(c), and it should be understood that the
accelerations and forces/moments, not shown in the figure, act in the same sense as the
displacements.

We can now transform the element equations of motion, Eq. (8.84), which is in local
coordinates, into global coordinates. Substituting Eqs (8.91). (8.92) and (8.93) into
Eq. (8.84), we have

m][TI{Z} + [K[T){z} = [TI{F} (8.95)
Pre-multiplying through by [T]T:
[TV (] [THEY + [T KI[THzY = (17 [T1{F) (8.96)
However, since the matrix [7] is orthogonal, [7]"[7] = [/] and
[TV [m][T1{E} + (T [K)[T)z) = {F} (8.97)
or
ml{z} + [k]{z} = {F} (8.98)
where
(] = 71" [m][T) (8.99a)
and

(K] = (11" [K][T) (8.99b)
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Equation (8.98) represents the equation of motion of a single element in global
coordinates, and Eqs (8.99a) and (8.99b) give the simple rule for transforming the
mass and stiffness matrices from local to global coordinates.

Stage 4: assembling the separate elements into a single set of equations

As a result of Stage 3, the separate elements have been transformed into a common
system, i.e. the global system, and it is now required to join the elements together
to make a complete system. Using the pictorial example in Fig. 8.5, this corresponds
to combining the separate elements shown at (¢) into the joined-up system shown
at (d).

As an example, let us combine the equations of motion for elements r and s to
represent the elements joined together. First, the equations of motion for element r
alone are

=r _ T
Za Z; Fz,a
T.l— - —r
—r 1 —r Zjd I 1 T ui Fu’a
My, i My, ¢r kaa E ab-l 72 M*
E A+ : -0 = Fr‘i (8.100)
—T | —T Z T | T J z
My § My || 7P ba ' Fob I e
iy i v
b b u,b
or T _
T
on b M
where: _
— — T . - - s
Zl, i, ¢ are global displacements at the left end of element r, Z, ii;, ¢, the

corresponding accelerations, F} ., F} ., M; the two forces and single moment at the
left end of element r, zi, u;, and <5{) (and similarly for the accelerations) the global
displacements at the right end of element r, and F}, Fy ,, M} the two forces and single
moment at the right end of element r.

The 6 x 6 mass and stiffness matrices have each been partitioned into four 3 x 3
matrices; the matrix [lggb}, for example, relates displacements at the left end to forces
at the right end.

Using the same notation, except that the superscripts r are replaced by s, the
equations of motion for element s alone are

=S - LS
Za Z; Fz,a
s s =
—3 1 —3 I:ld s ' s ua ua
my, E myy és kaa E ab (;55 Ms
1 a 1 a a
: e d ; -0 = 4 (8.101)

T % s 17 i 2b
My 1 My - ba | Kb ~ =
S s S
Uy b b

s s _

s

b b My

Now, since the right end of element r is joined to left end of element s, the global
displacements and accelerations at these locations must be equal, and both must be
equal to those at the common node, which will be designated by the superscript rs. Thus:
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=5=7" Z=5=i

iy, =, =u"* iy =i, =" (8.102)
— — — 7[‘ T'S 7‘1‘5

Pp =0, =" dpy=0, =9

where 2'5, i, ¢ are the displacements and, %, ii"® and ¢ are the accelerations, at
node rs, with the elements joined. So, for example, z can be substituted for both Zj
and Z3.

Also, for equilibrium at node rs, the sum of the vertical forces acting on the
elements must be equal to the external force:

FP = 7erb + Fzsd (8.103)
and similarly for horizontal forces and moments:

FP = Fiﬁb + F;, (8.104)

M"™ =M+ M (8.105)

Using Eqs (8.102)—(8.105), Eqgs (8.100) and (8.101) can be combined into a single
9 x 9 set of equations as follows:

2:1 fg Fzr,a

iy i Fﬁ,a

N A M;
Myt My, 0 7 Kia w10 7 E
g |y 3 Sy, | QG 0 | e, el g, e, @ =< F™ 5 (8.106)
U 0 O I D SO 0 O I 7

Zy =4 b

liy it F3,

by o J7H

These are the equations of motion for the two elements r and s, joined at node rs,
and there are now only nine degrees of freedom rather than twelve. It can be seen that
joining the ends of two elements has been achieved very simply by superimposing, or
adding, those parts of the mass and stiffness matrices representing the element ends to
be joined.

The left end of element r and the right end of element s are still free at this point, and
the next steps would be to join these loose ends to their adjacent elements, q and t,
respectively, using the same procedure. When all free element ends have been joined in
this way, the equations of motion for the whole structure will be in terms of global
coordinates at nodes only, as desired.

An easy way to make a computer superimpose selected parts of two matrices is by
the use of locator matrices. As an example, the 6 x 6 mass or stiffness matrix for
element r can be correctly placed within the 9 x 9 combined mass or stiffness matrix by
using the locator matrix [L;], where:
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[L1] = [Zox6 | O6x3] (8.107)
Then, for the mass matrix, the operation:
_ I, _ , Mgy | 0
[L1]"[m][Ly] = [—--ﬁ-x-é-} [Mex6][ loxe | O6x3 ] = {@'6'5-6-1---@5-3--] (8.108)
036 03x6 § 03x3

has the desired effect of placing the 6 x 6 element mass matrix for element r in the top
left corner of the combined 9 x 9 matrix. The same operation is carried out for the
stiffness matrix. Another locator matrix

Ly = [06x3 | I6x6] (8.109)

can similarly be used to place the 6 x 6 mass and stiffness matrices for element s at the
bottom right of the 9 x 9 combined matrix.

The four stages described above are used to create the equations of motion of the
structure in global coordinates. These equations may have thousands of degrees of
freedom, and although it is sometimes possible to solve them directly, a fifth stage is
usually to transform the system into a relatively small number of normal mode coordi-
nates, as discussed in Chapter 6. Damping is usually added at this stage, and the response
to any applied input can be found, typically by the normal mode summation method.

The derivation of the equations of motion of the isolated elements is described in
the next section.

8.4.2 Equations of Motion for Individual Elements

The equations of motion for three types of element are now derived. These are (1) a
rod element with axial deformation, (2) a rod element with torsional deformation and
(3) a beam element with bending deformation in one plane.

Rod element with axial deformation

Figure 8.7(a) shows a uniform rod element ab with axial end displacements u,
and uy,, and corresponding axial external end loads F, and F,. The rod has the
properties: E is Young’s modulus; 4 the cross-sectional area and p the mass per

X
F, |a —u b Fo
U, | u (a)
L b
U=Uy=1
; (b))
Rl Ul S A

f

Fig. 8.7 Finite element for a rod with end loading.
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unit length, all constant over its length, L. The axial displacement at any point x
from the left end is u.

Although it is easy, in this case, to write an expression for the axial displacement, u,
in terms of the end displacements u, and uy,, we shall follow the standard rules, and
define the two displacement functions by:

(1) applying unit axial displacement at a with b fixed. Then,

u, = 1 B X L X
(sz())’ and u—(l L)’ or u=1-¢ where §_L (8.110)
(2) applying unit axial displacement at b with a fixed. Then,
(Z?) and w=7 or u=¢ (8.111)
b pr—

These displacement functions or ‘mode shapes’ are shown in Fig. 8.7 (b)(i) and (b)(ii),
respectively. Since they were produced by applying unit values of u, and uy, the axial
displacement, u, at any value of £ (=x/L) can now be written in terms of u, and u, as:

w=(1—&uy + Euy (8.112)

The end displacements u, and u;, are now regarded as generalized coordinates in a
set of Lagrange’s equations:

d (oT\ U .
(fil(f?q'i>+8q,~_Qi i=1,2 (8.113)

where in this case g; = u,, g2 = uy, Q) = F, and O, = Fp.

The following expressions will be needed to find the kinetic energy, 7, and the
potential energy, U.

Differentiating Eq. (8.112) with respect to time:

= (1—E&i, + iy (8.114)
Also from Eq. (8.112):
2
(gg) = (u — 2uyup + u3) (8.115)

The kinetic energy is

1 L

T:—u/ i - dx (8.116)
2 Jo

but since x = L&, then dx = Ld§, and

1 1

T:fuL/ i .de (8.117)
2 0

Substituting Eq. (8.114) into Eq. (8.117) gives

1
T gL [ (1= i+ inde = g (2 + ity + i) (8.118)
0
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The potential energy is,

1 L rou\?
=—FA — -d 8.119
U 5 /0 <8x) X ( a)
or since £ = x/L
EA (1 (0u\®
_ =2 hutadl I 11
U oL (85) d¢ (8.119b)
Substituting Eq. (8.115) into Eq. (8.119b) gives

EA (', s EA s

U= i (1 — 2uqup + 1)dE = 37 (1 — 2uquty + 113) (8.120)
Now applying Lagrange’s equations, Eq. (8.113), term by term:

d /0T 1 .
T (5%) = g,uL(Zua + il (8.121a)
d /oT 1
— | =— | = =uL(ii, + 2ii 8.121b
dr <aab) gLk + 2ity) (8.121b)
oU EA

=—Q2u, —2 122¢
Ou, 2L( ! tv) (8.1222)
oU EA

=—(—2u, +2 122
o~ 2L (—2uy + 2uy) (8 b)

The equations of motion of the complete element, in matrix form, are thus:
pl {2 1] [ i, EA| 1 —1|fu, | [ Fa
6[1 2}{ab}+L 11w\ R (8.123)

Rod element with torsional deformation
The equations of motion for an element subjected only to torsion can be found by
analogy with the axial element considered above. Figure 8.7 applies to a torsion
element also if the axial displacement u is replaced by 6, the angle of twist as a
function of x. Similarly, u, and uy are replaced by the twist angles at the ends of the
element, 0, and 6y, and F, and F, are replaced by the values of torque, 7, and 7.
The expressions for the element kinetic and potential energies are

L
T:llx / 62dx (8.124)
27 Jo

and

1 L 190\>
U—EGJ/O (8)() dx (8.125)
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Comparing these with Eqgs (8.116) and (8.119), we see that in addition to the changes
above, £A must be replaced by GJ and p by I, where G is the shear modulus for
the material; J the polar second moment of area of the cross-section, assumed
constant and 7/, the moment of inertia of the rod per unit length, also assumed

constant.

Making these changes, the mathematical steps for deriving the element equations of
motion for the torsional element are identical to those for the axial element above, and

the element equations of motion are

40 )20 -G

Zy Xf \

2

Tzs

Z4

'

Fig. 8.8 A beam finite element.

(b))

(b)(ii)

(b)(ii)

(b)(iv)

(8.126)
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Beam element with bending deformation

Figure 8.8, at (a), shows a uniform beam element, free to bend in the plane of the paper.
The displacements, z,, ¢,, zp and ¢y, and corresponding forces and moments F,, M,, Fy
and My, at the ends of the element are shown. The length of the beam is L; Y oung’s modulus
is E; the second moment of area of the cross-section, constant over the length, is 7; the mass
per unit length, constant over the length, is 1; and x is the distance along the element from
the left end. As before, ¢ is the non-dimensional distance along the element, x/L

Figure 8.8 at (b)(i) — b(iv) shows the four static displacement functions, also used as
assumed vibration modes, for the element. These are defined by applying unit values
of the end displacements, z,, zy,, ¢, and ¢, one at a time, with the other three fixed.

The shapes of the displacement functions can be found by applying standard beam
theory, but an easier method is to note that being the static displacements of a uniform
beam, with concentrated loads and moments, the displacement shapes are cubic
polynomials in x. Therefore, the displacement functions must all be of the form:
X 2 X3
z(x) = a +a2Z+a3E+a4E (8.127)

or since £ = x/L:
2(8) = a1 + @ + @& + ayf (8.128)

where a;—a4 are constants.
The slope at any point, ¢(x), is given by differentiating Eq. (8.127) with respect to x:

dz @ 2a3x  3asx?

s =.=7t iE (8.129)
or, since { = x/L,
o(§) = % (a2 + 2a3¢ + 3as€?) (8.130)

For each displacement function, the constants a;—a4 can be found from the end
conditions. For the first function shown in Fig. 8.8(b)(i), these are

() =z=1, dO=0.=0, 2)=2=0 GO=cr=0
£€=0 =0 =1 =1 '
Substituting the end conditions, Eq. (8.131), into Eqs (8.128) and (8.130) gives four

simultaneous equations, from which the constants, a;—ay, for the first displacement
function, z;, can be found.

1= ay

0= as

O=a+a+a3+ ay

0=uay+2a3 + 3ay4

(8.132)

These are easily solved, giving a; = 1; a, =0; a3 = —3; a4 = 2.
The equation of the first displacement function, zy, is then, from Eq. (8.128):

21 =1-36428 (8.133)
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The end conditions for the second displacement function shown in Fig. 8.11(b)(ii)
are

2@)=z2a=0_ ¢€)=da=1 2§ =2=0¢(&)=¢=0
£=0 ) C =1 Coe=1

Inserting these into Eqs (8.128) and (8.130) gives the simultaneous equations:

0= ay
1
1= Zaz
(8.134)
O=a+a+a3+ay
1
0= Z(az + 2a3 + 36!4)
Solving these, a; = 0; a; = L; a3 = —2L; ay = L. The second displacement function,
from Eq. (8.128) is therefore:
7 =LE—2LE + LE (8.135)

In the same way, the remaining two displacement functions, those due to applying
unit zy and ¢y, respectively, can be shown to be

73 =3¢ - 28 (8.136)
and
74 =—LE 4+ LE (8.137)
The displacement, z(£), at any point on the element, in terms of end displacements, is
2(§) = z12a + 2260 + 2326 + Z4dh (8.138)

where z1, z;, z3, and, z4 are given by Eqs (8.133), (8.135), (8.136) and (8.137).
The corresponding velocity, z(£), is given by differentiating Eq. (8.138) with respect
to time:

2(€) = 2120 + 226 + 2320 + Zathy (8.139)

The equations of motion for the element are given, as always, by Lagrange’s
equations, which in this case are

d (0T\ oU ,
dl<6q’,~>+5'qui i=1,2234 (8.140)

Because the displacement functions z; —z4 were chosen to be different from each other,
the end displacements z,, ¢,, zp and, ¢ are suitable for use as generalized coordinates,
and the corresponding generalized ‘forces’ (noting that a ‘generalized force’ can be a
moment) are F,, M,, Fy, and M,
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Thus,

Qi =7zas G2=0Pa  @3=12Zb; G4 = Pv;
qG1=Z2a @ =05  §3=7Iv; G4 = P (8.141)
O1=F,; Q=M Qs=F,; Q4= My;

The kinetic and potential energies, 7 and U , are found as follows

Using a standard result, the kinetic energy, T’ 2,u fo dx or, since x = L&,
and dx = Ld¢&:
1 b
T—gul | Herde (8.142)

The potential energy

1 d2

or, since dx = Ld¢; dx? = L2d¢* and (dx2)2= L* (df2)23

VEI [ (d’2\
:EF/O <d§2) de (8.143)

To derive the mass matrix for the element, substituting Eq. (8.139) into Eq. (8.142):

1 ! . : . - \2
T= E'LLL/ (ZlZa + Zo¢a + 23Zp + Z4¢b) df (8144)
0
This will produce sixteen terms within the integral, i.e.,
1 1 . .
T= EML/O (Z%Zzl + 212220 Py + 2123202y + 212420 Pp + )df (8.145)

By substituting for zj, z5, z3 and z4 in Eq. (8.145) and evaluating d/d¢«(07T/9z,),
d/dt(0T/0¢,), d/d1(8T/dzy) and d/dt(9T/ddy), all the terms of the mass matrix can
be found.

To illustrate this process for a single term, for example to find m;,, however, only
two of the 16 terms within the integral in Eq. (8.145) will be required, i.e.,

1

1 ! . L .
Ty = EUL/ (ZIZZZaQZ)a =+ Z2zl¢aza)d€ = ,uL/ (ZIZZZaQba)dg (8146)
0 0

where T, is that part of the kinetic energy contributing to the m1;, term. The following
steps will then produce the required m;, term.
From Eqgs (8.146), (8.133) and (8.135):

1
Ty = ML/O [(1 -3¢ +26%) (LE — 2LE + LE)d€] 2aha (8.147)

12 1. 8 7.2
T12_ML<2L Loyl gl—cL+s )@d_ (22L)z, s (8.148)
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d (0T puL . ..
Therefore:
_nL
mp = 120 (22L) (8.150)

The remaining terms can be found in the same way, and the mass matrix for the
complete element is

156 22L 54 —I13L

] = pL | 220 4L 13L  —3L?
420 54  13L 156 -22L
—13L —3L* -22L 47

(8.151)

which is a well-known standard result.

The stiffness matrix for the element can be found in a similar way, by applying the
second term in Eq. (8.140), i.e. 9U/dq;, where g; is successively: z,, ¢a, z, and ¢p. The
expression for the potential energy, U, is Eq. (8.143), and this requires the curvature,
d?z/d¢?, of the element. This is given by differentiating Eq. (8.138) twice, with respect
to &, thus,

o
d¢?
where the notation, z”, for example, is used to indicate the second derivative of z with
respect to £. So the displacement functions z;—z4, from Eqs (8.133), (8.135), (8.136)

and (8.137), must now be differentiated twice, giving their second derivatives, z{ —z,
as follows:

21 =1-382 426 2= —6+12¢
5 =LE-2LE +LE 2= —4L+6LE

(&) =z2" =Zza + Zpa + 2526 + Z4 D (8.152)

8.153
73 =3¢ - 28 25 =6—12¢ ( )
4= L&+ LE Zy = —2L+6L¢
Substituting Eq. (8.152) into Eq. (8.143) gives
1EI [!
- EE/ (Zza + 250 + 2520 + zZqu)zdf
0
1 EI ! " 2 n_n n_n " _In
U= 313 (2122a + 212520 + 2] 252aZb + 2 ZgZatPp + - )d{ (8.154)
0

with 16 product terms within the integral, only a few being shown.

Substituting the expressions for z{—z] from Eq. (8.153) into Eq. (8.154), carrying
out the integration, and then taking the partial derivatives OU/Jz,, OU/0¢,, etc. gives
the stiffness matrix.
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To illustrate the process for a single term in the stiffness matrix, for example to find

k12, only two of the 16 products in Eq. (8.154) are required. Then if U, is that part of
the potential energy contributing to the k> term:

1EI [! EI [!
Ui / (z’l/z'z/zaqba + Z/zlz/l’qbaza)dg = E/ (z’l’zgdﬁ) Za®a
0 0

=573
2L | (8.155)
EI EI
=3[ [(=6+128)(—4L + 6LE)dE]zay = -5 (6L)za¢n
3 ), L3
Then the kj, term is given by:
U, EI B
57 ﬁ(éL)% = k120 (8.156)
and
EI
ki = E(6L) (8.157)

The remaining terms can be found in the same way, and the complete stiffness
matrix for the beam element, a standard result, is

12 6L —12 6L
_EI'l 6L 41> —6L 2L

M=%5112 —e2 12 oL (8.158)
6L 2L> —6L 47
The complete equations of motion for the beam element are
156  22L 54 —I13L7 ( %
pl | 22L 41 13L  -3L% || ¢,
420 54  13L 156 -22L|) %
—13L —3L* —22L 412 by
(8.159)
12 6L —12 6L Za F,
EI| 6L 41> —6L 2I? ba M,
TTlo Ser 12 6|\ () B
6L 21> —6L 4L° ®p My,

Example 8.4

Use a finite element model to find the first two natural frequencies and normal modes
of the uniform cantilever beam shown in Fig. 8.9(a), and compare the result with the
exact answer. Divide the beam into three bending elements each of length L =1 meter.
Take Young’s modulus = E; second moment of area of the cross-section = I, mass per
unit length = . The axial displacement of the beam may be assumed to be negligible.
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SRR 2 >
Za A % ¢b 2
b
¢a T%Djb z ©®
¢a<j£1 ¢b
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Z. Z Z
A A" A7
S 2
(OB (o) 03

Fig. 8.9 Finite element model used in Example 8.4.

Solution

The equations of motion, in local axes, for each of the unconnected elements, A, B,
and C, as shown in Fig. 8.9(b), are given by Eq. (8.159).

Since the global axes are parallel to the local axes, a transformation matrix is not
required, and the relationship between global and local displacement coordinates is

s A, = _ A __.B. s __B__C. - _ _C.
%0_2:4’ Z1 = 2y, = Zy, D =Zy = Zy, 23 = Zy, (A)

b0 =0 L=y =P8 dr=of =95 ¢ =g
where the bars indicate global coordinates. Superscripts A, B, C indicate the element,
and subscripts a, b indicate the end (i.e. left or right) in Fig. 8.9(b).

The equations for the three elements, joined at nodes 1 and 2, but still free at the left
and right ends, nodes 0 and 3, are formed by superimposing the terms of the mass and
stiffness matrices at the joints. With L =1 for all three elements, the mass and stiffness
matrices, [77] and [k|, are then given by:

(156 22 54 —13 0 0 0 0 00 0 0 0 0 00
2 4 13 -3 000 0 00 0 0 0 0 00
54 13 156 22 0 0 0 0 0 0 156 22 54 —13 0 0
40 0 |-13 3 =24 0000 100 2 4 13 -3 00,
[ 0 0 0 0 0000 00 54 13 156 —22 0 0
0 0 0 0 0000 00 —13 =3 =22 4 0 0
0 0 0 0 0000 00 0 0 0 0 00
Lo 0o 0 0 0000/ |00 0 0 0 0 0 0]
) o (B
0000 0O 0 0 0 15 22 54 —13 0 0 0 0
0000 0O 0 0 0 2 4 13 -3 0 0 0 0
0000 0O 0 0 0 54 13 312 0 54 —-13 0 0
0000 0O O O O] |[-13 -3 0 8 13 =3 0 0
0000 156 22 5 —13| |0 0 5 13 312 0 54 -I3
0000 22 4 -3 -3 0 0 —-13 -3 0 8 13 -3
0000 54 13 156 —22 0 0 0 0 5 13 15 -22
0000 —13 =3 -2 4] [0 0 0 0 —13 -3 -2 4 |
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Since we require the beam be a cantilever, fixed at node 0, then the displacements z,
and ¢g, and the corresponding accelerations, at that node, are zero. The first two
columns of the mass and stiffness matrices above can therefore be eliminated, since
they would always be multiplied by zero. If, as in this case, the force and moment at
the fixed end are not required, the first two rows of the mass and stiffness matrices can
also be eliminated. The equations of motion of the uniform, cantilevered beam, in
global coordinates, are then:

r312 0
0 8
54

—13
0
0

r 24
0

—12
6
0
0

0
0

+ EI

or in shorter form:

13
-3

54
13
312
0 8
54
—13

0

—6
2
0
0

-3
0

13
-3
~12
—6
24
0
~12

ml{2} + [K]{z} = {F}

—13

21

b1

2

(03}

z3

¢3
Z)

h1

2

Z3

b3
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In this case, only the natural frequencies and mode shapes of the undamped system
are required, so the external forces and moments are set to zero, and the usual

substitution {z} = €“/{z} is made, leading to:
([k] =«?m]){z} =0 (F)
Using Eq. (D), Eq. (F) can be written as:
24 0 —-12 6 0 07
0 8 —6 2 0 0
-12 -6 24 0 -—-12 6
6 2 0 8§ —6 2
0 0 —-12 -6 12 -6
0 0 6 2 -6 4

(312 0 54 —13 0 0 ] Z (G)
0 8 13 -3 0 0 9,
54 13 312 0 54 —13 Z
-\ =3 =0
-13 -3 0 8 13 -3 ?,
0 0 54 13 15 -22 Z
L 0 0 —-13 -3 -22 4 | P,
where
2
Hw
_ H
A= 30E (H)

Using standard software gives the first two eigenvalues and eigenvectors, as
follows:

At = 0.3694 x 1073 A = 0.01437
Z 0.1664 Z —0.5895
?, 0.3118 ?, ~0.5960
| _)osn | _ ) -04219 -
9, 0.4439 o, 0.9785
b2 1.0000 Z 1.0000
o,), 04470 %, ), 1.6031

where the eigenvectors have been scaled to make the tip displacement z; equal to unity
in each case.
The natural frequencies are given by Eq. (H):

Wi = \/420)\,»\/? J)
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For the first mode, A\; =0.3694 x 1073, and

o = 0.3939, &1 (K))
"

For the second mode,

|EI
A =0.01437 and w, = 2.456, | — (K»)
7

For comparison, the exact natural frequencies of a uniform cantilever are given by
Table 8.1, as follows. From the table:

EI
BIL=187510 (oL =4.69404 w; =3}, /7
Noting that L =3 m in this example,

EI  /1.87510\° |EI EI
w = B | — = ( 875 0> = =0.39066, | — (L))
Iz 3 Iz Iz
2
Wy = ﬂ% £1 — (4'69409> EI — 2.4482 EI (Ly)
I 3 I 1%

It can be seen that the first and second natural frequencies from the FE model are
about 0.8 and 0.4% higher, respectively, than the exact results, in this case.

The global displacements in each mode are compared with the exact mode shapes of
the uniform beam in Fig. 8.10. In both cases the displacements are given as a fraction
of the tip displacement, z/zrp, and the spanwise positions are given as a fraction of
the total span. The differences are too small to show at the scale used, being all less
than 0.5%.

2 m  Fe global displacements
ZTip —— Exact mode shapes

/ First
mode

0j2 0|4 0i6 0|8
Fragtion of
span
-0.5

\'\\_/

Second
mode

-1

Fig. 8.10 First two modes of a uniform cantilever calculated by a 3-element FE model.
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8.5 Symmetrical structures

If a structure has a plane of symmetry, and the normal modes are calculated,
or measured, some will be symmetric, and some antisymmetric about that plane.
Figure 8.11 represents a structure with left-right symmetry, for example an aircraft.
Two symmetrically placed grid points are shown, one on the left and the other on the
right, each with three linear displacements and three angular displacements, the
directions shown being positive in both cases.

For the symmetric modes, the following is true for all such symmetric pairs of grid points:

XL XR
JL —JR
ZL ZR

= 8.160
oL —¢R ( )
o1 Or
(3 —1R

where suffix L indicates a displacement on the left side and R on the right side.
For the antisymmetric modes the following is true:

Fig. 8.11
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XL —XR
JL YR
ZL —ZIR

= 8.161
oL PR ( )
01 —6r
(3 PR

It is a good idea to sketch these displacements for a few simple structures.

As a result, the symmetric and antisymmetric modes are completely uncoupled,
and can be calculated separately, giving two eigenvalue problems of half the size
as for the complete system. For each calculation, only half the structure is modeled,
with appropriate constraints at the boundary, i.e. the plane of symmetry. This
idea is nearly always used when analysing aircraft structures, irrespective of the
method used.

The fact that each mode is either symmetric or antisymmetric also simplifies the
modal testing of symmetrical aircraft structures (see Chapter 13).
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In this chapter, we introduce some of the basic tools that will be required for the
practical analysis of vibration data, preparatory to the discussion of random vibration
in Chapter 10. The classical Fourier series is first introduced, looking briefly at how
the Fourier integral and the Fourier transform are related to it. We then consider the
discrete Fourier transform, or DFT, the ‘computer-friendly’ version of the Fourier
series, and the basis of most modern digital vibration analysis. The use of digital signal
processing brings with it the possibility of serious errors due to the phenomenon of
aliasing, which is introduced next. Finally, the response of systems to periodic excita-
tion is discussed.

9.1 The Fourier series and its developments
9.1.1 Fourier Series

Figure 9.1 at (a) represents a periodic waveform, x(¢), which repeats exactly every T
seconds. It was postulated by J. Fourier that this can be represented, subject to some
minor exceptions in the case of discontinuities, by a series of the following kind,
extending, theoretically, to infinity:

x(1) = ag + ay coswyt + az cos 2wyt + asz cos 3wpt + - - -

9.1
+ by sinwyt + by sin 2wyt + b3 sin 3wpt + - - - (.1)
where
2 1
wo = 27fy = % and fy = 7 9.2)

The frequency wy, in rad/s (or fy in Hz), is the fundamental frequency of the
harmonic series represented by Eq. (9.1), and all the other frequencies are integer
multiples of this frequency.

237
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x(t)
A/\ /\/\ /\/\ t
AV N N
IVANEEN
| "
b + it
=72 0 T2
cos wpot (©0)
cos 2wyt (c)(ii)
cos 3wyt (c)(iii)
b + it
-T2 0 T2
sin wpt ()i
sin 2wt (d)(ii)
sin 3wt (d)(iii)
L + it
=72 0 T2

Fig. 9.1 Pictorial view of a Fourier series.

Equation (9.1) can be expressed in the more compact form:

o0

x(1) = ap +Z [a, cos nwot + by sinnwpt] n=1,2,3,...,00

n=1

(9.3)

The constant g is easily found, since it is the average value of x(f) over any
complete period, say the period shown in Fig. 9.1 at (b), which extends from

t=—T/2tot=T/2. Thus, q is given by:

(9.4)

To find the constants a, and b,, for values of n other than zero, both sides of
Eq. (9.1), omitting ao, are multiplied, in turn, by cosnwyt and sin nwyt, and integrated
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with respect to £, over the same complete period, from — 7/2 to 7/2. So in order to
find the constants, a, (not b, at this stage), we write the equation:

)2
/ (1) (cos nwo?)]ds

/2

7/2 aj coswot + ap cos 2wyt + az cos 3wot + - - - (9.5)
/ (cos nwyt) dr
-7/2 +by sin wyt + by sin 2wyt + b3 sin 3wyt + - - -

(n=1,2,3,...,00)

We now notice that on the right side of Eq. (9.5):
(1) all products of cosine and sine will be zero after integration.
(2) products of two cosines will be zero after integration, except when they are at the
same frequency.

It can now be seen why all the frequencies in the series were chosen to be integer
multiples of wy: all the integrations are then over a whole number of cycles, producing
convenient zero values for most of the terms. The one product that does not integrate
to zero is (a, cos nwyt)(cos nwyt) = a, cos’ nwyt, where n has the same value through-
out, and there is one such product for each value of n from 1 to co. Equation (9.5)
therefore simplifies to:

7/2 /2
/ [x()(cos nwyt)|dt :/ (ay cos’nwot)dt  (n=1,2,3,...,00) (9.6)
—-T)2 -T/2

/2
Since / (an cos’ nwot) dt = a,T/2 for any value of the integer 1, Eq. (9.6) becomes

/2
/2 T
/ [x(7)(cos nwyt)|dt = a, = (9.7)
-T/2 2
Rearranging,
2 T/2
ap :—/ x(tf)cosnwpt-dt (n=1,2,3,...,00) (9.8)
T ) 71

Similarly, to find the coefficients b,, we multiply both sides of Eq. (9.1), omitting «y,
by sinnwyt instead of cosnwyt, giving

T/2
[ [x(¢)(sin nwot)]dt

7/2
7/2 aj coswyt + ar cos 2wyt + az cos 3wt + - - - (9.9)
= / (sin nwyt) dr
-T/2 +by sinwyt + by sin 2wyt + b3 sin 3wot + - - -

(n=1,2,3,...,0)
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All the resulting products on the right side of Eq. (9.9) will integrate to zero, except
for (sin nwyt) (b, sin nwyt) = b, sin” nwot. This integrates to b,(7/2), so the constants b,
are given by:

> (T2
bn:f/ x(f)sinnwot - At (n=1,2,3,...,00) (9.10)
—1)2

The process described above is shown pictorially in Fig. 9.1. The single period to be
analysed is shown at (b). The first three cosine functions are shown at (c)(i), (c)(ii)
and (c)(ii1), and the first three sine functions at (d)(i), (d)(i1) and (d)(iii). The coefficient
a; is twice the average of the product of (b) and (c)(i); the coefficient a; is twice the
average of the product of (b) and (c)(ii) and so on. The coefficients by, b, etc. are
similarly given by taking twice the average product of (b) and (d)(i); (b) and (d)(ii) and
SO on.

Example 9.1

(a) Derive a Fourier series to represent the voltage waveform shown in Fig. 9.2(a),
a square wave with amplitude + 1V, and period T seconds, by representing one
period as an even function.

(b) Repeat (a) using an odd function to represent one period.

(c) Compare the results.

(d) If the period of the square wave is | second, plot the sums of each of the two series
derived in (a) and (b) above, against time, ¢, showing that the original square wave
is reproduced approximately.

Solution

Part (a)

Figure 9.2(b) shows one complete period, of duration 7, chosen to be an even
function, defined as a function where x(#) = x(—1). For analysis purposes this period
will be assumed to extend from = —7/2 to r = T/2. Since the waveform has zero
mean value, ap = 0, in this case.

The coefficients a, (n = 1, 2, 3, ..., 00) are given by Eq. (9.8), which, using Eq. (9.2),
wo = (27/T), can be written as:

2 /T/2 2 /T/2 (271')
ay = — x(t) cosnwyt - dt = — x(t)cosn|—|t-dt (A)

The coefficients b, (n = 1, 2, 3,...,00) are given by Eq. (9.10), which can similarly
be written as:

2 (1 2 (T2 (o
by, :?[ x() sinnwyt - dt :?[ x(1) smn(T)t -dt (B)

1/2 T/2
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Fig. 9.2 Derivation of a Fourier series for a square wave.

It can be seen from Fig. 9.2 that the values of a,,, given by Eq. (A), are zero for even
values of n, and the values of b, given by Eq. (B), are all zero. Therefore, the complete

Fourier series consists only of cosine terms with odd values of #:

27 27 27 27
x(t)=a cos<T>l+a3 cos3<T>l+a5 cosS<T>l+a7 cos7< T)t—i— (©)

From Eq. (A), the numerical value of a; is given by:

a —2/T/2X(Z)COS 2n t-dt= 2/T/A‘cos 2n t-dt=4 2 I sin 2 t T/4—i
T T A T U Tor T) |, =

In the same way, it can be shown that

N B N S\
4= 3 \n)’ a5—5 w)’ 4= 7 \m
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and Eq. (C) becomes

x(1) :% {cos(z;r)t—%cos 3<2T>t+ ;COS 5<2T>t—;cos 7(2T>t+ } (E)

noting that the terms are alternately positive and negative.

Part (b)

Alternatively, the single period to be analysed can be taken as the odd function
shown in Fig. 9.2 at (¢), an odd function being defined mathematically as one where
x(#) = —x(—1). It can be seen that, in this case, all values of @, are zero, as are values
of b,, when n is an even number. The complete series therefore consists only of sine
terms with odd values of n, and from Eq. (B):

2 (12 2
bn:—/ x(l)sinn(—ﬁ)t-dt (n=1,3,57,...,00) (F)
T) 1) T
Numerically:

7/2 T/2
by :%/ x(1) s1n<2 )t dr = 2/ sin<27r>dt
T) 1p T 0 T

The series is therefore:

x(1) = i{sm(?)t—&-;sm 3( )t-l—;sm 5(2 )l+;sm7(2) +} (H)

noting that, in this case, the terms are all positive.

Part (¢)

Comparing the two series in Eqs (E) and (H), it can be seen that the amplitude
components are the same, but the phases are apparently different. This is due to the
fact that the period chosen as an even function, shown in Fig. 9.2 at (b), leads that
chosen as an odd function, in Fig. 9.2 at (c), by 7/4 seconds, which is equivalent to a
phase shift of n/2 radians at a frequency of (27/T) rad./s; or (37/2) radians at
frequency 3(27/T) rad/s and so on. Thus the magnitudes of the terms in the two
series are identical, but their apparent phases naturally depend upon the arbitrary
point in the waveform chosen as ¢ = 0.

Part (d)

Plotting x(¢), as given by either Eq. (E) or Eq. (H), versus ¢, should reproduce the
original waveform. Taking 7T equal to 1 second, Fig. 9.3(a) is a plot of Eq. (E), using
only the first four terms of the series. Figure 9.3(b) is a similar plot, from Eq. (H), also
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Fig. 9.3 (a) Square wave reconstituted from first four cosine terms, (b) square wave reconstituted from first
four sine terms, (c) square wave reconstituted from first seven sine terms.

using only the first four terms, and it can be seen that the the waveforms reproduced
are identical, apart from the shift of 7/4 seconds horizontally, equal to 0.25s. in this
case, as would be expected. The square wave is only approximately reproduced, due to
the small number of terms included. However, this improves as the number of terms is
increased, as shown in Fig. 9.3(c), which is a repeat of Fig. 9.3(b), using seven terms.

9.1.2 Fourier Coefficients in Magnitude and Phase Form

From Eq. (9.3),

o0
x(t) = ap + Z [@, cos nwot + b, sin nwyt]
n=1
it can be seen that for values of n other than zero, the content of x(7) at any one
frequency, say nwy rad/s, consists of the sum of a cosine component and a sine
component. It is sometimes useful to express this in the form of a series of single
components, each with magnitude and phase, instead. The single component at each
harmonic frequency can be taken as either a sine or a cosine.
Figure 9.4 shows one typical pair of coefficients, on the left as rotating vectors, of
length @, and b,, and on the right as their projections a, cosnwyt and b, sinnwyt,
respectively. The vector d, is the resultant of a, and b, and its length, representing the
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a, cos nuwpt

Fig. 9.4 A pair of Fourier components expressed as rotating vectors.

modulus of the component of x(z) at frequency nwy, is \/a2 + b2. The vector d,, leads
the vector b, by angle 6, = tan~!(a,/b,). Therefore, for a sine series representation in
terms of modulus and phase, we can write

ay, cos nwot + by, sin nwot = d,, sin(nwot + 6,,) (9.11)
where

d, = /a2 + b2 (9.12)
and

6, = tan"! <Z> (9.13)

Since these equations apply for all values of n other than zero, an alternative form
of Eq. (9.3) is
x(t) =ao+ Y [dysin(nwot + 6,)] (9.14)
n=1
Similarly, a cosine-only series can be formed by noting that vector d, lags vector a,
by angle 1, = tan~!(b,/a,), leading to:

o0

x(1) =ap+ Z [d, cos(nwot — 1)) (9.15)
n=1
where
ty = tan”! <b”> (9.16)
n an .

It can easily be verified that Eqs (9.14) and (9.15) are equivalent. Using the identity
sin 4 = cos(A4 — m/2), then:

d, sin(nwot + 0,,) = d, cos (nwo + 6, — g) (9.17)
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But from Fig. 9.4:

O + Py =grad (9.18)
Combining Eqs (9.17) and (9.18):

dy sin(nwot + 0,) = d, cos(nwot — 1hy,) (9.19)

showing that Eqgs (9.14) and (9.15) are, in fact, equivalent.

9.1.3 The Fourier Series in Complex Notation

Using the standard results:
L, . ~ . 1. i
CoS nwyt = E(e”’“"’ +e ) and  sinnwgt = —15(6"”’0’ — e ar)

Equation (9.3) can be written as:

< 11 . . 1 . .
x(t) =ay+ Z Ea” (emwgt + eﬂnu}ot) _ iibn (elnwot _ emwot)] (920)
n=1 L
or
1 : inwot 1 : —inwyt
x(t) = ao + E(a,7 — ib, )" +§(an +ib,)e "0 (9.21)
n=1 L
or
x(t) =co+ Z [cneinwot + C:;efinwot} (922)
n=1
where
Co = do (9.23a)
1 .
tn =5 (an —iby) (9.23b)
L .
¢y =5 (an +ibn) (9.23¢)

where ¢! is the complex conjugate of c,, formed, as for any complex number, by
reversing the sign of the imaginary part.
Now since terms with negative n are complex conjugates of terms with positive 7,

then ) cle 0! = >~ ¢,e"" and Eq. (9.22) can now be written as:
n=1 n=—1

o0 —00
x(1) = co + Z e + Z e’ (9.24)
n=1 n=-—1

Noting the trivial relationship, ¢y = coe”’, for n = 0, we see that the whole of
Eq. (9.24) can be replaced by the simple equation,



246 Structural dynamics and vibration in practice

x(t) =Y e (9.25)

n=-—00

which will correctly represent all the possible integer values of n, whether negative,
zero or positive. Equation (9.25) is the double-sided Fourier series expressed in
complex notation. The inverse relationship can be shown to be

Cn = —

/2 ,
- / x(e ™ dr (=0, £1, £2,..) (9.26)

7/2

It will be seen that this has introduced negative frequencies, which should not be
given physical significance.

9.1.4 The Fourier Integral and Fourier Transforms

In principle, the Fourier integral can be developed from Egs (9.25) and (9.26) by
supposing that the period of the waveform, T, approaches infinity, and the frequency
interval, wy, between adjacent components approaches zero, so that the function
becomes non-periodic. The coefficients, ¢,, then also approach zero, but this problem
can be overcome [9.1] by working with the product T¢,, which remains finite, rather
than with ¢,. We now introduce the notation w, = nwy, so that w, represents the actual
frequency, in rad/s, of component n. Then, if we regard the frequency interval, wy, as a
small change of w, equal to éw,, so that wy = éw,, we can write

1 wo 1
—_—=— = — . 2
T 27 2m b (9-27)
where the relationship wy = 27/ T, from Eq. (9.2), has also been used.

Using Eq. (9.27), Eq. (9.25) can be written in the form:

N 1 Wyt _ 1 > iw,t
x(1) = n;m?(m) elnt = E;@ (Te,) €' Sw, (9.28)
Multiplying both sides of Eq. (9.26) by T:
7/2 ‘
Te, = / x(r)e " rde (9.29)
~-T/2

Now taking the limit as 7' — oo, the discrete frequencies, w,, become the continuous
frequency, w, and 6w, becomes dw. The summation, Eq. (9.28), then becomes the
integral:

(1) = % /_ " X(w) 'dw (9.30)

where

X(w) = Te,
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Also, Eq. (9.29) becomes

X(w) = / (1) eds (9.31)

Equation (9.30) is known as the Fourier integral, and Eqs (9.30) and (9.31), taken
together, are a Fourier transform pair. The quantity X(w) is the Fourier transform of
x(1), and x(¢) is the inverse Fourier transform of X(w).

It should be mentioned that Eqs (9.30) and (9.31) can be expressed in several
alternate ways, and the factor 1/27 may be found in the transform instead of in the
integral. If frequency is expressed as f, in Hz, rather than as w, in rad/s, since w = 27f,
the factor 1/27 disappears altogether, and the Fourier transform pair becomes

x(1) = [ "X e (9.32)

and

X(f) = [ ) x(r)e >1ds (9.33)

These equations are used in the derivation of many of the expressions we shall
encounter in random vibration, which is discussed in Chapter 10.

The Fourier transform can also be used in much the same way as the Laplace
transform, discussed in Chapter 3, to find the response of systems represented by
their equations of motion. The Fourier transform is, in fact, a special case of the
Laplace transform, where the real part, o, of the Laplace operator, s = o+ iw, is
zero. The Fourier transform can only be used in this way for a limited range
of forcing functions, however, and in practice the Laplace transform is more
widely used.

9.2 The discrete Fourier transform

Of course, Eqs (9.32) and (9.33) can only be used as they stand when x(¢) or X(f) is
known analytically. This is not the case in practical vibration analysis, where a discrete
series of data points is obtained by digitizing the analog outputs of transducers, such
as accelerometers or strain gages, at constant time intervals. The discrete Fourier
transform, or DFT, is essentially a way of implementing Eq. (9.33) in a stripwise,
numerical way. The inverse discrete Fourier transform (IDFT ) is similarly a way of
solving Eq. (9.32) numerically. The following derivation of the DFT retains the
complex form, as is normal practice. A trigonometric form also exists.

After the DFT has been used to transform the time series data into complex Fourier
coefficients, further analysis will depend upon the nature of the vibration problem. In
the case of periodic vibration, we are likely to require only the magnitude, and perhaps
the phase, of the harmonic components of the original time data. In the case of
random vibration, a wider range of functions may be required, including power
spectra, correlation functions, etc. These will later be seen to be relatively easy to
compute, using the DFT.
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9.2.1 Derivation of the Discrete Fourier Transform

The DFT can be derived from Eqgs (9.3), (9.8) and (9.10), but in the standard form,
the factor 2, which appears in the last two of these equations, is omitted. These three
equations are therefore re-defined as follows.

First, Eq. (9.3), which was originally

o0
x(t) = ap + Z [a, cos nwot + b, sinnwpt] (n=1,2,...)
n=1
is now written in the form:

x(1) :ao+2z {akcos%;{derksinz?ﬂ (k=1,2,..) (9.34)
k=1

where n has been changed to k and the relationship wy = 27/ T, from Eq. (9.2), has
been used.
Secondly, Eqs (9.8) and (9.10), which were originally

2 T2 y T2
a, :f/ x(t)cosnwpt -dt and b, :—/ x(?)sinnwpt -dt, (n=1,2...)
T) 1 T ) 1
are now written as
1 [T 2wkt
= — b _— =0,1,2, ... .
a T/O w(iycos TR dr (k=012 ) (9.35)
and
b —I/T (Osin 2 dr (k=12 (9.36)
k—T A X T =1l,z... .

where the period covered by the integrals is now from 0 to 7 instead of from — 7/2 to
T/2. Tt can be seen that in order to make Eqs (9.34), (9.35) and (9.36) compatible with
Eqgs (9.3), (9.8) and (9.10), the values of the coefficients have been changed so that

a b
=— d bp== 9.37
A = an k= ( )
The value of gy is unchanged, and it has been absorbed into Eq (9.35) , which now
includes a term for k = 0, whereas Eq. (9.36) does not, since there is, of course, no
term by.
To combine Eqgs (9.35) and (9.36) into a single equation, in complex notation, since

i) _ 2okt . . (2mkt
e cos| —— | —1 sin{ — (9.38)
we can write, using Eqgs (9.35), (9.36) and (9.38):

X = lT /O TX(t)e*i(ZL”dz (9.39)
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where
Xk = dj — ibk (9.40)

X} is seen to be the complex discrete Fourier coefficient for a given value of &k, and
its real and imaginary parts are a; and (—by), respectively.

In practical measurements, x(7) becomes a series of discrete sampled values at equal
intervals of time, A, where

A= (9.41)

where N is the total number of values of x(7) and, of course, 7 is the length of the
period being transformed, in seconds. The time, ¢, corresponding to any sampled
value, x;, is

f= A (9.42a)

or, using Eq. (9.41):

z:NT (j=0,1,2,...,N—1) (9.42b)

Equation (9.42b) defines the relationship between time, ¢, in seconds, and the integer ;.

The integer k, which is equal to the integer # in the original Fourier series, is related
to frequency in a similar way. If frequency is measured in hertz, then from Eq. (9.2),
Jfo = 1/T, where f; is the fundamental frequency of the transform. Thus, values of X
will be computed at frequencies, in Hz, given by:

f:% (k=0,1,2,...,N—1) (9.43a)

If frequency is measured in rad/s, however, we also have from Eq. (9.2);

2
wo = 27fo :7%

and the frequencies in rad/s at which values of X} will be computed will be given by:

w:¥ (k=0,1,2,...,N—1) (9.43b)

A stripwise solution to Eq. (9.39) is

1 V-1 e
X = 729;,51(%)%& (9.44)

Y xet () (9.45)
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Equation (9.45) is the DFT of the discrete time series:
xi = (X(), X1y X250 7xN71)
The corresponding /DFT can be shown to be

N—-1 .
b=Y X (24 (9.46)
k=0

Some authorities place the factor 1/N in the IDFT, Eq. (9.46), instead of in the
DFT, Eq. (9.45), and another possibility is to place the factor 1/v/N in both. What-
ever arrangement is adopted, however, the factors will always be arranged so that the
IDFT will reverse the effect of the DFT exactly.

In the specific case of the derivation above, it can be seen from Eqs (9.37) and (9.40)
that the real and imaginary parts of X} are related to the original Fourier coefficients,
a, and b,, as follows:

day . bn
or

Re(X;) = % and Im(X;) = —% (9.47b)
These relationships apply when X is defined by Eq. (9.45), but since the definition
of the DFT is to some extent arbitrary, other relationships are possible. When
using particular software for the first time, therefore, the associated ‘small print’
should be read carefully. It is always a good idea, also, when using unfamiliar soft-
ware, to run a simple case to which the exact answer is known. It should always
be remembered that the basic Fourier coefficients, «, and b,, being the amplitudes
of the cosine and sine components that make up the original time history, have a
physical significance. Careful examination of the definition of the DFT will show, in
a particular case, how the actual output of a DFT program is related to these basic
coefficients.

The following example, by using a small value for N, and a known time history as
input, can be worked through easily ‘by hand’, demonstrating the practical use, and
some of the peculiarities, of the DFT. The input time series would not, of course,
generally be known analytically in this way, but in this example it permits the output
from the DFT calculation to be compared with known correct answers.

Example 9.2

(a) Using a 10-point DFT, i.e. N=10, show how Eq. (9.45) can be used to find the
real and imaginary parts of the discrete Fourier transform, Xy, for k=3, for the
sampled periodic time history shown in Fig. 9.5(a), where the period, 7=0.5s, is
represented by ten values of x;, (j=0,1,2,...,9), corresponding to t=0, 0.05,
0.10, ..., 0.45s.
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(a)

cos(2mjk/N) k=3

10

_@=

(b)

—sin@mjk/N) k=3

10

Fig. 9.5

(c)

Illustrating a simple 10-point DFT (Example 9.2).

10
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Note: The test input shown in Fig. 9.5(a) was generated from Eq. (9.3), using the
following Fourier coefficients: a; = 0.1; by = 1.0; b, = —0.5; by = 0.4; all others
being zero. Using Eq. (9.2): wy = 2nfy = 27/T, and Eq. (9.42): t =jT/N, the

discretized values of x(7), thatis, x; j =0, 1, 2, ..., 9) were then given by:
2mj 67} 8mj .
—IOSmW—OS IHW—H)I osﬁ+04 1nﬁ (G=0,1,2,---,9)  (A)
(b) Using a simple spreadsheet calculation, evaluate X; for k =0, 1,2, ..., 9, and

compare the results with the Fourier coefficients used to derive the discretized
values of x;, determined as in the note above. Also show the values of frequency, f,
in Hz, corresponding to the values of k.

(c) Discuss the apparently spurious terms generated for values of k greater than N/2 ,
i.e. k > 5 in this example.

Solution

Part (a)

Figure 9.5, (a), (b) and (c) illustrate a possible, but inefficient, implementation
of Eq. (9.45). The sampled values xg, x|, X2, ... X9 are shown at (a) as dots. Since

the whole period, from j = 0 to 10, is 0.5s long, these values are at 0.05s intervals.
Writing Eq. (9.45) in the form:

1 = () _ 1= [ (2 ]k) . (27rjk>}
=—>» xe 'V =— X; COS —ix;sin [ —— (B)
Nj; N N

discretized values of the functions cos (27rjk/ N) and —sin (2mjk/N) are shown in
Fig. 9.5 at (b) and (c), respectively, for kAf 3 in this case.

From Eq. (B), the real part of x; e -i (5 , for k = 3, is given by multiplying together
corresponding discrete values in Fig. 9.5, at (a) and (b), for all values of j, from 0 to 9,
summing the products, and finally multiplying by 1/N. A similar process, multiplying
the discrete values in (a) and (c), summing and multiplying by 1/N gives the imaginary
part of Xjk.

These operations are shown in Table 9.1, from which the real and imaginary parts
of X3 (i.e. X for k =3) are seen to be 0.05 and 0, respectively.

Part (b)
Repeating Table 9.1 for all the other values of k, we can produce Table 9.2, showing
the real and imaginary parts of X; fork =0, 1,2, ..., 9. For comparison, the Fourier

coefficients used to calculate the original values of x; are also shown.

We can convert the discrete values of k to discrete frequencies, f, in hertz, using
Eq. (9.43a): f=k/T(k=0,1,2,..., N—1). Since T = 0.5 s, then ' = 2k.

It can be seen from Table 9.2 that the DFT results are, in fact, related to the Fourier
coefficients, a, and b,, where the latter exist, as predicted by Eq. (9.47b):

b
Re(X;) = dn and Im(X;) = — =

2 2

It can also be seen from Table 9.2, however, that the DFT has introduced ‘spurious’
values of X}, at values of k greater than 5, or N/2, corresponding to /> 10 Hz. These
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Table 9.1
Calculation of one Complex Fourier Component, Example 9.2.
cos mk/N)  —sin (2mjk/N)  xjlcos 2mik/N)]  x[-sin (2mjk/N)]
t J X; k=3 N=10 k=3 N =10 k=3 N =10 k=3 N =10
0 0 0.1000 1 0 0.1000 0.0000
0.05 1 0.3165 —0.3090 —0.9511 —0.0978 —0.3010
0.10 2 0.1958 —0.8090 0.5878 —0.1584 0.1151
0.15 3 1.7063 0.8090 0.5878 1.3804 1.0029
0.20 4 0.8591 0.3090 —0.9511 0.2655 —0.8171
0.25 5 —0.1000 -1 0 0.1000 0.0000
0.30 6 —0.7973 0.3090 0.9511 —0.2464 —0.7583
0.35 7 —1.5445 0.8090 —0.5878 —1.2495 0.9078
0.40 8 —0.3576 —0.8090 —0.5878 0.2893 0.2102
0.45 9 —0.3783 —0.3090 0.9511 0.1169 —0.3598
> =105 >=0
RC(X3) = Im(X;) =0
(1/N)0.5=0.05
Table 9.2
Complex Fourier Coefficients, Example 9.2.
DFT results Fourier coeffs
k f(Hz) n Re(Xy) Im(Xy) a, b,
0 0 0 0 0 0 -
1 2 1 0 —0.5 0 1.0
2 4 2 0 0.25 0 —0.5
3 6 3 0.05 0 0.1 0
4 8 4 0 —0.2 0 0.4
5 10 5 0 0 — -
6 12 6 0 0.2 - -
7 14 7 0.05 0 — -
8 16 8 0 —0.25 - -
9 18 9 0 0.5 - -

have been produced by the DFT itself, and have nothing to do with the original input
data, which clearly contained no components above n = kK = 4. This phenomenon is
discussed next.

Part (c)

The spurious values of X can be explained by Fig. 9.6(a) and (b). These show
(as solid lines) the multiplying functions cos (27jk/N) and — sin (2mjk/N), respec-
tively, for k=7. When sampled at j=0, 1, 2,..., 9, however, these become aliased,
and the sampled values, joined by a dotted line, are, for the cosine function,
Fig. 9.6(a), precisely the same as those shown in Fig. 9.5(b), which were computed
for k=3. The DFT cannot distinguish between the genuine cosine function for
k=3 and the aliased cosine function for k=7, and so produces the same output.
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15 cos@mjk/N)  cos(@rjk/N)
k=7 k=3

1.0

0.5

15 —sin(27jk/N) —sin(27jk/N)
k= 7 k: 3

(b)

Fig. 9.6 Explanation of ‘spurious’ components in a DFT.

The (— sine) function, for k=7, as shown in Fig. 9.6(b), is similarly aliased, but in
this case it will be seen that the sampled version, also joined by a dotted line, is
reversed in sign with respect to Figure 9.5(c).

The same effect occurs for all values of k greater than five, in this example, or, in
general, for values of k greater than /2, and the overall effect is that

RC(XN,k) = Re(Xk) Im(XN,k) = —Im(Xk)

In Table 9.2 it will be noticed that all the DFT results follow this pattern.The effect
is intentional, and is simply due to the way the standard complex DFT is defined.

The indicated components at and below k = N/2 are correct, but the coefficients
above k = N/2 are spurious, and must not be interpreted as Fourier coefficients at the



Chapter 9. Fourier transormation and related topics 255

frequencies indicated. They are there for good reason, however, and the following

should be noted:

(1) The IDFT, in the form of Eq. (9.46), needs the ‘spurious’ values of X in order to
reproduce the time series x; correctly.

(2) As shown in Section 9.1.3, in the two-sided complex Fourier series, the compo-
nents at negative frequencies are the complex conjugates of those at the corre-
sponding positive frequencies, which is just what the ‘spurious’ components are,
except that they appear at values of k that are N points to the right of their correct
positions.

It can be seen that the standard DFT deliberately uses aliasing to make it reversible,
but it is the cosine and sine multiplying functions that are aliased, not the input data,
and nothing is lost in the process. Aliasing of data, as discussed in Section 9.3, is
different, and a potentially serious problem.

Although the process described in Example 9.2 works, it can be seen that since a
typical realistic value for N is about 1000, to find the complex coefficients for all N values
of k by this means would require a very large number of multiplications, and in practice it
is replaced by the fast Fourier transform (FFT) algorithm [9.2, 9.3], which produces
exactly the same result, but much more efficiently. FFT codes usually require N to be a
power of 2, and a typical practical value is likely to be 1024 (=2'°) rather than 1000.

9.2.2 Proprietary DFT Codes

Equations (9.45) and (9.46) are the forward and inverse DFTs, respectively, and this
would appear to require two separate computer codes. However, proprictary software
libraries usually provide only one, which is used both ways. A typical example is
represented by the following equation:

ZK = 72 zJe_i (”T) (948)

This represents a general-purpose code, which can be used for transformation in
both directions, and both z; and zx may be complex, although one of them will actually
be real in ordinary vibration work. Equation (9.48) is correct as it stands for forward
transformation, with J representing time and K representing frequency. The output
would, of course, have to be multiplied by 1/A/N to be equivalent to that of Eq. (9.45).

For inverse transformation, the same code is used, but in the following way:

(1) the roles of J and K are reversed, K now representing time and J representing
frequency;

(2) the input file is changed to its complex conjugate values;

(3) a forward transformation is carried out;

(4) the output file is changed to its complex conjugates (if necessary).

The output would also have to be multiplied by v/N to be eqivalent to Eq. (9.46).

It is easily shown that this procedure works, as follows. A complex-to-complex
inverse transformation is assumed.
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If the inverse transformation corresponding to Eq. (9.48) existed, it would be
T > zgelF (9.49)
K=0
which is the same as Eq. (9.48) except that the exponent is positive.

Introducing the notation: zx = (Ax +1Bk), zy = (4, +1B,;) and 0 =27 JK/N,
Equation (9.49) can be written as:

e N-1
Zy=—= Ak +1Bk) (Ak + 1Bk)(cos 6 +isin 0
J \/NKZ:O< K ) NKZ:() K ) )
e
=—=) (Agcos® — Bgsinf) +i(Agsinf + Bgcosb) (9.50)
=

However, since there is no inverse code, we use the forward code, Eq. (9.48),
interchanging J and K, and input the data in the form of its complex conjugates,
zZj= (AJ—iBJ), instead OfZJ: (AJ+IBJ)

| Nl | Ml
Ik = — Ay —iB _19 (Ay —iBy)(cos @ —isinf
K ﬁ;( J J)( \/—NZO J J)( )
1 & , o
:ﬁjzo (Aycosf — Bysin®) —i(Aysinf + Bycosb) (9.51)

Comparing Eq. (9.50) with Eq. (9.51) shows that the forward code gives the correct
answer for inverse transformation, provided that the complex conjugates of the input
file are entered, and the resulting output file is also changed to its complex conjugates.

9.2.3 The fast Fourier transform

In 1965, Cooley and Tukey presented [9.2] an ingenious computer algorithm,
known as the fast Fourier transform, or FFT, for calculating the DFT or IDFT
many times faster than had been possible before. Digital Fourier analysis then became
feasible for everyday work, replacing the analog methods used until then. It should be
stressed that the FFT algorithm is just that, an algorithm, and should not be confused
with the DFT. However, every program for evaluating the DFT will incorporate the
FFT algorithm, or possibly a later development of it.

No attempt is made here to describe how the FFT algorithm works. The very clear
explanation given by Newland [9.3] is recommended.

9.3 Aliasing

In Example 9.2, we encountered a harmless form of aliasing caused by the way the
DFT is defined. Aliasing of actual records, due to analog to digital conversion, is a
serious problem, however, and this is now discussed.
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Fig. 9.7 (a) 2Hz cosine wave sampled at 0.1 s intervals, (b) 8 Hz cosine wave sampled at 0.1 s intervals.

Figure 9.7(a) shows two cycles of a 2 Hz cosine wave with sampling intervals, A, of
0.1s, or a sampling rate, fy = 1 /A, of 10 samples per second (sps). Clearly, in this case,
the wave could be reconstructed correctly knowing only the sampled values.

On the other hand, Fig. 9.7(b) shows eight cycles of an 8§ Hz cosine wave, also
sampled at 0.1 s intervals, and joining up the sampled values with a dotted line, we see
that the only wave that could be reconstructed, given only the samples, is a 2 Hz wave,
identical to that in Fig. 9.7(a). The 8 Hz wave is said to be aliased, and would be
interpreted by any analysis program as having a frequency of 2 Hz, instead of the
actual value of 8 Hz.

If the exercise shown in Fig. 9.7(b) is repeated with an 8 Hz sine wave rather than
a cosine wave, it is found that the result is a 2 Hz sine wave, but reversed in sign
compared with a genuine 2 Hz sine wave.

Restricting the argument, for the moment, to signal frequencies between 5Hz and
10 Hz, in this example, or between % fs and f; in general, we see that 7 Hz becomes 3 Hz;
9 Hz becomes 1 Hz; and so on, or, in general, any signal frequency (f; — f”) becomes f”,
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and is, in effect, ‘reflected’ or ‘folded’ about the frequency %fs, known as the Nyquist
[frequency, fn. The spurious component at /” will, of course, add to any genuine compo-
nent already at that frequency, making the frequency analysis inaccurate. The process is
irreversible, and the genuine information in the range 0 to fx is corrupted forever.

This is not the whole story, since it is also possible for signal components at

frequencies above f to be shifted into the range 0 to % fs. This can be explained [9.3]
by returning to the definition of the DFT, Eq. (9.45):

Y= L3 e )
k=22 %€
N

Suppose we replace k in Eq. (9.45) by (kK + N), i.e.:

| V=l o
XN = v Z xje! () e+m) (9.52)
J=0

Equation (9.52) can be written as:

Xiin = ]lvNZl et ()2 9.53)
=0
However, since e >™/ = 1 for any integer value of J:
Xiern = X (9.54)
The same argument holds for (k + 2N), (k + 3N) and so on, indefinitely, so:
X = Xiyn = Xipon = Xjpay = -+ (9.55)

Therefore the spectrum, as indicated by the DFT, repeats exactly at intervals of V.

Converting now to frequencies, f, in hertz, since, from Eq. (9.43a), f = k/T and the
sampling frequency, f; = N/T, we can see that k = 0, N, 2N, 3N, ... correspond to
=0, fs, 2fs, 3fs, - . . respectively, and the spectrum therefore repeats at intervals of the
sampling frequency, fi. This means that, as shown in Fig. 9.8, signal components at
any of the following frequencies

(=17, K+, Q=1 Gr+S)

would all appear aliased at frequency f’, adding to, and distorting, any genuine
component already there.

[0
©
2 f (=) (L+f) (f,—f) (2f,+f)
S A A
1S £ of £of
- IN %i# | <—=i<—=
' ' ' ' ' Frequency f
0 £ fs S_fs 2fg (Hz.)
2 2

Fig. 9.8 Aliasing of high frequency components.
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Fig. 9.9 Distortion of the spectrum by aliasing, and its prevention by an anti-aliasing filter.

This cannot be allowed to happen, and the only way to prevent it is to remove any
signal components higher than the Nyquist frequency, fn, or % fs, before digitizing the
data, by using an anti-aliasing filter. This must, of course, be an analog filter.

Figure 9.9 shows, at (a) a sketch representing the true spectrum, and the aliased
spectrum caused by components above fy folding back and adding to the part of the
true spectrum between 0 and fy. Figure 9.9 at (b) shows a low-pass analog filter
intended to remove (or in practice severely attenuate), any signal components higher
than fn. The filtered spectrum is shown at (c) and after this treatment the analog time
history is suitable for digitization at f; samples per second.

The following practical points about analog anti-aliasing filters should be mentioned.
(1) With good anti-aliasing filter design, it is usually possible to leave signal compo-

nents at frequencies up to about 0.8 fiy largely unchanged, at least in magnitude,
while, at the same time, reducing components above fy that would otherwise
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cause aliasing to very low levels. This is why a typical DFT-based spectrum
analyser, or spectral analysis program (to be discussed in Chapter 10), using,
say, N =1024 can, in practice, only produce about 400 output frequencies, rather
than the 512 that could be expected theoretically.
(2) If the components in the original signal at frequencies above % fs are actually of
interest, the only option is to increase the sampling rate so that they fall below the
new, increased, value of fy, or, in practice, below about 0.8 fy.
(3) The phase distortion due to the analog filter is likely to be considerable, and can
cause problems. Fortunately, in two common applications, the problem disappears.
(a) When measuring (auto-) power spectra, phase is ignored anyway. This does
not apply to cross-spectra, but note (b) below.

(b) Cross-functions between channels will be unaffected, provided the filters have
identical characteristics in each channel, since the phase shifts will then cancel
out.

9.4 Response of systems to periodic vibration

In practice, periodic excitation is mostly associated with rotating machines, includ-
ing engines of all kinds, propellers, helicopter rotors and machine tools.

Since a periodic force or other input, such as base motion, can be broken down into
its Fourier components, if we can find the response of the system to these individually,
then we can find the response to the complete periodic input, assuming linearity, by
superposition, a relatively simple process.

The response of a single-DOF system to each individual Fourier component is
just the steady-state response of the system to a simple harmonic (i.e. sinusoidal)
input. Since all the Fourier components, at their various frequencies, act simulta-
neously, the total response is then the summation of all such responses. Only the
steady-state response of the system is required, justified by the fact that since
the periodic input has been applied for a long time, all transient effects will have
died away.

For multi-DOF systems, normal mode superposition, as discussed in Chapter 6, will
usually be used, each mode behaving in the same way as a single-DOF system.

In most practical cases of periodic excitation, the magnitude of the response
depends largely upon whether or not a Fourier component coincides in frequency
with a resonant peak. It is fairly rare for several Fourier components to coincide with
resonance peaks at the same time, but it is possible.

In practice, the analysis can usually be considerably simplified, for example:

(1) For most periodic inputs, only the Fourier components at the fundamental
frequency, and the first few integer multiples of that frequency, are of significant
magnitude.

(2) The fundamental frequency is nearly always the rotation frequency of a major
component of the machine. There may, of course, be several components rotating
at different speeds.

(3) If the damping of the system is low, the response to components that do not
coincide with a resonant frequency will often be negligible compared with those
that do.
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In Section 9.1, we saw that a periodic waveform can be expressed mathematically in
several different ways, and any of these can be used to represent the forcing or other
input function, and the steady-state response of the system, i.c. (1) as a combination of
sines and cosines, (2) as magnitudes and phases, or (3) in complex form.

9.4.1 Response of a Single-DOF System to a Periodic Input Force

The following describes the calculation of the displacement response, z(¢), of a
single-DOF system, as shown in Fig. 9.10, when a periodic force, F(¢), is applied. The
input and response are both expressed in magnitude and phase form, in this case.

Suppose that the force time history is initially represented as a Fourier series in the
manner of Eq. (9.3):

F(t) =ao+ Z [aycosnwot + bysinnwyt] n=1,2,3,... (9.56)

n=1

Using Eq. (9.15), Eq. (9.56) can be written in magnitude and phase form:

F(t) =ap + f: [d,, cos(nwot — 1)) (9.57)

n=1

where from Eq. (9.12):

d, = /a2 + b2

and from Eq. (9.16)

Y, = tan”! (b">
7

Now from Eq. (4.9), since the individual Fourier components of the input are just
sinusoidal forces, the steady-state value of the modulus, |z|, of the displacement
response to a Fourier component of magnitude d, is

B !
- @) e,y

l2l,=

(9.58)

z(t)T TF(t)

Fig. 9.10 Schematic diagram of a single-DOF system with applied force.
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where k is the stiffness, « the viscous damping coefficient expressed as a fraction of
critical and €2, the excitation frequency divided by the undamped natural frequency of
the single-DOF system. In this case the excitation frequency is the frequency of the
Fourier component d, cos(nwot — 1,), which is nwy rad/s, and the undamped natural
frequency is w, = \/E/‘n‘a rad/s. Thus

nwo

Q, = (9.59)

Wy
where, from Eq. (9.2), wy = 27/ T.
The phase angle, ¢,, by which the displacement vector lags the force component
d, cos(nwot — 1) is given by Eq. (4.10), which, in this case, becomes
279}
— tan—] n
¢, = tan -

(9.60)

Thus the time history, z,(¢), of a single Fourier component of the displacement, for
a single value of n, excluding n = 0, is

1
zy(1) k cos(nwot — Uy — bn) (9.61)
\/ Z'VQH)
The complete time history of the displacement, z(z), is the summation of all such
components for n = 1, 2, 3, ... plus the mean displacement, ay/k, i.e.,
[N > dn 1
z(t):?+z o cos(nwot — Py — d) |, n=1,2,3,...

=R -2 ey
(9.62)

Sometimes the time history of the response is not required, and it is sufficient
to know the mean square or root mean square value. The mean square value,

(2(0), s
<2( <{00+Z{ A, cos =Yy — }}2>
z n nwO U qbn) (963)

where () is used to indicate ‘the mean value of” Equation (9.63) can be simplified to:
2 g RS 2
() =5+ (dnAy) (9.64)
n=1

The RMS value is /(z%(1)).

The mean displacement, ao/k, affects the mean square and RMS values, and if these
are being calculated primarily to give an indication of the vibration level, it is generally
better to omit the mean level and deal with it separately.

The approach outlined here is easily adapted for other input and response quan-
tities, for example the input could be base motion, defined as displacement, velocity or
acceleration, and the response could also be in terms of any of these quantities, using
any of the relationships developed in Chapter 4.
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Example 9.3

The vertical motion of a machine tool can be represented schematically by Fig. 9.10.
The mass, m, of 200kg, is carried on elastic supports, so that the natural frequency
for vertical motion is 30 Hz, and the viscous damping coefficient, ~, is 0.1 of critical.
A mechanism applies a vertical, periodic force, F(¢), that can be approximated by a
symmetrical square wave of period 7= 0.1 s, and a magnitude of 4 3000 N.

Plot the vertical displacement time history, z(), of the machine.

Solution

The notation used is as defined in the preceding section.

It is first noted that since the natural frequency of the system is 30 Hz, it is likely
to be excited by the third harmonic of the excitation, which is a square wave of
1/T=10Hz, and that the response to the 10 Hz fundamental will be essentially static.

From Example 9.1 it can be seen that the square wave force input, in newtons,
treated as an even function, can be represented by the Fourier series:

4 4 4 4
F(t) = 3000 ( — cos wyt — =— cos3 wyt + — cosSwyt — =— cosT wot + - - - (A)
7r 3w Sm Tm

Using the fact that — cos@ = cos(6 — ), Eq. (A) can be written as:

F(t) = dy coswyt + dj cos(3wyt — ) + ds cos5wot + dy cos(Twot — ) + - - - (B)
or in the form of Eq. (9.57):
F(t)=ay+ [dy cos(nwot — 1,)] (®)
n=1
where
Wy = 27T/T
ag = 07 (D)

d, =0 for even values of n.

Values of d, and 1, for odd values of n are independent of 7, and are as follows:
dy = (3000 x4)/r  =3819N ¢ =0
dy = (3000 x 4)/(37) = 1273 N 3=
ds = (3000 x 4)/(571) =763.9N s =0
d7 = (3000 x 4)/(77) =545 7N 7=

The following numerical values are constant throughout:

wy = (27 x 30) = 607 rad/s = natural frequency of system = 30 Hz;

m = 200 kg = mass of machine;

k = mw? = 20027 x 30)* = 7.106 x 10° N/m = stiffness of supports;
~v=0.1 =viscous damping coefficient.

The displacement response is given by Eq. (9.62), which can be written as:

z(l) = %+ 3 [C]i" A, cos(nwot — Py, — ¢n) (E)

n=1
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where
1
A, = > 3 (F)
V(-9 +(290)
Table 9.3 Numerical Values for Example 9.3.
Frequency (Hz) n nwy (rad/s) d, (N) 1y, (rad) Q, A, ¢, (rad)
10 1 207 3819 0 0.3333 1.1218 0.2213
30 3 60 1273 ™ 1.0000 5.0000 1.5707
50 5 100 7 763.9 0 1.6666 0.5528 3.029
70 7 140 545.7 ™ 2.3333 0.2238 3.096
90 9 1807 4244 0 3.0000 0.1246 3.116
110 11 2207 347.2 ™ 3.6666 0.0802 3.125
130 13 260 7 293.8 0 4.3333 0.0561 3.130
4000 -
F(t) (newtons)
3000 —
2000
1000
t(sec.)
0 T T T 1
0 0.05 0.1 0.15 0.2
—-1000 -
—2000
—3000
—4000 -
(a)
297 z(t) (mm)
1.5
1.0
0.5 | A
t(sec.
0.0 \/ T /\ T T /\ ( )
0 0.05 0.1 0.15

—-0.5 -
—1.0

—1.5

-2.0 -
(b)

0.2

Fig. 9.11 (a) Input force time history, Example 9.3, (b) displacement response time history, Example 9.3.
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nwy 2mn n
Qn = = — G
wy  27(30)T 30T (G)

and ¢, is given by Eq. (9.60):

1 27911

— (H)

o, = tan

Numerical values are shown in Table 9.3.

The displacement time history, z(¢), is now given by Eq. (E). It can be seen from
Table 9.3 that the largest contribution to the response is at 30 Hz, where the third
harmonic of the force waveform coincides with the natural frequency. There are also
significant components at 10 and 50 Hz.

Figure 9.11(a) shows the input force waveform, and Figure 9.11(b) the displacement
response waveform, including components up to 70 Hz.
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Random vibration may be caused by the turbulent flow of gases or liquids, the
passage of vehicles over rough surfaces, rough seas acting on ships and marine
structures, and earthquakes. The aerospace field also provides many examples of
random vibration, and these tend to fall into three groups: flight through atmospheric
turbulence, ‘separated’ airflow over wings and other surfaces and ‘mixing noise’ from
rocket and jet exhaust plumes.

So far, we have looked at the response of systems to deterministic inputs consisting
of known functions of time, and there is, potentially at least, an exact answer, provided
we have all the data. If the input is a random function of time, and has been recorded,
then this approach is still possible, but the calculation would have to be stepwise, very
lengthy, and the response would be specific to that particular input. However, if the
average properties of the input do not change too much with time, much easier
methods can be used. These require the introduction of new ways of describing the
average properties of time histories. In this chapter, therefore, we first introduce two
new concepts: amplitude probability and the power spectrum. These allow two of the
most common tasks in day-to-day work to be tackled: measuring random vibration
and calculating the response of linear systems to it. We can then fill in some of the
theoretical gaps, introducing correlation functions and their relationship to power
spectra and cross-power spectra; some applications of cross-power spectra; and the
practical computation of basic functions, using the DFT. Finally, we look at the
statistical accuracy of spectral estimates; and fatigue due to random vibration.

10.1 Stationarity, ergodicity, expected and average values
Mathematically, the conventional analysis of random waveforms requires them to
be stationary and ergodic. Stationarity applies to a single waveform, and implies that

its average properties are constant with time. Ergodicity applies to an ensemble of a

267
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Fig. 10.1 Stationary and non-stationary waveforms.

large number of nominally similar waveforms, recorded in similar conditions. If these
all have similar average properties, it suggests that it is reasonable to assume that the
one or two records that we are able to analyse are typical of the process as a whole.
Since there are no hard and fast criteria, in practice we must rely on common sense to
ensure that the records we analyse are at least reasonably stationary. The concept of
stationarity is illustrated by Fig. 10.1, which shows sketches of two random wave-
forms. That shown at (a) is obviously fairly stationary, and we would be justified in
choosing the period T for analysis. On the other hand, the record shown at (b) is
clearly non-stationary, and conventional analysis over the period 7} would, at best,
only give average properties over that period, and not of the periods 75, 75 and Ty,
which are obviously more severe, and therefore more important in practice.

Techniques such as wavelet analysis [10.1] have been developed, specifically for deal-
ing with non-stationary data, but these are beyond the scope of this book. However,
even using conventional methods, there are steps that can be taken to mitigate the
effects of non-stationarity. The most obvious approach would be to analyse the periods
T>, T5 and Ty, in Fig. 10.1(b), separately, regarding each as stationary. Unfortunately,
as we shall see, the use of short samples reduces the statistical accuracy of the results.
We can sometimes, in effect, increase the length of the samples by combining the results
of several sets of measurements. It may even be justifiable to modify the experimental
procedure, in order to lengthen the samples. As an example, an aircraft maneuver
producing severe buffeting may last for less than a second, which may not be long
enough to measure the random response accurately. However, it is sometimes possible
to prolong the maneuver artificially, enabling better measurements to be made. In this
way, a better understanding of the response may be obtained; for example, the modes
taking part may be identified. Of course, any assessment of the fatigue life of the
structure should be obtained from the actual maneuvers.

The expected value of a random process, denoted, for example, by E(x), is the value
that would be obtained by averaging over a very long, theoretically infinite, time. In
the case of a random time history, x(¢) say, the expected value, E[x(7)], is the mean
value (x(1)). Similarly, E[x(¢)] is the mean square value, (x*(7)), and so on.
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It is possible to find a few basic properties of a random waveform without
considering how its amplitude and frequency components are distributed, by oper-
ating directly on a recorded time history. The mean value, the mean square value,
the RMS value, the variance and the standard deviation can all be found in this way.
Since these values can also be found, for example, from the probability density
function, or in some cases, from the power spectrum, this provides a valuable cross
check in practical work.

Assuming that a recorded time history is available, the mean value, (x(z)), is given by:

(x) :%/0 xdt (10.1)

where x(7) has been abbreviated to x and the notation (x) is used to indicate the mean
value of x. The length of the sample, in seconds, is 7.

In practice, the waveform will usually have been digitized at equal time intervals.
The mean value is then simply the average of all the recorded discrete values, x;,
that is,

N
W=y % (10.2)
1

where N is the total number of recorded values. Clearly, N = T/A where A is the
sampling interval, in seconds.
The mean square value is

(x?) = 1/szdl (10.3)
T Jo
or for discrete, digitized values:
1
(x*) :N;x? (10.4)

The RMS value is, of course, 1/(x2).

The mean square and RMS values contain the effect of the mean value, if any. It is
usually desirable to separate out the mean or steady level before squaring, since in
many practical applications, such as fatigue life assessment, the steady stress will
probably be treated differently from the oscillatory stress. The mean square value
about the mean, i.e. taking the mean as zero, is known as the variance, usually denoted
by o2, and this is given by:

2_1 TX—‘Cz
A= b= P (10.5)

Equation (10.5) can be expressed in terms of the mean and mean square values
separately, as follows. First, multiplying out:

ol = ;/OT <x2 — 2x(x) + <x>2) dt = ;/Oszdt —2(x) /OTde— (x)?
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But noting that (x)* is a constant, that from Eq. (10.1), inoTxdl = (x); and from
Eq. (10.3) that l/TfoTx2 dr = (x?) then Eq. (10.5) can be written as:

o = {x*) — (x)? (10.6)

where (x?) is the mean square value and (x)* is the mean value squared, a simpler
expression than might have been expected.
The discrete, or digital, version is

2= (= ()" = () = (v’ (10.7)

The square root of the variance, equal to oy, is known as the standard deviation.

In a zero-mean waveform, the mean square is equal to the variance and the RMS is
equal to the standard deviation. These terms are therefore often interchanged, and
some care is necessary to check that this is permissible.

10.2 Amplitude probability distribution and density functions

Figure 10.2(a) shows a random waveform, x(¢), from which a sample of length, 7,
has been selected for analysis. A small part of the waveform is shown enlarged in
Fig. 10.2(b). The probability, P(x), that the waveform has a value less than x, a
particular value of x, is given by counting up the total time that it spends below x,
which will be the sum of periods such as 7y, ,, 13, . . . expressed as a fraction of the total
time 7, thus,

P(X)Z%(t1+t2+t3+--~) (10.8)

If this is repeated with x set to a number of different values of x, a plot of P(x) versus
x can be obtained. P(x) is known as the cumulative amplitude probability distribution.
Although many different shapes are possible, all must have the following features:
(1) The value of P(x) when x = —oo, that is, P(—oc), must always be zero, since there

is no chance that the waveform lies below —co. It may, of course, be zero up to a
value of x greater (less negative) than —oc.

(2) The value of P(x) can never decrease as x becomes more positive.

(3) The value of P(x) when x = oo must always be 1, since it is certain that all of the
waveform is smaller than co. It is, however, possible for P(x) to reach | at a value
of x less than co.

A possible cumulative probability distribution is shown in Fig. 10.2(c). The prob-
ability that the original waveform has an amplitude between x and (x + dx) is
P(x + 6x) — P(x), and if éx is small, this probability can be seen to be equal to
(d[P(x)]/dx)éx. The quantity d[P(x)]/dx, which is the slope of the graph of P(x)
versus x, is known as the amplitude probability density function, p(x), that is,

p(x) = d[Z;x)]

(10.9)
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Fig. 10.2 Derivation of amplitude probability and density functions.

Figure 10.2(d) is a sketch of p(x) corresponding to the plot of P(x) shown in
Fig. 10.2(c). Since p(x) is the slope of the graph of P(x) versus x, it follows that
P(x) is the integral of p(x) from —o0o to x, i.e.,

X

P(x):[ p(x)dx (10.10)

o0
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The probability that any point in the waveform lies between x = x; and x = x is
therefore:

X2 X1 X2
P(xs) = P(x)) = / p(x)dx —/ plx)dx = / p(x)dx (10.11)

—00 —00 X1
which is simply the area under the p(x) curve between x; and x;, as shown shaded
in Fig. 10.2(d). The total area under the probability density curve, p(x), plotted
against x, must always be unity, since it is certain that any point in the waveform
has a value between +oo (or its minimum and maximum values, if finite). Thus it is
always true that

/ p(x)dx =1 (10.12)

The averages derived in Section 10.1 directly from the time history, the mean value;
the mean square value; the root mean square value; the variance and the standard
deviation, can also be derived from the probability density function. In practice, this is
now a simpler process, since the operation of counting the times spent in the various
amplitude bands has already been done to produce p(x). The mean value, (x), for
example, can be derived from p(x) as follows. In Fig. 10.3, the probability of the
waveform being in the band from x to x + 6x is represented by the area of the strip of
width éx, which is p(x) éx. The contribution of this strip to the mean value is x. p(x) éx,
and the mean value, (x), must be given by the summation of all such strips, so

(x) = ix-p(x)éx (10.13)

If p(x) is known (or is approximated) analytically, then Eq. (10.13) can be written as
an integral:

(x) = / x - p(x)dx (10.14)
—00
The mean square value can be found in a similar way, using either
(x?) = sz - p(x)éx (10.15)

Fig. 10.3 Derivation of the mean value from the probability density function.
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for discrete values or

(x?) = /_OO X% - p(x)dx (10.16)

o0

in the case of analytical representation.
The RMS value is, in either case /(x?).
For analytical description, the variance is given by:

oy = /jo (x = (x))’p(x)dx (10.17)

o0

The discrete form is given by substituting a summation for the integral and éx for dx.
Equation (10.17) can be simplified as follows:

ol = /_0Q [(x - (x))zp(x)} dx = /OO [(x* = 2x(x) + x*)p(x)]dx

= [ epwdx =20 [ xptoder (07 [y = () - 20072
o = (x?) — (x)? (10.18)

where Eqs (10.16), (10.14) and (10.12) have been used. Thus, the variance is the mean
square value minus the mean value squared, agreeing with Eq. (10.6). The standard
deviation, o, is, of course, the square root of the variance, o_zx,.

In practical, everyday, work, the time histories to be analysed into cumulative
probability distributions or probability density functions will usually have been
digitized as part of the recording process, and determining the amplitude probability
density function, p(x), and the cumulative probability distribution function, P(x)
become sorting and counting operations. Assuming that the waveform to be analysed
has been sampled at equal intervals of time, say A, it is a simple computer operation to
sort the digitized amplitudes into bands, and in principle:

}/l,'A n;
P(x;) = TN (10.19)
where P(x;) is the cumulative probability distribution value corresponding to ampli-
tude level x;; T the time duration of the sample; ; the number of data points having an
amplitude less (more negative) than x; and N = T/A the total number of data points in
the sample. The probability density, p(x;), can then be found by differencing adjacent
values of P(x;). Alternatively, the probability density values can be found first, by
counting the number of data points between adjacent levels, and the cumulative

distribution by progressively summing the results.

Example 10.1

The waveform shown in Fig. 10.4 at (a) increases and decreases alternately at a
constant rate between the two extremes +.X, the rates being random from cycle to
cycle. Derive the probability density and cumulative distribution functions.
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Fig. 10.4 Random waveform discussed in Example 10.1.

Solution

The probability of any point in the waveform being outside the range +X is zero,
and the probability density p(x) is also zero. Within the range +X, the probability of
any point being between x and x + ¢x is proportional to the time spent between these
levels, so p(x) must be constant. The probability density function must therefore be
rectangular, as shown in Fig. 10.4(b). Since the probability of the waveform having an
amplitude in the range £X is 1, that is,

/Xp(x)dx =1

X

the area of the rectangle in Fig. 10.4(b) is 1, and since its width is 2.X, its height must be
1/2X, as shown.

The cumulative amplitude distribution, P(x), is the integral of the density function
with respect to x, and since its value must be 0 at x = —X and 1 at x = X, it must be as
shown in Fig. 10.4(c).

10.2.1 The Gaussian or Normal Distribution

The majority of probability distributions occurring naturally are of this form, the
shape of the probability density curve being the well-known bell shape. The fact that
this curve occurs almost universally in natural phenomena can be explained by the
central limit theorem, which states that if a random time history is made up from the
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sum of a large number of small, unrelated components, then it will tend to have a
Gaussian amplitude distribution. This tendency can be demonstrated in a simple way
by the dice-throwing exercise described in the following example.

Example 10.2

Derive the expected probability density functions for the score when (a) a single die
is thrown; (b) two dice are thrown, and the results added and (c) three dice are thrown
and the results added. (d) Show by plotting the probabilities that the results tend
towards a Gaussian distribution as the number of dice thrown increases.

Solution

Part (a)
If a single die is thrown, the probability of any score from 1 to 6 is obviously 1/6;
thus we have the discrete uniform distribution shown in Table 10.1.

Part (b)

If two dice are thrown each time, they can fall in 6 x 6 = 36 ways, each with probability
1/36. However, there are only ten different total scores (the integers 2—12), because the
same score can be obtained in a number of different ways. As an example, a total score of 4
is obtained from the three possible throws: (1+3), (3+1) and (2 +2), so the probability of
scoring 4 is 3/36. The probability of each possible score is as shown in Table 10.2.

Part (¢)

If three dice are thrown each time, and again the resulting numbers are added, there
are 6 X 6 x 6 = 216 possible outcomes, but only 16 different scores: for example, a
score of 7 or 14 can both be obtained in 15 ways, so the probability of these scores is
15/216. All the probabilities for three dice are as shown in Table 10.3.

Part (d)
The discrete probability functions for one, two and three dice thrown are plotted in
Figs 10.5(a), (b) and (c). Figure 10.5(a), for one die, obviously shows a uniform

Table 10.1

Score x 1 2 3 4 5 6
Probability p(x) 1/6 1/6 1/6 1/6 1/6 1/6
Table 10.2

Score x 2 3 4 5 6 7 8 9 10 11 12

Probability p(x)  1/36  2/36  3/36  4/36 536 6/36  5/36  4/36 336 2/36  1/36

Table 10.3

Score x 3orl8 4or17 Sorl6 6orlS 7 or 14 8or 13 9orl2 10 or 11
Probability p(x) 1/216 3/216 6/216 10/216 15/216 21/216 25/216 27/216
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Fig. 10.5 (a) One die thrown, (b) two dice thrown, (c) three dice thrown.

distribution. However, in Fig. 10.5(b), for two dice, it is apparent that the curve is
already approaching the Gaussian shape. For three dice, Fig. 10.5(c) is remarkably
close to a Gaussian probability density curve.

It should be noted that the probabilities plotted in Figs 10.5(a), (b) and (c) are
expected values that would be realized in a very large number, theoretically an infinite
number, of throws.

It can be shown that the basic form of the probability density function for a zero-
mean Gaussian process is

2
—bx*

p(x) = ae (10.20)
where a and b are constants. However, since these constants are almost always chosen
to satisfy the two equations, [~ p(x)dx =1 and o> = [ x?p(dx), where o is the
standard deviation, Eq. (10.20) usually appears in the following form:

1 e
e 2? (10.21)

p(x) = oy

If the mean value, m, say, is non-zero, then Eq. (10.21) becomes

1 _(\'—m)2

X) = eZ/rz
p(x) P

(10.22)
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Fig. 10.6 (a) The Gaussian probability density function; (b) the cumulative Gaussian probability
distribution function.

It can be seen that p(x) is completely specified when the mean value, m, and the
standard deviation, o, are known. and that the function extends from x = —oco to oo,
although values of p(x) for x/o less than -3, or greater than 3, are small.

The probability density, p(x), as given by Eq. (10.21), for zero mean value, is plotted
as Fig. 10.6(a). From Eq. (10.10), the cumulative probability distribution, P(x), is always
the integral of p(x) with respect to x. In the case of the Gaussian probability density, in
spite of the apparent simplicity of the expression, it cannot be integrated easily, and
numerical values from tables, spreadsheet programs, etc., must be used. Figure 10.6(b) is
a plot of P(x) versus x/o for values of the latter from —3 to +3, and some numerical
values of P(x) are given in Table 10.4. These values of P(x) are cumulative probabilities
from —co to x/o. Some tables give different quantities, such as the cumulative value
between the limits Ao, where A is a constant, and care is necessary in interpreting
exactly what values are given by any particular table or program.

The value of P(x) at x/o = —3.1 is approximately 0.001, and the value at x/o=+13.1
is 0.999, so there is only a 1 in 1000 chance that the waveform will lie outside each
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Table 10.4
Probability, P(x), of a Gaussian random waveform
lying between —oo and x.

x/o P(x)
—00 0

-3.1 0.0010
-3.0 0.0013
-2.5 0.0062
-2.0 0.0228
-1.5 0.0668
-1.0 0.1587
-0.5 0.3085
0 0.5000
0.5 0.6915
1.0 0.8413
1.5 0.9332
2.0 0.9772
2.5 0.9938
3.0 0.9987
3.1 0.9990
00 1

(not both) of these limits. This fact is often used when setting the working range of

transducers, recorders, exciters, etc. With a truly Gaussian distribution, which theo-

retically extends to =+ oo, some signal information is always lost. However, ensuring
that the system will not overload up to + 30, or preferably a little over, will keep the
signal loss small.

The following properties of the Gaussian probability distribution are important.

(1) If the input waveform to any linear system has a Gaussian distribution, then so
does the output. As an example, if broad band random excitation is applied to a
linear single-DOF system with low damping, the output will be narrow band, and
look quite different from the input. Nevertheless, its amplitude probability density
will still be Gaussian.

(2) Time derivatives of a Gaussian waveform are also Gaussian. So, for example, if a
displacement time history has a Gaussian amplitude probability distribution, then
so do the corresponding velocity and acceleration waveforms. This obviously also
works for time integrals.

(3) The sum of two or more Gaussian signals is also Gaussian.

Example 10.3

The output signal from an accelerometer in a certain test is expected to have a
Gaussian, or normal, probability density, with zero mean and an RMS value of 1 V.
The recording device, to which the accelerometer is connected, has a switchable
maximum recording range of =1V, £2V or +3 V. For what percentage of the
total recording time could the signal be expected to be correctly recorded for each of
the three switch settings?
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Solution

Since the signal is assumed to have a zero mean value, the standard deviation, o, is
equal to the RMS value in this case, and is also 1 V.

In Table 10.5, x is the instantaneous value of the voltage, so the + 1V recorder
setting corresponds to values of x/o between —1 and + 1. The corresponding values of
P(x) from Table 10.4 are 0.1587 and 0.8413, so the probability of the signal lying
between these limits, and therefore of being correctly recorded, is 0.8413—
0.1587=0.6826 or 68.26%. Alternatively, it can be said that the signal would be
correctly recorded for that percentage of the time.

Table 10.5

Recorder range x/o (ol) P(x) Values Fraction correctly recorded %Time

+1V +1 P(—1)=0.1587 0.6826 68.3
P(+1)=0.8413

+2V +2 P(—2)=0.0228 0.9544 95.4
P(+2)=0.9772

+3V +3 P(—-3)=0.0013 0.9974 99.7

P(+3) =0.9987

This calculation is easily repeated for the other two ranges, and Table 10.5 gives the
fraction of the signal likely to be correctly recorded, in terms of probability, and as a
percentage of the recording time, for all three.

10.3 The power spectrum

In Section 10.2, we discussed how some of the properties of a random waveform can
be expressed in terms of its amplitude probability distribution. However, if we wish to
predict or measure the response of systems to random inputs, we must know how the
power is spread over the frequency range, and this information is conveniently
represented by the power spectrum. Strictly, the rigorous derivation [10.1] of the
power spectrum is as the Fourier transform of the autocorrelation function, which
we shall discuss later, and it is double-sided, i.e. it extends to negative frequencies. We
shall look at this more mathematical approach later, but for most practical work, the
following derivation from the Fourier series, leading to a single-sided definition of the
power spectrum, is adequate.

10.3.1 Power Spectrum of a Periodic Waveform

Although the main application of the power spectrum is in dealing with random
vibration, it can also be used with periodic waveforms. Let us look at this simpler
application first. From Eq. (9.3), we know that a periodic time history, x(¢), say, can
be expressed as a Fourier series:
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o0
X(1) =ao+ Y [ay cos nwot + by sin nwot] n=1,2,3,..., 00 (10.23)
n=1

where a( is the mean level, @, and b, are the amplitudes of the cosine and sine
components that together represent the waveform and wy is the fundamental
frequency in rad./s. From Eq. (9.2), wy = 27/ T, where T is the period of the waveform,
and this can be substituted into Eq. (10.23). If we also remove the mean level, ay, and
deal with it separately, Eq. (10.23) can be written as:

2 )
x(t) = Z{a cos n 7” {+ b, sin n%t n=1,23,... 00 (10.24)

n=1

The ‘power’ (actually the mean square value) associated with any single frequency
component, at f,, say, where f,,=n/T, in Hz, for n=1, 2, 3,..., is seen to be
L(a2 4+ b2). The power spectrum of x(t) consists of a plot of discrete values of this
power versus the discrete frequencies, f(,). The notation f(,) is used to indicate discrete
frequencies of Fourier components, in Hz, associated with the integer n, to avoid
confusion with f,,, which is used to indicate an undamped natural frequency in hertz.

The use of the term ‘power’ merely indicates that the quantity involved is squared,
by analogy with the power in an electric circuit, which is proportional to, but not
necessarily equal to, the voltage or current squared.

Example 10.4

Plot the power spectrum of the +1V square wave discussed in Example 9.1, if the
period of the wave is 1s.

Solution

In Example 9.1, depending upon whether the square wave was treated as an even or
an odd function, the Fourier coefficients were given by either a cosine series or a sine
series. It was shown that this affects only the phases of the coefficients, not their
magnitudes, and since the power spectrum does not depend on phase, either can be
used. So taking the sine series, Eq. (H) in Example 9.1 gave

4. (27 1. (2« 1. (2« 1. (27
x(t) = - [sm(T) t +§s1n3 (T) t +gsm5 (T) t +7s1n7 (T> 4 ] (A)

Table 10.6 lists the frequency, f(,) = n/T, with T = 1; the Fourier components a,
and b, and the power, (a2 + b7), at each value of n.

Table 10.6

n 1 2 3 4 5 6 7 8 9
Sy (Hz) 1 2 3 4 5 6 7 8 9

a, (V) 0 0 0 0 0 0 0 0 0

b, (V) 47 0 4/(3) 0 4/(5m) 0 4/(7r) 0 4/(97)
%(aﬁ + bi) (V)? 0.8105 0 0.0900 0 0.0324 0 0.0165 0 0.0100
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The total ‘power’ in the waveform, which is 1 V2, should be given by summing the
power in all the harmonics. For the first nine terms shown in Table 10.6 this is 0.96 V2,
the remaining 0.04 V? therefore being accounted for by higher frequency terms.

Figure 10.7 is a plot of the discrete power spectrum of the waveform up to 10 Hz.

It can be seen from Example 10.4 that the power spectrum of a zero-mean periodic
function consists of discrete amounts of power concentrated at the fundamental
frequency and its harmonics, which are spaced at intervals of 1/7 Hz. If T is small,
then these frequency intervals may be quite large, for example as in Fig. 10.7. In cases
like this it can be seen that the power spectrum should remain discrete, and should not
be expressed in the form of power spectral density, discussed below, which could lead
to serious errors.

10.3.2 The Power Spectrum of a Random Waveform

If we now wish to find the frequency content of a random waveform, we can use the
same method as we did for the periodic waveform considered above, by assuming that
the sample analysed is one period of a very long periodic function. With this assumption,
the Fourier coefficients, a, and b,,, as defined by Eq. (10.24), can be found, typically by
the use of the DFT, and will lic at the discrete frequencies 1/7, 2/T, 3/T, ..., correspond-
ington=1,2,3,....

Figure 10.8 illustrates the derivation of a power spectrum in this way. The random
time history x(7) is shown at (a), and a portion of length 7 seconds has been selected
for analysis. This is now regarded as one period of a periodic waveform, and its
Fourier coefficients, a, and b,, defined by Eq. (10.24), are shown at (b)(i) and (b)(ii),
respectively. Individually, these are random, but this is largely due to phase, and if
phase is eliminated by calculating the mean square value, or ‘power’, 3(a2 + b2), in
each pair of coefficients, at each frequency, the result shown at (c) is obtained. This is
the discrete power spectrum of the original time history. The length of each line



282 Structural dynamics and vibration in practice

(a) x(t)

OO a
NI ||||||||||| o
R H'I"I||
—>|I<—6f_
(b)) by
. |||||||||||||||||| | o
NN
—>|I<—8f—1?
(©) 2lehe b
O‘HH fin)
(d) P T
S(f)
0 f

Fig. 10.8 Derivation of a power spectrum.

represents the power in the Fourier components at that particular frequency, ), and

its units are the square of the physical quantity represented, for example (V)?, (mm)?,
2

g°, etc.

Power spectral density

Power spectra are sometimes left in this discrete form, and it is usually the appro-
priate format for periodic data, as discussed above. In the case of random data,
however, the assumed period, 7, is usually much longer, and the spacing of the spectral
lines, 1/7 Hz, is much closer. It is then usual to express the power as a continuous power
spectral density (PSD) curve. The PSD, S(f(,)). at any discrete frequency, f,), is given
by dividing the power at that frequency by the bandwidth over which it is considered to
be distributed, say 6f. This can be assumed to be equal to the interval between adjacent
Fourier components, which is 1/7 Hz. Thus §f'= 1/T, and

(a + b2) T

S(fiw) = T (a2 +b2) (10.25)
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It should be pointed out that the derivation of Eq. (10.25) used above is an intuitive
one, rather than mathematically rigorous. Strictly, in a more rigorous derivation
[10.1], use is made of the fact that the Fourier transform of Eq. (10.24) consists of a
series of Dirac delta functions in the frequency domain, spaced at intervals of 1/7T Hz.
However, the effect is the same, and for practical work Eq. (10.25) is an adequate
definition of the PSD.

Power spectral density has the units (physical quantity)® per unit of frequency, for
example (V)?/Hz, g?/Hz and so on, and is independent of the frequency intervals at
which it is computed, a major advantage, making it easy to compare PSD plots from
different sources, or obtained by different methods.

The values of S ( ﬁ”)) are still, strictly, discrete quantities, plotted at frequencies, f(,,),
which are at the centers of each band, of width §f or 1/T. If the frequencies are closely
spaced, however, the values of .S ( f(n)) can be considered to form a continuous power
spectrum, S(f), plotted against the continuous frequency f. The final plot, in Fig. 10.8,
at (d) is therefore labeled in this way.

It is important to note that S(f'), as derived above, is single-sided, and does not
extend to negative frequencies. This is usual in practical work, but it should be pointed
out that in theoretical derivations, it is necessary to introduce a double-sided version,
where the power is spread over the frequency range = oo. This will be referred to
as S(f:) as a reminder. At any frequency, f, then S[f.] =1S(f). It should also be
mentioned that PSD plots can also be presented using rad/s as the unit of
frequency. However, the standard method for practical work is single-sided, with
frequencies in Hz.

Mean square value or variance from the PSD

The total power (or mean square value) in the original waveform is equal to the sum
of the small amounts of power in each Fourier component. The power in any one
component is (a2 + b2), but since 6f = 1/T, this can be written as (7/2) (a2 + b2)6f.
From Eq. (10.25):

gT(aﬁ +0,)8f = S(fim)of (10.26)

The power in the sum of all the Fourier components, equal to the mean square
value of the original waveform, (x*(¢)), is given by summation:

(C0) = 3 F @+ 1) =3 S(n)er (10.27)
n=1 n=1

Since x(7) was defined by Eq. (10.24) as having zero mean value, the mean square
value (x*(1)) is equal to the variance, o2, in this case, and therefore:

(W)= =D S(fiw)ef (10.28)

n=1

and the mean square value or the variance is the area under the PSD plot.
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The measured PSD of a random time history will never be an exact analytical
function, and finding the area under its plot will, in practice, always be a summation
rather than an integration. However, PSD functions can be analytic, or idealized as
such, for example in vibration test specifications, and it is then reasonable to say that
in the limit, as 6f — 0, the discrete spectral density, S (f<n>), becomes the continuous
function, S(f), and Eq. (10.28) becomes the integral:

2 ~ g
2= [ sy (10.29)

The same arguments can be used to show that the mean square value of a waveform
between any two frequencies, f; and f>, is

T = A S(f)df (10.30)

Power spectra of time derivatives and integrals
A power spectrum can be presented in terms of the time derivative or the time
integral of the original quantity. If, for example, we have computed the PSD function
of a random displacement history, x(t), then the PSD function in terms of velocity,
x(1), or acceleration, X(1), is easily found. Similarly, the displacement PSD can be
found if either the velocity or acceleration PSD is known.
We saw above that the Fourier series of a periodic waveform can be written in the
form of Eq. (10.24):
o.¢]
x(t) = [an cosn277rl+bn sinnz%rl n=1,2,3..., 00 (10.31)
1

n

where x(t) is now specifically a displacement time history. Since f,) = n/T, Eq. (10.31)
can be written as:

xX(1) = (ay cos 2f(y) £ + by sin 2mf(1) (10.32)

n=1
Differentiating Eq. (10.32) twice with respect to ¢, we have

e8]

X(1) =Y 21fy[an (—sin 27f(uyt) + by (cos 2f{ )] (10.33)
n=1

and

- 2

£(1) = (27fiw) an (~cos 2mfiuyt) + by (—sin 27 (1)) (10.34)

n=1

The power associated with the discrete frequency f(,) can be expressed in the
following different ways:
In terms of displacement, from Eq. (10.32): power =4(a; + b2);

In terms of velocity, from Eq. (10.33):  power = (27rf(,1))2%(a% +b2);



Chapter 10. Random vibration 285

In terms of acceleration, from Eq. (10.34), power = (27(}‘(,1))4%(51% +b2).
Defining the displacement, velocity and acceleration discrete PSD values at fre-
quency f,) as Sx(f(n), S«(fin) and Sx(f()), respectively, they are given by dividing
the power by the frequency bandwidth over which they are considered to be spread,
i.e. 0f or 1/T Hz. Thus,

_ T(a}+b})

Su(fin) = =5 (10.35)
T(d + b2

(i) = ) T2 (o 25,7, (1036
T(a? + b?

e = Caf) ) a5 (1) (107

In the limit, as the frequency intervals become infinitesimal, the discrete spectral
density functions become the continuous functions, S.(f), S:(f) and Sz(f), and we
have the following relationships:

Si(f) = 2nf)*S.(f) (10.38a)

Se(/f) = 2nf)*S.(f) (10.38b)
NS S

mﬁ—mﬁam (10.39a)

Se(f) = (27;)4&(]”) (10.39b)

Example 10.5

A vibration test table is set up to produce a constant PSD level of 0.02 g?/Hz over
the frequency range 10-1000 Hz. Find
(a) The RMS acceleration level of the table.
(b) The RMS displacement of the table, and the total movement if the displacement is
Gaussian and limited to =+ 3 times the RMS value.

Solution

Let S, = acceleration PSD level in ¢’/Hz;
Sy = acceleration PSD level in m/s*/Hz;
Sy =displacement PSD level in mz/Hz;
oy =RMS level in g units (1g=9.81 m/s?);
ox = RMS level in meters.
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Part (a):
From Eq. (10.30),

o = /f ' S,df (A)

S, = 0.02¢*/Hz for 10 < f < 1000
S =10 for f< 10 and f > 1000

From Eq. (A),

1000
ol :/ 0.02df = [0.02f]10" = 0.02(1000 — 10) = 19.8 ¢>
10

RMS acceleration of table =0, =1/19.8= 4.45¢

Part (b):

In this case, since acceleration is to be converted to displacement, consistent units
must be used, and the acceleration must be expressed in m/s”. Since 1g=9.81 m/s*:
Si=(9.817 S,) =(9.81% x 0.02) =1.925 m/s*/Hz , in the range 10-1000 Hz, and zero
elsewhere. Then from Eq. (10.39b):

1 1925
@)t em*

From Eq. (10.30) and Eq. (B),

ft=(1.235x1073) (B)

1000 1000

2
g§:/ Sedf=(1.235x 107%)

fi

Ff = (1235 % 107) H f-s}

. 10
= (0.3088 x 10 ®)m* and o, =0.556 x 10*m = 0.556 mm.

If the displacement has a Gaussian amplitude distribution limited to +3o, the total
movement is 6 x 0.556 mm = 3.34 mm.

10.4 Response of a system to a single random input

Many practical problems involving the response of a system to random excitation
can be solved by considering a single random input function. As will be seen, the
process is then relatively straightforward, requiring only two ingredients: (1) the power
spectrum of the input and (2) the frequency response function (FRF) of the system. We
have discussed the power spectrum, and its derivation; now we must review the FRF.

10.4.1 The Frequency Response Function

The FRF, usually denoted by H(w) or H(f'), depending on whether it is expressed
in terms of rad/s or Hz, respectively, is simply the ratio of the steady-state response of
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a system to an applied sinusoidal input, which can be a force, an imposed displace-
ment, or almost any other quantity. The FRF is usually expressed in complex form,
but can also be expressed in magnitude and phase form. When calculating an FRF,
the sinusoidal input is considered to have started at —oo, and any transient response to
have died away. The response is therefore also sinusoidal, but generally different in
magnitude and phase from the input.

The FRFs of several forms of single-DOF system were introduced in Section 4.1.3.
As has been seen, FRFs of single-DOF systems are easily calculated, or an FRF can,
of course, be measured, by applying a sinusoidal input, and measuring the response.

The FRFs of multi-DOF systems are usually calculated by the normal mode summa-
tion method, introduced in Chapter 6. This allows the response of a multi-DOF system to
be expressed as the summation of several single-DOF systems, one for each normal mode.

The FRF of a system is often referred to as its ‘transfer function’ but this term
should strictly be reserved for the response of the system expressed in Laplace nota-
tion. The two terms are, however, closely related, and we saw in Chapter 3 that if the
Laplace operator, s, in a system transfer function, is replaced by iw, the transfer
function becomes the FRF, H(w), in complex notation.

10.4.2 Response Power Spectrum in Terms of the Input Power Spectrum

Let the time history, x(¢), of length T, of the input to a system, be represented by the
Fourier series:

8}

xX(1) = (ay cos 2mfiu 1 + by sin 27f(,1) (10.40)

n=1

The frequency interval, 6f, between adjacent Fourier components is 1/7. The power
in a single component, at frequency f,, is 3(a2 + b2), and the corresponding PSD is

L2+ b2 T
:W:z(af,+bﬁ) (10.41)

If we let the response or output time history of the system be y(7), then it can be
represented by a Fourier series in the same way as Eq. (10.40), except that both the
coefficients @, and b, will be multiplied by the modulus of the FRF of the system,
|H ( f(,,)) , at each component frequency f(,). The phase of each component will also be
shifted by ¢,, the phase angle of the FRF at frequency f(,,). If we are only interested in the
power in the output, however, the phase shift has no effect, and it is easily shown that the
output power at frequency f(, is [H(f,) |2% (a2 + b?2), and the corresponding PSD is

Sx(fin)

23(a2 +b2)
of

Thus from Eqs (10.41) and (10.42):

(i) = [H (/)| = [H(fi)[' 5 (@ +5) (1042)

Sy (i) = [H(fin) S+ (fim) (10.43)
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S(f) Input power spectrum

(a) f(HZ)

Modulus of FRF
v M

(b) f(Hz)

S,(f)
= |H(HPS,(f) Response power spectrum

N N\
)

f(Hz)

Fig. 10.9 Response PSD from input PSD and system FRF.

In the limit, as the frequency intervals become infinitesimal, and the discrete
frequencies, f,), merge to become the continuous frequency, f, we have one of the
most useful results in practical random vibration analysis:

Sy(f) = H()S:(f) (10.44)

where Sy (f) is the power spectral density of the input or forcing function; S, (f) the
power spectral density of the output or response and |H(f)| the modulus of the
steady-state frequency response function relating input and output. So in the case of
a single random input to a system, the response can be calculated without requiring
the phase characteristics of the system.

Figure 10.9 is a sketch showing a typical implementation of Eq. (10.44). The input
power spectrum S.(f) is shown at (a). This could be a PSD plot derived from a
random waveform, representing the force, displacement or other input to the system.
The modulus of the frequency response function, |H(f)], for the system, is shown at
(b). In this case the system clearly has three significant vibration modes. Figure 10.9(c)
is the PSD of the response S,(f) at the single output point for which |H(f)| was
defined. The response at other points, for the same input, could easily be found by
defining alternate FRFs.

10.4.3 Response of a Single-DOF System to a Broadband Random Input

Many day-to-day problems in random vibration involve only the response of single-
DOF system to a single random input. If the damping of the system is fairly low, and
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the input spectrum, in terms of PSD, is fairly flat in the region of the resonant
frequency, several simplifications are possible, leading to useful simple expressions
for the mean square and RMS value of the response.

Single-DOF system with random applied force excitation

Consider first the single-DOF system shown in Fig. 10.10. A random external force
F is applied, and the displacement of the mass is z. From Eq. (4.1), the equation of
motion is mz + ¢z + kz = F, and the corresponding FRF, in complex form, with the
force vector, F, as the input, and the displacement vector, z, as the response, is given
by Eq. (4.21):

(1-02) —i(279)

10.45
me? [(1 - 92)24—(270)2} (1049

where

wn = 27fn, Q@ = w/wy, = f/fa, w is the excitation frequency in rad/s, f the excitation
frequency in Hz, w, the undamped natural frequency in rad/s, f, the natural frequency
in Hz and v = ¢/2mwy, is the non-dimensional viscous damping coefficient.

In this case we require only the modulus, |H(f)|, which is

|H(f)| = 1 = ! (10.46)

m /(1 = @) +(240)° - m(2fo)* /(1 — 2P +(290)?

Defining the input force spectral density as Sg(f), and the response displacement
spectral density as S.(f), we have from Eq. (10.44):

S-(f) = [H(/)*Se(f) (10.47)
Substituting Eq. (10.46) into Eq. (10.47):

Sk(f)
S, = 10.48
) m22nfy)* (1 - 9 +(290)] oA

Fig. 10.10  Single-DOF system with applied external force.
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Equation (10.48) is the general expression giving the displacement power spectral
density, S-(f), in terms of the applied force power spectral density, Sg(f), of a single-
DOF system as shown in Fig. 10.10, with undamped natural frequency, f,,, in Hz, and
non-dimensional damping coefficient, v. The mean square displacement response, (z%),
equal to the variance of the displacement, o2, if the input force, and hence the displace-
ment, has zero mean value, can be found from Eq. (10.29), which applied to this case is

()=t~ [ 5.0y (10.49)
0
Substituting Eq. (10.48) into Eq. (10.49) gives
n_ o1 * Se(/) 4
() == m2(277fn)4/0 (1— 02)24—(279)2(1] (10.50)

Equation (10.50) is a general expression for the displacement mean square or
variance. Exact evaluation requires Sg(f) to be known, but a useful result can be
derived by setting it to a constant value, S, at all frequencies. With this assumption:

Sk o 1
o’ = d
z > 4 "2 2
m2af)* o (1- 922 +(279)
Noting that /'= f,2 and df = f,dQ2:

S 1
2 an, 4/ > -dQ (10.51)
e Qnfa) o (1= 2P +(299)
The integral is a standard form, and equal to 7/4~, so Eq. (10.51) can be written as:
1
Sk 1 Sk \2
2 = = 10.52
7 643 m2f3y °f %= 3m <7r3f§7) ( )
Since k = m(27rfn)2, Eq. (10.52) can also be written as:
1
2 7Tfn SF 1 anSF 2
= == 10.53
2= o o 2k< : (10.53)

Equation (10.52) was derived by assuming that the input force spectral density, Sk,
remains constant up to infinite frequency, and it would appear to give a gross over-
estimate of the displacement response in practical cases. However, nearly all the
response occurs in a fairly narrow band around the natural frequency, f,,, and provided
the excitation is reasonably constant over this band, the actual error is surprisingly small.
If the half-power bandwidth of the single-DOF system is defined as 2+ f,, Hz, then it can
be shown by numerical integration that for values of v up to 0.1 of critical, even if the
excitation bandwidth extends for only five times the half-power bandwidth each side of
the natural frequency, f,,, Eq. (10.53) over-estimates the RM.S displacement response by
only about 3%. The error increases to about 7% if the excitation extends for only 2.5
times the half-power bandwidth each side of the natural frequency. If the accuracy of
Eq. (10.53) is doubted, in particular cases, perhaps because the input PSD function is not
flat around the resonant frequency, it is quite easy to integrate Eq. (10.51) numerically,
provided the shape of Sf is known.
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Example 10.6

A proposed environmental vibration test on a radar pod, attached to the wing of a
high performance aircraft, involves applying a single lateral random force to the pod by
means of an exciter and rigid connecting rod, as shown in Fig. 10.11 at (a). The pod,
considered rigid, is attached to the wing by a flexible pylon, and the combination has a
lateral mode of vibration at f;, = 15 Hz, with a non-dimensional viscous damping coeffi-
cient equal to v=0.05 of critical. Its lateral vibration behavior at the exciter attachment
point can be represented by the single-DOF lumped equivalent system shown in Fig.
10.11 at (b), where the equivalent mass m is 100kg, and the natural frequency and
damping coefficient are as given above. The applied force time history is F(¢) and the
resulting displacement history is y(7). The force power spectral density, defined at the
exciter attachment rod, is held constant at 4000 N*/Hz in the range 7.5-50 Hz, and is zero
outside these limits. The force supplied by the exciter has a Gaussian probability density,
with zero mean, but is limited at source to 3 times the RMS value in each direction.

Find
(a) the RMS (or standard deviation) value, of, of the force required from the exciter,

and its maximum and minimum values.
(b) the RMS (or standard deviation) displacement, oy, of the point on the pod where
the exciter rod is attached, and the total travel of the exciter rod.

Solution

Part (a)

From Eq. (10.30), the mean square value of a random time history (equal to the
variance if the mean value is zero), between the frequency limits f; and f;, is given by
integrating the PSD function between these limits. Applied to this case:

(A)

¥(t) <—1

100 kg. [*—
F(t)

(b) Equivalent
system

Radar pod

(a) Test setup

Fig. 10.11 Vibration test on a radar pod discussed in Example 10.6.
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If Sk(f) has the constant value Sg =4000 N?/Hz between 7.5 and 50 Hz:

50
0% = / 4000 df = [4000f)3% = 170 x 10°N?> and o = 412N
7.5

The RMS force required from the exciter is 412 N, and since the force is limited to
+ 3 times the RMS value in this case, the maximum and minimum values are & 1236 N.

Part (b)

The natural frequency of the system is 15 Hz, and the half-power bandwidth of the
single mode is 2 f, = (2 x 0.05 x 15) = 1.5 Hz. The excitation PSD is constant in the
band from 7.5 Hz to 50 Hz, and thus extends from 5 times the half-power bandwidth
below the natural frequency, to over 23 times above it. The error in the RMS value
due to using Eq. (10.52) will therefore be negligible, at less than 3%. The RMS
displacement at the exciter attachment point (also equal to the standard deviation,
since the mean value is zero) is therefore given by Eq. (10.52):

1
1 Sk 2
7 8m (W?fr?v) )
where m =100 kg; Sp=4000 N*/Hz; f,=15Hz ~=0.05
The RMS value, or standard deviation, of the point on the pod where the exciter is
attached is
oy =1.093 x 107> m=1.093 mm
Since the input force was assumed to have a Gaussian probability density, and the
system is assumed linear, then the displacement response will also be Gaussian. Assum-
ing that this is limited, like the input force, to 3 times the standard deviation in each
direction, then the maximum exciter travel is 60, or 6 x 1.093 = 6.59 mm peak to peak.

Single-DOF system with random base motion

Another single-DOF configuration with many practical applications is shown
schematically in Fig. 10.12. The frequency response functions were discussed in
Chapter 4. The input is the base motion, and for random vibration this will usually

Fig. 10.12  Single-DOF system with base excitation.
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be defined in terms of displacement, velocity or acceleration power spectral density.
Given the modulus of the FRF between the base motion and the required response,
the PSD of the response, and hence its mean square and RMS values, can be
calculated in much the same way as for the applied force case discussed above. The
response parameter may be the displacement y of the mass relative to the base,
the corresponding relative velocity, y, the absolute displacement, z, of the mass, one
of its time derivatives, z or Z, and so on. Some of the FRFs derived in Chapter 4 are as
follows. They are given here only in modulus form, since we do not need phase.
From Eq. (4.26), we have

bl @
Al \/(1 — 02’ +(270)°

where, as before, Q) = w/w, = f/fy, and, w is the excitation frequency in rad/s =2xf,
wy the undamped natural frequency in rad/s, f the excitation frequency in Hz, f, the
natural frequency in Hz and v = ¢/2mw, the non-dimensional viscous damping
coefficient.

The moduli |p|/|X| and |j|/

y|_1(|y|) y|_1(y|> |y'|_w(|y|) |y'|_wz<|y)
P ) ] b} P} - . Pl -
K w X W )T RIVANNEY x|

A frequently required FRF is the relative displacement, y, between the mass and the
base, per unit base acceleration, X. From Eq. (10.54) its modulus is

(10.54)

are the same as [y|/|x|, and from Eq. (4.32):

byl 1 (Il o 1
Hyié(w) e o2\ T -
| | 1% w? (IXI) wz\/(l Q224 (290 wg\/(l — 2 +(290Q)?
(10.55)
or
’H}’Y(f)| _ ! (10.56)

@nfay/(1 - 2P +(290)°

If the absolute motion of the mass rather than its value relative to the base is
required, Eq. (4.35) gives

Il Bl [ 1+ ()
X[ IR \/(1 — 21 (290)? (10.57)

which is known as the transmissibility.

A simple expression for the RMS or standard deviation of the displacement, y, of
the spring, &, in Fig. 10.12, can be found, given the acceleration spectral density of the
base, Si(f), as follows. First, the PSD function of the displacement, S, (f), is given by
Eq. (10.44), which in this case becomes

Sy(f) = [Hys(1)]*S:(f) (10.58)
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where ’Hyj(‘(_f)|2 is given by Eq. (10.56). Substituting Eq. (10.56) into Eq. (10.58):

Sz(/)
(nfa)* (1 = 92 +(290)°)

S,(/) = (10.59)

The mean square value, and, if the input is assumed to have zero mean, the
variance, of y, equal to o2, is given by Eq. (10.29), which becomes in this case:

Uiz/o‘ S,(f)df (10.60)
or using Eq. (10.59):

21 h Se(/) df 10.61

| (e (10.61)

Equation (10.61) is the general expression for the variance of y, and is of the same
form as Eq. (10.50) except for the constant factor 1/m?. If Si(f) is constant at the
value S; around the natural frequency, f,, then Eq. (10.61) can be integrated in the
same way as Eq. (10.51) to give the approximations:

S 1 S bl
2 X o X
om0 o) e

where the mean square or variance of the spring displacement, af,, and its RMS value
or standard deviation, oy, are seen to depend only upon the spectral density of the
base acceleration, Sy, the natural frequency, f,,, in Hz and the damping coefficient ~.

Example 10.7

A hydraulic pipe installation, exactly as described in Example 8.1, is to be used in a
location where the vibration input, specified at the supports, is random, and defined in
terms of acceleration power spectral density. If the input level is defined as 2.0g*/Hz
from 10 to 1000 Hz, find
(a) The RMS displacement at the center of the pipe.

(b) The RMS stress at the center of the pipe.
Note: Ibf in. units are used, as in the original Example 8.1.

Solution

Part (a):

It was shown in Example 8.1 that the vibration behavior of the hydraulic pipe,
considered as a simply supported uniform beam excited by acceleration at the sup-
ports, as shown in Fig. 10.13 at (a), can be represented by the equivalent system shown
in Fig. 10.13 at (b). Here, Xp represents the acceleration at the pipe attachments, and
y. represents the maximum displacement of the pipe, relative to the attachments,
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N
3

Pipe :
j_| P Aircraft structure L

(a) Pipe installation (b) Equivalent system

Fig. 10.13 Hydraulic pipe installation discussed in Example 10.7.

which occurs at the semi-span position. The equivalent mass, stiffness and damper
were shown to be given by:
Equivalent mass, m = % uL, referred to the center of the span;
Equivalent stiffness, k = § EI(7*/L%), also referred to the center of the span;
Equivalent damper, ¢ = 2yv/km, where v = 0.02 in this case.
Other data for the pipe, from Example 8.1, were
D is the outer diameter of pipe =0.3125 in., d the inner diameter of pipe =0.2625
in., E the Young’s modulus = 30 x 10° Ibf/in”., I the second moment of area of cross-
section= Z (D* — d*) =0.2350 x 107 in*., ;¢ the mass of pipe, plus contained fluid,
per inch=0.0214 x 107> 1b in~' s? per in. and L the center to center spacing of pipe
supports =17 in.
Figure 10.13 can be seen to be identical to Fig. 10.12, and therefore Eq. (10.62)
can be used directly to find the RMS displacement, o, at the center of the pipe, i.e.,

1
1/ Si \2
Oy. = g (773](37) (A)

where S;, is the base acceleration spectral density in (in./s?)?/Hz, f, the natural
frequency in Hz and ~ the damping coefficient =0.02.

The base PSD is 2.0g°/Hz, so Sg, = (3862 x 2.0) = 298 000 (in./s*)*/Hz.

The natural frequency, f,, from Example 8.1, is 98.6 Hz. Substituting these numer-
ical values into Eq. (A) gives o, = 0.0885 in. RMS.

Part (b):
From Eq. (R) in Example 8.1, the relationship between the amplitude of the stress,
Isclmax- at the center of the pipe, and the displacement amplitude at the center of the

pipe, [Ve|max- 18

2
m™“DE
|Selmax= EY2 [Velmax (B)

The same factor applies to the corresponding RMS values, so

mDE
212

Osc =

Tye (@)
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where oy, is the RMS stress and o), is the RMS displacement. Inserting the numerical
values D=0.3125 in.; E=30 x 10° Ibf/in.%; L=17 in. and oy, =0.0885 in. gives the
RMS stress at the center of the pipe:

o5, = 14 1701bf/in.?

10.4.4 Response of a Multi-DOF System to a Single Broad-band Random Input

Provided a multi-DOF system is excited by only a single random input, calculation
of the response can still be based on Eq. (10.44):

S,(f) = [H(f)IPS:(f) (10.44)

where S, (f) is the power spectral density of the single input or forcing function; S, (f)
the power spectral density of the output or response and |H(f)| the modulus of the
steady-state frequency response function, relating input and output. The process of
evaluating Eq. (10.44) was sketched in Fig. 10.9.

Having found the response spectrum, S, (f), the mean square and RMS levels of the
response can be found from Eq. (10.29), i.e.,

- 00
7= [ s (10.63)

The procedure for a multi-DOF system is thus seen to be precisely the same as for
the single-DOF case, except that the modulus of the FRF, |H(f)|, contains the effect
of several modes acting together, instead of just one mode. Deriving |H(f)| is much
easier if, as is almost always the case in practice, the system is represented by a set of
normal modes, allowing the normal mode summation method to be used.

The following example uses the simple 2-DOF system introduced in Example 6.5 in
which the equations of motion in normal mode coordinates were derived. The method
can be generalized to any number of modes, but is, of course, limited to a single input.

Example 10.8

The system used in Example 6.5 is shown again in Fig. 10.14. The beam is assumed
massless, and uniform, with E7=2 x 10° N m? . Two discrete masses n1; = 10 kg and
my =8 kg are attached, as shown. The total length of the beam, L. =4 m. The viscous

Z4 Z3
my my

T .
-~ L

L L
2 [ 2 |

Fig. 10.14 2-DOF system discussed in Example 10.8.
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damping coefficient is assumed to be 0.05 for both modes. F is a random force with
constant power spectral density of 100 N?/Hz, from 10 to 120 Hz, and F is zero.

Find the RMS value of the displacement, z;.

Solution
From Example 6.5, the equations of motion in orthonormal form (i.e. with the mass

matrix defined as a unit diagonal) are

L 0] q 2y1wi 0 q1 wi 0 ]fa 01

. . = A
o B {89 SN {E) @
where the undamped natural frequencies, in rad/s, are w; =102.02 and w, =621.30,

and in this case v, =7, =0.05.
Also from Example 6.5, the relationship between the actual displacements,{z}, and

the generalized displacements, {¢}, is
0.1071 —0.29757 { ¢ B)
0.3326  0.1198 ¢

G =i o {2} -

and the relationship between the actual external forces, [F], and the generalized forces,

0] is
011 | 0.1071 0.3326 | | F, ©)
O,  [-02975 0.1198 || F»
Since Eq. (A) is expressed in normal modes, with all matrices diagonal, it can now
be treated as two uncoupled, single-DOF equations:
Gi + 2w +wiqn = O (D)
(E)

and
G2+ 2mwan + wigy = 02
From Chapter 4, the complex receptance expressions, or FRFs ,H; (/) and Hx(f)
corresponding to Eqs (D) and (E), respectively, are as follows, noting that the general-
ized mass is unity in both cases, and that (/') has been omitted throughout for clarity:
1 - Qz —1 2’}/191 .
( 1) ( ) = Ry + 1 (G)

Hy, = o
1n=>=
Q1 (2nf;)? [(1 - Q§)2+(27191)2}

and
2 ( 2) ( 2 2) = R22 -+ 1[22 (H)

0 (27f3)? [(1 - Q§)2+(27292)2}

Hy =

‘ Q

where R and I;; are the real and imaginary parts of H;; and Ry, and I, are the real
and imaginary parts of Hy. Also, Q; = f/f1 and Q, = f/f>, where f'is the excitation
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frequency in Hz and f} =w; /27 =16.236 Hz is the natural frequency of mode 1 and
fr=wy/2m=98.883 Hz is the natural frequency of mode 2.

Equations (B) and (C) apply equally well when zy, z3, q1, ¢, Fi, F2, O1, O>
are replaced by the complex vectors z;, z,, 4, 4, F,, F, Ql, Qz' Therefore,
from Eq. (B):

2, =0.1071¢, — 0.2975¢, (1)
From Egs (G) and (H):
q, = (R +i111)21 and ¢, = (R +ilz2)Q2 )

and from Eq. (C), since F>» = F, = 0, in this case:

0, =0.1071F, and Q, = —0.2975F, (K)

From Egs (I), (J) and (K), the complex receptance between the applied force F| and
the displacement z; is
21

H.p(f) = P 0.10712(Ryy +il11) + 0.2975%*(Ryy + ily) (L)

For random response we require only the modulus, which is

|H., 1, |(f) :IIZV1||: \/(0.10712R11 +0.29752Ryy)*+(0.1071211, +0.297521,)* (M)
1

Using a standard spreadsheet program, this was plotted from f=10-120 Hz, and
appears as Fig. 10.15.

0.012
0.01
2 '
T 0.008
E
L 0.006 H
=
N 0.004
0.002
N I -

0
10 20 30 40 50 60 70 80 90 100 110 120
Frequency f(Hz)

Fig. 10.15 Modulus of the FRF of the 2-DOF system, Example 10.8.
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From Eq. (10.44), we can now find the displacement PSD, S.,, of z;, given that the
force PSD of Fj is constant at 100 N2/Hz, from 10-120 Hz. In the present notation,
Eq. (10.44) can be written as:

S:(f) = |Han (PSR () (N)

where |H. £, (f)| is given by Eq. (M), and is plotted as Fig. 10.15, and Sr, () = 100 N*/Hz
from f=10-120 Hz.

The mean square, and hence the RMS value, of the displacement z;, can now be
found from Eq. (10.63):

2 _ > . d
2 /0 S (f)df

However, the system is excited only between the frequency limits 10-120 Hz, and
the response will be zero outside these limits, so the mean square displacement is given by:

120
2 . S .
oz, = /1 S, (f)df (0)

0

This was integrated numerically, using a spreadsheet program, giving

0-, = 0.191mm RMS

10.5 Correlation functions and cross-power spectral density functions

In this chapter, so far we have seen that many problems in random vibration can be
solved by the use of the power spectral density function alone, together with an
understanding of probability density and distribution functions. There are some
problems, however, for which this will not be sufficient. Before looking at these, we
must first introduce a few more topics, such as correlation functions, and how they are
related to spectral density functions, including cross-power spectral density functions.

10.5.1 Statistical Correlation

Before considering autocorrelation and cross-correlation functions, we should
briefly consider correlation, a basic concept in statistics. The correlation coefficient is
often applied to pairs of properties, such as the height and weight of men in a given
population. The idea can be extended to include sampled values of two time histories,
x(¢) and y(1), say. The correlation coefficient for simultaneous pairs of samples of x
and y, taken from x(7) and y(¢), where the mean values are zero, is defined as:

Py = (<xy>) = Ju (10.64)

00y 0x0y

where o, and o, are the standard deviations of x and y, respectively and o, = (xy) is
known as the covariance. It can be seen from Eq. (10.64), incidentally, why p,, is
sometimes called the normalized covariance.
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The correlation coefficient, py,, is dimensionless, and must lie in the range +1. A
value of +1 indicates complete positive correlation, and all values of y would then be
related to the corresponding values of x by y = Ax, where A4 is a positive constant. A
value of —1 indicates complete negative correlation, with 4 as a negative constant. If
pxy =0, of course, there is no statistical correlation at all between the x and y values.
This does not necessarily mean that there is no relationship between them: for
example, sin wt and cos wt are uncorrelated in a statistical sense, yet there is a strong
relationship between them.

The correlation coefficient takes no account of the time order of the pairs of
sampled values, and is therefore of limited use in vibration work. The auto- and
cross-correlation functions, however, discussed next, do make use of the relative
timing between samples.

10.5.2 The Autocorrelation Function

The autocorrelation function (ACF) can be derived from a single waveform, x(7)
say, as shown in Fig. 10.16(a). It is defined as:

R (1) = E[x(t)x(t + 7)] = (x(t)x(t + 7)) (10.65)

It is the mean of all the products of x(z) and x(¢ 4+ 7), where x(7 + 7) is simply the
value of x at a time, 7 + 7, which is 7 later than time ¢.

A f
-

f) x(t+7)
(@)

x(
/k(ﬂ R(7)
N N\ -
0 \/

(b) ACF of broadband noise (c) ACF of narrow-band noise

AN A AL
/\/\/‘0\/\/\

(d) ACF of a sinusoid

Fig. 10.16 The autocorrelation function.
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The ACF can be evaluated digitally, directly from Eq. (10.65), for a suitable range
of values of 7, by multiplying and averaging. However, this is a relatively inefficient
process computationally, and, as will be seen later in this chapter, the ACF is more
usually computed as the inverse Fourier transform of the power spectrum. This is
much quicker, thanks to the efficiency of the FFT algorithm.

In analog days, the ACF was, in fact, derived directly from Eq. (10.65). The values
of x(#) and x(r + 7) were represented by voltages derived from a magnetic tape loop
with two replay heads, one of which could be moved relative to the other to vary the
time lag 7. Analog multiplication was then used to produce the product x(#)x(¢ + 7),
which was then integrated to find the average. References to this now obsolete method
can still be found in the literature.

Some of the main properties of R.(7), the ACF of x(¢), can now be deduced. It will
be assumed, for the present, that any mean value in x(7) has been removed.

(1) Its value is closely related to the correlation coefficient, p, discussed above. If we
regard x(¢ + 7) as a separate waveform from x(¢), and call it y(¢), then Eq. (10.64)
can be used to find the correlation coefficient, p.,, between x(¢) and y(z) =
x(t+ 1), for any fixed value of 7. From Eq. (10.64):

- (et (10.66)

but since we have assumed that y(r) = x(#+ 7), and if x(¢) is stationary, then
Ox = Ox(1) = Ox(147) = 0y, and Eq. (10.66) can be written as:
()x(1+ 7)) _ Re(7)

Px(0)x(1+7) = 2 = “U% (10.67)

Thus the correlation coefficient between x(#) and x(¢ + 7) is equal to the value of
the ACF at the same value of 7, divided by the variance. The ACF can therefore
be used to find the expected correlation coefficient between a point in a waveform
and its future or past values.

(2) The value of the ACF at 7 = 0 is equal to the mean square value, which is equal to
the variance, if the mean value of x(7) is zero. This can be seen from Eq. (10.65),
since at 7= 0, R, = (x?(1)) = o%. It can never exceed this for any other value of 7,
since (x(7)x(¢ 4 7)) can never be greater than (x*(z)).

(3) It is an even function, i.e. R\(7) = R(—7).

(4) For a broad-band random function it dies away quickly for positive and negative
values of 7, from its maximum value at 7 = 0, as shown in Fig. 10.16 at (b).

(5) For a narrow-band random input it consists of a decaying cosine function, as
shown in Fig. 10.16 at (c). The decay is exponential if the narrow-band response is
due to the response of a single-DOF system. In the case of the response of a multi-
DOF system to broad-band random excitation, the ACF of the response consists
of a number of superimposed, exponentially decaying cosine functions, each of
which, using suitable analysis, can give the natural frequency and damping coeffi-
cient of one of the modes of the system directly. This method (which can be
extended to include cross-correlation functions, introduced below) was formerly
used in such applications as flight flutter analysis. Even today it is sometimes
preferred to the more usual frequency domain method based on power spectra.
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(6) In the case of any sinusoidal wave, the ACF is a cosine function, as shown in Fig.
10.16 at (d). This gives a useful method for identifying a mixture of random noise
and periodic functions, since the random components will die out for large values
of 7, whereas the periodic components will not.

(7) If the mean value of x(7) is not removed before calculating the ACF, it is easily
seen that this adds a constant, ,ui, to the ACF at all values of 7, where p, is the
mean value of x(7).

10.5.3 The Cross-Correlation Function

There are two possible cross-correlation functions (CCFs) between two waveforms
x(#) and y(¢) and they are defined as:

Ryy(7) = E[x(0)y(1+ 7)) = (x(0)y(t + 7)) (10.68)
and
Ry(1) = Ely()x(t + 7)] = ((0)x(t + 7)) (10.69)

Equation (10.68), giving R,,(7), is illustrated in Fig. 10.17 at (a). Each value of x(7)
is multiplied by y(7 + 7), which is the value of y(¢) an amount of time 7 later, and the
average of all the products is calculated.

As shown in Fig. 10.17 at (b), R,.(7) is obtained in the same way, except that in this
case x(¢) is delayed with respect to y(7), becoming x(7 + 7). In general, R.,(7) and
R, (7) are not the same, but if the original waveforms are stationary, it can be seen
that Ry, (7) = Ryx(—7) and R(7) = Ry, (—7).

The main properties of the CCF are
(1) Assuming that the mean values of x(¢) and y(¢), if any, have been removed, the

value of a CCF at a particular value of 7 is related to the corresponding correla-
tion coefficient as follows:

px(t)y(H‘r) —

Rx AT R\ T
Roll) - ng Pr(x(rir) = — 7)

00y Ox0y

(10.70)

where py(,(+-) 18 the correlation coefficient between x(f) and y(z+ 7), and
Py(nx(+r) 18 the correlation coefficient between y(r) and x(z + 7).

X X

/\I/\/\/\ t /\/\/\1\/\’\ t
% v \g

\V4
x(t) x(t+71)
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y(t+7) y()
ANVAN ;l\ fan t a\ N /™ t
i 4
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(@) Ry =<x(t)y(t+1)> (b) Ry=<y(t)x(t+7)>

Fig. 10.17 Definition of the cross-correlation function.



Chapter 10. Random vibration 303

(2) The CCF is not, generally, an even function of 7, and its maximum value does not
necessarily occur at 7=0.

(3) For zero mean values, the CCF must always lie in the range + 0.0,.

(4) If the mean levels of x(¢) and y(¢) are not removed, /1,41, will be added to the CCF at
all values of 7, where /i, is the mean value of x(#) and p, is the mean value of y(7).

10.5.4 Relationships Between Correlation Functions and Power Spectral
Density Functions

Although correlation functions and spectral density functions are apparently quite
different concepts, it can be shown that the power spectrum is the Fourier transform
of the ACF, and the cross-power spectrum, which we have not yet introduced, is
similarly the Fourier transform of the CCF.

The Wiener—Khintchine relationships

These relationships, discovered independently by Wiener and Khintchine in the
1940s, show that the power spectral density function is the Fourier transform of the
ACF, and that the ACEF is the inverse Fourier transform of the PSD function, where
both functions are derived from the same underlying waveform, x(¢). They can be
proved as follows [10.2], using Fourier transforms.

From Chapter 9, we have the Fourier transform pair

x(1) = / OOX(/') e?1df (9.32)
and
X(f) = / oox(t) e /iy (9.33)

From Eq. (9.32) we can write
x(t47) = / X(f) &> tndy (10.71)
—00
The basic definition of the ACF, R, (7) is, from Eq. (10.65):

R(7) = (x{0x(t-+ 7)) = tim o 7 [ x(Ox(e + 1)

Substituting for x(z + 7) from Eq. (10.71):

Rir) =lim g [ () [ () e g

= / lim THOCIT[ / x(t)eizr‘ﬁdt}X(f)eu”ﬁdf (10.72)

o0
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oo
But from Eq. (9.33), X(f) = / x(#) e"2"/'dt and therefore:

—00

X*(f)_/ x(t) e dr (10.73)
where X*(f) is the complex conjugate of X(f). Substituting Eq. (10.73) into
Eq. (10.72):

Ry (1) = / {limr_m FX (X)) e /Tdf (10.74)
The quantity [lim7_.. - X*(f)X(f)] is the power spectral density, Sy (/%) . and so
Eq. (10.74) can be written as:

0 . .
R(1) = / Sy (fe)er™df (10.75)
showing that that the ACF is the inverse Fourier transform of the power spectral
density function. By analogy with Eqgs (9.32) and (9.33) it can be seen that:

S(fe) = / Ry(r)e ?77dr (10.76)
showing that the power spectral density function is the Fourier transform of the ACF.

In Egs (10.75) and (10.76) the spectral density has been written as Sy (/%) to indicate
that it is double-sided, and not the same as the single-sided spectral density, Sy(f),
derived in Section 10.3.2, and used generally in practical work. Since S, ( /1) is an even
function, however, the power is the same at corresponding positive and negative
frequencies, and S, (f) = 25 (f+).

As a check, the mean square value of the underlying time history, <x2(t)>, should be
given by the value of R.(7) at 7=0, and also by the area under the PSD curve,
however it is defined. Substituting 7=0 into Eq. (10.75) gives

R.(0) = /700 Se(fr)df = {(x*(t)) as required

oo

Relationships between cross-correlation functions and cross-power spectra
The Wiener—Khintchine equations can be extended to show [10.2] that the cross-power
spectrum 1s the Fourier transform of the CCF:
Sulfe) = [ Rolr)e ™ Iar (10.77)

o]

and that the CCF is the inverse Fourier transform of the cross-power spectrum:

Ry (7) = [ TSy eias (10.78)
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Equation (10.77) is the usual definition of the cross-power spectrum Sy, (f+), giving
the cross-power between two waveforms, say x(¢) and y(¢). The power spectrum,
S.(f1), can be regarded as a special case of the cross-spectrum when y(7) = x(r).

The cross-power spectrum is, in general, complex, and not an even function. Its
value at a positive frequency, f; is the complex conjugate of its value at a correspond-
ing negative frequency, f_, i.e.,

St (fi) = Su(f-) (10.79)

which is sometimes known as ‘conjugate even’. Like the CCF, the cross-power
spectrum can be defined the other way round, for example S,.(f+) and R,.(7) are
related by:

Spe(f) = / " Rulr)e P dr (10.80)
and
Ryx(7) = / TSyl fi) €2y (10.81)

10.6 The Response of structures to random inputs

We have seen from the preceding section that the auto-power spectrum and the
cross-power spectrum are the Fourier transforms, respectively, of the ACF and CCF.
It can also be shown that the frequency response function, H(w), is the Fourier
transform of the impulse response /(7). This means that, in theory, there are always
two ways to calculate the response of a structure to a random input, or inputs, or to
calculate the characteristics of a structure when the input and response are given:

(a) In the time domain, using correlation functions to describe the input and response,
and the impulse response to represent the structure, or:

(b) In the frequency domain, using power spectra to describe the input and output,
and the frequency response function to represent the structure.

In practice, the first method is much more difficult to use than the second, and most
practical work is carried out using power spectra and FRFs.

10.6.1 The Response of a Structure to Multiple Random Inputs

When a system, assumed linear, is excited by several random forces, which may be
correlated, the auto-power and cross-power spectral density functions provide a
convenient method for finding its response, provided all the individual frequency
response functions between excitation points and response points are known.

The following example describes the calculation of the response at a single point on
a structure, when the loading can be represented by two concentrated, random, forces
at two other points. The method can easily be generalized to any number of excitation
and response locations.
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A typical practical application would be the calculation of the response of an
aircraft component, such as a wing or fin, from measurements of fluctuating pres-
sures, at a number of locations, on the component concerned. The measured pressures
can be converted to an array of discrete forces by multiplying each by the area over
which it can be considered to act.

Example 10.9

The aircraft wing shown in Fig. 10.18 is excited by two random forces, P(7) and
O(1), assumed to have zero mean values. Show how the variance of the displacement
at the wing tip can be found in the following cases:

(a) When the forces P(7) and Q(r) are correlated, say, because they are derived from
turbulence in the same airstream.

(b) When the forces are uncorrelated, because they are derived from entirely different
sources, such as different jet engines.

(1)

T

P(1) Q(t)

Fig. 10.18 Two random forces applied to an aircraft structure.

Solution

The following standard result relates the displacement power spectrum at the wing
tip to the power and cross-power spectra of the applied forces:

S:=H.pH.pSp+ H_pH-9Spo + H.oH-pSop + H.yH-0 S0 (A)

where all the quantities are functions of frequency, f, and are defined as follows:
S. =power spectral density of the wing tip displacement z(z),
Sp =power spectral density of the force P(z),
So =power spectral density of the force Q(7),
Spo =complex cross-power spectral density between force P(#) and force Q(7),
Sop=complex cross-power spectral density between force Q(¢) and force P(7),
H_p=complex frequency response function giving z(¢) per unit P(¢),
H.o=complex frequency response function giving z(¢) per unit Q(7).

Case (a):
When there is correlation between the applied forces P(r) and Q(t), Eq. (A) applies
in full, and all the quantities on the right side of Eq. (A) must be known.
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The variance of the wing tip displacement, 2, is then given by Eq. (10.30):

[N )

>
— [ s ()
S

that is by integrating (or summing) the displacement PSD at the wing tip over an
appropriate frequency range, f] to f5.

Case (b)
If the forces P(¢) and Q(r) are completely uncorrelated, the cross-power spectra,
Spo and Spp are zero, and Eq. (A) becomes

2
S. = HipH.pSp + HipH.0So = |H.p|*Sp + | Ho0| So (©)

Thus, the response spectrum can be found by simply adding the response power
spectra due to each force acting separately. The variance of the displacement at the
wing tip is given by Eq. (B), as before.

10.6.2 Measuring the Dynamic Properties of a Structure

Power and cross-power spectra can also be used to find the dynamic properties of a
structure, by analysing the input and response time histories. There are two main methods:
(1) In the first method, a known input, usually a force, is applied to the structure, and
one or more responses are measured. The known input, which can be random,
pseudo-random or deterministic, for example a sinusoidal frequency sweep, or
even a blow from an instrumented hammer, is recorded, together with the
responses. By suitable processing of the resulting data, it is possible to find the
FRFs between the applied force and each response, and hence define the dynamic
properties of the structure. This is possible, up to a point, even when the structure
is excited by unknown random forces at the same time, provided they are uncor-
related with the known input. The device used to provide the input force depends
upon the application. When the method is used to test an aircraft in flight, for
example, the forcing may be provided through an existing control surface, such as
an aileron, by a special moving vane, or other excitation device, installed for the
purpose. The method can also be used in modal testing, as discussed in Chapter 13,
as an alternative to sinusoidal testing, in which case a standard exciter is used.

(2) The second method relies upon ‘natural’ random excitation, applied to the struc-
ture by its environment, such as aerodynamic turbulence or jet noise. This input
cannot usually be measured, so only response measurements are possible in this
case. FRFs cannot be found, but it is still possible to find the natural frequencies,
damping coefficients and approximate mode shapes of the structure, provided all
the required modes are excited. The fact that no special excitation equipment is
required by this method is an attractive feature, with the possibility of cost
savings. It can give very good results when the excitation level is adequate, and
the spectra can be averaged over long periods.

The first of the two methods described above is now illustrated by the following
example.
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Example 10.10

The aircraft shown in Fig. 10.19, of which only one side is shown, is fitted with a
device which applies a known force time history, F(¢). This force is recorded, together
with the responses z;(¢), z2(t), z3(t), etc., which are derived from accelerometers.

The aircraft is assumed to be in flight, and subjected to unknown random forces due
to turbulent airflow, in addition to the known force F(¢).

Show how the FRFs between the applied force F(¢) and each response location can
be found, enabling the dynamic properties of the aircraft wing to be determined.

Measured responses
24(t) 2o(t) Z5(t) Z4(t) Z5(t) Zg(t)

EEENE
Tt

F(t)
Unknown random Known
forces input

Fig. 10.19 Measuring FRFs of an aircraft in flight using a known input force.

Solution

Consider first one typical response, z(¢), and let its Fourier transform be Z( /). Also
let the Fourier transform of the input force, F(), be F(f). Then the FRF, H.r(f),
between the force F(7) and the response z(¢) is given by:

Z(f)
H, =—" A

Multiplying numerator and denominator by F*( /'), the complex conjugate of F(f),
we have

Hop(f) = ADE)_ Serl)]) (®)
FONOF(f) Se(f)

Thus, the FRF, H.r(f), between the applied force and the response is given by
dividing the cross-power spectrum between input and response, S.r(f), by the input
power spectrum Sg(f). The unknown forcing due to the turbulent flow is, of course,
present, and the structure will respond to it, but since it is uncorrelated with F(¢), it
will not affect the measurement of S.z(f'), if the latter is obtained by averaging over a
sufficiently long period of time.

The FRF, H.r(f), obtained from this procedure is, in theory, exactly the same as
the FRF that would have been obtained if F(¢) had been a sinusoidal force, applied at
the same series of frequencies, and contains all the information needed to find the
main dynamic properties of the structure, such as its natural frequencies and damping
coefficients.
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If the exercise described above is carried out with the single force, F(¢), but several
responses, z1(t), z2(t), z3(¢), etc., Eq. (B) can be used to find all the FRFs between the
force and the response points, enabling approximations to the normal mode shapes to
be plotted also.

If a special forcing device cannot be provided, but there is sufficient ‘natural’
random excitation to excite the structure, the natural frequencies, damping coeffi-
cients and approximate mode shapes of a structure can still be found, using the second
method described above, as in the following example.

Example 10.11

The aircraft shown in Fig. 10.20 is fitted with transducers enabling the responses
z1(1), z2(1), z3(1), etc. to be recorded, but there is no special provision for a known
applied force. The aircraft is, however, excited by random forces due to turbulent
airflow, or from the jet engines.

Show how the ambient random excitation can be utilized to find the natural
frequencies, damping coefficients and approximate mode shapes of the wing.

Measured responses
Zy(t) zo(t) z3(t)

tetttt

Unknown random
forces

Fig. 10.20

Solution

Consider a typical response, z(7), of the wing, and let the Fourier transform of z(¢)
be Z(f). Although we do not know the input force producing this response, let us call
it F(z), and let its Fourier transform be F(f).

We can then write

N ZUNZ(Sf) _ S(f)

HE D= FDF ~ 5 w
where |H.z(f)| is the modulus of the FRF relating z(¢) and F(¢), S-(f) the auto power
spectrum of z(z), and is known and Sg(f) the auto power spectrum of F(¢), and is
unknown.

Although the input power spectrum Sg( /) is unknown, if we can make the assump-
tion that it is reasonably flat in a frequency band surrounding each resonance of the
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structure, then it can be taken as a constant for any given mode. Thus we know the shape
of |H.r(f)] in that frequency band, but not its overall size. Nevertheless, this is sufficient
to enable the natural frequency and damping coefficient of each mode to be found.

If several responses, z; (1), z2(1), z3(7), etc., are measured, at suitable locations, it is
possible to find not only the frequencies and damping coefficients of the normal
modes, but also the approximate mode shapes, in the following way.

One of the responses, z; (), say, is designated as the ‘master’ or ‘reference’ response,
and the following spectra are calculated:

The auto-spectrum of the master response, z;(7):

Si(f) = Z1(N)Zi(f) (B)
The cross-spectrum between z(¢) and z;(¢):

Su(f) =2Zi(/)Z5(f) (©)
The cross-spectrum between z;(¢) and z3(1):

Si(f) =Zi(1Z5(f) (D)

and similarly the cross-spectra between z;(¢) and z4(7), z;(¢) and zs(¢) and so on,
where Z(f), Z2(f), etc. are the Fourier transforms of z;(7), z2(¢), etc.

If all the spectra are now plotted, for example in magnitude and phase form, the
resonant frequencies will be identifiable as peaks, and the approximate mode shapes
can be found by comparing the magnitudes and phases of the cross spectra with the
auto power spectrum at the master location, at each resonant frequency.

10.7 Computing power spectra and correlation functions using the discrete Fourier
transform

The operations described next are normally carried out in one of two ways:

(1) A general-purpose computer, with appropriate software, may be used. In this case
anti-aliasing filtering of the analog data, as described in Chapter 9, must first be
carried out, followed by analog to digital (A to D) conversion. These preliminary
steps may well be performed remotely, for example in an air or space vehicle, and
the digital data stored on tape or disk, for later analysis, or transmitted to a
ground station by a radio link.

(2) Alternatively, all these functions can be combined in a single box known as a
spectrum analyzer. These usually accept two, four or more simultaneous channels
of analog data directly, and are very easy to use, as the integrated design enables
appropriate anti-aliasing filters and A to D conversion to be switched in
automatically.

In either case, the digital operations required to transform random time histories
into useful functions, such as power spectra, enabling practical random vibration
problems to be understood and solved, will usually be as described in the following
sections. The DFT, as introduced in Chapter 9, and implemented by the FFT algo-
rithm, is used almost exclusively in this work.
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We should now review some essential results from Chapter 9 before proceeding
further.

(1) The Fourier series representing a periodic waveform, x(¢), is defined, by Eq. (9.3), as:

x(t) = ap + Z [@, cos nwot + by, sin nwyt] (9.3)

n=1

where « is the mean value, and «, and b, are defined by Eqs (9.8) and (9.10):

2 T/2

ay, :f/ x(f)cos nwot -dt (n=1,2,3,...,00) (9.8)
T ) 1
2 T/2

bn:—/ x(#)sin nwot -dr (n=1,2,3,...,00) (9.10)
T) 71

(2) For a waveform of length T, represented by N samples taken at equal time
intervals of A = T/N, Eqs (9.3), (9.8) and (9.10) can be represented approximately
by the DFT equations, in complex form, Eqs (9.45) and (9.46):

N—1 ,
Y=o xe () (9.45)
=0
N-l . (2njk
=Y X (F) (9.46)
k=0

(3) The following relationships between the Fourier series equations, Egs (9.3), (9.8),
and (9.10), and the DFT equations, Eqs (9.45) and (9.46), were established:

(a) The integers n and k are essentially the same, except that there are only N
values of k, whereas n extends to oo, in theory.

(b) Time ¢ and the integer j are related by Eq. (9.42b): 1 =jT/N, for j = 0, 1,
2,..., (N-1).

(c) Frequency, f, in hertz, and the integer k are related by Eq. (9.43a): f = k/T,
fork =0,1,2,..., (N-1);

(d) The complex DFT coefficients, X, and the real Fourier coefficients, a, and
b,, where they exist, are related by:

ay . (bu B
X = 5 1(2) (n=k) (9.47a)
from which:
XXy = l(aﬁ +b2) (n=k) (10.82)

4

where X7 is the complex conjugate of Xj.
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10.7.1 Computing Spectral Density Functions

Auto- and cross-power spectra are the most frequently used functions in everyday
vibration work.

Computing auto-PSD functions
From Eq. (10.25), the power spectral density, S, ( f<,7)), at a discrete frequency, f(,),
the frequency of the Fourier coefficients, a, and b,, is given by:

1/(,2 2
Se(fim) = Z(a(;b) = % (e +67) (10.25)

where 6f'=1/T is the width of the small frequency band over which the power
$(a2 + b?2) is considered to be spread. Thus, from Eqs (10.25) and (10.82), noting
that n = k:

Sx(fiw) = Sx(fi) = 2TX; X (10.83)

where Sy (fx) is the single-sided power spectral density, in Hz, at frequency f;.

From Eq. (9.43a), fi = k/T, and when k = N/2, then f; = N/2T, which will be
recognized from Chapter 9 as the Nyquist frequency, fy. Values of X; above this
frequency will be spurious, and cannot be used to form valid spectra. As discussed in
Section 9.3, however, practical limitations in the design of anti-aliasing filters usually
restrict the useful output to frequencies below about 0.8 fyy.

Example 10.12

It is desired to monitor the vibration level of a test structure by measuring auto
power spectral density functions, at frequencies up to 1000 Hz, using accelerometers.
The analog outputs from the accelerometers are sampled digitally at f; =2500 sam-
ples/s, after passing through analog anti-aliasing filters, designed so that the response
is nearly flat up to 1000 Hz, but then falls sharply, so that it is negligible at the
Nyquist frequency, fn, which is f;/2 = 1250 Hz. The samples are stored in a computer
containing a DFT program, which evaluates Eq. (9.45):

1 ¥ i ()
Xe=5Q xe t7 (A)

N4

The value of N is fixed at 2048. The digital samples from the accelerometers are
represented by x; (j= 0, 1, 2, 3,..., 2047). The program outputs 2048 complex values
of X (k=0,1,2,3,...,2047).

Derive expressions enabling acceleration PSD plots, without refinements such as
data windows, overlap or sequential averaging, to be produced by the computer.
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Solution

The output of a single accelerometer is considered. Since the sampling rate is
fs=2500 samples/s, and the computer takes the data in a batch of N=2048 values,
the time duration of the sample is 7 where

T = N/f; = 2048/2500 = 0.8192's

The frequency spacing of the 2048 values of X is 1/T =f;/N=2500/2048 = 1.2207
Hz. Values of X above the Nyquist frequency, 1250 Hz, will be spurious, and the
useful frequency range will be further limited by the anti-aliasing filter cut-off at 1000
Hz. So, of the 2048 values of X output by the DFT program, only those below
1000 Hz will be useful, that is (1000/1.2207) or about 819 discrete frequencies, spaced
at intervals of 1.2207 Hz.

From Eq. (10.82), X;X; = §(a} + b2), the power at each frequency, 1(a2 + b2), is
given by:

1
5@ +b) = 2X( X (n=k) (B)
The PSD at each frequency, fi, will be the power at that frequency, (a2 + b7),
divided by the frequency interval, ¢f = 1/7T, i.e.,
say+by)  San+by) 22X Xp 22X X

Sf T — 1/T 12207

(©)

If the original samples, x;, are scaled in g units, the PSD values will be in g’/Hz. The
values of frequency will be

that is from 0 to 1000 Hz (approximately) in steps of 1.2207 Hz.

Computing cross-PSD functions

If there is a second random waveform, y(¢), in addition to x(7), of the same length,
T, and sampled at the same instants, for the same number of samples, /N, then
applying Eq. (9.45) again, this time to values of y, gives

N—-1

Sy e i) (10.84)

J=0

1
Y, = —
=N

where Yy is the DFT of the discrete time samples, y;.
We already have, from Eq. (9.45),

2 jk
=

N—1
X, = %ij e (%) (9.45)
=0
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and from Eq. (10.83),
Se(fim) = Se(fi) = 2TX; X,

We can now compute another PSD function, S, (fx), and two cross-power spectral
density functions, Sy, (fx) and Sy.( fi). The complete set of four spectra derivable from
the two time series, x(7) and y(z), are thus:

S (fx) = 2TX; Xy, (10.85a)
Sy(fi) =2TY; Y (10.85b)
Sy (fi) =2TX; Yy (10.85¢)
Sy(fi) = 2TY; Xy (10.85d)

These spectra are single-sided, i.e. expressed in terms of positive frequencies only, in
Hz, as is usual in practical work.

10.7.2 Computing Correlation Functions

The need to compute correlation functions still arises occasionally. Although they
are functions of time, thanks to the power of the fast Fourier transform (FFT), it is
much quicker to compute them from the corresponding spectra, than directly from the
original time samples.

There is no need to form the spectra from Eqs (10.85a—10.85d)), unless they are
actually required as output. Assuming that the complete set of four functions from
two input time histories, i.e. two ACFs and two CCFs, is required, the procedure is
(1) Starting with the discrete time samples, x; and y;, the DFT, Eq. (9.45), is used to

compute Xy and Y. Then X; Xy, Y Yy, X Y and Y} X are formed. They are kept
at the full length, &, including the ‘spurious’ values.
(2) The IDFT, Eq. (9.46), is then used to find the correlation functions from:

R(j) =Y XX () (10.86a)
k=0
N-l 2mjk
R(j) =Y v 1e(F) (10.86b)
k=0
Nl - (27 jk
Rey()) = Y X ¥l () (10.86¢)
k=0
Nl - (27 jk
R(j) =Y ¥ixel () (10.86d)
k=0

A factor of 2 is not required because the IDFT uses the ‘spurious’ Fourier coeffi-
cients to represent coefficients at negative frequencies. Thus, while the ‘spurious’
values generated by the DFT must be removed before finally outputting a result, in
internal operations within the computer they are retained and used.



Chapter 10. Random vibration 315

The following example, a DFT consisting of only ten points, is used in a simple
‘hand’ calculation to illustrate the preceding points.

Example 10.13

Extend the 10-point DFT calculation of Example 9.2, to illustrate the computation of:
(a) the PSD function of x(7);
(b) the ACF of x(1).

Solution

Part (a):

Table 10.7 repeats the values of j,  and x; from Table 9.1 of Example 9.2.

The value of x} is not strictly required, but has been added to enable the mean
square value to be calculated directly for subsequent checks. For later reference, the
mean square value of the input is seen to be 0.710.

Table 10.8 repeats the values of k, f, Re(X}) and Im(X}) from Table 9.2, of Example
9.2. The values of Xj X are calculated, and in the last column the PSD values are
given by Eq. (10.85a ):

S‘c(fk) = ZTXZX/( (A)

with T=0.5. The ‘spurious’ values above k =35 cannot be used for calculating the

PSD, but X} X} is retained at full length, N, for subsequent use.

As a check, the mean square value of the input time function should be given by
summing the power in the PSD function, as given in the last column. The width of
each band, ¢f, is 2 Hz, so the mean square value is 0.355 §f= 0.710, agreeing with
the mean square value from Table 10.7. Note that the sum of the X} X) values is
also 0.710.

Table 10.7

J 1(s) Xj Xf

0 0 0.1000 0.0100
1 0.05 0.3165 0.1002
2 0.10 0.1958 0.0384
3 0.15 1.7063 29114
4 0.20 0.8591 0.7381
5 0.25 —0.1000 0.0100
6 0.30 -0.7973 0.6357
7 0.35 —1.5445 2.3854
8 0.40 -0.3576 0.1279
9 0.45 —0.3783 0.1431

2:7.10

(x3) =0.710
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Table 10.8
k £ (Hz) Re(X;) Im(Xy) X[ X, PSD = 27X} X, (T=0.5)
0 0 0 0 0 0
1 2 0 —-0.5 0.2500 0.2500
2 4 0 0.25 0.0625 0.0625
3 6 0.05 0 0.0025 0.0025
4 8 0 —0.2 0.0400 0.0400
5 10 0 0 0 0
6 12 0 0.2 0.0400 —
7 14 0.05 0 0.0025 —
8 16 0 —0.25 0.0625 —
9 18 0 0.5 0.2500 -
S =0.710 > =0355
0.3558( = 0.710
Part (b)

The ACF is now given by applying the IDFT in the form of Eq. (10.86a):

R.(j) = Jf X; Xl () (B)
k=0

which for the purposes of this example is written as:

N-

R.(j) = i XX [Cos (%) +i sin (%)} (C)
k=0

Equation(C) is evaluated for the single value j = 3 in Table 10.9. It is seen that the
real part of R,(j = 3) is —0.2268. The imaginary part is zero, as must be the case.
Repeating Table 10.9 for all the other values of j gives Table 10.10.

Table 10.9

k Xi X, XiXicos(E)j = 3N =10 XiXisin () j = 3N =10
0 0 0 0

1 0.2500 ~0.07725 0.23776
2 0.0625 ~0.05056 ~0.03674
3 0.0025 0.00202 —0.00147
4 0.0400 0.01236 0.03804
5 0 0.00000 0.00000
6 0.0400 0.01236 ~0.03804
7 0.0025 0.00202 0.00147
8 0.0625 ~0.05056 0.03674
9 0.2500 ~0.07725 ~0.23776

ST =-0.2268 = R,(j = 3) S2=0
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Table 10.10

j T R,\’

0 0 0.7100
1 0.05 0.3768
2 0.10 0.0740
3 0.15 —0.2268
4 0.20 —0.4290
5 0.25 —0.3000
6 0.30 —0.4290
7 0.35 —0.2268
8 0.40 0.0740
9 0.45 0.3768

The values of R, corresponding to values of j larger than 5 are spurious, and
are not used in the final output. Thus R, is output for positive values of 7 from 0 to
0.25 s.

10.7.3 Leakage and Data Windows

When a time history of length 7" seconds is sampled and converted into Fourier
components, say by using the DFT, the assumption is made that it is periodic, and can
be represented by sine and cosine waves at the harmonic frequencies 1/7T, 2/T, 3/T, . . .
and so on. If the waveform actually is periodic, and the period is known, T can
sometimes be chosen so that it is exactly equal to the period. This can be achieved in
the analysis of data from some rotating machines, perhaps by using a synchronizing
pulse, but generally, and always with random data, this is not possible, and there
will be frequencies in the waveform that do not correspond to any of the frequencies
in the assumed harmonic series. These will produce output at adjacent frequencies in
the harmonic series, a phenomenon known as leakage. To illustrate this, if the
complete sinusoid shown in Fig. 10.21 at (a) was present in the signal, it would appear,
correctly, in the resulting power spectrum, as shown at (b), as a single line. However,
the incomplete sinusoid shown at (c) does not coincide with any single harmonic
frequency, and the result sketched at (d) is obtained. It can be shown, as might be
expected, that the effect is largely due to the discontinuities at the ends of the sample,
and it can be reduced by applying a data window, as shown at (e), to the whole sample.
The sampled values are multiplied by the window shape before the DFT is carried out.
The tapering is often, but not always, of the cosine form shown.

Tapering the ends of the data in this way represents a loss of data, which can be
recovered, to some extent, by overlapping consecutive samples, if sequential averaging,
as discussed later, is used. The effect of the window on the measured spectrum must,
of course, be allowed for. This form of data window is not appropriate for transient
data, for which rectangular or exponential windows are mostly used.
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Figure 10.21

10.7.4 Accuracy of Spectral Estimates from Random Data

When a spectrum of any kind is derived from stationary random data, and the
length of the time sample is restricted by practical considerations, such as for
how long the response is available, we cannot expect the results to be perfect.
Fortunately, there is a simple formula giving the approximate statistical variation
of a PSD estimate in relation to its expected value in the long term, and this is now
discussed.

The problem of estimating how a spectral estimate of a random signal in a narrow
frequency band is likely to vary was first investigated in analog days, and the
fundamental relationship is still expressed in terms of spectral analysis by analog
methods. In the model usually considered, a stationary, broad-band signal, with
Gaussian amplitude probability, is considered to be input to an old-time analog
spectrum analyser. Briefly, this device works as follows: the original random signal,
x(1), say, is input to a narrow band filter, which passes only the power in a band
centered on a specific frequency, fy, and of bandwidth B. The output from the filter
is squared and integrated for the duration of the signal, 7, thus giving the mean
square value of that part of the original signal within the bandwidth B, assuming
that the gain of the filter is unity within its pass band, and zero elsewhere. An
estimate of the PSD of the original signal at frequency f; is then given by dividing
that mean square value of the output by the bandwidth of the filter, B. If this is
repeated for many values of fy, with the same input, a PSD plot of the original signal
x() can be built up.



Chapter 10. Random vibration 319

Now consider the device to be used in a slightly different way. Instead of changing
the center frequency of the filter sequentially, and repeating the same input, as
above, suppose the center frequency to be kept constant, and different samples
from the stationary input, x(z), each of length 7, to be input, one after the other.
In this case we obtain many different estimates of the spectral density, at a single
frequency, and it is the statistical properties of these estimates, in terms of mean and
standard deviation, that we need to know. In fact, it can be shown theoretically
[10.1] that, approximately:

o 1
i /BT

where the PSD estimates are assumed to have a Gaussian distribution, and

o is the standard deviation of many estimates of spectral density in a bandwidth B,
centered on any given frequency, p the mean value of the estimates of spectral density
for many different samples, regarded as the ‘correct’ value of the PSD, B the band-
width over which the PSD is defined and 7 the time duration of each sample of
random data.

Although strictly only valid for the analog process described above, it has been
shown [10.1] that Eq. (10.87) also works for digital analysis, if the bandwidth, B, is
interpreted as an equivalent bandwidth, B, implied by the digital method, which for
practical purposes is equal to the spacing between the spectral lines, i.e.,

(10.87)

1
B~ B, R (10.88)

When the standard DFT is used to compute a power spectrum (without smoothing
or sequential averaging), Eq. (10.88) always applies, and Eq. (10.87) then gives

Q

o 1

w \JTIT

1 (10.89)

Thus a single DFT will always give a PSD plot in which the standard deviation of
each point about the ‘true’ value is approximately the same as the true value itself, a
fairly poor result. However, there are two basic ways in which the accuracy can be
improved. These are smoothing and sequential averaging.

Smoothing the spectrum
The basic DFT may give a frequency resolution finer than is actually needed, and
the PSD plot can then be smoothed. The following example illustrates the idea.

Example 10.14

It is desired to use a DFT program to measure the PSD of random pressure
fluctuations generated by a jet engine, in the frequency band from 25 to 800 Hz. It
is known from experience that in this case the spectrum will be fairly flat, so that it will
be sufficient to plot it at 25 Hz intervals. A data sample 1 second long, sampled at



320 Structural dynamics and vibration in practice

2048 samples per second, is available. An anti-aliasing filter with a substantially flat
response up to 800 Hz, and negligible response at the Nyquist frequency, 1024 Hz, is
used before sampling. Show how the scatter can be reduced by smoothing.

Solution

Using a DFT with N=2048 points, sampled at 2048 samples/s, then 7T=1 and
B=1/T=1. From Eq. (10.87):

o 1 |
# BT
However, since it is acceptable, in this case, to present the power spectrum at

intervals of 25 Hz, it may be smoothed by averaging in groups of twenty five. Now,
in effect, B=25, and T =1, as before, so,

o 1 1
—x——=—==0.2 B
v VBT 25 (B)
Thus the scatter that would be apparent if the PSD were plotted at 1 Hz intervals is
considerably reduced.
It is important to note that the PSD values must be formed before smoothing takes
place. The Fourier transform of random data is itself random, and would average to zero.

(A)

Sequential averaging

The product BT can effectively be increased in another way. This consists of
breaking the input data down into shorter sections, computing the auto- or cross-
spectrum of each, and averaging the results. This technique is used in all digital
spectrum analysers and equivalent software packages. It is usual to overlap the
sequential samples, to compensate for the loss of data due to the use of a data window.
There is virtually no limit to the number of averages that can be used, permitting very
accurate results, if a sufficiently long-time history is available.

In this method, the effective value of B is unchanged, and is the same as for each
individual DFT. However, the effective value of 7T is that of each individual transform
multiplied by the number of averages, and the product BT can be as large as the
available data will permit.

10.8 Fatigue due to random vibration

When a structure is excited by a broad-band Gaussian random input, and the
response is also broad band, there is no easy way, in general, to estimate its fatigue
life. However, if the response can be considered to be confined to a narrow frequency
band, as in a large proportion of practical cases, an approximate prediction of the
fatigue life becomes feasible. It should be recognized that such estimates are far from
reliable, and testing remains essential in critical cases. The method outlined here relies
upon the fact that a narrow band Gaussian random waveform has a well-defined peak
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distribution, the Rayleigh distribution, enabling the Palmgren—Miner hypothesis to be
used, provided an S—N diagram for the material is available. These concepts are first
introduced, and then combined to develop a practical method.

10.8.1 The Rayleigh Distribution

If the response of a linear system to a random input is confined to a narrow band of
frequencies, it has the appearance shown in Fig. 10.22. It is roughly sinusoidal, but
with a randomly varying envelope. Although the amplitude distribution remains
Gaussian, the distribution of the peaks can be shown to have a Rayleigh probability
density given by:

pla) = —e2n (10.90)

where: a is a peak value of the response, which can be a displacement, stress, etc.; p(a)
is the probability density of the peaks, i.e. the probability of a peak lying between ¢ and
a+ da; and o, is the standard deviation of x(¢), the narrow band time history, not of the
peak values.

The probability p(a) is shown plotted against /oy in Fig. 10.23. The Rayleigh
distribution is that of the positive peaks. The ‘negative peaks’, or ‘troughs’, are assumed
to have the same distribution, but inverted. The area of the plot is unity, since this must
represent the probability of all the peaks exceeding zero, which is 1, or certain.

It can be shown [10.2], that the mean value of the (positive) peaks, (a), is given by:

(a) = \/gox (10.91)

and that the mean square value of the peaks is

(a®) =20} (10.92)

Fig. 10.22 Narrow-band random response.
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Fig. 10.23 Rayleigh probability density function.

Thus the variance of the peaks, va is

%= (@)~ (= (57) (10.93)

10.8.2 The S—N Diagram

The fatigue characteristics of a given material are characterized by its S—N diagram,
an example of which is shown in Fig. 10.24. In the form shown here, each of the dots
represents a separate fatigue test, in which a sample of material is tested to failure by

NS?2 = Constant

Possible fatigue
limit

OO
o o o
0, 2 L0 9%

°© 503 %0

log S

log N

Fig. 10.24 Typical S-N diagram.
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applying an alternating stress of magnitude S. This is repeated for many different
values of S, and the number of cycles to failure, N, is plotted against S. For many
materials it is found that, up to some value of N, the plot of log S against log N
approximates to a straight line, implying that

NS“= constant (10.94)

where « is a constant, often in the range 4-8. This property of the curve is sometimes
used to justify the practice of shortening vibration endurance tests by increasing the
test level.

For large values of N, it is sometimes, but not always, found that the curve flattens
out, and there is some value of S below which failure would never occur; however,
many stress cycles are applied. This is known as the fatigue limit.

The Palmgren—Miner hypothesis

This hypothesis, which is entirely empirical, allows the Rayleigh peak distribution,
and the S—N diagram, to be combined to calculate the fatigue life of a structure under
narrow-band random loading.

The basic S—N diagram is defined by the fact that if constant amplitude stress
reversals of magnitude =+ S; are applied, then failure occurs after N, cycles. In the
Palmgren—Miner hypothesis, this is assumed to represent an amount of damage, D, of
1. If, instead, a smaller number of cycles, n;, are applied, the material does not fail, but
is assumed to suffer an amount of damage, D; = n;/N;, equal to the fraction of its life
used up. This can be repeated at different stress levels, and failure eventually occurs
when the total damage, from all the loadings, is equal to 1, i.e.,

n;
D= D, — T 10.95
2PN, (1099

It is also assumed that the order in which the stress cycles are applied is unim-
portant, so the small amounts of damage, D; , could be due to stress cycles in the

Rayleigh distribution, where they occur in random order.

Fatigue life
If Eq. (10.90) is written in terms of peak stress, S, then:

s =
p(S) = e (10.96)

Os

where og is the RMS value of the stress.

If fj is the number of zero-crossings, with positive slope, of the stress, per unit time,
the number of peaks between the stress levels S and S+dS, in time 7, is fo 7 p(S)dS.
The proportion of the damage in time T'is fo 7 p(S)dS/N(S). The total damage in time
T is therefore Dr, say, where:

Dt :foT/Oooz((?)dS (10.97)
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Since, for failure, the total damage D =1, the time to failure, T is then:
T 1

I S— (10.98)
DT fo 0 %dS

Ty =

where f is defined above as the number of positive-going zero crossings in unit time,
which can also be interpreted as the center frequency of the narrow band, or the
natural frequency of the single-DOF system, if this is the reason for the narrow band,
p(S) the Rayleigh distribution, in terms of peak stress, S and N(S) is essentially the
S—N curve for the material.

In principle, the fatigue life can be calculated from Eq. (10.98), assuming that the
standard deviation of the stress, og, at the worst location, can be found; that the stress
response is reasonably narrow band; and that the S—N curve is available. It is usual to
apply a safety factor between 3 and 5 to the number of cycles, or time, to failure, as
given by Eq. (10.98).

The accuracy of predictions of this kind can often be improved, particularly in the
case of acoustic fatigue, by obtaining the S—N data for the material in a different way.
If the test specimens consist, for example, of small cantilevers, and are excited in
bending by a random input, their response in the region of resonance will automati-
cally have the desired Rayleigh peak distribution, and a plot of cycles (and hence time)
to failure versus the standard deviation of the stress can be obtained directly, rather
than by the integration shown in Eq. (10.98).
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There are many examples in engineering where vibration levels can become so high
that they threaten the structural integrity of the machine or structure concerned, the
reliability of essential electronic equipment, or the health and efficiency of those
exposed to it. In some cases it can be said that a high level of vibration is inherent
in the design of a machine or vehicle, and measures to reduce it or isolate it are almost
always needed, for example:

(a) Reciprocating engines inevitably generate periodic forces that must be isolated
from the vehicle interior in nearly all cases, and crankshaft torsional vibrations
often have to be reduced, simply to prolong the life of the component.

(b) Helicopter rotors can rarely be balanced well enough to avoid unacceptable
periodic vibration in fuselage areas, and vibration reduction techniques are
practically always required.

(¢) Combat aircraft often generate broad-band random vibration of sufficient severity
to make vibration isolation necessary.

In a case of severe vibration response, if the source cannot be removed, the obvious
first move is to try to increase the damping of the mode or modes affected. This is
often not possible, and vibration isolation and vibration absorption may then be
considered.

Vibration isolation uses the properties of a single-DOF system, either to isolate
sensitive equipment from a severe vibration environment or to isolate an environment,
such as the interior of a vehicle, from vibration forces developed within, say, the
engine. Vibration isolation can be used with any form of vibration input. When used
to reduce the effect of transients it is usually known as shock isolation.

Vibration absorption can be provided by several different devices. All use an
auxiliary mass (or rotational inertia), and they can be roughly classified as follows:
(1) A dynamic absorber uses an auxiliary mass connected to the main system by a

spring, with negligible damping. In its basic form it will absorb energy at one
frequency only, but it does this very efficiently. A variant of the dynamic absorber,
the centrifugal dynamic absorber uses the pendulum principle to self-tune the
absorber to a multiple of the rotation speed of a component of a machine.

(2) A damped absorber or auxiliary mass damper is also connected to the main system
by a spring, but unlike the dynamic absorber it also uses a damper of appreciable
value in parallel with the spring.

325
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(3) An absorber consisting of a rotational inertia with damping, but no spring, is
known as a Lanchester damper. The term Houdaille damper is often used when the
damping is viscous.

In principle, vibration can be canceled, by applying equal but opposite excitation, in

a generalized sense, and such active systems have been developed for helicopters. The

forces required to cancel the vibration can be applied by dedicated actuators, or

through the hydraulic actuators controlling the swash plate. In the latter case the
technique is known as higher harmonic control (HHC). Discussion of these active
systems is beyond the scope of this text.

11.1 Vibration isolation

The principle of vibration isolation can be used in two basic ways:
(1) To protect sensitive items, such as delicate electronic components, from high
environmental vibration levels.
(2) To reduce the magnitude of the oscillatory forces transmitted to the supports,
when inertial or other forces are developed in a machine.

11.1.1 Isolation from High Environmental Vibration

This aspect of vibration isolation is illustrated by Fig. 11.1, which shows a mass
m, connected to the base by a spring, k, and damper ¢. The base represents a
location where there is a high level of vibration, and the mass represents a shelf
or rack containing delicate equipment, which is to be protected from the vibration
environment.

It was shown by Eq. (4.35) that if |x| is the magnitude of a sinusoidal displacement
of the base, and |z| is the resulting steady-state displacement magnitude of the mass, m,
then:

Fig. 11.1 Schematic model illustrating vibration isolation.
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L 1+ (27Q)*
E \/(1 — ) +(240) (4.35)

where 2 = w/wy; w is the excitation frequency, in rad/s; w, = y/k/m the undamped
natural frequency of the system, in rad/s and « the non-dimensional viscous damping
coefficient, equal to ¢/2mwy.

The ratio |z|/|x| is known as the displacement transmissibility, 7, and it is easily
seen from Chapter 4 that

2l _ 12 _ 1
ERENE ey
so Eq. (4.35) also applies when the base and response magnitudes are both expressed
as velocities or accelerations. Equation (4.35) was plotted for a wide range of values of
the damping coefficient, ~, in Fig. 4.8. This is repeated here in Fig. 11.2 for a range of
values of ~ likely to be used in practical isolation systems.

Vibration attenuation is obtained for input frequencies greater than v/2 times the
natural frequency of the isolation system, and this is true for all values of damping.
For input frequencies below v/2 times the natural frequency, and especially those close
to the natural frequency, the vibration level of the mass is actually increased compared
with that of the base. The main objective in the design of a vibration isolation system
is therefore to secure the necessary reduction at high frequencies without increasing
the low frequency response too much.

When the input, x, at the base, is periodic, each harmonic component in the
input is simply multiplied by the transmissibility, at that frequency, to obtain the
magnitude of the corresponding component of the response, z. When the input is
broad-band random, it is usually expressed in the form of a PSD function, and the
response PSD is found by multiplying the input PSD by the square of the trans-
missibility. The following example illustrates a typical application with random
vibration input.

3
v=0.2
YV: 0-3
2
7=0.4
T
1 7=0.5 \
§§\
s
0 ===
0 1 2 3 4 5

Q

Fig. 11.2  The transmissibility, 7, of a single-DOF system versus the non-dimensional frequency ratio, .
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Example 11.1

Figure 11.3 shows a proposed vibration-isolated shelf, to be fitted at a location in a
high performance aircraft, where the environmental vibration is broad-band random.
The measured PSD levels, in the vertical direction, are all enveloped by the values
shown in Table 11.1, which can therefore be regarded as an upper bound of the input
PSD level.

The shelf, and the equipment mounted on it, are assumed rigid. It is supported by
four vibration isolators, each of which can be considered to consist of a linear spring
and viscous damper in parallel.

For vertical behavior only, if the system is assumed balanced, i.e. the center of
gravity coincides with the stiffness center, it can be represented schematically by
Fig. 11.1. The undamped natural frequency is 20 Hz, and the assembled system has
Q = 2.5, equivalent to a viscous damping coefficient, v = 0.2.

(a) Calculate and plot the maximum vertical acceleration PSD level to be expected on
the shelf for the frequency range 10-1000 Hz.
(b) Calculate and compare
(i) the RMS vertical acceleration of the aircraft structure to which the shelf is
attached;
(i) the RMS vertical acceleration of the shelf and supported equipment.

Standard Standard
isolators isolators
X2 x2
Equipment Equipment
item item
SHELF

\Suppon
structure

Fig. 11.3 Vibration-isolated shelf (Example 11.1).

Table 11.1
Frequency range (Hz) Acceleration PSD (g%/Hz)
10-50 0.01

50-1000 0.10
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Solution

Part (a):

From Eq. (10.44), the response PSD function of any linear system with a single
input is given by multiplying the input PSD function by the square of the frequency
response function between input and output, so in this case:

S: = T2 S; (A)

where S: is the response or shelf PSD in g?/Hz; S; the input or base PSD in g*/Hz,
given by Table 11.1 and 7 the transmissibility ratio for acceleration, which from Eqs
(4.35) and (11.1) is given by:

= 1+ (270)?
R \/(1 — )’ +(2499)° ®)

where Q = f/f, = f/20 and v = 0.2.
The transmissibility, 7, is plotted in Fig. 11.4(a) for f = 10-1000 Hz.
The shelf PSD, S:, is now given by Eq. (A), as follows.
For the range 10-50 Hz:

S: =TSy = T? x 0.01
For the range 50-1000 Hz:
S: =TSy = T* x 0.10

The shelf response PSD is plotted, together with the input PSD, for comparison, in
Fig. 11.4(b). The large reduction of the shelf response PSD compared with the input
PSD at higher frequencies can be seen, as can the increase around the natural
frequency of the isolating system at 20 Hz.

Part (b):
From Eq. (10.30), the mean square value (and the variance, if the mean value is
zero) of any random waveform is equal to the area under the PSD function.

£
2 _
o —/f} S(hdf (©)

(i) Applying Eq. (C) to the input PSD, S}, as defined by Table 11.1:
0% = 0.01(50—10) 4 0.10(1000—50) = 95.4 ¢*

where aé is the mean square value of the input, in g units.
The RMS value of the input waveform is thus oy = 9.77 g.
(ii) The response PSD, S:, was integrated numerically, giving 02 = 0.970g”, where o?
is the mean square value of the shelf response, in g units.
The RMS value of the shelf response is thus o: = 0.985g.
The isolators therefore reduce the overall RMS acceleration of the shelf compared
with the aircraft structure by nearly a factor of ten in this case.



330 Structural dynamics and vibration in practice

10§
1F \
~ E
2 L
2 01
E E \
(7]
c
©
}_ \
0.01 E o~
0.001 — —
10 20 50 100 200 500 1000
Frequency f
(@
1
0.1k
/\ Input PSD
T 0.01 L
N 3
S r
e : \ \
% 0.001 | <
. \ Shelf PSD
0.0001 |
0.00001

10 20 50 100 200 500 1000
Frequency f(Hz)
(b)

Fig. 11.4 (a) Transmissibility plot in Example 11.1, (b) assumed input acceleration PSD, and calculated
shelf acceleration PSD, in Example 11.1.

The practical design of vibration isolation systems

All vibration isolated systems have six rigid modes of vibration, and it is only
possible to treat these separately when the center of gravity coincides exactly with
the stiffness center of the system, and, of course, the system is assumed linear. The
rigid modes of the system then consist of three translations and three rotations. This
situation should always be aimed for in practical cases, in order to avoid cross-
coupling between translation and rotation modes, which leads to reduced efficiency
of isolation and unequal dynamic loading on different isolators.
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When a balanced system cannot be achieved, it is always worth carrying out a
6-DOF analysis, enabling natural frequencies, rigid mode shapes, and isolator loads
and displacements to be estimated. Although isolators are often deliberately designed
to have non-linear load-displacement characteristics, a linear model usually gives
adequate results if the stiffnesses are well chosen to represent the working range in a
particular application. An important aim of modeling should be to establish accep-
table limits for the possible variation of the center of gravity (CG) position of the
isolated system as a whole. Variations of the CG position, perhaps due to changes in
the equipment carried, can have a surprisingly large effect on the relative dynamic
loading of the individual isolators, leading to early failure in some cases.

A wide range of isolators is available commercially from specialist suppliers, who
also offer a design service for particular applications. The majority of simple mounts
use elastomers, i.e. natural or synthetic rubber, which can be formulated to give the
required combination of stiffness and damping, but metal springs with friction damp-
ing are also used. Most isolators allow movement in three perpendicular directions,
and are often designed to have similar characteristics in each, since usually the same
natural frequency is required for translation in each direction.

An isolation system must, of course, be designed to take into account loads other
than vibration loads. In an aircraft system, these may be transients due to landing,
braking, turning, etc., and especially, steady accelerations due to maneuvers. The
isolators should not reach their full travel, and this sets a lower limit to the natural
frequency that can be used in practice, as shown by the following simple analysis,
which assumes linear spring characteristics.

Consider, for example, the static ‘down load’, i.e. the normal force, Z, acting on the
isolation system in a ‘maximum g’ turn. This is,

Z = ngm (11.2)

where 7 is the normal force load factor acting on the aircraft at the location occupied
by the isolation system; g the acceleration due to gravity, i.e. 9.81 m/s> and m the mass
of the isolation system.

However, the force Z = kys where k is the total stiffness of the isolation system in
the normal direction, and ys is the static displacement of the isolator springs. Since
k = m(2xf,)* where f, is the undamped natural frequency of the isolation system, in
Hz, we can write

Z =ngm = kys = m(27rf}1)2ys
or

_1 e
=g [ (11.3)

Thus, if y is the maximum displacement permitted by the isolators, the lowest
possible natural frequency of the system, without allowance for additional displace-
ment due to vibration, is as given by Eq. (11.3).

As an example, consider a combat aircraft where the maximum normal load factor is
9, and the maximum allowable displacement of the system from the unloaded condition
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is 10 mm = 0.01 m. Then the lowest possible natural frequency, if the isolator springs
are not to run out of travel is

I g 1 =981
AR L S Y okt L P 3 .
=505 =2V o001 #(approx.)

In practice, an allowance would have to be made for the expected vibration
amplitude, allowing at least 30, where o is the standard deviation of the vibration
displacement of the isolators, for a Gaussian random input.

Isolators having stiffening characteristics with increasing load would probably be
used in such cases, somewhat modifying the simple calculation above.

11.1.2 Reducing the Transmission of Vibration Forces

The opposite problem to that considered above arises when forces developed within
a machine are to be isolated from its surroundings. In principle, the forces can take
any form, but most practical examples seem to involve periodic forces. The most
familiar example is surely the reciprocating engine of a road vehicle. The inertia forces
produced by the pistons and cranks cannot always be balanced perfectly, and the
torque from the drive shaft is never perfectly smoothed by the flywheel, and these
would transmit considerable vibration to the vehicle if flexible engine mounts were not
used. Other cases where this form of vibration isolation may be required include
propeller driven aircraft, pumps, compressors and machine tools.

Most practical cases can be dealt with by using the steady-state frequency response
function relating the force applied to the machine to the force transmitted to
its supports. For a single-DOF system, this function was derived in Chapter 4, as
Eq. (4.42):

|Fr| 1+ (27Q)*
A \/(1 — )4 (290)? (#442)

where |F| is the magnitude of a sinusoidal force applied to the mass and |Fr| the
magnitude of the sinusoidal force applied by the spring and damper to the supporting
base, which is assumed rigid; and 2 and ~ are defined as for Eq. (4.35).

As pointed out in Chapter 4, the right side of Eq. (4.42) is identical to that of Eq.
(4.35), so the force transmissibity for a single-DOF system is of the same form as
that of the displacement transmissibility shown in Fig. 11.2. Thus, force attenuation is
only obtained for frequencies higher than /2 times the natural frequency, and forces
close to the natural frequency are magnified.

Example 4.5 discussed the reduction of out of balance forces in a washing machine
by the use of damped spring supports.

11.2 The dynamic absorber

In Fig. 11.5, suppose that initially m, and k, are not present, and the single-DOF
system consisting of the mass m; and the spring k; is being excited at or near its
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g

Fig. 11.5 Schematic diagram illustrating a dynamic absorber.

my

resonant frequency by the force Fjsinwt. This can be an actual sinusoidal force, as
shown, or an equivalent force due to base motion.

If the resulting steady-state displacement, z;, of the mass m1; is considered excessive,
a dynamic absorber consisting of the auxiliary system, m, and k,, with nominally zero
damping, is added, with the intention of reducing the response, z;. We can investigate
if this works by writing the equations of motion for the complete system. These were
derived in Chapter 6, i.e.,

. + = S wt
0 ny z —kz kz z 0 (1 1.4)
Since we are interested in the steady-state magnitudes of z; and z,, we can derive the

frequency responses of the system directly, as follows. Since there is no damping, z;
and z; must be of the form:

{Zl } = {Z‘}sinwl, and also: {21 } = —wz{zl}Sinwl (11.5)
z Z &) )

Substituting Eq. (11.5) into Eq. (11.4), and dividing through by sin wt:

A 2R s

The amplitudes z; and z, are real, and their sign indicates whether they are in phase
(positive) or out of phase (negative) with Fj, since there are no other possibilities in an
undamped system.

Equation (11.6) can be manipulated into the form:

;lkl Zl 1 — Q%
_=l_ 11.7a
R [ (e (7

and
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szl Zy 1
=27 =2 11.
R = (-1 a® (11.7b)

where z; is the displacement of the main mass, m;; z, is the displacement of the
auxiliary mass, my; z, = Fy /k1, the static displacement of m; when force Fy is applied
to it; Q= w/w; where w is the excitation frequency, and wy = \/ki/m;; Q=w/w,
where wy = \/ka/my and p = my/m;.

It can be seen immediately from Eq. (11.7a) that z; must be zero when the numerator
1 — Q3 becomes zero, i.e. when w = ws, that is when the excitation frequency is the same
as the natural frequency of the absorber, and this is the important point to remember.

The amplitude of the absorber mass at the same condition can be found from Eq.
(11.7b). If w = wy, this equation reduces to:

§2k1 - 1 o mlw% o mlw% - k]
Fo n —MQ% n M2w2 B WQ(U% N kz
Rearranging:
Fy
Iy, = —— 11.8
ne—p (11.8)

From Eq. (11.8), and referring to Fig. 11.5, the force applied to m; by the absorber
spring, k», is
krz, sin wt = —F sinwt

which exactly balances the applied force Fj sinwt. This only happens, of course, when
w = wy exactly. The displacement z, of the auxiliary mass, m;,, as given by Eq. (11.8),
will often be quite large, and must be allowed for in the design.

Figure 11.6is a plot of |z;|/zs versus Qy, from Eq. (11.7a), with w; /wy = 0,/ = 1,
and the mass ratio, u = my/m; = 0.2. Here |z,|/z; is the absolute value of z; /zs, since
the sign (i.e. the phase) of the latter is not of interest in this case.

Figure 11.6 illustrates some of the characteristics of the dynamic absorber. Since we
have set w; = w; in this case, 2} = w/w; = 1 corresponds to the point where w = w»,
and complete cancelation of the displacement, z,, of the main mass, m,, is obtained at
that point, as we have already deduced.

For values of €2 higher and lower than 1, the displacement of the main mass can
become very large, and €2; must not be allowed to stray into these regions. These are
simply regions where the excitation frequency, w, is close to one or other of the natural
frequencies of the combined system. The latter are given by the determinant of Eq.
(11.6), i.e. they are the two values of w satisfying:

(ky + ka — w?my) —ky

e K —wima| = (11.9)

Alternatively, we can say that the two values of w” are the eigenvalues of the 2-DOF
system represented by Eq. (11.6).

In the example shown in Fig. 11.6 , with u = m,/m; = 0.2, these natural frequencies
occur at approximately 0.80 and 1.25 times the natural frequency of the absorber
alone, wy.
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|z1|/zs

Q4

Fig. 11.6 Non-dimensional response of the main system when the dynamic absorber is tuned to the same
frequency as the main system. Mass ratio = 0.2.

If the absorber mass is reduced, for example to save weight, both the natural
frequencies of the system become closer to the natural frequency of the absorber.
This is illustrated by Fig. 11.7, which is a plot similar to Figure 11.6, except that the
mass ratio p has been changed to 0.05, i.e. the absorber mass is 5% of the main mass.

As can be seen from Fig. 11.7, the frequency band within which vibration reduction
of the main mass, mj, occurs is considerably reduced. With ;£ =0.05, in fact, the
natural frequencies become about 0.90 and 1.12 times that of the absorber, w;.

In the cases discussed above, it was assumed that the absorber was tuned to the
same frequency as the main system, i.e. w; = w,. This is not necessary, and the
absorber will also work when these frequencies are different. However, cancelation
of the motion of the main mass will only occur when the excitation frequency, w, is

|z1|/zs

Q

Fig. 11.7 Repeat of Figure 11.6 with mass ratio = 0.05.
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Fig. 11.8 Non-dimensional response of the main system when the dynamic absorber is tuned to 0.9 and 1.1
times its natural frequency. Mass ratio = 0.2.

equal to the absorber natural frequency, w,. To demonstrate this, |z;|/zs is plotted in
Fig. 11.8 with two different values of the ratio w; /w, as follows:

Case 1 (dashed line): wy /wy = 0.9, i.e. the natural frequency of the main system is 0.9
times that of the absorber. Since |z;|/zs = 0 when w = ws, this point occurs on the
graph when:

Q= Y2 1 = 1.11 approximately.
wr w09

Case 2 (solid line): now w; /wy = 1.1, and the natural frequency of the main system is
1.1 times that of the absorber. Since |z, |/zs = 0 still occurs when w = w», the point of
zero motion occurs at £2; = 1/1.1 = 0.91 approximately.

This demonstrates the fact that the cancelation of the motion of the main system is
largely independent of its natural frequency, and the important thing is that the
natural frequency of the absorber must be equal to the excitation frequency.

In practice, a dynamic absorber will create a zone of zero or small response at the
point in a structure where it is installed, provided only that its natural frequency is
very close to the excitation frequency. Its use in helicopters is assisted by the fact that
the rotor speed is usually maintained practically constant in flight, and there is often a
large response at the ‘blade-passing frequency’, i.e. the rotation speed multiplied by
the number of blades. Many ingenious ways of creating dynamic absorbers in heli-
copters without adding weight have been used, for example by mounting the main
battery on springs. Den Hartog [11.1] has described the application of a dynamic
absorber to a hair clipper vibrating synchronously at 120 Hz, i.e. twice the frequency
of the electricity supply.

11.2.1 The Centrifugal Pendulum Dynamic Absorber

The dynamic absorber, as described above, will only work, of course, at a single
frequency, and is useless if the excitation frequency departs significantly from the
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(a) (b)

Fig. 11.9 Centrifugal pendulum dynamic absorbers.

natural frequency of the absorber. However, in rotating systems it is possible to
replace the auxiliary mass and spring by a centrifugal pendulum, which can be
designed to have the remarkable property of automatically tuning itself to any single
multiple of the rotation speed. The principle of operation can be seen from the
schematic models shown in Fig. 11.9.

The disk shown in Fig. 11.9 at (a) represents part of a machine rotating at a mean
angular velocity, wg, but superimposed on this velocity are variations, due to vibra-
tion, at a fixed multiple, n, of wgr. A pendulum, of length r, is pivoted at radius R, on
the disk, with freedom to move as shown.

If the pendulum was suspended in the usual way, hanging downwards, and acted
upon by gravity, its natural frequency, wn would be

wN:\/% (11.10)

where g is the acceleration due to gravity. However, in this case the centripetal
acceleration at angular speed wr is wi R, and the natural frequency of the pendulum is

2R R
wN:,/“’l; wR\/; (11.11)

Thus the natural frequency of the pendulum is a constant multiple, /R/r, of the
rotation angular speed, wg, as required.

To suppress a torsional vibration at n times the rotation speed requires that
wN = nwg, and this can create design problems: for example, with n = 5, which is
not unusual, we require wy = 5wg, and from Eq. (11.11):

R
==25
.

This means that, typically, r has to be very small, requiring special designs such the
‘bifilar’ pendulum absorber [11.1,11.2].

The pendulum arrangement shown in Fig. 11.9 at (b) can be used to reduce linear
vibration along the axis of rotation, rather than of angular vibration about the rotation
axis, as discussed above. In this case two or more pendulums are used for balance.

The main applications of the centrifugal pendulum are to suppress torsional
vibration of the crankshafts of reciprocating engines and rotor vibration on
helicopters.
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11.3 The damped vibration absorber

The dynamic absorber described above can only work when the excitation is at a
single frequency, which is either constant or, if pendulums are used, proportional to
the rotation speed. The damped vibration absorber does not have these limitations,
and can be made to work with sinusoidal, periodic, and even random, inputs.

The model considered now is shown schematically in Fig. 11.10. The main mass and
spring are m; and k; as before, but the added auxiliary system now consists of n1, and
k, with the viscous damper, ¢, in parallel with k,. Strictly, there should also be a
damper in parallel with k|, representing the damping in the main system, but this is
small and usually ignored in a preliminary analysis.

The practical problem to be solved is as follows. The main system, m; and ki,
represents a vibration mode of a structure or machine part, with excessive response,
z1, due to the applied force, Fj, which may now have any form, including broad-band
random. The aim is to choose m;, k, and ¢ so as to reduce the response, z;, as much as
possible, although it will never be zero. The maximum size of m, will often be decided
by other considerations, and in practice we can fix it, as before, as a fraction, u, of the
main mass. The problem then reduces to finding the optimum values of k; and ¢, and
this can be done non-dimensionally.

The equations of motion of the system shown in Fig. 11.10 are

3 A I () o

Substituting rotating complex vectors in the usual way, Fy = Fyel’, and

7 = Z1ew; = §2elwl‘;
Z] = iwz e’ ; Iy = iwgzel'“’";
Zl — _WZzlelwt; 22 _ _WZgzelwt'

Equation (11.12) becomes, after dividing through by €',

-

my

C k2 I Z
my

Fig. 11.10 Schematic diagram illustrating a damped vibration absorber.
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For the present purpose we only require the ratio:
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zilki _ Jzil (11.14)
ray Zs

where |z;| is the magnitude of the steady-state displacement z;, for sinusoidal excitation
at frequency w, and zg is the static displacement of the mass m; when a force Fj is
applied.

Equation (11.13) can be manipulated [11.1] into the non-dimensional form:

1

2 2 2
@: (27) +(Q%7R2) 2 (11.15)
(@00~ T ) R — (- 1) (% - R
where
_ my _ (absorber mass)
m;  (main mass)
0 =Y (excitation freq).
o (natural frequency of main system) = +/ki/my
R_“2_ (natural frequency of absorber) = \/ka/m;
w1 (natural frequency of main system) = +/k;/m;
v = = damping parameter.
2m2w1

Note: the definition of the damping parameter, -, is that used by Den Hartog
[11.1]. It is based on the mass of the absorber, m,, and the natural frequency of the
main system, w;. A similar parameter based on m, and w, is sometimes used [11.2].
This is 1/R times the parameter - used here.

Any practical installation can now be represented non-dimensionally by the four
quantities: p, ;, R and ~. In Fig. 11.11, |z,|/z is plotted against Q,, with R and u
fixed at 1 and 0.1, respectively. Three values of the damping parameter, u, are shown
to illustrate the curious feature that at two points, A and B, known as ‘fixed points’,
the values are independent of the damping. Knowing that these points exist, it is
possible, first, to find the value of R that makes them of equal height, which turns
out to be [11.1]

1

— 11.16
v (11.16)

Ropt =

where Rop is the optimum value of R, irrespective of the damping.
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Fig. 11.11 Non-dimensional response of the main system showing the fixed points’ A and B.

With R equal to Rop, the optimum value of the damping parameter, yop can then
be shown [11.1] to be very close to:

3
S(lifuf (11.17)

So the absorber design giving the lowest overall frequency response of the
main mass for any given value of the mass ratio, u, is found by applying Eqs
(11.16) and (11.17).

Yopt =

Example 11.2

In Fig. 11.10, the mass m; and spring k; represent a single-DOF system with low
inherent damping. Its response z;, due to the applied force, Fy, is found to be
excessive. The obvious solution of adding a damper in parallel with k; is found not
to be feasible in this case, and it is proposed to add a damped vibration absorber
consisting of m,, k; and ¢, where the mass of m, is one-tenth that of ;.

(a) Define the properties of the vibration absorber non-dimensionally, and plot the
non-dimensional magnitude of the displacement, |z,|/zs, versus Q; = w/wy. Dis-
cuss the improvement compared with the original system.

(b) If the mass of m; is 100 kg, and the natural frequency of the original single-DOF
system is 10 Hz, define the optimum properties of the absorber dimensionally.

Solution

Part (a):
The value of the mass ratio, u = my/m; = 0.1.
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Fig. 11.12  Non-dimensional response of a single-DOF system fitted with an optimized damped vibration
absorber (mass ratio = 0.1), compared with that of the untreated system.

From Eq. (11.16) the optimum value of R is

1 1

R = — =
P4 1401

=0.909 (A)

From Eq. (11.17), with = 0.1, the optimum value of the damping parameter
Y= c/2m2w1 is

3u
Yoot = 1 | ——— = 0.168 B
P8 )] ®)

Substituting the above values of 1, Rope and, vope, into Eq. (11.15), the plot shown
as a solid line in Fig. 11.12 was obtained using a standard spreadsheet. The maximum
magnification of the system, with the optimized damper, is about 4.6.

An assessment of the improvement effected by adding the damper can be made
by plotting the magnification of the original single-DOF system, without the added
damper, for comparison. This is given by Eq. (4.12), which with the present
notation is

Izl _ !

= \/(1 - Q%)2+(2191)2

where v is the damping coefficient of the original single-DOF system before
adding the auxiliary damper. Taking y= 0.02, the original magnification curve

(©)
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is shown as a dashed line in Fig. 11.12. In comparing the two curves in Fig. 11.12
it should be remembered that the damping in the original single-DOF system was
neglected when deriving the response for the system with the added damper,
giving a small but conservative error. Ignoring this, the maximum magnification
at the worst excitation frequency in each case is seen to be reduced by a factor of
at least 5.

Part (b):

To define the properties of the vibration absorber dimensionally, we have
my =100kg; p=0.1; my=pm =10kg
w; =27 x 10 = 20mrad/s; wr = Ropiwi = 0.909 x 207

[k
wy = i;bzmﬁzmm%wmm%ﬁ%mwm
2

Yopi = 5= €= Dopien =2 X 0.168 x 10 x 207 = 211 N/m/s

Thus the auxiliary damper has
Mass = my = 10 kg;

Spring stiffness = k» = 32 620 N/m;
Damper constant = ¢ = 211 N/m/s.

11.3.1 The Springless Vibration Absorber

If the spring k> shown in Fig. 11.10 is not present, the absorber consists of a mass
and damper only. Particular examples of springless devices are the Lanchester and
Houdaille vibration absorbers described below.

Equation (11.15) still works with a springless absorber, with all quantities having
the same definition as before. The frequency ratio R = w,/w;becomes zero, since wy is
now zero.

The expression for the optimum damping parameter, vop, of a springless absorber
can be shown [11.1] to be

1
o = AT i ) (19

and the maximum value of |z,;|/zs can be shown to be
2
42 (11.19)
W

Zs

and to occur at

2
T (11.20)
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Example 11.3

(a) Find the optimum damping for a springless vibration absorber where the absorber
mass is one-half of the mass of the main system. Use Eq. (11.15) to plot the non-
dimensional response of the optimized system, and compare it with non-optimized
cases.

(b) Compare the optimized response above with that for an absorber with the same
mass ratio, but having an optimized spring as well as a damper.

Solution

Part (a):
The mass ratio g = m,/m; = 0.5 in this case. The optimum value of the damping
parameter, Yopt, 1S given by Eq. (11.18) as:
1

Yopt = 2(2 er)(l +M) =0.365 (A)

The response curve is plotted from Eq. (11.15) in Fig. 11.13, using yop = 0.365, with
R = 0 and p = 0.5. Curves for the non-optimized values of the damping parameter,
v= 0.2 and v= 0.8, are seen to give increased maximum response.

Part (b):
For an absorber with the same mass ratio, i = 0.5, except that a spring is used, and
both spring and damper are optimized, the optimum value of R is given by Eq. (11.16):

|Z1|/ZS

0.4 0.5 0.6 0.7 0.8 0.9 1 1.1 1.2 1.3 1.4

Fig. 11.13 Non-dimensional response of a springless vibration absorber with various damping parameters.
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Fig. 11.14 Comparison of the non-dimensional response of optimized vibration absorbers with and
without a spring. Mass ratio = 0.5.

1
Ropt = — = 0.6666 B
opt 1+ L ( )

and the optimum damping is given by Eq. (11.17) with p = 0.5:

3u
Yoot = 1 | ———— = 0.236 C
P8 )] ©

The resulting response curve is plotted from Eq. (11.15) in Fig. 11.14, together
with the optimized response with a springless absorber. A system with a tuned spring
is seen to give considerably lower (i.e. better) maximum response than a springless
design.

Lanchester and Houdaille dampers

These devices are often used on the crankshafts of reciprocating engines to reduce
stresses due to torsional vibration, and are particular applications of the springless
absorber discussed above. The original Lanchester damper consisted of a disk
attached to the crankshaft, similar to a modern automobile brake disk, with a small
flywheel, free to rotate concentrically with it, except for spring-loaded friction pads
between them, providing Coulomb damping.

If the friction pads are replaced by completely enclosing the small flywheel in a
viscous fluid, the device is more usually known as a Houdaille damper. The device is
installed at the point of maximum torsional vibration response, which is usually at the
end of the crankshaft opposite to that of the main flywheel, and can also serve as a
pulley for driving accessories.
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Considering only the case of viscous damping, the system described above can still
be represented schematically by Fig. 11.10, without k,, and Eq. (11.15) still applies,
with the following modifications:

(a)

(b)

In the case of an engine crankshaft, the whole assembly is rotating, and thus has a
rigid rotation mode as well as various twist modes of the crankshaft. As far as the
damper installation is concerned, the steady rotation can be ignored, and each of
the crankshaft twist modes can be considered individually, lumping their equiva-
lent inertias and stiffnesses at the damper location. In practice, the main engine
flywheel often has enough inertia to be considered fixed.

The non-dimensional displacement response |z;|/zs must be re-defined in angu-
lar terms, for example as |6, |/6s, where |0, | is the magnitude of the twist angle at
the point on the main system where the damper is to be installed, and 6; is the
displacement for an applied static moment equal to the magnitude of sinusoidal
forcing. In practice |0,|/6; is likely to be inferred from measurements.

(¢) Clearly, since k» is zero, the frequency ratio R is zero.

(d)

The mass ratio, u = my/my, is interpreted as the inertia ratio I>/I;, where I, is the
moment of inertia if the damper flywheel and 7, is the inertia of the crankshaft
referred to the damper location in the vibration mode concerned.
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I 2 Introduction to Self-Excited Systems
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Self-excited systems are those in which the motion of the system itself produces
sufficient excitation to sustain an oscillation. There are many such phenomena, and in
this chapter we introduce a few of the more important practically. Those discussed are
the following:

(a) Vibration induced by friction, which can occur when the rubbing surfaces of items
such as tires on runways, brakes and clutches have a coefficient of friction which
tends to decrease with increasing velocity.

(b) Aircraft flutter, a branch of aeroelasticity, where the aerodynamic driving forces
are derived from the airstream by the elastic motion of the flying surfaces, i.e. the
wings, fins, stabilizers, controls, etc.

(c) ‘Shimmy’ of aircraft landing gear, which still tends to occur with cantilevered
landing gear units, particularly nose units, when the nose-wheel is free to castor. It
is a phenomenon similar to classical flutter, involving two degrees of freedom,
which are rotation of the wheel or wheels in a castoring or steering sense, and
lateral bending of the leg. The driving force is derived from tire side forces.

12.1 Friction-induced vibration

The essential mechanism of vibration induced by friction is illustrated by the system
shown in Fig. 12.1(a). This shows a spring, mass and damper, where the mass m slides
on a surface, which is moving to the right at constant velocity v;. The argument is
unchanged, however, if the surface is fixed and the spring—mass system is moving.

12.1.1 Small-Amplitude Behavior

The equation of motion of the system is
mX+cx+kx=F (12.1)

where m, ¢, k and x are defined by Fig. 12.1(a). The force F'is the friction force applied
to the mass by the moving base, and P is the normal force, considered constant, acting
between the rubbing surfaces.

347
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Fig. 12.1 Model for friction-induced vibration.

There is assumed to be a relationship between the coefficient of friction, yu, of the
rubbing surfaces and the rubbing velocity, v, as shown in Fig. 12.1(b). Since the base is
moving at constant velocity v, and the corresponding coefficient of friction at that
velocity is p, the system reaches static equilibrium with:

Fl :,LL1P (122)

If now a disturbance applies a small positive increment of velocity, 6x, to the mass,
as shown in Fig. 12.1(b), this momentarily reduces the rubbing velocity, which
becomes v; — 6x. The coefficient of friction then becomes 1 — éu, and the friction
force becomes

Fy — 6F = (uy — 6p) P (12.3)
It can be seen from Fig. 12.1(b), however, that
L(du
= 6x| — 12.4
o 6Y<dv> (12.4)

where (du/dv) is the local slope of the p versus v curve. Therefore from Eqs (12.3) and
(12.4):

dv

Subtracting Eq. (12.2) from Eq. (12.5) removes the steady quantities, leaving the
incremental values:

Fl — 6F = ,U,1P— (Sx(d’U/)P (125)

. (dp
OF = 6x (dv)P (12.6)
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We now see that (du/dv)P gives the change in force for a unit change in velocity,
and is therefore equivalent to a viscous damping coefficient. The actual damper, ¢, in
response to the same positive velocity change 6x, produces a force ¢dx, which acts in
the same sense as OF. Therefore, for small perturbations about the steady-state
position, we can write Eq. (12.1) as:

d
mx + {c—&- ((;j)P}fc—i—kx:O (12.7)
It is usually more convenient to write Eq. (12.7) in the non-dimensional form:

¥4 2(70 + YF)wnX + wix = 0 (12.8)

where vy is the original non-dimensional viscous damping coefficient of the system,
always positive, given by:
c

Y0 (12.9)

- 2mwy,
and g is an effective non-dimensional viscous damping coefficient, caused by
friction, which may be positive or negative, depending on the sign of du/dv, and is
given by:
P /d
" (({:) (12.10)

2mwy,

If now dp/dv should be negative, as shown in Fig. 12.1(c), yr will be negative, and
the overall non-dimensional damping coefficient of the system, (v + vg), will be
reduced, and may become negative. From Eq. (2.28), the free response of Eq. (12.8) is

x=e (A4 cos wqyt+ B sin wqt) (12.11)

where v = (70 + 7¥), in this case, and wq = wy+/1 — +2, which for practical purposes
can be taken as wy,, the undamped natural frequency. The constants 4 and B depend
upon the initial conditions, and in practice any small disturbance will be sufficient to
start an oscillation. If then the total non-dimensional damping coefficient, (yo + ), is
negative, it can be seen from Eq. (12.11) that the exponent yw,? becomes positive, and
x will always consist of an exponentially growing oscillation, until limited in some way.

12.1.2 Large-Amplitude Behavior

Once started, how the oscillation builds up depends upon the shape of the p versus v
curve. The amplitude will limit if the energy derived from the friction force over a
complete cycle becomes equal to the energy dissipated by the damper. Limiting will
always occur when the peak velocity due to the oscillation, Xy, exceeds the mean
rubbing velocity, v, by more than a small margin, although it can occur sooner. This can
be seen as follows. As the oscillation builds up, the velocity, Xma.x, the maximum velocity
of the mass in the positive direction, may eventually reach the value v;, and the rubbing
velocity will instantaneously be zero at some point in the cycle. If x;,x tries to increase
beyond this point, the rubbing velocity changes sign, and the motion is then opposed,
over part of the cycle, by the whole of the friction force, P, which gives a high level of
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positive damping. Therefore, in practice, the velocity of the oscillation will limit at a
value not exceeding Xmax = v|, approximately. Assuming that the waveform remains
sinusoidal, this corresponds to a displacement limit, xy,,y, given by:
i
Xmax = — (12.12)
Wn
This normally sets an amplitude limit for any friction-induced vibration. It should
be noted that it applies at the rubbing surface.

12.1.3 Friction-Induced Vibration in Aircraft Landing Gear

The conventional cantilever type of aircraft landing gear, when fitted with brakes,
can exhibit two main forms of friction-induced vibration:

(1) When the brakes are working normally, if the coefficient of friction
between the rubbing surfaces in the brakes tends to decrease as the velocity
increases, negative damping may result, producing the vibration known as
‘brake judder’ or ‘brake chatter’, at low frequencies, or ‘brake squeal’ at
high frequencies.

(2) When the brakes lock completely, perhaps because the anti-skid device, if
fitted, does not always operate down to very low speeds, the friction char-
acteristics between the tires and the runway can then provide the negative
damping instead. Measurements of tire friction show that the negative slope
of 1 versus v, necessary for instability, tends to occur when the runway is wet,
and the speed is low.

In both cases, the oscillations of the gear, in the fore-and-aft direction, can be quite
pronounced, and lead to possible fatigue damage.

When a case of apparent brake judder is encountered, it should first be checked that
this is not simply due to the operation of the anti-skid device. The operation of these
devices is usually cyclic, and if the frequency of operation, or possibly a harmonic of
it, coincides with the fore and aft natural frequency of the gear, a large response is
possible. This should not be confused with true brake judder, which is caused by the
friction characteristics of the rubbing surfaces.

Cantilevered landing gear units can be modeled by lumped parameter systems,
consisting of one, two or more degrees of freedom. These will always include the
fore-and-aft bending mode of the gear, but may also include other freedoms, such as
incremental wheel and tire rotation.

The following example is based upon an actual investigation of skidding oscillations
on a main landing gear.

Example 12.1

The main landing gear sketched in Fig. 12.2 is fitted with two wheels, on a live axle,
and has two sets of disk brakes. These were sometimes found to lock when the brakes
were applied firmly at very low speeds, resulting in a skid, during which severe fore-
and-aft vibration of the gear occurred if the runway was wet.
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Fig. 12.2  Main landing gear discussed in Example 12.1.

The two accelerometers shown, fitted at the top and bottom of one brake back-plate,
were used to monitor the vibration. From the readings, it was found that the mode
shape could be represented by rotation of the lower parts of the gear, essentially the
wheels, tires and brakes, about a point 0.70m above the ground line. The mass
properties were represented by a mass M =80.3 kg, at the axle, and a moment of
inertia about the axle /=2.0kgm? The equivalent mass, m, referred to the ground
line was then given by:

M(0.4)* +1=m(0.7)* (A)

From Eq. (A), the equivalent mass, m = 30.3 kg.

A vibration test on the unit had previously shown the non-dimensional damping
coefficient to be about 0.05 of critical under static conditions.

In one measured trial, at a ground speed of 1.5m/s, the oscillation, at 29 Hz, was
found to grow at a rate corresponding to a damping coefficient of —0.04 of critical,
and to limit at an amplitude of about + 6 mm, as measured at the lower acceler-
ometer. The vertical static load on the landing gear was 45000 N.
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(a) Explain why the skidding oscillations only occurred when the runway was wet,
and why they grew at a rate corresponding to about —0.04 of critical damping.

(b) Explain why the oscillation was found to limit at about + 6 mm, at the lower
accelerometer, at a ground speed of 1.5m/s.

Solution

Part (a):
From Eq. (12.10), the effective non-dimensional damping coefficient due to the
friction force only is

P (du
e 2muwy (dv) (B)

where all the quantities are referred to the ground line. We now need the slope of the
coefficient of friction versus speed curve. This was not measured, but Fig. 12.3 shows
averaged published data for tires on both wet and dry concrete. At speeds below about
10m/s, (dp/dv) is seen to be equal to about —0.02 per m/s for wet concrete, but close
to zero for dry concrete.
In Eq. (B), for the system operating on wet concrete at low speed, numerical

values are

P =45000N, the static vertical load on the gear;

m=30.3 kg, the equivalent mass of the system referred to the ground line;

wn =27fy = 27 x 29 = 182 rad/s, the natural frequency;

(du/dv) =—0.02, the slope of the p versus v curve at low speed.

Dry concrete
0.8 — v

0.6

Wet concrete

dv
0.4
0.2+
0 | | | | | |
5 10 15 20 25 30
Speed m/s

Fig. 12.3 Averaged coefficients of friction for wet and dry concrete runways.
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Substituting these values into Eq. (B) gives 7r = —0.082. However, the damping
coefficient measured under static conditions, -y, was +0.05, so the predicted net
damping coefficient is —0.032, close to the measured value, —0.04.

In dry conditions at low speed, (du/dv) ~ 0, and the net damping coefficient remains
at about the original value of 0.05, explaining why divergent oscillations did not occur.

Part (b):

From Eq. (12.12) the amplitude would be expected to limit when:

Vi
Xmax = — C
max w ( )

n

With vy =1.5m/s, and w,=182rad/s, Eq. (C) gives xmax =0.0082m, or 8.2 mm.
This is the vibration displacement defined at the ground. From the dimensions in
Fig. 12.2, it can be seen that this corresponds to:

0.55 x 8.2
0.70

at the lower accelerometer, which is close to the measured value of 6 mm.

= 6.4mm

12.2 Flutter

In flutter, the energy required to excite the system is derived from an airstream by
the motion of the system itself. Many types of structural vibration involving aero-
dynamic forces can be described as flutter, affecting structures as diverse as chimneys,
suspended cables and even complete suspension bridges. However, the discussion here
will be limited to the most common application, aircraft flutter.

The most important type is classical flutter. As is well known, this can be very destruc-
tive, and much of the development time of a new or highly modified aircraft is devoted to
its elimination. Classical flutter can be distinguished from other types by the fact that it
requires at least two degrees of freedom, and has a definite onset speed, at a given air
density, below which the system is stable. Routine prediction methods for classical flutter
are now reasonably accurate, except possibly at transonic speeds, although, in addition,
two types of test, a ground vibration test and flight tests, are still regarded as essential.

Before discussing classical flutter in more detail, two similar phenomena should be
mentioned:

(1) A single-DOF form of flutter, more usually known as buzz, can affect aircraft
control surfaces such as rudders, elevators and ailerons. The most common buzz
phenomenon occurs in a fairly narrow range of Mach number, typically just below
the speed of sound. The mechanism of this form of buzz usually involves the
formation of a local shock wave on the control surface, which promotes an area of
flow separation. This changes the pressure distribution, moving the control
slightly, which, in turn, moves the shock, and this cycle repeats indefinitely.
Another form of buzz can occur under supersonic conditions.

Buzz cannot be predicted reliably by normally available analytical methods, but
empirical criteria for its avoidance exist. These require the control to have a high
rotational stiffness, which can usually be achieved by powered actuators, provided
the connecting linkages are also stiff.
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(2) Stall flutter, as the name implies, can occur when a wing, or other flying surface, a
helicopter rotor blade or a compressor blade in a jet engine, operates close to the
stall. Two factors appear to be involved: the negative slope of the lift curve, just
beyond the stall, tending to reduce the aerodynamic damping, and the flow
separation associated with the stall. In practice, such phenomena are usually
dealt with empirically, often using wind tunnel models.

Traditionally, the several different classical flutter mechanisms that can occur
with a conventional aircraft had to be examined separately: for example, the
bending-torsion flutter of a wing, including the aileron, was examined with the
wing cantilevered from the fuselage, which was considered fixed. This permitted
the problem to be studied using as few as two or three degrees of freedom.
Similarly, empennage, or ‘tail’, flutter, could be considered using symmetric and
anti-symmetic models consisting of the cantilevered rear fuselage, with vertical
and horizontal stabilizers, rudder and elevators.

Modern developments in structural analysis and unsteady aerodynamics now allow
most flutter investigations to be carried out using the normal modes of the whole
aircraft as the degrees of freedom, the modes being divided into separate symmetric
and anti-symmetric sets. The basic mechanisms may still be recognized, for example,
as mainly wing bending-torsion flutter, or mainly a flutter of the empennage, but the
contribution from the rest of the structure is then correctly allowed for.

To illustrate how flutter equations are set up, we first consider a very simple model,
representing the bending-torsion flutter of an aircraft wing. We then look briefly at
how larger sets of equations are solved, and finally, how the flutter clearance of a
modern aircraft is organized.

12.2.1 The Bending-Torsion Flutter of a Wing

Consider the straight wing shown in Fig. 12.4(a) , divided into streamwise strips, as
shown. Structurally, it is represented by a single beam, AB, free to bend and twist,
cantilevered from the fuselage at A. This hypothetical beam is assumed to lie along the
‘flexural axis’ of the actual wing, i.e. the line of points where a vertical shear load
would produce bending but no twist. The strips of the wing are individually rigid, have
mass and rotational inertia, and define the external shape of the wing. They are
assumed to have the same values of z and « as the underlying beam. The external
aerodynamic force and moment, F and M, acting in the same sense as z and a,
respectively, are shown for one strip.

Aerodynamic forces

Although the following in no way represents current practice, it indicates how
rough aerodynamic forces can be derived from the motion of a wing, based only on
the simple idea that an airfoil develops a lift force proportional to its angle of attack
with respect to the airstream.

Considering the strip shown in Fig. 12.4(a), we know that statically, and at low
frequencies, the non-dimensional lift coefficient, ¢, of an airfoil, is related to its angle
of attack, «, as shown in Fig. 12.4(b).
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Fig. 12.4 Simple illustration of aecrodynamic forces on a moving airfoil.

The lift coefficient, ¢, is defined by:
L :%pvzscL (12.13)

where

L is the lift, p the air density, v the airspeed and s in this case the area of the strip.

For subsonic flow, the lift, L, acts at a point ¢/4 from the leading edge, where c is
the chord. For supersonic flow, the lift tends to act nearer to ¢/2, but we will now
consider only the subsonic case.

From Fig. 12.4(b), over the normal working range of the airfoil, ¢ is linearly
related to «, but at extreme positive and negative values of « the flow breaks down,
and the airfoil stalls. Over the linear range, the slope, (dcp/da), which will now be
written ¢, depends upon the aspect ratio of the wing, and for high aspect ratio it can
be shown to approach the value 27 per radian. The lift due to unit «, say L, is then:

L,= %pvzscha (12.14)

Equation (12.14) is represented by Fig. 12.4(c).

Now suppose, as shown in Fig. 12.4(d), that o = 0, but the wing section is translat-
ing upwards with positive velocity z. Since it is also traveling to the right at velocity v,
its instantaneous direction of travel will be given by the resultant of the two velocity
vectors, Z and v, which is the vector v, at angle . The airfoil now has a negative angle
of attack, —a, with respect to the airstream, where, for small a, « = Z/v. The lift force
L: due to z, acting at the ¢/4 point is therefore:

L:= %pvzscLu (—a) = —%pvzscLu % =— %pvscLuz' (12.15)
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The total lift, L, acting at the ¢/4 point, will then be, from Eqs (12.14) and (12.15):

L=L,+L:= %pvzscl_ua - %pvscLuz' (12.16)

Resolving L as a force F, and a moment, M, at the reference center, which is taken as
the twist axis of the wing, since F = L and M = bL, we have

F 0 s, ][z —dser, O]z
=p’ + pv (12.17)
M 0 1bser, | |a —Ibser, 0 @

where b is the distance of the quarter chord point from the twist axis.

Simple flutter equations

To create a simple set of flutter equations roughly representing bending-torsion
flutter of a wing, we can now consider a simple model similar to that used by
Theodorsen and Garrick in 1940 [12.1]. A section of the wing, at about % of the
semi-span, as shown in Fig. 12.5, is taken as representing the bending and torsion
behavior of the wing as a whole. The springs k. and k, represent the bending and
torsional stiffnesses. The mass of the wing section, located at the mass center, is m and
I is the mass moment of inertia about the mass center, which is a distance « forward
of the stiffness axis.

The equations of motion of the system can be found by applying Lagrange’s
equations, taking z and « as generalized coordinates, and F and M as the correspond-
ing external generalized ‘forces’.

Also including some viscous damping due to the structure, this gives

R Y I L R P LG S P AL

Fig. 12.5 Simple 2-DOF model representing classical flutter.
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The aerodynamic force and moment, { AF4}, on the right side of Eq. (12.18), are given
by Eq. (12.17), and we can write

RS 14 3 P L P A el | 4
ma I+md*| | a 0 c¢]la 0 kol
0 lsep z —Lsep 0 z
_ 2 2 « 2 a
- [O ébscL“]{a}erv —%bscLu 0 {d}

It is usual to take the aerodynamic forcing terms over to the left side of the

equations, i.e.,
m ma Z Lse 0 z 0 —Lsc z
R | B S o (o S e 1 9
ma I+ ma o sbser, 0| La 0 —gbscr, | la
N c. 0 z N k. O z 0
0 c]la 0 kallaf
Equation (12.20) are the simple flutter equations for the system shown in Fig. 12.5.

Although considerably over-simplified, they nevertheless illustrate some general prin-

ciples common to all such equations. It can be seen that

(1) the whole aerodynamic damping matrix has the factor pv;

(2) the whole aerodynamic stiffness matrix has the factor pv?;

(3) the eigenvalues and eigenvectors of the system are, in general, complex, since the
aerodynamic damping matrix is not small or ‘proportional’ as discussed in Section
6.4.4 and cannot be made diagonal by any real transformation applied to the
whole system.

The last point above makes the solution of flutter equations more complicated

than for the systems considered in earlier chapters. This is briefly discussed in
Section 12.2.2.

(12.19)

(12.20)

Static divergence

Although it is not flutter, the phenomenon of static divergence should be mentioned,
since it can be equally dangerous. It can be explained by reference to Fig. 12.5 and
Eq. (12.20), as follows.

In Eq. (12.20), since we are considering only static forces, Z, &, z and ¢ are all zero.
Considering only the second equation, representing the freedom «, this reduces to:

pv <—;bscl_a)a+ka a=0 (12.21)

For b positive, i.e. for the lift acting forward of the twist axis, pv?(—1bscy,) is seen
to be a negative aecrodynamic stiffness, which will subtract from the positive structural
stiffness, k,. The total stiffness about the twist axis is therefore k,, say, where:

ko = ko — %pvzbscLu (12.22)
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For subsonic conditions, where b does not change appreciably with v, there is a
speed v at which the total stiffness becomes zero, and the slightest input will cause « to
grow indefinitely until failure occurs. This is known as the divergence speed, given by
putting k, = 0 in Eq. (12.22), i.e.,

ka
1 pbscy,

bg = (12.23)

In practice, the reduction in torsional stiffness becomes noticeable at speeds much
lower than the divergence speed, and safe flight is possible only up to a fraction of vq.

Although divergence is a static phenomenon, the easiest way to detect it is by the
reduction in natural frequency as the divergence speed is approached.

12.2.2 Flutter Equations

Analysis of the structure, initially using global coordinates, transforming to modal
coordinates, followed by insertion of the aerodynamic forces, leads, in general, to
flutter equations of the form:

[A1{G} + pv[BI{} + p*[Ci{g} + [P} + [EH{q} = 0 (12.24)

where:

[4] is the mass or inertia matrix of the structure, [B] the aerodynamic damping
matrix, [C] the aerodynamic stiffness matrix, [D] the damping matrix of the structure,
viscous in this case, and [E] the structural stiffness matrix.

Equation (12.24), which is quite general, is seen to be of the same form as
Eq. (12.20), which was derived from a very simple model.

It should be mentioned that aerodynamic forces proportional to acceleration are
also possible, but are usually small enough to ignore.

The aerodynamic matrices [B] and [C] are functions of two parameters, the reduced
frequency, we/v and the Mach number v/a, where w is the flutter frequency in rad/s,
v the true air speed, ¢ a reference length, not necessarily the mean chord and «a the
speed of sound.

Solution methods

The usual problem to be solved is to find the lowest airspeed v, at which flutter
occurs, for any given value of the air density, p, which is dependent on altitude. This
may have to be done for a range of structural variations and aircraft configurations.

One way to investigate the flutter behavior of the system represented by Eq. (12.24)
is known as the p method. Historically, this was not the first method to be widely used:
that was the k method, developed by the US Air Materiel Command in 1942.

In the p method, Eq. (12.24) is solved directly for its roots, or eigenvalues, which, as
already stated, will be complex. Substituting the following into Eq. (12.24):

{g} = {Q}CM> {4} = A{Q}CM7 {4} = Az{g}e’\’
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and dividing through by {q}e gives

(AN + (ID] + pv[BYA + ([E] + p[C]) = 0 (12.25)

The complex roots , A, of Eq. (12.25) can be found by standard methods. They may
be real, and negative or positive, indicating static stability or instability, respectively.
However, most roots will occur as complex conjugate pairs, of the form \ = o + iw,
and the response then contains the factor e”e“ or e”(coswt + isinwt). Divergent
flutter, at frequency w, is then indicated by a positive value of o, and freedom from
flutter by a negative value of ¢. The flutter boundary is indicated by o = 0.

It is usual to plot the variation of the apparent non-dimensional damping coeffi-
cient ¥ = —o/w and the flutter frequency in Hz, f'= w/2x, versus v, at fixed values of
the air density, p, representing altitude, for each mode. Then, in this method, a flutter
speed is indicated by the value of v at which the damping coefficient, v, changes from
positive to negative.

The p method uses complex eigenvalues and eigenvectors throughout, and the
second-order equations of motion are expressed as first-order equations of twice the
size, as briefly discussed in Section 7.5.

In the early 1940s, the large-scale computation of complex eigenvalues was not
possible, and the k method, developed at that time, avoided this by solving the
equations only at a flutter boundary, where the motion is harmonic. This was
achieved by combining the aerodynamic forces into a single complex matrix, and
introducing fictitious hysteretic damping, proportional to the stiffness matrix. This
added damping is then negative below the flutter speed and positive above it. Later,
the p—k method, combining some of the advantages of the p and k& methods, was
introduced. More details of methods for solving flutter equations, and the develop-
ment of methods for calculating unsteady aecrodynamic forces are given by Hodges
and Pierce [12.2].

Notation systems

The notation system used above is known as RAE notation, after the (British)
Royal Aircraft Establishment (RAE), where the p method of solution was developed,
and it is still used in Great Britain. It was used above for illustration purposes, on
account of its simplicity. In practice, other notation systems are likely to be encoun-
tered, and as an example, the system used in MSC/NASTRAN [12.3] for the p—k
method of solution can be related to the RAE system as follows.

The matrices representing the mass, the viscous damping of the structure and the
structural stiffness are, in fact, the same, i.c.,

[A] = [Mu);  [D] = [Bwl;  [E] = [Ku]
where [A], [D] and [E] are in RAE notation and [M,;], [By] and [Kjp;] are the
corresponding matrices in MSC/NASTRAN notation.
The aerodynamic matrices are related by:

(B = -2 Z[0h]s 1= -2 [of)
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where [OR | and [Q},] are the real and imaginary parts, respectively, of the complex
aerodynamic matrix used in the MSC/NASTRAN version.

Substituting the above in Eq. (12.24), noting that the reduced frequency, k, used in
the p-k method is k = wc/2v; and also substituting:

{g} = {w};  {q} =p{w}; {3} =p*{w}
gives the flutter equations used in MSC/ NASTRAN [12.3] for the p—k method:

{[Mhh}pz + ([th} - ipév[Qih] ,i)p + ([Khh] — %pvz [Q&]) }{uh} =0 (12.26)

where p corresponds to A in Eq. (12.25).

NASTRAN is a registered trade mark of the National Aeronautics and Space
Administration. MSC/NASTRAN is marketed by the MacNeal-Schwendler
Corporation.

12.2.3 An Aircraft Flutter Clearance Program in Practice

The formal clearance of a new aircraft for flutter is a complex operation involving
the participation of many specialists. The essential steps in the process are usually as
follows. This description is intended only to indicate how the various calculation and
test activities involved in a flutter clearance program are coordinated.

Analysis of the structure

A finite element model of the complete aircraft structure is set up in global
coordinates. This usually consists of two separate half-aircraft models, representing
the symmetric and anti-symmetric behavior, with appropriate constraints at the plane
of symmetry. Typically, up to several thousand grid points will be used, with three
displacement and three rotation coordinates at each. The type of elements used in the
FE analysis will depend upon the type of structure.

Calculation of normal modes

Symmetric and anti-symmetric normal modes, of the undamped structure, are then
calculated from the FE model. Each mode is characterized by its natural frequency
and mode shape. The modes are, of course, real, since no damping has been incor-
porated at this stage. Figure 12.6 shows sketches of a few of the calculated whole-
aircraft symmetric normal modes, in increasing order of natural frequency, of a typical
conventional aircraft. The displacements of the left side of the aircraft are not shown;
these are, of course, mirror images of those on the right. The anti-symmetric modes,
which are not shown, would have equal and opposite displacements on the two sides.
The relative signs of the displacements of corresponding grid points on opposite
sides of a symmetrical structure, in symmetric and anti-symmetric modes, are defined
in Section 8.5.
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Third symmetric mode Fourth symmetric mode

Fig. 12.6  Sketches of the first four symmetric normal modes of a typical conventional aircraft.

Normal modes are essentially modes of the complete structure, with all parts
responding to some extent in each mode. However, it is often possible to identify
each of the normal modes with a particular component, or components, of the
aircraft. Thus, in Fig. 12.6, the first mode shown is essentially the symmetric funda-
mental wing bending mode. In the second normal mode, the fuselage first symmetric
bending and the first horizontal stabilizer mode are both evident. The third and fourth
modes shown can be identified with the wing second bending and wing torsion mode,
respectively.

Comparison of calculated and measured modes

Although the normal modes of the complete aircraft will usually have been calcu-
lated long before a prototype aircraft exists, it is not until they have been verified, by
comparing them with those measured in the ground vibration test (GVT), that they are
regarded as a valid representation of the structure. A procedure for measuring the
normal modes of a typical aircraft is briefly described in Section 13.1.2.

Calculation of the unsteady aerodynamic forces

The aerodynamic force matrices are calculated from the whole-aircraft normal
mode displacements, using appropriate computer codes. Many methods for comput-
ing the unsteady forces are available, such as the doublet lattice method for subsonic
flow, and the Mach box method for supersonic flow. Bodies such as the fuselage and
engine nacelles can be incorporated. The grid points required by the unsteady
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aerodynamics program will be different from those used for the structural model, and
spline fits are extensively used to interpolate from one to the other.

Flutter calculations

Having assembled the flutter equations, in terms of normal mode coordinates, by
combining the structural model with the unsteady aerodynamic forces, they can be
solved, for example by the k or p—k method, to identify possible flutter mechanisms,
such as bending-torsion flutter of the wing, flutter involving control surfaces, flutter of
the empennage, etc.

Flight flutter tests

Flight flutter tests are always carried out, first because the possible flutter mechan-
isms identified by the flutter calculations must be verified, and secondly, in the case of
transonic aircraft, because this flight regime can still introduce unpredictable flutter
behavior.

Flight flutter testing essentially involves measuring the natural frequencies and
damping coefficients of the normal modes in flight, while the air speed and Mach
number are increased in steps. The expected variation of the damping coefficients and
natural frequencies, as speed is increased, will have been predicted theoretically, and
these trends are now compared with measured values. It is essential to compare
natural frequencies as well as damping coefficients, because although flutter occurs
when a damping coefficient changes from positive to negative, the coalescence of the
natural frequencies as speed is increased, well before this occurs, can give important
information about the mechanism involved.

The measurement of the natural frequencies and damping coefficients in flight
requires the response to some form of excitation to be measured, for which acceler-
ometers are almost always used. It also requires the aircraft to be excited over a
suitable range of frequencies. Telemetry is frequently used to relay the data to a
ground station for analysis. Excitation can be via the normal control surfaces, such
as by ‘stick jerks’ applied by the pilot, or by injecting suitable inputs, such as swept
sinusoids, or pseudo-random series, into the control system. Special devices, such as
small oscillating airfoils, are sometimes used. Methods used in the past, now less
popular, have included pyrotechnic devices, and inertia exciters. The required natural
frequencies and damping coefficients are usually obtained by the cross-spectral density
method discussed in Section 10.6.2, but several other methods are used.

Flight flutter testing is regarded as slightly hazardous, and steps are always taken to
minimize this a far as possible. In principle, a flutter boundary can be predicted by
extrapolating the trend of a series of damping and frequency measurements made at
speeds well below the flutter speed.

12.3 Landing gear shimmy

Conventional cantilevered aircraft landing gear units are still sometimes found to
vibrate violently due to a phenomenon known as shimmy. The name appears to be
derived from the ‘shimmy-shake’, a popular dance of the 1920s. Typically, the gear
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Contact
patch

(d

Fig. 12.7 Shimmy analysis of an aircraft landing gear.

vibrates laterally in its cantilever bending mode, and rotation of the castoring wheel
assembly about a vertical axis is another essential degree of freedom. The driving force
is derived from side forces developed by the tire on the runway. Shimmy is rarely
immediately catastrophic, but can lead to structural failures from fatigue, if allowed
to persist.

The phenomenon can be illustrated by the following simple analysis. Figure 12.7(a)
shows a typical aircraft nose landing gear. On simple aircraft, the fork and wheel
assembly may be free to castor at all times. More complex aircraft may have two
modes of operation, a freely castoring mode, engaged during touch down, to allow the
nose wheel to align itself with the runway, and a steered mode, using a hydraulic
motor. Shimmy is more likely to occur when the wheel assembly castors freely.

In Fig. 12.7(b) the leg bending mode is represented by mass m, stiffness k,, and
viscous damper c,. The fork and wheel assembly is represented by the trailing arm,
with its mass, m, at the mass center, and moment of inertia 7 about the mass center.
A rotational stiffness, ky, is included, but would be set to zero when the gear is free to
castor. The rotational damper, ¢, assumed viscous, is discussed below.

The mass center of the trailing assembly is distance « behind the pivot axis.

The equations of motion for the system without damping are obtained by applying
Lagrange’s equations in the usual way:

d /oT oU .
(7)) =0 =12 1227
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where the generalized coordinates are taken as ¢; = y and ¢» = v, and the generalized
forces are Q| = Fand Q, = M, where Fand M are the tire force and moment, referred
to the pivot axis, as shown in Fig. 12.7(b).

The kinetic energy of the system, 7, is

RN U SPPIE: I
T=my? + 3 m( - at)’] + 3 1? (12.28)

and the potential energy, U, is
U:%k},yu%sz (12.29)

Applying Eq. (12.27) gives the undamped equations of motion:

I AR e

The damping in the leg bending mode ¢, should be obtained from a test, if possible.

The damping in the castor mode, ¢y, is found to be important in preventing
shimmy, and special arrangements are often made to increase it, using one or more
of the following methods.

(a) On simpler aircraft, friction disks can be incorporated into the pivot;

(b) A hydraulic damper may be used;

(c) If the gear incorporates a hydraulic steering motor, this may have two modes, as
mentioned above, a steered mode, and a castoring mode. In the latter case, the
motor can usually be arranged to provide passive hydraulic damping when
castoring.

(d) Tire friction can also be used to increase the damping in the castor mode. If the
gear has two wheels, connecting them by a live axle can have this effect. In the case
of a single wheel, it is possible to obtain ‘anti-shimmy’ tires incorporating two
contact areas.

Friction methods will tend to provide Coulomb damping, and hydraulic methods
square-law damping, both of which are non-linear. These can conveniently be
expressed as equivalent viscous dampers, where the value is a function of the vibration
amplitude, as discussed in Section 5.7.

Adding the damping terms, here assumed linear, Eq. (12.30) becomes

AL 2l L] e

We now require the tire force F and moment M. These can be provided by
theoretical or empirical methods. String theory, developed by von Schlippe, has
been used, and empirical forces based on measurements under oscillatory conditions
can be found in the literature. The following very simple approach, known as a point
contact theory, will be used here.

From steady yawed rolling tests on tires [12.4], it is found that the side force, S, is as
sketched in Fig. 12.7(c), and is independent of speed. The force S is found to act a
small distance behind the center of the tire contact patch, and at distance ¢ behind the
pivot axis. For a given vertical load on the tire, S is proportional to the slip angle, ¢,
for small values of ¢. The slope, dS/d¢ is known as the cornering power, N.
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The slip angle ¢ is defined by Fig. 12.7(d). The path of the aircraft, assumed to be in
a straight line, is in the direction of the vector v. The tire contact patch, assumed small,
has a yaw angle, 1, with respect to this line. However, the contact patch also has

instantaneous lateral velocity, p, due to y and 1, given by:

y=y—cp (12.32)

so it is instantaneously moving in the direction of y. The slip angle, ¢, for small angles,
is therefore given by:

Yy 1.
¢:¢_j:¢_;(y_cw) (12.33)
Thus, the side force, S, is given by:
ds r .1 .
Sf@qﬁngbewf;Ner;chb (12.34)

Now F=Sand M = —cS, so from Eq. (12.34):
Fl _ (0 N y I1[-N ¢N y
tid Lo il i) 1239
and Equation (12.31) becomes
Gl v {ih b )
o b+
1) V| |—cN N || Y 0 cN||v
¢, 0 ¥ k, 0 vl
R 11 S (e

Equations (12.36) are the shimmy equations, which are seen to have similarities to a
set of flutter equations. Using this analogy, Eqgs. (12.36) could be written in a form
similar to Eqgs. (12.24):

m-+m —ma

—ma I+ md®

(12.36)

[4{q} + % [BI{¢} + [Ci{q} + [DH¢} + [El{q} = 0 (12.37)

where in the case of shimmy, [A] is the inertia matrix; [B] the tire damping matrix;
[C] the tire stiffness matrix; [D] the damping matrix for the structure and [E] the
structural stiffness matrix.

Equations (12.37) could now be solved as if they were a set of flutter equations, for
their complex roots, investigating the effect of changing parameters, such as speed, the
trail of the castoring wheel, damping, etc., as required. Traditionally, however, a much
simpler method, based on E.J. Routh’s criteria of stability, published in 1877, has been
used. This allows the stability, or otherwise, of any set of equations of motion to be
determined, but the roots are not actually found. The method was used in some early
flutter investigations, and remains useful in shimmy, where there are usually only two
degrees of freedom, and the mechanism and frequency are not in question. It can be
illustrated as follows.
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The roots, or eigenvalues, of Eq. (12.37), which, in general, will be complex are
given by the determinant:

[A]Az—&—%[B])\—i— [C] + [DIA+[E]| =0 (12.38)

If the matrices are of size 2 x 2, Eq. (12.38) can be written as the quartic equation:
ME BN+ AN+ AN +40=0 (12.39)

The four roots, \; — A4, can be real, or occur as complex conjugate pairs. For
stability, the real parts of all the roots must be negative or zero. For a quartic stability
equation such as Eq. (12.39), the Routh criteria state that for the system to be stable,
i.e. free from shimmy:

(a) All coefficients 43 — Ay must be positive, and
(b) the following must be true: Aj 4,43 > A7 + AgA3.

Published criteria for the avoidance of shimmy are usually based on this method,

rather than roots solutions.

References

12.1 Scanlan, RH and Rosenbaum, R (1951). Introduction to the Study of Aircraft Vibration and Flutter.
Macmillan. (Reprinted by Dover Publications Inc. 1968.)

12.2 Hodges, DH and Pierce, GA (2002). Introduction to Structural Dynamics and Aeroelasticity.
Cambridge University Press.

12.3 Rodden WP, ed. 1987. Handbook for Aeroelastic Analysis, Volume 1 — MSC/NASTRAN Version 65.
The MacNeal-Schwendler Corporation.

12.4 Smiley, RF and Horne, WB (1958). Mechanical Properties of Pneumatic Tires with Special Reference to
Modern Aircraft Tires. NACA Report 4110.



I 3 Vibration testing

Contents

13.1 Modal testing. .......... i 368

13.2 Environmental vibration testing ................. ... ... .............. 373

13.3  Vibration fatigue testing in real time.................................... 376

13.4 Vibration testing eqUIPMenNt ............ ...t 377
References. . ... ... 385

Vibration testing in structural dynamics work can be classified into three main
groups.

()

(@)

(©)

First, in modal testing, the aim is to test a system or structure to obtain its
vibration characteristics, from which its underlying equations of motion can be
found. This ‘identifies the system’, leading to the alternate name of system identi-

fication. Before structural analysis had reached its present state of development,

this was, in fact, the only way in which the equations of motion of complex
structures, such as complete aircraft, could be determined with sufficient accuracy
for, say, a flutter investigation to be made. At the present time, although it is
possible to model virtually any structure by mathematical analysis alone, signifi-
cant errors are still encountered, and a comparison between the predicted and the
actual properties remains essential in critical cases. Therefore, current practice,
particularly in aerospace, is to vibration test the structure as soon as at least one
specimen is reasonably complete, in a ground vibration test, GVT, and compare
the results with predictions. In the event of significant differences, the mathema-
tical model must be changed.

The second group is environmental vibration testing. Here, the aim is to demon-
strate that an item of equipment, typically electronic equipment installed in or on
a vehicle, is capable of withstanding its vibration environment for the duration of
its service life. The vendor of such equipment usually has to demonstrate this to
the purchaser, by subjecting at least one specimen to the equivalent of the actual
vibration environment. These tests are usually of only a few hours duration, and
the test level is often increased to compensate. The tests can be based on standard
specifications, such as the MIL series, or, when possible, on actual measurements
of vibration levels.

The third group is vibration fatigue testing. Items such as skin panels, exposed to
high acoustic pressures, have been tested in noise generating facilities for many
years. To test complete fins, stabilizers, wings, etc. exposed to high buffet or
acoustic loads in this way, however, would require extremely large and expensive
facilities, and such items are therefore usually tested by applying sequences of
static loads, as part of the normal fatigue test. Although still regarded as novel,

367
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fatigue tests of these large components by the use of shakers are occasionally
carried out.
In this chapter these three main types of test are introduced, followed by a brief
discussion of some of the hardware used in vibration testing.

13.1 Modal testing

Modal testing can be applied to any resonant structure, from a simple single-DOF
system, where only the natural frequency, damping coefficient and the shape of the
single mode is required, to a complete vehicle, such as an aircraft, space-craft or land
vehicle, with many normal modes.

When only a rough idea of the natural frequencies, damping coefficients and
approximate mode shapes of a simple system is required, the modal testing procedure
can be correspondingly simple. The natural frequencies and damping coefficients are
first found, by applying a sinusoidal force from a shaker, and plotting the amplitude
and phase of the response, using an accelerometer, for a suitable range of frequencies.
To find the approximate mode shapes, the single accelerometer can then be moved
around to different locations on the structure, while exciting each mode at its natural
frequency, and recording the amplitude and phase at each location.

At a more advanced level, modal testing can be used to find the natural frequencies,
damping coefficients and vibration modes, of large, complex, structures. All aircraft
and space-craft, and many other structures, are now modeled mathematically, typi-
cally using the finite element method, followed by transformation into normal modes.
In the case of aircraft, such models are absolutely essential, to enable the flutter and
dynamic loads analyses to be carried out, and they must be shown to be accurate. In
all cases, therefore, the mathematical model has to be ‘validated’ by carrying out a
GVT. This aims to measure the natural frequencies, and the shapes, of the normal
modes of the actual structure, for comparison with those predicted by the mathema-
tical model. It also gives the damping coefficients of the normal modes, which usually
cannot be obtained theoretically.

A simple approach to large-scale modal testing, as generally used for finding the
undamped normal modes of aircraft structures, is briefly presented here. A wider view
of modal testing in general, including rotating structures, which are not considered
here, is given by Ewins [13.1].

13.1.1 Theoretical Basis

Suppose that the structure, of which the modes are to be measured, is linear, and
could be represented by a hypothetical set of equations of the form:

[M{z} + [CHz} + [K{z} = {/} (13.1)

where

{z} is a vector of actual displacement coordinates at local level, { f} a vector of
corresponding external forces, [M] the corresponding inertia matrix, [K| the corre-
sponding stiffness matrix and [C] the corresponding damping matrix.
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Assuming sinusoidal excitation, let:

{f} = (P
{2} = {2}

{2} = iw{Z}e"",

{5} = —{Z}e. (13.2)
Substituting Eqs (13.2) into Eq. (13.1), and dividing through by e’ gives
~?[MH{Z} +iw[C{Z} + [K{Z} = {F} (13.3)

where {Z} and {F} represent the displacements and applied forces, respectively, and
are regarded as complex vectors for the present.

Now suppose that it is possible to adjust the external forces, { F}, experimentally, in
such a way that

(F} = iw[C){Z} (13.4)

If w is one of the undamped natural frequencies of the system, then it is actually
possible to satisfy Eq. (13.4) for any damping matrix [C] when the vectors {Z} and
{F} are real: they do not have to be complex. Physically, this means that all the
displacements are either in phase, or exactly out of phase, with each other, as are all
the applied forces, and there is a +90° phase relationship between the forces and the
displacements. The applied forces exactly balance the damping forces, and cancel each
other out in Eq. (13.3), leaving the equation of motion of the undamped system:

([K] - M) {2} =0 (13.5)

Thus, the structure vibrates as if it has no damping, and the modes excited are the
normal modes of the undamped system. This is usually just what is required, because
the modes of the structure will also have been calculated without damping, and can be
compared directly with the measured modes.

Although described above for viscous damping, the idea of canceling out the
damping terms by applied forces is valid for any form of damping, provided it is
linear, and so includes the case of hysteretic as well as viscous damping.

In practice, a test method based on this approach is found to work well with aircraft
structures, even with a relatively small number of applied forces. Its practical applica-
tion is described below.

13.1.2 Modal Testing Applied to an Aircraft

Figure 13.1 shows a typical set up for modal testing a small jet aircraft.

Several exciters will be required on each major component of the aircraft, such as
the fuselage, wings, fins, stabilizers and any discrete masses such as engines or wing
pods. The rated force output of each exciter should be related to the mass of the part
of the structure to which it is attached, and all the possible freedoms of each
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Fig. 13.1 Modal testing applied to a small jet aircraft.

component should be allowed for, for example the vertical bending and torsion modes

of a wing will always be required, but fore and aft wing bending modes may or may

not be in the frequency range of interest.

Supporting the test aircraft is important, and it should be tested in the condition for
which the modes are required. The important case is usually in flight, and this can be
simulated, in the case of a small aircraft, by suspending it from a suitable arrangement
of bungee cords, with the landing gear retracted. Larger aircraft are usually supported
on their landing gear, each unit of which, with or without wheels, rests on special
spring supports. In either case, the rule of thumb is that the highest rigid mode natural
frequency, of which there are six, should be less than one-third of the frequency of the
lowest expected vibration mode in the airborne condition.

The equipment used to excite the specimen will typically consist of the following
elements. Some of these are described in more detail in Section 13.4. Electro-dynamic
exciters are assumed, but electro-hydraulic devices are also available.

(1) A signal generator, providing voltages representing the time functions required to
excite the specimen. This function may, in fact, be provided by the computer used
to control the test.

(2) Power amplifiers, converting these signals to the heavy currents required to drive
the exciters.

(3) The exciters, of which several are shown in Fig. 13.1.

The equipment required for measuring the forces applied to the specimen, and the
resulting responses, will typically consist of:

(1) Force transducers connected between each exciter and the specimen. These are
usually of the piezo-electric type.

(2) Accelerometers measuring the response of the structure. Some of these are shown
in Fig. 13.1. They are usually of the piezo-electric type, and several hundred are
required for a typical aircraft modal test.

(3) Signal conditioning amplifiers to convert the outputs of the force and acceleration
transducers to analog voltages acceptable to the analysis equipment.

(4) The analysis equipment, which will usually be based on a general purpose computer.
This must be preceded by suitable equipment for digitizing the analog voltages
from the force and acceleration transducers, i.e. A-to-D converters.
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The controlling computer will usually handle the signal analysis, and this will not be
described in detail. The essential feature, however, is deriving the relationships, in
complex or amplitude/phase form, between the master oscillator signal, driving the
exciters, and both the force transducer and accelerometer outputs, a process for which
a ‘resolver’ was once used. Any other relationships are, of course, easily obtainable
from these. This is essentially a simple form of Fourier analysis, as discussed in
Chapter 9, except that only the fundamental Fourier components of the response,
i.e. those at the excitation frequency, are required. If x(¢) represents either a steady-
state measured force signal, or an accelerometer response signal, it will be of the form,
ignoring any overall scaling:

x(t) = acos2nft + bsin 27ft (13.6)

where ¢ and b are the fundamental Fourier force or acceleration components to be
found and f'is the excitation and response frequency.

then

a = 2(x(r)cos 2xft) (13.7a)
and

b = 2(x(r)sin 27ft) (13.7b)

where the sin and cos waveforms in Eqs (13.7a) and (13.7b) are derived from the master
oscillator. The averaging is carried out over an integer number of cycles. Having found
the Fourier components @ and b, the real and imaginary components of the force or
acceleration signal relative to the master oscillator are given by Re = ¢ and Im = -b,
from which any required amplitude and phase relationships are easily computed.

Test procedure

If the structure is symmetrical, as in the case of most aircraft, advantage is always taken
of this fact to simplify the test, since the modes will either be symmetric or antisymmetric,
as discussed in Section 8.5. Two completely separate tests are carried out, one with
symmetric excitation, and one with antisymmetric excitation, and each of these may
have to be repeated with several different fuel states and external store configurations.

Generally, a symmetrically placed pair of exciters should be operated as a single
entity, i.e. the forces should either be the same or equal and opposite, at all times.

The following procedure for exciting the undamped normal modes of the aircraft is
based on the idea of canceling the damping by applying external forces, as discussed in

Section 13.1.1.

(1) The approximate natural frequencies of the system, and a rough estimate of the
corresponding mode shapes, are first found by measuring a series of frequency
response functions, using any suitable exciter locations and forces. These will usually
be in the form of inertance, i.e. acceleration per force. They are typically plotted in
the form of amplitude and phase versus frequency, and also as ‘circle plots’, as
discussed in Chapter 4. Although many techniques for extracting natural frequen-
cies and damping coefficients from FRFs have been devised since, the circle plot
method, presented by Kennedy and Pancu [13.2] in 1947, remains one of the best.
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(2) Knowing the natural frequencies, it is possible to excite each undamped normal
mode in turn. This requires adjustment of the individual forces, while, at the same
time, adjusting the excitation frequency to maintain a 90° relationship between
the forces and, initially, one of the responses. When the correct condition is
obtained, the acceleration responses will be either in phase, or exactly out of
phase with each other, while all being at 90° to the forces.

These criteria are usually considered satisfied when all the response vectors lie
within about 10° from the ideal, and the mode is then assumed to be a normal
mode of the underlying undamped structure. If this condition cannot be achieved, it
is probable that the exciters are incorrectly located, and another set of positions
should be tried. In this iterative procedure, it will be found that it is just as important
not to excite the other modes as it is to excite the desired mode.

Having found the optimum distribution of applied forces, each normal mode is
measured, by recording the amplitude and phase of the response at every acceler-
ometer location, while the structure is excited at resonance.

The adjustment procedure to excite the undamped normal modes described above is
somewhat tedious to carry out manually, particularly when there are several modes
close in frequency, and a number of schemes for automating the process have been
devised. These do not always work in practice, but practical experience suggests that a
software loop to control the excitation frequency, so that there is always a 90° phase
angle between the forces and a selected acceleration response, is extremely valuable,
and makes manual adjustment of the forces relatively easy, provided a clear display
showing the instantaneous phase relationships is provided. This is similar in principle
to a phase locked loop often used in electronics to keep resonant circuits tuned to a
carrier frequency.

Equations of motion derived from measured data

Modal testing, as described above, can provide the natural frequencies, damping
coefficients and normal mode shapes of the structure. While these may provide
sufficient information to judge whether a mathematical model representing the same
structure is reasonably accurate, they are insufficient to allow the equations of motion
of the structure to be written, since they provide no way of calculating the generalized
masses of the normal modes. Therefore modal testing an aircraft structure tradition-
ally used to include a further activity: measurement of the generalized masses. These
were measured in one of two ways:

(1) small known masses were added to the structure, sufficient in size to change the
natural frequencies, but not the mode shapes. From the changes in natural
frequencies, the generalized masses could be calculated, or:

(2) while the structure was vibrating at resonance in a normal mode, each exciter
force was modified by adding a small, proportional, quadrature force component,
of appropriate sign. This represented an increase or decrease of stiffness, again
allowing the generalized mass to be found from the change in natural frequency.

These methods do not appear to be used now, and the modern approach is to
use the calculated mass distribution, with the measured modes, to calculate the
generalized masses. This looks like cheating, but is probably justified in these days
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of computerized mass control. This is carried out in the same way as for calculated
modes, i.e. the generalized mass of mode i, m;;, is given by:

my; = {2} [M){z}, (13.8)

where {z}, is the measured mode shape for mode i and [M] is the corresponding mass
matrix.

Orthogonality check

If the measured normal modes represent the undamped structure, they should be
orthogonal with respect to the mass matrix, and the cross-inertia between any two
modes, 7 and j, should be zero, as discussed in Section 6.3.1. Thus for two perfect
measured normal modes, we should have

my = {z}; [M){z}; = 0 (13.9)

where {z}; and {z}, are two different measured normal mode shapes and [M] is the
corresponding calculated mass matrix.

It is usual to calculate both the generalized masses from Eq. (13.8) and the cross-
inertias from Eq. (13.9). The resulting matrix, in normal mode coordinates, can be
conveniently normalized by expressing it in orthonormal form, i.e. by scaling the
diagonal terms to unity. The non-diagonal terms should then be small compared with
the diagonal terms, and this is a valuable test of the quality of the measured modes. This
is, of course, carried out separately for the symmetric and the antisymmetric modes.

13.2 Environmental vibration testing

Electronic and other devices carried in aircraft, spacecraft, etc., can now be so vital
to the correct functioning, or even the survival, of the vehicle, that environmental
testing of at least one sample of each piece of equipment is usually specified in a
contract between the purchaser and the supplier. This has created the science and
industry of environmental engineering, which covers all environmental conditions,
including high and low temperatures and pressures, shock, steady acceleration, resis-
tance to acids and alkalis, and mold growth, as well as vibration. Here we shall discuss
only the vibration aspects of environmental testing, but it should be remembered that
it may occasionally be necessary to combine vibration testing with other environ-
mental conditions, such as high or low temperatures, or low or zero atmospheric
pressure.

In general, the vibration behavior of equipment items is not modeled mathemati-
cally in detail, and vibration qualification relies almost entirely on testing.

13.2.1 Vibration Inputs

Originally, all vibration testing was sinusoidal, and was carried out in accordance
with standard specifications, measurements in service being practically unknown at
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that time. The early specifications required a resonance search, and having found the
major resonances, they were each excited by a sinusoidal dwell test for a specified
period. Sometimes the test was supplemented by a sinusoidal sweep test. As electronic
equipment became miniaturized, it became progressively more difficult to find the
resonances, and it was possible for them to be missed, resulting in inadequate testing.
This led to increased use of broad-band random testing, when appropriate, and the
resonance search is now not usually specified.

Random testing is now the most widely used method, but it must be supplemented
by swept sinusoids in the case of equipment installed in helicopters, which generate
periodic vibration at several multiples of the main and tail rotor rotation frequencies.
Sinusoidal testing is also still usually specified for equipment installed on engines,
including jet engines, and, in combination with random vibration, to represent
gunfire.

Vibration inputs are now based on standard specifications, or on measurements.
The latter option is often possible, because the life-cycle of most avionics equipment
tends to be quite short, and in practice a large proportion of new equipment is actually
installed in aircraft that have been in service for some time. When equipment vibration
tests are based on measurements, a standard test specification is normally still used,
but with ‘tailored’ adjustments to the actual test levels.

Although equipment in service is subjected to vibration in three axes simulta-
neously, it is invariably tested by exciting for one-third of the total test time in each
direction.

Standard specifications

Standard national specifications for environmental vibration tests are issued by
several countries, but the MIL standards issued by the US government are the most
comprehensive and widely used. Method 514.5 of MIL-STD-810F [13.3], not only
presents detailed test procedures, but also includes comprehensive background mate-
rial on vibration mechanisms and test methods, and is essential reading. The specifi-
cation covers equipment installed in all aircraft types, and transportation of
equipment by land, sea and air.

13.2.2 Functional Tests and Endurance Tests

A typical environmental vibration test consists of:
(1) a functional test; and
(2) an endurance test.

The aim of the functional test is simply to ensure that the equipment functions
correctly in the presence of vibration. This test, which need only last a few minutes, is
usually carried out before, after and halfway through the endurance test. The vibra-
tion level used should be equal to the highest that the equipment will experience
during operation, but need not be scaled up in any way, as may be the case for the
endurance test, discussed below. The vibration level for the functional test may
therefore be lower than that of the endurance test. Vibration can cause a piece of
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equipment to malfunction without necessarily damaging it, and in such cases it may be
found to function perfectly when the vibration is removed.

The endurance test is usually regarded as a fatigue test, and scaling procedures often
have to be used to condense long periods of vibration in service to the shorter time
allowed for the test. This is usually achieved by scaling up the lower levels of vibration
to that of the highest, shortening their duration according to an assumed S—N curve
(see Section 10.8.2). If the test time obtained in this way exceeds the standard duration
specified for the test, usually a few hours in each of the three axes, a further factor may
be applied. For scaling purposes, a standard S—N curve of the form:

NS = constant (10.94)

is assumed, where N is the number of cycles to failure at stress level, S, and « is a
constant dependent on the material, usually lying in the range 4-8. Now N can be
assumed proportional to the time, 7', for which the vibration is applied, and S can be
taken as proportional to the vibration level, g. Thus for sinusoidal vibration, with
a =6, Eq. (10.91), can be written as:

1
T1\°¢
Togh = Tig® or go:() 13.10
080 181 2 7o ( )
where g( is the original sinusoidal vibration level, of duration 7 and g; is the
equivalent, increased level, of shorter duration, Tj.
If the vibration levels are instead expressed as power spectral densities, Wy and W,
and a = 8 for random vibration, Eq. (13.9) becomes,
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noting that the PSD ratio is proportional to the square of the RMS amplitude ratio.

Equations (13.10) and (13.11) appear in Annex B of MIL-STD-810F [13.3]. It
should be noted that this standard uses different values of the index, «, for sinusoidal
and random vibration.

Vibration levels for endurance tests should only be scaled in such a sense as to
increase the level and shorten the time, due to the possible existence of a fatigue limit
(see Fig. 10.24). This is conservative, in that it will over-estimate rather than under-
estimate the required test level. It is never permissible to scale the amplitude down and
the test time up, due to the danger of the test level being taken below the fatigue limit.

13.2.3 Test Control Strategies

The traditional test method for equipment items of moderate size is the acceleration
input control strategy. In this method, the equipment is attached to a vibration table,
or other fixture, and a purpose-designed controller is used to maintain the acceleration
input, at the equipment attachment points, at the desired value, usually a specified
power spectral density (PSD) function. The controller achieves this by comparing the
output from one or more monitoring accelerometers, located close to the attachment
points, with the desired value, and adjusting the drive to the shaker system accord-
ingly. The desired input spectrum and the controller’s attempt to reproduce it are
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usually displayed, for comparison. The equipment is vibrated in each of the three axes
in sequence, to the specified levels, for the specified periods. Since the table moves in
only one axis, the test item must either be rotated relative to the table for the other two
axes or a slip table can be used. For larger items, a test fixture excited by one or more
standard shakers is often used instead of a vibration table.

For larger, more flexible, items of equipment, controlling the acceleration input
only at the points where it is attached to the vehicle can be very unsatisfactory,
resulting in vibration levels at some locations within the equipment being too high,
and some too low. Several test procedures have been developed to rectify this situa-
tion. The acceleration limit strategy [13.3] can be used when it is known from measured
data that some locations within the equipment respond excessively, due to resonance.
The input spectrum is then modified in appropriate narrow frequency bands to limit
these responses to the measured values. The acceleration response control strategy
[13.3] is a somewhat similar method, used for vibration testing aircraft externally
mounted stores, when flight measurements at several points within the store are
available. The excitation is still controlled at the points where the store is attached
to the test fixture, but in this case is initially set to an arbitrary low level, which is
experimentally increased in selected frequency bands until the flight measured spectra
are reproduced as closely as possible, erring on the high side, if necessary. Several
other test strategies [13.3] are also used. The aim, in all cases, is that the response at the
majority of locations in the equipment should equal, or slightly exceed, those mea-
sured in service. Of course, these improved strategies require comprehensive vibration
measurements in service, and it is now generally accepted that in expensive develop-
ment programs, the cost of these can easily be justified.

13.3 Vibration fatigue testing in real time

Although aircraft structural failures due to buffet loads have been known for many
years, some relatively recent developments in aerodynamics, as applied to highly
maneuverable combat aircraft, appear to have increased buffet-induced vibration,
so that fin, stabilizer and even wing structure can be at risk. Typically, the problem
occurs in flight at high angles of attack, where vortices shed by the wing can excite fins
and stabilizers to high enough response levels in flexural modes to threaten their
structural integrity. Such components therefore have to be fatigue tested specifically
for the buffet loads. This tends to be beyond the capability of acoustic test facilities,
and it is usually carried out by static rather than dynamic loading, in the same way as
for the quasi-static maneuver loads.

Fatigue testing in real time, using exciters, offers several advantages:

(a) It is relatively cheap, compared with acoustic methods.

(b) By exciting at the correct range of frequencies, the structure responds in its normal
modes, which means that vibration stresses are automatically correctly distributed.

(c) If the damping of the modes is light, as is usually the case, the fact that the system
is excited at resonance means that exciter forces are many times smaller than the
static forces that would be needed to produce equivalent local stresses, with less
risk of unwanted local damage at the points where the loads are applied.

(d) There is a large saving of test time compared with static loading.
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In the case of conventional aircraft fins and stabilizers, it is usually found that only
one or two of the modes have to be excited to significant levels.

The practical application of this test method is quite difficult. The response levels
required are, by definition, extremely high, in the order of 50 to several hundred g at
the tip of a fin or stabilizer, and this stretches the capability of electrodynamic exciters
to the limit, not so much due to the forces required, but because the moving mass of
the exciters becomes important at such high levels of response, and hydraulic exciters
will probably be essential in extreme cases.

The excitation required is, in this case, random, and it is easily shown that exciter
force must not be wasted by setting the excitation bandwidth too wide. For each
mode, an excitation bandwidth equal to about ten half-power bandwidths of the
mode, centered on the natural frequency, appears to be wide enough to avoid distort-
ing the response time history, without wasting exciter power.

13.4 Vibration testing equipment

A wide range of measuring and excitation equipment can be used in vibration
testing, including some very advanced devices employing lasers. The following discus-
sion introduces only the more common devices used in most everyday testing situa-
tions. Most vibration test work, in fact, is carried out using clectrodynamic or
hydraulic exciters to apply vibration forces to systems under test; force transducers
to measure the applied forces and accelerometers to measure vibration response.
Strain gages are also used to measure vibration response and loads, but will not be
discussed here.

13.4.1 Accelerometers

As discussed in Example 4.3, most accelerometers are based on the principle that in
a single-DOF spring, mass, damper system, excited via the base, the displacement of
the spring is proportional to the acceleration at the base up to a certain frequency.
When the damping is low, as in most accelerometers used in vibration testing, this
frequency is often taken as 20% of the natural frequency, since the error is then
limited to about 0.5dB, or about 6%. Thus the natural frequency is the most
important parameter in defining the upper limit of the useful frequency response,
and this is independent of the type of accelerometer.

Accelerometers used in vibration work are usually of two types: piezoelectric and
piezoresistive. In the piezoelectric type, which are the more common, the inertia force
produced by a small mass, when acted upon by acceleration, is applied to a piezo-
electric element, which both acts as a spring and generates an electric charge propor-
tional to the acceleration. A piezoelectric accelerometer must be used with a suitable
pre-amplifier, which can be a charge amplifier or a voltage amplifier. The former type
is generally preferred, since the sensitivity of the combined system is largely unaffected
by the length of the connecting coaxial cable, a problem with voltage amplifiers. The
frequency response of piezoelectric accelerometers cannot extend down to ‘DC’, or
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constant acceleration. Charge amplifiers are better than voltage amplifiers in this
respect, and can be used down to a fraction of 1 Hz.

Piezoresistive accelerometers work on a different principle, in that the inertia force
of the mass acts upon an actual spring element, of which the displacement is mea-
sured, essentially by strain gages made of semiconductor material, and require a low
voltage DC supply. The main advantage of piezoresistive accelerometers over the
piezoelectric type is that they can be used when response down to DC is required.

A fairly recent development in accelerometer design is to incorporate some of the
amplifier electronic components into the same casing as the accelerometer itself. A
point to watch when ordering accelerometers of this type is that sometimes the
sensitivity is fixed in the design, and can only be changed by replacing the whole unit.

13.4.2 Force Transducers

Force transducers are mainly used in vibration work to measure the force applied to
a structure by an exciter. They usually employ the piezoelectric principle, and the
preamplifiers used are similar to those used for accelerometers. Some older types of
force transducer measure load by strain gages fitted to metal rods or rings.

13.4.3 Exciters

Vibration exciters or ‘shakers’ are of two main types, electrodynamic and electro-
hydraulic. The former are the more common, and are used for most modal testing,
except for the very largest structures. They are also used for most environmental
testing, except, again, for the largest equipment items. Electrohydraulic exciters are
expensive, and tend to be used only where electromagnetic units would be unsuitable,
such as when very large displacements, or a combination of steady and oscillatory
forces are required. They will not be discussed further here: a good introduction to
electrohydraulic exciters is given in [13.4, Chapter 25]. A wealth of practical informa-
tion on all forms of exciters is, of course, available from manufacturers’ literature.

Electromagnetic exciters and power amplifiers

Although other types exist, the moving coil electromagnetic exciter is the type
commonly encountered. They have excellent linearity and frequency range. The
principle of operation is very simple, and is identical to that of a moving coil
loudspeaker, found in every radio and hi-fi unit, but on a much larger scale. The
moving coil, which may be from a few millimeters to more than a meter in diameter, is
wound on a non-ferrous former, and constrained to move only axially in the annular
air gap of a large magnet. Permanent magnets are used in the smaller sizes, and
electromagnets, supplied with DC, on larger units. This makes the units relatively
heavy, but this is not necessarily a disadvantage in use, since a large mass is often
desirable to react the oscillatory forces produced. The moving coil is usually kept
central in the air gap of the magnet by flexures, free to bend in the axial direction, but
stiff in the radial direction. Linear ball bearings have also been used for this purpose.
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Electromagnetic exciters are available in a wide range of peak force outputs, from
less than 1 N, to several thousand newtons. The stroke varies accordingly, but exciters
with a total possible movement exceeding about 40 mm are quite rare. The output
force is usually limited by the heat generated in the moving coil, and can be maximized
by forced cooling.

Like a loudspeaker, an amplifier is required to provide the power required to drive
an electrodynamic exciter, and its characteristics are important in ensuring overall
satisfactory operation. The power amplifier is similar, in principle, to those used in
ordinary hi-fi units, but very much larger, usually incorporating liquid-cooled output
transistors.

In the remainder of this section, two of the important, yet often not well-understood
effects that can be encountered in the operation of electrodynamic exciters are discussed.

The back-EMF effect in electromagnetic exciters

It is commonly observed that when a moving coil electromagnetic exciter is used to
shake a resonant system, the exciter current tends to decrease as the amplitude of
the system increases, for example when it passes through a resonance. It may also be
found that the damping of the system appears to increase due to the presence of
the exciter. The effect is important, and has considerable impact on the design of the
amplifier used to drive the exciter, and the conduct of vibration tests. It can be
explained, as follows, using the laws of electromagnetism; however, it is stressed
that the following is a somewhat simplified explanation of the effect.

Figure 13.2 shows the moving coil of an electro-magnetic exciter, considered mass-less.
The DC electromagnet (or permanent magnet) producing the magnetic field is not
shown. The exciter drive rod, rigid, in the axial sense, is connected, to the mass, m,
which together with the spring, k, and damper, ¢, represents one mode of the system
being excited.

c k
m
"
Power
amplifier 0 ——— =—— Magnatic
|___——=—=— =— field
Exciter coil

Resistance Rq

Fig. 13.2
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If a current is passed through the coil by the power amplifier, the instantaneous
force applied by the coil to the mass is given by:
F=BLI (13.12)

where:
F is the force, (newtons), B the flux density of the magnetic field (T), L the total
length of wire in the coil (m) and 7 the instantaneous value of the current in the coil

(A).
If the coil is moving, it generates a back-EMF given by:
Eg = BLx (13.13)
where:

Ep is the back-EMF (V), x the velocity (m/s) and B and L are as defined above.

From Ohm’s law, the back-EMF produces a ‘back-current’, Iz (in A), given by
dividing Ey by the total resistance of the circuit, which consists of the resistance of the
coil and the output resistance of the driving amplifier in series, i.e.,

Eg

Ig=—"2—
7 Rc + Ro

(13.14)
where:

Rc is the resistance of the exciter coil (2) and R is the output resistance of the
amplifier (£2).

Strictly, these quantities are impedances rather than resistances, but will approx-
imate to resistances at low frequencies, since the coil is air-cored and has relatively low
inductance.

The actual force produced by the exciter is still as given by Eq. (13.12), but now 7 is
reduced from the value, I, say, that would be obtained in the absence of a back-EMF
effect, that is with x = 0, by an amount /g, so:

F=BLI=BL(I) — Iy) (13.15)
Substituting Eqs (13.13) and (13.14) into Eq. (13.15) gives
(BL
F=BLlj - ——— 13.16
0 Rc + Rox ( )

Equation (13.16) clearly shows how the force F actually generated is reduced from
the intended value, BLI,, by a magnetically generated amount proportional to the
velocity of the response, x.

The constants required in Eq. (13.16), incidentally, should all be available from the
manufacturer of the exciter: Rc and R, are defined above, and BL is the force per
current ratio for the exciter in newtons/ampere.

To see how the damping of the system is affected, we first write the equation of
motion of the complete system, ignoring the mass of the exciter armature and any
stiffness or damping due to the exciter coil suspension. This is simply:

mi + cx 4+ kx = F (13.17)
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Combining Eqs (13.16) and (13.17) gives
(BL)’

mx + —_—
Rc + Ry

c+ X+ kx = BLI, (13.18)

Equation (13.18) shows that the back-EMF effect can also be interpreted as an
increase in the damping of the system.

For a given exciter, BL and R¢ are fixed by the design, but Ry, a property of the
amplifier, can be changed to obtain desired characteristics, as follows.

(a) Itcan be seen from Eqs (13.16) and (13.18) that changing R has a powerful effect
on the back-EMF phenomenon.

(b) Secondly, Ry can be changed fairly easily by changing the type of negative feed-
back (NFB) used in the design of the amplifier. NFB is used in virtually all power
amplifiers to reduce distortion, and consists of feeding back a voltage derived
from the output to the input.

(c) If the NFB is made proportional to the output voltage of the amplifier, it can be
shown that R is reduced, and it can be seen from Eq. (13.16) that the back-EMF
effect is increased. This increases the tendency for the force to ‘dip’ at resonance,
and increases the damping of the structure.

(d) If the NFB is made proportional to the output current of the amplifier, it can be
shown that Ry is increased. The back-EMF effect is then reduced, or eliminated,
as is the ‘dipping’ of the force, and the damping added to the structure.

What is desirable depends upon the application. An amplifier designed for use with
moving-coil loudspeakers should have a low output resistance, because this tends to
damp cone resonances, which are undesirable for high-fidelity sound reproduction.
Similarly, shakers used with vibration test rigs can often be used to damp unwanted rig
resonances, as well as to excite the system. On the other hand, in modal testing, the last
thing we want to do is to damp the system being tested, and the power amplifiers used
require high output impedance. In general, a large degree of control is possible, and in the
best designs the NFB mode of the amplifier, and hence the behavior of the associated
exciter can be changed by a simple switch. At least one manufacturer claims that the
damping effect can be eliminated, or made large, whichever is desired, in this way.

It should be noted that the effect described above does not necessarily affect the
accuracy of damping measurements, provided the correct procedure is used. FRFs
should be found, for example, by dividing the response of the structure by the force
actually applied at each frequency. However, using an amplifier with low output
resistance for modal testing can practically reduce the applied force to zero at
resonance.

The effect of armature mass

Another effect, that can change the force applied to a structure by an exciter, is
caused by its moving mass. Like the back-EMF effect described above, the force
actually applied to the structure tends to vary when passing through a resonance.
However, this is a purely mechanical effect due to the inertia of the moving parts of
the exciter. Any type of exciter can be affected by this phenomenon, but an electro-
dynamic type will be assumed in the following analysis.
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Figure 13.3 represents a single-DOF system, consisting of M, K and C, which are
the equivalent properties of a single mode being excited, lumped at the point where the
exciter is attached. The mass of the moving parts of the exciter is represented by m,
and this is assumed to be rigidly connected to the main mass, and therefore has
precisely the same motion as the latter. The electromagnetic force generated by the
exciter coil is Fe, but the force actually transmitted to the ‘structure’ is F,, which
differs from F; by the inertia force mZ. It is assumed, in this analysis, that there is no
back-EMF effect to confuse the issue.

The equations of motion are

M:i+ Cz+ Kz =F, —mZ (13.19)
and
F,=F.—mz (13.20)
Equation (13.19) is conveniently written in the form:
(M+m):i+C:+Kz=F, (13.21)

Equation (13.21) can be written in the form of a FRF, giving the complex inertance,
Z/F., using the expression derived as Eq. (C) in Example 4.2, i.e.:

—Q2[(1 - 02) —i(24Q)]

:
N (13.22)
Foo(M+m) [(1 — Y+ (279)2}

where

C
C=0 TV ™ YT M m)

where w is the excitation frequency. It should be noted that w, is strictly the natural
frequency of the system with the exciter mass added.
For compactness, Eq. (13.22) will be written as:

1

@t ib) (13.23)
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Expressing Eq. (13.20) in the form of complex vectors also:
F,=F,—mZ (13.24)

From Egs (13.23) and (13.24):

&

. m
==1- ih
7. M m (a+1b)
or for practical purposes:
F, m .
=g latib) (13.25)

e

If we are only interested in the relative magnitudes of F, and Fg:

|1;‘”*| - \/(1 —”Azj)er(r:f) (13.26)
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Equation (13.26) can be used to investigate how the actual force applied to the
structure, F,, varies with frequency when passing through a resonance, assuming that
F. remains constant. This is seen to be dependent on the damping coefficient, and the
ratio m/M. This ratio can be estimated roughly in the following way.

First, the weight (not the mass) of the moving parts of most electrodynamic exciters
usually lies between 1 and 2% of the rated thrust, i.e.,

mg = AFr (13.27)

where:

m is the mass of the moving parts, g the acceleration due to gravity, Fr the rated
peak force output of the exciter and A a constant, usually between 0.01 and 0.02
depending upon the design of the exciter.

Secondly, assuming that an exciter is running at its rated force output, the max-
imum acceleration at resonance, ¥y, at the point on the structure where it acts, is
easily shown to be given approximately by:

Fr

where M is the effective mass of the structure at the exciter position and -~ is the
fraction of critical damping of the mode concerned.
Combining Eqs (13.27) and (13.28):

%zmzzm% (13.29)
where Xmax/g = a, is the peak acceleration in g units at the point on the structure
where the exciter acts. For an exciter running at its rated output, the value of m/M is
thus determined by the damping coefficient, v, the ratio of the weight of the moving
parts of the exciter to its rated thrust, A, and the acceleration response a, at the exciter
location. We can now estimate the value of m/M under some typical working condi-
tions from Eq. (13.29), as follows.
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(1) In a typical modal test, taking v=0.025 and A=0.02, then with a, about 1g, from
Eq. (13.29):

m
— ~2x0.025%x0.02 x 1 =0.001
” X X X

(2) If the application is a severe environmental test, or fatigue test, the peak response
a, at the exciter station may well be as high as 20g, and taking v=0.025 and
A=0.02 as before:

% ~2 % 0.025 % 0.02 x 20 = 0.02

These two cases probably represent the extreme values likely to be encountered
following best practice, which is to choose an exciter so that it is running close to its
rated output. It can be seen, however, that in case (2), m/M could be much larger if
the exciter was used well below its rated capacity, or if the damping coefficient was
higher.

The modulus ratio |F,|/|F.| is plotted in Fig. 13.4, from Eq. (13.26), for the two
cases above.

It can be seen from Fig. 13.4 that assuming that electrodynamic exciters are used
close to their rated outputs, the variation in output force with frequency is much
greater at high levels of excitation than at low levels. Provided the effect is allowed for,
by actually measuring the force applied, it is generally not a problem in modal testing.
However, in high-level vibration tests, the effect can be quite significant, possibly
causing the force applied to vary up to £50% or so around resonance in extreme
cases.

It should be remembered that in environmental tests, the controller used to define
the spectrum shape can, in principle, be used to correct the effect, up to a point.

1.5
m/M=0.02
.
1
| m/M=0.001 |
Iﬂ)
=
I«s
0.5
0
0.8 0.9 1 11 1.2

Fig. 13.4 Variation of the force actually applied to a test structure by an exciter due to its own moving mass.



Chapter 13. Vibration testing 385

References

13.1 Ewins, DJ (2000). Modal Testing: Theory, Practice, and Application. Research Studies Press Ltd.
13.2 Kennedy, CC and Pancu, CDP (1947). Use of vectors in vibration measurement and analysis. J.Aero.
Sci. 14, 603-25.

13.3 Anon (2000). MIL-STD-810F, METHOD 514.5. US Government publication.
13.4 Harris, CM and Piersol, AG eds, (2002). Harris’ Shock and Vibration Handbook. McGraw-Hill.



This page intentionally left blank



Appendix A

A Short Table of Laplace Transforms

A1) F(s) Notes
o(1) 1 Unit impulse or Dirac
function.
1 . ..
H(r) - Unit step or Heaviside
§ function.
e*a[ 1
s+a
le*([[ 1
2
(s+a)
n! T
" T n must be a positive integer.
$ w n! = factorial n
sin wt -
82+ w?
cos wt g
w 2
52+ w?
. w
e sin wt —
(s+a) +uw?
s+a
e cos wit —_—
(s+a)+uw?
s
e (1 —at) 3
(s+a)
1 ¢ w
— COos w —
$(s% 4+ w?)

1 .
—e “nlsin wyt
Wy

where wqg = wp/1 — 7

2

1
5%+ 2ywys + w2
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Appendix B
Calculation of Flexibility Influence
Coefficients

Flexibility influence coefficients for simple beams in bending or torsion can be
calculated easily using the following methods. The bending case is considered first.

The potential energy, Ug, due to bending, in a beam, is

M2
Ug= | —d B1
B / 2EI (B1)
where the integration is carried out over the whole length of the beam, and
M is the bending moment as a function of x;
x is the distance along the beam;
E is the Young’s modulus and
1 is the second moment of area of the cross-section.
Since
d*y
M = EI— B2
dxz ( )

2 ). . .
where % is the curvature. Eq. (B1) can also be written in the form:

2
1 d?y
Usg== [ EIl — | d B3
) / (de) * (B3)
If a load P is applied to the beam, Castigliano’s first theorem states that the

resulting displacement, at the same point, and in the same direction, is yp, where:

oUs  [M OM

= — — — B4
YP=op i op & (B4)
or
Mm

where m = %’,’ is the moment per unit load, and can be interpreted as the bending
moment function due to a dummy unit load at the point where the displacement, y, is
required.

Equation (B5) can be used to calculate flexibility influence coefficients for simple
beams in bending. Taking the cantilevered beam shown in Fig. Bl as an example,
suppose we require the flexibility influence coefficient «y;, which is defined as the
displacement y at x, due to a unit load at x;. Figure Bl shows M, the bending moment

389
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Unit Dummy
load unit load

P

by

M 13X | Bending moment
| due to actual
< , T
X | unit load
m xz\'\ Bending moment
X | due to dummy
2 | unit load

Fig. Bl

function due to the actual unit load at x;, and m, the bending moment due to a
dummy unit load at x,. The equations are

M=(x1—x) 0<x<x

M=0 X1 <x<L (BO)
and

m=(x;—x) 0<x<x;

m=20 Xy < x<L (B7)
Applying Eq. (BS):

' Mm (xp — x)

= ——dx = —(x; —x)-d B8

= [ [ = (88)

This is sometimes known as the area-moment method, because the last integral can
be seen to be equal to the first moment of the area under the function M/EI, in this
case (x; — x)/EI between x = 0 and x = xj, about the point where the displacement
is required, x, in this case.

If EI varies along the beam in an arbitrary way, the integration in Eq. (BS) is
necessarily numerical. However, in the case of constant EI, the areas involved have
simple shapes, and the area moments can be evaluated by inspection.

Alternatively, Eq. (B5) can be evaluated directly.

The method described above works equally well for unit bending moments and unit
angular displacements (or slopes). In this case the moment functions M and m are
rectangles of unit height. It can also be used in the case of an influence coefficient
which is an angular displacement due to an applied force, or the linear displacement
due to an applied moment, in which case one moment function is triangular, and the
other rectangular.

For beams subjected to pure torsion, Eq. (BS5) becomes

Tt
o= [ G (B9)
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where T is the torque as a function of x due to an applied moment and ¢ is the torque
function due to a dummy unit torque applied at the point where the angular displace-
ment ¢ is required. When using Eq. (B9) to find influence coefficients, both 7 and ¢
have the value 1 or 0.

Example B1

Use the area-moment method to derive the flexibility matrix for the cantilever beam
shown in Fig. B2 at (a), where ET is constant over the length of the beam.
Solution

The flexibility influence coefficient matrix is defined by:

] an ap || F
= A
where z;, zp, F) and F; are defined by Fig. B2(a), and
_ gl | an B
O (®)

is the flexibility influence coefficient matrix. The quantity «y,, for example, is the
displacement z; when F) is zero and F> is a unit load.

Figure B2 at (b) shows the bending moment m; due to a unit load at node 1, and
Fig. B2 at (c¢) shows the bending moment m, due to a unit load at node 2.

th ge

] & {2
4 L Node! L Node2
2 2
(a)
m| L |
—— —>

A
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The individual terms of Eq. (A) are found as follows:
aq is the displacement z;, at node 1, due to a unit load F| also at node 1.
Then

o /Oé (%;Ix) (; _ x) d ©)

but this is equal to the area moment of the triangle in Fig. B2 at (b) about node 1:

1 |1/L\*| [2/L L
=g 2(2) . [3 (z)} = 24k (D)
a2 18 the displacement zjat node 1 due to a unit load F, at node 2. This is given by the
area moment of the shaded area in Fig. B2(c) about node 1. This can be found by
splitting it into a triangle and a rectangle, and multiplying these areas by the distances

of their centroids from node 1. It should be noted that «;, is not given by the area
moment of the whole triangle in Fig. B2(c) about node 1. Thus:

_ LT B (EY B s )
EEN12\2) 73 2) "4\ T WEI
It can similarly be shown that:
503
= = — F
B Ty (F)
and
L3
- = G
an =35 (G)
The final flexibility matrix is
_ ap o L% %
o] = [K]™'= = (H)
o opn| ENx 1L




Appendix C
Acoustic Spectra

Spectra representing sound pressure histories are usually presented in a special way,
expressing the power in decibels (dB) in octave-based frequency bands, rather than as
PSD plots. This method of presentation is largely due to two factors: (1) it was
originally designed for studies involving human hearing, which has a naturally loga-
rithmic response, and (2) it was based on the use of analog filter methods, which are
more conveniently set up using bands consisting of a fixed fraction of an octave,
rather than of a fixed number of hertz.

This method of presentation, although designed for audio work, using analog
methods, has survived into the digital age, and is still widely used in purely structural
applications. Structural dynamics work may therefore involve converting from the
‘acoustics” method to the ‘spectral density’ method, and vice versa. The ‘acoustic’
method of presentation is now discussed, with an example showing a typical conver-
sion to the PSD method.

Decibels

The decibel is one-tenth of the original unit, the bel (B). This was found incon-
venient for practical use, and was divided into 10 decibels. The decibel scale alone,
without reference to a standard level, is simply a way of expressing the factor by which
an oscillatory quantity, such as voltage, force, pressure, etc., changes. It is defined in
terms of power (mean square) values. So, for example, if an RMS voltage, v;, changes
to v,, the change expressed in dB is N, say, where:

2 2
N(dB) = 10log,, <V§) or 2= 10V (C1)
" "
Equation (C1) can be written as:
N(dB) = 201og,, <:2) or % = 1o/ (C2)
1 1

As an example, if vy = 1 V RMS, but changes to v, = 2V RMS, the change expressed
in dB is
22 2
N(dB) = 101log, ) or 201logy, 1) = +6.02dB (C3)

This is referred to as an increase of 6 dB, as indicated by the positive sign. It should
be noted that a change from 2V to 4V RMS would also be an increase of 6 dB.
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Table C1
N (dB) 40 20 -6 -10 -3 0 3 6 10 20 40
Power 107% 001 ~025 0.1 ~0.5 1 a2 ~4 10 100 10
ratio

RMS ratio 0.01 10

%
(=]
W

~0.316 ~0.708 1 =141 =2 =316 10 100

The changes in dB corresponding to some simple multiples of RMS and mean square
levels are shown in Table Cl1, to sufficient accuracy for most purposes.

When used to express sound pressure levels, the decibel is used in a completely
different way. The RMS sound pressure is then defined as being N dB above a
reference level, prer, which is fixed at the assumed threshold of human hearing,
taken as an RMS value of 20 pPa, i.e. 20 x 107 N/m? (or 2.90 x 10~ 1bf/in.?).

The sound pressure level (SPL), N (dB) is then given by:

N(dB) = 10log;, (12’2> = 20log;, (”) (C4)

pRE]: PREF

where p is the RMS value of the pressure concerned, and prgris the RMS reference
level defined above. The dB figure given by Eq. (C4) can be an overall sound pressure
level, (OASPL), implying a broad band of frequencies, the sound pressure level in a
particular frequency band, or a single sinusoidal tone.

As an example, the OASPL close to the nozzle of a rocket motor or jet engine can
be as high as 1 Ibf/in.? RMS (= 6895Pa RMS). This would be referred to as an
OASPL of:

in British units:

1
N(dB) = 20log,, (290><109) =170.7dB
or, in SI units:

Octaves

Acoustic spectra are given as dB in bands, with band centers usually spaced at a
given fraction of an octave, although dB levels in 1 Hz bands are also used. An octave,
as in music, is an interval over which the frequency doubles. Very often, the center
frequencies of the bands are spaced at % -octave intervals, but other fractions, or even
whole octaves, can be used. Taking the % -octave system as an example, and starting at
10 Hz, the band centers, f., are as shown in Table C2. These are awkward numbers,
but the rounded, ‘standard’, values shown are usually close enough for practical
purposes.
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Table C2
Center frequency
Center frequency (Exact) f. (Hz) (Standard value) (Hz)
10 x 2° = 10.000 10
10 x 213 = 12.599 12.5
10 x 2%3 = 15.874 16
10 x 2! = 20.000 20
10 x 243 = 25.198 25
10 x 2% = 31.748 32
etc. etc.

If the center frequencies are spaced at % -octave intervals, the bandwidth associated
with each may be regarded as extending from ¢ of an octave below to ¢ of an octave
above, f.. Thus:

Bandwidth — (2éfc - 2*%}‘0) — 02315/, (C5)

Example C1

The noise measured in the vicinity of a jet engine is shown in Table C3, expressed as
dB re. 20 pPa in standard third-octave bands.
(a) Find the overall sound pressure level (OASPL) of the noise in dB re. 20 pPa.
(b) Express the spectrum given in Table C3 in the form of power spectral density,
(PSD), in Pa®/Hz, suitable for use in a structural response calculation.

Table C3

Band center (Hz) 50 64 80 100 125 160 200 250 320 400 500
SPLin band (dBre.20 uPa) 144 146 148 150 153 155 156 156 154 153 152

Solution

Part (a)

To add dB levels, they must first be expressed as mean square levels. In Table C4,
the RMS level, p, in each band is given in the third column, using Eq. (C4) in the
inverted form:

p= PREFIOz%

where N is the dB figure in the second column and prgr = 20uPa. Mean square
values, p?, are given in the fourth column. These are summed, giving an overall mean
square value of 8.596 x 10° Pa?, and, taking the square root, an overall RMS value of
2932 Pa. Equation (C4) then gives

2932

IOW == 1633 dB re. 20“}?3

OASPL(dB) = 20log,,—2— = 20log
PREF
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Table C4
S.P.L.in band RMS pressure Mean SQ. pressure PSD

Band center f, (Hz) (dBre.20 uPa) p (Pa) p* (Pa®) Bandwidth (Hz) (Pa’/Hz)
50 144 317 100 x 10° 11.58 8 680
64 146 399 159 % 10° 14.82 10 750
80 148 502 252 % 10° 18.52 13 630
100 150 632 400 x 10° 23.15 17 280
125 153 893 798 x 10° 28.93 27 580
160 155 1125 1265 % 10° 37.04 34 150
200 156 1262 1592 x 10° 46.30 34 390
250 156 1262 1592 x 10° 57.88 27 510
320 154 1002 1005 x 10° 74.08 13 560
400 153 893 798 x 10° 92.60 8 620
500 152 796 634 % 10° 115.80 5480
Overall 163.3 2932 8.596 x 10°

Part (b)

The bandwidth of each third octave band is given by Eq. (C5), i.e. 0.2315f., and is
entered in the fifth column. The PSD in each frequency band is then given by dividing
the mean square pressure in the fourth column by the bandwidth in the fifth column.

The last column gives the spectral density in Pa?/Hz, as required for a structural
response calculation.




Absorber,
see Dynamic, absorber
Accelerance, see Inertance
Accelerometers, 89-91
piezoelectric, 377-8
piezoresistive, 377-8
Accuracy of random spectra, 318-20
ACEF, see Autocorrelation function
Acoustic spectra, 393-6
conversion to PSD, 395-6
third-octave bands, 3945
Admittance, see Receptance
Air Materiel Command, 358
Algebraic eigenvalue problem, 160
Aliasing, 256-60
Amplifier:
charge, 377
negative feedback, 381
power, 378-9
voltage, 377
Amplitude:
double, 3
peak-to-peak, 3
probability density, 270-3
RMS, 4
single-peak, 3
Analog spectrum analyzer, 318
Anti-aliasing filter, 259-60
Anti-skid device, 350
Apparent mass, 83
Area-moment method, 390
Argand diagram, 6
Armature mass effect, 3814
Autocorrelation function, 300-2

Beating, 43

Bifilar pendulum, 337

Bode plots, 86

Brake judder, 350

Branch mode method, 20813
branch modes, 210

Buzz, 353

Index

CCF, see Cross-correlation function
Center of gravity, see Mass, center
Central difference method, 62
Central limit theorem, 274
Centrifugal pendulum, 336-7
Choleski factorization, 177-8
Circle plots, see Nyquist plots
Complementary function, 38
Complex conjugate, 245, 255
Complex response functions, 81-3
Component mode synthesis, 195-208

fixed interface method, 195-8

free interface method, 198-202

substructures, 195
Conservation of energy, 17
Conservative system, 14, 16
Continuous systems, 1825
Convolution integral, 50
Coordinates, 1

Cartesian, 1-2

generalized, 2

global, 119, 122, 123

modal, 126

superfluous, 195
Correlation:

functions, 299-305

computation using DFT,
314-17

statistical, 299-300
Coulomb damping, 113, 115
Crankshaft, engine, 345
Cross-correlation function, 302-3
Cross-power spectra, 304-10

dynamic properties from, 307-10
Cumulative amplitude distribution,

270-1

D’Alembert’s principle, 7-8
Damage (due to fatigue), 323
Damper:

automotive, 15

equivalent linear, 114-17
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Damping:
coefficient, hysteretic, 100—1
coefficient, viscous, 36, 100
Coulomb, 113, 115
critical, 36
energy loss, 103-5
heat generated by, 112
hysteretic, 99
magnetic, 15
materials tests, 108
in multi-DOF systems, 142-7
from measurements, 1445
proportional, 145-7
radiation, 15
sources of, 14-16
square-law, 113
viscous, 99
Data windows, 317
Decibel, 3934
as measure of change, 393
as measure of sound pressure, 394
Determinant, evaluation of, 163
DFT, see Discrete Fourier transform
Discrete Fourier transform, 247-56
derivation, 248-50
Divergence, see Static divergence
Duhamel integral, see Convolution
integral
Dynamic:
absorber, 332-6
compliance, see Receptance
factor, 70-2
step function, 70-2
flexibility, see Receptance
stiffness, 83
Dynamics, 1
Dyne, (force unit), 24

Eigenvalue problem, standard form,
159-61
Eigenvalues and eigenvectors:

Index

Environmental vibration:
isolation from, 326-30
tests, 373-5
control strategies, 375-6
endurance, 375
functional, 374
scaling, 375
Equation:
characteristic, 35, 184
constraint, 2, 195, 204
Euler’s, 5
homogeneous, 34
Ergodicity, 267
Exciters, 378-84
effect of armature mass, 3814
electro-hydraulic, 378
electromagnetic, 378-84
back-EMF effect, 379-81
rated thrust, 383
Expected value, 268

Fast Fourier transform, 256
Fatigue:
life, 3234
limit, 323
random vibration, 320-4
vibration testing, 3767
FFT, see Fast Fourier transform
Finite element method, 213-33
axis transformation, 216-19
beam element, 225-9
consistent mass, 216
locator matrix, 2201
overview, 213-21
rod element, 221-3
Flutter, 353-62
bending-torsion, 3548
boundary, 359
classical, 353
clearance program, 360
equations, 356-60

damped, 179-80

from flexibility matrix, 140

introduction to, 1324
Elastic limit, 10 flight tests, 362
Elastomers, 331 speed, 359
Energy loss: Fourier:

graphical, 105 integral, 2467

hysteretic damping, 104-5 series, 23743

viscous damping, 103—4 in complex notation, 245-6
Energy methods, 16-20 in magnitude/phase form, 243-5

solution by k£ method, 358, 359
solution by p-k method, 359
solution by p method, 358, 359



for square wave, 240-3
transform, 2467
discrete, 247-56
Free body diagram, 7
Frequency response functions, 83-6
FRF, see Frequency response
functions
Friction-induced vibration, 347-53
in aircraft landing gear, 350-3

Gaussian:
distribution, 2748
elimination, 162-5
Ground vibration test, 361
GVT, see Ground vibration test

Half amplitude, cycles to, 110
Half-power frequencies, 86
Heat generated by damping, 112
Heaviside unit step function, 149
Helicopter:
blade-passing frequency, 336
higher harmonic control, 326
rotor, 325
HHC, see Higher harmonic control
Higher harmonic control, 326
Holzer method, 181
Hooke’s law, 10
Houdaille damper, 344
Householder transformation, 178
Hydraulic:
damper, 364
steering motor, 364
Hysteretic damping, 99

Impedance:
electrical, 380
mechanical, 83
Impulse response method, 56
Inertance, 83
Inertia:
matrix, 9
moment of, 9
Influence coefficients:
flexibility, 13
calculation of, 389-92
stiffness, 12
Inverse discrete Fourier transform, 247
Isolation, vibration, 32632

Jacobi diagonalization, 168-72
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Kennedy and Pancu, 85
Kilopond (mass unit), 24
Kinematics, 1

Kinetic energy, 17
Kinetic potential, 22
Kinetics, 1

Lagrange’s equations, 21-2, 32-3
Lanchester damper, 344
Landing gear:
main, 3501
nose, 363
Laplace:
transform, 47
transform method, 46
transform table, 387
Leakage, 317
Limit cycle, square-law damper, 117
Linearity, 23
Locator matrix, 220-1
Logarithmic decrement, 109-10
Loss coefficient, 107

Maneuver loads, isolators, 331
Mass:
center, 8
generalized, 137
moment of inertia, 9
Matrix:
damping, 142
dynamic, 1601
flexibility, 12-13
form for kinetic energy, 123
form for potential energy, 123
inertia, 9
iteration method, 165-8
mass, 9
modal, 161
stiffness, 12-13
Maximax, 74
MIL standards, 374
Mobility, 83

Modal:
mass, see Mass, generalized
matrix, 161

stiffness, see Stiffness, generalized
testing, 368-9
applied to aircraft, 397
orthogonality check, 373
procedure, 371-2
theoretical basis, 368-9



400

Modes:

arbitrary, see Modes, assumed

assumed, 126, 129

constraint, 196

damped and undamped, 1434

normal, 126, 132, 141

of uniform beams, 182-5
MSC/NASTRAN, 359
Multi-DOF systems, 119-57

matrix methods, 122
Myklestad, method, 181

Narrow-band random response, 321
Natural frequency:
damped, 37
undamped, 35
Negative feedback, 381
Newton’s second law, 7
NFB, see Negative feedback
Non-linear systems, 23
Normal:
distribution, see Gaussian, distribution
mode summation, 147-8
Normal coordinates, 22
Normal modes, 129, 132, 136, 141
Nyquist plots, 84

Octaves, 394-5
Orthogonality:

check, 373

of eigenvectors, 140
Orthonormal modes, 134

Palmgren-Miner hypothesis, 323
Particular integral, 38
Periodic:
force response, of single-DOF, 261-3
vibration response of systems, 2601
Piezoelectric:
accelerometer, 377-8
force transducer, 378
Piezoresistive accelerometer, 377
Plotting FRFs, 86
Potential energy, 10, 17
Poundal (force unit), 24
Power spectral density, 282-6
Power spectrum, 279-82
from DFT, 310-12
of periodic waveform, 279-81
of random waveform, 281-3
Power, 17

Index

Principal coordinates, see Normal
coordinates

Principal modes, see Normal modes

Proportional damping, 145-7

PSD, see Power spectral density

Pulse, response spectrum, 72—4

Q, see Quality factor
QR method, 178
Quality factor, 108

RAE notation, 359
Random:
base excitation, of single-DOF, 2924
force excitation, of single-DOF, 289-91
inputs, multiple, 305-7
vibration, 267-324
in aerospace, 267
Rayleigh:
distribution, 321-2
energy method, 17-19
Rayleigh—Ritz method, 189-94
Receptance, 83
Reciprocating engines, 325
Rectangular coordinates, see Coordinates,
Cartesian
Residual spectrum, 74
Resonant frequency, 86
Response:
power spectrum, 2878
spectra, 72-6
spectrum for sloping step, 74-6
Rotating unbalance, 94
Routh criteria of stability, 365
Runge-Kutta method:
for multi-DOF system, 156—7
for single-DOF system, 65-9

Sequential averaging, 317, 320

Shelf, vibration isolated, 328-30

Shimmy, 362-6

Shock isolation, 325

SI system, 27-8

Simple harmonic motion, 2—7
as rotating vector, 57

Simpson’s rule, 66, 67

Slip angle, tire, 365

Sloping step, response spectrum, 74—6

Slug (mass unit), 24

Smoothing spectra, 319-20

S-N diagram, 322-3



Solid damping, see Hysteretic damping
Sound pressure level, 394
overall, 394
Specific damping capacity, 106-8
Standard deviation, 269, 270, 273
State space, 179
Static divergence, 357-8
Statics, 1
Stationarity, 267
Step, dynamic factor for, 70-2
Stiffness, 10
generalized, 137
influence coefficients, 12
matrix, 12-13
Stodola method, 181
Strain gages, 89, 377
String theory (tires), 364
Structural damping, see Damping,
hysteretic
Structural dynamics, 1
methods, historical view, 181-2
Symmetrical structures, 234-5

Taylor series, 60
Telemetry, 362
Tire (pneumatic):
contact patch, 364
cornering power, 364
point contact theory, 364
slip angle, 365
string theory, 364
Transfer function, 46-8
Transformation:
of external forces, 128
global to modal coordinates, 127
of mass matrix, 127
of stiffness matrix, 128
Transmissibility:
displacement, 92, 327
force, 93-4, 332

Index

401

Triangular matrix:
lower, 178
upper, 178

Unbalance, rotating, 94
Uniform beam modes, 182-5
Unit impulse function, 50
Units, systems of, 238

Variance, 269, 273
Vibration:
absorber:
damped, 33842
spring-less, 3424
un-tuned, 344
cancellation, 326
fatigue testing, 3767
isolation, 326-32
isolation system design, 330-2
specifications, 3734
table, 375, 376
testing, 367-85
Virtual:
displacements, 19, 32
work, principle of, 19-21, 31, 32
Viscous damping coefficient, 36, 100

Washing machine example, 967
Wavelet analysis, 268
Weighted normal modes, see Orthonormal
modes
Wheel:
castor, 363, 365
trail, 365
Wiener—Khintchine relationships, 303-5
Windows, data, 317

Young’s modulus, 10, 108

Zero-crossings, 323
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