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Abstract - The case where one structural member ot a larger complex structure experiences a
dynamic instability is addressed. An averaged integral representation of the overall structure is
chosen. except for the structural member of interest which is modelled precisely by means of the
conventional methods of vibration theory. Material damping and the energy dissipation between
components are taken into account by means of a distributed elastic-plastic rheological model.
Particular attention is paid to keeping the intrinsic nonlinear properties of the energy dissipation.
Structural members prove to act as dynamic absorbers with respect to the primary structure. The
phenomenon of vibration saturation in complex structures is revealed and discussed. Full-scale
vibration testing of a complex structure driven by an electromagnetic shaker is considered as an
application of the concept. The moving coil of an electromagnetic shaker is shown to be dynamically
unstable if an experiment is not properly designed. The influence of the large vibrating structure on
the stability chart of the shaker turns out to be considerable and it changes the shaker’s stability
chart drastically. ¢ 1997 Elsevier Science Ltd.

1. INTRODUCTION

Typical modern complex structures are rather complicated in their composition and are
actually assemblages of substructures. The attachment of the structural components to one
another or to carrier surfaces results in the formation of a structure which is essentially
heterogeneous in its rigidity and mass characteristics. It is difficult or even impossible to
analyse the vibrations of such a structure by using conventional methods from vibration
theory. Firstly, the existence of many inherently uncontrolled factors plays a principle role,
see the comprehensive review papers by Ibrahim (1987) and Fahy (1994). In structural
dynamics. uncertainties arise from stiffness, mass and damping fluctuations caused by
variations in material properties as well as variations resulting from manufacturing and
assembly. The latter gives rise to some vagueness of the boundary conditions for each
structural member. Secondly. secondary systems of complex engineering structures must
be included in the modelling. Thirdly, even if it were possible to obtain an “exact” boundary-
value problem for a complex structure and solve it. the very interpretation of this “exact™
result would present a great difficulty.

If the structure proves to be so complicated that the traditional methods of vibration
theory are inadequate. it is reasonable to employ some alternative approaches. A number
of integral methods have been reported, e.g. by Palmov (1979) and Belyaev and Palmov
(1986). As shown in these papers. one succeeds at obtaining a rather simple boundary
problem similar to the problem of dynamic visco-elasticity. The properties of the overall
structure are reflected in the integral theories in the form of average rigidity and average
mass as well as generalized spectra. This enables us to obtain some generalized charac-
teristics of the vibration field and to avoid dealing with details of the structure. This level
of description can be considered sufficient for many cases. However, it is not suitable for
the analysis of the stability of individual components. Such analysis cannot be performed
by integral methods alone, because individual components are not represented in the
dynamical model. Thus. to analyse the dynamic behaviour of a component. one must
take into account both its individuality and the conditions of its interactions with other
components. To this end. the particular element is to be described precisely. whereas the

*Dedicated to Professor E. Brommundt, TU Braunschweig. Germany. on the occasion of his 65th birthday.
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remainder of the structure is described in an integral form. This combination of overall and
local modelling of vibration in weakly coupled structures, known as the local principle in
structural dynamics, has been proposed by Belyaev and Palmov (1984).

This approach is applied to analyse the stability of structural members in a complex
structure. It is customary to analyse the stability of a mechanical component alone and to
ignore its mechanical environment, cf. the recent monograph by Leung (1993) on the
dynamic analysis of substructures. The exceptions are aeroelasticity and fluid-structure
interaction. However. even in these theories the interaction of a structural member with
other structural members is ignored and only the interaction with fluids or gases is
considered.

In the present investigation we restrict ourselves to the mutual interaction of com-
ponents in a complex structure. The main intent of the present study is twofold: (1) to
reveal the regions of dynamical stability of a component in a complex structure and to
analyse the influence of the complex structure on the dynamic stability of the component,
and (ii) to estimate the vibration of the environment when a structural member is unstable.

The paper is organised as follows. In Part 2 we derive the boundary problem which
describes the local vibration in a complex structure. In Part 3 the material damping and
the energy dissipation between the components of the structure are modelled by means of
the generalised Prandtl rheological model. Particular attention is paid to keeping the
intrinsic nonlinear properties of the energy dissipation. In Part 4 a time-reduced governing
equation for the complex structure is derived. The principle regularities and peculiarities of
vibration propagation in complex structures are discussed in Part 5. Part 6 deals with the
full-scale vibration testing of an extended complex structure excited by an electrodynamic
shaker. The regions of dynamical stability for the moving coil of an electrodynamic shaker
are obtained in Part 7. The moving coil is shown to be dynamically unstable if an experiment
is not properly designed. The influence of the tested structure on the stability chart of the
shaker’s moving coil is discussed therein. Finally, the conclusions are drawn in Part 8.

2. LOCAL VIBRATION IN COMPLEX STRUCTURE

The aforementioned combination of integral and local descriptions, namely the local
principle in structural dynamics, has been reported by Belyaev and Palmov (1984, 1986).
Examples of the application of this principle have been discussed by Belyaev (1990).

Let the complex structure under consideration, say. a spacecraft. be a body extending
along the x axis. If longitudinal waves predominate, the structure can be represented as a
one-dimensional heterogeneous rod. Any large complex engineering structure is in fact an
assemblage of substructures attached to one another or to some framework. The sizes of
the substructures L, (n =1,2.....! N) are much smaller than those of the entire structure
L. The structural members are attached to one another or to the primary structure only at
several points. so that such structures have a very low global dynamical rigidity and possess
only the first, the second and seldom the third global resonances. Beyond the region of these
few global resonances the vibrations localise within each substructure. This phenomenon is
known as strong vibration localisation or normal mode localisation. Detailed surveys of
the mode localisation phenomena in structures can be found. e.g. in the review papers by
Hodges and Woodhouse (1986), Ibrahim (1987) and Li and Benaroya (1992). The studies
by Cornwell and Bendiksen (1989). Pierre and Dowell (1989), Pierre (1990), Cha and Pierre
(1991), Lust er al. (1993) and Xie and Ariaratnam (1994) are also worth mentioning. As
shown in these papers. the phenomenon of mode localisation occurs not only for disordered
assemblies of weakly coupled subsystems, but also for nearly periodic structures like bladed-
disk assemblies and truss structures.

Consider a typical substructure L,, see Fig. I. Due to the vibration localisation within
the substructures, the absolute displacement r,(x. r) within L, can be sought in the form of
an expansion in terms of the substructure’s normal modes r,,(x), as follows,

Y€ Lu l’,,(.\'. I) = Z Uk (-\A)an([) + V("‘* I)~ (1)
k-1

where q,,(¢) 1s the generalised coordinate. The addition of ¥ in egn (1) allows one to single
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Fig. 1. (a) Combination of local and integral descriptions : (b) corresponding mechanical model.

out some mean vibrational field ¥(x, ¢) that highlights the basic tendency of the vibration
propagation in complex structures. The function ¥(x. 1) is usually introduced in problems
of mathematical physics to improve the convergence in the vicinity of a boundary (Mindlin
and Goodman (1950)). In structural dynamic plasticity a similar decomposition into a
quasi-static and a dynamic part leads to an efficient numerical procedure using normal
modes of the linear background structure (Ziegler and Irschik (1985), Fotiu et al. (1991)
and Brunner and Irschik (1994)). The quasi-static part of the deformation represents the
structural drift, i.e. an instantaneous measure for residual deformation.

Now the question of how to specify the substructures’ normal modes arises. The
normal modes are known to be sensitive to the boundary conditions, the latter being vague
for any substructure, but fortunately for structural dynamists, any set of normal modes is
known to be complete and. as shown in the papers on the substructure synthesis method
by Meirovitch (1980) and Hale and Meirovitch (1980). the normal modes in the energy
space of the substructures are not required to satisfy any boundary conditions in the internal
boundaries of substructures. Hence, the normal modes may be chosen according to any
suitable principle. for instance. for convenience of interpretation. Let us specify the normal
modes so that they vanish at the cross-sections x, separating the substructures, i.e.
tudx,) = 0. The function ¥ is assumed to be spatially smooth within the whole structure.
In this case the function }” may be referred to as the displacement of the framework since
it coincides with the actual displacement of the substructures’ boundaries.

Such structural members, as e.g. an axially loaded beam or a thin-walled element, are
known to become dynamically unstable under certain harmonic axial loading (Bolotin

]964)) We model a potentially unstable component by a one-dimensional rod occupying
0 < &</ seeFig I
The kinetic energy of the structure due to eqn (1) takes on the following form

T =

l\)\'—‘
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where u is the mass per unit length, the normal modes of the substructures are assumed to
be orthonormal within each substructure and u is the absolute displacement in the element
0 < & <l V(x,1)is a spatially smooth function as compared with the normal modes t,.(x)
of the substructures and the density u(x) of the essentially heterogeneous complex structure.
Hence,
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where (i) 13 an averaged mass per unit length. The latter equality in eqn (3) expresses the
standard transition from the Riemann-Stieltjes sum to the corresponding integral which is
admissible for large V. In the third summand ineqn (2), p{x) and z,,(x) are rapidly changing
functions of x, while F(x) is smooth. By introduction of the average displacement of the
centre of mass of the substructure L, when it vibrates according to mode &,

”

> = ur,, dx
Nk 7 O M
QoL ),

the kinetic energy (2) can be rewritten as

T_laJ‘-:d: ,],\ Yf‘i~:+v<\1‘/. ; 1,7'14,1,,r<>1?:d, (4
= <t 2;[ 2t 20, WL GV A 2], 1 X. )
In this expression the element 0 < < /is described precisely and the rest of the structure
(0 < x < L) integrally.
The equation for the potential energy can be obtained analogously and is given by
(Belyacv (1991))

~ \ ~

1 . | .
IT= 3J c(u’)- dCf 3 Z J EA(r)) dx =
2 L

4 “~=1
n hy
)y dé+ 5

JO Jo

, | I
CEAY V) dx+ 3 Z Z O (5)

“u=1k~-1

tD i o—

Here £ is Young's modulus, 4 is the cross-sectional area. o, is the Ath eigenfrequency of
the substructure n and ¢ is the axial rigidity of the element 0 < & < /. The work of the
external loads is

W= ['/udgw“.u(owﬂ V(L. 6)

The resulting boundary value problem is then obtained by employing Hamilton’s variational
principle. which yields

) Chu cuo
O<i<!t ¢ —p_ +f=0 (7)
[ 1"
(“.3 [/! . , ’
xel,: (EA) -~ <‘u>[l + Z <1<”A>[j,m} =1 (8)
(SR A=l
éjm‘\ + (')SI\ G = — <,u>n<l.u/\ > I’ (9)
N=L: (EAV =F, (1) (10)
5—:0 ('l(,: 71:0([)- (1])

The conditions describing the coupling of the element 0 < J </ and the remainder of the
structure complete the boundary problem.
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w(l)y = V(0), cu'(l)y = EAV(0) = F_. (12)

where the coupling force £ is introduced for convenience.

3. GENERALISED PRANDTL MODEL FOR DYNAMIC ELASTO-PLASTICITY

To take into account the inherent material damping and the dissipation due to dry
friction between the components of the structure, we use the generalised Prandtl model
(Palmov (1976) and Belyaev (1993)). Its rheological model is composed of an infinite
number of Prandtl elements as indicated in Fig. 2. Each Prandtl element (Ziegler (1995)),
consists of an elastic element Edh in series with a Coulomb (or dry friction) damper
which has a maximum allowable load Ehdh. where /i is the dimensionless yield strength
(0<h<x).

Historically, a distributed elastic-plastic model was first proposed by Ishlinsky (1944)
for microplasticity problems. Later a similar model was applied by [wan (1966) in the
analysis of the dynamic response of hysteretic systems. A wide class of problems of
vibrations in elastic-plastic solids was studied by Palmov (1976). Being a universal model,
the generalised Prandtl model is valid for the description of nonlinear stress strain behav-
1our, which results in an amplitude-dependent internal triction. The model, obviously, can
also be used to describe friction in the sliding or fretting of joints. supports or other parts
of the structure during relative motion.

The following equations are valid for a Prandtl element

do, = E(¢—¢p,) dh = Ehdhsign e, (13

where da, and ¢, are the stress and the deformation of the element having yield strength A.
The summation over all elements gives the state equation for the generalised Prandtl model

» - ~

q= J do,dh = E[él . ;;,,R(/))d/l}: ¢=hsigné, +¢,. (14)
{) {

J

where g and ¢ are the stress and the deformation of the material described by the generahsed
Prandtl model. respectively, R(/1) is the density of the vield strength distribution which has
the following property:

~
{

Rindh = 1.

0

Y

In the case of harmonic vibrations with a frequency . the essentially nonlinear
dependence signé, in eqn (14) can be removed by means of equivalent linearization using

Tc,s
Edh 2

Ehdh o » o » don.eh

l

Fig. 2. The generalized Prandt] model.
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the describing function method. i.e. signé, = 4[rnwa,]~'t,. where a, is the amplitude of &,.
The second equation in (14) is then rewritten as

g, = ¢[l +idh(na,) '] ' or a,= \//”(1:77—(47I "h?. (15)

It is clear from the latter formula that 0 < /1 < 0.257a. The case # = 0.257a corresponds to
the absence of plastic deformation, i.e. g, = 0. From the first equation in (14) we have

4n\' 4h 450N\ T
l—(— ) —i— jI—[— 6. O<h<-a
T navy nd 4
& = : (16)

0. h> 4a

Substitution of eqn (16) into eqn (14) gives

ma 4 4/\: 4/ /// 4/ 2
. ES[I—J (1_(’) _i¥ ,f1~(1> )R(h)dh} (17)
o na nay na

which finally results in the complex Young's modulus (Palmov (1976) and Belyaev (1993))

o]

= Ex: EAE[I—J
0

nan

(I1—n"—iny ]—qz)R( 4)Td;7} = E(1+ix)°. (18)

Since x(a) is small, the following asymptotic approximation is derived from eqn (18)

" nan\ na
)= zn,1—nR ,,,ﬁ),, dn. 19
x(a) v[)zl\ ,<4/4,7 (19)
The equation for the complex Young modulus (18) is not restricted to the case of a
single harmonic. In order to investigate the cases of stationary. nonstationary, deterministic
and random dynamic processes in mechanical structures. we assume that the external forces,
displacements, etc.. can be represented by their spectral decompositions (Ziegler (1987)),

Vix.w)ye" " dw: F (1) = J Filme™do: gu(t) = [ g (w)e™ dw,

v

Vix.t) = [

o

(20)

etc. where V(x,w). F, (). ¢,.(w) are broad-band (deterministic or random) spectra. Hence
the formalism offered will be valid in a wide variety of situations.

Substituting eqn (20) into eqns (7)—(12) gives the following boundary value problem
in the frequency domain

0< i<l ('rﬁvl‘(+;t(u3u+f:0 21
<o
veLy: (14 i) CEADV + oo’ ( ap? <r,,A>q,,A) =0 (22)
oy
( _("): + (I + I.X,):(uil\ )qnl\ = (')2 <.‘l>rr<vrl/\ > V (23)

x=11 (A+ix) EAV = F(w) 24
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E=0; cu = —Fy(w) (25)

u(l) = V(0). aw'(l) =(1+ix)*CEAYV'(0) = Fe(w). (26)

4. GOVERNING EQUATION FOR THE VIBRATION IN A COMPLEX STRUCTURE

It follows from eqgn (23) that

wl <u>n<l.nk > |4

) 5" (27)
— o +wi(1+iy)?

Quke =

Substituting eqn (27) into eqn (22) we get the following differential equation for the
vibration of the primary structure

(L4+ i) EADV + o M(w)V = 0, 28)
where
M(w) = <p>[1 IRDYED) Ceur” } (29)
K1 — o +wi (1 +ix)?

The parameter M(w) occupies the place of mass in the vibration equation, hence it may be
called a generalised mass of the complex structure. This parameter is crucial for further
analysis since it reflects the inertial and spectral properties of the complex structure. As
seen from eqn (29), M(w) is formed by an infinite number of resonance curves, each
corresponding to a resonance curve of a SDOF-system. The width of each resonance curve
is 2yw,, at the “half-power” level. If the resonance curves are located so densely that

Wy

A
Awy = |yt — O < Y|Wpeo1 + ] 01, equivalently, <2 (30)

nk

(i.e. large modal overlap) then the resonance curves in eqn (29) merge. forming a smooth
frequency function. Therefore, the sum in eqn (29) can be replaced by an integral with a
locally smooth distribution function of the eigenfrequencies ®(x), i.e.

M(w) = <u>[1 e J ’ “‘D@“L—J 31)

0o —w +at(1+iy)’

As seen from eqn (31), in the frequency domain of large modal overlap any complex
structure has essentially a continuous spectrum of eigenfrequencies (Belyaev (1991)). Equa-
tion (31) can be now rewritten as follows

M(w) = (1 —ir(w)]*, (32)

where « is the non-dimensional absorption of vibration in the complex structure. We assume
that the spectral properties of the complex structure are identical in all cross-sections, since
they can be obtained only as a result of harmonic excitation of the entire structure.

After comparing (31) with (32), the absorption x(w) is seen to be an infinite integral
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x(w)=xw2r L (33)
o [—w'+2T(1—y7)) +4a’y’

By assuming that y is small (% « 1) and ®(2) is smooth, the integral (33) can be determined
by methods from the theory of random vibrations, Bolotin (1984). to give

k(@) = fﬂ;&@) , (34)

As seen from this formula, despite the vanishing material damping, the spatial absorption
k is still present and it is determined by the eigenfrequency distribution ®(x). This implies
that the vibration absorption is of a resonant character and the substructures act as dynamic
absorbers with respect to the framework. The dynamic properties of structures in the case
of high modal overlap are analysed in detail by Belyaev (1996). It has been shown that the
frequency domain of high modal overlap. known as high frequency dynamics, is a high
frequency limit of vibration theory and a low frequency limit of thermodynamics.

Substituting eqn (32) into eqn (28) one obtains the governing equation for the vibration
in the complex structure

0<x<L: (EADV +0*Mw)V =0, Mw)= Ol —ik(w)]. (35)

5. THE PRINCIPLE REGULARITIES AND PECULIARITIES OF VIBRATION
PROPAGATION IN COMPLEX STRUCTURES

The nonlinear differential eqn (35) can be solved only by means of certain asymptotic
methods. Indeed, the complex Young modulus E, eqn (18), depends on the deformation
amplitude a, which is a derivative of V(x). Let us suppose that the deformation amplitude
a is a slowly varying function of x. Then the complex Young modulus £ has the same
property since eqn (18) for £ contains an integral, which implies even further smoothing
of the dependence on x. For smooth functions of x, an effective solution may be found by
means of the WK B method, Heading (1962). A new variable y and a new unknown function
W(y) are introduced as follows

~dx, Imyr<0: V(x)={Ex)A TP, (36)

o) = J“ M(w)
PEE )V ED D

Equation (35) then takes the form

5

y ) >
~f—+|iw:—-<EA>‘ 4d‘1<EA>‘ 4j|\11 =0. (37)
d? dy?

At the higher frequencies, the second term in the square brackets, being a second derivative
of a slowly varying function, may be neglected in comparison with the first one (i.e. @?%).
Hence, the displacement ¥(x), which asymptotically satisfies the boundary condition at the
freeend x = L, F;, = 0 in eqn (24), is given by

Vix.w) = B(EAY ' cosw[v(L)—r(x)]. (38)
where B is still to be determined from the boundary conditions (25) and (26).

Equation (38) is not the final solution, however, because the complex Young’s modulus
E and the new variable y depend on the deformation amplitude @ and the latter is to be
found through the displacement V. Therefore, at the most. eqn (38) may be considered as
the equation which determines a. Obtaining a” asymptotically from eqn (38) yields
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1 . L .
a’(x) = Zw3|B3\<E{a(,\‘)}A>’ M ()] exp [Zu)lm ( M(w)' *{E{a(x))}A4> '* dx|:|.

o

(39)

This equation is an integral equation, since the complex Young modulus is a functional of
a, E = F{a(x)}, (18). Taking the logarithmic derivative from a° yields

a _ In ,‘)QM,S(U)i (40)
=Y m\/ CElal A>T

In deriving eqn (40) we neglect terms of the form °, xx  etc. as asymptotically small. It
obviously follows from eqn (34) that x{w) does not depend on the deformation amplitude
a. Taking into account the explicit expression for y(a) given in eqn (19), the following
integrodifferential equation is obtained

ran\ra 7 [KEAD
4 )a 9=

g,_ 8 i . - W i 1 M q :R
P g[h(w)+x(a)] ==y h(w)+§Jﬂ ny L—n (

where g is the group velocity.
We borrow the distribution function R(4) from the theory of internal material damping,
ie. R(h) = BRI~ (H > 0.8 > 0) (Palmov (1976)). Evaluation of the integral in eqn (41)
then renders
>. (42)

where B(:) 1s the Eulerian beta-function. Equation (41) may be rewritten as

Rizy (41
xa@) = ya's v =’%<Z> B(ﬁf ;

[SS RIS

a’ wK WY
-

(43)
a g 9

The solution of eqn (43) is given by

; X 1
a(x) = [(a(O)"+ Y) exp (lﬂ .\‘>~ l//:l . (44)
K g K

An analysis of a(x) makes it possible to determine the basic tendencies of wave
propagation in complex structures. For large values of x we can neglect the last term in
eqn (44), to obtain

Lg e -1 B e
a(x) = [(a(O)) By "q exp (~ ﬂ.\‘) = a(O){l + x‘[a@} exp <‘ ﬂx) (45)
K 9 K g

If the loss of mechanical energy from plastic deformations is negligible in comparison with
the resonance absorption (y(a) < x[a(0)] « k) then

a(x) = a(0) exp(—wrXx;g). (46)

[t is clear from eqn (46). that the absorption of energy is determined by the value of k(w).
The latter is given through the function of the eigenfrequency distribution ®(w), cf. eqn
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(34). Hence, the internal degrees of freedom of each substructure correspond to a set of
dynamic absorbers with respect to the carrier structure, thus providing considerable spatial
absorption of the energy of propagating waves in the whole high-frequency domain.

If the condition ¥ « x does not hold, i.e. if material damping, frictional and plastic
effects are considerable, the structure demonstrates evident nonlinear properties. For exam-
ple, for any amplitude of the external force the following inequality holds

KA VB
a(y) < {w[exp (ﬁ“h'\ )\ l]] =u,(x). 47n
K g ) |

The latter formula indicates an upper limit of the deformation amplitude at any point of
the structure, even if the power of the external source of excitation is unbounded (Belyaev
and Ziegler (1991). Hence. this level does not depend on the power of the source, but is a
function of the spatial distance from the source and the mechanical characteristics of the
structure. This implies that for any complex structure we can plot a universal curve which
is a majorant of the curves of the amplitude of the actual deformation. The existence of
such an upper himit of the field of deformation means that the structure can conduct only a
limited amount of vibrational energy. This phenomenon of vibration saturation in complex
structures can be explained only by means of nonlinear analysis.

For a numerical example we choose the following parameters: o = 2n+500 s,
g=2"10° ms~'. x = 0.2 The vield strength # is assumed to be uniformly distributed
(# = 1). hence it follows from eqn (42) that y = Y. We take ¢ = 5, corresponding to the
energy loss parameter y = 0.05 when the deformation amplitude is ¢ = 0.01. The actual
deformation a(x), eqn (44) and the majorant g,,(x), eqn (47), are presented in Fig. 3.

From Fig. 3 one can see that the majorant gives a rather rough estimate in the
neighbourhood of the excitation. This is not surprising since the majorant is an upper
bound for the deformation field. even for an arbitrarily large excitation. Further along the
structure (say. for x > 5 m) the majorant is rather close to the actual field of deformation.
This result implies that the amplitude of the external force cannot be determined by
measurements from the far field of vibration. Indeed. the deformation curves and the

a o.2¢
0.151
0-11. majorant am(x)
N
.
\.\
AN
\\
“
0.05%. Ny
‘\_\ .
~.
L
—
.
—— T
00 2 4 6 8 10

Fig. 3. Field of actual deformation and its majorant.



Dynamic instability ot components 2209

majorant are very close, however the majorant does not depend on the intensity of the
excitation at all.

6. AN EXAMPLE: VIBRATION TESTING OF AN EXTENDED COMPLEX STRUCTURE AT
HIGH FREQUENCIES

Parts 6 and 7 address the full-scale vibration testing of a spacecraft which is driven by
an electrodynamic shaker. By means of this example of a practical application of the
approach we intend to highlight the effect of a large vibrating structure on the stability of
the moving coil of an electrodynamic shaker. In this particular example the shaker’s coil
plays the role of the element which becomes unstable while the spacecraft represents a
typical complex structure.

High-power equipment and particularly powerful vibration exciters are required for
many purposes (Ibrahim (1991)). In some cases the response of the test component is
significant and it has a backward effect on the shaker armature. This backward effect can
be avoided by using a shaker whose output is sufficiently strong that it is not significantly
affected by the test component response.

The simulation of a vibration environment for aerospace structures and their com-
ponents represents an important situation in which such shakers are required. A failure in
the vibration testing of a large spacecraft was discussed by Belyaev (1994) and is briefly
reviewed here. It is a generally accepted practice to incorporate into the design of spacecraft
special explosive devices (e.g. explosive bolts) that function as a release mechanism to
separate two subassemblies of the spacecraft (Bucciarelli and Askinazi (1973)). Mounted
directly on the structure. a pyrotechnic generates a considerable dynamic environment
which can affect sensitive equipment carried aboard the spacecraft, especially in the neigh-
bourhood of the pyrotechnic. In the full-scale testing of a spacecraft. a powerful elec-
trodynamic shaker failed to produce the same vibration level that was caused by the firing
of a small explosive bolt. As explained in Part 5 of the present study, any complex structure
can conduct only a limited amount of vibrational energy, and the vibration field has an
upper limit ,,(v). Therefore, the simulation may fail if the shaker is mounted rather far
from a test component and the desired level of vibration is higher than the majorant «,,(x).
An excessive Increasing of the shaker’s driving force does not result in a proportional
increase of the vibration amplitude in the structure. but it does result in a widening of the
plastic zone. Also, an unbounded increase of the driving force can result in dynamic
buckling of the shaker coil and consequently in its damage.

The two main components of the electrodynamic shaker are a stationary magnet and
a moving coil as depicted in Fig. 4. The moving coil is in fact a spiral coil whose turns are
glued and fastened by a few brace rods, hence it can be modelled by a circular cylindrical

stationary
magnet

radial gap

moving coil
Fig. 4. Schematic of elestrodynamic shaker.
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shell. For certain relations between the shell parameters and the excitation frequency, the
membrane state is known to be dynamically unstable (Bolotin (1964)). The deflections of
the middle surface from the initial membrane state are referred to as v and w. The cir-
cumferential displacement vanishes because of the axial symmetry of the problem. If we
neglect the influence of the bending vibration on the axial one, then the longitudinal
vibration of the shaker is governed by eqn (7). i.e.

[
hNg

Cu

O<é<licw —pii+fecoswr=0; =, u= (48)

ct

I
AT

Here ¢ = 2nRAE is the axial rigidity, £ is Young’s modulus, p is the mass density, R and A
are the radius and the thickness of the shell respectively. u = 2nRhp is the mass density per
length unit and f'coswr is a harmonic axial force per length unit created by the shaker’s
coil. The coil end & = 0 is free (F, = 0). hence

=0: u=0. (49)

o

Balancing the axial displacements and the axial coupling forces of the shaker and the tested
structure gives

u(l) = V(0): cu'(l) = CEQ)AYV'(0) = F.. (50)

The solution of the differential eqn (48) that satisfies the boundary condition (49) is
given by

. / ¢
u(é,w)= — —+Hcos—.
M s

(1)

where s = (E/p)'? is the velocity of sound. The unknown coefficients B in eqn (38), and H,
above, are obtained from the condition of the coupling of the coil and the complex structure,
eqn (50). yielding

P , . wl
—fCEOYAY! * sin .
B= SO M o))l (52)
per” cos [wy(L)) {sinuj +2 ( ! - an [w)( cos%}
= fanfor(L)] S (53)
” {tan [wr()] cosfg] + - gin wj}
H - s S<E(0)A>12M13 5

The following estimation is asymptotically valid

’ . _ lexp ioy(L)] — exp [ —iwv(L)] .
tan foy(L)] = i exp [iwv(L)] + exp [ —iwy(L)] : (>4)

for extended complex structures at high frequencies ( — Imwy(L) > 1). This helps to simplify
eqns (52) and (53) and to obtain the following expressions for u and V
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.l
f CEoyay' My cos w[y(L) —y(x)]

Vix.w) = — : : :
Ce.0) pw? (E)AY Y wl isCE0)AY *M'Y wl cos[wy(L)]
sm? R —— —CO

¢

(55)
w
/. COST
ué.w)=——| -1+ , (56)
/1(1)2 { UJ/ i . (l)l}
Cos— + T o, sin—
s SCEO)AY MY s

7. REGIONS OF DYNAMICAL STABILITY OF A MOVING COIL OF AN
ELECTRODYNAMIC SHAKER

When studying dynamic stability it is customary to analyse the equation in variations
(Bolotin (1964)). In our case the equation in variations for flexural vibration of a circular
cylindrical shell (Timoshenko and Woinowsky-Krieger (1959) and Bolotin (1964)), is given
by

2

v Eh N 12v - 1/ N | n ph 0 ¢ (57)
e wo ——u | = —Ww=0; =,
DR*  mR  D\2nR D <

where v 1s Poisson’s ratio. D is the flexural rigidity and N = cu’ is the axial elastic force.
Substituting the axial displacement

N

u(é, 1) = u(é, w)explior) = [— !f +Hcosw€:| expliwt) (58)
Hw s

into the equation of bending vibration of the coil, eqn (57). yields

. ph
explioon) + = 0. (59)

H,[\r +

Eh 12ven | wé (oot wswH/{ | wé |
w—H sin - — - = —
on 2 R s exp{icwt) b sin S "

Equation (59) has the same form as the equation describing beam buckling under
parametric excitation. Each elemental strip of the shell acts like a beam on an elastic
Winkler foundation, the role of this foundation being played by the circumferential forces.
Now we formulate the boundary conditions for eqn (59). The end ¢ = 0 is free, i.¢.

=0: w=0nw"=0. (60)

Tt

The coil’'send & = /is usually attached to the armature which is in fact a very nigid structural
member, hence one can write

=01 w=0w =0 (61)

The Galerkin method is used to solve the boundary problem, eqns (59)—(61). The
Galerkin procedure usually demands a large number of terms. However, for the stability
analysis the series may be truncated to a single term if the fundamental function ¢(¢&) is
chosen properly, i.e. ¢(&) is the form of the dynamic buckling shape. Therefore, the solution
is sought in the following form
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! !

w(l De(Q) d: J P () d¢ =1, (62)

0

w(C, ) = @(&)q(t), q(t) = j

0

where the fundamental function ¢(¢) must satisfy the boundary conditions (60) and (61).
In order to obtain the equation for the generalised coordinate g(r) we multiply eqn
(59) by ¢(&) and integrate along the length of the shell. The result is

D[ Eh  pswHexp(iot) [ . @
. adl d _ ’ \f ’ d —
q+phU0<p @ 6+DR2 57RD Josmyele <la

12vDHo explicor) [ :
_ 12vDHoexplion [ osin=de. (63)
R sp $

0

Equation (63) can be rewritten in a form analogous to the Mathieu equation

T 2r 120PwD|H| ! w¢
q’+Q‘|i1 — —fexp(iwt+oc)}q = Qexplivt+2), Q= — —li—-lj gosmwigdé,
Je spRHW’ 0 )

(64)

where o = arg H. The natural frequency of the bending vibration of the axially loaded shell
Q and the critical load per unit length /. are given by

Dl [ Eh
Q== Yode+ } 65)
phUo(p ¢ DR? (
2[ ) / ?y Cwl
drwphRe? | %5 TN B0 4>y s )
< 5 o ol '
(@) sin—d¢
0 S

where the denominator in eqn (66) has been simplified by means of integration by parts.
An approximate solution of eqn (64) is sought in the following form (Bolotin {(1964)
and Roseau (1987))

q(t) = p, sin(wt+a) +p, sin({wt +2]/2) + q¢ + ¢, cos{[wt+2]/2) + ¢, cos(wr + ).
67)

Substituting eqn (67) into eqn (64) and equating the coefficients of identical exponential
functions gives the amplitudes of the driven vibration of the coil

)
fe
p:=0; 40=—wz‘——fz'§ 4, = o Q & (68)
—7+Q‘(1—2j—3> —T+Q'<l—23>

and the equation of the boundaries of the regions of dynamical instability of the coil
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w=2Q\/11L%. (69)

Equation (69) is known to be the first approximation to the boundaries of the principal
region of instability (Bolotin (1964) and Roseau (1987)), so formally the stability bound-
aries coincide with the customary boundaries of the Mathieu equation. The principal
difference is that the critical load /. depends on the excitation frequency w and the complex
Young modulus £, cf. (66). The latter however is a function of w and the amplitude of
deformation a(0) which in turn depends on the excitation force /. Thus one should expect
a stability chart that differs from the customary one.

Specifying the fundamental function ¢ (&) allows us to obtain the values of the eigen-
frequency Q and the critical load /.. Equations (65) and (66) yield the exact values of the
eigenfrequency Q and the critical load f, if the chosen fundamental function ¢(£) is of the
same form as that of the free vibration and static buckling. The normal modes and the
buckling forms are known to coincide only for free supported shells (the Navier boundary
conditions). Since the coil is modelled by a cantilever shell which does not satisfy these
conditions, one is facing a choice. If ¢(¢) is chosen as a normal mode, then the Galerkin
method (62) gives the exact value of Q and an approximate value of f_. If the buckling form
1s taken, the exact critical force and an approximate eigenfrequency will be obtained. As
shown by Bolotin (1964), for the first three regions of instability of a cantilever beam, the
difference between the forms of free vibration and static buckling is so small that the
discrepancies both in eigenfrequency and the Euler critical force do not exceed 1%.

Let us specify the fundamental function (&) as the first normal mode of the axi-
symmetric bending vibrations of the circular cylindrical shell, i.e.

&) = % [cosh&?i) — cos 'U;:) ~0<sinh y(l/-c’f) — sin ﬂl—é))} (70)

/ /
Y

where 7 = 1.875 and 8 = 0.734. Substituting eqn (70) into eqns (65) and (66) one obtains

the first eigenfrequency
. D[ /' Eh
Q== )+ — | (71)
ph|\!] = DR?

In order to compute the regions of instability one needs a(0). Substituting B, eqns (52)
and (54), into eqn (39) and setting x = 0 one has

sin of
(0) = I : T (72)
uswlEAY(L+yx") { wl i(ep)' * . w/}
Cos— + ; " sin—
SO KEAY Qo A+l —ik) S

In fact, eqn (72) is an equation for a(0), since y is a function of a, e.g. ¥ = Ya as in the
numerical example in Part 5. Under the assumption ¥ = ya eqn (72) can be rewritten as

ol
a0y = of sin g
T s EAY(1 +yra(0)?) { wl i(cp)' > , wl}
COS— + ———— - ; - —Ssin—
S CEAY G (L4 a0 (1 —ix) S

(73)
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This equation for a(0) can be solved only numerically. The following parameters of the
shaker’s moving coil and the complex structure (e.g. the example in Part 5) are taken for
the numerical work: R=7/=05m, h=10""m. s=5-10m s~ ', p=78-10" kg m*,
) =10"kgm™", (EA> =10° N, g =2-10"m s~ ',y = 5 and k = 0.2. We substitute the
obtained value of a(0) into eqn (66) to determine the critical force f.. The latter is substituted
into eqn (69) to obtain the boundaries of the principal region of dynamical instability.
Figure 5 shows these regions for the moving coil alone and for the moving coil attached to
the complex structure. As seen from Fig. 5, the influence of the complex structure on the
principal region of dynamical instability is considerable. It is easy to establish the condition
under which one can ignore the backward effect of the tested structure’s vibration on the
coil’s stability chart. Provided that the mechanical impedance of the coil is much smaller
than that of the complex structure, i.e. \/T,u « / (EAY{u), the principal region of dynami-
cal instability, eqns (69), (65) and (66). becomes the conventional one of the Mathieu
equation. A similar analysis of the stability chart of a shaker coil which excites a small test
component (not a complex structure) was performed by Belyaev and Irschik (1995).

It is also instructive to plot the principal region of instability in the plane of coordinates
®/2Q and a(0), Fig. 6. This figure shows that attempts to simulate considerable deformations
are doomed to failure and will result in the dynamic buckling of the shaker’s coil. The latter
conclusion, together with the existence of the upper limit of the vibration amplitude field,
allows us to explain the vibration testing failure described in Part 6.

In connection with the example considered, the following question arises: how large
are the deformation amplitudes in a complex structure if one of its structural members
becomes unstable? The present analysis dealt only with the boundaries of the instability
region and cannot help at all in this regard. Nonlinear stability analysis is required to
estimate the vibration in the complex structure when one of the structural members experi-
ences instability. Nevertheless, some estimation can be performed. The upper bound of the
amplitude field a,,(x), Part 5, corresponds to the case of infinitely large force of excitation.
This is exactly the case where, in the framework of the linear stability analysis, a thin-
walled component experiences instability. Therefore, a,,(x) represents the vibration field in
the complex structure if the linear stability analysis could be applied at large deformations.

(0

282

- 7 7
/

/
7 //
e / " unstable,
< . 7 coil attached to structure ’

0.61
0.471
0.2
GC 8.2 0.4 0.6 0.8 1 f
u

Fig. S. Stability chart of the shaker’s coil.
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Fig. 6. Stability chart of the shaker’s coil.

Since, strictly speaking, any structural member at large deformations demonstrates its
nonlinear properties, the buckling amplitude is bounded, and «,,(x) should be considered
the upper bound of the vibration field in the complex structure, even when one structural
member becomes unstable.

8. CONCLUSIONS

The dynamical instability of components in complex structures was addressed. Because
of the great computational difficulties stemming from the pedantic descriptions of all details
and peculiarities of actual structures, another strategy was chosen. A potentially unstable
component was described precisely whereas the remainder of the complex structure was
described by means of an integral method. The approach was applied to determine the
vibration field in the complex structure and the vibrations of an individual structural
member.

The present study was in fact limited by obtaining the vibration of the primary
structure. An account of the internal degrees of freedom was made by means of a generalised
mass of the complex structure. The secondary structures prove to act as the dynamic
absorbers for the primary structure, providing resonant absorption of vibrational energy.
A second source of the considerable energy dissipation is the material damping and dry
damping between structural members during their relative motion. The nonlinear nature
of these types of dissipation causes various nonlinear phenomena. The yield strength
distribution function chosen in the present investigation allows us to describe the effect of
vibration saturation in complex structures. Another interesting nonlinear effect has been
reported by Belyaev er al. (1996). For another distribution function, a maximum distance
in which a disturbance propagates has been revealed. If this maximum distance is exceeded,
wave motion in the structure is completely arrested.

As an example of the application of the present approach, the vibration testing of an
extended structure was considered. Similar to any thin-walled axially loaded element, a
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moving coil of an electrodynamic shaker can be dynamically unstable. The backward effects
of a large vibrating structure on the regions of dynamical instability of the coil turn out to
be considerable. and it increases the instability region considerably. Although not addressed
here, a study of stochastic stability of structural members in actual structures can also be
developed based on this concept.

Acknowledgements—The research was financially supported by the Austrian Scientific Research Promotion Fund
(FWF) under the contract P09533-TEC. Helpful suggestions and remarks of Professor Steven W. Shaw are
sincerely appreciated.

REFERENCES

Belyaev, A. K. (1990). On the application of the locality principle in structural dynamics. Acta Mechanica 83,
213-222.

Belyaev, A. K. (1991). Vibrational state of complex mechanical structures under broad-band excitation. Inzer-
national Journal of Solids and Structures 27, 811-823.

Belyaev, A. K. (1993). High-frequency vibration of extended complex structures. International Journal of Proba-
bilistic Engineering Mechanics 8, 15--24.

Belyaev, A. K. (1994). Nonlinear high-frequency vibration of complex engineering structures. In Nonlinearity and
Chaos in Enginecring Dynamics (Edited by J. M. T. Thompson and S. R. Bishop). Wiley. New York. pp. 285—
204.

Belyaev. A. K. {1996). High frequency dynamics : the missing link in the evolution of dynamics. Journal of Sound
Vibration (submitted).

Belyaev. A. K. and Irschik. H. (1995). Zur kinetischen Instabilitit von elektrodynamischen Schwingungserregern.
Zeitschrift fir Angewandte Mathematik und Mechanik 75(S1). 79-80.

Belyaev. A. K.. Irschik, H. and Ziegler. F. (1996). Nonlinear wave propagation in complex structures modelled
by random media with self-stresses. Proc. IUTAM-Svmp. on Advances in Nonlinear Stachastic Mechanics (Edited
by A. Naess and S. Krenk). Kluwer, Dordrecht, pp. 29-38.

Belyaev. A. K. and Palmov. V. A. {1984). Locality principle in structural dynamics. In Proc. 2nd Int. Conf. on
Recent Advances in Structural Dynamics (Edited by M. Petvt and H. F. Wolfe). University of Southampton,
England. Vol. 1. pp. 229-238.

Belyaev. A. K. and Palmov. V. A. (1986). Integral theories of random vibration of complex structures. In Random
Vibration—Status and Recent Developments (Edited by 1. Elishakoff and R. H. Lyon). Elsevier. Amsterdam,
pp. 19-38.

Belyaev, A. K. and Ziegler. F. (1991). Traffic-noise-excited uniaxial waves in complex structures. In Trends in
Application of Mathematics to Mechanics (Edited by W. Schneider. H. Troger and F. Ziegler). ISIMM Series.
Longman Scientific and Technical. UK. pp. 108 117.

Bolotin, V. V. (1964). The Dynamic Stability of Elastic Svsiems. Holden-Day, San-Francisco.

Bolotin, V. V. (1984). Random Vibrations of Elastic Systems. Nijhoff. The Hague.

Brunner, W. and Irschik. H. (1994). An efficient algorithm for elasto-viscoplastic vibrations of multi-layered
composite beams using second-order theory. Nonlinear Dynamics 6, 37--48.

Bucciarelli. L. L. and Askinazi. J. (1973). ASME Journul of Applied Mechanics 40, 429 432. Pyrotechnic shock
synthesis using nonstationary broad band noise.

Cha, P. D. and Pierre, C. (1991). Vibration localization by disorder in assemblies of monocoupled, multimode
component systems. ASME Journal of Applied Mechanics 58, 1072-1081.

Cornwell, P. J. and Bendiksen. O. O. (1989). Localization of vibration in large space reflectors. A14A4 Journal 27,
219-226.

Fahy F. J. (1994). Statistical energy analysis: a critical overview. Philosophical Transactions of the Royval Society
London A 346, 431-447,

Fotiu. P., Irschik. H. and Ziegler. F. (1991). Material science and numerical aspects in the dynamics of damaging
structures. In Structural Dynamics-- Recent Advances (Edited by G. L. Schuéller). Springer. Berlin, pp. 235-255.

Hale. A. L. and Meirovitch. L. (1980). A general substructure synthesis method for the dynamic simulation of
complex structures. J. Sound Vibr. 69, 309--326.

Heading. J. (1962). An Introduction to Phase-Integral Methods. Wiley. New York.

Hodges. C. H. and Woodhouse, J. (1986). Theoreis ol noise and vibration transmission in complex structures.
Reports on Progressive Physics 49, 107-170.

Ibrahim, R. A. (1987). Structural dynamics with parameter uncertainties. Applied Mechanics Review 40, 309-328.

Ibrahim, R. A. (1991). Nonlinear random vibration : experimental results. Applied Mechanics Review 44, 423
446.

Ishlinsky. A. Yu. (1944). Some applications of statistics for describing of body deformation’s laws (in Russian).
Reports of the USSR Academy of Science, Division of Technical Sciences 34. pp. 345-350.

Iwan. W. D. (1966). A distributed-element model for hysteresis and its steady-state dynamic response. ASME
Journal of Applied Mechanics 88, 893--900.

Leung. A. Y. T. (1993). Dynamic Stiffness and Substructures. Springer, London.

Li. D. and Benarova. H. (1992). Dynamics of periodic and near-periodic structures. Applied Mechanics Review
45, 447-459.

Lust. S. D.. Friedmann, P. P. and Bendiksen. O. O. (1993). Mode localization in multispan beams. 4144 Journal
31, 348-355.

Meirovitch, L. (1980). Compuiational Methods in Structural Dynamics. Sijthoff-Noordhoff, Amsterdam.

Mindlin. R. D. and Goodman, L. E. {1950). Beam vibration with time-dependent boundary conditions. ASME
Journal of Applied Mechanics 17, 377-380.



Dynamic instability of components 2217

Palmov. V. A. (1976). Vibrations of Elastic -Plastic Bodies. Nauka, Moscow (in Russian).

Palmov. V. A (1979). Integral methods for the analysis of vibration of complex structures. Advances in Mechanics
2, 3-24 (in Russian).

Pierre. C. (1990). Weak and strong vibration localization in disordered structures: a statistical investigation.
Journal of Sound Vibration 139, 111 132.

Pierre, C. and Dowell, E. H. (1989). Strong mode localization in nearly periodic disordered structures. 4744
Journal 27, 227-241.

Roseau. M. (1987). Vibrations in Mechanical Systems. Springer. Berlin.

Timoshenko. S. P. and Woinowksy-Krieger. S. (1959). Theory of Plates and Shells. McGraw-Hill. New York.

Xie. W.-C. and Ariaratnam, S. T. (1994). Numerical computation of wave localization in large disordered beam-
like lattice trusses. AIAA Journal 32, 1724-1732.

Ziegler. F. (1987). Random vibrations : a spectral method for linear and nonlinear structures. International Journal
of Probabilistic Engineering Mechanics 2, 92-99.

Ziegler, F. (1995). Mechanics of Solids and Fluids, 2nd edn. Springer. New York.

Ziegler, F. and Irschik. H. (1985). Dynamic analysis of elastic-plastic beams by means of thermoelastic solutions.
International Journal of Solids and Structures 21, 819-829.



