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A set of governing equations for dynamic transverse motions of a cable with small sag is
firstly obtained where effects of finite motions of the cable and small support motions are
included. Cable motions are separated into two parts; quasi-static motions and modal
motions. The quasi-static motions are the displacements of the cable which moves as an
elastic tendon due to the support movements. The modal motions are expressed as a
combination of the linear undamped modes of a cable with fixed ends. By Lagrange’s
equations of motion, the governing equations of the non-linear cable motions are obtained,
where quadratic as well as cubic non-linear couplings appear. The cable model developed
is next applied to a cable—structure system. A global/local mode approach is employed; the
total motions are expressed in terms of global and local motions. The local motions are the
modal motions of the cable, while the global motions are 3-D motions of the structure which
include quasi-static motions of the cables only. The global are expressed as a combination
of the eigenmodes computed by 3-D FEM in which cables are treated as tendons. By
using Lagrange’s formulation, algebraic governing equations are finally obtained in which
global-local interaction appears as linear and quadratic couplings. The model for the system
is modified to include the actuator motions at the cable supports; the actuator motions are
in the cable axis direction. The study shows many possibilities for the control of global and/or
local modes.

© 1995 Academic Press Limited

1. INTRODUCTION

Cables are very efficient structural members and hence have been widely used in many
long-span structures, including cable-supported bridges, guyed towers and cable-supported
roofs. Since cables are light, very flexible and lightly damped, structures utilizing cables,
i.e., cable-structure systems, usually have various dynamic problems. Their modelling is
therefore very important in predicting and controlling their response.

In common dynamic analysis practice, cable—structure systems are modelled by a 3D-finite
element model in which the cables are usually simplified to equivalent tendon elements, and
thus global vibration is obtained. Local vibration of the cable on the other hand, is obtained
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as vibration of a cable with fixed anchorages. Global and local vibrations are schematically
shown in Figure 1, where a cable-stayed bridge is used as an example. The separate treatment
of local and global vibrations ignores the interaction between them. Recent investigations
by Maeda et al. [1], Kovacs [2], Abdel-Ghaffar and Khalifa [3] and Fujino et al. [4], however,
show that interaction between local and global vibrations is significant; it appears as internal
resonance, for example global motion can excite cable local motion resonantly, and vice
versa.

Recently, Fujino et al. [4] conducted a dynamic experiment using a small cable-stayed
beam model. They clearly showed the importance of the interaction of local/global motions;
linear internal resonance as well as non-linear auto-parametric resonance. They proposed
a global/local mode approach, which was used for the response prediction. It was found that
the analytical model based on the global/local modes can explain the response characteristics
qualitatively as well as quantitatively.

This study is a generalization of the model presented in reference [4] and presents a
dynamic model for the global/local mode approach for cable-stayed bridges and some other
types of cable—structure system. Firstly, the equation of motion for a cable with small sag
is analytically derived, where small support motions as well as geometrical non-linearities
are included. This is used for local cable vibration. Information on global modes are assumed
to be available from conventional 3D-FEM analysis in which cables are treated as elastic
tendons. Based on a Lagrange formulation, overall vibrations of the cable—structure system
are expressed as generalized co-ordinates of the local cable modes and the global modes.

A 3D-FEM model for a cable—structure system can include the motion of cables by
allocating degrees of freedom to each cable. However, the number of cables in a structure
is often large and hence the numerical burden increases to an intolerable level even for highly
developed digital computers. Although this local/global mode approach is approximate in
a strict sense, there are many advantages: e.g., it needs a fewer number of degrees of freedom
and the number of cables and number of local/global modes can be selected in the
formulation; the formulation can easily accommodate cable non-linearities; since all
coefficients of the present cable equations are explicit, physical linear/non-linear relations
between local cable motions and global motions can be clearly seen.
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Figure 1. Schematic drawings of (a) global vibration and (b) local vibration, for a cable-stayed bridge.
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Figure 2. A cable-structure system with internal actuators.

The model is further extended to include the effects of the axial motion of internal
actuators installed at cable anchorages (see Figure 2). These actuators are employed in an
active control scheme by altering cable tension. This model enables one to make a systematic
study on various control schemes for a cable—structure system.

2. CABLE WITH MOVING ANCHORAGES

In this section, motion of a single cable is investigated where the effects of global vibration
are taken into account as motions at cable supports: i.e., anchorages. The following
derivation is based on a uniform metallic cable which is the type normally used in engineering
structures. The cable is highly stressed so that its weight to tension ratio is small. Its
mass is uniformly distributed with density p. Axial stress is uniformly distributed over the
cross-sectional area, A.

2.1. STATIC CONFIGURATION

In general, strain in a metallic cable is small because its modulus of elasticity is large. Thus,
the static configuration of the cable can be assumed to be parabolic in the gravity plane [5].
For the co-ordinate system shown in Figure 3, it can be expressed as

WO =L (L2 /o) [(x/L)—(x/LY]  and  u9=u0=0, (1,2)

where u, v and w are axial, out-of-plane transverse and in-plane transverse displacements
of the cable respectively; superscript (s) denotes the quantities referred to the static
equilibrium state; L is the cable’s chord length; x is the position measured along the cable’s
span; o is the static tensile stress; and y is the component of distributed weight perpendicular
to the chord line, which can be expressed as

7=pg cos b, (3)

where g is the gravity constant (9-81 m/s*) and 6 is the angle of inclination measured from
the horizontal line in the gravity plane.
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2.2. PARTIAL DIFFERENTIAL EQUATIONS OF MOTION

The partial differential equations of cable motion are expressed in terms of static stress
¥, dynamic stress ¢, dynamical cable motions u, v and w, and external distributed forces
X, Y and Z in the x, y and z directions, respectively [5].

For 0<x<L,

0 ) u _ Qu 0 ) v _ 0

i {(a +0) 0x—|—0}+X—p o o (694 0a) i +Y=p e 4,5)
) Y .
ox {(" o) ot ox }J“Z_p T ©)

At supports a and b, the motions are induced from the global vibration and can be
expressed as

u(x=0, 1) =u,(t), v(0, 1) =wv,.(7), w(0, 1) =w.(1), @
u(x=L, t)=u,(t), v(L, t)=v,(1), w(L, t)=w,(1). 8)

They are assumed to be small: i.e.,
Uyy Uy Way Uy, Up, Wy << L. )

Assume that stress in the cable is in its linear elastic range. Then the dynamic stress is
expressed as a linear function of dynamic strain, ¢,

a(x, t)=FEe(x, 1), (10)

Figure 3. A cable with moving anchorages: co-ordinates and motions.
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where the constant F is the cable modulus of elasticity. The non-linear strain—displacement
relation is employed here due to the finite motion of the cable:

_u owOaw (ou , (ov),  (awY
e(x’t)_ﬁx—’_ Ox 6x+2<6x> t2 Ox t2 ox |’ an

Equations (4)—(11) completely describe the cable motions. However, further
approximation is needed to obtain a reasonably simple model. It is known that the dynamic
behaviour of a tightly stressed cable is close to that of a string. Thus, the fundamental
transverse frequency is smaller than the fundamental frequency of the axial mode at least
by one order of magnitude: i.e., in the quasi-static range of the axial mode [6]. Therefore
the axial inertia force in equation (4) is very small and can be omitted. The axial distributed
force X is assumed to be zero. From these assumptions and knowing that the axial strain
is small, equation (4) can be simplified as

00 /0x=0: (12)

i.e., the dynamic stress is constant over the span and consequently the dynamic strain is
constant according to equation (10). Finally, a simplified set of governing equations for this
study is obtained: equations (5)—(12).

2.3. QUASI-STATIC AND MODAL CABLE MOTIONS

The total time-dependent displacements are separated into two parts, quasi-static motions
(denoted by superscript (¢)) and modal motions (denoted by superscript (im)): i.¢.,

u(x, t)=u?(x, t)+u"(x, t), v(x, )=v9(x, t)+v"(x, 1), (13, 14)
w(x, £)=w(x, t)+w"(x, t). (15)

The quasi-static motions are the displacements of a cable which moves as an elastic tendon
due to support movements, while the modal motions are expressed as a combination of
modes of a cable with fixed ends.

2.3.1. Quasi-static motions due to support movements

By definition, quasi-static motions satisfy the time-dependent boundaries statistically.
They are small and hence the linearized homogeneous form of equations (5), (6) and (12)
are employed. The governing equations can be written as

0690x=0, oV PWW[ox =0,  ¢© PWOx+0? w0 [ox>=0,  (16-18)

where the quasi-static stress, ¢, can be obtained from equation (10) and the linearized form
of equation (11):

U w® ow®
@ —
04—E< e e > (19)

The boundary conditions are as follows:
u(‘/)(o, t) = ua(t)’ D((I)(O’ t) = Ufl(t)a M)(q)(oa t) = Wya(t)’ (20)

u (L, t)=u,(1), v9O(L, t)=v,(¢), wO(L, t)=w, (). 2n
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The quasi-static motions can be analytically obtained from equations (16)—(21) as

= B ) <z>+’4§ [ [(}f)—2<z>z+é <Z>J
) <j;ﬁ> [(z) _ @ J 22)

yLE, xY
V9 =v,4+0s—v)X/L,  WP=w,+(Wp—W,) %—% : /szq “(up— ) [(i) - <Z> ],

(23, 24)
where
__ L , E (yLY
E=1mE and =5 <a<s)> : (25, 26)
The quasi-static stress can be obtained from equation (19) as
09=FE,(u,—u,)/L. 7)

The non-dimensionalized parameter /% first introduced by Irvine [5], accounts for
geometric and elastic effects. The effective axial modulus of the cable, E,, is affected by this
parameter.

It should be understood from equation (24) that the change of sag-profile is due to not
only vertical but also longitudinal support motions.

2.3.2. Modal motions
The axial modal motion is small and is thus neglected:

U™ (x, 1) <LW(x, 1), 0(x, 1). (28)

For transverse modal motions, the separation-of-variables method is employed as

v, )= G (@), WO, 1) =Y Pu(x)z, (1), (29, 30)

where out-of-plane and in-plane linear undamped mode shapes of a cable with fixed ends,
¢, and y,, are selected for the spatial functions. The temporal coefficients, y, and z,, can be
interpreted as generalized co-ordinates for out-of-plane and in-plane motions, respectively.
The linear undamped mode shapes of a cable with fixed ends can be obtained from the
linearized homogeneous forms of equations (5), (6) and (12): i.e.,
do™ 0 o™ g2 50 ézw(z”’) g Iw®  otw™

(s) — _
Fral A el U P o o P G133

where

ou™  ow® gw™
(m) —
¢ _E< Ox + Ox Ox >’ (34)
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with the following boundary conditions:
u™(0, 1)=v"(0, 1) =w™(0, t) =u" (L, t)=v"(L, t)=w" (L, t)=0. (35)

These equations are the same as those obtained by Irvine [5]. The normal mode shapes for
out-of-plane (n=1, 2, 3, . . .) and in-plane asymmetric modes (n=2,4, 6, .. .) are

¢n=,=sin (nnx/L), (36)

with the following orthogonality conditions:

- “de, dgn
£ ¢np,, dx=0, L ax dx dx=0 for n#m, (37a)
or
- dy, dy,
£ Y dx=0, j) dr dx dx=0 for n#m. (37b)

For in-plane symmetric modes (n=1, 3, 5, . ..), the normal mode shapes are
WY,=1—cos (B,x/L)—tan (B,/2) sin (B,x/L), (38)
where the variable, B,, has to be found from the following transcendental equation:
tan (B,/2) =(B./2)— (4/A*)(B./2). (39)

The orthogonality conditions in this case are

t Ldl//n dwm )bz t t _
L Y, dx=0, L dr dr dx+L3 0 W, dx 0 Y, dx |=0 for n#m.

(40a, b)

Detailed derivations of the normal mode shapes and their orthogonality conditions are given
in reference [7].

Up to this point, it has been established that equations (13)—(15) can be employed with
complementary equations (22)—(24), (28)—(30) and (36)—(40).

2.4. LAGRANGE’S EQUATIONS OF MOTION

In this section, a dynamic model is obtained in terms of the local generalized co-ordinates
(y. and z,). Lagrange formulation of the cable—structure model is employed for derivation.
Lagrange’s equations can be expressed as:

o (oT.\ ou. (", ov o (0T au. [*. ow
az<ay~”>+ayn—£ yAZ-dy, 01(@2',,>+82n_£ ZAG dx.  (41.42)

where the kinetic potential, T, is defined by

Lol e
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and the elastic potential, U,, is defined by

U=y Earetoon | | (2) 4 (20) 4 (2] |ax (44)
=2 20 | \ox ox 0x w

_ub_ua l B an,(x) 'aw 1 @ : 1 @ : 1 % ’ ’
()= L +LL {5)(3 6x+2<6x> A Ox R Ox dx. (44

The first term on the right side of equation (44) is the potential due to elastic elongation of
the cable while the second term is the potential due to static tensile stress [7, 8].

The time-varying strain is obtained by substituting the cable motions from equations
(13)—(15) into equation (11). As the time-varying strain has been taken to be spatially
uniform, equation (11) is then integrated along the cable axis with the boundary condition
from equations (7) and (8). With the conditions

2 2 2
Up— U, Up — Uy Wp— W, Up— U, (q) (5)
(o) (2 (P () i o s

the time-varying strain is finally obtained as

where

nom

_& Upy— U, V t ynym L%%
6_E< L )%(%%Z” A Vndx+ 2 151 | dx dx dx

ZnZm t dlpn dlﬁm
+Y Y 2L£ T o dx. 47)

no o m

This equation together with equations (13)—(15) are substituted into the expressions for U,
and T.. Then the orthogonality conditions (equations (37) and (40)) are first utilized in the
expressions of U, and T,. Next, all integrations are carried out by using the mode shapes
in equation (36), and i, (x) ~sin (nnx/L) for in-plane symmetric modes instead of equation
(38). The approximation for in-plane symmetric modes is reasonable because the cable sag
is small; more precisely, its non-dimensionalized parameter, A% is less than one. Finally, the
governing equations for the modal cable motions are obtained as follows:
For out-of-plane motion,

My (Fu 200,90+ 00, Va)+ Y O Vu (Vi+27) 4+ Y. 2Pk Vuzi
k

k

+ 217n (uh —Uq )yn + Cn (ﬁa + ( - 1),1+ lﬁh) = F\'n , (48)

For in-plane motion,

My (Z+ 28002020+ 02,2,) + Y, v za Vi +22) + Y, 2Pwzazi+ Y, P (Vi+27)
k k k

+2’1n(ub_ua)Zn+Cn(ﬂ>a+(_ 1)““\%)—OC,,(iig,—iia)ZF;,,, n= 1, 2, 3, o e
(49)
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Here

O 4722 ©) g 22
My, =m., =3 pAL, My 05, = 6124#, M.,k = 6124% (1+k,), (50a—)

4,272 2 vkt
ko= (223t (1 4+ (= 1)1, Z)nk:EATCI’lk ﬁ”k:EATE/n <1+( 1) )

8L 4Lo® k
(50d—f)
T TG NEE L
. L
Fo— J YA, dx, F_.FJ Z Ay, dx. (50, k)

In equations (48) and (49), proportional damping is assumed; the modal damping ratios &,,
and &, are introduced. The natural circular frequencies of the cable (w,, and w.,) can be
explicitly expressed as follows: for out-of-plane modes,

wu=(nn/L)\/a"p, (1)

for in-plane modes,

W =nm/Ly/(6]p)(1 +k,). (52)

The factor k, is the effect of sag and defined in equation (50d). For even n, k, is zero and
for odd n, k, is a positive value at most of the order of 1072

The governing equations also reveal many possible phenomena such as the following:
(a) internal non-linear couplings between the cable modes due to both quadratic and cubic
non-linear terms exist and consequently internal resonance can be potentially induced with
some frequency ratios:e.g.,1:1,1:3,1:2,2:1and3: 1[6]; (b) support motions affect cable
vibration in many ways; the axial support motion causes a variation of modal stiffness
which might induce dynamic instability [2]; transverse support motions generate forces
proportional to their accelerations; for in-plane symmetric modes, the axial support motion
also generates a force proportional to its acceleration.

Non-linear vibrations of cables have been studied by many researchers. The stability of
planar and non-planar undamped forced dynamic motions of a string was investigated by
Miles [9]. Only one dominant mode in each plane was considered in his formulation. Effects
of non-linearities on planar/non-planar dynamic motion of a sagged cable were investigated
by Hagedorn ez al. [10], Benedettini ez a/. [11] and Takahashi ez a/. [12, 13]. The normal
in-plane symmetric modes of the sagged cable which were used as spatial functions in their
formulations were numerically obtained and thus the coefficients in their equations are not
in explicit forms.

Although the present model is limited in use to rather small sag, e.g. 2*<1, all the
coefficients in the governing equations are analytically expressed and non-linear phenomena
can be studied with more physical insights. Moreover, the effects of support motions are
included so that dynamic couplings in cable—structure systems can be investigated in what
follows.
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Local Cartesian
co-ordinate of cable number j

Global Cartesian
co-ordinate

Y:Ve XU
~

Z,LU(G)

Figure 4. The local and global Cartesian co-ordinate systems.

3. NON-LINEAR MODEL OF CABLE-STRUCTURE SYSTEM

A non-linear model of cable—structure systems is proposed here by using the non-linear
cable model obtained. The global/local mode approach [4, 7] is employed; total motions can
be expressed as a sum of global and local motions. The global motions are 3-D motions of
the structure which include quasi-static motions of cables. They can be expressed in terms
of global generalized co-ordinates ¢, as

u(x,y,z,t) D/ (x,y,z)
v(x,y,z, )y =Y q.(1){P(x,y,2)} (53)
w(x,y,z,t) © r ' (x,y,z) o

where @}, @; and @, are x, y and z components of the rth global mode, respectively. Subscript
(G) means that the quantity is referred to the global Cartesian co-ordinates shown in Figure 4.
As stated, the global modes may be the eigenmodes computed by 3D-FEM where cables
are treated as tendons in the formulation. The effect of initial stresses should be included
in the 3D-FEM formulation.

The local motion is the motion of an individual cable that excludes the quasi-static
motion:

PRAGIAG!
v(x,t) )
{w(x, t)}(L., /)_ ' 9
EAGIAG)

0]

Subscript (L) means that the quantity is referred to the local Cartesian co-ordinates shown
in Figure 4 and subscript (j) refers to the jth cable. The finite local motions of cable are
considered likewise to the previous section.
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The motions at the cable supports, a and b, can be expressed in terms of the global
generalized co-ordinates g, as

Up
Up
W
u(L_ n= uh = Z dr(/’) qr' b} (55)
UL[
Wa ) )
where
D (X5, Vb, 2p)
T 0 D (Xb, Yo, 25)
d= [ 0 T } <) DY (xs, Vi, Zs) : (56)
"o D! (Xas Vas Za)
D (Xas Vas Za)

D (Xay Vas Zd) ) 6.5

A 3 x 3 transformation matrix T,, is employed to transform a vector in the global to the local
Cartesian co-ordinate. The matrix coefficients depend wholly on the angle between these two
co-ordinate systems.

With these relations, elastic and kinetic potential of the structure can be expressed in terms
of global and local generalized co-ordinates as

T=T,4.)+) Tep(Gr, Yus Zn), U=Uq.)+Y, Uy(Grs Vs 20), (57, 58)
j j

where subscripts s and ¢ denote the structure and the cable, respectively. Employing
Lagrange’s equations of motion yields the following governing equations. For the kth global

mode,
0 (T (AU ¢ @ (0Tq WU\ _ .
al<59k>+<6qk>+;az<aqk +; 2 =Fy; (59)

for the nth out-of-plane local mode of the jth cable,

o (oT\ [(oUN . |
% (0 y'n>m + (ayn ><,-> = s (60)

for the nth in-plane local mode of the jth cable,

0 (0T. oU.
6t<6z’> +<« > = F.y). (61)
"/ 0]

0z,

Here
u

P u (o
F‘I"’ = fj {p-\‘ > Pys D: }(G) ' % v ds= fj {p.\- s Pys P: }(G) : (I);\ dS, (62)
Flw 24

Sy (G) Sy (G)
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where p., p, and p. are the x, y and z components of the surface traction which is applied
on the surface of the structure and the cable, Ssc.

With the linearized finite displacement theory, the first two terms in equation (59) can be
expressed as linear functions of the global generalized co-ordinates ¢, :

oUs
8qk

d (oT)\ .
= ,Z karqr 5 E <aql\> _Z Ms/(rqr . (63, 64)

Here K, and My, are generalized global stiffness and mass, respectively.
The remaining two terms on the left side of equation (59) are associated with the cables.
By using the chain rule and equation (55), the terms can be rewritten as

0Uqy_ [0Up " foue, r . )0U
_ . =dr, - 65
0qx {6 ue. ) oqi O gy | (63)

O (0T _ [0 (0T \|" . fotuwn| _ v [0 (0T (66)
i\ 2q. )" Yo\ Bay, 2 (=% 3\ Gan, ) (°

These equations are in the same form as equation (62) and hence they can be referred to
as generalized forces: i.e., products of force and derivative of motion. From this fact, the
internal force induced by the cable, F, and Fr, can be defined as

oU,; 2
Fuep= U? =K)puwp+4) QUi+z) e (67)
U n 0
Fre ) Zﬁ L. SU (M)t )+ Z R.j,+S.Z); , (68)
5! 5 Uz, ) " o

where K., M., Q,, R, and S, are explicitly given in the Appendix.

These are, in fact, physical forces of cable number j, which act as concentrated forces on
the structure. The forces are defined in local Cartesian co-ordinates and consist of two parts.
The first terms in equations (67) and (68), respectively, are the elastic restoring force and
the inertia force, respectively. They are induced by the quasi-static motions of the cable: i.e.,
global effects. The second terms are the effects of the local vibration of the cable. In equation
(67), it can be seen that the local vibration generates non-linear forces due to finite motion
of the cable and, in equation (68), it generates linear inertia forces.

It can be seen that the matrices K, and M, obtained here are different from those of the
conventional tendon element. This depends on the magnitude of the cable static stress, i.e.
sag. The difference is appreciable for large sag as shown in the Appendix. Thus, the matrices
obtained are recommended for the calculation of the global modes.

Substituting equations (55), (67) and (68) into equations (65) and (66), the following
equations are obtained:

5 [<0)
%:z (ch,-)(»qr—’_{z Q}m()’f"‘z;zz } ) (69)

o)

T . . .
g M = Z (M(:kr )(j)Qr + Z (Rknyn + Sann) . (70)
ot ﬁq,\ B " 0
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Here the coefficients for mode j are
Kw=d[K.d,, My=d/Md,, 0u.=d[Q,, R,=d/R, and S,=d;S,.
(7Tla—e)

By substituting equations (63), (64), (69) and (70) into equation (59), the governing
equation of the kth global mode can be obtained. For the global modes that possess
orthogonal properties, it is

M [Ge+2E g+ oiq] + Z Z [Rindiu+ SkaZnly+ Z Z [Qu (i + 2] = Fuc. (72)

Joon J

In equation (72), proportional damping is assumed in the global modes; the modal damping
ratio is &. M, and w; are

Mk = Mykr + Z (Mckr)(/) s MkCU/% = K\'/\’r + Z (I(z'kr)(/) . (735 74)
J J

The governing equations for the local cable modes have already been derived in the
previous section: i.e., equations (48) and (49). However, they are expressed in local
co-ordinates. They can be transformed by using equations (55) and (71a)—(71e), and
expressed as follows: for the nth out-of-plane local mode of the jth cable,

My (Fu 4200090+ O3, V) + Y. O Vu (Vi +27)

k

= L'yn(j)5 (75)
+ Z 2ﬁnkynzn + Z 2Qm qr‘yn + Z Rm Q/‘ 0
k r r J
for the nth in-plane local mode of the jth cable,
m:, (Z“n + 25:7‘1&)2”277 + wfnzn) + Z UnicZn (yl% + Zl%)
k
= F.y. (76)

+ Z 2ﬁnanZk + Z ﬁkn (y/% + Z/%) + Z 2qu;»2n + z Sm q/
k k r r ()]

Equations (72), (75) and (76) are the complete non-linear dynamic model of the
cable-structure system. Global-local interaction appears as linear and quadratic couplings.
The topology of the coupling is present in Figure 5. The linear coupling will not exist if
principal generalized co-ordinates are employed in the formulation of the model instead of
the global and local ones. However, this requires tedious work in solving for the eigenmodes
of a large matrix.

The dynamic interaction becomes significant only when the coupling generates internal
resonance: i.e., when 1:1 and 2:1 frequency tunings are encountered in cases of linear and
quadratic couplings respectively. It is possible for linear and quadratic couplings to occur
simultaneously because the local modal frequencies are in harmonic ratios. Furthermore,
the global-local couplings may also be combined with local-local coupling.

By investigating the frequency ratios, the modes the frequencies of which are linearly and
non-linearly tuned can be identified and employed in equations (72), (75) and (76). Therefore
the number of degrees of freedom to be solved is small.
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4. CABLE-STRUCTURE SYSTEM WITH INTERNAL ACTUATORS

Vibration control of the cable-structure system is investigated in this section. Internal
actuators which provide motions in the cable axial direction are employed at the cable
anchorages (see Figure 2).

In order to obtain a model for the cable—structure system with the actuators, the
expression of the axial support motion in equation (55) has to be redefined to include the
displacement of the actuator (u. ): i.e.,

Uy Uep
Up 0
R 0 Y4 77
ug, )= + = dyg+ v (77)
Uy Ueq ,
Uy 0
Wa ) (&) 0 J w)

This modifies the expression of 7, and U, in equations (57) and (58). The same procedure
as for equations (59)—(68) is employed and the expressions for the internal forces Fy;. ;, and
Fr.., for this case are obtained as

oU, 2
Fuoe = 6u(LU»)) =(K)pue )+ {Z Q.(y.+ ZH)} + P (U — thea), (78)
o n 0
Fro y=Mypie )+ {Z Ry, + Snfn)} + Py (tip —tica) + P (tiop + the), (79)
n )

where the vectors P,, Py and P are given in the Appendix. The terms associated with these
coefficients are the effects of the control motion.

Liocal out-of-plane
Mode n Model £ |

-<+——p
Cubic vy,

»
»

Global
mode i

Cable number j 1

Quadratic B.,,,,
Cubicu,,,,

y Quadratic B,

z
m <« p
Cubic vy, I
Modem Model [
Local in-plane

Figure 5. The topology of the global-local and local-local couplings in arbitrary chosen modes.
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By following the same procedure as for equations (69)—(76), the following governing
equations of the cable—structure system with internal actuators are obtained: for the kth
global mode,

MG+ 2Ecorgr+ CU/%CI/(] + z z [Rinyn+ SinZnloy+ z z [0k (y,f +z2 Ny

Jj n Jj on
+ Z [PAk (u('h - uc‘a) + PBk (ﬁrb - ii('a) + P(‘k (ﬁ('h + ﬁc‘a )](/') = Fq/f; (80)
j
for the nth out-of-plane local mode of the jth cable,

m)'l? ().}n + 26)’/1 w}'ﬂ)}il + wi}’lyll) + Z Un/\'yn (y/% + Zl%)
k

+; 2Bueynzit Y. 20mqeyu+ Y, R+ 207, (U — tica) Vi y oo o
for the nth in-plane local mode of the jth cable,
Moy (24 280002020+ 02,2,) + ) Oz (Vi 4 20)
x
+; 2ﬁnkznzk+; Bin (Vi z70) +Z St 20mq.20 ¢ = Fuagy. (82)

+ 217;1 (M(.[, - u(a)Zn — 0y (l:i(‘b - l:im) )

Here Pyu=dfP,, Py=d Ps and Py =d] Pc.

The above equations are the governing equations of the cable—structure system (equations
(72), (75) and (76)) with additional terms due to control effects. Many active control schemes
can be established from these terms.

For the global modes, one has the following.

1. The tendon force (P (us—u..)) is the dynamic tension generated by the actuator
movement. It is linearly proportional to the actuator motion and the well established linear
control algorithm shown in references [14] and [15] can be employed. An experimental and
analytical study on this control scheme with emphasis on the effects of internal resonance
is presented in reference [16].

2. The cable inertia forces (P (i — ti., ) and Py (i, + i, )) are linearly proportional to the
actuator acceleration and the linear control algorithm can be employed.

For the local modes, one has the following.

1. Variable stiffness terms (2n,(us—1te,)y, and 21, (s —u..)z,) modify the transverse
stiffness of the cable. It is possible for the parametric excitation phenomenon to occur [6].
With proper supply of the control-displacement signal, the cable vibration may be
suppressed [17, 18]. The optimal condition for this scheme was obtained and experimentally
verified [19].

2. A sag-induced force in the local modes (a, (i, —ti.,)) exists in the symmetric in-plane
modes of the cable only. It is a linear function of the control acceleration and the linear
control algorithm can be applied [20].
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Combination of these two effects can control local multi-modal response more
effectively [21].

When these control schemes are used to suppress global modes as well as local modes,
care should be taken since the control may introduce instability to the system by affecting
the uncontrolled modes: i.e., control spillover. This occurs through the couplings of the
system. Proper modes associated with these couplings have to be used in equations (80)—(82).

5. CONCLUSIONS

A dynamic model for transverse motions of a small-sag cable has been formulated. Finite
cable motions and the cable support motions have been considered. The cable motion has
been separated into quasi-static motion due to support movements and purely dynamic
motion. This separation is suitable for later formulation of the cable—structure model. The
modal motion can be treated as local motions, and global motions can be structure motions
including the quasi-static motions of the cable. Due to this definition, the global modes can
be obtained from the conventional 3D-FEM. The cable model shows that non-linear internal
resonance can be induced due to quadratic and cubic non-linear terms. Interaction between
global and local motions can be induced due to linear and quadratic couplings. From the
knowledge that the interaction is significant only when internal resonance occurs, significant
global and local modes can be selected and employed in the model. Thus, the number of
degrees of freedom employed is small. The modified cable—structure model which includes
actuators providing movements in the axial direction shows many possible schemes for active
control. However, careful investigation is required to observe the effects of control spillover.
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APPENDIX: COEFFICIENTS OF MATRICES AND VECTORS

K. is a 6 x 6 matrix with the following non-zero coefficients, k;,,:
kii=—kia=—ki=kia=(A/L)(E,+ "),
kor=—kys=ks3=—kys= —kss=kss= —ke3=kes=0"A/L. (A1)

The ratio of ¢¥ and E, is the initial strain in the cable and is typically of the order of 103,
Thus, the terms associated with ¢ are small and can be omitted.
M. is a 6 x 6 matrix with the following non-zero coefficients, m1,,,:

yLE,\ yLE,\
my =m4,4=pAL<;+1é0 </O.(.\->2q> >, My =Ny, =pAL<é—léo<’)O_m21> >,

Mo =Mss :M%, M35 =Mge= pAL<§+,§0 <2;(]f)>2>,
My s = Msy :pA%’ M= M3 = pAL<})—,;0 <Z(I;>2>,
— 3= — M3 =Mas= N4 :/);4L<V§£q><l +§:>,
— M= — Mg = M3 4= Ny3= p;;f <V(ﬁg"><l — gj) . (A2)

For small sag, the value of yL/c® is small and the value related with this term in the
above equation can be omitted. In this case, matrix M, is the same as that of the tendon
element. In case of large sag, this is not true; e.g., for a cable the length of which is 400 m,
typical initial strain (¢¥/E,) is 0-0025, weight to tension ratio (yL/c") is 0-05, and
non-dimensionalized parameter A% is 1, the factors 75(yLE, /a"¥?)* and 5 (yLE, /c“?*) are about
3-3 and 0-83, respectively. These are significant and all terms in M, are recommended for
inclusion in this case.
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Q. is a 6 x 1 vector with the following non-zero coefficients, Q;:
Q1 = — Q4 = EqATEZI’lZ/"-Lz.

R, is a 6 x 1 vector with the following non-zero coefficients, R;:

Ry={(=1)""/n}(pAL[r),  Rs=(1/n)(pAL/r).

S, is a 6 x 1 vector with the following non-zero coefficients, S;:

n T

>

AL yLE, [14(—1y"*" 1) pAL
s =5, PAL 1L 4,2< +(=D) > g (=D pAL
mT 07T n

P, is a 6 x 1 vector with the following non-zero coefficients, P:
PA1 = —PA4= (EqA/L)—f—(O'(S)A/L)

Py is a 6 x 1 vector with the following non-zero coefficients, Pg:

Pp=—Pp=5+1 (VLE,[c"?),  Pg=Pg=—3 (yLE,/d"").

P is a 6 x 1 vector with the following non-zero coefficients, P:

P(‘IZPC4:%5 _PC3:PC6:2174(VL/O'(J))~

(A3)

(A4)

(A5)

(A6)

(A7)

(A8)



