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Abstract

Analytical solutions to the equations of motion of inclined unsagged
cables have been obtained by using the Lie group theory. The infinites-
imal generators corresponding to the problem are calculated and then
used to construct some invariant solutions. Invariant solutions can be
found as solutions of a reduced system of differential equations that has
fewer independent variables. Consequently, the system of second - order
partial differential equations is reduced to a system of ordinary differ-
ential equations and some of these systems can be solved analytically.
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1 Introduction

Lie group theory was originally designed for constructing exact solutions of
differential equations. This theory was originated by a great mathematician
of 19th century, Sophus Lie (Norway, 1842-1899). Group analysis provides
two basic ways for constructing exact solutions of differential equations, group
transformation of known solutions and construction of invariant solutions. The
symmetry Lie groups and invariant solutions for the wave propagation in gas
and the transonic equation were obtained by Ames et al. [10]. After their work,
Torissi and Valenti [5] applied the infinitesimal group analysis to a second - or-
der nonlinear wave equation describing a non - homogeneous process. Bluman
and Kumei [2] studied the wave equations with two and four-parameter sym-
metry groups and the corresponding invariant (similarity) solutions. Peters
and Ames [4] applied Lie group method to the nonlinear dynamic equations of
elastic string. Group invariant solutions for a second - order hyperbolic wave
equation involving an axially transported speed and nonlinear terms were con-
structed by Fung et al. [9]. Ozkaya and Pakdemirli [1] investigated exact
solutions of transverse vibrations of a string moving with time-dependent ve-
locity. In this paper, the Lie group theory is applied to the nonlinear equations
of motion of inclined unsagged cables. In section 3, a method for seeking the
infinitesimal generators admitted by the equations is demonstrated and the
construction of some invariant solutions is presented in section 4.

2 Physical Model and Equations of Motion

2.1 Cable Model

The configuration (Z, 7) in the global coordinates (X, Y") describes the position
of the inclined unsagged cable as shown in Figure 1. The angle 6 shows the
inclination of the cable with respect to X axis. After the disturbance of an
external excitation, the cable configuration is changed into the dynamic con-
figuration which is displaced from the initial configuration. The displacement
vectors in X and Y directions are represented by a(Z,?) and ¥(%,t) respec-
tively. The horizontal span Xp is fixed and the cable’s vertical span Yy is

varied to attain specified values of 6.

2.2 Equation of Motion

In deriving the equation of motion by the virtual work - energy principle the
cable is considered to be perfectly flexible, homogeneous, linearly elastic with
negligible torsional, bending, and shear rigidities. Therefore, the strain energy
is due only to the stretching of the cable axis. The total strain of the cable at
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Figure 1: Configurations of an inclined unsagged cable.

the displaced state, with assumption of moderately large vibration amplitudes,
can be expressed as follows

1
e=c+ (1+g’2)*1[a’+g’6’+5(a’2+ 5"%)). (1)

In this study, the initial strain e is assumed to have a small value and is
neglected. The prime (') is used to denote differentiation with respect to .
From [6] and [3], the governing equations of motion are

E E 1
pii = {uf + S0 +y'0) 4 (0P 4y 0 0)Y, ()

E E 1
pi = {v' + E(y’u’ +y?) + E(u’v’ +y 0+ S+ )W o), (3)

where the dot denotes differentiation with respect to t ,

_ _Z — g _ _a _ @ _ _t [gH
:L‘_XH’ ?J— "’ U_XH’ U_XH’ t_XH we

g=2Itanf, ¢ =tan6,
E =E4  FEAis the cable axial stiffness,

H >

H= % is the horizontal component of the cable static tension T,
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w, is the cable weight per unit length,
g is the gravity constant.

A method for solving the nonlinear equations of motion for horizontal and
inclined elastic sagged cables by using a numerical technique is demonstrated in
Srinil [7]. Here, the unsagged suspended cables are studied. Because the cable
is unsagged we can neglect the second derivative of y , and so the simplified
non-linear equations of motion of inclined unsagged cables take the form

E
PU — {u:vac + E(u:mc + ¢Ux$ + 3u:vu:vac + ¢vax$ + ¢uxxvx + U:EUJ,’.I)} - O> (4>

E
PO — {sz + E(wu:m: + wQsz + Uy Vg + Uz Vg + 31#’%%3: + W%Um)} = 07 (5>

where ¢ = 3/ = constant.

This non-linear system describes the coupled longitudinal and vertical dis-
placement’s dynamics, and is valid also for slightly sagged horizontal cables if
one assumes 1y ~ H, rendering p = 1. It contains quadratic and cubic nonlin-
ear terms due to the cable’s axial stretching even in the absence of initial sag
(taut string case).

3 Calculation of Infinitesimal Generators

An infinitesimal generator X for the problem is written in the following form

X = afx,t,u, 0)% + [(x, t, u, v)% + y(z, t,u, v)((% + n(x, t,u, U)% (6)
The main aim is to determine all functions «, (3, v, and n that correspond to the
one-parameter symmetry groups of Equations (4) and (5). Since the governing
equations form a system of second order PDE, the second prolongation of the
infinitesimal generator is needed.

The second prolongation of X is given by

0 0 0 0 0 0
(2)X - X x t v xx xt it Y x
pr * i aux + i aut + i Qum + " auxt + " 8utt n avg;
0 0 0 0
t Tx zt tt 7
+n 3vt * n (9vm + n a/l)xt * n 31)“’ ( )
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where

7 = Doy — auy — Bug) + Qg + Bug

n* = Dy(n — av, — Bug) + QUzy + By

Y = DIy — auy — Buy) + QUigee + (e

n™ = D2(n — vy — Bur) + Wspe + BVsat

Y= Dy(y — auy — fug) + augy + fuy

n' = Di(n — v, — Bvr) 4+ ave + Boy

Y = Di(y — quy — Bug) + Qg + Bt

n'" = D (n—ow, — Bvy) + oz + Bog (7)

and

Dy = g + gy + ooz + Uaigoy + s e + Usat oy + Ut oy + -
Hugy + Vnagos + Vet T Vaswgees + Vsot goms + Vattgog T -

Dy =2 + wl + g + unze 4 o+ Vi + Vg + Vg

D= D,(D,)

D? = D,(Dy)

According to Theorem 2.31 [§],

E
pr(Q)X [putt - {u:m: + E (u:m: +wvxa§ +3uxu:m: +wuxvmc +wu:m:vx +U:tvmc) }] ’F:O = 07
_ (8)
E
pr(Q)X [Pvtt - {Umc_'_; (wuxx+¢2vx:p+uxvx:p+umcvx+3¢vxvmc+wu:tumc) }] ‘F:O =0.
(9)

where the notation |rp—¢ means that the second prolongation of X is applied
to the solutions of Equations (4) and (5). This implies

T E T T T T X Txr T
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T F TT TT T T TT T i

+277M¢Ux + 7x¢ux$ + 7m$¢ux + nm¢vx$ + 77”1/)%)} = 0. (11>

Substituting expressions (7,7') and (4) - (5) into Equations (10) and (11)
and then equating the coefficients of all independent monomials to zero, we
obtain the determining equations. After solving the determining equations,
the functions «, 3,7, and n can be expressed as follows

a(z, t,u,v) = kix + ko, (12)
Bz, t,u,v) = kit + ks, (13)
Y(x, t,u,v) = kyu + kat + ks, (14)
n(x,t,u,v) = kv + ket + kr. (15)

where ki, ..., k7 are arbitrary constants.

Thus, the infinitesimal generators have the form

0 0 0 0
X =(k ko)—+ (kit+ks)=—+(k kgt +ks)—+(k ket+k7)—, (16
(kyx+ 2)3x+( 1+ 3)6t+( 1u+kat+ 5)@u+( 1w +ket + 7)%, (16)

The infinitesimal generator contains seven arbitrary constants. Conse-
quently, the Lie algebra derived from the governing equations is spanned by
the following seven linearly independent generators:

I Y R RN} ) )
Xy =wg Hig Hug, +og, Xy =35 X3 =g,
—4+0 _ 0 o _ 0
X4_t8u’ X5_8u’ X6_t8v’ X7_8v'

From the commutator table (Table 1.), we get by considering the ad-
joint representation that the following system of one- dimensional subalgebras
spanned by the following vectors is optimal:

Xy + ay Xy + agXg, (a4 and ag are arbitrary constants)

Xo 4+ ay Xy + a6X6, (&i + CL% > 0)
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Table 1: Commutator table

X; X Xz Xy X5 Xg Xy
X0 =Xy X5 0 -X5 0 =Xy
Xo | Xy 0 0 0 0 0 0
X3 | X3 0 0 X5 0 Xy 0
X4 0 0 -X5; 0 0 0 0
X5 | X5 0 0 0 0 0 0
X | O 0 -X; 0 0 0 0
X1 X; 0 0 0 0 0 0

arsXs + a5 X5 + a7 X7, (a3 + a2 + a3 =1)
aryXs + a3 X3, (a3+a3=1)
XQ + &5X5 + CL6X6, (&6 7é O)

X3+ ay Xy + agXg. (a4 and ag are arbitrary constants)

4 Invariant Solutions

Given the infinitesimal generators X = 04% + ﬂa% + ’y% + 77% of the one
- parameter symmetry groups of Equations (4) and (5), the invariant solu-
tions with respect to the one-parameter group generated by X can be found.
Invariants I(x,t,u,v) are calculated by solving the characteristic system

dr _dt_du_ dv

a B v (17)

After expressing independent variables as functions of invariants and sub-
stituting them into dependent variables, a system of ordinary differential equa-
tion will result. Some cases of generator X which reduce the system of partial
differential equations to a system of ordinary differential equations will be con-
sidered here:

Casel For X = X, + a4 X4 + agXg = % + a4ta% + a@%,
there are three independent invariants which are obtained by solving the equa-
tion

ol ol ol

XI=— t— t— = 0.
0x+a4 8u+a6 ov
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One of them is Iy = t , while other invariants are found from the characteristic
system

dr  du  dv
1 agt  agt
By integrating the equation de = % , we get astx + Cy; = u . This gives the

invariant Iy = u — aytx . Likewise, we get I3 = v — agtx. Let u — aqtx = ¢1(t)
and v — agtx = ¢o(t). It follows that

u = ¢1(t) + aytz, (18)

v = ¢o(t) + agtx. (19)
Their derivatives are u, = aqt, uy = ¢ + asx, Uy = 0, uy = @Y, v, =
agt, vy = ¢4+ agr, vy =0, vy = ¢5. After substituting these derivatives into
Equations (4) and (5), the system of partial differential equations reduces to
the system of ordinary differential equations

pdi =0, (20)

pdy = 0. (21)

The functions ¢; = at + b and ¢o = ct + d are solutions to this system, where
a,b,c and d are arbitrary constants. By substituting ¢; and ¢ into Equation
(18) and Equation (19), we get the exact solutions

u=at+b+ aytz, (22)
v =ct+d+ agtx. (23)

Case2 For X = ayXs + a3 X3 = GQ% + @3%’

the three independent invariants are Iy = u, Iy = v and I3 = azx — aot. Let
u = ¢1(z) and v = ¢o(z), where z = agz — ast. This yields the reduced system
of ordinary differential equations

E
azp¢y — az{d] + E( 1+ Uy + 3asdh @ + ashd ¢y + as PPy + asdhy)} = 0,
(24)

E
azpds —a5{05+ S (V07 +1°05 +asd! 83 + sy +3as 0 + asdr ¢1)} = 0.
(25)
The functions ¢; = az + b and ¢ = cz + d are solutions to this system, where

a,b,c and d are arbitrary constants. Hence the following are exact solutions
to the initial system
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u = a(agxr — ast) + b, (26)
v = c(agx — agt) + d. (27)

Case3 For X = ay Xs + a5 X5 + a7 X7 = @2% =+ &5158% =+ a7ta%,
the three independent invariants are Iy = ¢, I, = ©2x —u and I3 = Z—;x — .
Let 22 —u = ¢1(t) and £z — v = ¢(t). This yields a system of ordinary
differential equations

pd =0, (28)

ppy = 0. (29)
The functions ¢; = at + b and ¢o = ct + d are solutions to this system, where
a,b,c and d are arbitrary constants. We get the exact solutions

w= g (at + ), (30)
a2

v=g - (ct +d). (31)
a2

Cased For X = X, + a5 X5 + agXg = a% + %% + aﬁt%,

the three independent invariants are Iy = t, Iy = u — asz and I3 = v — agtz.
Let u — asz = ¢1(t) and v — agtx = ¢o(t). It follows that u = ¢y (t) + asz,
v = ¢o(t) + agtz and we obtain a system of ordinary differential equations

pgy =0, (32)
pdy = 0. (33)

The functions ¢; = at + b and ¢o = ct + d are solutions to this system, where
a,b,c and d are arbitrary constants. Thus, we get the exact solutions

u=at+b+ asr, (34)
v=ct+d+ agtx. (35)

Caseb For X = X3 + CL4X4 + a6X6 = % + a4ta% + CL(J%,
the three independent invariants are Iy = x, I, = u — %t* and I3 = v — %t
Let u — %1* = ¢y(z) and v — %1* = ¢o(x). It follows that u = ¢y(x) + %¢2,
v = ¢o(x) + %tQ. This yields a system of ordinary differential equations

FE
a4p—{¢’1’+;( 1+ 0oy + 30107 + iy + Vol oy + dhoy) =0,  (36)
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/! E /! 2.1 AR/ /! /! /g
agpP — {¢2 + ;(w% + UV Py + 9105 + G105 + VPP, + Yy 1)} =0. (37)

Caseb6 For X = X = xa% —|—t% —|—u% —1—0%,

the three independent invariants are [y = 7, [s = 2 and I3 = 7. Let ¥ = o1(2)
and ¥ = ¢,(z) where z = . It follows that u = x¢1(2), v = x¢2(2). This yields
a system of ordinary differential equations

E
p(22 @] + 2¢)) + {2°¢] + 22¢ + ?(ZW + 229 + (275 + 22¢%)

+3(201 +01) (2°0] +22¢) +1p (20 +01) (22 Py +22¢ )+ (2°d] + 220 ) (205 + ¢2)
+(2¢h + ¢o) (2°¢ + 22¢5))} = 0, (38)

E
p(22 Pl + 20) + {2°dh + 220 + E(w(z%’{ + 22¢) + VP (2P + 22¢%)

+ (20 + 1) (2205 +220h) + (22O + 2201 ) (20 + d2) + 31h (2 + ha) (22 Py + 22¢%)
+(2¢) + ¢1)(2°¢] + 22¢)))} = 0. (39)

5 Conclusion

In this paper invariant solutions of the equations of motion of the inclined
unsagged cables are investigated. By using the infinitesimal generators, the
system of partial differential equations can be reduced to a system of ordinary
differential equations. In some cases it is possible to solve these systems ana-
lytically.
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