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Abstract: This paper outlines perspectives and different apphes for describing mechanical behavior
of cable dynamics. The characteristics of insulaings in overhead lines during load transpositis
important for a save and fast dimensioning proc&mclusive simulation results are rooted in an-ade
guate model of the conductor cable. In this papedr and nonlinear cable models, based on the FEM
approach are compared to analytical and numericaldeis based on the equation of vibrating string.
This comparison of models with different levelsarfiplexity provides valuable insights on the gyadit
results (in this case the force response of cabltha end). All models are implemented, validatgd b
bench tests and coupled with a Multi Body Simutatizodel of the falling insulator string. Resultear
shown and ratings of all presented models are giedi In addition to the problem of load transpasiti

in overhead lines, this paper gives advices on ksitimg cable dynamics in other fields of applicaiso
like structural engineering, materials handling mechanical engineering. Thus the paper can help the
reader to choose the right cable model for simalgth particular problem.

Key words: cable dynamics, load transposition, equation bfating string, FEM, overhead line, insula-
tor string, sag flat cable.

1. INTRODUCTION function in case of insulator breakage, at leasibti®
strings are often used. The reasons for breakagenar
Ferial defects, falling rocks, vandalism and brawxlof
trees. The design, using double strings, ensuistiie

Cables and ropes are essential for various applic
tions in engineering. For the design and developroén
scrologgal dharced systems afeced by Wabe e msator g ke over re ot condora
mandatory. Otherwise securing functions in terms of The process of taking a new equilibrium |s.called
external influences (external forces, excitatipris.not  |0ad transposition and lasts only about 0.3 secdriigh
ensured. bending stresses in the brittle porcelain insutataused

There are two major categories for classificatién o Py the angular acceleration of the insulators dwarac-
cables. One is the type of design; the other ididie of  teristic for the process. For a proper dimensionifithe
application. Figure 1 provides an overview of thesmn insulator strings, numerical simulations (with adetg
common cable types. The dimensioning process by-for cable models) are very helpful [1, 2].
ing a quotient of tensile stress at break and émsion
stress is attended by high coefficients of safétyo(14 2. APPROACHESFOR CABLE DYNAMICS
see [1, 2]). A reason is the difficult calculatiohstresses
in cables under dynamic conditions. Inaccurate ap-
proaches using static calculations and variousfadbr fIat. . . .
considering dynamic effects are established. Destail their complexness_.. Flgure 2 p.rowdes an overview of
simulations of the dynamic behavior of cables cem p @PProaches, classified in analytical and numenoedh-
vide more accurate results (tensile stress). A mopgze ~ 0dS referring to cable properties, excitation, M
ness of approaches is known for modelling cableadyn  ©ffects and attainable results. Depending on tiel of
ics. This paper gives an overview and demonstrtaes application (Fig. 1) and effects to be considesstade-
impact of different cable models using the exampfle duate approach can be chosen with the help of Table
load transposition (LT) of overhead lines. The next chapters are describing two different ap-

Load transposition Process. For insulating the con- proaches with different complexity in detail. Thiestf
ductors from environment, insulator strings areceth ~ approach, based on the equation of the vibratimggstis
between conductor and pylon. To avoid black-ounat-  able to deliver results very quick. The second apph,
based on non-linear FEM, is more sophisticated camd
" Corresponding author: Inffeldgasse 25e, 8010 Gxastria, handle miscellaneous effects. Also the effort foplie-
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Fox. 143 316 873 107330 mentation and computing times are varying. The thpa
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dirk.jodin@tugraz.a(D. Jodin). position of overhead lines (chapter 4).

The approaches for modelling the dynamics of sag
cables, found in literature, are varying caméeg
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Classification by design and field of applications based on VDI 2358
braided
round rope flat rope
rope
spiral rope round strand rope round i“.fmd shaped strand rope stranded two times closed clamped,
(1-strand) (two times closed) rope (3-strand) (2-strand) and and
stran wo times close cable laid rope stran plaited stitched woven
suspension ropes running ropes only for
bridge ropes for carrying unguided slinging ropes mine cable no tywist mine cables
track ropes loads (little twist) ging rop (very little twist) g (in hoisting plants)
L applicatons
cable crane, conductor rope slinging ropes
open spiral half- and - T field of application
strand rope fully single-layer mulit-layer nanguda1 flat strand
(round strand) | locked coil rope stran
coefficient of safety (tensile stress at break/tenile stress)
for different applications
Conductor rope (spiral rope) according to DIN 48201, 48204, 48206 ofl production i zopes for glant equipment 2
cable cranes 3-3,6 hoisting ropes 4,5-9,5
reinforced conductor - high voltage low voltage EXoavala, %Opc_ = dr_agl_me excavalon Calll
rope for shipping 4-5 slinging ropes 8
. Aldrey / Steel steel hydraulics construction 3-6 elevator rope 8-14
AUSteel ACSR | Aldrey ¢ AACSR ALAAC ropes for cable cars 3,55
Fig. 1. Classification of cables by design and field oflaggions (according to VDI 2358).
Table 1
Overview - approachesfor cable dynamics
Finite Elemente Methoden weitere numerische Methoden analytische Methoden
diskrete Modelle aus - vereinfachte Abb. Wellengl. auf
Balkenelemente krumml.Elemente Stabelemente Federn, Massen velel_n‘ fachte Abb. als als unendlich Basis der parabo-
o endliche lange Saite . X p
und Diampfern lange Saite lischen Seilline
Beriicksichtigung P Tendenz zunehmender Genauigkeit / Rechenzeit
von: ~
Seildurchhang ja ja ja ja nein nein vereinfacht
Biegesteifigkeit des . . TN . moglich . . .
Seils ja je nach Element nein (Drehfedern) nein nein nein
o]
@
Torsionssteifigkeit des ja nein nein moéglich nein nein nein =
Seils © ¢ (Drehfedern) ¢ © © o
5
I
Schubsteifigkeit . . . . . . . S
.. Ja nem nemn nem neimn nemn nemn o
Seils =3
g
5
Stetige Abbildung . . - - ja ja .
des Seils ” a nem el (gespannte Saite) (gespannte Saite) a
Reflexionen am Seilende Iy . . . - . .
(z.B. an Masten) " " a " a nem a
nicht periodischer . . . . - . .
Erregung Ja Ja ja Ja ja ja nein
hochfrequenter ja, bei ausreichend hoher Diskretisierung ja, bei ausreichend hoher Diskretisierung ja bedingt (d‘.lmh Wahl 53
Erregung entspr. Eigenfrq.) £
S
Erregung durch diskrete . . - . moglich " .
Ereignisse (Eisabwurf) a a a a (aber aufwendig) nemn .
Auslenkungen quer S P . . —_— R R
zur Durchhangebene Jja Ja Ja ja teilweise teilweise teilweise s
a
=
B
@
%’éff;n zi:g‘::f:s jarEr jarr jarer nein nein nein nein a
&
I3
nichtlinearer - sk ok ; moglich . . 3
Seil E-Modul a Ja ja nein (aber aufwendig) nein nein
Dyn. Krifteriickwirkung a ‘2 a 2 ‘A a ja (nur g:
infolge Selbsterregung J J J J J J stationire Zustinde) f<h
a
5
Dyn. Kraftertickwirkung . . . . . . ia ( @
P a a a a a a Ja {nur =
infolge Auflagerbewegung ! ! ! ! ! ! stationire Zustéinde) %
&
Schwingungs- . : : : : : ja (nur 2
verhalten des Seils " - - - vereinfacht vereinfacht stationire Zustéinde) 2
Erforderliche Stufe nl. FEM Rechnung® * linear ~ ** nur materiell nichtlinear ~ *** mat. und geo. nichtlinear (K nicht aktuallisiert) ~ **** mat. und geo. nichtlinear (X aktuallisiert)
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Fig. 2. The vibrating string.

2.1. Equation of Vibrating String

An approach for modelling cable dynamics is using
the equation of vibrating string (first efforts calating
the vibrations of strings were made in thd” X&ntury).
For solving the equation, analytical and numerioath-
ods are possible [5].

The equations of motion, obtained from Fig. 2, are
leading to a partial differential equation of setarder
with two independ variablex andt (position and time).
Thus the basic equation for the vibrating strinmah
angular displacements) is [5]:

d%u d%u
— =C—. (1)
ot 0X
The variablec is the longitudinal wave velocity (in-
dexl,) respectively the transversal wave velocity (index
t,) andu the displacement of cable.

_ |E. _ K
CIO - N Clr - U
p pA

Typical values for conductor cables are 4.700 m/
(co) and 85 m/sq;).

The approach of the vibrating string underlies som
simplifications (Table 1):

Sag of cable is neglected.

Bending stiffness is neglected.

Linear material model.

Constant density.

The following methods for solving of (1) are based
on the assumption, that longitudinal and transversa
brations are independent (superposition of wavegmss
sible).

String equation (infinite length-analytical solu-
tion). Assuming an infinite string, a simplification of
d’Alemberts solution leads to [6]

EA .

S :SO_C_UA’
L

@)

®3)

where the dynamic forc&, in longitudinal direction of
the cable depends on the velocity of point A (Fig. 4)

in the direction ofx;. The reader may notice that re-
flected waves (e.g. on neighbour pylons) are nosich
ered. The numerical solution of (1) addressesithise.

S

€,

143

String equation (infinite length-numerical solu-
tion). Due to the fact that the characteristic of displace
ment at least at one end of the cable is unknowimglu
simulation (the other end is supposed to be fixad)u-
merical solution might be applied. Replacing thetiph
derivations in (1) by terms of Taylor series apjpmtac

tion leads to
01-a?)ur +ao2(u (4)

wherej indexes discrete points on the cabléds the in-
dex of discrete time steps [7]. Equation (4) ibkaun-
der the Courant- Friedrichs-Lewy (CFL) conditiof [8

a=c, (At/Ax), (5)

At and Ax, are finite differences of time and cable.

n
j*1

n-1
J

n+l n—
u; +UJ_1) u

With the displacements] and applying a central dif-
ference method the dynamic for& follows as:

S, = (Au/Ax )EA. (6)
The impact of considering reflections will be dis-
cussed in chapter 4.

2.2. Non-linear FEM (2-Node Truss Elements)

In contrary to approaches based on the vibrating
string, FEM is able to consider different effectsls as
discrete events, sag of cable, and so on (Tabl&EBEM
with truss elements is commonly used for analysing
structures like bridges or buildings. But also nibg
cable dynamics is possible (under the premise, ttheat
curvature of cable remains relative small duringuda-

on).

A truss element is a structural member capable of
transmitting stresses only in the direction norneathe
cross section. It is assumed that this normal siiseson-
stant over the cross-sectional area. The elemengtf
1) is described by two nodes (linear interpolationd-
tions), as shown in Fig. 3 [9].

The 2-node truss element in Total Lagrange Formula-
tion (TL) is suitable for large displacements, Enmpta-
tions and small strains. In Lagrangian incremeatelly-

sis approach, the equilibrium of the body at time
t + At with reference to timé =0 (index on the left be-
low) expressed by using the principle of virtuak-di
placements.

The general matrix equation for dynamic analysis
with implicit time integration according the TL-rioula-
tion reads as follows [9]:
+'K

0" “NL

Jau="4R-{F .

M 2% +C A + (JK 7)

L

3-node truss el.
1 (not implemented)

0, ¢
X, X,

0y ¢
/Xl, X

Fig. 3. Truss element with interpolation functions.

r=-1
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The finite element matrices in equation (7) neagssa test bed, the general behavior (not the load ti@sispn

for nonlinear analysis are: process) of the oscillating cable is in focus. Trealla-
e Linear strain incremental stiffness matkix_ tion ensures a sinusoidal displacement of one énlkdeo
« Nonlinear strain (geometric) incremental stiffness cable and the measure of the force response (fig

matrix Ky, . test bed is driven by a servomotor and a cam ftate
 Time independent mass mathikv. creating a linear movement.

In Fig. 4 the results of the comparison of measure-
ment and simulation for an excitationxgadirection are
shown. The diagrams illustrate the force resporisbeo
cable inx;-direction.

The results of the non-linear simulation with 2-aod
truss elements have the best accordance with neeasur
ment. Amplitudes and also frequency spectrum (FFT-
analysis in [4]) are matching.

On the other hand the calculated amplitudes, using
the model of vibrating string (infinite), are tomw. Main
reasons for the big difference are:

» Time independent damping maty.

» Vector of the externally applied nodal point lod&is

» Vector of nodal point forceB equivalent to the ele-
ment stresses.

For solving (7), a nonlinear calculation schemehwit
an implicit time integration method is required. et
these specifications, the Newton-Raphson methotl wit
time integration (trapezoidal rule) is applied.

The incremental formulation of the displacements,
velocities and accelerations alei¢ the number of the
Newton iteration and\t the size of time step):

« Sag of cable is neglected in this model.

=yt au, (®) + A linear analysis without actualization of cableoto
2 dinates.
ot g (k) =_(x+mu(k—1)_xu+Au(k))_xu , ) o - o .
At The string in this model has infinite length (stdé6s
of cable in longitudinal direction is too low).
et k) :i(twu(k-l)_tu+Au(k))_itu_tu_ (10) So for this special case, the simplified model g t
At? At vibrating string is not suitable. Nevertheless shaation

during load transposition of overhead lines is \adiffer-
ent. Mainly the span-length (approx. 300 m) is much
3 VALIDATION OF APPROACHES longer th_an on the test bed (_15 m). _In Chapter_ ig th
problem is analyzed by comparing the impact ofedéht
For validating different cable models, a test bed o cable models on the results of simulating the lvads-
the Institute of Logistics Engineering is usedth this  position process.

Detailed information is provided in [9, 10].

force response - direction x; - measurement

f 15 m I 130N
spiral rope X N /,”’ LION
sinusodal excitation and / 90N
measurement of force response
g N
cable:
weight per meter 0,12 kg/m amplitude | 0,025 m D
free-length of cable 15.03 m frequency | 1,5Hz
span-length 15m CD SON
Young's modulus of cable 85.000 N/mm’ <
pre-load (horizontal) 81,5N
pre-load (vertical) 88N m 30N
2 0 4s 8s 12s 16s t 20s
130N force response - direction x; - vibrating string (infinite) Z 130N force response - direction x; - FEM-analysis with truss elements
i
110N E‘ 110N
E | ogtot I } ) I | " I ) ll
“IAMAAAMARARARAARAARAA AR 2™
TR LU= | (1L I
M PR
50N 50N
3ONO 4s 8s 12s 16s t 20s 3ONO 4s 8s 12s 16s t 20s

Fig. 4. Comparison of measurement and simulation.
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1 L) 0. ¢ 0.4
8kNO 0: S 0:s :3s S

force response -x;
(point A)

Rbel

static initial state 0,1 s after break final state

maximum strains in
intact insulators

point of break

point A
(conductor)

force response -x,

(poinj: A)
-30 kN '

——————————————— vibrating string (infinte) cens yibrating string (finte)

——————————— FEM (curvilinear el.) ——— FEM (2-node truss el.)
conductor cable: insulator string:
weight per meter 5,14 kg/m length of insulators 1,51m
free-length of cable 3022 m mean diameter of insulators 85 mm
span-length 300 m mass of insulator 53 kg
Young's modulus of cable 80.000 N/mm’ mass of triangular spacer 16 kg
pre-load (horizontal) 34.000 N distance between strings 600 mm
pre-load (vertical) 7.000 N coefficient of sliding friction in joints 0,15

Fig. 5. Impact of different approaches on the simulatibthe LT-process.
4. SSMULATION OF THE LT- PROCESS strong. On the contrary the approach of the vibeati

string with finite length leads to very high foreenpli-
tudes (finite length and negligence of sag).
The purpose simulating the LT-process is the cailcul

Up to 0.125 s after breakage of insulator, theedff j[ion of the m_aximum value_s of stresses and striairise
ence between the force-plots on point A are verglism msulators.- Since thg maximum values always oceur b
After this point in time, longitudinal wave reflémas ~ [ore the first reflections have an effect, all apmhes
have to be considered. Due the fact that the mioaiéd ~ €an be used for simulating the LT-process. If agén
on the infinite string doesn’t considers reflecsiothe  time frame is of interest (e.g. motion behaviorfalfing
results achieved by using this approach are diffeviery ~ insulator strings), than a FEM-approach should seslu

Figure 5 shows the results simulating the LT-Prsces
for a configuration with two insulator strings aadrian-
gular spacer.
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Major points for modelling cables in LT-simulation A further objective is to apply the research resoh

are: other problems and fields of applications, inclggim

« Sag of cable has only little influence on maximum particular the field of material handling. In lotigs en-
stress values. In the case of longer a simulatioa,t  gineering, cables and belts are important macharesp
the sag has significantly more influence. Using adequate approaches solving cable dynamics,

A continues representation of cable (FEM with curvi promises a significant improvement in design preess

linear elements [11]) has also only little influenan

the results.

* In case of large lateral (horizontal) displacemaeufts
the cable during the LT-process, a nonlinear apgroa [1]
is highly recommended.

The models for simulating the LT-process are vali- 2]
dated by measurements on overhead lines [3, Zh&ke
validated models allow engineers a fast dimens@nin [3]
process and the possibility to perform parametatiss.

5. SUMMARY AND OUTLOOK "

The results shown in chapters 3 and 4 provide valu-[ ]
able insights in the modelling of cable dynamicat N
only for the special use case of load transposition
also other applications benefit from the findingmwsn
in this paper. Generally valid points for modelliogble
dynamics are:

» The model of the vibrating string is only suitalibe
problems with abrupt and shock-type excitation. The
simulation time should be short (because of thielinf
ence of wave velocity respectively wave reflectjons

» For analysing a longer period of time, non-linear [7]
FEM approaches are the best choice. Very important
is an actualization of nodal coordinates during the
simulation (minor excitations can lead to relative
large displacements of the cable).

» For simulating in-plane (no lateral cable movement) (8]
cable dynamics with small displacements also linear
FE-Methods can be used. Linear models have the ad-
vantage of lower computing times, contrary to non-gj
linear models.

(5]

(6]
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