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Abstract Vortex-induced vibrations are one of the
major factors in fatigue failure of power transmission
lines and can be mitigated using vibration absorbers in
the form of Stockbridge dampers. Since power trans-
mission lines play an important role in modern infras-
tructure, a thorough understanding of the nonlinear
dynamical interactions between conductors, dampers,
and wind forces is crucial. Although different nonlin-
ear models exist for conductor vibration with attached
dampers or under wind force, no work combines all
these nonlinearities in a single model and examines the
dynamics of the conductor along with dampers. In an
attempt to fill this gap, this work combines the non-
linearities from the mid-plane stretching of the con-
ductor, equivalent cubic stiffness of the Stockbridge
damper, and fluctuating lift force modeled as a Van der
Pol oscillator in a single model to investigate the non-
linear vortex-induced vibrations. In this work, the con-
ductor is modeled as a simply supported beam and the
Stockbridge damper as a mass—spring—damper—mass
system with a combination of cubic and linear stiff-
ness. The governing equations of motion are solved
analytically using the method of multiple scales for
the case of primary resonance between the fluctuating
lift-force and conductor. Analytical findings are further
validated by comparing against the numerical integra-
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tion of a reduced-order system, and the results show
an excellent match. The analysis is extended by con-
ducting a parametric study to investigate the effect of
different system parameters on the frequency response
curves. These findings are promising and further pro-
vide a direction to design an optimal vibration absorber.

Keywords Nonlinear vibration - The method of
multiple scale - Wake oscillator

1 Introduction

The use of suspended cables can be found in numerous
engineering applications due to their flexible structure
and capability of transmitting forces or signals across
vastdistances. One significant application of suspended
cables, also known as conductors, is in overhead power
transmission lines, which play an essential role in mod-
ern infrastructure. Any failure of power transmission
lines causes not only discomfort in daily life but also a
substantial economic loss to power industries. Due to
their long flexible structure with low structural damp-
ing, power transmission lines are highly susceptible
to vortex-induced vibrations or VIV, which play a cru-
cial role in the fatigue failure of the power transmission
cables/conductors. Therefore, it is necessary to develop
a complete understanding of cable/conductor dynam-
ics under various circumstances during VIV; this is the
focus of the current work.
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VIV is driven by periodic vortex shedding that
occurs due to cross-flow past a bluff cylindrical body
[1]. When the frequency of vortex shedding is close
enough to the natural frequency of the body, primary
resonance occurs, which further leads to potential insta-
bility (large amplitude oscillations) in the system [2].
Although in the case of suspended cables, the maxi-
mum amplitude of these VIV is on the order of magni-
tude of the cable diameter, their high-frequency results
in the accumulation of fatigue damage on the clamped
ends of the conductor and eventually leads to fatigue
failure [3—6]. This failure is commonly mitigated by
installing Stockbridge dampers on the conductors near
the clamps at either end. These passive dampers can
reduce or even eliminate conductor vibrations, but their
performance depends on positioning, the properties of
both conductor and damper [7], and cable-wind interac-
tion. The response of a cable/conductor under VIV with
dampers or other in-span fittings (e.g., spacers, suspen-
sion clamps, aircraft warning spheres) has been previ-
ously studied using several methods such as the energy
balance method, the method of impedance, matrix
transfer method, the statistical method, and the multi-
physics approach [8§—17]. However, only the energy bal-
ance method and the method of impedance reflect the
complex coupling between the conductor and damper
dynamics and hence, are the most widely used methods
for analysis. Also, it should be noted that the dynamic
analyses mentioned above ignore the nonlinearity in
the primary system of conductor and dampers, making
them incapable of thoroughly describing the system’s
response under all circumstances. Therefore, it is nec-
essary to include all possible sources of nonlinearity in
the system to understand the dynamics of the system
completely.

In the existing literature, the conductor is modeled
as a Euler—Bernoulli beam. In contrast, Stockbridge
dampers have been modeled as a concentrated force
[7], another Euler—Bernoulli beam [4,5], or an equiva-
lent mass—spring—damper—mass system [6]. One of the
primary sources of nonlinearity in the system stems
from the mid-plane stretching of a cable with immov-
able ends. Also, in the attached damper, there exists
a cubic nonlinearity from the equivalent stiffness of
the spring—mass system. The system with these non-
linearities has been widely studied in the literature.
For the sake of completeness, some of the pioneer-
ing works are summarized here. Dowell’s model of
a nonlinear Euler—Bernoulli beam with a spring-mass

@ Springer

system included the mid-plane stretching nonlinear-
ity [18] and was expanded by Pakdemirli and Nayfeh
to add the cubic nonlinearity [19]. This model was
extended to include axial tension and multiple mass—
spring—damper systems by Barry et al. [20] and Bukhari
and Barry [21].

We emphasize that in the studies mentioned in the
preceding paragraph, the fluid—structure interaction in
the form of VIV lift force, if included, is modeled as a
sinusoidal force, and no nonlinearity has been consid-
ered in fluid-structure interaction. It has been noticed
that for stationary bodies, lift force can be well approxi-
mated using a sinusoidal term [1]. However, for moving
bodies such as stretching sheets, stretching cylinders,
oscillating plates, rotating disks, this approximation
does not hold any longer, and more robust models and
methods are required to represent fluid—structure inter-
action and explore the coupled dynamics, respectively
[22-26]. Due to limited understanding of the mecha-
nisms of vortex shedding caused by flow around a body
[27-29], researchers have employed different models
for nonlinear oscillators, such as the Van der Pol oscil-
lator, to represent the fluctuating cross-flow (lift) force
on a structure [30-32]. It should be noted that these
models were chosen based solely on the observed sim-
ilarity of the vortex shedding and nonlinear oscillators,
not due to any connection of the oscillator equations
with fluid dynamics. However, they have shown a good
agreement with experimental data and have been used
to gain valuable insights into VIV systems [31-34].

One notable trait of VIV is the lock-in phenomenon,
in which the frequency of vortex shedding deviates
from expected values and approaches the natural fre-
quency of the body oscillating within the fluid. Instead
of following the Strouhal law, which dictates that it
varies with flow velocity, the shedding frequency will
“lock on” to that of the vibrating body, thus cou-
pling the dynamics of vortex shedding and structural
vibration [35]. This phenomenon leads to the reso-
nance of vortex-induced vibrations, increasing the vor-
tex strength and fluid forces [36]. Various aspects of
lock-in have been studied in detail [36-39]. However,
the relevance of lock-in to this paper is mainly to estab-
lish the case of primary resonance.

In a review of prior work, it becomes evident that
while the intensive study has been performed for a non-
linear cable-damper model with sinusoidal lift force or
a cable with a nonlinear model of lift force [40-43],
there are no studies combining all sources of nonlin-
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earity to analyze the response of the system. In this
work, we attempt to fill this gap by considering the non-
linear cable-damper system coupled with a nonlinear
model of lift force. Following the above conventions,
the conductor is modeled as an Euler—Bernoulli beam
with several attached mass—spring—damper—mass sys-
tems representing Stockbridge dampers. Forces on the
conductor include pretension and vortex-induced lift
force modeled as a Van der Pol oscillator. The method
of multiple scales (MMS) is used for the case of primary
resonance, and an approximate analytical solution is
obtained for the coupled weakly nonlinear differential
equations. Parametric studies are conducted to exam-
ine the effect of different system parameters on the fre-
quency response curves to get a complete understand-
ing of system dynamics under different circumstances.
The rest of the paper is organized as follows. In Sect. 2,
the complete mathematical model of cable/conductor
vibration is presented. This section includes a brief
description of the Van der Pol oscillator for the lift-
force model, along with the non-dimensionalization of
the governing equation of motions. Linear and nonlin-
ear analysis of the system, using the method of mul-
tiple scales, are presented in Sect. 3. Results from the
nonlinear analysis, along with parametric studies, are
presented in Sect. 4. In Sect. 5, some conclusions are
drawn from the findings of this analysis.

2 Mathematical formulation

A schematic of a cable/conductor with a pair of attached
Stockbridge dampers is shown in Fig. 1. As mentioned
earlier, the conductor is modeled as an Euler—Bernoulli
beam, whereas each Stockbridge damper is represented
by a mass—spring—damper—mass system with equiva-
lent properties. In the schematic, L is the length of
cable/conductor, EI is the flexural rigidity of cable,
EA is the axial rigidity of cable, m is the mass per
unit length of cable, and D is the diameter of cable.
Each equivalent p'" damper has in-span mass M, sus-
pended mass My, linear stiffness K, cubic nonlinear
stiffness g, and dashpot damping coefficient C,,. The
beam is also subjected to a pretension 7 and vortex-
induced lift force Fp (x, t). The surrounding fluid flows
perpendicular to the beam’s axis with a velocity of V
and a density p . For this system, the beam’s axial coor-
dinate is denoted by x, and accordingly, the position of
a Stockbridge damper along the beam in the left-end

reference frame is denoted x,,, . Note that the addition of
n number of dampers in the cable divides the span into
n + 1 segments and hence, the cross-flow (transverse)
beam displacement of segment i is denoted by W; (x, 1)
and the displacement of M, is denoted by V,,(¢). The
notations () and prime (') represent temporal and spatial
derivatives, respectively.

Accordingly, the kinetic energy (KE), and potential
energy (PE), of the system are [21]

n Tt L
KE = Z/ mW2, dx

i=0 v si

1 & .
+5 ;Ma- Wi (xsi, 1)?
1=

l n .
+5 2 Mai V(o). (1
i=1
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+5 2 KiWiCxi, 1) = Vi)
i=1
1 n
+ 5 2 (Wi, 0 = V'
i=1
1 L X+ N2
+§TZ;/X_ (W), dx. 2)
= Si

Thus, the Lagrangian for the combined system without
any nonconservative forces can be expressed as £ =
KE — PE:
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After applying Hamilton’s principle to Eq. (3) and-
including nonconservative forces, the nonlinear gov-
erning equations of motion and boundary conditions
for the system can be written as:

mW; +EIWY — TW/

n

EA-T X141
=52 [[ (W)’ dx} W
Xr

r=0
—2uW; + Fp; (4a)
Wl(Oa t) = W]//(Oﬂ t) - Wl’H—l(Lv t)
=W, (L,t)y=0, (4b)
4 / VA
{WP = Wp+1} x:xxp’ {Wp = Wp+l} X:xw, {Wp
=Wial|_, - (40)

{EI(W;,” — Wil ) = Moy Wy + Kp(Wp = Vi)

+qp(Wy — Vp)? + Cap(W), — V'p>} (4d)
X=Xsp
{Md,,\'/',, = K,(Wp = Vp) +qp(W, — Vp)?
+CopWp—Vml| (4e)

X=Xgp

where i = 1,2,...n+ 1and p = 1,2,...,n. In
Eq. (4a), u represents the internal damping coefficient,
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whereas Fp;(x,t) is the fluctuating fluid force across

segment i of the cable/conductor. Following Skop and

Balasubramanian [1], Fz; can be defined in terms of

fluctuating lift coefficient Cy; (x, t) as:
prViDCui

Fri = — Y

This model introduces further nonlinearity via Cp;.
Instead of being constant as in previous works, Cr;
is governed by the following equation

&)

200 .
CLi(x,t)=Qi(x,l)—w—Wi(x,f), (6)

where « is the stall parameter and wy is the vortex shed-
ding frequency. Due to the lock-in condition found in
vortex shedding, it can be assumed that w; = wj j,
where wj, j is the ;' " natural frequency for the conduc-
tor response. Q;(x, t) is the wake variable, represent-
ing the excitation component of the lift coefficient and
is considered to develop from the conductor’s ampli-
tude response. The second term in Eq. (6), also known
as a stall term, enforces a self-limiting response for all
system parameter values by ensuring that the lift coeffi-
cient has a negative slope for large amplitude response.
Following Skop and Balasubramanian [1], the wake
variable Q; (x, t) is governed through a nonlinear Van
der Pol equation and given by

0; — w;G(Ciy—407)0i + 02Qi = o, FWi,  (7)

where G and F are parameters depending on the cable-
wind interaction and can be determined from experi-
mental data, and C is the lift coefficient for a station-
ary cylinder.

For the ease of analysis, the following nondimen-
sional scales and parameters are introduced in the sys-
tem:
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where r is the radius of gyration of cable. Using the
above-mentioned nondimensional scales and parame-
ters, the governing equations of motion can be nondi-
mensionalized as

A Ert1 2 ,
Wi+ w’ — 257w/ :EZO[/S (/1) df:|wz{

_ . 2a .
—2pw; + fr (Q, — wTw[) (9a)
S
Qi — (CL() 4Q )Qz +6532Qi
= LDSFLb,' (9b)
{azl’ﬁp = kp(wp — vp) + yp(w, — vp)?
+cap (b — o,,)HH 9¢)
—sp
w1 (0, 7) = w{(0,7) = wyp1(1, 7)
=w/,,(1,7) =0 (9d)
—_ ! / 4
{wp =wpi1} s, Wy =Wy st Wy
- +1} ‘s=s,, (9¢)

" n
[wp — W,y = aipWpy +kp(wp —vp)

+yp(wp — vp) + cap iy — i),,)HE:S (9f)

p

Having established the nonlinear governing equations
of motion, next a perturbation method is used to obtain
an approximate solution of Eq. (9). This method is pre-
sented in the following section.

3 Nonlinear analysis using the method of multiple
scales

As mentioned earlier, our prime interest in this work is
to understand the effect of different system parameters
on the nonlinear dynamics of the system, which further
requires the exact solution of the system of equations
(Eq. (9)). Note that the equations of motion governing
the dynamics of the system (Eq. (9)) involve nonlin-
ear cubic terms, and it is difficult to obtain the exact
solution for such systems. However, the approximate
solution may be obtained using existing perturbation
methods. With the same motivation, the method of mul-
tiple scales (MMYS) is used in particular to obtain the
approximate solution of the system. For this purpose,
we follow the procedure outlined in [44] and introduce
a small dimensionless parameter € (¢ < 1) in the gov-
erning equations by defining multiple time scales:

T, = e’t, (10)

where T is the fast time scale, 7 is a slow time scale,
and € is a small scaling parameter. Since the type of
nonlinearity in the system is cubic in nature, the slow
time scale 77 = et has not been considered in the sys-
tem. With the introduction of these time scales, the time
derivative operators get perturbed and can be expressed
in new time scales as

Tp=r1,

8 2 3
5_2D0+€ Dy + O(€”) (11a)
T
82
— = Dj +2e’DoDs + O(€3) (11b)
512
where D, = ——. Following this, the solution of non-

linear governingnequations of motion (Eq. (9)) can be

expressed as a series in powers of € as

wi(€, ) = eyi1(€, To, T) + €231 3(€, To, T)

+0(eY, (12a)
0i(5,7) = €qi.1(€, To. T2) + €q; 3, To, T2)

+0(eY, (12b)
vp(1) = €, 1(To, T2) + € vy 3(To, T2)

+0(eh. (12c)

As we are considering the case of primary resonance,
ie., wy; & wy, the following parameters are rescaled
to ensure that the system is weakly nonlinear and that
the effects of damping and forcing appear at the same
order €
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fL= esz*, o= e ", Cap = ezc;;p, F
= €2 F*, GC}y = €2G (CL,)’
Through introducing Egs. (11)—(13) into Eq. (9) and

collecting different orders of € to get

13)
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Note that the equations at the order of O(eh (Eq. (14))
are linear coupled partial differential equations. Also,
the solution of the O(e!) appears on right side as forc-
ing terms for the equations corresponding to O(e?)
(Eq. (15)). Therefore, it is required to perform the lin-
ear analysis of the system, which is presented in the
subsequent section.

3.1 Linear analysis

As mentioned earlier, equations corresponding to O(e!)
are coupled linear partial differential equations. There-
fore, the system only consists of linear harmonic vibra-
tions and the solutions of y; 1 and v, 1 can be expressed
as [45]:

vt = [ AT ™ tec |y, (16)
vp1 = Vi p(Ta)e!>T0 tcc., (17)

where c.c. denotes the complex conjugate of the pre-
ceding temporal term and Y; (&) is the spatial solution
or mode shape for the i’ segment of the cable. From
the experimental work of Ramberg and Griffin [46],
it was shown that the wake term of a vortex-induced
excitation shares the normal modes of the conductor
response. Thus, the mode shape Y;(£) is identical for
both y; 1 and g; 1 [46,47] and hence, the solution for
gi,1 can be written as

gi1 = [Q1(T2)ej‘z’“T° + c.c.] Yi(€), (18)

Substitution of the assumed form of the solutions for
Yi,1, Vp,1 and g; 1 into Eq. (14) leads to

v —2s2Yi/’—a)§Y,- =0, (19a)
—0} 01+ 01 =0, (19b)
—wra2p Vi —kp(A1Yi(€p) = Vi) =0,  (19¢)

Y1(0) = Y{'(0) = Yiuy1y (1) = Y(y 1y (1) = 0, (19d)

{Y,,=Y(,,+1)}‘s [Y/

4

o] |, 1
P+ Jezg, 1P

=y ” , (19)
0 |,
2
{vy =yl = —oda,,
ik, (v, — L2 ‘ . (19f)
”( PA £=¢,

Note that Eq. (19b) does not provide any additional
information for the linear analysis, as ¢; 1 and y; | share
the same mode shapes. Also, from Eq. (19c¢) it can be
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noticed that V; , and A are related through the fol-
lowing expression

k
Vip=—2—— YA = V,Y,(EpA
1,p (kp—Olpr%) p(Sp) 1 P p(fp) 1
(20)
kp
—— - The mode shape ¥; for each
kp — oo Py
segment of cable can be obtained by solving Eq. (19a)
and is given by

with W), =

Y; = Cy;sinaé 4+ Cy; cosaé
+C3,; sinh B + C4 ; cosh B& 21

where « and 8 are functions of the beam’s natural fre-
quency wy and s, and are given by

o= —s2+‘/s4+w§,, ﬂ=11s2~|—1/s4+a)‘y‘.

(22)

Whereas Cy ;, k = 1,2, 3, 4 are arbitrary coefficients.
The natural frequencies of the system, i.e., w, for differ-
ent modes, and accordingly, the arbitrary coefficients
can be determined by utilizing boundary conditions for
the nontrivial solutions of the system. We emphasize
that due to the complex boundary conditions, it is not
possible to obtain closed form expression for the natu-
ral frequency for different modes. Therefore, numeri-
cal methods are used to compute the natural frequencies
and corresponding arbitrary coefficients. Having estab-
lished the linear solution of the system, the nonlinear
analysis using the equations corresponding to O(e?) is
presented next.

3.2 Nonlinear analysis

Since linear analysis does not provide any information
about the nonlinear response of the system, we proceed
to equations corresponding to O(e>). To have a finite
solution of the system described by Eq. (15), the solv-
ability conditions must be determined and satisfied, i.e.,
the coefficients corresponding to secular terms must
vanish. To achieve this, the solutions of y; 3, v, 3 are
assumed as

vi3 = ¢i(6. Tl 0 + e+ 3 (€. Ty, T2) , (232)

vp3 = Vo p(T)e/ ™0 + c.c. +v35(To, T2) . (23b)
where y;" and v), are the unique expressions that do not
produce any secular terms in Eq. (15) and hence are not

reported here (for more details about these terms read-
ers are referred to [48]). As mentioned earlier, in the
current work, we are considering the case of primary
resonance only that accompanies lock-in phenomena.
In the lock-in phenomena, the vortex shedding fre-
quency is detuned from one of the natural frequencies
of the system by a small parameter and hence, can be
related to the natural frequency of the system by the
following expression

ws = wy + o, 24)

where € is the same small parameter as above and o is
the detuning parameter.

Substitution of Egs. (16)—(18), (20), (23), (24) into
Eq. (15) and removal of secular terms leads to

] 2 2.1

3 o) - S 2 7
=5 A > . Yiinds | Yiy
r=0 r

—2jwy(D2A1 + 1*ADY;

. Didw,
+ fZ‘Yi(Qlef"T2 - ﬂAl) (252)
S
4j0;G 01017}
— j@lCt GO — jo FroyA Yie 17T
+2jw; D201 =0 (25b)
— a2y Va p + 2j@yt2p W, Yy () Da A
= [kp(¢p —Vap) — 3)’1)‘1’1,1714%513’3
+ oy, YpAr(l — w,»}\s : (25¢)
=sp
$1(0, T2)) = ¢7(0, T2)
= ¢i+1(0, T2) = ¢,,(0, 1) =0 (25d)
J— /
{¢p = dps1} )Szé‘p’ [(bp
— A/ Vi
= ¢p+]} ‘§=Sp’ {¢p
=9, 25e
S}y (25¢)

{8 = @1 = kp(@p = Vo) = 37,01 4341 Y}
+ joych,YpAi(l = W)) + a1y (—wl¢,
+2jw, DA Yp)) ‘ (25f)

—Ep
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with Uy , = 1— xpg + 3\1112, — 3W,,. Further, Eq. (25¢)
can be rearranged and V5, can be expressed in terms
of other variables as

Vap

 kpp(Ep. T2) = 3ypYp(Ep) Wi p ATAL = 2jonp W, Y (§p)(DaADwy + ey, Yp(Ep)wy (1 — W) Ay

:nzﬂf" vo(y,) ae 31

p:1 Epfl

kp — azpwy

; (26)

Using the above expression, Eq. (25f) can be rewritten
as

b)) Ep, T2) — ¢y 1 (Ep, T2)
= _3Vpr(§p)3\I’l,pA%A_1 + 3\D2,pkpA%A_1
+ D2 Atkpwy V3 p + jhkpoy A1 (Wp — D)Wy, 7)
- J'wy(cZEp‘lprl — oAl — 2a1,,D2A1)Y,,<s,,)

= (e1pwy® +kpWp — kp)bp(Ep. T2)
With further algebraic manipulation, Eq. (25) can be
simplified to a pair of equations in terms of the mag-
nitudes A| and Q. These equations are the solvability

conditions and are given by
n

Z |: - 3\p1,prA%A_1Yp(Ep)4
p=1

+ [y (=i + i) AL+ 2,00, D241 [V 6)?
+ [(3w2,pk,,A%A'l + ko, Ve (W, — 1) A,
+jk,,wyw3,pDzA,]Yp(.§p)]

2jbiwy

3 - o
— SibabsATAL + (ffa+ ;) A

s
+2jbiwy DAy — T2 fFQ1by
=0, (28)
joT _ ajoT x 2
2e D2Q1 € blwsGCL() Q]

— F*wybl Al + 4Ga)xb126jaT2 leél

=5 (29)
with
v, = Vp\pl,,,Yp(é,;P’ s,
kp — o pwy
200,V pYp(§)p) Czpyp(fp)
= —kp — 052[76‘)5 yWe p = m (30)

n+1 n+1

Sp éﬁ
bIZZ/ Y dE, buZZf Y dE, by
p=1 Sp*l p=I1 épfl

B ril /;p1 <%Yp)2d$, b

p=1
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Next, we switch to polar coordinates by substituting

ay (Tr)e'% T

A(Tr) = 5
i T)e—i0(T)
and ATy = LT 2)2 ,

- 1 .
01(T») = qu(mef‘)q“z)

= 1 .
and Ql(Tg)ziqy(Tz)e*ﬂq(m and (32)

into Eq. (31) and separate real and imaginary parts.
Upon separating real and imaginary parts, we get four
equations that can be solved for D»ay, D26y, D>q, and
D»0, as
Dsay
Z’;:l [a,\"’;p(‘l’n - ])Yp@p)z +aykpWa, p(1 - “I’p)yp(gp)]
S [k Yo €)W +2¥, Pty | + 201
2wyay fiaby — f}qybiwg sin(T) + 2wyay 1*bwy
S [osrkp Yy €03 + 2000, Y €)1, | + 2050551

(33a)
D,0,
D=t (6ay3kp Yy (6p)Wa,p — 60y yp Y (6p)* W1,p)
S aye [ 1661 + 8k, ¥, 6) 05, + 167, Ep) e, |
—8/74yb1cos(T) —3a,*Ababy . (33b)
Sy ayen[16b1 + 8Kk, Y, ()03, + 16V, (6,21, |
Dagy
- ia},F*wyhl cos(T) + @, GCio2qybi
4G, (33¢)
D20, = — ——ay F*w, sin(T). (33d)

2q y

In the above slow-flow equations, the phase differ-
ence, I, is defined as I' = o T> + 6, — 6. Note that
Eq. (33) provides the dynamics of the system in the
slow time scale 7,. Therefore, the equilibrium solu-
tion of the system at 73 is equivalent to the steady-
state amplitudes of the full-order system, i.e., Eq. (9).
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The steady-state amplitudes are solved by setting the
time derivatives of amplitude and phase to zero, i.e.,
Dray = Dygqy = D>I" = 0. This step gives us 3 alge-
braic equations in terms of @y, and ¢, with trigonometric
terms of an argument of phase difference I'. Eliminat-
ing the phase difference I" by using trigonometric iden-
tities, two algebraic equations governing the unknown
steady-state amplitudes ay , qy for the given system
parameters are obtained as

Gl(a;‘, q;) =0 and Gz(a;k,, q;‘) =0. (34)

For the sake of brevity, the expressions for G| and
G» have been put in Appendix-A. Having established
the slow-flow equations governing the steady-state
response, a detailed discussion on these slow flow equa-
tions and verification of our analytical approach with
numerical simulation are presented in the next section.

4 Results and discussion

In this section, a detailed analysis of the VIV of a
cable/conductor with an installed nonlinear vibration
absorber in the form of a Stockbridge damper is pre-
sented. The first part of the analysis deals with the val-
idation of the derived analytical solution of the sys-
tem using MMS (Eq. (33)) and determines the value
of € (dependent on the system parameters) that val-
idates our assumption of a weakly nonlinear system.
One of the ways to validate our analytical solutions
is the comparison of the analytical solutions, obtained
using MMS, with the numerical solution of the system
given by Eq. (9). However, it can be noted that the origi-
nal system defined by Eq. (9) is an infinite-dimensional
system due to appearance of spatial derivatives and
hence, limits the application of numerical solvers to
the system. To overcome this challenge, the infinite
dimensional partial-differential systemis converted to a
finite-dimensional system of ordinary differential equa-
tion (odes) using Galerkin projection. This is presented
in the subsequent section.

4.1 Validation of analytical results From MMS

To numerically analyze the nonlinear dynamical prob-
lem defined by Eq. (9) and eventually use these simu-
lations to validate analytical results, we first cast these
equations (Eq. (9)) in state-space (first-order) form. By

utilizing the orthonormality properties of linear mode
shapes, Eq. (9) are projected onto the system of eigen-
functions by letting
wi(§, 1) =Yi§)y(0),

and Q;(§,7) = Qi(§)q(7), (35)
with Y;(§) and Q; (&) being functions of spatial coor-
dinate & and satisfying linear boundary conditions.
As mentioned earlier, Q; (&, t) and w; (€, T) share the
same mode shapes, which further implies Q,»(g) =
Y;(§). Since in our linear analysis, an exact lin-
ear mode shape with linear boundary conditions, i.e.,
Yp = cdp = 0, is obtained, the Galerkin projection
of Eq. (9) cannot be performed using the mode shape
defined by Eq. (21) due to the appearance of nonlin-
ear and damping terms, i.e., ¥, and cgp in boundary
conditions. To resolve this, we include y, and ¢y in
the governing equations of motion using Dirac delta
function and rewrite Eq. (9) to get

w; + w 252 "

[ el

. 2a .
—2pw; + fL (Qi - wTwi)

8 —&) (yi(wi —wp)?
—I—Cd,'(l'),‘ — w,)) (i = 1, 2, ., n), (3621)

. i 2.1
it il — 257w

[ el

.
—2pip1 + fL (Qn+] - wfawnﬂ) , (36b)

0i - ‘Z’A'G(C%o - 4Qi2) Qi +@; Qi

=agFw; (i=1,2,..,n+1), (36¢)
{azl’ﬁ]’ = kll(wp - Up) + Vp(wp - UP)3

+cap (i — ﬁp)}(gzsp, 36d)

w1 (0, 1) = wy(0, 1)

= w1 (1, ) =w,,(1,7) =0, (36e)
{wp = wp+l} ngp, {w;7 = w;H]} L:Ep’ {w;
=uj, L_:g , (36f)

{w;f_pr =a1pWp +kp (wp_vP)Hg—g , (36g)
=,

Since for the modified governing equations of motion
(Eq. (36)), the mode shape defined by Eq. (21) satis-
fies all the boundary conditions (Eqs. (36e)-(36g)), the
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Galerkin projection of Eq. (36) can be performed using
the mode shape defined by Eq. (21) to get

2b
b13(1) + <2bm + ;}f L"‘) 3(1) — 2b3s?y(2)

s

A
- Ebabz)’(f)3 + bay(t) — by frq(7)
1 n
+ 5 Z [Vpr (sp) (y(f)Yp (gp)
p=1

_Up(f))3 +cap¥p (£p) @Y, (§p)

—0,(1))] =0, (37a)
b1ii(7) = 0, G (b1 Cro® = 4g>(©)b12)
+ b1 w2q(t) — b1y F =0, (37b)

azpip =kp (Y, (§,) y(x) — vp(1))
+yp(Yp (£p) y(1) — v, (0))?
+cap(Yp (£) 3() — (7)) (p=1,2, ..,n).
(37¢)

with by, by, b3, by defined in Eq. (31). Equation (37)
defines the dynamics of the reduced order system. Fur-
ther, for the sake of simplicity, these equations can be
written as first-order ODES and given by

21 =122, (38a)

. 1 2b) frLa
D =—— (<2b1M + l_fL ) 2
by Wy

2, _ A 3
—2b3s7z1 — Ebsbzm +bsz1 — b1 frz3
l n
T3 Z [rpYp (§p) (217 (55)
p=1

- Z(2p+3)(T))3 +capYp (§p) (227 (§p)

—zap+4)]) - (38b)
23 =24, (38¢)
1
4= o (~os G (b1CL02 - 46]2(T)b12) q1
+b1w%q(1) — b1y(T)eF) (38d)
Zpt3 =22p+4, (p=1,2,..n) (38e)

. 1
opta = @, (kp (Yp (§p) 21 = 22p43) + 7 (¥ (€5) 21
_22p+3)3 —+ Cdp(Yp (S[:) 2 — Z2p+4)) (P = 1’ 27 0y n)

(38f)

For the numerical simulations, MATLAB routine
‘ode45’ is used with strict values of relative and abso-
lute tolerance (1e~19). Also, the initial conditions for
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the numerical simulation are chosen corresponding to
the steady-states. The comparisons between the numer-
ical simulation of the system given by Eq. (38) and ana-
lytical results from MMS for the lock-in phenomenon
near the first mode, i.e., wy, = w1 and two vibration
absorbers are shown in Figs. 2, 3, 4 for different val-
ues of € and o = 0.1. From Figs. 3 and 4, it can be
observed that there is no significant difference between
€ = 0.01 and € = 0.001, and an excellent agreement
holds between the numerical simulations and analyti-
cal for both values of €. Therefore, without any loss of
generality, we have chosen the value of € = 0.01 in the
remaining analysis.

Before proceeding further, we compare the time-
response of the system with and without nonlinearity
in vibration absorbers for different values of detuning
parameter. The results are shown in Fig. 5. Note that this
step also elucidates the performance of the nonlinear
absorber over the linear absorber.

From Fig. 5, we can observe that around the pri-
mary resonance, i.e., wy = w, the maximum ampli-
tude of the system with nonlinear absorber (Solid Blue
curve) is smaller than that of the system with linear
absorber (Dashed Red curve). This observation further
motivates us to perform a parametric analysis on the
system with nonlinear absorber to identify key design
parameters which can enhance the performance of a
vibration absorber which is presented next.

4.2 Effect of parameters on system dynamics

In this section, we present the effect of different system
parameters on the dynamics of the system to identify
the key design parameters. However, before proceed-
ing further, the comparison of the system dynamics
with lift force modeled as a wake oscillator against the
system with lift force modeled as a sinusoidal force
[21] is presented. This step also acts as a motivation
to perform the parametric analysis of the system. Fig-
ure 6 shows the variation of the steady-state response
of the wake variable g, with the detuning parameter
o. From Fig. 6, it can be observed that unlike a tradi-
tional sinusoidal model for the lift force, where excita-
tion amplitude does not depend on the frequency and
time, the wake variable gy displays interesting dynam-
ics near the 0 value of the detuning parameter. Note that
o = 0 signifies the complete resonance phenomenon
between the primary system, i.e., cable with vibration
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Fig. 2 Comparison of time response of the system obtained
from the method of multiple scales (solid line) and numeri-
cal simulation (dashed line) for (i) the response of cable, and
(ii) the response of wind-excitation with € = 0.1. The other
system parameters are £ = 0.1, & = 09, a1 = app =
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Fig. 3 Comparison of time response of the system obtained
from the method of multiple scales (solid line) and numeri-
cal simulation (dashed line) for (i) the response of cable, and
(ii) the response of wind-excitation with ¢ = 0.01. The other
system parameters are £ = 0.1, & = 09, a1 = app =
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- - -Numerical simulation
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(ii)

Ol,ao; = ap = 2, kjy = kip = 2n%,s =2, fi =
02,0 = 00l,¢c41 = ca2 = 0,71 = y» = 0,Cro =
0.28, F = 1.2534¢7%, G = 0.3763, A = 0.9988, it = 0.002,
and 0 = —0.1. (Color figure online)
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T
(ii)

Ol,an = o = 2, k;y = kip = 2745 = 2, fL =
02,0 = 00l,¢cq1 = ca2 = 0,91 = y» = 0,Cpro =
0.28, F = 1.2534¢72, G = 0.3763, » = 0.9988, iz = 0.002,
and 0 = —0.1. (Color figure online)
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Fig. 4 Comparison of time response of the system obtained
from the method of multiple scales (solid line) and numerical
simulation (dashed line) for (i) the response of cable, and (ii)
the response of wind-excitation with € = 0.001. The other
system parameters are &1 = 0.1, & = 09, a1 = o =

absorber and vortex shedding. From Fig. 6, it can be
observed that as the value of o approaches 0, the steady-
state response of the wake variable also increases and
becomes maximum at the first critical value of 0. How-
ever, a further increase in the value of o decreases the
value of the steady-state response, and at the second
critical value of o, there is a sudden drop in the value.
Also, as the value of o increases further, the steady-
state response increases and attains a constant value.
To further demonstrate the effect of the wake vari-
able on the system dynamics, we compare the fre-
quency response of the system with lift force mod-
eled as a wake oscillator and sinusoidal lift-force. To
achieve this, it is necessary to establish the similar-
ities between both models. Hence, we substitute the
value of stall term, i.e., «, as 0 in the governing equa-
tions so that the only sources of damping in the sys-
tem are realized through structural damping and damp-
ing in vibration absorber. Also, the excitation ampli-
tude used in [21] is amplified by the average of the
steady-state response of wake variable g, over the fre-
quency range. With these values of stall parameter and
excitation amplitude, the frequency-response curve is
analyzed and shown in Fig. 7(i). In Fig. 7, the solid
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0.6 —MMS
- - -Numerical simulation

(i)

02,0 = 001, ¢cqy1 = ca2 = 0,91 = y» = 0,Cro =
0.28, F = 1.2534¢7%, G = 0.3763, A = 0.9988, it = 0.002,
and 0 = —0.1. (Color figure online)

curve represents stable branch of solutions, whereas
dashed line represents unstable branch of solutions.
From Fig. 7(i), it can be observed that for the given
value of primary system parameters, i.e., for cable-
absorber system, the sinusoidal lift-force model overes-
timates the maximum amplitude as compared to wake
oscillator model. To further demonstrate the effect of
the wake variable on the system dynamics, we com-
pare the frequency response curves corresponding to a
sinusoidal model amplified by maximum value (Max.
Sinusoidal model) and minimum value (Min. Sinu-
soidal model) of the wake variable with the frequency
response curve corresponding to the wake oscillator
model as shown in Fig. 7(ii). The results show a sig-
nificant difference between the maximum amplitude of
steady-state response due to the variation in g, . Further,
it can be observed that the maximum value of steady
state response corresponding to Min. Sinusoidal model
is approximately equivalent to the one corresponding
to the wake oscillator model; however, it does not cap-
ture the effect of nonlinearity in the system. These
observation can be explained through the significant
variation of the steady-state response of wake variable
gy near 0 = 0. The sudden decrease in the steady-
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Fig.5 Comparison of time response of the system with and with-
out nonlinearity in vibration absorber for (i) 2o = —0.1, (i)
€20 =0, and €20 = 0.1. The other system parameters are £ =
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Fig. 6 Frequency response of the wake variable for e = 0.01.
The other system parameters are & = 0.1, & = 0.9, o] =
o = .01,0(21 = o = 0.2;k11 = k12 = 7'[4/2.5,S =
2, fff = 1000, a =0, ¢j; = cj, =30, y1 = ki/2, y1 =
k11/2, Cj, =28, F* = 1.2534¢2, G = 0.3763, A = 0.9988,
and * = 0.2. (Color figure online)

state response of g, around oy causes decrease in the
effective amplitude of excitation, which further causes
decrease in the steady-state response of the primary
system, i.e., ay.

Having established the difference between the cur-
rent model and that of [21], next the effect of different

(ii) (iii)

2nt s =2, fr =20, 0 =00l cs1 =car =0, 1 = o =
0, Cro = 0.28, F = 1.2534¢72, G = 0.3763, » = 0.9988,
and & = 0.002. (Color figure online)

system and fluid parameters on the system’s dynamics
through frequency response curves is presented. For
the sake of simplicity of analysis, we consider the case
of cable/conductor with two vibration absorbers placed
at both ends of the cable. Also due to the symmetrical
boundary conditions for the cable, variation in either

absorber’s parameters will have the same effect on sys-
tem dynamics. Therefore, in the current analysis the
parameters corresponding to the vibration absorbers are
varied simultaneously. We first examine the effect of
nonlinear stiffness of the vibration absorber on the sys-
tem dynamics. This step also acts to establish the effec-
tiveness of the nonlinear vibration absorber over the
linear vibration absorber. Figure 8 depicts the variation
of frequency response curves for the different values
of y1p. The frequency response curve corresponding
to y11 = y12 = 0 represents the case of linear vibra-
tion absorber, whereas the frequency response curves
corresponding to y11 # 0, y12 # O represent the case
of nonlinear vibration absorber. From Fig. 8, it can be
observed that increase in the nonlinear stiffness slightly
decreases the maximum value of steady-state response
of the cable. Additionally, when increasing the nonlin-
ear stiffness, the effective bandwidth of the nonlinear
absorber increases, which further implies an increase
in the operating range of the vibration absorber. For the
sake of completeness, we also compare the dynamics
of a system with nonlinear vibration absorber (NVA)
and nonlinear energy sink (NES) which is shown in
Fig. 9. For the case of a nonlinear energy sink, the
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Fig. 7 (i) Comparison of the frequency response of the cable
with wake oscillator and sinusoidal force corresponding average
value of gy, and (ii) frequency response curves for sinusoidal
force with maximum and minimum value of g, for e = 0.01.
The other system parameters are & = 0.1, & = 0.9, o] =

nonlinear vibration absorber does not have any lin-
ear stiffness and hence, does not have any natural fre-
quency. This fact further implies a larger bandwidth for
the nonlinear energy sink at the cost of higher ampli-
tude of steady-state response of the cable as shown
in Fig. 9. Also, from Fig. 9 we observe a very sharp
change in the frequency-response curve (marked by
circle) corresponding to NES. This sharp change in the
frequency response curve is attributed to a small value
of stall parameter in the system. We emphasize that
this link between value of stall parameter and sharp
change in frequency-response curve depends on the
parameter values of the primary system. Therefore, this
sharp change does not appear in the frequency response
curve corresponding to NVA for the same value of stall
parameter, i.e., « = 0.01.

Figure 10 shows the variation of frequency response
curves for the different values of suspended mass in
vibration absorbers with and without damping. From
Fig. 10(i), it can be observed that as the value of sus-
pended mass increases, the maximum amplitude of the
cable’s steady state response decreases. Also, the effect
of nonlinearity becomes less evident with higher values
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——Min. Sinusoidal model [20]

—Max. Sinusoidal model [20]
— Wake oscillator model

620'

(i)
app = 01, a1 = app = 02,k;1 = kip = 714/2.5,s =
2, fff =1000, a =0, ¢ =cj, =30, y1 =kn/2, y1 =

ki1/2, Cfo = 28, F* = 1.2534¢%, G = 03763, 1 = 0.9988,
and u* = 0.2. (Color figure online)

of suspended mass and eventually decreases the effec-
tive bandwidth of nonlinear vibration absorber. How-
ever, from Fig. 10(ii), it can be observed that without
any damping in the absorber, the maximum amplitude
of steady state response increases with increasing sus-
pended mass. We emphasize that both of these obser-
vations are consistent with the observations drawn in
[21]. Further, the effect of the absorber’s in-span mass
on system dynamics is shown in Fig. 11. Contrary to
the observations drawn for the suspended mass, the
maximum amplitude of the steady-state response of
the cable increases slowly with increase in a1, and the
bandwidth remains ineffective with change in in-span
mass. This observation can be attributed to the fact that
the in-span mass oscillates with the same frequency
and amplitude as the cable at the absorber location.
Hence, it does not contribute significantly in the vibra-
tion absorption. Therefore, from Figs. 10 and 11 it can
be concluded that for the given parameters of the pri-
mary system and wake oscillator, a nonlinear vibration
absorber performs better with increase in the suspended
mass at the cost of a decrease in bandwidth.
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Fig. 8 Comparison of the frequency response curves for linear
vibration absorber (y1, = 0) with nonlinear vibration absorber
(y1p # 0) € = 0.01. The other system parameters are & =
0.1, & =09, a1 = app = .01, a1 = axp = 0.2, ki =
ki = 7*/2.5,s = 2, fi =2000, a = 0.01,¢}; = ¢, =
30, Cjp =28, F* = 1.2534¢2, G = 0.3763, 1 = 0.9988, and
* = 0.2. (Color figure online)
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Fig.9 Comparison of frequency response curves corresponding
to nonlinear vibration absorber and nonlinear energy sink shown
by Magenta and Red colors, respectively, with € = 0.01. The
other system parameters are £; = 0.1, & = 0.9, o] = a2 =
Ol ax) = an = 025k = kip = 7%/25,s =2, ff =
2000, a = 0.01, y1 = ki1, y1 = ki1, ¢j; = ¢}, =30, Cj, =
28, F* = 1.2534¢%, G = 0.3763, A = 0.9988, and ji* = 0.2.
(Color figure online)

Figures 12 and 13 show the variation of frequency
response curves with damping of the cable and linear
stiffness of the nonlinear absorbers, respectively. From
Fig. 12, it can be observed that for the given values
of cable and wake oscillator parameters, high values
of damping reduce the maximum value of steady-state
response of the cable, but decrease the effective non-
linearity in the system and eventually reduce the band-
width of the nonlinear absorber. Also, after a certain
value of damping, the system begins behaving like a lin-
ear system for the given value of excitation amplitude.
Contrary to the effect of damping, the absorber’s linear
stiffness has an opposite effect on system’s dynamics.
From Fig. 13, it can be observed that for given sys-
tem parameters, increase in k1 not only increases the
maximum amplitude, but also increases the effective
nonlinearity in the system, hence increasing the band-
width for the nonlinear vibration absorber.

Having established the effect of absorber properties
on the system dynamics, the effect of the absorber loca-
tion on the frequency response curves is presented next.
Figure 14 shows the variation of frequency response
curves with absorber location. From Fig. 14, colorred
itcan be observed that as the absorbers move toward the
midpoint of the cable from both sides, the maximum
value of steady-state response of the cable decreases, as
does the effect of nonlinearity in the system. However,
close to the midpoint of the cable, the system dynam-
ics get saturated as both absorbers together act as one
equivalent absorber placed at the center of cable.

Next, the effect of cable and wake oscillator param-
eters on the dynamics of the system 1is presented. Fig-
ure 15 depicts the effect of variation in s, which quanti-
fies the tension in the cable, on the frequency response
of the cable. From Fig. 15, it can be observed that
higher values of s not only reduce the maximum ampli-
tude of steady-state response of the cable, but also the
effective nonlinearity in the system and eventually the
effective bandwidth of the nonlinear absorber. After a
critical value of s, the system tends to become more lin-
ear and nonlinearity in the system is not evident at all.
This observation can be explained through the fact that
a low value of s signifies slack cables, which are more
susceptible to high-amplitude low-frequency vibra-
tions than highly stretched cables. However, highly
stretched cables are subjected to high-frequency low-
amplitude vibrations, which lead to fatigue failure of
the cable. Hence, there is a restriction on the value
of axial tension 7 and eventually on s. Figures 16
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Fig. 10 Frequency response curves for different values of sus-
pended mass with e = 0.01 (i) with cjp # 0, and (ii) with c:,p =
0. The other system parameters are & = 0.1, & = 0.9, o] =
app = 0L kyy =kp=n45s=2, ff =100, « =0.1, ¢}, =
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Fig. 11 Frequency response curves for different values of in-
span mass with € = 0.01. The other system parameters are
2, fL* = 100, o = 0.1, C:Yl = 6‘32 = 30, Y1 = k11/2, Y=
k11/2, Cj, =28, F* = 1.2534¢2, G = 0.3763, A = 0.9988,
and * = 0.2. (Color figure online)
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Fig. 12 Frequency response curves for different values of damp-
ing in absorber with € = 0.01. The other system parameters are
kip = wt s =2, ff =100, @ = 0.1, 1 = kn/2, 1 =
k11/2, Cjy =128, F* = 1.2534¢%, G = 0.3763, 1 = 0.9988,
and g* = 0.2. (Color figure online)
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Fig. 13 Frequency response for different values of linear stiff-
ness in absorber with € = 0.01. The other system parameters are
& = 0.1, & = 09, aj; = app = .01, ap) =ap =02, s =
2, ff =100, @ = 0.1, ¢ = ciy, =30, 1 = 74/2, ) =
74/2, C§y = 28, F* = 1.2534¢2, G = 0.3763, ). = 0.9988,
and g* = 0.2. (Color figure online)

and 17 depict the effect of stall parameter (o) and
damping coefficient in wake oscillator on the frequency
response of the system, respectively. From Fig. 16, it
can be observed that as the value of the stall parameter
increases, the maximum amplitude of the steady-state
response decreases along with the effective bandwidth
of the nonlinear absorber. This observation for « can
be attributed to the fact that increase in the value of
« increases the effective damping of the system and
therefore decreases the maximum amplitude of steady
state response and nonlinearity. However, from Fig. 17
it can be observed that increasing the value of damping
in wake oscillator decreases the maximum amplitude
without any significant change in the effective band-
width for the nonlinear absorber.

5 Conclusion

In this work, the nonlinear dynamics of an over-
head transmission line system consisting of a sin-
gle cable/conductor with multiple nonlinear vibration
absorbers in the form of Stockbridge dampers was
examined. The lift force was modeled as a wake oscil-
lator in the form of a Van der Pol oscillator instead
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—=04,6 =106
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Fig.14 Frequency response for different absorber locations with
€ = 0.01. The other system parameters are «j; = o2 =
01, 01 = a0 = 02,5 =2, ff =100, = 0.1, ¢} =
¢y =30, ki =kip =7ty = w42, 0 =742, Cfy =
28, F* = 1.2534¢%, G = 0.3763, ) = 0.9988, and i* = 0.2.
(Color figure online)
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Fig. 15 Frequency response for different values of tension with
€ = 0.01. The other system parameters are £, = 0.1, & =
0.9, a11 = app = .01, ax1 = axp = 0.2, ff = 100, a =
0.1, ¢4 = ¢ =30, kiy = kip = 78, = 7¥/2o 1 =
n4/2, C;, = 28, F* = 1.2534¢%, G = 0.3763, 1 = 0.9988,
and i* = 0.2. (Color figure online)
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Fig. 16 Frequency response for different values of stall param-

eter with € = 0.01. The other system parameters are §; =
0.1, =09, a5 = app = 01, 01 = ap = 0.2, fff =
100,s = 2,¢fy = ¢ = 30,k = ki = 7%,y =
72,y = w42, Cy = 28, F* = 125342, G =
0.3763, A = 0.9988, and 1* = 0.2. (Color figure online)
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Fig. 17 Frequency response for different values of wake oscil-
lator damping coefficient with € = 0.01. The other system
parameters are £ = 0.1, & = 0.9, o) = a2 = .01, a1 =
apn =02, ff =100, s =2, ¢ =c), =30, kjy =kip =
7t oy =742, =742, Chy =28, F* = 1.2534¢*, o =
0.1, 2 = 0.9988, and x* = 0.2. (Color figure online)
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of a traditional sinusoidal model. This step allowed
us to consider nonlinearity in the lift force and was
more realistic than a sinusoidal model. Furthermore,
the cable/conductor was modeled as a simply sup-
ported beam, while the Stockbridge dampers were
modeled as lumped mass—spring—damper—mass sys-
tems. The nonlinearity in the system was realized not
only through the mid-plane stretching of the cable, but
also through the equivalent cubic nonlinearity of the
Stockbridge dampers. Linear and nonlinear analytical
study of the coupled system of nonlinear partial differ-
ential equations, i.e., the equations of motion governing
the response of the cable along with the equation gov-
erning the lift coefficient, were carried out using the
method of multiple scales. Accordingly, the equations
governing the steady-state response of the cable for the
case of lock-in phenomenon were obtained and solved
numerically. For numerical validation of the obtained
analytical solutions, areduced—order system was devel-
oped using Galerkin projection of the governing partial
differential equations. The solution was then validated
against direct numerical simulations of the reduced-
order system and the results showed very good agree-
ment. The response of the cable with wake oscillator
was also compared to the response of the cable with
sinusoidal lift force. We observed interesting dynamics
of the wake variable around the zero value of the detun-
ing parameter, which further contributes to the correct
evaluation of system dynamics near resonance. We also
observed that modeling lift force as sinusoidal overes-
timates the maximum value of steady-state response.
Finally, a parametric study was carried out to identify
key system parameters. It was observed that increasing
the suspended mass and damping of the Stockbridge
damper decreases the maximum value of steady-state
response of the cable at the cost of reduction in the
effective bandwidth of the nonlinear absorber. Also, it
was observed that the in-span mass of the absorber does
not influence the dynamics of the system significantly.
A comparison between linear and nonlinear vibration
absorbers revealed that the effective bandwidth of a
nonlinear vibration absorber increases with increasing
nonlinear stiffness without significantly affecting the
maximum value of steady-state response of the cable.
We further observed that locating absorbers near the
ends of the cable results in increased effective band-
width, while locating them closer to the middle results
in smaller steady-state amplitude. We also analyzed the
effect of axial tension and stall parameter of the wake
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oscillator on the system dynamics. The results indicated
that nonlinearity in the system vanishes with increase
in the values of these parameters.
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Appendix A: Expressions used in Eq. (34)

For the sake of simplicity, slow flow equations (Eq (33)),
governing the amplitude and phase, can be written in a
more compact form as
Day = A11 + By sin(I) , (39a)
Dagy = Ay + Biacos(l') , (39b)
D' =0 + Bigsin(I') — A3 — Bz cos(I'), (39¢)
where A;; (fori =1,2,3and j =1, 2, 3) and B;;
(fori = 1,2,3and j = 1, 2, 3, 4) are the function
of system parameters, excitation frequency, and ampli-
tudes ay and gy. These are given by
Z;L,:] I:aycdp(q/p - I)Yp(gp)z +aykp\p4,p(l - \IJI,)Y/7(E/7)]

e St [k Yo €W p + 27, €021, + 201
2wyay ffaby + 2wyay ity wyg
oy [ososky Yo (6005 + 2000, ¥, 6 Pty | + 20y00b)
(40a)
By = flaybios
S [ororky Yp &) Ws  + 2000,y )21, | + 2050,D)
(40b)
Ap
= wsGClo qybi — qy°Gasbra, By = ictyF*w).bl , (40c)
Aps = ’,1;:1 (6“.»'31‘17)'17(517)‘1’2,1) - 6’1}'31//71'/7(&17)4‘1’1-1))
Ty ay(uy[16b1 8K, Y (Ep) W3 p + 16Yp(.§,,)2a1,,]
3 3a,° Abybs (40d)
Sy ayeoy [ 1651 + 8k, ¥y 6p) W3, + 16Y, (6p) e |
Bis = —8f;qyb ,
Py a);a)),[léb] + 8K, Y (6,) W3 + 16Y,,(§,,)201|p]
Bia=— 2;}_ ayF*o,. (40e)

As mentioned in the main text, the steady state ampli-
tudes and phase can be obtained by setting Dya, =
D>qy = D>I" = 0, which further leads to

11 + Bf;sin(l’*) =0, (41a)
A%, + Blycos(I™) =0, (41b)
o + By sin(I'*) — Aj3 — Bjcos(I'") = 0. (4lc)

In the above equation, superscript * refers to steady
state quantities. Equations (41a) and (41b) can be
solved for sin(I"*) and cos(I"*) to get
* *
sin(T'*) = —A—il, cos(T'*) = —A—f . (42)
11] 12
In the next step, by using trigonometric identity, and
substituting Eq. (42) in Eq. (41c¢), we get two algebraic
equations in the form of

A* 2 A* 2
-4 +<%> —-1=0, (43a)
Bll] 12
o— By — - =0,
14 Bikl] 13 13 BTZ

Note that in the above equations except a} and gy all
the system and excitation parameters are known, hence,
these simultaneous algebraic equations can be used to
govern the steady state amplitudes a;‘f and q;‘f and can
be written in a compact form as

2
ATI TZ ?
B + (B_* -1=0
11] 12
(44)
*

*
Ga(ay, qy) =0 — BT4B_il — A+ BT3B_>11<2 =0.
1] 12

Gi(ay, qy) =
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